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Preface

Nanobiotechnology is a multidisciplinary �eld of research. It merges knowledge and exper-
tise from the disciplines of physics, chemistry, materials science, biology, and medicine, as 
well as from mechanical, electrical, chemical, biomolecular, and biomedical engineering. 
Nanobiotechnology includes both biologically inspired nanotechnology and the applica-
tion of nanotechnology to address biological questions and tackle medical problems.

I am pleased to present this volume of The Nanobiotechnology Handbook, which contains 
29 chapters by experts from diverse backgrounds in the �eld of nanobiotechnology. This 
book has been organized into six parts: Biomimetic Nanotechnology, Nanobiofabrication, 
Nanobioprocessing, Biomolecular and Cellular Manipulation and Detection, Biomedical 
Nanotechnology, and Nanobiotechnology Impacts, which provide a comprehensive over-
view of the major aspects of nanobiotechnology. Each chapter provides fundamentals and 
offers extensive references for further study. I hope this book will function as an excellent 
reference for undergraduate and graduate students, faculty members, academic research-
ers, and industrial scientists.

Professor Marya Lieberman from the University of Notre Dame starts Part I by provid-
ing a comprehensive overview of DNA nanostructure and DNA-inspired nanotechnology. 
This is followed by chapters by Professor Yong Wang from the University of Connecticut, 
who focuses on aptamer-functionalized nanomaterials as arti�cial antibodies; Professor 
Vikas Nanda from Robert Wood Johnson Medical School, UMDNJ, who discusses arti�-
cial enzymes; Professor Janet Paluh from The College of Nanoscale Science and Engineering 
(CNSE), University at Albany, who presents molecular motors; and Professor Scott 
A. Tenenbaum (CNSE), who reviews RNA structures and RNA-inspired nanotechnology. 
Professor Thomas J. Begley and Professor Magnus Bergkvist (both from CNSE) show how 
nanotechnology can be inspired by adverse biological events in diagnostic and therapeutic 
development. For example, Professor Begley highlights the mechanism of DNA damage and 
nanotechnology in DNA damage response as well as its potential for disease diagnostics and 
personalized medicine, while Professor Bergkvist provides a comprehensive overview of 
virus-based nanobiotechnology that can serve as biological templates, delivery vehicles, and 
nanoscale catalysts. Professor Kam Leong from Duke University further presents a review of 
extracellular matrix (ECM)-inspired nanotopography and related nanofabrication. The but-
ter�y wing–inspired nanotechnology for photonic structure–based biosensors, display, and 
clean energy has been presented by Professor Yubing Xie together with her undergraduate 
students (CNSE), which is based on course work in nanobiology for nanotechnology appli-
cations. Additionally, Professor Nadine Hempel (CNSE) contributes to cell membrane and 
receptor-inspired nanotechnology with a focus on olfactory receptors and cell-free sensors.

Part II covers four important nanofabrication techniques that have been widely used 
in the �eld of nanobiotechnology: microcontact printing from Professor Jingjiao Guan at 
Florida State University, electron beam lithography from Professor John Hartley at CNSE, 
laser direct-write from Professor Douglas Chrisey at Rensselaer Polytechnic Institute, and 
electrospinning from Professor Yubing Xie. This part is followed by a comprehensive over-
view of applications of nanotechnology for bioprocessing in Part III by Professor Susan 
Sharfstein from CNSE.

In Part IV, Professor Gunjan Agarwal from The Ohio State University provides an 
overview of the applications of atomic force microscopy (AFM) in nanobiotechnology. 
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Professor Shengnian Wang from Louisiana Tech presents a review of dielectrophoresis 
for manipulating nanoparticles, followed by an example of utilizing optical tweezers to 
manipulate biomolecules and cells. Drs. Xin Hu and Weixiong Wang from Schlumberger 
review nano�uidics with a focus on electrophoresis for DNA manipulation. Dr. Manus 
Biggs from Columbia University and Dr. Matthew Dalby from the University of Glasgow 
highlight the importance and development of the physiomechanical processes for 
regulating cell function at nanoscale. Professor Xulang Zhang from Dalian Institute of 
Chemical Physics reviews nanotechnology-enabled integrative biology.

Professor Jeffrey Borenstein and Robert Langer from MIT begin Part V by highlighting the 
importance of nanotechnology in enabling tissue engineering of complex systems. Professor 
Kinam Park from Purdue University presents a review of the nanotechnology in drug 
delivery with a perspective of developing commercial products to bene�t patients. Professors 
James Lee and Robert Lee from The Ohio State University present an example of siRNA 
delivery using lipid nanoparticles. Furthermore, Professor Huan-Cheng Chang from Institute 
of Atomic and Molecular Sciences Academia Sinica reviews the �eld of nanodiamonds for 
bioimaging and therapeutic applications. Professor Zeev Zalevsky from Bar-Ilan University 
provides an example of using biomedical microprobes for super-resolution imaging.

Part VI focuses on nanobiotechnology impacts. Professor Chunying Chen from the 
Key Laboratory for Biological Effects of Nanomaterials and Nanosafety in the Chinese 
Academy of Sciences provides an overview of the properties of nanomaterials and 
their associated adverse effects in vivo. This is followed by a chapter on responsible 
nanotechnology using rational design to control exposure and environmental release of 
nanomaterials by Professor Nathaniel Cady (CNSE) and Dr. Aaron Strickland (iFyber). 
Professor Laura Schultz and Dr. Daniel White (both from NSE) conclude the book by 
providing a unique overview and perspective of educational and workforce development 
in nanobiotechnology from an economist’s and an educator’s point of view.

This book has a companion CD that contains all �gures in the book.

MATLAB® is a registered trademark of The MathWorks, Inc. For product information, 
please contact:

The MathWorks, Inc.
3 Apple Hill Drive
Natick, MA 01760-2098 USA
Tel: 508 647 7000
Fax: 508-647-7001
E-mail: info@mathworks.com
Web: www.mathworks.com
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1
DNA Nanostructures

Marya Lieberman

1.1 Introduction

The goal of this chapter of the handbook is to provide an overview of recent developments 
in DNA nano-assembly along with entry points into the primary and review literature for 
readers who wish to learn more about practical aspects of designing and characterizing 
DNA nanostructures. This chapter focuses on DNA as the major component for construc-
tion of relatively large nanostructures and designed materials, such as DNA-based tile 
arrays and DNA origami, rather than on the use of DNA as “smart glue.”
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1.2 Capabilities, Possibilities, and Limitations of DNA Nanostructures

The fabrication of objects on the 10–100 nm size scale is particularly challenging. This 
scale is larger than the scale of single molecules, so the precision and atomic level 
control of synthetic chemistry cannot be brought to bear, yet it is smaller than the scale 
at which lithographic methods can be easily employed. There are many self-assembling 
structures in the 10–100 nm size range, such as lipid vesicles, viral capsids, dendrimers, 
block-copolymer structures, and inorganic nanoparticles and arrays of nanoparticles, but 
they usually have repetitive structures. For example, a large viral capsid may assemble 
from 180 identical protein subunits; while it may be possible to modify the subunit to 
insert a synthetic functional group into all 180 proteins in the capsid, it is very dif�cult 
to selectively modify a single subunit, let alone to put group A on one subunit, group B 
on another, and group C on a third. The greater the degree of structural heterogeneity 
desired, the more dif�cult and complex the design and fabrication of the nanostructures 
becomes.

Within the past 10 years, a new window has opened for design, fabrication, and 
characterization of highly heterogeneous nanostructures in the 10–100 nm size range. 
This approach uses DNA oligonucleotides as the main construction material and self-
assembly as the main fabrication method. The resulting structures are called DNA tiles, 
two-dimensional (2D) arrays, scaffolded or templated DNA nanostructures, and DNA 
origami. The main advantage of DNA for construction of nanostructures is its seamless 
integration of information storage and physical structure. DNA nanostructures may appear 
structurally homogeneous at a physical level, but they are still chemically heterogeneous. 
By taking advantage of this heterogeneity, which is based on the sequence of bases in the 
DNA strands, it is possible to address speci�c locations on the nanostructures. A DNA 
origami may look like a featureless rectangle to atomic force microscopy (AFM), but the 
information stored in its primary sequence can direct the binding of numerous non-DNA 
components to speci�c locations on both faces of the rectangle. In other words, DNA is a 
very smart form of matter that is uniquely suited to act as a template for functional and 
recon�gurable materials and devices.

The DNA needed to construct these nanostructures is synthesized de novo or harvested 
from natural sources and can be edited and ampli�ed with standard biotechnology pro-
tocols and methods. Researchers now have the ability to make DNA nanostructures with 
arbitrary shapes that are larger than many cell organelles and most virus particles. The 
complementarity of DNA strands can be used to guide self-assembly or disassembly, cre-
ate motion, and bind non-DNA components to the DNA nanostructures.

There are several important limitations for DNA nano-assembly based on the materi-
als and chemical properties of DNA. It may be more useful to think of DNA as a textile 
material than as a rigid framework material—cloth and basketwork, rather than bricks 
and sticks. The recon�gurability and self-assembly properties of DNA rely upon its ability 
to form many weak interactions, such as H-bonds and pi-stacking interactions. Because 
these weak interactions are all that holds higher-order DNA structures together, DNA 
nanostructures are “soft” matter. In fact, bulk hydrated DNA has the consistency of rather 
soft gelatin. In AFM images of DNA nanostructures, it is easy to pick out structures that 
are folded, crumpled, squashed, or torn. This kind of structural distortion can result from 
the three-dimensional (3D) structure in solution collapsing to a 2D structure on a surface 
(e.g., a helical ribbon collapsing to a �at ribbon with periodic twists) or to other aspects of 
the deposition, drying, or imaging conditions; repeated imaging alone can damage the 
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nanostructures. Cryo-electron microscopy results for large 3D DNA nanostructures also 
show bulged or twisted structures.

DNA is extremely sturdy as far as biomolecules are concerned, but it must be han-
dled with care in order to perform as a structural material. Unlike most engineering 
materials, DNA oligos are edible and must be protected from adventitious bacteria and 
enzymes. Duplex DNA requires water, controlled pH, and controlled concentrations of 
mono- and divalent cations to assemble. While DNA nanostructures can be kinetically 
trapped after assembly by drying or solvent exchange, the long-term stability of such 
structures has not been established. Although there are many proposals for use of DNA 
nanostructures as delivery devices or diagnostic markers for use in living organisms, it 
is not clear how well such nanostructures survive in different biological systems, how 
they partition in cells or organisms, or whether they can excite an immune response. 
DNA nanostructures, particularly 3D ones, are slow to assemble, and assembly yields 
for large or 3D structures are generally poor. Although most DNA nanostructures are 
primarily characterized by AFM, surface attachment is still poorly understood and con-
trolled. Finally, from a standpoint of creation of functional devices and materials, nor-
mal DNA is not very interesting electronically, optically, or magnetically. Of course, all 
these limitations are also opportunities for researchers who want to enter the �eld of 
DNA nanostructures.

1.3 DNA Oligonucleotides and Duplex DNA

Single-stranded (ss) DNA is the raw material used for construction of DNA nanostructures. 
It consists of DNA bases attached to 2-deoxyribose sugar units; these units are linked 
together through phosphodiester bonds between the 3′ and 5′ carbons on neighboring 
sugars. Thus, oligonucleotides have a 3′ end and a 5′ end. In duplex DNA (Figure 1.1), the 
strand directions run antiparallel—that is, the 3′ end of one oligonucleotide lies next to 
the 5′ end of the complementary oligonucleotide. The oligonucleotides are held together 
by a combination of hydrogen bonding between the complementary DNA bases and base-
stacking interactions that help to hide the hydrophobic DNA bases from exposure to water. 
In normal B-form DNA, the helix repeat length is 10.4 bases, which corresponds to about 
3.5 nm per turn of the helix. Thus, a duplex segment 70 nm in length would require 20 
turns of the duplex or 208 base pairs. Getting this DNA presents a practical problem, for if 
the oligos are constructed synthetically, the longer the sequence, the worse the yield.

1.3.1 Short Oligos: Sources and Handling

Most DNA nanostructures rely on short oligonucleotides (<80 bp) that can easily be made 
by solid-phase synthesis. Many companies can produce custom sequences with a 1–3 day 
turnaround at synthesis scales ranging from nanomolar to millimolar and with many 
options for synthetic modi�cation of the nucleotides. Puri�cation by high-performance 
liquid chromatography is recommended for oligos above about 50 bp in length, or those 
that contain synthetic modi�cations, such as �uorophores or thiol groups, and is also 
recommended for oligos that are to be used to make stoichiometric structures such as tile 
arrays. Oligonucleotides can also be purchased as crude desalted and lyophilized solids 
in a 96-well plate or as solutions of such material made up to a speci�c optical density 
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or volume in deionized water. The staple strands in DNA origami are typically <50 bp in 
length; because these strands are typically used in 20–100-fold excess, the purity of the 
crude desalted oligos is suf�cient to give high yields of properly assembled origami. For 
DNA origami, a synthesis scale of 100 nmol for each of the staple strands will provide 
enough material for over 50 separate annealing runs, and each annealing run will make 
over 1 mL of 2 nM origami, enough material for numerous AFM imaging experiments. At 
2011 prices, the cost of staple strands for a typical (90 × 60 nm) origami at 100 nmol scale is 
about $1800.

The array of techniques used to handle and characterize DNA are beyond the scope of 
this chapter; a good sourcebook of methods for handling DNA oligos is the Cold Spring 
Harbor Molecular Cloning handbook (Sambrook and Russell 2001). Chemically, DNA is quite 
sturdy (Green et al. 2010); it can survive aeons of time or be boiled for hours (Miller 1990). 
However, DNA is vulnerable to metal-catalyzed hydrolysis and light- and free-radical-
induced cleavage reactions, and it is tasty to bacteria, which secrete endo- and exonucle-
ases that will cleave the sugar-phosphate backbone. ss DNA is more easily damaged than 
double-stranded DNA. ss oligos can be preserved for years by (a) storage in a laboratory 
freezer away from light; (b) autoclaving laboratory equipment such as pipet tips that will 
touch the oligos, particularly for preparation of stock solutions that must be stored longer 
than a day or so; and (c) sterilization of buffers (autoclave or �lter through 0.45 μm syringe 
�lter, store in fridge). Working buffers should include a small concentration (∼1 mM) of 
ethylenediaminetetraacetic acid (EDTA) to chelate undesired metal ions.
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(See companion CD for color �gure.) Double-stranded DNA (B-form). Reprinted under terms of creative 
commons  attribution-share alike 3.0 unported license; image created by Richard Wheeler. (From Wheeler, Image 
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1.3.2 Long Oligos: Sources and Handling

The template strands for DNA origami are generally too long (>6000 bp) to be prepared 
synthetically at reasonable cost. Template strands can be cloned into an organism such as 
Escherichia coli for replication, and it is in principle possible to prepare large amounts of 
template strand this way. However, due to the expense of the initial assembly and the tiny 
amounts of DNA needed, commercially available genetic material from various organisms 
is normally used. Different strains of organisms have slightly different sequences, so if 
a literature procedure is being followed, it is important to use the same source for the 
template strand. The same handling precautions that apply to short oligos should be 
followed carefully for template strands.

The M13 mp18 viral genome was the �rst long template used (Rothemund 2006) and has 
served as raw material for dozens of DNA origami designs. M13 mp18 is a �lamentous 
virus with an ss circular DNA genome 7.5 kbp (1 kbp = 1000 bp) in length. The DNA is 
replicated in host cells via a circular duplex intermediate and depending on how carefully 
the M13 mp18 is puri�ed, some duplex DNA may be present in commercial M13 mp18, in 
addition to the desired ss template. Due to the high af�nity of the complementary strand for 
the template strand, the duplex does not anneal with staple strands. It looks like a loop of 
string with measured height of 1.5–2 nm dropped among the DNA origami. Other ss DNA 
templates have been used successfully. Shih et al. used some duplex template sequences 
like the 4.7 kbp plasmid pEGFP-N1 and a 1.3 kbp segment of DNA to demonstrate folding 
of 3D objects. It was necessary to denature the duplex template strand completely, cool 
quickly, and use chemical denaturants to control folding (Jungmann et al. 2008, Hogberg 
et al. 2009). Pound et al. (2009) used polymerase chain reaction (PCR) to amplify four 
native template strands ranging from 756 to 4808 bp in length for use in DNA origami; this 
method is clearly capable of generalization to other desired templates.

1.3.3 Double-Stranded DNA

Duplex DNA assembles and achieves its 3D structure as a result of many low-energy local 
interactions. Both hydrogen bonding and hydrophobic interactions contribute to duplex 
formation, with G-C base pairs contributing three H-bonds each and A-T base pairs two 
H-bonds. The length, number of mismatched nucleotides, and G-C content of a sequence 
determine its melting point, which can be experimentally measured by taking UV–Vis 
melting curves; this experiment is a good idea when synthetic modi�cations are made to a 
nucleotide. For simple duplex DNA, expected melting points (Figure 1.2) can be calculated 
with good accuracy given the sequence, concentration of oligos, and concentrations 
of monovalent and divalent cations (http://www.idtdna.com/analyzer/Applications/
OligoAnalyzer/). These melting points are useful guidelines for design of duplex portions 
of DNA nanostructures, such as oligos for particle conjugation. Less well understood 
is how the stability of any duplex DNA structure is affected by bending or torsional 
distortions, which are often present in DNA tiles or origami designs (both intentionally 
and unintentionally; Kim and Bathe 2011, Woo and Rothemund 2011).

Interactions between single- and double-stranded DNA are of great importance 
for the assembly and recon�guration of DNA nanostructures (Zhang and Seelig 2011). 
Cascades of strand-displacement reactions have even been used for computational work 
(Qian et al. 2011). The key is to balance binding energy and kinetics (Zhang and Winfree 
2009). Thermodynamically, one oligonucleotide that is complementary to, say, 20 bp of 
a target can displace another oligonucleotide that is complementary to, say, 15 bp of the 



8 The Nanobiotechnology Handbook

target. However, just because a reaction is thermodynamically favored does not mean it 
can happen quickly. In order for the long strand to displace the shorter one at a reasonable 
rate, a short (4–6 bp) ss sticky end that is complementary to the long strand can be provided. 
There is little kinetic impediment for binding of the long strand to this toehold, and once 
it is anchored, the long strand can compete much more effectively with the shorter strand.

1.4 Branched DNA

1.4.1 Holliday Junction

Holliday’s classic paper proposed a mechanism for explaining genetic recombination that 
involved a structure now called the “Holliday junction” (Holliday 1964). The Holliday 
junction is a crossover structure formed when two duplex DNA strands exchange partners. 
These junctions were observed by electron microscopy in 1970 (Potter and Dressler 1970), 
and a detailed molecular structure was proposed in 1972 (Sigal and Alberts 1972). More 
detail is now available from crystal structure studies (a review in Curr. Opt. Struct. Biol. 
summarizes six such studies [Ho and Eichman 2001]). The key observation is that the 
Holliday junction can adopt either a splayed-out con�guration, in which four duplexes 
originate at the point of the junction, or a linked-duplexes con�guration. In the latter 
con�guration, two straight duplex segments of DNA are joined at the point of the junction 
by two oligonucleotide strands that cross over from one duplex to the other. This crossover 
structure (Figure 1.3) forms the basis for most engineered DNA nanostructures.

In 1993, Fu and Seeman mapped out basic permutations for DNA tiles that consist 
of two DNA helices held together by pairs of crossover sites (Fu and Seeman 1993). 
Using denaturing and native polyacrylamide gel electrophoresis (PAGE) and radical 
autofootprinting, they determined that antiparallel arrangement of the DNA duplexes 
gave stable tiles in which the crossover sites were well protected from radical cleavage, 
implying that they were buried between the two helices. Parallel DNA helices lacked this 
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(See companion CD for color �gure.) Calculated melting points for duplex DNA (250 nM) in 10 mM MgCl2, 
50 mM NaCl, pH 8 buffer. Melting point is highly dependent on the GC content of the sequence (50% GC 
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good behavior and tended to aggregate. This paper also probed several isomerization 
processes seen in double crossover structures. Branch migration can occur if the DNA 
sequence permits simultaneous adjustment of the locations of both crossover sites; if only 
one crossover can migrate, a torsional strain will be created in the DNA tile. Crossover 
isomerization interchanges the positions of the helical and crossover (bent) oligos; it is facile 
in single crossover structures, but does not occur in tiles in which multiple crossover sites 
lie within a few turns of the DNA helix. Thus, by placing two or more crossovers between 
two DNA helices, stable nanostructures with well-de�ned shapes could be created.

1.4.2 3D Nanostructures Based on Holliday Junctions

Chen and Seeman (1991) constructed the �rst rationally designed DNA polyhedron 
structure: a cube built from 10 synthetic DNA oligonucleotides. The cube contained several 
catenated loops of DNA, whose assembly required several intermediate ligation and gel-
electrophoretic puri�cation steps. The typical yield from the ligation steps was about 
10% per reaction. The purity of the cube product was determined by gel electrophoresis 
and its topology by analysis of the cleavage products at speci�c restriction sites in the 
different cube edges. Although it was not possible to determine whether the cube was 
constructed “right side out” or “inside out,” this paper showed that by combining 
crossover junctions and “sticky ends,” DNA could be used like a Tinkertoy to construct 
arbitrary nanostructures. In order to overcome some of the yield limitations of the solution-
phase synthesis of the DNA cube, a truncated octahedron was built by a combination of 

FIGURE 1.3
(See companion CD for color �gure.) Crossover junction schematic, cartoon drawn using PDB sequence 1NVN, 
green dots = Ca2+ ions. (Crystal data from Cardin, C.J. et al., Structural analysis of two Holliday junctions formed 
by the sequences TCGGTACCGA and CCGGTACCGG, DOI: 10.2210/pdb1nvn/pdb, http://www.rcsb.org/pdb/
explore.do?structureId=1NVN, accessed July 23, 2012.)
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solution-phase synthesis (for cyclization and ligation steps that proved dif�cult on the 
solid support) and further assembly on a solid-phase support (Zhang and Seeman 1994). 
Each reactive species contained hairpin sites that, upon cleavage by a restriction enzyme, 
revealed sticky ends that could be hybridized to their binding partners and then ligated 
to form a stable duplex segment. The solution-phase ligations had yields of 1%–10% after 
puri�cation; the solid-phase ligations, when they went at all, gave yields of 30%–50%. 
Similar solid-phase ligations to form 2D polygons had earlier been shown to proceed in 
nearly quantitative yield, which highlights the dif�culty of processing highly branched 
DNA with native ligation enzymes. Since seven sequential ligations were required to close 
the sides of the polyhedron, the overall yield of product was small. Characterization of 
these small polyhedra was done by enzymatic degradation and gel electrophoresis; and 
in this case, the closure of the polyhedron was shown to proceed “right side out.” In later 
work, Turber�eld’s group constructed tetrahedral structures that did not require any 
ligation steps; these DNA nanostructures assembled in high yield and could be imaged by 
AFM (Goodman et al. 2005, 2008, Zhang et al. 2010).

1.5 DNA Tiles and Tile Arrays

1.5.1 DNA Tiles

By forming double-crossover DNA tiles with complementary sticky ends, Winfree et al. 
(1998) made repetitive arrays with designed stripes of periodicities between 25 and 64 nm, 
where the observable features consisted of rows of DNA hairpins protruding from the 
surfaces of the tiles at speci�c locations. The sizes of the arrays depended on careful 
control of oligo stoichiometry and annealing conditions; crystals up to 2 × 8 μm were 
observed. These array sizes are remarkable because no ligation step was involved; the 
structure is entirely held together by noncovalent interactions. The arrays could be labeled 
with streptavidin/1.4 nm nanogold at speci�c biotinylated locations. All the imaging was 
done in a liquid cell under isopropanol. Later work showed that the hairpin loops in 
tile arrays could be processed by ligation, restriction, or further annealing to change the 
features displayed by the tiles (Liu et al. 1999). It was also found to be feasible to pro-
duce arrays based on rhombus-shaped tiles, each tile containing four Holliday junctions 
and eight different oligonucleotides. Each rhombus contained eight protruding “sticky 
ends,” which were designed to form one-dimensional (1D) or 2D tile arrays after thermal 
annealing; the assembly was done in one step from oligonucleotides by slow cooling in 
a water bath (Mao et al. 1999). Later workers focused on making self-limiting tile arrays, 
usually through some form of hierarchical assembly. Structures up to 200 nm in size 
could be made, although these nanostructures often suffered from poor assembly yields 
(Liu et al. 2005, Park et al. 2006a). Algorithmic assembly of tiles is one of the approaches 
used in computing with DNA; a beautiful example of this method is a set of DNA tiles 
that self-assembles into Serpinski triangle (Rothemund et al. 2004).

1.5.2 Making Tile Arrays

There are many “recipes” that give good tile arrays (such as He et al. 2005) and due to the 
low cost of the DNA oligos required for this type of DNA nanostructure, it is an easy entry 
point into the �eld of DNA nanostructure assembly. Assembly and imaging of high-quality 
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tile arrays requires some trial and error. The size of the growing array is determined by 
several factors, including the annealing rate and the limiting oligo concentration. The 
concentrations of the individual oligos should be assayed by UV–Vis to enable optimization 
of the stoichiometric ratios of the oligos. Annealing from 95°C to room temperature over 
24–48 h is necessary for assembly of micron scale structures. The tile arrays are fragile; 
sonication, vigorous mixing, and �ltration to dryness will tear, fold, or degrade them. 
Finally, good AFM images may require trying multiple tips and imaging conditions.

1.5.3 Assembly of Tile Arrays in Presence of the Substrate

Interactions between DNA nanostructures and surfaces can be drawn upon to facilitate 
large scale self-assembly of tile arrays with low defect density (Hamada and Murata 2009, 
Sun et al. 2009). For example, a 2D DNA tile array requiring only three oligonucleotide 
components was pre-annealed from 95°C to 60°C in solution, at which point tiles are pres-
ent but unable to assemble into arrays, and then incubated on mica surfaces at 50°C for 
16 h. The intertile interaction at 50°C was not large enough to allow formation of 2D arrays 
in solution because the “sticky ends” involved were only 4–6 bases long, but in the pres-
ence of the mica surface, the tiles formed a nearly continuous 2D array over the mica. This 
is an exciting result because it suggests that by careful surface modi�cation, it may be 
feasible to direct the growth of DNA arrays to speci�c locations.

1.5.4 Decoration of Tile Arrays

There are now many examples of the use of DNA tile arrays to template assembly of 
non-DNA components. For example, 21 oligonucleotides were assembled into a 2D tile 
array that included a periodically placed ss hybridization site (poly-A). Addition of gold 
nanoparticles functionalized with DNA oligonucleotides (poly-T) formed regular rows of 
the nanoparticles, but since the hybridization sites were 4 nm apart and the nanoparticles 
had a 6 nm diameter, many sites did not capture a nanoparticle (Le et al. 2004). A similar 
result (sparse spacing of DNA-functionalized nanoparticles) was observed by Zhang et al. 
(2006) for binding sites constructed on the surface of a DNA grid and was attributed to 
electrostatic repulsion between the multiple oligos coating the nanoparticles. 2D arrays of 
DNA have been used to grab proteins in speci�c orientations for cryo-electron microscopy 
studies (Selmi et al. 2011).

1.6 DNA Origami

1.6.1 Overview

In the DNA origami technique (Yan et al. 2003a, Rothemund 2005, 2006), a long, single 
strand of DNA, called the template strand, is folded into a desired 2D or 3D shape. Folding 
is induced by base-pairing interactions between the template strand and hundreds of 
short synthetic oligonucleotides or “staple strands.” Amazingly, these hundreds of discrete 
folding interactions take place simultaneously during annealing, resulting in high yields 
(up to 90% or 95%) of properly folded DNA origami. Design principles are suf�ciently 
understood that DNA nanostructures with novel, arbitrary shapes can move from concept 
to reality in about 2 weeks.
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There are several good recent reviews on DNA origami (Endo and Sugiyama 2009, 
Kuzuya and Komiyama 2010, Lo et al. 2010, Nangreave et al. 2010, Shih and Lin 2010, 
Tørring et al. 2011), so this section will focus on practical details for researchers who do 
not have much experience with DNA nanostructures. The most important detail is that 
DNA origami are quite accessible for the neophyte. While the design of new origami 
is challenging, reproducing or modifying a published origami is a reasonable starting 
point. Woo and Rothemund (2011) contains sequences for a simple 60 × 90 nm rectangular 
origami (�rst published in 2006) that has been redesigned to remove torsional strain. The 
staple sequences needed to fold this origami design (or any other published design) can be 
purchased from a variety of specialized DNA synthesis companies. The staple strands are 
stable for years if stored properly, and they can easily be modi�ed at the time of synthesis 
to incorporate �uorescent dyes or reactive functional groups such as azides, primary 
amines, or thiols. The origami themselves assemble in good yield and are easy to image 
by AFM. Typical assembly conditions involve mixing 2 nM template with 20–50 eq of each 
staple strand followed by a 2 h-long annealing step from 95°C to room temperature. If 
desired, the origami can be separated from the large excess of staple strands by centrifugal 
�ltration using a Micro-con centrifugal �lter device (MWCO 50,000; Ke et al. 2008). Agarose 
gel separation is sometimes effective (Bellot et al. 2011). However, good images of origami 
can be obtained even from the crude reaction mixture. Mica is the standard substrate 
because of its ease of preparation. We have used both prepared mica AFM substrates (e.g., 
from Ted Pella Co.) and sheets of mica sold as windows for wood stoves. The mica is �xed 
to the AFM sample stub with double-sided sticky tape, and another piece of tape is used to 
peel off the top layers of the mica, revealing an atomically �at and clean surface ready for 
use. Place 5 μL of the crude DNA origami solution (�nal concentration of origami around 
1–5 nM) on the mica, add 20 μL of the annealing buffer, let it stand for 20 min, rinse with 
several drops of buffer, blow dry with �ltered nitrogen, and image in air.

Most DNA origami are annealed thermally. However, there are also several chemical 
approaches for annealing DNA origami that might be useful, for example, if the precursor 
oligonucleotides contain thermally unstable modi�cations. Formamide is the main tool; 
this solvent lowers the melting point of duplex DNA by about 0.6°C per % formamide 
present. Both a standard M13 mp18 rectangle and a 3D six-helix bundle protein were 
assembled by mixing the viral template strand with excess staple strands in a buffer 
containing 85% formamide and dialyzing the formamide out over a period of 1–24 h. 
Rectangular origami assembled in satisfactory yields and folding quality within 1 h, but 
the 3D structures required >8 h in the denaturant annealing process to assemble as well 
as they did in a 2 h thermal annealing process. Urea has also been used as the chemical 
denaturing agent (Jungmann et al. 2008).

Although DNA is not particularly useful as an electronic material (but see Deng 
and Mao 2004), the DNA origami can be used very effectively to pattern non-DNA 
components (Seeman and Belcher 2002, Xiao et al. 2002, Yan et al. 2003b, Lin et al. 2007, 
Bui et al. 2010). Origami can be derivatized with 2–6 nm resolution in programmed 
locations. Probably, the easiest derivatization method is to purchase staple strands that 
are labeled with biotin. Biotin reacts readily with streptavidin to produce a bump that 
is apparent to AFM (although groups of 3–5 bumps are more reliably imaged). The 
streptavidin can itself be targeted by other biotinylated species for further derivatization. 
A range of conjugation chemistry that can be carried out on assembled DNA origami 
was explored by Gothelf’s group and is summarized in Figure 1.4 (Voigt et al. 2010). 
This study was important both because it demonstrates use of several orthogonal 
derivatization methods and because it shows that DNA origami that are supported 
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on a surface can survive exposure to organic solvents such as tetrahydrofuran (THF) 
without unbinding, structural degradation, or aggregation.

1.6.2 Computer Modeling and Design Tools

The breakthroughs in origami design have centered around improved structural 
understanding and design tools. CAdnano (Douglas et al. 2009a,b, Ke et al. 2009a) is an 
excellent design tool for both 2D- and 3D DNA origami, available as a free and open source 
download (http://cadnano.org/); see Figures 1.5 and 1.6. Other origami design programs 
are available, such as SARSE (Andersen et al. 2008, http://cdna.au.dk/software/).

1.6.3 3D DNA Nanostructures

The original designs for DNA origami produced relatively large, �at sheets of material. Like 
a sheet of paper, a �at origami can be folded or rolled to create many types of 3D structures. 
By mapping the four triangular faces of a tetrahedron onto a 2D strip of DNA origami, with 
“crease marks” de�ned by short regions of unstructured DNA, Ke et al. (2009b) designed 
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a self-assembling tetrahedral nanostructure about 50 nm in size, with an interior cavity 
large enough to contain most types of virus capsids. The tetrahedra were self-assembled by 
thermally annealing an M13 mp18 template strand with the staple mix of 248 short oligos. 
AFM imaging was not satisfactory due to the tip squashing the 3D objects down to a total 
height of 4–5 nm, but high-resolution transmission electron microscopy (TEM) of tetrahedra 
stained with uranyl formate showed about a 40% yield of correctly formed nanostructures. 
Interestingly, the vertices of the tetrahedra, which consisted of unstructured regions of the 
DNA template strand, appear as distinct light features in the high-resolution TEM images. 
The folded structures were further characterized in solution by dynamic light scattering at 
a 2 nM concentration; and the measured hydrodynamic radius (20.7 ± 1 nm) was close to the 
theoretical expectation (24.6 nm). It is possible for such a tetrahedral structure to fold up with 
different faces of the �at DNA origami presented to the outside world, and the distribution 
of these two isomers in the folded tetrahedra was not determined.

Another approach for construction of 3D objects is to view the DNA as a set of rods and 
strings. Duplex DNA has a persistence length of about 50 nm, but bundles of helices are 
much more rigid (Mathieu et al. 2005). An early demonstration of folding of DNA directed 
by a template strand used sets of helix-bundle rods held together by �exible connections 
to form an octahedron. The structure used a 1669 bp heavy chain, constructed by solid-
phase synthesis and PCR assembly, then cloned into E. coli for production, and assisted 
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FIGURE 1.5
(See companion CD for color �gure.) Use of Cadnano for design of 3D DNA origami blocks. Screenshot 
(a) shows user interface, (b) shows helix map with scaffold strand and program-generated staple strands, (c–e) 
show steps along the design process, and (f) is the rendered 3D structure. (Reprinted with permission from 
Douglas, S.M. et al., Nucl. Acids Res., 37, 5001, 2009b under terms of open source agreement.)
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(a)
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FIGURE 1.6
(See companion CD for color �gure.) Validation of Cadnano for design of 3D DNA origami blocks. (a,b) 
Expected 3D structures and electron microscope images of the actual structures. (c) Agarose gel separation of 
monomeric folded structures. (d) Percent yield by gel electrophoresis. (e) Percent yield after puri�cation by elec-
tron microscopy. (Reprinted with permission from Douglas, S.M. et al., Nucl. Acids Res., 37, 5001, 2009b, Figure 2 
under terms of open source agreement.)
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by �ve 40-nucleotide oligomers (Shih et al. 2004, He et al. 2010). Assembly was carried out 
at a 100 nM concentration of the template strand, and fourfold excess of each oligo, in pH 
7.5 buffer with 10 mM Mg2+. The octahedron self-assembled in about 50% yield, as judged 
by a gel-mobility shift assay. Unlike the earlier DNA cube and truncated octahedron 
produced by the Seeman group, this structure did not require ligation steps (there are no 
closed loops of DNA), which probably contributes to the improved assembly yield. The 
structure was determined by cryo-electron microscopy, which revealed a 22 nm diameter 
hollow octahedron whose DNA struts were clearly delineated. A similar assembly process 
generated tetrahedra, which could be decorated with attachment sites for non-DNA 
components at desired locations (Sun et al. 2009, Wong et al. 2011). Tensegrity structures 
(Figure 1.7) can also be made from DNA, using duplex bundle structures as rods and ss 
regions or single duplexes as “string” (Liu et al. 2004, Leidl et al. 2010). Forces of about 5–10 
pN can be applied by the tension of the duplex DNA “strings.” By including restriction 
sites in the “string” regions, Leidl et al. were able to cut speci�c strings enzymatically in 
order to recon�gure the shapes of some of the tensegrity structures.

(e)

(a) (b) (c) (d)
i

ii
iii

iiiii

i

FIGURE 1.7
(See companion CD for color �gure.) Tensegrity structures. (a) macroscopic tensegrity structure, (b) layout of 
DNA origami template strand, (c) schematic 3D structure of DNA object, (d) details of 3-helix strut, (e) cryo-
electron microscopy images of DNA tensegrity structures in different orientations. (Reprinted by permission 
from Macmillan Publishers Ltd. Nat. Nanotechnol., Leidl, T. et al., Self-assembly of three-dimensional prestressed 
tensegrity structures from DNA, 5, 520–524, Copyright 2010.)
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In another productive strategy for generation of 3D structures, the template strand of the 
DNA is viewed as a �exible rod that can be coiled and “stitched” to itself in various ways 
using the staple strands. This can produce 3D structures in which the DNA helices do not 
all lie �at on a surface but are arranged on a square or honeycomb lattice (Ke et al. 2009a, 
Douglas et al. 2009a,b). This design strategy can also produce structures like a rag rug or 
clay coil pot, which are basically 2D surfaces with complex curvature, including hollow 
spheres and bottle shapes (Dietz et al. 2009, Han et al. 2011). Extended DNA arrays in 3D 
(DNA crystals with designed structures) were the original motivation for Seeman’s studies 
on DNA nanostructures, and they have been designed and made with crystal structures 
that can be solved at 4 Å resolution (Zheng et al. 2009).

1.6.4 Reconfigurable DNA Nanostructures

Recon�gurable or active DNA nanostructures are an exciting new opportunity in nano-
science. A straightforward method to create motion is the use of segments of DNA that 
can switch from B-type DNA to another helical conformation, such as the Z-helical form, 
under appropriate ionic conditions (He et al. 2007). Of course, the rest of the structure 
must be made of sterner stuff that can retain its original structure. It is also possible to 
create motion by cutting a critical strand of DNA enzymatically or by using strand inva-
sion to replace one DNA oligo with another. These strategies have been applied in DNA 
nanomachines ranging from relatively simple DNA “tweezers” to oligos that can march 
along a piece of duplex DNA or a DNA tile track (Yurke et al. 2000, Li and Tan 2002, Tian 
et al. 2005), to a DNA “treadmill” (Tian and Mao 2004) to more elaborate tile assemblies 
with portions that rotate around a hinge region (Yan et al. 2002, Feng et al. 2003, Ding 
and Seeman 2006). In one such “machine,” rotatable cassettes were inserted into DNA 
origami templates and used to capture various target DNA tiles (Gu et al. 2009). In this 
latter case, thermal annealing was used for error correction after addition of each tile. By 
carefully controlling the assembly conditions between 37°C and 40°C, a high yield of cor-
rect assembly was obtained. Other DNA nanostructures have been designed as tracks for 
DNA-based “walkers.” These hairpin structures move from one target strand to another 
through selective hybridization, often fueled by consumption of a “fuel” strand that can 
provide energy for unidirectional motion. It was a natural step to place the target strands 
upon a DNA origami framework containing cargos loaded into rotatable cassettes; 
a “walker” was able to travel along the origami and pick up cargo from the cassettes 
(Gu et al. 2010). By programming the cassettes, the cargo could be whisked into an inac-
cessible position to the walker.

Mechanical motion can also be created by release of a latch, as in the lid of the DNA 
box shown in Figure 1.8. As shown in panel a, the lid is initially held closed by two short 
duplex DNA “latches.” Each latch includes a toehold segment, so it can be unlocked by a 
complementary oligonucleotide via strand invasion. Addition of the two complementary 
oligos unlocks both latches, releasing the lid. Opening of the lid can be monitored either 
by AFM of individual boxes, or in bulk solution, by �uorescence resonance energy trans-
fer (FRET) between a donor and a acceptor dye incorporated into staple strands on the 
rim of the box and on the lid of the box (Andersen et al. 2009). A recent report describes 
the use of a “clamshell” �lled with bioactive proteins, where the “shell” is held closed 
by DNA aptamers. The aptamers recognize and bind to speci�c cell types, causing the 
clamshell to open and releasing proteins that initiate programmed cell death (Douglas 
et al. 2012). The use of strand invasion for recon�guration of a DNA origami was brought 
to the nth degree in a case study of a DNA Möbius strip, shown in Figure 1.8—strand 
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FIGURE 1.8
(See companion CD for color �gure.) Examples of recon�guration of DNA origami structures. (a) Box with lid; 
the lid can be opened, (b) by addition of an oligonucleotide “key.” FRET dyes on the rim of the box and the lid 
monitor whether the lid is open or closed. (Reprinted by permission from Macmillan Publishers Ltd. Nature, 
Andersen, E.S. et al., Self-assembly of a nanoscale DNA box with a controllable lid, 459, 73–76, Copyright 2009.) 
Cutting a Mobius strip is a classic operation in topology. Cutting the strip a third of the way across its breadth 
(c) creates a catenated structure of two linked rings. (d) shows how strand invasion was used to cut the Mobius 
origami. (e,f) show AFM and EM images of the resulting catenated DNA rings. (From Han, D. et al., Folding and 
cutting DNA into recon�gurable topological nanostructures, Nat. Nanotechnol., 5, 712–717, 2010. Copyright 2011. 
Reprinted with permission of the AAAS.)
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invasion was used for cutting lengthwise through the strip to recon�gure it to two cat-
enated loops of DNA! (Han et al. 2010).

1.6.5 Hierarchical Assembly of Origami (n-mers and Ribbons)

DNA origami are among the largest known self-assembling heterogeneous structures 
(as opposed to homogeneous structures like lipid vesicles), but there is a natural push to scale 
them up even further. For nanoelectronics applications, being able to merge origami (with 
attached circuitry of some kind) with features fashioned by optical lithography is a sort of 
Holy Grail. The size target of 300–500 nm is quite reasonable, representing 3–6 individual 
origami. The use of self-assembly to put these origami together is very attractive because it 
has the potential to organize not just the origami but their attached functional components. 
DNA origami have, therefore, been designed to undergo further self-assembly by several 
groups. The task is complicated by the need to engineer out several common defect types 
(Kim et al. 2011b), shown in Figure 1.9 for a simple polymer of rectangular origami. Several 
groups have used stepwise thermal annealing of origami with protruding “sticky ends” 
to accomplish hierarchical assembly. Figure 1.10 shows images from the annealing process 
of DNA origami that are designed to form 1D polymers. When samples are removed at 
temperatures above 50°C and quenched to room temperature, only individual origami are 
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FIGURE 1.9
Orientation defects for simple 2D rectangular origami. (a) Offset alignment, (b) relative orientation/up and 
down con�gurations, (c) head-to-tail orientations, (d) relative orientation/1 vs. 0 alignment. (Reprinted by per-
mission of Kim, K.-N. et al., Soft Matter 7, 4636. Copyright 2011b.)
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present; at lower temperatures, the designed sticky-end interactions allow formation of 1D 
polymers with well-controlled registration and orientation.

A clever assembly approach was demonstrated by Endo et al. (2010). Taking advan-
tage of the strong pi-stacking interactions, which tend to make exposed helix ends stick 
together, this group added an element of shape complementarity by making origami 
pieces with convex and concave edges. The “pegs” and “holes” were designed so that up 
to �ve origami could be mixed together and would only be able to assemble in one order. 
In addition, speci�c base-pairing interactions were provided via “sticky ends” located 
where pegs met holes. Since all the “jigsaw pieces” use the same template strand, each 
had to be annealed separately and puri�ed by gel �ltration before mixing. Assembly of 
the �ve-piece jigsaw puzzle required 10–50 h of slow annealing for optimal yield of 24% 
based on monomer conversion. Zhao et al. (2010) made small DNA tiles with protruding 
sticky ends that acted as staple strands to fold M13 template DNA into hybrid origami 
structures. This approach did produce structures up to four times larger than a “plain 
vanilla” origami, as can be seen in Figure 1.11, but the larger structures often had vacan-
cies where one of the “staple tiles” was absent.

Rothemund’s original rectangular origami design gives a structure that is curved in 
solution, rather than �at, as shown in Figure 1.12. The evidence for this solution struc-
ture is based on both structural predictions (Kim et al. 2011a) and the propensity of the 
rectangular origami to form helical ribbons rather than �at strips when the short ends of 
the rectangles are joined together by pi-stacking interactions (Woo and Rothemund 2011). 
These helical ribbons can sometimes be observed directly, but more often they fragment 
when they land on the mica substrate, producing a characteristic pattern of short segments 
and offsets. Several approaches have been taken to reengineer this basic origami design 
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(See companion CD for color �gure.) Thermal annealing of origami with 22-mer sticky ends, designed to form 
1D polymer chains. DNA origami do not assemble into chains until the temperature drops below 50°C. Template 
strand, 20 eq of interior staple strands, and 1 eq of sticky end strands were heated to 90°C in 1X TAE buffer, then 
cooled slowly.
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(Li et al. 2010, Woo and Rothemund 2011). In one approach, the origami was stiffened by 
introducing a zigzag topography for the sheet of DNA helices that make up the origami. 
Basically, every other helix was raised up by a little less than a nanometer, with the struc-
ture enforced by the locations of crossover sites programmed by the staple strands. Efforts 
to construct 2D arrays by connecting the corners of these origami instead produced long 
1D ribbons or nanotubes. Woo and Rothemund corrected the global curvature of the 2D 
rectangle by adjusting the crossover sites to relieve torsional strains, and used the resulting 

90° 90°

20 nm

FIGURE 1.12
Predicted structure of “2D” origami rectangle. (Adapted from Kim, D.-N. et al., Nucl. Acids Res., advanced access 
DOI: 10.1093/nar/gkr1173, 2011a under terms of open access agreement.)
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FIGURE 1.11
(See companion CD for color �gure.) Large DNA origami/tile hybrid structures. (a) nearly perfect assembly 
in 90 × 110 nm array (b) multiple defects in 140 × 200 nm array. (Zhao, Z. et al., A route to scale up DNA origami 
using DNA tiles as folding staples. Angew. Chem. 2010. 49. 1414–1417. Copyright Wiley-VCH Verlag GmbH & Co. 
KGaA. Reprinted with permission.)
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�attened origami design to explore pi stacking as an assembly interaction. By combining 
geometric patterning (“pegs” and “holes”) with pi stacking, groups of up to �ve origami 
could be assembled in speci�c order and with good control over orientation.

1.6.6 Biomedical Applications

There are a range of possible applications for DNA nanostructures in biomedicine. 
Recon�gurable DNA nanostructures may be useful as a tool or jig to grip, push, or pull 
other biomolecules. For example, an M13 mp18 DNA origami in the shape of a picture 
frame (80 × 90 nm with a hole 40 × 40 nm) was used to stretch 64- and 74-mer duplex DNA 
test strands. The stretched and relaxed duplexes were allowed to react with M. EcoRI and 
observed in situ by a one frame/second fast scanning solution AFM (Endo et al. 2009). There 
are other applications for DNA nanostructures that offer diagnostic utility. A nanoscopic 
analog of DNA microarray chips for detection of RNA sequences was constructed by 
displaying rows of capture probes on a 60 × 90 nm DNA origami (Ke et al. 2008). In the absence 
of the targeted RNA strand, the capture probes are ss and �oppy; hybridization to the target 
RNA strand causes formation of a relatively rigid DNA–RNA helix, which can be imaged 
by AFM as a bright spot on the DNA origami. Hybridization was selective in the presence 
of 2 mg/mL total cellular RNA. The advantage of label-free detection with high sensitivity 
must be balanced against the need for AFM visualization of the DNA devices. DNA origami 
are larger than most virus particles, and they can be used as structural templates to assemble 
ordered arrays of proteins (Chhabra et al. 2007) or viruses (Stephanopoulos et al. 2010). 
Virus capsids of bacteriophage MS2 (27 nm diameter, 180 subunits) were decorated with a 
coating of about 20 DNA oligonucleotides through conjugation at unnatural amino acids 
inserted via genetic engineering on the exterior of the capsids. Several capture oligos were 
included on each DNA origami to hybridize with the target oligos on the capsids, and high 
capture rates (>97%) were observed. 1D arrays were formed by adding ss DNA linkers, 
either between origami carrying viral capsids and their neighboring origami or between 
origami and the virus capsid/DNA structure. Annealing from 37°C to 4°C at 1°C/m resulted 
in at least 50% of the DNA origami being present in short 1D oligomers. Longer annealing 
times gave a higher degree of oligomerization in the absence of the capsids, but in the 
presence of the capsids (or if capsids were added after oligomerization), aggregation was 
the main outcome. The multiple target oligos on each capsid could interact with multiple 
DNA origami, and this probably caused the aggregation problem.

Many of the 3D DNA nanostructures have been suggested as smart carriers for drugs, 
imaging agents, enzymes, or virus particles. A recent spate of studies suggest that DNA 
nanostructures have at least a few days of stability in biological milieux that contain live 
cells, enzymes capable of degrading DNA, and proteins that can bind nonspeci�cally, so 
these kinds of applications are feasible (Liu et al. 2011, Mei et al. 2011, Walsh et al. 2011). 
A recent report describes the use of a “clamshell” �lled with bioactive proteins, where the 
“shell” is held closed by DNA aptamers. The aptamers recognize and bind to speci�c cell 
types, causing the clamshell to open and releasing proteins that initiate programmed cell 
death (Douglas et al. 2012).

1.6.7 Surface Deposition

For many electronic or sensor applications, it would be desirable to interface DNA origami 
with complementary metal oxide semiconductor (CMOS) structures on semiconductor 
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substrates. However, almost all AFM studies of origami use mica as the substrate, because 
DNA nanostructures bind poorly to anionic silicon dioxide under most deposition condi-
tions. This is because DNA is a polyanion with high charge density. Mica is an anionic 
surface, but it has a high af�nity for Mg2+ ion, which is present in most DNA annealing 
buffers at ∼10 mM. Mg2+ adheres to the mica surface at sites usually occupied by monova-
lent ions like sodium or potassium, causing a partial charge reversal that allows DNA to 
stick to the surface.

Charge reversal does not work as well on native silicon oxide because the anionic charge 
density of this surface is much lower than that of mica. However, by treating the silicon 
surface with oxygen plasma, a more highly charged oxide is formed that, in the pres-
ence of somewhat higher magnesium concentrations (∼100 mM), can bind DNA origami 
strongly enough for good imaging under �uid. By using a lithographic mask to pattern 
the plasma-etched oxide regions, it is possible to direct the binding and orientation of 
individual DNA origami on substrates such as diamond-like carbon and silicon (Kershner 
et al. 2009, Hung et al. 2010). This was an important �nding because it showed that the 
DNA origami could act as an intermediary between lithography (done at 30–60 nm reso-
lutions) and sub-10 nm patterning (done by placing metal nanoparticles onto the DNA 
origami in programmed locations). By replacing the deposition buffer with successively 
higher concentrations of ethanol, the surface containing the patterned DNA origami and 
their attached nanoparticles could be removed from the liquid and dried for imaging 
in air. As an alternative approach to the use of magnesium cations for charge reversal, 
cationic self-assembled monolayers (SAMs) can be deposited on silicon dioxide via silox-
ane chemistry. These SAMs provide robustly attached surface charges that anchor DNA 
nanostructures and origami, and the SAM-anchoring layers can also be lithographically 
patterned to direct the binding of individual DNA origami or tile assemblies on silicon 
(Gao et al. 2010, Sarveswaran et al. 2010, Penzo et al. 2011). The DNA origami deposited 
on these cationic SAMs are persistently attached to the silicon oxide and can be rinsed 
with buffer or water before imaging in air. A critical requirement for successful visual-
ization of DNA origami on oxide surfaces is low surface roughness (below about 0.5 nm 
root-mean-square). Clean native oxide surfaces easily meet this roughness metric, but 
thicker oxides or glass surfaces can be more troublesome. A recent study showed that 
very smooth oxide surfaces suitable for binding and imaging of DNA origami could be 
attained with hydrogen silsesquioxane (HSQ). HSQ is a spin-on glass coating material, 
which offers the possibility of overcoating other substrates or even performing multilevel 
patterning of DNA nanostructures (Shah et al. 2012).

There are several other substrates that have been used successfully with DNA 
nanostructures. Just as thiols can be used to attach gold nanoparticles to DNA origami, 
several groups have used the strong interactions between thiols and gold to anchor 
DNA nanostructures to surfaces in desired locations. Speci�c staple strands that 
are synthetically modi�ed with thiol groups are inserted into DNA nanostructures, 
and these thiols stretch the DNA nanostructures between appropriately spaced gold 
posts or gold pads on a surface that is otherwise repulsive (Ding et al. 2010b, Pearson 
et al. 2011). Graphene is an attractive substrate for electronic and electromechanical 
applications; recent work shows that DNA origami adhere well to both graphene oxide 
and to graphene oxide after reduction in a nitrogen/hydrogen mixture. The graphene 
can be patterned effectively by �rst depositing graphene oxide �akes onto a cationic 
SAM on silicon, next lithographically patterning and plasma etching the graphene 
oxide, and �nally, removing the resist and reducing the graphene oxide (Yun et al. 2012).
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1.6.8 Nanoelectronic and Nanophotonic Applications

DNA nanostructures could be very useful as structural templates for functional electronic 
or photonic components. An M13 mp18 DNA rectangle was labeled with �uorescent 
dyes in speci�c locations (e.g., opposite corners separated by 89.5 nm); the dyes were 
introduced as 5′ labels on two staple strands. 79% of the observed origami contained two 
dyes. Super-resolution imaging techniques (Blink microscopy, SHRImP, and dSTORM) 
all resolved the two dyes and showed the expected separations (Steinhauer et al. 2009). 
The capabilities of DNA origami for structural organization of non-DNA components 
are being used to construct nanophotonic devices, which require that nanoparticles of 
different sizes or materials be placed in speci�c locations. Ding et al. (2010a) (Figure 1.13) 
showed that 15, 10, and 5 nm gold nanoparticles could be recruited on a single side 
of a DNA origami triangle. Later work has expanded this project to include other 
nanoparticles, nanostructures, and optical measurements on the resulting photonic 
structures (Pal et al. 2011). Yields are still a problem for these derivatizations. Providing 
several nearby binding sites can increase the fraction of origami that successfully capture 
a nanoparticle.

DNA nanostructures can also be directly metallized (He et al. 2011). Metallization by 
electroless deposition or by thermal evaporation gives preferential metal deposition on the 
DNA, leading to conductive nanowires, although often the metallic wires are signi�cantly 
wider than the DNA template (Lund et al. 2006, Park et al. 2006b). More complex nanoelec-
tronic devices have also been constructed. By attaching lines of ss DNA with an af�nity 
for carbon nanotube surfaces atop a DNA origami, carbon nanotubes could be attached to 
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FIGURE 1.13
(See companion CD for color �gure.) (a) Schematic shows design of triangular DNA origami with adhesion 
sites to bind six different nanoparticles. (b) Electron micrograph shows assembly of photonic structure on DNA 
triangles. The metal nanoparticles appear as bright dots. Inset shows enlarged image. (Reprinted with permis-
sion from Ding, B. et al., and Yan, H., Interconnecting gold Islands with DNA origami nanotubes, Nano Lett., 10, 
5065–5069. Copyright 2010b American Chemical Society.)
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the origami with controlled orientation (e.g., lengthwise vs. widthwise). By placing these 
adhesive stripes along the two �at surfaces of a rectangular DNA origami, a carbon nano-
tube crossbar was self-assembled (Maune et al. 2009). After connecting leads to the carbon 
nanotubes via electron beam lithography, measurements on the crossbar showed it was a 
junction between a metallic and a semiconducting tube.

1.7 Conclusions and Perspectives

It is reasonable to wonder whether other biopolymers could be used to construct 
nanostructures using design rules similar to those for DNA origami or tile arrays. Some 
structures have been made using RNA, but in these cases, the RNA oligos are designed 
to have stable 3D-folded structures that in turn assemble into larger nanostructures via 
hydrogen bonding or hydrophobic interactions (Chworos et al. 2004, Jaeger and Chworos 
2006). This design strategy is similar to that used for de novo protein design (Sasaki and 
Lieberman 1996). Because these design principles are less general than for DNA tiles and 
origami, most researchers do not use RNA or proteins as the main structural fabric for 
nanostructures, although RNA oligos may be added to DNA nanostructures as a binding 
probe or for catalytic functionality. Likewise, peptide nucleic acids have not been explored 
as structural materials, probably due to their expense relative to DNA oligos. If the 
availability of these biomaterials improves, this could be a new opportunity for designing 
functional nanostructures.

DNA nanostructures have unprecedented promise in three areas: rational design 
of heterogeneous structures, physical and chemical recon�gurability, and ability to 
recruit and template non-DNA components in precise locations (Pinheiro et al. 2011). 
Challenges in structure design include improving the yields and folding kinetics of 
larger 3D structures and developing structures suitable as intermediaries between 
optical lithographic patterns and sub-10 nm patterning. Recon�guration is an intriguing 
development, which is bound to change how we think about nanorobotics, but many 
of the current methods to recon�gure DNA nanostructures (such as strand invasion) 
are very slow (hour timescale). It would be of great interest to extend the chemical 
and physical cues for recon�guration and to use those cues to elicit changes in the 
shape and function of nanostructures; for example, developing a “walker” that can 
roll or fold-up another DNA nanostructure. There is plenty of room for expanding the 
materials palette for non-DNA components to attach to DNA origami, which could 
extend to the synthesis of structures that integrate “hard” materials or polymers and 
DNA nanostructures.

The interface between DNA nanostructures and cells is a topic of growing importance. 
DNA nanostructures are already the size of cell organelles (ribosome ∼40 nm diameter), 
and they offer the ability to bridge between molecules and larger biological structures. 
For example, a gated nanopore that could insert itself into the cell membrane of targeted 
cells would have both research and biomedical applications, as would a nanostructure 
capable of recognizing and destroying speci�c virus particles. The stability of DNA 
nanostructures in various biological environments and their interactions with the immune 
systems of targeted organisms are, therefore, of great importance for future applications 
in nanomedicine.
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2
Aptamer-Functionalized Nanomaterials 
for Cell Recognition

Jing Zhou and Yong Wang

2.1 Introduction

Cell recognition is an essential tool in biological and biomedical �elds. It refers to the nonco-
valent interactions (such as hydrogen bonding and van der Waals forces) between ligands 
and cell receptors (Frazier and Glaser 1979). Various natural or synthetic molecules have 
been used as af�nity ligands for cell recognition (Weigent et al. 1990, Matsumoto et al. 1999, 
Thielges et al. 2008). Particularly, nucleic acid aptamers have become an emerging class of 
af�nity ligands for developing or functionalizing nanomaterials to interact with cells with 
high selectivity and af�nity. Nucleic acid aptamers are a group of single-stranded DNA or 
RNA molecules that are selected against different targets, ranging from small inorganic 
molecules to large organic complexes like cells (Proske et al. 2005). Compared with natural 
af�nity ligands like antibodies, nucleic acid aptamers are much smaller in size. Moreover, 
their chemical synthesis is reproducible. Nucleic acid aptamers are different from natu-
ral nucleic acids as their nucleotides are usually chemically modi�ed and exhibit great 
nuclease resistance. Because of these merits, aptamers have been used in a variety of �elds 
such as drug delivery, biosensing, and bioimaging (Song et al. 2008, Soontornworajit et al. 
2010). Nanomaterials have a large ratio of surface area to volume and distinct properties 
compared to macroscopic material systems. Organic nanomaterials with multiple sur-
face functional groups such as dendrimers can be used as nanocarriers for drug delivery 
(Sanchez-Sancho et al. 2002). Inorganic nanomaterials such as quantum dots and gold 
nanoparticles can be used for biosensing (Chan and Nie 1998, Kim et al. 2001). Thus, the 
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functionalization of nanomaterials with nucleic acid aptamers is promising for a variety of 
cell recognition–based biological and biomedical applications.

In this chapter, several important applications of aptamer-functionalized nanomaterials 
are discussed. The �rst part of this chapter brie�y introduces the procedure of aptamer 
discovery, including both aptamer selection and aptamer truncation. The second part 
discusses different aptamer-functionalized nanomaterials, including aptamer-based syn-
thetic antibodies, aptamer-functionalized nanoparticles, and aptamer-based multifunc-
tional nucleic acid molecules.

2.2 Nucleic Acid Aptamer

Nucleic acid aptamers are single-stranded nucleic acid molecules that can recognize target 
molecules with high af�nity and speci�city. The term “aptamer” comes from two words: 
the Latin aptus, which means “to �t,” and the Greek meros, which means “part” (Ellington 
and Szostak 1990, Ng et al. 2006).

Nucleic acid aptamers have been studied for many applications because they have 
numerous merits as af�nity molecules. First, in principle, nucleic acid aptamers can be 
selected for any interesting target under physiological or nonphysiological conditions 
(Jenison et al. 1994, Liu et al. 2003, Proske et al. 2005, Jaeger and Chworos 2006, Lee et al. 
2006, Bruno et al. 2009). The targets of nucleic acid aptamers range from small inorganic 
and organic molecules (Hg2+, K+, cocaine, ATP) to large biomolecules (peptides, proteins) 
or even whole organisms (e.g., cells or tissues) (Ueyama et al. 2002, Ono and Togashi 2004, 
He et al. 2005, Shangguan et al. 2006, Chen et al. 2007). Second, unlike natural antibodies, 
aptamers can be easily synthesized via a chemical process. Therefore, aptamers are also 
recognized as “chemical antibodies.” Third, nucleic acid aptamers can discriminate 
different targets based on subtle structural differences such as the presence or absence of 
a hydroxyl or methyl group in proteins. Fourth, aptamers have tunable stability, which can 
be controlled by the modi�cation of nucleotides (Lee et al. 2006). For example, a methylated 
aptamer was kept stable in plasma for 96 h (Burmeister et al. 2005). Fifth, the binding af�nity 
of aptamers to their targets can be changed under certain conditions (Hicke et al. 1996, 
2001, O’Connell et al. 1996, Rusconi et al. 2002). For instance, some aptamers that exhibit 
high binding af�nity at 4°C have very low binding af�nity at 37°C (Hicke et al. 1996, 2001, 
O’Connell et al. 1996). Sixth, aptamers are small in size, usually having 20–80 nucleotides 
(∼6–24 kDa). In contrast, natural antibodies such as IgG have a higher molecular weight of 
∼150 kDa (Cohen and Milstein 1967).

The procedure of discovering nucleic acid aptamers includes two steps: upstream 
selection and downstream truncation. Upstream selection is used to �nd full-length 
aptamers with a dissociation constant in micro- to picomolar range (Jenison et al. 1994). 
Downstream truncation is used to identify essential nucleotides and remove nonessential 
nucleotides of full-length aptamers (Zhou et al. 2011).

2.2.1 Aptamer Selection

Nucleic acid aptamers are selected from single-stranded DNA or RNA libraries through 
SELEX (i.e., systematic evolution of ligands by exponential enrichment). Figure 2.1 shows 
a typical process of SELEX, which includes iterative cycles of incubating the DNA/RNA 
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library with target molecules, removing nonbinding sequences, recovering the binding 
sequences, and amplifying the binding sequences. The process begins with the generation 
of a single-stranded DNA or RNA library, which typically consists of 1014–1015 randomized 
DNA or RNA oligonucleotides. These oligonucleotides are comprised of three parts: 
two primer binding regions at both 3′ and 5′ ends for ampli�cation and one randomized 
nucleotides region for selection. During the SELEX process, target molecules are mixed with 
an oligonucleotide library in a speci�c binding solution. The mixture is incubated under 
certain conditions (e.g., on ice, at room temperature, at 37°C) for a short period of time to 
allow for the molecular recognition between the oligonucleotides and the target molecules. 
After this step, free and weakly binding oligonucleotides can be removed through a partition 
method. The binding sequences are eluted from the target–oligonucleotide complex and 
are ampli�ed by polymerase chain reactions (PCR) to generate an enriched pool as the new 
library. In order to avoid false positive results, it is also important to perform counterselection 
and negative selection to remove the sequences that bind to similar molecules or bind to the 
ligand support. The whole selection process usually has 8–12 cycles.

In the SELEX process, the most critical step is the separation of tightly binding 
oligonucleotides from the free or weakly binding oligonucleotides. When SELEX was 
initially developed, the target molecules were introduced into the system without 
immobilization, and nitrocellulose �ltration was used to separate target–oligonucleotide 
complexes (Ellington and Szostak 1990, Tuerk and Gold 1990). Gel mobility shift (Smith 
et al. 1995) and density gradient centrifugation (Zhang and Anderson 1998) are also 
employed to separate unimmobilized target–oligonucleotide complexes. To facilitate 
separation, target molecules are also immobilized to magnetic beads (Lupold et al. 2002), 
antibody-functionalized af�nity beads (Tsai et al. 1991), titer plates (Rhodes et al. 2000), 
or chromatography columns (Nieuwlandt et al. 1995, Muller et al. 2008). Except for the 
development of different separation techniques to accelerate SELEX process, other SELEX 
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(See companion CD for color �gure.) General procedure of SELEX. The initial library contains 1012–1014 single-
stranded DNA or RNA molecules. Each selection cycle involves incubation, partition, and ampli�cation.
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techniques such as molecular beacon-based SELEX (Rajendran and Ellington 2008), tailored 
SELEX (Vater et al. 2003), photo-SELEX (Jensen et al. 1995), and evolution-mimicking, 
algorithm-based SELEX (Ikebukuro et al. 2005) have been explored to improve aptamer 
selection. As aptamer-based clinical research grew at an increasing pace, several new 
selection techniques such as cell-SELEX (Shangguan et al. 2006) and tissue-SELEX (Mi et al. 
2010) were developed. Aptamers from cell/tissue-SELEX are particularly promising for 
diagnostic or therapeutic applications since they can directly recognize cell/tissue surface 
markers. However, it is important to note that the iterative process of aptamer selection is 
complicated and time consuming. To overcome this problem, automated SELEX (Cox and 
Ellington 2001, Hybarger et al. 2006) and microarray-based SELEX (Knight et al. 2009) have 
been studied. It is believed that the optimization of these SELEX methods will speed up 
the development of aptamer-based research.

2.2.2 Aptamer Truncation

The full-length nucleic acid aptamers selected through a SELEX process typically have 
80–100 nucleotides. However, only some of those nucleotides in a full-length aptamer are 
critical in binding to the target molecule. A full-length aptamer is usually composed of 
three functional regions. The most critical region that directly contacts the target is usually 
10–15 nucleotides long (Gold et al. 1995). Upon contact with the target molecule, these 
nucleotides will fold into secondary structures such as stems, bulges, hairpins, loops, 
or pseudoknots. Another region that also plays an important role in enhancing aptamer 
binding af�nity contains several nucleotides to support the interactions between the 
aptamer and its target. The nucleotides in these two regions that either directly contact 
the target or facilitate the binding are regarded as essential nucleotides. In addition to 
the essential nucleotides, there are several nucleotides that neither bind to the target nor 
support the binding. These nucleotides are nonessential, forming a nonessential region. 
After aptamer selection, it is desirable to perform aptamer truncation to remove these 
nonessential nucleotides for several reasons.

First of all, standard DNA or RNA synthesis is ef�cient with a reasonable cost when an 
oligonucleotide is shorter than 60 nucleotides. However, a full-length aptamer selected from 
the library usually has 80–100 nucleotides (Yang et al. 2007). In addition, the nonessential 
nucleotides may negatively affect the aptamer binding af�nity due to steric hindrance 
or intramolecular interactions. Furthermore, in comparison to a full-length aptamer, 
a truncated aptamer will have less chance to induce immunoreaction (Krieg et al. 1995, 
Hornung et al. 2005). Truncated aptamers can provide more �exibility for constructing 
aptamer-based nanostructures since they are smaller than full-length aptamers.

Currently, there are two major methods to determine the essential sequences of a full-
length aptamer. One is experimental determination by massive synthesis and analysis 
of truncated sequences from the full-length aptamer. The truncated sequences can be 
generated through RNA transcription (Lupold et al. 2002), enzymatic �ngerprinting (Dey 
et al. 2005), solid-phase synthesis (Marro et al. 2005), and so on. So far, this truncation 
method is the most widely used. However, it is often complicated and time consuming 
(Fischer et al. 2008). In addition, for 2′-�uoro-modi�ed RNA aptamers, the chemical 
synthesis of truncated aptamers is very costly. The other type of aptamer truncation 
is based on structural simulation. After selection, secondary structures of the aptamer 
will be theoretically predicted by computer programs such as mfold and RNA structure 
(Mannironi et al. 1997, Meli et al. 2002, Zuker 2003, Schuster 2006, Jossinet et al. 2007, 
Shangguan et al. 2007). The essential sequence of a full-length aptamer will then be 
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determined by comparing the predicted secondary structures. The advantage of this 
method is that it is economical and time saving. However, the system used for software 
prediction only contains aptamers, whereas a real system contains both aptamers and 
their target molecules. In fact, the secondary structures of aptamers often change upon 
binding to the targets, which has been demonstrated by various experimental methods 
(e.g., nuclear magnetic resonance [NMR] [Lee et al. 2005a], atomic force microscopy [AFM] 
[Jiang et al. 2003], x-ray scattering [Jaeger et al. 1998], �uorescence correlation spectroscopy 
[FCS] [Werner et al. 2009], and electron paramagnetic resonance spectroscopy [EPR] 
[Kensch et al. 2000]).

Recently, a new aptamer truncation method was reported by applying a series of short 
complementary oligonucleotides as molecular guides to �nd the most critical region of a 
selected aptamer (Zhou et al. 2011). The concept of this new method is based on the bind-
ing stability of a double-stranded DNA. In brief, when complementary oligonucleotides 
hybridize with the nonessential nucleotides, the hybridized aptamer will have similar 
binding af�nity to the target as the original aptamer. On the other hand, if complementary 
oligonucleotides hybridize with the essential nucleotides, the hybridized aptamer will 
have less binding af�nity which will be determined by the length of the hybridized essen-
tial region (Figure 2.2). This method greatly speeds up the process of aptamer truncation.

2.3 Applications of Aptamer-Functionalized Nanomaterials

Cell recognition plays an essential role in biological and biomedical applications, including 
cell separation, biosensing, bioimaging, drug delivery, etc. Cell recognition relies on vari-
ous receptor–ligand interactions. However, most natural ligands can be easily denatured 
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FIGURE 2.2
(See companion CD for color �gure.) Aptamer truncation based on intermolecular hybridization. (a) The 
nonessential nucleotides of a selected aptamer are hybridized with complementary oligonucleotides. (b) The 
essential nucleotides of the aptamer are hybridized.
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when they are exposed in a nonideal environment due to their fragile functional struc-
tures. Therefore, it is important to develop synthetic ligands that not only have desired 
molecular recognition functions, but also ones that can endure harsh chemical or biological 
conditions. Nucleic acid aptamers are promising synthetic ligands that can ful�ll this goal. 
Representative topics using aptamers for cell recognition are described in the following.

2.3.1 Aptamer-Based Synthetic Antibodies

Antibodies have been widely used in developing material systems to achieve speci�c 
cell recognition because of their diversity and high binding af�nity (Ryan et al. 1986, 
Schnittman et al. 1989, Asahara et al. 1997, Nagrath et al. 2007). Antibodies can be attached 
to chromatography columns and used to bind target cells (Ryan et al. 1986). Antibodies 
could also be immobilized on magnetic microbeads (Asahara et al. 1997) or biochip sur-
faces (Nagrath et al. 2007) to isolate target cells.

Although antibodies have a lot of merits, antibody-based applications are often 
restricted by their fragile secondary structures, irreversible denaturation, and limited 
shelf half-lives. In practice, the applications of antibodies are generally based on the 
conjugation with chemiluminescent molecules or other materials. However, during the 
chemical modi�cation process, it is very challenging to control the chemical reaction sites 
on antibodies. The modi�cation may occur in the variable regions, leading to the loss of 
their binding capabilities. In addition, as the secondary structures of natural antibodies 
are sensitive to environmental conditions such as temperature, pH, salts, and solvent 
(Reilly et al. 1995, Kozlowski and Swann 2006), the shelf half-lives of antibodies are usually 
limited. Therefore, it is of great interest to develop new nanomaterials to mimic natural 
antibodies.

One example is the development of hybrid aptamer–dendrimer nanomaterials. 
Dendrimers are well-de�ned nanoscale molecules that are composed of multiple identical 
branches extended from a central core (Lee et al. 2005b). Compared to conventional linear 
polymers, dendrimers are multivalent and monodispersed. Therefore, dendrimer-based 
nanomaterials are of widespread interest for many applications such as drug delivery 
(Bielinska et al. 2000), gene delivery (Wimmer et al. 2002), tissue sealants (Carnahan et al. 
2002), and molecular encapsulation (Hawker et al. 1993). Because of the multivalency, 
dendrimers have been widely used in chemical modi�cations. The large number of surface 
groups allows a great opportunity for further conjugation with other molecules, such as 
targeting molecules, �uorophore, or even drugs. Besides the high degree of branching for 
surface conjugation, the cavities inside the dendrimers can be used to encapsulate a large 
quantity of small particles, such as drugs (Morgan et al. 2006) or metal nanoparticles 
(Crooks et al. 2001, Boisselier et al. 2010). Overall, all these advanced features make 
dendrimers a promising scaffold to provide de�ned conjugation sites for further chemical 
modi�cation. Zhou et al. were the �rst to utilize nucleic acid aptamers and dendrimers 
to build hybrid aptamer–dendrimer nanomaterials for targeted cell labeling (Zhou 
et al. 2009a). In this research, a DNA aptamer sgc8c that was selected against a human 
T lymphocytic leukemia cell line CCRF-CEM was conjugated to a poly(amidoamine) 
(PAMAM) dendrimer. The chemical conjugation was based on the formation of a stable 
amide bond. In brief, a generation 5 PAMAM dendrimer with 128 carboxyl groups on the 
surface was activated by dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide 
(NHS) to form NHS ester. The activated dendrimers were reacted with sgc8c aptamer, 
which had a primary amino group at the 5′ end. Fluorescein cadaverine (FC) was 
also conjugated to the PAMAM dendrimer to provide �uorescent signal. The binding 
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functionality of this aptamer–dendrimer nanomaterial was evaluated by �ow cytometry. 
The results showed that this hybrid nanomaterial could bind cells with high af�nity and 
speci�city.

Another important feature of natural antibodies is multivalency, which determines their 
high binding avidity. In order to mimic this characteristic, a bivalent antibody-like nano-
material was developed using an aptamer-functionalized dendrimer (Zhou et al. 2010). 
The key components of this nanomaterial were two DNA aptamers, a double-stranded 
DNA stem, and a dendrimer. The aptamers were used to mimic the antigen-binding sites 
of natural antibodies for speci�c cell recognition. The double-stranded DNA stem was 
used to maintain the “Y” shape structure. The dendrimer was used to provide a de�ned 
conjugation site for carrying molecules of interest (Figure 2.3). The results showed that 
this bivalent nanomaterial exhibited a much higher binding af�nity than the monova-
lent control. In addition, this bivalent nanomaterial exhibited a reversible cell recognition 
function. An environmental temperature change from 0°C to 37°C could trigger a rapid 
dissociation of the bivalent nanomaterial from the bound target cells (Zhou et al. 2010). In 
contrast, natural antibodies bind strongly to target cells, and this strong binding is very 
dif�cult to dissociate in an active manner.

2.3.2 Aptamer-Functionalized Nanoparticles

Aptamers can also be used to functionalize nanoparticles for speci�c cell recognition. 
The nanoparticles are employed as a drug carrier and/or signal provider. Drug-carried 
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(See companion CD for color �gure.) Synthesis of the monovalent and bivalent nanomaterials. The chemical 
conjugation is based on the amide bond formation.
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nanoparticles have been prepared through either a single emulsion or double emulsion 
method (Rosca et al. 2004). For the single emulsion method, hydrophobic drugs are 
dissolved or suspended into a polymer solution via a water-immiscible, volatile organic 
solvent. Drug-loaded organic nanodroplets are then formed in a large volume of water in 
the presence of an emulsi�er. The solvent in the emulsion is removed by either evaporation 
or extraction, resulting in the formation of nanoparticles. The double emulsion process 
is similar to single emulsion, which induces the formation of an oil/water/oil or water/
oil/water system. Unlike single emulsion, a double emulsion method is usually used to 
encapsulate hydrophilic drugs.

A typical example is the study of antiprostate speci�c membrane antigen (PSMA) 
aptamer-functionalized poly(d,l-lactic-co-glycolic acid)-block-poly(ethylene glycol) 
(PLGA-b-PEG) nanoparticles (Farokhzad et al. 2006, Cheng et al. 2007, Zhang et al. 
2007, Dhar et al. 2008). The aptamer was a truncated form of A10 RNA aptamer that 
was developed to target PSMA overexpressed prostate cancer cells. PLGA and PEG are 
biocompatible and biodegradable components that have been approved by the Food 
and Drug Administration (FDA) for clinical applications. According to the procedure, 
hydrophobic drugs were �rst encapsulated into the PLGA-b-PEG nanoparticles. 
Subsequently, the carboxyl groups on the surface of nanoparticles were activated by 
EDC and sulfo-NHS. The aptamers bearing primary amino groups were conjugated to 
the nanoparticles. An MTT assay showed that the aptamer-functionalized nanoparticles 
were more cytotoxic than control nanoparticles (Farokhzad et al. 2006). Apart from in 
vitro assay, in vivo animal studies were also performed to evaluate the toxicity of this 
nanomaterial. The results indicated that aptamers could greatly enhance the ef�ciency 
of tumor reduction as compared to control nanoparticles (Farokhzad et al. 2006). In order 
to increase the reproducibility, another method was developed to prepare aptamer-
functionalized nanoparticles (Gu et al. 2008). In this procedure, aptamers were �rst 
conjugated to a block copolymer. Drug encapsulation was realized by self-assembly of 
amphiphilic triblock copolymers and drugs. The attachment of aptamers signi�cantly 
enhances the cellular uptake of nanoparticles.

Aptamers have also been used to functionalize inorganic nanoparticles. Unlike 
organic nanoparticles, inorganic nanoparticles are commonly used for bioimaging or cell 
separation purposes (Chu et al. 2006, Herr et al. 2006, Bagalkot et al. 2007, Javier et al. 2008, 
Wang et al. 2008, Pan et al. 2010). Recently, quantum dots have attracted a lot of attention 
because of their high photostabilities and narrow emission spectra (Michalet et al. 2005). 
Quantum dots are semiconductor nanocrystals with general size ranging from 2 to 10 nm. 
For cell recognition applications such as cancer cell imaging, aptamers were grafted to 
quantum dots (Chu et al. 2006, Bagalkot et al. 2007). There are two approaches to attach 
aptamers to quantum dots: streptavidin–biotin interaction (Chu et al. 2006) and covalent 
bonding (Bagalkot et al. 2007). In the former approach, biotinylated aptamers are linked to 
the surface of quantum dots that are coated with streptavidin. The latter approach relies on 
EDC/NHS activation. By intercalation Doxorubicin (Dox) into the double-stranded stem of 
A10 aptamer prior to the conjugation, researchers have explored a multifunctional target 
delivery system that combined imaging, therapy, and sensing of drug delivery together 
(Bagalkot et al. 2007). This system is based on bi-�uorescence resonance energy transfer 
(FRET) mechanism. After linking with Dox-containing A10 aptamer, the �uorescence of 
quantum dot will be quenched by Dox. On the other hand, upon binding to target cells, the 
Dox will be released from the complex. It will result in the recovery of �uorescent signal 
from quantum dots and Dox. Besides quantum dots, aptamers can also be conjugated to 
contrast agents such as gold nanoparticles (Javier et al. 2008) and superparamagnetic iron 
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oxide nanoparticles (Wang et al. 2008). With the help of aptamers, these nanomaterials 
could target cancer cells speci�cally.

Aptamers are not limited to conjugate with synthetic nanoparticles. In 2009, a novel 
viral capsid DNA aptamer conjugate was developed as a targeting vehicle (Tong et al. 
2009). A genome-free hollow spherical capsid was used as a carrier. The aptamers were 
installed on the surface of the capsid through an NaIO4-mediated oxidative coupling strat-
egy (Hooker et al. 2006). The interior of the capsid was �uorescent labeled by Alexa Fluor 
488 through standard cysteine bioconjugation. The functionalized capsids are robust, 
nontoxic, and biodegradable.

2.3.3 Aptamer-Based Multifunctional Nucleic Acid Molecules

In addition to the studies on nucleic acid aptamer-functionalized nanomaterials, there are 
other promising studies that take advantage of the unique merits of nucleic acid molecules 
themselves. Single-stranded oligonucleotides have inherent �exibility, which allows them 
to fold into speci�c tertiary structures under speci�c conditions. In addition, these �ex-
ible molecules can recognize complementary sequences, resulting in the formation of rela-
tively rigid structures. Nucleic acid molecules can also carry genetic codes that provide 
speci�c biological functions.

Based on these characteristics, researchers developed a bifunctional nucleic acid molecule 
that is composed of an aptamer and a functional nucleic acid tail (Zhou et al. 2009b). The 
aptamer was an anti-PTK7 DNA aptamer that can speci�cally target CCRF-CEM cells. The 
tail was used to hybridize a short complementary sequence which carried a �uorophore. 
This bifunctional molecule was applied to develop a novel pretargeting system (Figure 2.4) 
(Zhou et al. 2009b). The concept of pretargeting is twofold: increasing the concentration 
of drugs in target sites and minimizing their side effects in nontarget organs. Therefore, 
the large bivalent molecules will be introduced �rst to target speci�c cells. Then drug/
�uorophore-equipped complementary sequences will be introduced to the system 
subsequently. Since the complementary sequences are small, they can rapidly diffuse into 
target sites to bind to the bivalent molecules and can also be quickly cleared from the 
body. In the proof of concept study, in vitro experiments were performed to address two 
questions: whether the nucleic acid tail affects the function of the aptamer and whether 
the complementary sequence can recognize the nucleic acid tail of the bivalent molecule 
(Zhou et al. 2009b). The results showed that the length and the structure of the nucleic acid 
tail were two key factors that determined the pretargeting ef�ciency. In another similar 
study, a trifunctional molecule was studied. This molecule had an aptamer, a nucleic acid 
tail, and a reducing agent (DTT) (Mallikaratchy et al. 2009). The short complementary 
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FIGURE 2.4
(See companion CD for color �gure.) Schematic representation of a pretargeting system.
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sequence was functionalized with both a �uorophore and a quencher. Upon binding to 
the trifunctional molecule, the quencher was cleaved by DTT, resulting in the “turn-on” of 
�uorescent signal.

Nucleic acid aptamers have also been linked with siRNAs for gene therapy. siRNA (also 
known as short interfering RNA) is a class of short double-stranded RNA molecules that 
can interfere with the expression of a speci�c gene. siRNA is comprised of a passenger 
strand and a guide strand that target the complementary mRNA (Hamilton and Baulcombe 
1999). siRNA-induced gene silencing relies on the formation of an RNA-induced silencing 
complex (RISC). RISC uses the guide strand of siRNA as a template to recognize the target 
mRNA. Upon �nding the target, RISC activates RNase and cleaves the RNA (Grunweller 
and Hartmann 2005). While promising in gene therapy, direct siRNA delivery remains 
dif�cult. Functional ligands such as nucleic acid aptamers have been linked with siRNAs 
to help them penetrate through the cell membrane ef�ciently. In 2006, McNamara et al. 
reported anti-PSMA aptamer–siRNA chimeras for speci�c siRNA delivery (McNamara 
et al. 2006). This complex contains two strands. The longer one has both PSMA aptamer 
sequence and passenger strand sequence. The shorter one is the guide strand. Unlike a 
pretargeting system, these two strands were hybridized �rst before being incubated with 
cells. The binding of the anti-PSMA aptamer A10 to the target LNCaP cells will trigger 
the endocytosis of the aptamer–siRNA complex into the cell. A gene expression study 
showed that the relative gene expression of A10–siRNA-treated group was much lower 
than other control groups (80% less). As a result, A10–siRNA chimeras caused the apop-
tosis of PSMA-overexpressed cells such as LNCaP cells. In addition to in vitro cell assay, 
in vivo animal studies have also been performed. After a series of injection of A10–siRNA 
chimeras (200 pmol/injection), the tumor volume was reduced twofold in comparison to 
the controls. These results demonstrate that this �rst-generation A10–siRNA chimera can 
ef�ciently inhibit tumor growth through intratumoral injection. However, for the treat-
ment of advanced cancer, systemic administration of aptamer–siRNA chimeras will be 
necessary. A second-generation aptamer–siRNA chimera was developed to satisfy this 
demand. Compared with the �rst-generation A10–siRNA chimera, the aptamer portion 
of this optimized complex was shortened from 71 nucleotides (nt) to 39 nt to facilitate 
the chemical synthesis. In addition, PEGylation was applied to increase the half-life of 
this chimera in serum (Dassie et al. 2009). Aptamer–siRNA complexes have been studied 
for not only cancer therapy, but also the treatment of human immunode�ciency virus 
(HIV)-infected cells (Zhou et al. 2008, 2009c). The results showed that both the aptamer 
and siRNA could suppress the replication and production of HIV viruses. However, the 
aptamer–siRNA chimera provided better ef�cacy than either the aptamer or the siRNA 
alone (Zhou et al. 2008).

2.4 Conclusions and Perspectives

Nucleic acid aptamers have recently been used as af�nity ligands for cell recognition 
applications because of their remarkable speci�city, high binding af�nity, small size, and 
tunable stability. Nucleic acid aptamers can be directly used to mimic the variable regions 
of natural antibodies. They can also be used to functionalize nanoparticles through either 
noncovalent interactions or covalent bonding. In addition, nucleic acid aptamers can be 
used to develop multifunctional nucleic acid nanomaterials. All these aptamer-based/
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functionalized- nanomaterials have been shown to recognize target cells with high af�n-
ity and speci�city. Therefore, nucleic acid aptamers are promising af�nity ligands for 
developing functional nanomaterials and hold great potential for bioimaging, biosensing, 
and drug delivery.
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3
Articial Enzymes

James A. Stapleton, Agustina Rodriguez-Granillo, and Vikas Nanda

3.1 Introduction

In its purest de�nition, nanotechnology describes the manipulation of matter at the atomic 
level to build systems from the bottom-up rather than the top-down (Drexler 1981). A materials 
synthesis strategy that pays attention to the placement of each atom has the potential to provide 
huge gains in speci�city, ef�ciency, and affordability, and to process enormous quantities of 
matter through massive parallelization. The molecular machines from which biological sys-
tems are constructed do exactly this. People, blue whales, and redwood trees are not carved 
from larger blocks or injection molded but built from the ground-up, atom by atom.

In this chapter, we will discuss arti�cial enzymes, a fascinating and promising area of 
research that has seen signi�cant progress in recent years. Enzymes are the subset of bio-
logical macromolecules that catalyze chemical reactions. Biological machines, which in addi-
tion to catalysis perform structural, regulatory, and other central roles in biology, are natural 
examples of “soft” nanotechnology from which we can learn much about design on the 
nanoscale. These machines self-assemble and function in water at environmental tempera-
ture and pressure. Proteins, the dominant class of catalytic biological molecules, are linear 
polymers of amino acids that fold (in a type of intramolecular self assembly) into precise but 
�exible three-dimensional structures determined by their amino acid sequence (An�nsen 
et al. 1961). Water is the solvent for all life, and protein folding and function take extensive 
advantage of the range of hydrophobic/hydrophilic properties of the 20 natural amino acids. 
However, some proteins are stable and functional in organic environments (Klibanov 2001), 
indicating that water-insoluble or water-incompatible chemistry is not beyond their reach.
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Enormous numbers of possible conformations are available to long polypeptide chains. 
The forces that govern folding are subtle, and the energetic difference between two 
competing folds can be minuscule. Predicting the three-dimensional structure that will 
be adopted by a given sequence is therefore extremely dif�cult and is one of the grand 
challenges of structural biology. Increasing computer power and clever algorithms have 
allowed researchers to make great progress in folding prediction in recent years, and 
the folds of most proteins of fewer than ∼100 amino acids can now be predicted with 
reasonable accuracy (Zhang 2008). In considering arti�cial enzymes, we are perhaps more 
interested in the opposite problem: can we predict what sequences will adopt a given 
target three-dimensional structure? This is known as the protein design problem, and 
great progress has been made on this front as well. New sequences have been generated 
that adopt protein structures from nature (Dantas et al. 2003) as well as structures not yet 
found in nature (Kuhlman et al. 2003).

Enzymes increase by many orders of magnitude the rates of reactions that would otherwise 
proceed on glacial timescales. The mechanisms by which they achieve these speedups are 
often so delicate as to be nearly impossible to understand, much less replicate by design. 
Enzymes grab speci�c substrates and hold them in the perfect orientation for a reaction 
to occur. They might bring two reactants into just the right geometric proximity to allow 
a new bond to form or bend a molecule to strain a bond enough to encourage it to break. 
Side chains are preorganized in ideal positions to abstract protons or perform nucleophilic 
attack. “Second shell” side chains modify the properties of these “�rst shell” groups, tuning 
their pKas and enhancing the stability of the catalytically active state. The close �t between a 
binding cleft and its substrate, and the geometrical constraints placed on a bound substrate, 
confer incredible speci�city on enzymes, which can distinguish between nearly identical 
potential reactants and cut unwanted side reactions to insigni�cant levels. Hydrophobic 
amino acids within a binding cleft can modify the local environment to enable chemistry 
usually impossible in water and reserved for organic solvents. In short, enzymes pick 
precise target molecules out of the complex cellular milieu and place them in the precise 
geometry and chemical environment that minimizes the activation energy of the speci�c 
desired reaction. When the reaction is complete, they release the products, ready for another 
cycle. Some enzymes do their work with such remarkable ef�ciency that the reactions they 
catalyze are limited by the rate at which reactant molecules can reach them by diffusion.

Nature provides us with countless examples of beautiful, complex nanomachines. The 
Fo−F1 ATP synthase (Figure 3.1a) transforms the energy contained in transmembrane proton 
gradients into high-energy chemical bonds. It harnesses the physical energy of the gradient 
via a mechanical rotary mechanism (Boyer 1997). Protons passing through a transmembrane 
channel in the Fo region of ATP synthase ratchet the central stalk of the protein in 120° steps. 
The rotation of the asymmetric stalk (green) causes cyclic conformational changes in the three 
beta subunits (red) that, along with three α subunits (blue), make up the F1 region of the pro-
tein. In the “open” state, ATP from the previous cycle is released and new ADP and phosphate 
are bound. A 120° rotation of the stalk changes the conformation to the “loose” state, which 
binds the ADP and phosphate more tightly. A �nal turn induces the “tight” state, in which 
the ADP and phosphate combine to form ATP. The cycle continues with a transition back to 
the “open” state. Under certain conditions, the enzyme can also run in the reverse direction, 
consuming ATP to generate a proton gradient. Paul D. Boyer and John E. Walker shared half 
of the 1997 Nobel Prize in Chemistry for discovering the mechanism of ATP synthase.

The ribosome (Figure 3.1b), a molecular machine composed of protein and nucleic 
acid subunits, is another clear inspiration for nanotechnology. The ribosome reads the 
information encoded in mRNA and synthesizes polypeptides with speci�c amino acid 
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sequences. Amino acid building blocks are added one-by-one to the end of a growing 
polypeptide chain. Thanks to the ribosome, heritable genetic information is able to 
direct the creation of information-rich polymers that fold speci�cally and perform 
precise functions. Bulk synthetic chemical peptide synthesis methods fall far short of the 
ef�ciency and speci�city (about 1 error per 10,000 amino acids [Ellis and Gallant 1982]) of 
the ribosome. The 1974 Nobel Prize in Medicine and the 2009 Nobel Prize in Chemistry 
were both awarded for studies of the ribosome.

Often, the activity or substrate preference of a natural enzyme can be modi�ed drastically 
by mutating even a single active site amino acid by chemical intuition (reviewed by Toscano 
et al. [2007]). While enzymes with remarkably different properties can be generated by 
this type of rational active site redesign, the creation of arti�cial enzymes to perform any 
desired reaction under any process conditions will require more general approaches.

3.2 Directed Evolution

In the absence of a method to create designer enzymes from scratch, nature has been our 
only source of catalytic nanomachines. For centuries, domestication of biological organisms 
and their enzymes have provided humanity with a way to produce valuable products like 
beer and cheese. However, natural enzymes have evolved to meet the speci�c requirements 
of their host cells, and the demands of human industrial or health applications are often 
quite different than those of any natural environment. To modify natural enzymes to 

(a) (b)

FIGURE 3.1
(See companion CD for color �gure.) Biological molecular machines. (a) The F1 domain of the Fo−F1 ATP syn-
thase. Rotation of the central stalk (green) in 120° steps causes conformational changes in the β domains (red), 
which cycle among three states with distinct af�nities for ATP and ADP. (Produced from PDB 1E79.) (b) The 
ribosome is a factory that reads information from mRNA and catalyzes the synthesis of polypeptide chains. It 
is composed of a large (blue) and a small (green) subunit that clamp together around an mRNA molecule (not 
shown). More than half of the ribosome, including the catalytic site, consists of RNA (orange). (Produced from 
PDBs 2WDK and 2WDL.)
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function optimally within nonnatural environments or on nonnatural substrates, protein 
engineers have mimicked the evolutionary process by which these enzymes were created. 
Directed evolution is a laboratory-based method in which humans replace the natural 
selective pressures that determine the �tness of a protein with nonnatural, application-
speci�c selective pressures. A diverse collection (called a “library”) of mutants based 
on a natural parent protein is generated, and each candidate is tested for the desired 
function. The candidates deemed the �ttest under the conditions of the �nal application 
are replicated and mutated, providing mutants for a new round of directed evolution. This 
cycle is repeated until a suitable enzyme is found (Figure 3.2a).

Each directed evolution project requires a customized high-throughput selection 
or screen capable of identifying improved enzymes. In vivo selections and screens are 
convenient and popular but are limited by the ef�ciency of transforming mutant DNA into 
the host and by the tendency of cells to �nd alternative, undesired ways of avoiding the 
selection pressure. Extremely high throughput in vitro techniques such as ribosome display 
(Hanes and Pluckthun 1997) partially address these limitations, but have been restricted 
to selections for binding. Recently, however, methods including yeast display (Chen et al. 
2011), mRNA display (Seelig and Szostak 2007), and in vitro compartmentalization (IVC; 
Taw�k and Grif�ths 1998) have been adapted for the selection of active enzymes. IVC, in 
particular, is extremely promising as it can select for a wide variety of multiple-turnover 
enzymatic activities (Stapleton and Swartz 2010).

Recently, a phage-based technique has been developed that allows continuous directed 
evolution of proteins (Esvelt et al. 2011), as opposed to the discrete, labor-intensive rounds 
of traditional methods (Figure 3.2b). Phage-assisted continuous evolution (PACE) takes 
advantage of the rapid life cycle and high mutation rate of Escherichia coli-infecting 
bacteriophage. Fresh E. coli cells �ow into a well-mixed volume termed a “lagoon,” where 
they remain for a residence time shorter than their division period before �owing to waste. 
Within the lagoon is a population of phage that is diluted by the continuous �ow and must 

(a) (b)

FIGURE 3.2
(See companion CD for color �gure.) Directed evolution and PACE schematics. (a) Traditional directed evolution 
consists of discrete rounds of sequential mutagenesis and selection. Mutagenesis of a parent gene (left) generates 
a library (top) with diverse mutations (red x’s). The mutant genes are transformed into bacteria (right), which 
transcribe and translate the genes into mutant proteins (colored circles). A screen or selection identi�es the �ttest 
mutants, the gene is isolated and ampli�ed, and another cycle begins. (b) PACE automates the process, allowing 
dozens or hundreds of rounds to proceed without human intervention. Bacteria (tan ovals) �ow into a “lagoon” 
(black-bordered rectangle) containing phage (blue rectangles). The phage infects the bacteria, which express the 
target gene contained within the phage genome (black ovals with red x’s indicating mutations), producing mutant 
protein (colored circles). Only mutant proteins with the desired activity induce expression of the pIII protein (blue 
stars) from a plasmid in the bacteria (green ovals). Newly produced phage without pIII are not infectious. A gene 
must produce copies of itself within infectious phage rapidly enough to avoid washing out of the lagoon.
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infect fresh bacteria and replicate fast enough to avoid being washed out. The phage life 
cycle is on the order of 10 min, faster than that of the bacteria and shorter than the residence 
time within the lagoon. The phage are modi�ed to contain a copy of the gene to be evolved, 
which is expressed upon infection of a bacterial host. The desired enzymatic activity is 
linked to the production of pIII, a phage protein required for infectivity. Therefore, phage 
harboring genes that encode active proteins replicate within cells to produce infectious 
phage. Genes that encode proteins lacking the desired activity also produce new phage, 
but these are unable to infect new host cells and harmlessly wash out of the lagoon. The 
high natural error rate of phage replication generates a diverse set of random mutations 
within the target gene and can be optionally enhanced by a mutagenesis plasmid. Esvelt 
and coworkers demonstrated the power of PACE by evolving new versions of the T7 RNA 
polymerase that recognize the T3 promoter and that initiate with ATP or CTP rather than 
GTP. PACE enabled up to 200 rounds of evolution to occur over 8 days with no human 
intervention. The researchers were able to follow the mutational paths taken in initially 
identical parallel runs: in the T3 promoter experiment, two lagoons accumulated different 
mutations before converging upon the same optimal set. While PACE is limited to the 
evolution of enzymatic activities that can be linked to pIII production, the bene�ts of 
continuous evolution will motivate imaginative protein engineers to think of clever ways 
to establish such a linkage for a wide variety of enzymes.

Directed evolution has the bene�t of requiring no information about the structure or 
mechanism of the enzyme. The same “blind watchmaker” that built the parent enzyme 
adapts it to the demands of its new environment. However, because functional proteins 
are islands in the vastness of sequence space, it is unwise to stray too far from the parental 
sequence by introducing too many mutations at once. Directed evolution is, therefore, 
better suited for small optimizing tweaks than it is for introducing large changes like 
entirely new folds or functions. In a few cases, however, directed evolution has succeeded 
in generating enzymes with activities not present in the parent enzyme. One effective 
strategy has been to use multistep evolutionary paths in which one or more bridging 
substrates span the structural gap between a wild-type substrate and a desired substrate. 
For example, in the PACE study, the wild-type T7 RNA polymerase showed no activity 
with the T3 promoter, and selection for activity on that promoter did not support phage 
propagation. Selection for activity on a hybrid promoter consisting of the T3 promoter 
sequence with the T7 promoter base at the −11 position followed by selection on the full T3 
promoter succeeded in generating the desired mutant. Similarly, the steroids testosterone 
and progesterone were used to bridge the structural gap between the natural substrate 
of human estrogen receptor α ligand-binding domain, 17β-estradiol, and the �nal target 
substrate corticosterone (Chen and Zhao 2005). However, while this strategy can be effective 
for altering the substrate speci�city of a particular type of activity when clear structural 
intermediaries between the natural and target substrates exist, it may be impossible to 
extend it to the creation of enzymes that catalyze new reactions.

Another approach to generating new activity combined rational design and directed 
evolution to introduce β-lactamase activity into a glyoxalase II (GlyII; αβ/βα) metallo-
hydrolase (Park et al. 2006). The C-terminal domain of the parent enzyme was removed to 
relieve steric constraints, and substrate- and metal cofactor-binding loops derived from a 
sequence alignment of metallo β-lactamase (MBL) enzymes were inserted into the scaffold 
along with targeted mutations that introduced catalytic residues. This rationally designed 
scaffold served as the parent for random directed evolution by error-prone polymerase 
chain reaction (PCR) and DNA shuf�ing (Stemmer 1994), resulting in the isolation of a 
mutant that could support E. coli growth in the presence of a 1.0 μg/mL concentration of 



52 The Nanobiotechnology Handbook

the lactam antibiotic cefotaxime. The designed scaffold modi�cations in this study were 
inspired by MBL, which belongs to the same structural superfamily as GlyII and provided 
an example solution for the design of a β-lactamase. While the successful conversion of 
GlyII into a β-lactamase is remarkable, the application of this approach to the generation of 
novel arti�cial enzymes is limited by the requirement for a homologous natural enzyme.

3.3 Directed Evolution with Rational Library Design

The absence of any requirement for structural or functional knowledge is a strength 
of directed evolution. In addition to circumventing our ignorance of protein structure/
function relationships, random mutagenesis and screening often �nds bene�cial mutations 
at positions far from the active site that could not have been predicted rationally. However, 
random approaches rely on the ability to screen large numbers of mutants, and �nding a 
needle in the haystack requires considerable luck. In addition, while activities present at 
low levels in the starting protein can be improved, generating entirely new activity is very 
dif�cult. Researchers are developing a variety of strategies to address these limitations by 
using rational methods to enrich mutant libraries in active mutants.

A simple but extremely successful rational library design method has been the 
application of structural data to the selection of crossover points during recombination-
based library generation. “Sexual” recombination of homologous genes takes advantage 
of sequence diversity already vetted by nature for compatibility with a particular fold and 
function. However, random recombination can introduce clashes and disrupt important 
contacts, lowering the fraction of library members that fold successfully. The SCHEMA 
(Voigt et al. 2002) and Recombination as a Shortest Path Problem (RASPP; Endelman et al. 
2004) protocols analyze structural contacts to determine positions at which recombination 
is least likely to disrupt the structure. The resulting designed libraries are enriched in 
folded proteins and have been shown to outperform libraries generated by random DNA 
shuf�ing. These methods have been used to generate high-quality libraries of P450 heme 
proteins (Otey et al. 2006) and fungal cellulases (Heinzelman et al. 2009).

Multiple sequence alignments of homologous proteins can be used in library generation 
to provide information about which amino acids are allowed at each position, narrowing 
down the size of the sequence space to be searched. Bias from the evolutionary history 
of these sequences can be removed statistically (Halabi et al. 2009) or avoided entirely by 
selecting competent sequences from synthetic pools (Jäckel et al. 2010). Compatible diver-
sity at each site is then built into synthetic degenerate oligonucleotides, which are assem-
bled by PCR to yield a diverse collection of mutant genes. Designed libraries can also be 
constructed so as to preserve the correlations between amino acid identities at multiple 
positions. One such library (Lippow et al. 2010), which maintained the linkages between 
neighboring amino acid identities in a computationally redesigned active site, was shown to 
be enriched in active mutants relative to a control library with no interposition information.

In an example of how arti�cial enzymes could revolutionize the chemical industry, 
scientists at Codexis created an enzyme to replace a high-pressure, rhodium-catalyzed 
asymmetric hydrogenation step in the synthesis of sitagliptin, an antidiabetic pharmaceu-
tical (Savile et al. 2010). A homology model (model of a protein with unknown 3D struc-
ture based on sequence similarity to a known protein) of a transaminase enzyme with no 
activity for the prositagliptin ketone indicated positions in the binding pocket that could 
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be targeted for mutagenesis. Site saturation mutagenesis and screening identi�ed a vari-
ant with four mutations that had low activity toward the substrate. Additional rounds of 
directed evolution under industrially realistic conditions resulted in an activity improved 
by four orders of magnitude and an enantiomeric excess of >99.95%, along with the abil-
ity to function in the very unnatural environment of a bioreactor: 50% organic solvents 
(required to keep the substrates in solution), 40°C, and 250 mM substrate. Even under these 
harsh conditions, the enzyme remained stable for more than 24 h, demonstrating that pro-
tein as a nanotechnological substrate is by no means limited to natural environments.

Statistical methods and machine learning are increasingly applied to isolate the effects 
of individual mutations on stability and function and predict optimal combinations of 
mutations. Statistical approaches can be particularly valuable when no high-throughput 
screen is available, and are becoming more attractive as the economics of DNA sequenc-
ing and synthesis improve. By analogy to the quantitative structure–activity relationship 
method popular in drug development, an algorithm based on protein sequence–activity 
relationships (ProSARs) has been developed and applied to enzyme engineering (Fox et al. 
2003). In ProSAR, mutants are screened and sequenced, and the effect of each individual 
mutation is resolved by partial least-squares regression. New mutations are added to the 
pool as bene�cial mutations are identi�ed and deleterious mutations are removed from 
consideration. ProSAR was used to ef�ciently adapt halohydrin dehalogenase mutants to 
the demands of an industrial process for the production of the starting material for the 
cholesterol drug, Lipitor (Fox et al. 2007). A similar DNA synthesis-based strategy involves 
synthesizing small collections of mutants containing combinations of promising mutations 
identi�ed via analysis of alignments of homologous sequences and then teasing apart the 
contributions of each mutation to the performance of a small number of mutants. Testing 
a total of fewer than 100 custom-synthesized mutants over two rounds of library construc-
tion provided enough data to construct proteinase K variants with 20-fold improvements 
in thermostability (Liao et al. 2007). A similar approach identi�ed �ve mutations to prolyl 
endopeptidase that increased the stability of the enzyme under gastric conditions, again 
requiring the synthesis and screening of fewer than 100 mutants (Ehren et al. 2008).

A particularly exciting new extension of these ideas is the use of next-generation sequenc-
ing technologies to generate �tness landscapes of the WW-domain protein (Fowler et al. 
2010), an RNA ligase ribozyme (Pitt and Ferre-D’Amare 2010), and the chaperone Hsp90 
(Hietpas et al. 2011). Deep sequencing was used to identify the sequences of those members 
of a mutant library deemed active by a functional selection. The abundance of each sequence 
in the selected pool was taken as a measure of the �tness of that sequence. The copious data 
that result from this method form a detailed sequence/activity �tness landscape that iden-
tify sites critical for folding and function and inform further rounds of library design.

3.4 Selection of Enzymes with No Natural Parent

An interesting new approach to library construction uses rational or computational design 
over the entire protein to restrict the library to sequences likely to fold into stable structures 
while preserving as much diversity as possible. This approach leaves the catalytic mecha-
nism up to chance, merely restricting the set of possible amino acids at each site to those 
likely to be compatible with a desired three-dimensional structure. While this approach 
generates libraries too large to exhaustively screen, active proteins can be isolated when 
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the library design results in a high percentage of folded proteins or when an extremely 
high-throughput selection can be applied.

Binary patterning is a simple but surprisingly effective method for generating diverse col-
lections of protein sequences that adopt a de�ned three-dimensional fold. Hydrophobic/
hydrophilic interactions are dominant drivers of protein folding: the interiors of folded 
proteins typically contain hydrophobic amino acids that pack within the core to hide from 
the solvent. In contrast, surface amino acids tend to be polar or charged and interact favor-
ably with water. A library designed to dictate only the hydrophobic or hydrophilic char-
acter at each amino acid position contained proteins of diverse primary sequence, most of 
which folded into the desired four-helix bundle structure (Kamtekar et al. 1993). Many of 
these proteins had ordered, native-like cores (Wei et al. 2003a,b). Screening of these binary-
patterned libraries identi�ed heme-binding proteins (Rojas et al. 1997) that bound carbon 
monoxide (Moffet et al. 2001) and proteins with peroxidase, esterase, and lipase enzymatic 
activity (Das and Hecht 2007; Patel et al. 2009).

The same group transformed 27 single-knockout auxotrophic E. coli strains with a library 
of 1.5 × 106 patterned helical bundles and isolated transformants that rescued growth of four 
of the strains on minimal media (Fisher et al. 2011). Activity could not be measured in cell 
lysates or puri�ed samples of these proteins, but the very low levels of activity expected 
given the slow-growing phenotype would likely be below the detection limit of such 
assays. The authors go to admirable lengths to rule out alternate explanations, including 
demonstrating that mutation of key residues in the synthetic proteins abolished rescue of 
growth. The authors then showed that a quadruple knockout could be rescued by cotrans-
formation with plasmids encoding four selected synthetic proteins. While the complexity of 
the cell prevents ruling out all alternative explanations, it seems likely that at least some of 
these simple, 102-residue helix bundle proteins, which were neither designed nor evolved 
but directly selected from a designed library, possess minimal enzymatic activity. This is 
especially remarkable considering the complexity of the enzymes they replace in this study. 
Given the tendencies of four-helix bundles, it is likely that the selected enzymes bind met-
als or other cofactors upon which they rely for function. Targeted mutagenesis to introduce 
cavities into a selected bundle resulted in a pocket capable of binding small aromatic mol-
ecules (Das et al. 2011). Scaffolds with designed cavities of this type may allow the selection 
of enzymes with substrate binding clefts similar to those observed in natural enzymes.

An alternative strategy is to select from a less-restricted library with an extremely 
high-throughput method. In vitro methods are capable of selecting desired proteins from 
libraries of 1012 or more mutants. One of these, mRNA display, has been used to select 
ATP-binding proteins from random sequences of 80 amino acids (Keefe and Szostak 2001) 
and, more recently, to select enzymes capable of ligating two RNA molecules (Seelig and 
Szostak 2007). In the latter study, the starting library consisted of a zinc-�nger protein 
scaffold with two randomized loops of 12 and 9 amino acids. Selection from this random 
library was followed by mutagenesis and recombination, �nally yielding zinc-dependent 
enzymes that accelerate the reaction by as much as 2 × 106-fold.

3.5 Catalytic Antibodies

Modern transition state theory and computer simulations suggest that the dominant 
factor in enzymatic catalysis is the lowering of the activation barrier by stabilization of the 
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transition state (Benkovic and Hammes-Schiffer 2003; Garcia-Viloca et al. 2004). Therefore, 
molecules that speci�cally bind and stabilize a transition state analog (TSA) of a desired 
reaction are good candidates to act as enzymes for that reaction. This strategy forms the basis 
for catalytic antibodies: Designing and synthesizing a stable TSA of the desired reaction 
and then using this molecule as an antigen in immunizations of animals raises antibodies 
capable of stabilizing the transition state of the desired reaction. Between approximately 
108 and 1011 different speci�cities are present in a human antibody repertoire (Hanson et al. 
2005). These varied libraries should contain a catalytic antibody for virtually any chemical 
reaction. Catalytic antibody generation is a knowledge-driven method (Golynskiy and 
Seelig 2010), since construction of a “good” TSA requires a detailed understanding of the 
reaction mechanism.

The �rst catalytic antibodies, or “abzymes,” were generated 25 years ago to catalyze 
the hydrolysis of esters and carbonates. TSAs were used as haptens to produce mono-
clonal antibodies with the ability to enhance the rate of the reactions ∼103-fold (Pollack 
et al. 1986; Tramontano et al. 1986). Since then, arti�cial antibodies have been generated 
that catalyze a plethora of chemical transformations, including hydrolysis of amides 
and esters, cyclization, decarboxylation, lactonization, peroxidation, and reactions for 
which no natural or arti�cial enzyme exists (Nevinsky et al. 2002). However, even the 
most tailored abzymes cannot outperform highly evolved natural enzymes. Abzymes 
achieve maximum rate enhancements of 2.3 × 108 s−1 versus 7 × 1019 s−1 for natural enzymes 
(Golynskiy and Seelig 2010).

There are several drawbacks in the design of abzymes that could explain their lower 
catalytic ef�ciency. Abzymes are speci�cally designed to bind to the TSA, which could 
result in enzymes that bind too tightly to the transition state, blocking catalysis or product 
release (Golynskiy and Seelig 2010). Also, transition state stabilization is only one of many 
strategies natural enzymes use to accelerate reactions. Abzymes are restricted to the single 
immunoglobulin fold (Golynskiy and Seelig 2010), and therefore have low �exibility and 
plasticity (Belogurov et al. 2009) and solvent-exposed active sites (Xu et al. 2004). Abzymes 
have an advantage, however, as in vivo therapeutic agents, since antibodies are less likely 
than other arti�cial enzymes to elicit an immune response in the body (Golynskiy and 
Seelig 2010).

3.6 De Novo Design of Metalloenzymes

If protein active sites were constrained to use only the chemical groups offered by the 
amino acids, they would not be able to catalyze all the reactions required to sustain life 
(Bertini et al. 2007). As much as 30% of all natural enzymes are thought to incorporate 
metal cofactors (Ragsdale 2006). The chemical diversity of the inorganic elements allows 
these so-called metalloenzymes to perform a wider range of biochemical functions by 
facilitating reactions such as bond forming and breaking, electron transfer, and radical 
chemistry (Ragsdale 2006).

The design of arti�cial metalloenzymes is challenging. In addition to providing a 
stable protein scaffold, the design must place the metal cofactor in the correct geometry 
and within the proper environment to obtain the desired function. As opposed to 
traditional metal catalysts in which the �rst coordinating shell (the chelating ligands) 
is the major component that de�nes the catalytic activity and speci�city, in enzymatic 
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catalysis, second-shell and even more distant interactions can be as important as �rst-
shell interactions (Rosati and Roelfes 2010). Arti�cial metalloenzymes can be designed de 
novo or by creating functional active sites within an existing protein scaffold. Although 
the latter approach has been more widely used because of the greater choices of protein 
scaffolds, we will focus on the de novo design of arti�cial metalloenzymes because with 
the recent advances in computational and structural biology this �eld has lately seen 
signi�cant success (Lu et al. 2009).

The �rst arti�cial metalloenzyme was designed without the aid of computers, and con-
sisted of four amphiphatic α-helices bound to a heme group (Sasaki and Kaiser 1989). This 
“heliochrome” had aniline hydroxylase activity similar to that of natural heme proteins. Since 
then, most of the de novo metalloenzymes that have been synthesized are based on heme 
groups bound to α-helical bundles (Lu et al. 2009). As discussed earlier in Section 3.4, Hecht 
and coworkers used combinatorial libraries of binary-patterned sequences with a periodic-
ity of polar and hydrophobic residues similar to that of the heliochrome to de novo design a 
number of four-helix bundles that bind heme and catalyze peroxidase chemistry (Das and 
Hecht 2007; Kamtekar et al. 1993; Rojas et al. 1997; Wei et al. 2003a,b). Heme oxygenase activity 
was also engineered into de novo designed four-helix bundles (Monien et al. 2007).

Computational methods were applied in the de novo design a series of di-iron proteins 
called the due ferri (DF) proteins, inspired by natural dimetal proteins (Di Costanzo 
et al. 2001; Lombardi et al. 2000; Maglio et al. 2003; Marsh and DeGrado 2002; Summa 
et al. 2002). These proteins are four-helix bundles that bind a dinuclear iron cluster; the 
original protein was termed DF1 and consisted of two helix-loop-helix motifs (Lombardi 
et al. 2000; Figure 3.3). By rationally modifying the active site of one of these proteins, 

FIGURE 3.3
(See companion CD for color �gure.) Structure of a de novo metalloenzyme. The DeGrado group’s DF1 design 
consists of a helix-loop-helix dimer that binds a diiron cluster. The high-resolution structure was solved in the 
presence of Zn instead of Fe (PDB entry 1EC5); each Zn is �ve-coordinated, and two Glu and one His residue 
from each monomer (shown as sticks) serve as the ligands.
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DFtet, to accommodate the substrate, they were able to engineer a variant capable of 
catalyzing the oxidation of 4-aminophenol in the presence of atmospheric oxygen with 
a 103-fold rate enhancement (Kaplan and DeGrado 2004). However, this redesign, which 
included the mutation of an Ala and a Leu to two Gly residues in two of the four chains, 
signi�cantly destabilized the protein. More recently, the interhelical turn of DF1 was 
modi�ed with the goal of overcoming the conformational destabilization introduced by 
the Gly mutations (Faiella et al. 2009). This new design, which also incorporated Gly 
mutations in the active site pocket, was termed DF3 and was able to catalyze the oxidation 
of 4-aminophenol and 3,5-ditert-butyl-catechol. The new design also exhibited improved 
thermodynamic stability with respect to previous variants and remained active for at 
least 50 cycles (Faiella et al. 2009).

3.7 De Novo Design of Enzymes without Metal Cofactors

While pragmatic evolution-based methods have been very successful in solving limited 
classes of problems, the ability to design a sequence that will fold and function as predicted 
remains the Holy Grail. This goal provides the ultimate test of our understanding of protein 
folding and enzymatic mechanism, and of our ability to control physics and chemistry at 
the nanoscale.

Thanks to the continued increases in computer speed, computation has emerged as a 
promising method for taming the complexity of enzyme design. Thus far, computational 
studies have focused on designing new active sites for incorporation into existing protein 
scaffolds. Over a decade ago, an active site was designed into a thioredoxin scaffold to 
create a new enzyme that hydrolyzed p-nitrophenyl acetate (PNPA; Bolon and Mayo 2001). 
Using a strategy similar to that underlying catalytic antibody generation, the active site was 
designed to stabilize a high-energy intermediate along the reaction pathway. A designed 
enzyme containing only three mutations relative to the wild type was able to catalyze 
PNPA hydrolysis with kinetics similar to those of early abzymes.

Computational redesign of a substrate-contacting loop changed the speci�city of human 
guanine deaminase 2.5 × 106-fold in favor of a target substrate, ammelide (Murphy et al. 
2009). The new loop, which at four residues in length was two residues shorter than the 
original loop, placed an asparagine residue in position to form hydrogen bonds with a 
docked ammelide molecule. A crystal structure of the designed enzyme revealed that 
the con�guration of the designed loop matched the design to a alpha-carbon root mean 
square deviation (Cα-RMSD) of 1 Å. Point mutants con�rmed that correct placement of 
the designed asparagine residue was important for activity. However, the activity of the 
designed enzyme with ammelide was seven orders of magnitude lower than that of the 
wild-type enzyme with guanine.

In a series of recent breakthrough reports, David Baker and his colleagues have described 
a novel protocol for the creation of arti�cial enzymes. In contrast to approaches in which 
the scaffold is chosen �rst, the �rst step of the Baker protocol (Figure 3.4) is to design 
and computationally model disembodied idealized active sites for the target reaction. 
Like abzymes, these theoretical enzymes, or “theozymes,” are designed to stabilize 
the transition state of the reaction. Quantum-mechanical calculations are then used to 
identify the most promising designs. Once a large collection of candidate theozymes has 
been generated, the RosettaMatch program attempts to graft each of these constellations 
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FIGURE 3.4
(See companion CD for color �gure.) Overview of de novo computational enzyme design protocol for the 
Rosetta enzymes. The �rst step (1) is to choose a reaction that the new enzyme will catalyze, and identify 
the transition state(s) and key intermediate(s) of the reaction pathway. Possible functional groups that might 
stabilize the transition state are identi�ed by chemical intuition. QM calculations (2) are used to guide and 
optimize the positioning of different side chains and functional groups around the transition state, generating 
different possible theozymes. Next, an ensemble of active sites (3) is created by varying the side chain rotamers, 
and these active sites are matched to complementary protein scaffolds (4). The resulting promising models are 
identi�ed (5) and tested experimentally (6). The coordinates for the theozymes and the enzyme models were 
kindly provided by David Baker.
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of amino acids onto each of a set of a few hundred scaffold protein structures taken from 
the Protein Data Bank. This matching step is extremely computationally intensive and is 
made possible by a distributed network of volunteers who provide access to their personal 
computers through a project called Rosetta@home (Das et al. 2007). The set of theozyme/
scaffold matches is narrowed down through further computational and intuitive �ltering. 
Finally, around 100 candidates are synthesized and tested for activity.

The �rst enzymes designed using this method were retro-aldolases that break a bond in 
a substrate not found in nature (Jiang et al. 2008) and an enzyme that performs the Kemp 
elimination, a reaction for which no natural enzyme is known (Rothlisberger et al. 2008). 
Both of these reactions break bonds, and therefore bind only one substrate molecule. An 
enzyme that catalyzes the Diels–Alder reaction, which combines two substrate molecules 
into one product, followed shortly (Siegel et al. 2010). The Rosetta enzyme design procedure 
has been described in detail and is available for use in any laboratory (Richter et al. 2011).

Eventually, it is hoped enzyme design will incorporate arti�cial active sites into de novo 
scaffolds designed to be optimal for the active site chemistry and the application environ-
ment. In an early example, a binary-patterned helix served as a designed scaffold for an 
arti�cial enzyme. The 32-residue peptide catalyzed its own replication by the ligation of 
two 16-residue peptides corresponding to its own N- and C-terminal halves (Lee et al. 
1996; Saghatelian et al. 2001). The peptide was designed to fold into a helix presenting a 
binding face. When bound to the catalyst, the chemically activated termini of the substrate 
peptides were perfectly oriented for ligation, reducing the entropic cost of the reaction. 
Functional group preorganization, in which the folding energy of the protein scaffold bal-
ances the cost of �xing the substrate and key active site residues in orientations optimal 
for the desired reaction, is one of the most important catalytic strategies used by natural 
enzymes, and is promising target for mimicry by arti�cial enzymes.

3.8 Beyond Proteins—Artificial Ribozymes

So far, we have reviewed the major class of arti�cial enzymes: those composed of protein. 
However, another important class of biological enzymes is not protein-based but is instead 
based on nucleic acids. These are termed ribozymes or deoxyribozymes, depending on 
whether they are composed of RNA or DNA. Here, we will focus only on arti�cial ribozymes.

In the early 1980s, Cech and Altman independently discovered that RNA molecules not 
only carried genetic information but also had catalytic properties (Guerrier-Takada et al. 
1983; Kruger et al. 1982). This breakthrough discovery was recognized with the Nobel 
Prize in chemistry in 1989. Since then, there have been increasing efforts to create arti�cial 
ribozymes with novel catalytic properties.

The �rst arti�cial ribozyme was published in 1990 (Robertson and Joyce 1990) and 
consisted of an RNA molecule evolved and selected in vitro to speci�cally cleave single-
stranded DNA (as opposed to the parental ribozyme that cleaved RNA substrates). The 
general methodology to create arti�cial ribozymes (Ellington and Szostak 1990; Tuerk and 
Gold 1990) consists of synthesis of a DNA molecule with constant and random regions, 
ampli�cation by PCR, and in vitro transcription to produce the initial random RNA pool 
that will be used for the �rst round of selection during the arti�cial evolution experiment. 
Unlike proteins, nucleic acid-based enzymes can be directly ampli�ed and sequenced, 
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greatly simplifying the selection protocol. After a number of selection cycles, selected ribo-
zymes are identi�ed and tested for the desired catalytic activity.

The reactions catalyzed by arti�cial ribozymes are many and range from RNA processing, 
such as RNA cleavage, ligation, branching, phosphorylation, and capping, to peptide 
bond formation, alcohol oxidation, and the Diels–Alder reaction (Silverman 2009). The 
creation of arti�cial ribozymes that are able to form a 5′ to 3′ phosphodiester bond (Bartel 
and Szostak 1993; Ekland et al. 1995; Ikawa et al. 2004; Jaeger et al. 1999; Landweber and 
Pokrovskaya 1999; Robertson and Ellington 1999; Rogers and Joyce 1999) and true RNA-
dependent RNA-polymerases that are able to polymerize a complete turn of an RNA helix 
(Johnston et al. 2001; Lawrence and Bartel 2003, 2005), together with the crystal structure 
of an RNA ligase (Robertson and Scott 2007), provided proof that although no known 
natural ribozyme can catalyze the polymerization of RNA, RNA can indeed catalyze a key 
step required for its own replication, supporting the “RNA world” theory (Joyce 2007). In 
addition, in vitro evolution was used to create a cross-catalytic system in which two RNA 
ligase ribozymes catalyze each other’s synthesis (Lincoln and Joyce 2009).

In nature, there is no RNA enzyme capable of catalyzing the aminoacylation of the 3′ 
terminus of tRNA; this job is instead done by a family of protein enzymes called aminoacyl-
tRNA synthetases. In a series of studies (Bessho et al. 2002; Goto et al. 2008a,b; Kawakami 
et al. 2008a,b; Lee et al. 2000; Murakami et al. 2003, 2006; Niwa et al. 2009; Ohta et al. 2007; 
Saito et al. 2001), Suga and coworkers used repeated cycles of in vitro evolution experiments 
to create arti�cial aminoacyl-tRNA synthetase-like ribozymes, termed “�exizymes,” that 
are able to synthesize a wide array of acyl-tRNAs charged with arti�cial amino acids and 
hydroxy acids. Flexizymes not only support the existence of a primitive translation catalytic 
system consisting of RNA molecules only but also provide an arti�cial platform to express 
nonstandard peptides containing both proteinogenic and nonproteinogenic amino acids 
for therapeutic applications (Goto et al. 2011; Morimoto et al. 2011).

RNA molecules, like proteins, adopt de�ned three-dimensional structures that delineate 
binding sites and catalytic centers. Guided by molecular modeling, Ikawa et al. used 
known structural motifs, or modules that formed the reaction site to construct an RNA 
scaffold into which a random region was inserted (Ikawa et al. 2004). With this approach, 
they were able to create an arti�cial RNA ligase that accelerated the reaction 106-fold over 
the uncatalyzed reaction. The arti�cial ribozyme exhibited a higher product yield than 
previously reported RNA ligases, suggesting that most of the RNA machine was properly 
folded in a catalytically active way.

The traditional approach to ribozyme development is to use an in vitro selection 
method, in which repeated rounds of selection are preformed and evolution occurs in a 
stepwise manner. However, analogous to the PACE system discussed in Section 3.2 for 
protein-directed evolution, an alternative is to use continuous evolution, which can occur 
hundreds of times more quickly (Wright and Joyce 1997). Joyce and coworkers were the 
�rst to continuously evolve catalytic RNA, and they were able to apply it to two types of 
RNA ligases (Voytek and Joyce 2007; Wright and Joyce 1997). Despite the ef�ciency and 
power of this method, it is extremely limited in the type of reactions that may be catalyzed 
since it requires a ribozyme with a suf�ciently fast reaction rate (Voytek and Joyce 2007).

In the traditional in vitro selection process, there is no room to select for advanced 
enzymatic properties such as multiple turnover, since selection is generally based on 
formation of a covalent linkage between the RNA and a substrate labeled with a “capture” 
tag (Silverman 2009). One way of getting around this limitation is to use IVC strategies 
(Taw�k and Grif�ths 1998), in which the sequence of the ribozyme (genotype) and its 
catalytic activity (phenotype) become “linked” within individual droplets in a water-in-oil 



61Articial Enzymes

emulsion. Recently, a novel selection approach based on this strategy was developed 
to engineer an RNA polymerase capable of synthesizing RNAs of up to 95 nucleotides 
(Wochner et al. 2011). The method is termed compartmentalized bead-tagging, and 
consists of encapsulating a genetic library of ribozymes attached to magnetic beads in 
individual droplets, allowing transcription to occur within the droplets to create the 
ribozymes, triggering primer extension by addition of primer/template duplexes in a 
second emulsion, and detecting the extent of primer extension by a combination of rolling 
circle ampli�cation of the extended primers and �uorescence-activated cell sorting (FACS; 
Figure 3.5). This method, in combination with rational RNA engineering, yielded an RNA 
polymerase with greater polymerase activity, �delity, and generality than the parental 
ribozyme. The new ribozyme was able to synthesize an enzymatically active ribozyme 
from an RNA template (Wochner et al. 2011), and can polymerize sequences half of its own 
length, bringing us closer to the goal of a completely self-replicating ribozyme.

1

5 DNA circle annealing
and rolling circle

amplification

Fluorescent labeling FACS, gene recovery,
and amplification

6 7

2 3 4Gene binding Transcription and
ligation

Primer and template
binding

Primer extension

FIGURE 3.5
(See companion CD for color �gure.) Compartmentalized bead-tagging method for the selection of arti�-
cial ribozymes. (1) Hairpin oligonucleotides (green) and biotinylated genes (red) from a library are attached 
to streptavidin-coated magnetic beads (blue circle). (2) Transcription takes place within a �rst water-in-oil 
emulsion, producing ribozymes that subsequently ligate to the hairpin. (3) The emulsion is broken and primer 
(black) and template (cyan) duplexes are attached to the magnetic beads. (4) In a second emulsion, ribozymes 
are released from the beads and primer extension can proceed. (5) Primer extension ampli�cation is achieved 
by rolling circle ampli�cation of a DNA minicircle. (6) To facilitate signal detection, �uorescent-labeled probes 
are hybridized to the DNA. (7) The active ribozymes are isolated by FACS and ampli�ed by PCR ampli�cation. 
(Modi�ed from Wochner, A. et al., Science, 332, 209, 2011.)
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The rate enhancements achieved with arti�cial ribozymes are comparable with the ones 
observed with abzymes, with maximum values of up to 10−10 s−1 (Suga et al. 1998). However, 
although arti�cial ribozymes cannot compete with protein enzymes, they are able to out-
perform their natural counterparts (Silverman 2009).

3.9 Other Nonprotein Artificial Enzymes

Although nature has chosen to build its nanomachines out of protein and nucleic acids, other 
types of polymers are also capable of protein-like three-dimensional folds and functions. 
Alternative backbones and side chains (Figure 3.6) may prove to have advantages over 
proteins in future applications. Research on these types of biomimetic folding polymers, 
known as foldamers, is progressing rapidly.

Nature has elected to use only l-amino acids at the expense of their mirror-image 
enantiomers, the d-amino acids. In principle, for each natural protein, a corresponding 
sequence of d-amino acids will fold into a mirror-image protein with activity against 
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mirror-image substrates. d-peptides are resistant to degradation by proteases, making them 
promising drug candidates. d-amino acids have been computationally modeled (Nanda 
and DeGrado 2006) and incorporated into l-peptides to improve stability (Rodriguez-
Granillo et al. 2011). Full proteins composed entirely of d-amino acids could be very useful 
for the synthesis of enantiomers and diastereomers (Forster and Church 2007), or as a 
safety mechanism to prevent escaped synthetic biological systems from interfering with 
natural life.

Natural proteins are composed of 20 canonical amino acids, which among them 
cover a considerable amount of chemical space. However, arti�cial proteins that include 
noncanonical amino acids could potentially perform an even wider range of functions. 
Extensive work has been done to enable the global or site-speci�c incorporation of 
noncanonical amino acids into proteins and has been extensively reviewed (e.g., Antonczak 
et al. 2011). One particularly interesting project (Neumann et al. 2010) used a modi�ed 
ribosome that recognized nucleotide quadruplet codons to synthesize arti�cial proteins 
containing noncanonical amino acids. Unlike earlier strategies based on suppression of 
the amber stop codon, this method can allow the incorporation of multiple noncanonical 
amino acids into the same protein.

Peptoids, or N-substituted glycines, are achiral, protease-resistant peptide analogs. A key 
advantage of peptoids is that they can be polymerized by a convenient and economical 
submonomer synthetic method (Burkoth et al. 2003) that allows incorporation of any of 
thousands of commercially available primary amines. An engineered ribosomal system 
(Kawakami et al. 2008b) has also been developed that could enable selections for enzymatic 
peptoids via isolation and ampli�cation of encoding mRNA. Programming of polymer 
function by sequence-level design has been demonstrated with designed peptoids. In one 
example, a two-helix bundle was designed that selectively bound zinc with nanomolar 
af�nity (Lee et al. 2008). Thiol and imidazole side chains (inspired by the cysteines and 
histidines used to bind zinc in proteins) were positioned to bind zinc only of the peptoid 
assumed the target structure. In another study, two peptoid polymers were reported to 
form two-dimensional crystalline sheets in aqueous solution (Nam et al. 2010). When mixed 
at a 1:1 ratio, the two 36-mers spontaneously formed a 2.7 nm-thick bilayer. Assembly was 
driven by the burial of hydrophobic side chains and pairing of positively and negatively 
charged side chains and did not require a phase interface as a template. Fusing an achiral 
small molecule catalyst to a structured peptoid resulted in enantioselective catalysis, 
which depended on the handedness of the peptoid used (Maayan et al. 2009).

Another promising class of foldamers is the β-peptides. As opposed to standard α 
amino acids, in which the amino group is bonded to the α carbon, in β amino acids, the 
amino group is bonded to the β carbon. The side chain can branch off of the α carbon 
(β2-peptides) or the β carbon (β3-peptides). β3-peptide foldamers have been shown to adopt 
helical secondary structure (Appella et al. 1997) and cooperative noncovalent quaternary 
structure (Qiu et al. 2006) but are more dif�cult than peptoids to synthesize.

Both β-peptides (Porter et al. 2002) and peptoids (Chongsiriwatana et al. 2008) can mimic 
the fold and function of antimicrobial peptides, with greatly reduced susceptibility to in 
vivo degradation. Despite the lack of a natural structural knowledge base against which 
to �t parameters, computational methods developed for protein structure prediction and 
design are being extended for use with β-peptides (Shandler et al. 2010) and peptoids 
(Butterfoss et al. 2009) to facilitate future designs. Computational design was recently used 
to build a self-assembling β-peptide hexameric bundle (Korendovych et al. 2010).

Enzyme-like catalysts are also emerging from the �eld of supramolecular chemistry, 
which adopts the noncovalent interaction-based speci�city strategy that is so successful 
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for biological catalysts. Recently, a catalyst reminiscent of DNA polymerase was shown to 
effectively polymerize δ-valerolactone (Takashima et al. 2011). The catalyst consisted of a 
cyclodextrin heterodimer. One cyclodextrin ring contained the catalytic active site and the 
other acted as a molecular clamp that secured the growing chain. The catalyst was only 
active when the polymer chain was threaded through the center of the clamp.

These studies show that the gap between protein science and nanoscale chemistry is 
closing rapidly. As this gap narrows, we will no longer be dependent on nature’s examples 
of nanobiotechnological arti�cial enzymes, and we will be free to abandon protein and 
nucleic acids in favor of whatever chemical scaffold is best suited for the task at hand.

3.10 Conclusions and Perspectives

Enzymes are replacing traditional catalysts and playing increasing roles in a wide variety 
of industrial and medicinal applications, both in vivo (Keasling 2010) and in vitro (Zhang 
et al. 2011). The ability to create arti�cial enzymes to perform any desired chemical 
transformation would revolutionize the chemical and health industries. Through the 
process of evolution, nature has found remarkably clever and ef�cient ways of solving 
complex problems. Biomimicry has been a valuable strategy in engineering, product 
design, and architecture. In nanotechnology as well, close study of natural examples of 
functional nanomachines will be instrumental to our understanding and progress. The 
knowledge gained from the study of natural and arti�cial proteins will directly apply to 
the development of biologically inspired nonprotein nanomachines.

Arti�cial enzyme design is progressing rapidly, but daunting problems remain to be 
worked out. Limitations in computational algorithms and processor power are slowly 
relaxing, but we remain constrained by our poor understanding of the subtle mechanisms 
by which proteins do their work. It is interesting that the computational strategy of 
designing theozymes to stabilize the transition state has yielded enzymes that have similar 
activity to catalytic antibodies, which are raised to bind TSAs. It may turn out that “soft” 
bionanomachines like proteins are too �oppy to perform effective catalysis by transition 
state stabilization alone. Proteins may have taken advantage of their softness by evolving 
subtle catalytic mechanisms that harness structural motion and transitions within the 
protein to accelerate reactions (Hammes-Schiffer and Benkovic 2006; Henzler-Wildman 
et al. 2007a,b). Indeed, the “lock-and-key” model of enzyme catalysis has fallen out of 
style in favor of the “induced �t” model, in which substrate binding changes the protein 
into an active conformation. Despite rapid improvements in computational power, such 
subtle mechanisms will remain extremely dif�cult to design for the foreseeable future. 
Indeed, ef�cient enzymes may prove to be so complex and �nely tuned as to be chaotic 
and fundamentally undesignable.

The success of the protein design, evolution, and selection studies highlighted in this 
review provides encouragement for the future. It seems possible that while sequences 
that encode highly ef�cient enzymes are extremely rare, and to this point have only 
been discovered by millennia of evolution, sequences that encode poor catalysts are not 
especially rare. These sequences can be selected from relatively small constrained libraries 
or designed computationally. Poor catalysts, while themselves not useful, can serve as 
starting points for optimization by directed evolution, which generally requires a starting 
point with some amount of the desired activity. If this activity has not been found in nature, 
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synthetic enzymes with minimal activity could be very valuable. The question is whether 
evolutionary pathways through sequence space exist connecting these relatively abundant 
poor catalysts to the extremely rare sequence that encodes a highly optimized enzyme with 
ef�ciency approaching those of natural proteins. Comparison of the three-dimensional 
structures of a 102-residue helical bundle and the citrate synthase it functionally replaced 
(Fisher et al. 2011) would suggest that a tremendous amount of evolution would be needed 
to transform the former into the latter. However, the incredible complexity developed 
(or perhaps accumulated) by nature may not be necessary for human-de�ned tasks. 
The elimination of unnecessary complexity is a central tenet of synthetic biology (Endy 
2005), which seeks to transform biology into an engineering discipline. Future work will 
determine whether subtleties such as protein motion are required for ef�cient catalysis, or 
whether they represent evolutionarily acquired but ultimately unnecessary baggage that 
can be eliminated by de novo design.
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4
Molecular Motors

Timothy D. Riehlman, Zachary T. Olmsted, and Janet L. Paluh

4.1 Introduction

The remarkably dynamic and complex manufacturing environment of the eukaryotic cell 
is currently unrivaled by man-made systems (Mann, 2008). Perhaps most recognized in 
its assemblage of cellular machinery are devices to control signaling from the environ-
ment, regulate cytoplasmic to nuclear import through specialized nuclear pores, direct 
the unwinding, replication, and repair of deoxyribonucleic acid (DNA), drive selective 
genomic expression through epigenetic, transcriptional, and translational machineries, 
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perform RNA splicing, manage protein degradation by the proteasome, establish chemical 
and energy gradients, and dramatically reorganize the cellular infrastructure on demand. 
The latter includes reorganization of dynamic polymeric chains of actin and microtu-
bules from multifunctional scaffolds to functionally speci�c structures such as the bipolar 
spindle and cytokinetic ring. The cell is evolutionary perfection of a highly responsive 
quantum-nano-microscale system that is itself further scalable into tissues, organs, organ-
isms, and communities of organisms. Within a cell, multiple signaling pathways can run 
as distinct, autoregulated, parallel, or interlinked cascades with feedback loops to inte-
grate several processes. Through the dissection and harnessing of biological machines 
and underlying processes, and their subsequent merger with synthetic materials, we 
hope to scale manufacturing into realms that currently remain restricted from physical 
manipulation.

The depth in which we understand a mechanism is best determined through the 
isolation of components and their reconstitution that veri�es that all elements necessary 
to fully recapitulate the process are in hand. Multiple challenges underlie biomimicry of 
intracellular machines. For those that are largely protein based, how communication is 
relayed within a single protein and between proteins in a complex is still only super�cially 
understood. Protein–protein interactions are often in�uenced by multisite protein chemical 
modi�cations such as phosphorylation, glycosylation, ubiquitination, tyrosination, and 
more. Such modi�cations can create conformational changes, redirect protein localization, 
enable or block protein–protein interactions, and stabilize or destabilize proteins. In 
nature, this generates an ability to either optimize a system or to regulate its function.

We have only skimmed the surface in appreciating the wealth of outcomes from 
modifying signaling through protein interactions. Layering of controls through 
multiprotein complexes also occurs in cells. An example of this is the use of checkpoint 
proteins that are generally not part of a mechanism but which can provide dual roles 
as sensor and reversible brake (Hartwell and Weinert, 1989). This allows a process that 
incorporates multiple steps to stay coordinated when any one step is delayed or irreparably 
fails. Not all errors are correctable, and in cells, a checkpoint may still be overridden 
depending on the greater essential need to complete the process for survival. Localized 
chemical gradients provide an additional capability to regulate and, in many cases, supply 
an arti�cial “containment” parameter. While we are far from being able to replicate the 
regulatory complexity present in a living cell or organism, we have begun to harness 
cellular molecular motors as pioneers of nanorobotics and nanoengineering. In the long 
term, the Holy Grail is to remove ourselves more completely from the process, thereby 
allowing self-assembling mechanisms to proceed under minimal guidance.

4.2 Molecular Motors: “Life Is Motion”

Humans, as a species, possess an innate creative aptitude toward problem solving. 
Decisions to explore novel solutions or re�ne existing methods are often technologically 
dependent. Perhaps, the greatest discoveries occur both through the application of 
radical and enlightening concepts as well as by combining distinct technologies and 
components in novel ways. In terms of manufacturing, familiar needs apply that are to 
optimize ef�ciency, reduce the need for manual labor, or to allow production that was 
previously unfeasible due to cost or capability. One of the most integrated achievements 
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of human engineering into our lives has been the introduction of motors to arti�cially 
produce motion and generate a capacity to perform work. The semiconductor industry, 
photovoltaics, manufacturing, and modern medicine all hope to achieve goals that 
in some aspects have already been mastered by nature in a 3.5 billion-year process of 
evolution. Biomimicry or biosynthetic devices that incorporate cellular motors offer us 
unique insights into perfected design strategies at the nanoscale for novel applications in 
manufacturing, biosensing, and medicine (Hess and Vogel, 2001; Dinu et al., 2007; Fischer 
et al., 2009; Agarwal and Hess, 2010; Subramanian et al., 2010; Hess, 2011).

Cellular molecular motors are present in a range of shapes, sizes, and capabilities 
dependent on the mechanistic need and can be considered as primarily chemical, nucleic 
acid, or protein-based in nature (Vogel, 2005). Chemical-based motors are useful as one of 
the simplest models of propulsion. Their analysis is inspired from the much more complex 
biomolecular motor proteins of the cytoskeleton in living cells that include myosins, 
kinesins, and dynein. A fundamentally conserved aspect of directed motion is asymmetry. 
In a chemical system, an exothermic reaction that is asymmetrically af�liated can be used 
to provide a mechanism for self-propulsion (Shi et al., 2009). The resulting motion can be 
harnessed in engineered systems to offer an alternative or additional component to the use 
of biomolecular motors. Specialized polymers, silicon, or chemical fuels, such as glucose, 
can also be made to produce work. Chemical controls and the concept of asymmetry are 
often imbedded in the more complex protein motors. One example is the hydrolysis of 
adenosine triphosphate (ATP) to adenosine diphosphate (ADP) plus an inorganic phosphate 
(Pi) that occurs at the catalytic cores of biomolecular motor proteins. The outcome of ATP 
binding and hydrolysis on protein structure are conformational changes that affect track 
association and force generation or motility. Interestingly, the outcome of ATP binding and 
hydrolysis has different outcomes for kinesins binding to microtubules versus myosins 
association with actin. In addition to chemical or cytoskeleton protein motors, the cell 
employs a diversity of other motor types that should be considered in designing complex 
biosynthetic devices. The well-studied ribosome machine is composed of both RNA 
and protein. This large structure includes a ratcheting motor, which, like a ticker-tape 
machine, helps to thread a single mRNA over a decoder in order to translate this into a 
protein sequence. An appreciation of multiple motor designs is helpful in engineering 
motor-based nanosystems for speci�c applications of varying complexity.

The seemingly endless numbers of proteins present in the interior of a biological cell 
are compartmentalized to structures or organelles and reside in a complex, interlinked 
network necessary to manufacture what we know as life. The very powerful nano- and 
microscale molecular motors that self-assemble de novo and perform their duties at many 
locations within the cellular milieu contribute to the dynamic nature of cellular processes. 
The cytoskeleton motor protein toolbox in each cell varies among species. In eukaryotes, 
kinesin and myosin are multi-family motor proteins and appear to be ubiquitous. Dynein, 
however, is not universal, which suggests that cells have found a way to replace its functional 
roles. Multiple families exist for kinesin and myosin, and speci�c motor parameters can 
vary between families including form (multimeric or multiprotein complexes), size, speed, 
directionality, processivity, force generation, function, and location (Lawrence et al., 2004; 
De La Cruz and Ostap, 2004; O’Connell et al., 2007; Wordeman, 2005). Motor variations 
between families are often achieved in nature through the use of specialized domains 
that allow functional tweaking of motor protein design. Domains are de�ned regions, 
often functional in nature, that when translocated to a distinct protein, transfer the 
de�ned functional capacity. Similarly, the need to redesign motor proteins for biosynthetic 
engineering applications is important to consider. This necessitates either incorporating 



76 The Nanobiotechnology Handbook

changes to amino acids through the alteration of embedded instructions in their genetic 
code or adding functional domains through addition of protein, nucleic acid, or synthetic 
associations. In this chapter, we begin with an overview of the complexity of biomolecular 
motors and the cellular cytoskeleton components, actin micro�laments and microtubules. 
This background provides a foundation for an in-depth discussion of exciting applications 
of these biological components in innovative biosynthetic nanodevice applications.

4.2.1 Molecular Motors of the Cellular Cytoskeleton

Decades of discovery based on biological, biophysical, and structural analysis of motor pro-
teins would not have been possible without research in a wide range of model organisms. 
Mechanistic studies in eukaryotes are enhanced by genetic manipulation, biochemical 
analysis, and time-lapse live-cell imaging and include numerous studies in yeasts (pre-
dominantly budding yeast Saccharomyces cerevisiae and �ssion yeast Schizosaccharomyces 
pombe), other fungi (including Neurospora crassa and Aspergillus nidulans), the transpar-
ent nematode Caenorhabditis elegans, the fruit �y Drosophila melanogaster, the African tree 
frog Xenopus laevis, and mammals (Sellers, 2000; Lawrence et al., 2004; Miki et al., 2005). 
Comparative analysis has been invaluable to help determine general, conserved mech-
anisms versus more unique or species-speci�c requirements in motor protein complex-
ity. Highly conserved mechanisms reveal natural design-optimized outcomes, whereas 
multiple mechanisms generally re�ect a high degree of �exibility and/or specialization 
needed in the process. Molecular motors of the cytoskeleton include the actin-binding 
myosin motors and microtubule-binding kinesin, kinesin-like proteins (Klps), and dynein 
(Figure 4.1). Many similar concepts are used in discussing these motors including con-
served structural domains, monomeric or multimeric or multiprotein forms, ATP hydro-
lysis and force generation, processivity, active or inactive conformations, and regulation. 
Motility of all motors is not yet determined, but when kinetic data are present, parameters 
of directionality may also include back-stepping or non-uniform step sizes. These natu-
ral motors provide inspiration for a range of walking molecules to be used in combining 
nanotechnology with biosynthetic designs (von Delius and Leigh, 2011). In addition to 
these “tracking” motors, it is useful to follow related �elds of study on chemical motors 
and non-tracking multiprotein motor complexes such as ATP synthase, the ribosome, and 
�agella discussed brie�y herein.

4.2.2 Myosins: Actin-Dependent Motors

Myosin was the �rst of the cytoskeleton motor proteins to be identi�ed (Pollard and Korn, 
1973). It was followed a decade later by discoveries of the microtubule motors, conven-
tional kinesin, and dynein (Brady, 1985; Vale et al., 1985; Schnapp and Reese, 1989). A 
complex superfamily of myosins containing more than 15 extended groups has now been 
revealed (Morgan, 1995; Cope et al., 1996; Sellers, 2000; De La Cruz and Ostap, 2004). Well-
studied members include monomeric myosin I involved in vesicle transport, myosin II 
(conventional myosin) responsible for muscle contraction, and the unconventional dimeric 
myosin V and dimeric or monomeric myosin VI kinesin-like motors involved in vesicle 
and organelle transport and tethering near the cell periphery. The scope of functions for 
the myosin superfamily are extensive and include additional roles in cell invasion, signal 
transduction, cytokinesis, phagocytosis, phototransduction, and stereocilia movement 
(Salles et al., 2009; Betapudi, 2010; Venkatachalam et al., 2010; for reviews, see Cheney 
and Mooseker, 1992; Sellers, 2000; Krendel and Mooseker, 2005). While some myosins are 
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ubiquitous, not all species or cell types contain the same myosin family or member (Sellers 
and Goodson, 1995; Hodge et al., 2000; Gillespi et al., 2001). Conserved structural elements 
present in myosins allow for their identi�cation, although variability in protein conforma-
tion and function are known to exist even within one family.

Over 40 years of research, including more recent technical single-molecule �uores-
cence (Funatsu et al., 1995, and references therein), high-speed atomic force microscopy 
video studies (Kodera et al., 2010), and total internal re�ection �uorescence or total inter-
nal �uorescence-based dark �eld microscopy with myosin conjugated to quantum dots 
or gold nanoparticles, respectively (Nishikawa et al., 2010), have revealed highly detailed 
biochemical and structural insights into the myosin mechanism. Myosins are composed 
of protein heavy and light chains. The heavy chain includes critical motor, hinge, and 
tail domains (Vogel, 2005). The 80 kDa catalytic motor domain is responsible for actin 
binding, enzymatic ATP hydrolysis, and force generation (Cope et al., 1996). Referred to 
as the “head,” this domain is analogous to a “foot” as it steps along actin tracks. Tail and 
hinge domains are extended coiled-coil structures and constitute a lever arm. Myosins 
use ATP binding to release the head from actin micro�laments and mechanical energy 
transfer between the two heads to generate conformational changes needed for motil-
ity. The release of phosphate upon ATP hydrolysis leads to a powerstroke and swing-
ing of the lever arm via a proposed hand-over-hand model. In muscle contraction, it is 
the lever arm that makes it possible for myosin to generate a power stroke to provide 
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FIGURE 4.1
(See companion CD for color �gure.) Molecular motors of the cytoskeleton. (a) Microtubules (blue and white) 
exhibit polarity and accommodate cargo-bound conventional kinesin (top, black), homotetrameric kinesin-5 
(middle-left, red), and kinesin-14 (bottom, purple). Dynein (middle-right, green) binds to microtubules via 
two microtubule-binding domains that attach two AAA+ catalytic motor domains (green). Intermediate and 
light chains extend upward from these catalytic domains and bind cargo (blue). (b) Processive myosin V (not 
attached to cargo) moves along branched actin �laments (red). The distance between the myosin V actin-bound 
heads is ~35 nm.  This equates to a ~74 nm step size as one myosin arm swings around the pivot point of the 
other during walking and contrasts with the average 8 nm steps exhibited by motile kinesin. (c) Nonprocessive, 
dimeric myosin II heads extrude from myosin thick �laments and harness ATP hydrolysis to push unbranched 
actin thin �laments along.
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the molecular foundation of movement (Block, 1996; Pylypenko and Houdesse, 2011). In 
myosin VI, smaller inchworm-like steps have also been detected (Nishikawa et al., 2010), 
and switching between mechanisms is proposed to facilitate distinct tasks in vesicle 
transport and membrane anchoring.

The varied tail domains of myosins allow functional speci�city. In muscles, tail domains 
of multiple conventional myosin II proteins associate to form a macromolecular thick �la-
ment involved in muscle contraction (Pollard, 2000). The myosin II heads extrude from the 
thick �lament quasi-hexagonally and generate force by interacting with nearby parallel 
actin-based thin micro�laments (Pollard, 1982). In this mechanism, thick myosin �laments 
remain in place, while the myosin heads push along actin micro�laments. Tail domains 
have additional functional roles in single myosin motors that include signaling and cargo 
transport. Light protein chains localized to the myosin arm are proposed to add structural 
integrity and promote conformational changes in response to ATP hydrolysis (Dominguez 
et al., 1998). In myosin V, light chain-binding domains on the lever arm regulate motor step 
size and velocity as well as directionality along polar actin micro�laments (Lan and Sun, 
2005). A discussion of force generation and processivity of myosin and kinesin motors is 
presented following the next section.

4.2.3 Microtubule Workhorses: Conventional Kinesin and Klps

In 1985, with the isolation of conventional Kinesin, none predicted the great diversity 
of Klps that was to follow starting in 1990. Kinesin and Klps have become a prominent 
focus in molecular motor research for nanorobotics. The speed of conventional kinesin 
and force generation is impressive. At a motility rate of 800 nm/s and the ability to 
exert a force of 6 piconewtons (pN) comparable with the thrust of a supersonic car, 
the transportation of large loads is possible (Block, 1998). Kinesin moves processively 
in steps that span 8 nm (Block, 1995, 1996; Schnitzer and Block, 1997). At a velocity of 
800 nm/s, this equates to 100 steps in 1 s (Block, 1998; Higuchi et al., 2004). The marvelous 
motile capabilities of kinesin as well as many other Klps coupled with their relatively 
small sizes and ability to elegantly execute a remarkable growing number of diverse 
functions (for reviews, see Bloom and Endow, 1995; Vale and Fletterick, 1997; Miki 
et al., 2005; Paluh, 2008) makes these motor proteins an ideal choice in nanorobotic 
applications. Kinesin and Klps are currently represented in 14 families (Lawrence 
et al., 2004). In addition to their ability to manipulate microtubule organization by 
cross-linking and sliding microtubules, these motor proteins also regulate microtubule 
dynamics and cargo transport. The combination of kinesins on microtubules has roles in 
transport of vesicles and protein complexes, organelle positioning (such as the nucleus 
and mitochondria), modulators of signal transduction pathways, and, perhaps most 
importantly, for dividing cells—the ability to guide duplicated chromosomes into newly 
forming daughter cells. As with actin micro�laments, microtubules are polar �laments 
with designated plus and minus ends. Kinesin and many additional Klp families are 
plus-end-directed microtubule motors, whereas kinesin-14 Klp members are minus-end 
directed, and still other Klp families contain nonmotile but force-generating motors. 
Despite their directional speci�city, motor proteins may often be found in locations that 
seem contrary to their function. For example, kinesin has been shown to associate with 
other microtubule motors, such as the minus-end-directed motor dynein, to localize it 
to plus-end complexes like kinetochores on chromosomes or the cell periphery (Bader 
and Vaughan, 2010). Kinesin can also work independently alongside dynein to transport 
the cell nucleus bidirectionally (Tanenbaum et al., 2011).
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Conventional kinesin has been extensively characterized for its role in vesicle transport 
(Hirokawa et al., 2009). Unlike most Klp families, its structure contains protein heavy and 
light chains in the form of a heterotetramer. Its motor domain is located at the N-terminus 
of the polypeptide and is a component of the heavy chain along with the adjacent neck, 
and more distal stalk that contains a hinge and coiled-coil region (Vale and Fletterick, 
1997). The roughly 45 kDa motor domain of kinesin is highly conserved among Klps and is 
smallest in comparison with myosin or the multiprotein microtubule motor dynein (Yang 
et al., 1989; Cope et al., 1996; Vogel, 2005; Carter et al., 2011). The associated light chains in 
kinesin are bound to the opposite end of its stalk region. These light chains function in 
cargo attachment for transport. Kinesin belongs to the kinesin-1 family of microtubule 
motors and, like its Klp relatives in kinesin families 2–14, it shares similarities in addition 
to high degrees of specialization.

The location of the motor domain within the polypeptide has been found to correlate 
closely with directionality, that is, N-terminal for plus-end-directed motor proteins or 
C-terminal as in the case of kinesin-14 Klps. Distinct neck domains are also present. The 
neck can be divided into two segments, a linker region and coiled-coil segment. The linker 
region can act as a spring-like element contracting or extending to produce force, while 
the coiled-coil region functions in processivity (Vale and Fletterick, 1997). In contrast, the 
tail and stalk domains of kinesins and Klps remain to be fully characterized, and it is 
these critical domains that appear to add diversity in motor localization, cargo association, 
and other functions. Kinesin and Klp molecular motors are not only being harnessed for 
applications in biosynthetic nanorobotic systems (Table 4.1) but also are expected to be 
useful reagents in future therapeutic applications (Cohen et al., 2005; Fischer et al., 2009; 
Agarwal and Hess, 2010).

4.2.4 Force Generation and Processivity of Myosins, Kinesin, and Klps

ATP binding by motor proteins and hydrolysis through a stepwise cycle of ATP-based 
states regulates motor protein interactions with the cytoskeleton and drives conforma-
tional changes for motility and force production (Mikhailenko et al., 2010). In muscle cells, 
chemical energy stored in ATP is converted to mechanical energy of the myosin head 
to generate translational sliding of micro�laments. The myosin ATP-cycle mechanism is 
essentially as follows: a single ATP molecule binds to the appropriate catalytic site of the 
motor (head) domain. ATP binding causes the myosin head to be released from the actin 
micro�lament and to rise perpendicularly. The subsequent hydrolysis of ATP to generate 
ADP plus Pi provides energy. The head retracts backward, and the sudden release of Pi 
provides a kick to generate the power or working stroke. The power stroke sweeps the 
myosin head against an actin subunit within the micro�lament and causes a net forward 
motion of the entire thin �lament. The release of ADP is the rate-determining step for 
myosin motility, and upon its release, the head domain swings back to the nucleotide-free 
state where it is available to re-enter the ATP-cycle (for review, see O’Connell et al., 2007; 
De La Cruz and Olivares, 2009). In muscles, it is the action of vast networks of myosin 
heads along thick �laments and over thin micro�laments that produces the very notice-
able macroscale muscle contraction we observe when we �ex our muscles.

In contrast to the ATP-cycle of myosins, during kinesin motility, the binding of ATP 
promotes microtubule association (for review, see Howard, 1996; Schief and Howard, 
2001). The binding of kinesins to microtubules in the ATP-bound state and its subsequent 
hydrolysis to ADP plus Pi allows release of the kinesin motor head, repositioning of 
the neck, and ultimately forward movement (Rice et al., 1999; Hirose et al., 2008; 
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TABLE 4.1

Applications of Biomolecular Motors in Nanotechnology

Motor Guidance Experiment Future Function/Application Viability Reference

Myosin Glide; applied electric 
�eld; docked motors 
on PMMA grating or 
�at sheet of myosin 
heads; uniform density

Inverted motility assay using 
external guidance 
mechanism; actin-myosin

Nanoelectronic device 
integration (NEMS, MEMS, 
lab-on-a-chip); organization 
of cargo-carrying shuttles; 
self sorting

Negatively charged tubulin 
subunits orient MTs at positive 
cathode; several disadvantages 
pose threat to applicability (see 
Section 4.4.4 in text)

Riveline et al. 
(1998)

Kinesin Glide; docked motors in 
polyurethane tracks; 
uniform density; caged 
ATP fuel source

Inverted motility assay; 
kinesin-MT; caged ATP for 
velocity control of shuttles 
dictated by motor domains

Control of molecular shuttle 
motion over particular 
distances on inorganic 
devices

Caged ATP proven a feasible 
manner in which to manage 
molecular shuttle motility and 
has been implemented into 
attempts at practical devices

Hess et al. 
(2001);

Fischer et al. 
(2009)

D. melanogaster 
conventional 
kinesin 
(full-length 
expressed in 
E. coli with 
HexaHis-tag)

Glide; applied magnetic 
�eld to magnetically 
functionalized MTs; 
docked kinesin 
motors; uniform 
density

Inverted motility assay using 
external guidance 
mechanism; kinesin-MTs; 
CoFe2O4 nanoparticle labels

Nanoelectronic and magnetic 
device integration (NEMS, 
MEMS, lab-on-a-chip); 
organization of cargo-
carrying shuttles; self sorting

Use of magnetically distinct 
nanoparticles properly orients 
MT molecular shuttles; may 
substitute as an external 
guiding device over electric 
�eld usage or function in 
unison with the latter; not 
extensively tested

Hutchins et al. 
(2007)

Conventional 
kinesin

Bead (kinesin coated); 
parallel and isopolar 
MT �ow �eld

Motility assay; kinesin-MT; 
glass, gold, and polystyrene 
beads transported over 
2.2 mm; 90% parallel MT 
alignment using antibodies 
bound to α-tubulin

Transport of cargo over 
signi�cant distances; 
transport of entire 
microchips

Classical motility assays have 
not been recognized as 
primary candidates for device 
application; mechanism works 
experimentally; dif�cult to 
employ practically

Bohm et al. 
(2001); 
Limberis and 
Stewert 
(2000)

E. coli 
recombinant 
protein 
K560—dimeric 
H. sapien 
conventional 
kinesin (Kin-1) 
with 
C-terminal 
truncation

Glide; docked kinesin 
motors; 
microlithographic 
rectifying arrow 
designs

Inverted motility assay; 
kinesin-MT; use of 
microlithographic designs 
to maintain MT orientation; 
chemical patterning; 
topography

Controlled and reliable 
guidance of molecular 
shuttles; integration with 
inorganic devices for 
transport, sorting, etc.

Has functioned to properly 
orient microtubules shuttled in 
a closed loop; similar concept 
in Lin et al. (2008) successfully 
used to guide shuttles to 
sensor

Hiratsuka et al. 
(2001);

Lin et al. (2008)
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D. melanogaster 
conventional 
kinesin (full 
length Kin-1)

Glide; docked kinesin 
motors; capped 
microlithographic 
channels (rather than 
open); rhodamine-
labeled MTs

Inverted motility assay with 
enclosed �uidic channels; 
kinesin-MT

Transport of functionalized 
MTs over long distances for 
integration into nanodevices; 
prevention of MT diffusion 
away from device

Proven functional for keeping 
MTs proximate to surface; 
enclosed regions shown 
successful in devices for 
concentrating analytes

Huang et al. 
(2005);

Lin et al. (2008)

D. melanogaster 
conventional 
kinesin (full 
length Kin-1)

Glide; docked kinesin 
motors; 
thermoresponsive 
polymer surface 
controls MT-kinesin 
interaction

Inverted motility assay with 
external mechanism; 
poly(N-
isopropylacrylamide) 
grafted surface polymers 
expand at low temperatures 
and prevent MT-kinesin 
interaction; contract at 
warmer temperatures and 
permit motility

Selective motility of 
molecular shuttles; 
integration with inorganic 
devices for transport, 
sorting, etc.

Experimentally viable for 
controlling molecular shuttle 
dynamics/association with 
motors; candidate for shuttle 
control in more complex 
devices; particular 
temperature dependence poses 
a threat to incorporation 
within practical systems

Ionov et al. 
(2006)

NKHK560 cys: 
H. sapien 
kinesin stalk 
(residues 
430–560) with 
head/neck 
domains of 
N. crassa 
kinesin (amino 
acids 1-433); 
cysteine 
C-terminal end 
(reactive)

Glide; docked kinesin 
motors; active 
transport guidance of 
biotinylated MT 
shuttles over 
functionalized motors 
by way of 
microlithographic 
design construction 
toward a sensor

Fluorescently labeled 
analytes on MT shuttles 
directed over docked 
kinesin motors; 8 large 
channels/sorting regions of 
a microlithographic 
concentration device taper 
down to a collection/
detainment region; guided 
MTs are trapped and the 
aggregation process 
(spanning one hour) is 
observed �uorescently; 
detainment area capped 
with parylene cover

Guided mass-transport of 
analyte carrying molecular 
shuttles to particular 
locations on NEMS, MEMS, 
lab-on-a-chip devices; 
prevention of MT diffusion 
away from device surfaces; 
self-sorting

Proven experimentally as a 
successful device for 
concentrating analytes to a 
particular location for sensing; 
incorporation into functional 
application has not yet 
occurred

Lin et al. (2008)

(continued)
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TABLE 4.1 (continued)

Applications of Biomolecular Motors in Nanotechnology

Motor Guidance Experiment Future Function/Application Viability Reference

NKHK560 cys: 
H. sapien 
kinesin stalk 
(residues 
430–560) with 
head/neck 
domains of N. 
crassa kinesin 
(amino acids 
1-433); cysteine 
C-terminal end 
(reactive)

Combination of �ow 
and glide for two 
functional steps on 
stand-alone 
micro�uidic device

Captured streptavidin 
molecules �owing in an 
analyte stream; removed by 
functional MT shuttles 
seeking a horseshoe-shaped 
collector; MTs carrying 
analyte �uoresce at sensor

Guided mass-transport of 
analyte carrying molecular 
shuttles to particular 
locations on NEMS, MEMS, 
lab-on-a-chip devices; 
prevention of MT diffusion 
away from device surfaces; 
self-sorting

Proven experimentally as a 
successful device for 
concentrating analytes to a 
particular location for sensing; 
incorporation into functional 
application has not yet 
occurred

Kim et al. 
(2009)

D. melanogaster 
WT Kin-1 with 
C-term His Tag 
(full length)

Glide; docked kinesin 
motors; motion occurs 
within micro-sized 
“smart dust” detection 
arena

Relies on a capture–
transport–tag–transport–
detect series of events using 
antibodies and 
functionalized MTs; similar 
to double-antibody 
sandwich assay; caged ATP 
for velocity control; 
streptavidin-dependent 
detection coupled with 
photoexcitation/emission

Drug delivery and sensing 
mechanism; detection of 
toxins, hormones, etc.; 
integration into biomedical 
and defense devices; 
lab-on-a-chip sample 
preparation and detection; 
therapeutic products

Primary device has been 
constructed and proven to 
display the capture–transport–
tag–transport–detect function; 
photo excitation and emission 
shown to allow detection in 
the detection zone of the 
arena; not yet re�ned for 
applicability into 
manufacturable devices for 
drug delivery or defense

Fischer et al. 
(2009)

Conventional 
kinesin

Glide; docked kinesin 
motors on 3D 
re�ective surfaces; 
motor density-
dependent dynamics 
of rhodamine-labeled 
MTs

Inverted motility basis; MT 
tip length (end of MT 
shuttle to �rst bound motor) 
re�ects ability to traverse 
obstacles; positions of large 
numbers of MTs traced over 
a surface; images overlaid to 
produced 3D surface 
topography of nanometer 
resolution; Z-component 
inferred by MT brightness

Nano-imaging; high 
resolution surface analysis; 
self-propelled probing 
devices

Experimentally proven; 
applicability limited by 
particular problem statement; 
likely to be trumped by other 
methods of imaging

Kerssemaker 
et al. (2009)
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Kinesin 
ppK124-Δ-tail

Glide; docked kinesin 
motors as a high-
density, uniform sheet; 
highly functionalized 
MTs

MTs functionalized with 
biotin/streptavidin 
associate noncovalently and 
align parallely over a 
high-density surface of 
adsorbed motors; motors 
leave only tips of MTs free, 
allowing MT bundles to 
curve and form circular 
structures

Self-assembly of nanowires 
and nanospools for NEMS, 
MEMS devices (may 
function as interconnects or 
other key components)

Experimentally proven (10,000 
MT spools in under an hour; 
as big as 5 μm in diameter); not 
yet incorporated into practical 
device

Hess et al. 
(2005)

Kinesin Glide; docked kinesin 
motors in high density; 
functionalized MTs 
bind to functionalized 
DNA to either be 
guided or to stretch 
out DNA coils

One end of a coiled λ-phage 
DNA strand is biotinylated 
to associate with 
functionalized MTs being 
transported by adsorbed, 
high-density motors; coiled 
DNA bound by opposite 
end (also biotinylated) to a 
surface ultimately stretches 
out

Linear DNA molecules may 
be stretched out on a chip by 
way of molecular shuttles or 
assembled into more 
complex structures; may 
serve as templates for 
nanowire deposition to 
self-assemble interconnects

Experimentally viable; requires 
technical re�nement before 
incorporation into device

Diez et al. 
(2003)

Myosin Glide; docked myosin 
motors

Actin subunits labeled with 
Au nanoparticles; catalytic 
enlargement of 
nanoparticles occurs; 
polymerization of actin 
subunits into micro�laments 
over adsorbed myosin 
motors constructs gold 
nanowires (up to 4 μm long 
and 200 nm high)

Self-assembly of highly 
conductive nanowires for 
nano circuitry devices 
(NEMS, MEMS, lab-on-a-
chip); re�ned deposition of 
Au-labeled subunits may 
result in assembly of more 
complex architectures

Experimentally proven; 
nanowires have been 
assembled in this fashion; high 
electrical conductivity 
exhibited

Patolsky et al. 
(2004)

(continued)
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TABLE 4.1 (continued)

Applications of Biomolecular Motors in Nanotechnology

Motor Guidance Experiment Future Function/Application Viability Reference

Recombinant 
kinesin 
K401-bio (401 
AA of the 
N-terminal 
motor domain 
of the heavy 
chain of 
D. melanogaster 
Kin-1) linked 
to BCCP 
sequence of 
E. coli

Glide; docked kinesin 
motors

Organization of interlinked 
asters polymerized over an 
absorbed and functionalized 
kinesin motor surface

Deposition of mitotic 
spindle-like structures to be 
used and synthesized at the 
nanoscale from the 
bottom up

Complex tubulin aster 
structures have been imaged; 
constitutes a progression 
toward mimicking mitotic 
mechanisms

Nedelec et al. 
(1997); Surrey 
et al. (2001)

Kinesin Surface-bound MTs 
driven autonomously 
by kinesin clusters 
mimic beating of cilia

Streptavidin molecules 
bound to four biotinylated 
kinesins each allow kinesin 
clusters to bundle MTs; 
ATP-dependent kinesin 
clusters spontaneously 
stimulate cilia-like 
dynamics

Powering mechanism for 
motility of larger complexes 
and vessels; biomimicry of 
axonal structures with a 
possible functional 
replacement of dynein

Cilia-like beating through 
kinesin-driven MT bundles 
experimentally demonstrated; 
mechanism not totally 
understood; integration into 
device is far off

Sanchez et al. 
(2011)

Kinesin Glide; docked kinesin 
motors; docked single 
stranded 30 nt DNA; 
MT shuttles 
functionalized with 
small DNA “zippers” 
of varying strength

MT shuttles over loading-
transport-unloading 
regions; cargos immobilized 
by 30 nt overlap DNA 
zippers; binds to MT at 
loading station; cargo binds 
to unloading station after 
transport by shearing 
geometry of 30 nt regions; 
weaker 20 nt MT-cargo 
attachment breaks and MT 
moves on without cargo

Loading and unloading of 
cargo for lab-on-a-chip 
devices

Currently a candidate for 
solving the loading/unloading 
problem of cargo transport; 
rupture forces experimentally 
shown; low ef�ciency due to 
low collision probability; 
functional mechanism remains 
in its infancy

Schmidt and 
Vogel (2010) 
(see review)
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Kinesin Glide; docked kinesin 
motors shuttle 
cargo-bound MTs from 
giant lipid sender to 
giant lipid receiver as 
a new form of 
communication 
paradigm

N/A Nanocommunication 
networking and 
maintenance for advancing 
lab-on-a-chip practicality; 
transfer of information 
between biologically and 
inorganically based 
components not currently 
accomplishable by electrical 
or optical means

Modeled �ow system 
theoretically proposed (based 
on a combination of 
mechanisms and data from 
various preliminary 
experiments)

Hiyama and 
Moritani 
(2010)

Chemical 
molecular 
motor

Light activation to 
engage chemical 
isomerism cascades for 
rotational motion; 
(M,M)-cis-2b and 
(M,M)-trans-1b 
reaction produces 
(P,P),-cis-2a and 
(P,P)-trans-1a isomers 
(stable); axially 
oriented methyl 
groups make rotation 
possible

Oscillatory, light-driven 
chirality of trans–cis 
conversions produces axial 
rotational motion that 
governs the color of liquid 
crystals; color varies as a 
function of irradiation time 
(from purple to red)

Synthetic motors may be 
incorporated into inorganic 
devices to achieve a more 
re�ned task than that of a 
generalized biomolecular 
motor; may be engineered in 
the future to perform 
countless functions 
(self-healing materials and 
devices; adjustment of 
physical properties of 
materials such as color, 
tensile strength, etc.)

Liquid crystal color change by 
energy conversion of 
molecular motors has been 
experimentally demonstrated; 
applications of synthetic 
molecular motors in the future 
may envelop roles currently 
held by biomolecular motors; 
increase in re�nement of 
devices and ef�ciency

van Delden 
et al. (2001)

MT, microtubule.
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Mikhailenko et al., 2010). Motility requires asymmetric hydrolysis of ATP by the two 
motor heads that results in generation of an 8 nm step size on the microtubule track 
(Block, 1995, 1996; Higuchi et al., 2004). Mechanistic details of how kinesin advances 
favor a hand-over-hand stepping mechanism (Cross, 1995; Asbury et al., 2003; Yildiz 
et al., 2004); however, an inchworm mechanism is also consistent with data that include 
neck rotation measurements (Hua et al., 2002). The step size corresponds as well to the 
distance between alternating heterodimeric α/β-tubulin subunits that are arranged 
longitudinally to form proto�laments of the microtubule lattice (Nogales et al., 1998). 
For kinesins and Klps, the direction of movement is largely dictated by the sequence 
of the neck domain (Endow and Waligora, 1998; Sablin et al., 1998; Heuston et al., 2010).

Processivity refers to the amount of time that a motor stays on its track before dissoci-
ating. This parameter incorporates the distance traveled and re�ects the number of ATP 
cycles occurring prior to dissociation, providing information on the overall ef�ciency of 
movement. In nano- to microscale biological environments, viscous forces dominate and 
can impact motor forces and trajectories. Processivity is a general parameter for motors 
primarily functioning in transport roles, so not all cytoskeletal motors are processive. For 
myosins, those that are processive, such as myosin V or myosin VI, are typically dimeric 
in form. Similar to a human stride, asymmetrically moving dimeric heads of myosins pro-
vide a constant source of attachment. In addition, the long strides of myosin V that average 
36 nm are required to obtain a linear trajectory of the motor along the actin track that is 
helical by nature (for review, see Mehta, 2001). Other dimeric myosins are nonprocessive. 
This includes muscle myosin II. As well, some single-headed myosins, such as myosin 
IX, employ an alternative mechanism to remain associated to the actin track throughout 
ATP hydrolysis and are surprisingly processive (Liao et al., 2010). Similar �ndings apply 
to kinesin and Klps. The monomeric Kif1A motor is processive (Hirokawa et al., 2009) and 
although conventional dimeric kinesin is highly processive (Toprak et al., 2009), this is not 
dependent on its dimeric form (Xie, 2010). Processivity for conventional kinesin appears to 
be largely attributed to its motor domain, as demonstrated by generation of a monomeric 
kinesin that retains strong interactions with microtubules and processivity. However, the 
neck domain also plays a role (Romberg et al., 1998). Those motors that exhibit limited pro-
cessivity generally contain specialized functional domains to enable alternate capabilities 
in non-transport roles. This review focuses primarily on kinesin and Klps in nanodevice 
applications. Characteristics of processivity along with additional motor parameters for 
kinesin and Klps can be found in Table 4.2. Information on similar parameters for myosins 
can be found in alternate reviews (Krendel and Mooseker, 2005; O’Connell et al., 2007).

4.2.5 Motor Folding as a Means of Regulation

Molecular motors are powerful multifunctional components involved in numerous cellular 
processes. As such, they require regulated activity to optimize the timing and impact of 
their contributions (Verhey and Hammond, 2009). The ability of kinesin, and some Klps and 
myosins, to fold back on themselves in an inactive conformation has led to the use of more 
truncated forms in motility assays. This capability is discussed here as a regulatory tool 
for nanodevices. Structural elements in conventional kinesin display an af�nity that gener-
ates a folded conformation under normal physiologic conditions. The conserved tail region 
associates with the motor/head, which forces the associated light chain peptides of the tail 
region to be in close proximity with the motor domain (for review see Hackney, 2007). This 
conformation effectively nulli�es motor domain af�nity with microtubule tracks. It was 
originally postulated that simple cargo attachment would suf�ce to initiate the transition 
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TABLE 4.2

Kinesin and Kinesin-Like Protein Motor Parameters

Motor 
Structure Motor Source Direction Processivity

Velocity In 
Vitro (μm/min) Effect of Neck Domain

Force 
Generation References

Homodimer N. crassa conventional 
kinesin; kinesin 1

Plus-end Processive; Ave. 
run length = 
1.75 ± 0.09 μm

∼60–120; 8 nm 
steps

Neck linker binds motor 
domain; exhibits inhibiting 
effect on ATPase activity; 
increases motility; provides 
plus-end directionality; 
remains on a direct 
straight-line track over MT 
travel

5–8 pN Adio et al. (2009); 
Block (1998); 
Lakamper et al. 
(2003); Higuchi 
and Endow 
(2002)

Homodimer D. melanogaster 
conventional kinesin; 
kinesin 1

Plus-end Processive ∼60; 8 nm steps Neck linker binds motor 
domain; provides plus-end 
directionality; remains on a 
direct straight-line track 
over MT travel

5–8 pN Saxton et al. 
(1988); Block 
(1998); Higuchi 
and Endow 
(2002)

Homodimer D. melanogaster Ncd; 
kinesin 14

Minus-end Nonprocessive; 
Ave. 
displacement = 
6.6 ± 0.8 nm; 
Duty ratio = 0.1

∼16.2 Neck linker absent; angular 
conformational changes of 
neck produce drifts to right 
of straight-line-axis over 
single MT run; addition of 
kinesin motor/neck domain 
to Ncd chimera reverses 
directionality

1–2 pN Endow and 
Higuchi (2000); 
Higuchi and 
Endow (2002); 
Pechatnikova 
and Taylor 
(1999)

Homodimer S. pombe Pkl1; 
kinesin 14

Minus-end Nonprocessive; 
duty ratio = 0.05

∼1.8 N/A N/A Furuta et al. 
(2008)

Heterodimer 
(Cik1 is not a 
motor 
protein; 
binds to MTs)

S. cerevisiae Kar3 and 
Cik1 (note: is a Kar3/
Vik1); kinesin 14

Minus-end Nonprocessive 
(motor density 
dependence in 
glide assays)

∼1.8–2.5 Exhibits pivot point in neck 
similar to Ncd

N/A Chu et al. (2005)

(continued)
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TABLE 4.2 (continued)

Kinesin and Kinesin-Like Protein Motor Parameters

Motor 
Structure Motor Source Direction Processivity

Velocity In 
Vitro (μm/min) Effect of Neck Domain

Force 
Generation References

Homotetramer X. laevis Eg5; Kinesin 5 Plus-end Quasiprocessive; 
Run length 
∼580 nm

∼0.6–2.4; 8 nm 
steps

Stiff neck linker binds motor 
domain; increases motility; 
provides plus-end 
directionality; essential for 
force production

N/A Kwok et al. 
(2006); Kapitein 
et al. (2005); 
Valentine and 
Gilbert (2007)

Homotetramer H. sapiens Eg5 (values 
given are for dimeric 
HuEg5–513–5-His 
recombinant 
construct); Kinesin 5

Plus-end Quasiprocessive; 
Ave. 
displacement = 
67 ± 7 nm; Ave. 
steps/run = 8.3

∼0.6–2.4; 8 nm 
steps

Rigid in�exibility of neck 
linker (oriented 
perpendicularly to MT); 
causes change in particulars 
of force production in 
comparison to conventional 
kinesin

4–7 pN Valentine et al. 
(2006)

Monomer Murine KIF1A; 
kinesin 3

Bidirection. 
neuronal

Highly 
processive; 
11 μm for 11 ± 
7.1 s

∼42 on 
cultured 
neurons

Neck and linker absent 
(monomeric); exhibits 
bidirectional motile 
capabilities

N/A Lee et al. (2003); 
Okada and 
Hirokawa 
(1999)

MT, microtubule.
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to an active conformation (Coy et al., 1999). However, more recent �ndings suggest an alter-
native model. In D. melanogaster, cargo attachment must be paired to the activity of other 
proteins to promote activation (Blasius et al., 2007). Requiring multiple events to activate a 
functional conformation makes sense in terms of autoinhibitory or poised mechanisms.

Members of the myosin superfamily also self-regulate by defaulting to a folded, compact 
conformation. For example, when both muscular and non-muscular myosin II motors are 
in monomeric form (as opposed to being arranged as thick �laments), there is a close pack-
ing conformation. The two heads pack together along with a tri-segment folding of the tail 
that is associated primarily with a single head (Jung, 2011). In smooth muscle myosin, the 
transition to a functional open form is aided by the phosphorylation of light chains, thus 
the recognition as regulatory light chains (Sweeney, 1998). Unconventional processive myo-
sin V also employs folding as a regulatory mechanism. Truncation of myosin V constructs 
removes this capability. In addition to folding, other factors may regulate motor function. 
Myosin V motility and function are also highly regulated by Ca2+ ions in association with 
the calcium-modulated protein, calmodulin (Kremenstov et al., 2004). In choosing motors 
for incorporation into nanodevices, evaluation of the optimal motor must be based not 
only on functional parameters and device needs but also its regulatory framework.

4.2.6 Dynein: A Multiprotein Microtubule Motor

Dynein is a massive microtubule motor protein that dwarfs myosin or kinesin family motor 
proteins (Gibbons et al., 1994; Carter et al., 2011; for review, see Vogel, 2005). An important 
difference between the catalytic core of dynein and those of myosins and kinesins is that 
in dynein this domain is distant from its microtubule track. A 15 nm stalk on each of two 
massive ring-like domains that contains the catalytic core acts as an extended tether to ful�ll 
the microtubule-binding domain (MTBD) role and to help guide the motor directionally 
to microtubule minus ends (Carter et al., 2008; Tanenbaum et al., 2011). The catalytic core 
structures from which the stalks extend are known as AAA+ rings. Four AAA+ domains 
of a single ring are able to bind and hydrolyze ATP. In cytoplasmic dynein, two of these 
rings are present and together compose the motor region. The AAA+ rings along with the 
two stalks and two MTBDs make up dynein’s heavy chain (Carter et al., 2008, 2011), while 
intermediate and light chain protein complexes function in the binding of cargo. The recent 
crystal structure of dynein reveals that there are critical residues required to accomplish 
cargo binding (Hall et al., 2010). While dyneins across species retain these conserved 
residues, they also exhibit evolutionary adaptation to increase the �exibility of the structure. 
Functions of dynein are extensive and include mitotic spindle regulation and orientation, 
mitotic checkpoints, and cytoplasmic roles in the transport of vesicles and others cargos (for 
review, see Ahringer, 2003; Bader and Vaughan, 2010; Allan, 2011). This large motor protein 
is also critical to the operation of mobility tools such as cilia and �agella where it localizes to 
the cellular cortex in these cells (for review, see Walczak and Nelson, 1994). As well, it serves 
an important role in neuronal function in more complex eukaryotes along with kinesins and 
myosins. A new role for dynein in budding yeast is the sliding of microtubules (Moore et al., 
2009). Despite these impressive capabilities, dynein is not ubiquitous among eukaryotes 
(Lawrence et al., 2001). In these organisms, Klps are expected to have replaced key roles.

4.2.7 Non-Tracking Cellular Molecular Motors

A review of cellular molecular motors would not be complete without some discussion 
of motors that perform absolutely vital functions to cells but which are not motile along 
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tracks. While space limitations here prevent detailed discussion, we brie�y mention three 
interesting and well-studied motor complexes. ATP synthase is responsible for the syn-
thesis of energy-rich ATP that is needed in a multitude of cellular processes (for review, 
see Boyer, 1997; García-Trejo and Morales-Ríos, 2008). The 600 kDa multiprotein complex is 
docked within the phospholipid membrane of cells and acts as a drive shaft (Davies et al., 
2011). To drive the rotating, axial motion, a chemical gradient of hydrogen atoms across the 
complex is used (for review, see Yoshida et al., 2001).

Another complex motor is the ribosome that is associated with the perinuclear rough 
endoplasmic reticulum in cells, which functions to decode mRNA into a polypeptide 
protein sequence (Kurkcuoglu et al., 2010). Large and small ribonucleoprotein subunits 
assemble around a mRNA molecule to generate three active sites termed aminoacyl (A-), 
peptidyl (P-), and exit (E-) that re�ect speci�c assembly line roles in the translation process 
(Valle et al., 2003). The start codon of a protein-encoding mRNA sequence contains a special 
cap structure that is recognized by the smaller ribosome subunit and initiates the sequence 
of events. A guanosine triphosphate (GTP)-dependent process cranks the mRNA through 
the assembled ribosome complex in a one-dimensional fashion, similar to a mechanical 
ratchet (Julián et al., 2008; Spirin, 2009). The ratchet mechanism safeguards the cell from 
slip errors by ensuring that the mRNA polymer does not dissociate or slip backward, 
generating information that is redundant or incorrect, which would compromise the 
protein sequence and in�uence its stability and function.

A rotary drive system that provides cellular motility among certain prokaryotes and 
eukaryotes is the �agella (Vincensini et al., 2011). This symmetrically bundled arrangement 
of microtubules extend from the cellular cortex to drive rotation in both clockwise or 
counterclockwise directions with the help of a number of associated proteins that include 
dynein motors (Vogel, 2005; Heuser et al., 2009). Rotation in the clockwise directions 
produces an erratic “tumble” style of locomotion, while rotation in the opposite direction 
winds the �agellar structure into a corkscrew-like conformation that produces a smooth 
“run” of motion (Minamino et al., 2011).

An appreciation of the mechanistic beauty of these large motor assemblies has 
evolved through numerous studies that include the generation of crystal structures, 
biochemistry, genetics, cell biology, and mathematical modeling. Continued studies will 
allow their future use or the implementation of key design elements into applications 
of nanotechnology (for review, see Soong et al., 2000; Van den Heuvel and Dekker, 2007; 
Hess, 2011; Sanchez et al., 2011).

4.2.8 Chemical Motors

Devices that operate on submicron levels (whether they be nanoscale motors or the 
microscale complexes they regulate) are subject to and manipulated by a range of forces 
typically different from those experienced in our macroscopic world. In the nanoworld of 
proteins, inertia wanes in comparison with the random kinetic motion of molecules and 
viscous forces that dominate. The term Brownian motion describes the seemingly cha-
otic random movement within the cellular environment. Though viewed as inconvenient 
for motor proteins in regard to maximum ef�ciency, chemical motors may harness this 
kinetic movement in the form of chemical gradients. When analyzing directional drift of a 
chemical motor, such motion must be evaluated after superimposition onto a background 
governed by Brownian motion. This sets limitations on how small a chemical motor may 
be (Shi et al., 2009). It is dif�cult to determine directional movement if the motor size is 
much smaller than a fraction of a micron. Self-propelled chemical motors are expected to 
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prove invaluable in tackling design obstacles such as replicating molecular self-assembly 
pathways. Another application from chemical motors is the ability to use external stimuli 
such as light activation as a power source (Balzani et al., 2006). Such triggers are certain to 
�nd useful applications when incorporated into nanorobotic designs.

In modeling propulsion in a chemical system, simulations along with experimental 
observations are useful. An example in Shi et al. (2009) uses energy from an exothermic fuel 
reaction to propel a structure composed of an open rectangle of inert atoms that has walls 
peppered with catalytic atoms. In this system, energy from the fuel reaction propels the 
structure upward with a remarkable velocity analogous to rocket propulsion. Newtonian 
momentum transfer describes the motion resulting from this asymmetric catalysis. In this 
type of simplistic device, critical factors include temperature and the permissibility of an 
inertial body moving through the medium in which the chemical motor is operating. In this 
example, the gaseous environment of fuel atoms is very different from the more viscous 
surroundings characteristic of cellular molecular motors. The development of chemical 
motor mechanisms remains rather primitive in terms of ef�cacy, control, and applications; 
nonetheless, it is expected to provide important contributions to nanorobotics.

4.3 Cellular Cytoskeleton

4.3.1 A Restless Architecture

The cytoskeleton in eukaryotic cells is an elaborate dynamic structural framework that 
contributes to numerous cell processes including cell shape and polarity, cargo transport, 
motility and turning, cell signaling, chromosome segregation, and cytokinesis. Multiple 
�lament types are present that re�ect different functional needs and employ a range of 
associated proteins that may be force-generating motors, nonmotile-associated proteins, 
modi�ers, adaptors or regulators allowing for dynamics, and structural and functional 
adaptability. The complex architectures formed respond rapidly to external stimuli and 
to a multitude of intracellular control pathways (Figure 4.2). Universal in eukaryotes are 
microtubules and actin �laments. Cellular roles for actin �laments were once thought to 

(a) (b) (c)

FIGURE 4.2
(See companion CD for color �gure.) The microtubule cytoskeleton in vivo. Human �broblast cells �xed in 
glutaraldehyde and stained for α-tubulin and hoechst (chromosomes). The replication cycle of a cell includes 
temporal changes from a multifunctional microtubule array to the highly speci�c spindle apparatus required for 
chromosome segregation into newly forming daughter cells. (a) Interphase microtubule arrays. (b) Metaphase 
spindle. (c) Mitotic exit and cytokinesis. The midbody is a spindle remnant of bundled microtubules. Scale bars 
are (a) 50 μm, (b and c) 10 μm. (Images courtesy of Martin Tomov, CNSE, University at Albany, Albany, NY.)
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be limited to the cytoplasm of cells, but growing evidence indicates a nuclear presence 
and suggests an expanded repertoire of functions in chromatin remodeling and RNA 
processing (Vartiainin, 2008; Skarp and Vartiainin, 2010). In addition to microtubules and 
actin micro�laments, the cells of higher eukaryotes also contain a family of related pro-
teins and compositions termed intermediate �laments that are ∼10 nm in diameter. In 
addition to contributing to cell shape in the cytoplasm, intermediate �laments are pri-
mary elements of the nuclear lamins that de�ne the nuclear compartment (for review, 
see Herrmann and Strelkov, 2011). Once thought to be static, intermediate �laments are 
now known to be dynamic, motile structures that exhibit cross-talk with microtubules 
and actin through associated microtubule motors (Helfand et al., 2004). The microtubule 
motors dynein and kinesin contribute to this cross-talk as motile architects, fasteners, and 
regulators of dynamic parameters. They are also users of the architectures they help to 
design and build. Perhaps, the most marveled feature of the microtubule and actin cyto-
skeletons is their ability to rapidly disassemble and reorganize their architectures into 
functionally speci�c arrangements. Development and specialization in complex organ-
isms would not be possible without the implementation of these dynamic cellular �la-
ments and associated proteins. While, here, we can only provide a concise overview of 
actin micro�laments and microtubules, we encourage the reader to explore in depth their 
true complexity (Rieder and Khodjakov, 2003; Chhabra and Higgs, 2007; Morrison 2007; 
Ishikawa and Marshall 2011).

4.3.2 Actin Microfilaments

Actin micro�laments participate in a wide array of functions at the cellular and tissue 
level. These roles are often integrated alongside microtubules such as in cell division, cell 
motility, and maintenance or alteration of cell conformation (Yarm et al., 2001); however, 
unique roles in muscle contraction as well as novel nuclear roles are also present (Pollard 
and Borisy, 2003; Vartiainen, 2008). Micro�laments are long polymers, roughly 7 nm in 
diameter, that are composed of intertwined actin subunits that spiral around the axis 
of the linear �lament to form a double helix. Force measurements on single actin �la-
ments indicate that they are sturdy, withstanding tensile forces up to 500 pN (Kishino and 
Yanagida, 1988). Actin �laments exhibit structural polarity with the “barbed” or positive 
end of the actin subunit focused toward the cell membrane and the “pointed” or nega-
tive end oriented toward the cell interior (Hild et al., 2010). A process called “treadmill-
ing,” present also in microtubules, allows actin micro�laments to generate force while 
retaining length (Dominguez, 2009). In treadmilling, elongation at one end of the �lament 
is balanced by subunit dissociation at the opposite end, similar to a conveyor belt, with 
net force in the direction of elongation. Associated proteins can enable actin �laments to 
adopt more complex networks through the formation of branched structures and regulate 
force-generating characteristics. For example, the reversible binding of tropomyosin can 
block myosin association with actin �laments. Tropomyosin removal by binding of Ca2+ 
ions occurs through a conformational change (Narita et al., 2001; Bacchiocchi and Lehrer, 
2002; for review, see Gunning et al., 2008). Within cells, the dynamic parameters of actin 
�laments and microtubules can be harnessed as motors. The pathogenic bacteria Listeria 
exploits the fundamental forces of actin polymerization for self-propulsion that is visual-
ized with �uorophores as “comet tails” in cells (Lambrechts et al., 2008). Thus the actin 
“tracks” that bind molecular motors can themselves be used to promote motility in an 
entirely different manner.
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4.3.3 Microtubules

In 1998, the determination of the long-sought high-resolution crystal structure of the 
α-/β-tubulin heterodimer, the building block of microtubules, provided the framework 
for insights into dynamics, drug binding, and self-assembly of microtubules (Erickson, 
1975; Nogales et al., 1998; Downing, 2000; Nogales and Wang, 2006). Microtubules in vivo 
are typically 25 nm in diameter and composed of 13 parallel proto�laments of head to tail 
associated α-/β-tubulin heterodimers, 8 nm in length and 4 nm wide. The heterodimeric 
subunits generate polarity in the structure, referred to as minus- or plus-ends. Decades 
of elegant studies revealed that proto�lament plus-ends that associate near chromatin or 
the cell periphery terminate in β-tubulin, while microtubule minus-ends found at spindle 
poles or microtubule organizing centers (MTOCs) terminate in α-tubulin. Microtubules 
are highly dynamic polymers that grow, shrink, pause, or transition between stages by 
elongation or catastrophe and as such can be viewed as ancient biological motors (McIntosh 
et al., 2010). Microtubule assembly and disassembly is complex and involves transient 
polymer intermediates that include sheets and ring structures versus the simple addition 
or removal of subunits (Nogales and Wang, 2006). Additional complexity in microtubule 
dynamics and protein association are present since multiple classes of α- and β-tubulins 
exist in cells and posttranslational modi�cations may be present that vary in type and 
extent (Nogales, 2000). Detyrosination, acetylation, and certain phosphorylation events on 
tubulins are thought to enhance microtubule stability. This occurs, in part, by in�uencing 
protein–protein interactions that includes microtubule-associated proteins (MAPs). An 
alternative means to regulate microtubule dynamics is through the use of chemical agents 
(Downing, 2000), including the microtubule stabilizing drug, paclitaxel (Taxol™).

4.4 Application of Molecular Motors in Nanotechnology

4.4.1 Ingenuity through Dynamics in Nanodevices

Applications for nanodevices generally have a need to incorporate multiple capabilities 
and apply a variety of natural or man-made elements. Capabilities might include the 
ability to transport, sort, and organize as well as control elements for directional guidance, 
cargo loading, unloading, and motion. Natural elements include chemicals, proteins, 
and nucleic acids and are often combined with man-made functionalized substrates 
and nanoparticles. Assembly line designs might incorporate either a multistep process 
or instead reduce the problem of interconnects by acting through the use of a single 
highly modi�ed microtubule. The latter could be generated through stepwise control of 
microtubule assembly using modi�ed tubulin building blocks that containing speci�c 
interaction sites for each cargo component. The desired result would be a predetermined 
and highly ef�cient assembly line. It is clear that applications will be limited only by 
the creative inspiration applied to these elements. Proposed technologies include 
miniaturized factories or actuators, self-healing along with novel woven materials, 
self-sorting of intricate collections of molecules, targeted delivery, biosensing, and 
environmental monitoring (for review, see Hess and Vogel, 2001; Goel and Vogel, 2008). 
New emerging devices include “pharmacytes,” a term coined for self-powered drug 
delivery devices (Cohen et al., 2005; Freitas, 2006); smart dust sensors (Fischer et al., 2009); 
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and lab-on-a-chip systems (Hiyama and Moritani, 2010). Potential applications will be 
greatly enhanced by the increased knowledge of working with these motors.

4.4.2 Reverse Engineering Nature

The success of reverse engineering nature for generating biosynthetic devices increases 
as our knowledge of cellular mechanisms expands to allow us to take advantage of 
what intricacies evolution has perfected over billions of years. This generally requires 
combining studies that span several disciplines from molecular biology, biochemistry, 
and cell biology to mathematical modeling, integrated circuit fabrication, engineering 
technology, and design. There is sound reason to apply nature’s nanomachinery toward 
new synthetic applications. As devices scale down, the ability to which we can precisely 
manipulate objects becomes impaired. Force constraints change as well. The dominant 
force below 100 nm is passive transport, whereas �uid �ow is the primary method for 
active transport at sizes 10 μm and larger. It is from sub-nanometer through this middle 
regime between 100 nm and 10 μm that active transport with molecular machines operates. 
Additional advantages of these molecular-driven devices include minimal mass and much 
lower energy cost while increasing functionality. A summary of applications of motor 
proteins and cytoskeletal components in nanodevices is shown in Table 4.1.

Perhaps, one of the greatest challenges to applying molecular components to biosynthetic 
devices in vitro is how to obtain suf�cient material of the cellular component of interest 
through molecular biochemical isolation. In DNA origami (Endo and Sugiyama, 2011; 
Tørring et al., 2011), the simplicity of DNA structures along with current advanced 
technology for DNA synthesis, generating modi�cations, and sequencing, greatly 
simpli�es attainment of suf�cient biological material. Working with Kinesin, Klps, 
and microtubules is a greater challenge due to their inherent complexity. Great interest 
surrounding the mechanisms of motors and microtubules and their cellular roles has led 
to re�ned protocols for their isolation; however, bulk isolation protocols may need further 
re�nement. In addition, regulation of these proteins remains complex. Tubulin is often 
puri�ed from bovine brain tissue using a process of polymerization and depolymerization 
to ensure removal of MAPs. If no genetic manipulation of the components is required, they 
may be purchased, though the cost over time can be formidable. Protein modi�cations 
in�uence function and may be important elements. Protein stability remains a challenge. 
Once isolated, proteins may be lyophilized or frozen for stability and retained activity until 
use. Isolation and activity �rst require optimization of the appropriate buffer conditions, 
including pH, salts, ATP, GTP, and protease inhibitors. Temperature is also a factor. In 
the medical �eld, optimizing protein stability for pharmaceuticals to generate “shelf 
stable” characteristics is often required (for review, see Zakrzewska et al., 2011). Similarly 
through genetic engineering, the bio-components of proof-of-concept biosynthetic devices 
can be engineered to a more stable form that will retain key dynamic features. Studies of 
conserved proteins derived from organisms living under extreme conditions of heat or 
cold are often informative.

The self-assembling features of motors and microtubules mean that, once mixed, the 
components will interact dynamically and begin to assemble complex architectures. 
A manner in which to regulate the system must be considered. Microtubules and their 
motors have long been targets of small molecule chemotherapy (Jordan and Wilson, 2004; 
Huszar et al., 2009). Useful drugs include microtubule stabilizers such as paclitaxel, or 
destabilizers such as vincristine or vinblastine, or thiabendazole for fungal microtubules. 
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Klps are also regulatable, including the use of monastrol (ispinesib) to deactivate the 
kinesin-5 family of Klps, antibodies or aptamers (Shi et al., 2007; Syed and Pervaiz, 2010). 
Mixed motor velocities must also be considered (Larson et al. 2010).

A �nal challenge regarding biosynthetic devices concerns the ability to monitor 
the process in real time without disturbing the system. Within the �eld of microscopy, 
particularly in terms of tracking dynamics, increased sensitivity from high to super 
resolution microscopy is enabling new discoveries at the nanoscale. However, most of 
these capabilities require the use of transmitted light and silicon oxide (glass) as the optical 
surface. Functionalized surfaces and patterns that are generated during integrated circuit 
fabrication are not transparent for imaging. Hybrid devices that combine both silicon 
oxide and integrated circuit surfaces in a patchwork design represent a possible solution.

4.4.3 Molecular Motors in Transport Designs

Functional devices that incorporate transport and assembly of features in a primarily self-
assembling platform will in the future be used to replace current nanoelectromechanical 
systems (NEMS) and microelectromechanical systems (MEMS) devices (Bhushan, 2008) 
in which the required nanoscale platform does not allow practical physical manipulation. 
Currently, the �eld is in its infancy and simple primary design questions are being 
addressed, which include the following: (1) What is being transported and by what 
motor mechanism? (2) How will the cargo be ef�ciently loaded and unloaded? (3) Will 
the progression/speed of the transporter be constant or need to be regulated? (4) By what 
means will the transporter be guided? Klp molecular motors have been analyzed in vitro 
by primarily two approaches that are directly applicable to design of nanoengineered 
devices (Vale, 1985; Block, 1995; Figure 4.3 and 4.4). In the �rst approach, the microtubule 
�lament is attached to the surface as a �xed track for the Klp. A limitation of this approach 
is the critical need to maintain suf�cient microtubule length for the process. An alternative 
strategy uses a gliding �lament approach in which Klps are �xed to a surface through 
modi�cation of their stalk or tail domains, which allows the motor domains to shuttle 
microtubule �laments along with any microtubule-attached cargo. This has similarly 
been done with actin and myosins (Kron and Spudich, 1986). Motor density on the surface 
must be suf�cient to retain the microtubule cargo and prevent it from �oating away. By 
optimizing parameters of pH, ionic strength, Mg2+, and temperature, the microtubule-
gliding across kinesin-covered glass slides can be improved (Böhm et al., 2001). Generally, 
gliding requires at least three motors per microtubule and will vary depending on the 
processive capability of the motor protein used.

When attaching motors to surfaces, there are three steps that typically are followed: 
(1) adsorption of a preventive monolayer onto the substrate, such as casein or albu-
min, to help stabilize the motor proteins from denaturation; (2) attachment of selected 
motors onto the prepared surface; and (3) addition and dynamic attachment of the shut-
tles (microtubules) into the system. No matter what strategy is used, the monitoring of 
the events is critical to evaluation and remains a signi�cant challenge. Fluorescence 
microscopy of tagged proteins has typically been used for dynamic imaging of motil-
ity events along with more recent use of quantum dots (Chan et al., 2002; Reiman and 
Manninen, 2002). The key is to apply �uorescent signals that will not signi�cantly 
impede function. In living cells, �uorescent tags have evolved from green �uorescent 
protein (GFP) and its variants to smaller polypeptide tags that have reduced functional 
effects (Zhang et al., 2002).
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4.4.4 Directional Guidance

Directional guidance of microtubule shuttles has utilized physical, chemical, electric, 
magnetic, and �ow �elds. One means of physical guidance is to pattern a surface with 
channels to create microscale walls to redirect the leading end of colliding �laments back 
along the channel (Figure 4.3). Channel patterning has also been used to implement unidi-
rectional �ow through the use of “arrowheads” (Hiratsuka et al., 2001; Nitta et al., 2006). In 
this method, the arrowhead point is toward the desired direction of travel. A microtubule 
that begins to travel in the wrong direction will run into the backside of the “arrowhead” 
and be redirected. Chemical methods to pattern a surface take into account the nature of 
charged proteins to interact more strongly with hydrophilic versus hydrophobic surfaces. 
When used in conjunction with physical patterning, motors and microtubule motility can 
be further guided. Without some selectivity of where motors adhere, it is possible for �ex-
ible microtubules to move up and out of a channel instead of being directed along its 
length. Modern lithographic processes that are common in integrated circuit fabrication, 
including E-beam lithography that can provide nanometer scale resolution, can be applied 
to create smaller scaled detailed features (Liddle and Gallatin, 2011). An important advan-
tage to this approach is the ability to apply smaller microtubule lengths and prevent travel 
in an improper direction due to closer con�nement to the proper orientation.

(a)

Exit

Enter

(b) (c)

(d)

FIGURE 4.3
Physical guidance of microtubules using �ow geometries. (a) Strategies that couple �xed kinesin tail domains to 
tracks contained within physical structures are used to optimize microtubule directional guidance. (b) Maze con-
�gurations act as complex tests of physical guidance in terms of number of microtubules entering versus exiting and 
analysis of most successfully negotiated versus problematic geometries. (c) In this, circular concentrator microtu-
bules are directed toward the center, limiting exit. (d) An “arrowhead” design used as a direction-correcting physical 
feature. A microtubule that veers in the wrong direction will be redirected into the path of �ow preventing any loss 
of product. (c and d: Adapted from Nitta, T. et al., Lab Chip 6 (7), 881, 2006.)
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Microtubules are dynamic polymers. Genetic alterations, protein association, tubulin 
modi�cations, chemical manipulation as well as temperature, presence of GTP, and other 
factors all affect their dynamics. Microtubule length and rigidity will affect what is termed 
“the persistence length,” or the distance a �lament can travel before it alters direction from 
its original path. For Taxol-stabilized microtubules persistence length is 5.2 mm versus 
actin, which is only 17.7 μm as determined by analysis of thermally driven �uctuations 
(Gittes et al., 1993). Rigidity of the microtubule �lament is important when constructing 
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FIGURE 4.4
(See companion CD for color �gure.) Assembly-line geometries for directed sorting and patterning. (a) 
Microtubules (cylinders) can be �xed to a platform in speci�ed design patterns, then motor-cargos added that 
bind and track along the microtubule length. Complexity in this approach can be achieved by the combination 
of multiple simple designs. Gaps in microtubule patterns would potentially “dead end” kinesins. (b) A concep-
tual asterisk pattern for collection and concentration of essential building blocks at a central assembly point. 
(c) Parallel processing routes deliver unique building blocks for optimized spatial assembly. (d) An alternative 
geometry with Kinesins �xed to a platform while microtubules with attached cargo are shuttled. Microtubules 
are functionalized with a short ssDNA that is partially complementary to a longer strand bound to the cargo. 
The deposition of cargo at a desired location is favored through preferential hybridization with a full-length 
complementary strand. (E) Strategy in which sequential microtubule synthesis is accomplished using different 
functionally modi�ed tubulins to facilitate track-speci�c binding sites for cargo, in this case for the assembly of 
a nanoscale ice-cream cone.
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turns since the turning radius in which these �laments can be guided is restricted. The 
�exural rigidity of a Taxol-stabilized microtubule has been estimated to be 2.2 × 10−23 nm2. 
When examining the minimum turning radius of a non-stabilized microtubule, the value 
is found to be around 0.6 μm. The turning radius of actin is much more �exible to 0.2 μm. 
The more rigid structure of taxol-stabilized microtubules and their higher persistence 
length means that channel width in a device can be quite wide (19 μm for microtubules 
versus 0.9 μm for actin micro�laments) while maintaining directionality (Nitta et al., 2008). 
Microtubules have an overall negative charge due to aspartate and glutamate amino acids 
in the α- and β-tubulin C-terminal tail regions. Electric �elds have been used to take 
advantage of this feature and to align microtubules along a positive electrode. However, 
this method has several disadvantages. This includes: polarization of the buffer solution 
that may hinder device performance, generation of oxygen at the electrode, that may speed 
the degradation of proteins, and adds competition with motor protein binding that utilizes 
the charged tails of tubulin in protein–protein interactions thus affecting processivity and 
speed (Lakämper and Meyhöfer, 2005).

Other methods of directional guidance include the use of magnetic �elds that play on 
the dipole moment within the microtubule �lament or �ow �elds. For magnetic �elds, 
the forces generated by inherent features of microtubules are fairly low. The introduc-
tion of superparamagnetic beads (Uchida et al., 1998) could be used to generate higher 
force, though these beads are fairly large in size ∼2.8 μm, which is not practical when 
working with a microtubule �lament with a diameter of 25 nm. Incorporation of iron 
oxide nanoparticles onto microtubules is an alternative approach (Hutchins et al., 2007; 
Cho et al., 2009). Nanoparticles have unique optical, electric, and magnetic properties. By 
attaching a magnetic nanoparticle through the use of biotin/streptavidin bonds, mag-
netic �eld guidance is possible. How this impacts the ability of microtubules to interact 
with kinesin or Klps has not been fully tested. By limiting the number of nanoparticles 
attached to the microtubule, similar to strategies of “speckling” for imaging microtu-
bule dynamics in cells (Waterman-Storer and Salmon, 1998), or by providing a tether that 
will not block motor attachment sites, limitations to this strategy might be bypassed. 
Understanding how the cell handles traf�cking around obstacles that may be �xed or 
other motors traveling along the same microtubule proto�lament in similar or opposite 
directions remains challenging (Verhey and Hammond, 2009); however, advances in 
super resolution microscopy may soon provide insights (Kural et al., 2005). Flow �elds 
provide another method to help orient microtubules (Limberis et al., 2001). When using 
a �ow of the same rate at which the microtubules are moving, for example, 1 μm/s for 
kinesin, this results in a drag force of 0.1 pN. This amount is negligible when looking at 
the forces exerted collectively by multiple bound kinesins. A single kinesin generates a 
force of 5 pN through ATP hydrolysis. This is important to note because it indicates that 
the �ow �eld will not signi�cantly hinder motor function (Hess and Vogel, 2001).

4.4.5 Tracks

The primary dynamic tracks used in nature by motor proteins are microtubules and actin 
micro�laments, each utilizing distinct motor proteins and re�ecting unique parameters 
and capabilities. In considering track features, it is important to consider (1) its composition 
and dynamics; (2) the need for uniformity or polarity and how to accomplish this; (3) 
design features of branching, curvature, and length; and (4) the need for free ends or end 
complexes. If tracks are to be used as the shuttle for cargo the helicity of the structure 
is an important consideration. Actin �laments are helical, such that every 72 nm, the 
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�lament rotates once. This can be problematic in transport since the cargo will be rotating 
around the �lament, increasing the likelihood of getting stuck on a neighboring surface, 
being knocked off, or pulling the �lament free from the channel. In some circumstances, 
rotation might be desired, such as cargo attachment to the end of a �lament allowing a 
freely rotating geometry with the �lament spinning the cargo. Microtubules in contrast 
to actin do not encounter this problem of �lament rotation when formed with the typical 
13-proto�lament arrangement. In this arrangement, proto�laments run straight and have 
no helical pitch. Variations from the 13-proto�lament assembly occur in nature and can 
also arise when microtubules are nucleated in vitro without an appropriate template. In 
lieu of screening microtubules for the correct 13-fold symmetry, an alternative approach 
will be to provide nature’s template, that is, the gamma-tubulin ring complex (γ-TuRC) 
MTOC complex (Kollman et al., 2010). If microtubule dynamics need to be limited, there 
are many possibilities that include, microtubule stabilizers such as Taxol, gentle �xation 
by cross-linking with glutaraldehyde that can retain kinesin transport abilities, tubulin 
modi�cations, genetic engineering of the tubulin subunits to provide microtubules with 
altered dynamic parameters that include reduced catastrophe (shift from growing to 
shrinking), or novel approaches such as mimicking ring complexes on microtubules.

4.4.6 Cargo Attachment and Release

The complexity of how to sort and transport various cargos begins often with the decision 
of whether to functionalize the tail or stalk of a motor versus manipulating the microtubule 
to carry out the transport (Figure 4.4). In the latter, the microtubule will be driven on a bed 
of �xed kinesin motors that use the energy of ATP hydrolysis to transport the microtubule. 
The consideration here is how to attach desired cargos to the microtubule (Malcos and 
Hancock, 2011). It is important to design in features of high af�nity and high speci�city. 
The reversible bonds for attachment will have a speci�c lifetime and need to withstand 
forces due to Brownian motion, which require bond strengths between 1 pN and 1 nN. 
An example of how Brownian forces affect bonds was revealed by characterization of the 
noncovalent bond between biotin and streptavidin. This bond can withstand a force of 5 pN 
for 1 min, though it survives for only 100 ms when a 170 pN force is applied (Merkel et al., 
1999). The size of cargo that can be applied in such devices varies, from nanometer to the 
microscale. In one example, Hiyama et al. (2010) demonstrated transport using liposomes 
as cargo that varied in size from 100 to 590 nm. Though fewer numbers of larger cargo 
were transported, the larger liposomes carried a greater total volume of cargo than that 
of the smaller liposomes combined. Kinesin easily transports supramolecular structures 
with a diameter of 20–50 nm, such as synaptic vesicles (Cai and Sheng, 2009). In principle 
a collective force generated by a �eet of kinesins is preferred (Erickson et al. 2011) and can 
work to transport small microchips up to 20 μm in length (Limberis and Stewart, 2000).

Functionalization of the shuttle component is key to being able to attach (and detach) 
any form of cargo, but care must be taken not to disrupt motility by compromising 
kinesin-microtubule interactions. Biotinylation is a common method used to functionalize 
the surface of a microtubule to enable selective binding and loading of cargo (Hess et al., 
2001). This is done by covalently bonding biotin, which, in turn, allows the binding of 
noncovalently linked molecules such as streptavidin, antibodies, or single-stranded DNA 
(ssDNA). The predominant strategy used to attach cargo is through the use of biotin/
avidin (or streptavidin) bridges, antibody/antigen interactions, DNA hybridization, 
or polyhistidine tags (Figure 4.5). Two methods that allow incorporation of inorganics 
are through polyhistidine tags, which bind to nickel or by coating quantum dots with 
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streptavidin. Antibodies bond with high speci�city via noncovalent hydrogen bonds and 
Van der Waal forces. Their general universal availability, speci�cally if protein fusions are 
used, means that they are readily accessible as tools. They are typically used in vitro to pull 
molecules out of solution or to identify targets. A strategy of a “double antibody sandwich” 
of microtubule-antibody-target-antibody-�uorophore has been used (Ramachandran et al., 
2006). In this method, one antibody is coupled to the microtubule and used to capture a 
target molecule. A second antibody, which recognizes the target and binds at a distinct 
location, contains a �uorophore for detection. Multiple antibodies can be used in designs 
along with multiple �uorophores to be able to speci�cally capture and detect additional 
targets. Fluorescent strategies such as �uorescence resonance energy transfer (FRET), also 
can be applied to detect interactions within 10 nm range (Selvin, 2000). One issue with 
biotin/streptavidin binding is that streptavidin can bind to multiple biotin molecules. This 
could be viewed as bene�cial or result in extra, unwanted bonds such as the binding of 
two microtubules or two target molecules together. A solution to this may be to directly 
functionalize the microtubules with antibodies by way of covalent cross-linking. However, 
this too requires a means to dissociate antibody and antigen to allow unloading.

Loading and transport in a cell can occur simultaneously, along with building of the 
structure itself, if not regulated. In nature, integral elements of af�nity are used to retain 
motor proteins in proximate vicinity to the microtubule even when it is not correctly 
oriented for motility. Af�nity elements include the highly charged C-terminal tails of 
α-/β-tubulins of microtubules and secondary non-ATP dependent MTBDs such as in 
kinesin-14 Ncd (Wendt et al., 2003). Brownian motion will also impact orientation of the 
cargo near the shuttle. Whether docking stations are needed to preorient cargo to be 
picked up will depend, in part, on the application, such as the use of �xed docking sites 
in the ribosome for translating mRNA into a polypeptide. Cargo unloading depends on 
the strategy used in attachment. Strategies used in unloading may include the use of 
chemicals or ions, cleaving enzymes, changes in pH or temperature, or use of incident 
UV-light to sever photosensitive bonds. This latter approach can be done using relatively 
small target spot sizes of 1 μm2, and would allow dropping of the cargo at a desired loca-
tion (Hess and Vogel, 2001).

(a) (b) (c)
Attached

FIGURE 4.5
Strategies for cargo attachment to microtubules. (a) Attachment of biotinylated cargo to microtubules via 
streptavidin coupling. (b) Attachment of cargo to microtubules via an antibody linkage. Antibodies are 
�xed to the microtubule. Target antigens present on the cargo bind to these antibodies with high speci�city. 
(c) Use of DNA hybridization between a microtubule-bound ssDNA oligonucleotide and a cargo element 
that is functionalized with the complementary ssDNA oligonucleotide strand. By incorporating a geograph-
ically pertinent temperature trigger into the device, the dsDNA molecules can be dissociated and the cargo 
unloaded.
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Issues of cargo unloading have prompted some interesting new combinations of biologi-
cal materials. An example is the attachment of complimentary ssDNA oligonucleotides to 
microtubules and cargo for highly selective and reversible binding in loading and unload-
ing. The strength of the double-stranded DNA (dsDNA) bond can be controlled by altering 
DNA length and A–T versus G–C content of complementary strands. A “zipper” effect can 
be designed in to allow for low forces, such as temperature or higher bond strength of a 
competing oligonucleotide, to sever the combined strands at a desired location for unload-
ing (Hiyama et al., 2009). In addition to cargo loading and unloading, DNA can be used to 
immobilize microtubules to a desired surface location. A limitation and design consider-
ation to these creative approaches is the strength of kinesin motors that can easily generate 
enough force to shear apart shorter DNA strands.

Incorporating effective process monitoring into nanodevice design is also important, 
and new strategies are constantly being engineered and quickly becoming available com-
mercially. “Molecular Beacons” have been developed that are ssDNA stem-loop structures 
labeled with �uorophores on each end (Tyagi and Kramer, 1996; Raab and Hancock, 2008). 
In the resting state, FRET between the donor and acceptor �uorophores quenches �uores-
cence. In the presence of a complementary ssDNA oligonucleotide that binds to the loop 
sequence, the donor is now unquenched and �uorescence is observed. Another promis-
ing advance for many applications that include cargo attachment and release, regulation, 
and monitoring is the incorporation of aptamers (Shi et al., 2007; Syed and Pervaiz, 2010). 
Aptamers can be bound to dyes, such as malachite green, to create conjugates that function 
similar to molecular beacons (Hirabayashi et al., 2006).

4.4.7 Designer Motor Proteins

The use of motor proteins in nanoengineering design becomes important when active 
transport over distances is required. For small distances and small particles, passive 
transport by diffusion is preferable for speed and simplicity (Hess and Vogel, 2001). In cells, 
the viscous gel-like interior saturated with proteins results in sharply decreased diffusion 
rates as the size of cargo increases. The need to transport larger particles while navigating 
an increasingly viscous and complex cell interior likely contributed to the evolution of 
motor proteins in cells (Luby-Phelps, 1994). Kinesin is highly evolved to handle the cellular 
environment. It undergoes highly processive 8 nm steps against an opposing force of 
6 pN and is able to drag cargo through this gel with a mesh size of roughly 50 nm. The 
typical chemical ef�ciency of the kinesin motor is 50%, as measured by the ratio between 
performed work and free energy of ATP (Kawaguchi and Ishiwata, 2000). In the task of 
�nding cargo, the stalk domain of kinesin is ∼50 nm long (Song and Mandekow, 1994) and 
capable of high rotational �exibility that is ideally suited for capturing cargo when not 
precisely oriented for transport. Speci�city for cargo occurs through associated adaptor 
proteins. In nanoengineering applications, truncated forms of kinesin or Klps may be 
warranted but requires that speci�c parameters of each motor and the role of each domain 
be carefully considered. Table 4.2 provides a comparison of typical motor parameters. 
For in vitro applications with motors, the tail and stalk domains are frequently truncated 
or altered or functionalized to create a “designer motor protein.” Chimeric Klps can be 
generated by transferring desired functional domains from one motor protein to another 
(Simeonov et al., 2009). As optimally designed motor proteins are generated, additional 
features such as protein stability or instability can be engineered in, relying on insights 
from extremophile organisms.
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4.4.8 Controlling Motion

The degree of control needed to initiate motor activity at de�nite times or places and 
motor speed will be application-dependent. At the nanoscale, inertial consequences are 
considered negligible. Therefore, although the starting mechanism, that is, the availability 
of ATP as fuel, is regulated, a breaking method typically is not required. The activity 
rates for kinesin increase 1000-fold when the motor domain binds to a microtubule, with 
only a 6-fold increase when non-ATP dependent microtubule binding sites in the tail 
interact with tubulin (Coy et al., 1999). This natural design conserves energy usage and 
retains motor proteins near their microtubule tracks. In addition to ATP concentration, the 
availability of divalent cations along with the temperature of the system also effect motion. 
A concentration of 0.5 mM Mg2+ ions and 0.05 mM ATP provides 50% maximum activity. 
ATP concentration can itself be regulated by several means including the addition of 
enzymes to promote hydrolysis or reproduction through conversion of ADP + Pi to ATP or 
alternatively the use of phosphoenolpyruvic acid (PEP) and pyruvate kinase (Wettermark 
et al., 1968). In the latter, pyruvate kinase metabolizes PEP to pyruvate and, in the process, 
generates energy-rich molecules of ATP. Caged-ATP is also available, which has one 
aromatic molecule attached to a gamma-phosphate group. Illuminating light cleaves this 
bond allowing normal ATP function (Hess et al., 2001). A �ow cell could also be used to 
exchange/regulate the buffer solution. Under a motor density of a few nM/L, most motors 
are not activated by microtubule binding, and the consumption rate of ATP is less than 
1 nM/L/s. This means that the shuttle only begins to slow after hours of travel. This is a 
problem when trying to incorporate better control of movement by shortening the travel 
time (Hess et al., 2001). To improve control with ATP concentrations, a competitor protein 
(for ATP) can also be added. An example is hexokinase that converts glucose to glucose-
6-phosphatase (Hess and Vogel, 2001). By combining an alternative ATP consumer with a 
caged-ATP, light can be used to effectively control movement. Light releases the ATP for 
motor use, which is then consumed by the motors as well as by the additional consumer. 
It is easy to appreciate that the balance of competing ATP consumer to motor protein and 
af�nities of ATP binding for each become critical in such a scenario. Inhibitors offer an 
alternative approach and take the form of small molecules or drugs such as lidocaine 
that can be added to inhibit movement of kinesins (Miyamoto et al., 2000). However, 
appropriate care should be taken to ensure that the effects are reversible and that the agent 
can be removed or diluted effectively in the system.

4.5 Conclusions and Perspectives

An extension into the realm of miniaturization �rst began with the process of MEMS 
devices, though they are soon to be replaced by new and exciting devices of the nanoscale. 
The ideal futuristic device may be one in which the addition of a master solution to a sub-
strate, followed by accessory, regulatory, and cargo solutions translates into a nanoscale 
manufacturing device or sensor. How to design in the key, initiating scaffold is the �rst 
critical step. In biology, a scaffold is broadly de�ned as a template or platform for assem-
bling larger, more complex multiprotein structures. Devices that need dynamic architec-
tures for setting up multiple con�gurations may require blocking access to one scaffold 
and opening access to another. By promoting nanoscale communication networks, scaf-
folds are expected to harness dynamic protein interactions in a manner analogous to cells.
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Scalability and, indeed, a paradigm shift into self-assembling manufacturing environ-
ments require innovative strategies and an interdisciplinary effort that combines biology 
with nanotechnology, engineering, materials science, biophysics, and computational and 
mathematical modeling as well as some nontraditional partners in the �elds of art and 
architecture to provide a bene�cial “disruptive” force to traditional thinking. Scienti�c 
discovery and advances closely follow technology. The need to visualize matter and tem-
poral events of matter at the nano scale (1–100 nm) is driving the development of novel 
superresolution microscopy systems and �uorescent dyes optimized for temporal viewing 
by on/off switching (Chi, 2009; Leung and Chou, 2011).

The rate at which technological incorporation of molecular motors and their tracks 
into future devices becomes standard practice will be largely dictated by the capacity of 
researchers to develop innovative strategies for harnessing what has been set forth by 
nature. This will be enhanced as precise mechanistic details of cellular machines become 
available, allowing device design to move rapidly from the current heavy-handed approach 
to more dynamic, ef�cient, and elegant processes largely independent of human interven-
tion. Based on what we know of motor-based systems in cells that vary in both spatial and 
temporal dimensions at the nanoscale, a grand number of applications will be accessible.
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5
From RNA Structures to RNA Nanomachines

Sabarinath Jayaseelan, Paul D. Kutscha, Francis Doyle, and Scott A. Tenenbaum

5.1 Introduction

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are the primary means of data 
storage and transportation within the cell. Both are polymer chains made up of a sugar 
phosphate backbone connected to one of four bases: adenine (A), guanine (G), cytosine 
(C), and thymine (T) (or uracil [U] in the case of RNA). DNA is the primary medium of 
long-term information storage in the cell. Each molecule of DNA is made up of a long 
chain of nucleotides, typically millions of base pairs, and exhibits canonical base pairing 
of A-T and G-C between two nucleotide chains. These base pairs are brought about by 
hydrogen bonding between matching bases, creating a stable bond and very speci�c base 
positioning. This complementary base-pairing forces the DNA molecule to adopt double 
helix geometry (Watson and Crick 1953; Wang et al. 1979; Basham et al. 1995). Within 
the cell, the strong complementary base pairing causes DNA to adopt one of three helix 
conformations, giving great conformational stability but limiting the other possible inter-
actions. Genomic DNA is concentrated within the nucleus of the cell and is typically in 
a complex with packing proteins called histones to remain compact. DNA is also chemi-
cally protected by residing within the nucleus and is shielded from enzymatic degrada-
tion or major changes in sequence. Additionally, DNA inserted into a cell will be largely 
left alone until incorporation, making DNA insertion into cells relatively easier. All these 
advantages advanced the DNA-based nanotechnology �eld forward while RNA-based 
nanotechnology has lagged behind.

RNA was originally assumed to act solely as a transition molecule as DNA is converted 
into protein, shuttling from the nucleus to the cytoplasm where it serves as a template 
for protein translation. RNA is chemically similar to DNA and exhibits certain amount 
of complementarity. Strands of RNA are typically far shorter (hundreds or thousands of 
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base pairs) and lack any analogous packaging within the cell like chromatin. The key 
chemical difference between DNA and RNA is the presence of a hydroxyl group in place 
of hydrogen in the 2′ carbon of the ribose sugar. As a result, double-stranded RNA will 
typically form a more compact A-form helix, as opposed to the B-form helix of DNA. 
Though this 2′ OH group is susceptible to hydrolysis and enzymatic attack, unlike DNA, 
it plays an important role both in the increased thermodynamic stability of RNA and in 
the ability of RNA to bind to proteins, forming functional complexes (Searle and Williams 
1993; Lesnik and Freier 1995; Sugimoto et al. 1995). However, RNA is primarily single 
stranded within the cell and is a more �exible polymer than DNA, allowing for a far 
greater number of possible structural variations within the strand. The local conditions 
in which RNA is present plays a major role in its global folding, be it inside a cell with the 
in�uence of cellular compartments or other cellular components or in vitro in a buffer with 
differing salt conditions.

5.2 Structural Order of RNA

RNA structural hierarchy starts with the basic nucleotide sequence called the primary 
structure (Figure 5.1a) with the major difference from DNA being the replacement of thy-
mine with uracil. The secondary structure usually involves the complementary binding 
of base pairs in a two-dimensional form. RNA polymers can form internal bonds within 
the sequence of the RNA, forming secondary structures such as stems, bulges, loops, and 
hairpins (Figure 5.1b). Tertiary structure is not merely a three-dimensional representation 
of RNA but also includes three-dimensional interactions. One common example is the 
pseudoknot, wherein a loop region forms base pairs with a single-stranded portion of the 
same molecule. Others include intramolecular kissing loops, where the interactions occur 
between two loop regions (Figure 5.1c) or more complex structures such as triplexes and 
junctions. In addition to these interactions, there are also examples showing multiple non-
interconvertible structures arising out of a single primary sequence (Huang et al. 2009), 
which could be a result of complex tertiary structures, unusual base pairing, or a combina-
tion of both. An important thing to remember about representations of RNA structures is 
that they are almost always illustrated as two-dimensional representations for the sake of 
simplicity. However, these interactions are predominantly three-dimensional and should 
be thought of as possessing multiple twists and curves in and out of the plane of the paper. 
The complexity of these structures allows RNA to be viewed as a structural analog closer 
to the complicated folds and structures of protein, rather than the comparatively simple 
structure of DNA.

The ability to form secondary and tertiary structures is highly dependent on 
the unique ability of RNA molecules to form a larger variety of stable base pairings 
than are present in DNA. In addition to the usual Watson–Crick pairings, RNA also 
demonstrates non-Watson–Crick pairings in the form of substantial amounts of wobble 
base pairing, such as guanine–uracil and other noncanonical pairings (Figure 5.1b; 
Varani and McClain 2000). Rare bonding can also result from nonhydrogen bonding-
related stacking of sugars with base pairs (Searle and Williams 1993; Sugimoto et al. 
1995; Westhof and Fritsch 2000). These pairings are not as energetically stable as the 
canonical base pairings but contribute to and enable the tertiary motifs necessary for 
the formation of more complex RNA structures. One exception is the high thermal 
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stability of G-quartets/quadruplexes, which are primarily Hoogsteen bases (Mori 
et al. 2004). DNA forms the more famous telomere caps that are made of G-quartets. 
These interactions are far more complicated than standard base pairing, which are both 
harder to model and more poorly understood. However, these are inherently essential 
for proper functioning of RNA in biological systems.

The traditional base pairing and secondary structure of RNA is most commonly 
depicted as part of the central dogma, where RNA acts as the intermediate step between 
DNA and protein. However, the intricacy of RNA base pairing also allows for the ability 
to form complex tertiary structures, permitting RNA to form a large number of essen-
tial functional elements in the cell, beyond its usage as information intermediate. One of 
RNA’s best known examples of this is the ribozyme, in which the tertiary structure of the 
RNA molecule allows for catalysis of chemical reactions, giving it protein-like qualities 
and leading to the theory of the primordial RNA world (Kruger et al. 1982).

(c)
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FIGURE 5.1
(See companion CD for color �gure.) RNA conformations at different structure levels. (a) RNA sequences 
are distinguished from DNA primary strands by the presence of uracil. (b) RNA forms canonical base pairs 
but is also capable of creating weaker but still stable base pairs, notably the G–U pair and inosine pairing in 
tRNA. This greater binding potential and structural �exibility leads to creation of hairpins or bulges, resulting 
from internal binding. (c) Tertiary structures such as pseudoknots have important biological structures but are 
incredibly dif�cult to predict through computer modeling.
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RNA also forms an essential component of RNA/protein complexes, which form 
spliceosomes and ribosomes (Czernilofsky et al. 1974; Berget et al. 1977; Chow et al. 
1977). Unfortunately, noncanonical pairings are very dif�cult to predict with only the 
RNA sequence and are usually only discovered and validated through high-resolution 
studies like x-ray crystallography (Westhof and Fritsch 2000). Because of the various 
complex 3D conformations and interactions possible for RNA, successful modeling 
frequently requires advanced computer analysis. However, despite the huge number 
of possible interactions, techniques for RNA modeling and analysis typically focus 
on the canonical and wobble base pairings, leaving an incomplete picture for the full 
folding interactions of most RNA molecules, necessitating further bench work. More 
complicated structures such as pseudoknots (Figure 5.1c) are also quite dif�cult to 
model without structural data.

The highest order of RNA interactions is the quaternary structure, consisting of numer-
ous interactions, including RNA–RNA, RNA–protein, RNA–DNA, and even RNA–small 
molecule interactions (Figure 5.2). These interactions rely on the secondary and tertiary 
structures to create highly speci�c binding. Two of the most well-characterized biological 
examples of the RNA–protein (RNP) interaction (Figure 5.2a) are the histone stem-loop 
(Williams and Marzluff 1995), a ubiquitous RNA hairpin found in the mRNA of most 
histone messages, and the iron-response element (Hentze et al. 1987) found in multiple 
cellular RNAs involved in iron metabolism. In both cases, a protein (the histone stem-
loop binding protein or iron-response element binding protein) binds speci�cally to this 
hairpin-loop structure to regulate RNA. Creative use of these hybrid complexes will help 
de�ne the future of RNA nanotechnology.

There are numerous examples of RNA binding to small ligands from organic molecules 
such as amino acids, guanosine, or cofactors to large dye molecules such as ethidium bro-
mide or SYBR gold, which are used as RNA-imaging agents (Chow and Bogdan 1997). 
Creating a type of arti�cial hybrid association with RNA is like creating a key to a con-
stantly changing dynamic lock. This is where powerful techniques like SELEX (system-
atic evolution of ligands by exponential enrichment) (Tuerk and Gold 1990) have proven 
useful. In SELEX, a large library of the intended molecules, typically oligonucleotides, is 
selected against a target (e.g., protein) over several rounds of positive and negative selec-
tion. This technique can be used for creating hybrid functional networks and not just for 
elaborate RNA architecture production.

(a) (b) (c)

FIGURE 5.2
(See companion CD for color �gure.) Quaternary (4°) RNA interactions. Tertiary structures give RNA remark-
able speci�c binding capabilities, allowing for formation of numerous quaternary structures. (a) Protein bind-
ing speci�cally to hairpin structures in RNA. (b) Trans RNA–RNA binding as demonstrated through hairpin 
interactions, forming a “kissing complex.” (c) Sequence-speci�c binding of small ligands, resulting in binding 
events or conformational changes.
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5.3 RNA: A Paradigm Shift from Messenger to Protagonist

RNA is highly abundant within cells, of which about 5% of RNA is messenger RNA 
(mRNA), the intermediate for protein formation, and is viewed as “coding” RNA. Most 
of the RNA within the cell is noncoding, such as ribosomal (rRNA) and transfer RNA 
(tRNA), which are essential for the translation of proteins. However, when looking at the 
DNA regions coding for the mRNA, there are large amounts of RNA that is spliced out of 
the �nal product, becoming introns. Since these noncoding fragments seemed to serve no 
useful purpose, it was originally thought to be “junk.” This narrow view of RNA’s function 
is being expanded as genomic studies have revealed greatly increased levels of noncoding 
RNA (ncRNA) expression with possible biological activity. Many of these molecules have 
now been found to have regulatory functions including controlling gene expression. RNA 
regulatory molecules controlling the expression of genes at different stages of development 
may contribute greatly to organism complexity.

5.3.1 RNA: A Natural Nanomachine

The past decade has seen a rapid growth of research in the �eld of post-transcriptional 
gene regulation, especially in the rapidly expanding �eld of ncRNAs. Recently, two 
additional major categories of ncRNAs have emerged: silencing or short interfering 
RNA (siRNA) (Fire et al. 1998) and microRNA (miRNA) (Bartel 2004), both small, ncRNA 
molecules involved in RNA regulation. siRNAs are double-stranded RNA that inhibit 
gene expression by binding to mRNA with complementary sequence and having a protein 
cleave the mRNA. miRNAs are single-stranded ∼22 nucleotide sequences of RNA that 
inhibit gene expression through several mechanisms, but do not destroy the bound mRNA 
(Sontheimer and Carthew 2005; Wu and Belasco 2008). These discoveries have focused 
more attention on this �eld, as it has begun to compete with transcriptional regulation as a 
major focus of controlling gene expression. Technological advances in both genome-wide 
and targeted gene expression analysis have reinforced and enhanced our interpretation 
and understanding of the signi�cance that post-transcriptional mechanisms play in several 
signi�cant cellular systems (Perou et al. 1999; Lockhart and Winzeler 2000; Mata et al. 2005; 
Sanchez-Diaz and Penalva 2006; Townley-Tilson et al. 2006).

Although there are many methods for mRNA regulation at the genetic level, post-
transcriptional regulation of messenger RNA contributes to numerous aspects of gene 
expression. The key component to this level of regulation is the interaction of RNA-binding 
proteins (RBPs) and their associated target mRNAs. Splicing, stability, localization, 
translational ef�ciency, and alternate codon use are just some of the post-transcriptional 
processes regulated by RBPs. Central to our understanding of these processes is the need 
to characterize the network of RBP–mRNA associations and create a map of this functional 
post-transcriptional regulatory system. To this end, RIP-Chip or ribonomic pro�ling has 
proven to be a versatile, genomic, in vivo technique widely used to study these RBP–mRNA 
associations.

Immunoprecipitation of RBPs followed by microarray analysis, known as RIP-Chip 
(RNA immunoprecipitation followed by microarray (chip) analysis) (Tenenbaum et al. 
2000; Keene et al. 2006), can be a powerful endogenous, high-throughput technique for 
identifying speci�c associated RBP targets from cell extracts. RIP-Chip (and more recently 
RIP-Seq) complements many other RNA localization and characterization methods and 
is widely used to isolate and identify mRNA and miRNA targets associated with RBPs 
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(Darnell et al. 2001; Keene and Tenenbaum 2002; Tenenbaum et al. 2002; Gerber et al. 2004; 
Wang et al. 2010). In RIPs, the antibody to the desired protein is immobilized and allowed 
to interact with the lysate of interest, allowing for endogenous protein–RNA complexes to 
form and be captured. RNA which bind to the protein is eluted for analysis to establish 
post-transcriptional networks.

Another method for studying similar interactions is cross-linking and immuno-
precipitation (CLIP) (Ule et al. 2003). CLIP uses ultraviolet light to covalently cross-link 
speci�c protein–nucleic acid complexes, following immunoprecipitation and SDS–PAGE 
separation to isolate them. This method has successfully isolated intronic RNA (Ule et al. 
2003) present at low steady-state levels against a backdrop of the abundant ribosomal 
RNA. The cross-linking greatly improves the protein–RNA binding, increasing ef�ciency 
and allowing for better pull-down of bound RNA, but at the cost of not representing 
the endogenous binding. iCLIP (individual-nucleotide resolution CLIP) (König et al. 
2010) and PAR-CLIP (photoactivatable-ribonucleoside-enhanced cross-linking and 
immunoprecipitation) (Hafner et al. 2010) are new variations that improve on existing 
methods and increase ef�ciency.

PAR-CLIP is a particularly useful approach that enables the transcriptome-wide isola-
tion of RNA-regulatory elements and is readily applicable to any RBP or RNP complex con-
tacting RNA, including RNA helicases, polymerases, or nucleases, expressed in cell culture 
(Hafner et al. 2010). PAR-CLIP provides advancement to existing RIP (and CLIP) methods 
by allowing improved identi�cation of the RNA sequences bound by targeted RBPs. As 
noted earlier, RIP is a non-cross-linked approach that is ideal for identifying endogenous 
RNA–RBP associations but has limitations in identifying speci�c RNA binding sites that 
require cross-linking. In earlier CLIP methods, RNA was cross-linked with low ef�cacy 
to proteins by 254 nm UV light. Covalently bound protein–RNA complexes can then be 
fragmented into 20–35 nucleotide pieces and the RNA puri�ed, ligated to adapters, and, 
after reverse transcription, sequenced using high-throughput sequencing. Since cross-
linking using 254 nm UV light results in a relatively low cross-linking ef�cacy, estimated 
to range from 1% to 5% by using puri�ed protein and radiolabeled RNA, this problem was 
overcome by PAR-CLIP, which relies on metabolic labeling of the cells with photoreactive 
nucleoside analogs, 4-thiouridine (4-SU). The modi�ed nucleoside is readily taken up by 
mammalian cells, without apparent toxicity, and incorporated into nascent RNA. Cross-
linking of proteins to RNA is accomplished by irradiation of living cells with UV at 365 nm. 
It has been demonstrated that 365 nm cross-linking coupled with 4-SU labeling of RNA is 
substantially more effective than cross-linking with 254 nm UV light (Hafner et al. 2010).

The major improvement of PAR-CLIP compared to other cross-linking methods is the 
usage of photoactivatable ribonucleosides. In addition to increased cross-linking ef�cacy, 
the incorporated 4-SU, when cross-linked, frequently leads to diagnostic T to C transitions, 
respectively, in the cDNA sequences, providing a feature to �lter cross-linked from non-
cross-linked sequences. The clusters of aligned sequences, representing putative binding 
sites, can be ranked according to the number of the T to C transitions. By introducing 
photoreactive nucleosides that generate characteristic sequence changes upon cross-
linking, PAR-CLIP allows one to separate RNA segments bound by the protein of interest 
from the background non-cross-linked RNAs. Further, these transitions indicate individual 
speci�c nucleotides bound to the protein, allowing for accurate determination of the exact 
location of RNA–protein interactions in the complex providing footprinting information. 
A comparison of the techniques is illustrated in Figure 5.3. These techniques are essential 
tools for studying RNA–protein interactions for both understanding biological systems as 
well as studying arti�cially created or modi�ed systems.
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5.3.2 Noncoding RNA Regulation

The ability for two trans-acting RNAs to structurally interact with each other is an attrac-
tive and exciting hypothesis (George and Tenenbaum 2006). Most RNA–RNA interactions 
are typically visualized as linear base pairing between two sets of sequences or abutting 
sequences such as kissing complexes. The effect of trans interactions on RNA structure is 
often not considered. It should not be surprising that eukaryotic cells would have evolved 
to also use structural changes in RNA (cis as well as trans interactions) to regulate gene 
expression. Some possible means of interactions are shown in Figure 5.4. The illustration 
depicts versatility of the miRNA’s control over the message. It can either enhance or reduce 
protein binding, or in some cases create even alternate binding sites in the same message. 
The biochemical outcome inside the cell will be different in each case. MicroRNAs and 
RNA-binding proteins (RBPs) can regulate gene expression, most notably through their 
actions with the untranslated regions (UTRs) of mRNA. miRNAs modulate RBP-binding 
sites in a dynamic manner, targeting and sharing a common regulatory code. This would 
provide a mechanism to in�uence the structure (shape) of the mRNA to ensure that the 
appropriate regulatory elements are utilized for the optimal expression of a multifunc-
tional mRNA transcript.

Our work and other studies previously noted examples of signi�cant parallel target-
ing by miRNAs and RBP regulatory elements (Pillai et al. 2005; Bhattacharyya et al. 2006; 
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FIGURE 5.3
(See companion CD for color �gure.) RIP/CLIP/PAR-CLIP. RIP, CLIP, and PAR-CLIP represent different 
methods of investigating RNA–protein interactions. Although the basic rinse and elution steps are largely 
similar, the cell culture and sample preparation for sequencing vary between techniques. (a) Standard RIP, 
(b) Clip, and (c) Par-clip.
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George and Tenenbaum 2006). These interactions represent a possible means of RNA 
regulation. Given the essential importance of speci�c structure shown with the second-
ary and tertiary structure, even slight alterations of conformation present a powerful 
tool for manipulating quaternary interactions. By creating an RNA that is able to alter 
ligand, protein, or RNA binding properties by the presence or absence of other RNA 
molecules or interactions, RNA can be used as a nanosized switch or capture molecule.

5.4 RNA Nanotechnology

RNA nanotechnology is a small but rapidly growing �eld, but the ideas for most of the 
research have been expanding since the mid-1990s. The two major factors for this boost 
are the increasing awareness of RNA as a viable tool for molecular interactions as well as 
the slow transition for many of these concepts to being associated with nanotechnology 
and not simply as the exclusive purview of molecular biology. This growing acknowledg-
ment is a great advantage for all parties involved, as molecular biologists acquire greater 
tools for delivery and engineering �elds get the bene�t of analyzing and manipulating 
natural systems.

DNA has been viewed through the nanotechnology lens for far longer than RNA, but it 
is only recently that much of this research has come to fruition. Given the relative ease of 
DNA synthesis, complementary base pairing, and strength of the double helix, DNA was 
viewed and eventually manufactured as nanoscale structures. The best representation of 
this is the DNA origami inspired by Seeman and other groups (Seeman 2010). While these 
scaffolds and boxes represent an important area of research, DNA lacks the �exibility of 
RNA, both in structural form and binding interactions.

One major proponent of RNA as a nanotechnology has been the Guo lab, which has 
performed extensive research on the structure, function, and membrane incorporation 
of the packaging RNA (pRNA) phi29 DNA packaging motor, an ATP-driven motor that 
packs DNA into viral capsids (Guo et al. 1998). This pRNA is an excellent example of the 
3D structure of the RNA serving as a structural scaffold, such as the phi29 relying on a 
RNA hexamer “gearing” the motor, providing valuable structural data for the develop-
ment of arti�cial RNA structures (Guo et al. 1987, 1998; Guo 2005). This research has also 
led to the creation of RNA dimers and trimers as polyvalent nanoparticle delivery vehicles 

(a) (b) (c)

FIGURE 5.4
(See companion CD for color �gure.) RNA/ncRNA interactions. mRNA and noncoding RNA can interact in 
various ways. (a) Formation of double-stranded RNA creates new protein binding site. (b) RNA binding stabi-
lizes binding site. (c) RNA binding forces conformational change, removing binding site.
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(Shu et al. 2003, 2004). These RNA nanoparticles could then be used to drive viral DNA-
packaging motors with modi�ed RNA to create RNase-resistant, biologically active, stable 
RNA for nanotechnology (Liu et al. 2010). Another usage of viral RNA is the repurposing 
of the viral capsid as a delivery vector, in this case using the hollow MS2 capsid to incor-
porate a photoactive porphyrin as nanocontainer (Cohen et al. 2011).

The Jaeger lab investigates the folding and assembly of RNA to improve prediction and 
design of RNA tertiary structures through modeling and the principle of RNA architec-
tonics (Jaeger 2009), toward the engineering of 3D RNA-based nanoscaffolds for use as 
building blocks for self-assembly (Chworos et al. 2004; Jaeger and Chworos 2006). This 
has led to the creation of several RNA structures, including tRNA polyhedrons (Severcan 
et al. 2010), nanocubic scaffolds (Afonin et al. 2010), and nanorings (Grabow et al. 2011). 
Another example showing the structural versatility of RNAs was shown by the Niu lab 
(Huang et al. 2009), wherein a single aptamer sequence produced three structurally unique 
noninterconvertible RNA species, which also had exclusive functionality.

In addition to the previously mentioned RIP and CLIP techniques for RNA analysis, the 
ability to directly image RNA interactions would be a powerful tool. While some RNA 
interactions can be viewed using the same techniques for DNA nanotechnology, such 
as AFM or electron microscopy, they lack resolution on binding interactions essential 
for understanding and evaluating RNA nanotechnologies (Jungmann et al. 2012). Two 
methods of direct imaging of RNA interactions rely on �uorescence for demonstrating 
certain RNA conformations. These allow for analysis of single-molecule interactions for 
veri�cation of modeled structures and veri�cation of quaternary complexes. The Guo lab 
has looked at using both single-molecule high-resolution imaging with photobleaching 
(SHRImp) (Gordon et al. 2004) and single-molecule �uorescence resonance energy 
transfer (smFRET) to predict conformational changes of pRNA upon binding to the 
phage procapsid (Shu et al. 2010). Mass spectrometry has also been used to characterize 
RNA nanoparticles and to investigate tertiary/quaternary interactions (Castleberry and 
Limbach 2010).

One area of development for RNA nanotechnology relies on RNA-binding interactions 
for its usage as an aptamer. The �exibility of RNA has made it a valuable tool for inves-
tigating nucleotide interactions with various surfaces in addition to biological moieties. 
By adaptively selecting for the best RNA to bind a surface using SELEX (Tuerk and Gold 
1990) or mRNA display libraries (Roberts and Szostak 1997), RNA can act as a linker. One 
example of this is the work in the Shi lab to use RNA aptamers as target molecules for 
disease states which can then be bound by other molecules to act on the cell (Mallik et al. 
2010; Wang et al. 2010).

One continuing pitfall in the use of RNA is the presence of RNAses in any in vivo 
system. Many of the aforementioned nanoparticle systems seek to avoid this by better 
encapsulating the structure, while other groups have focused on chemical modi�cation of 
the base, backbone, and RNA cross-linking to increase RNA stability (Mathé and Périgaud 
2008; Watts et al. 2008; Patra and Richert 2009; Madhuri and Kumar 2010). These technolo-
gies have continued to expand the biological applications of RNA as a nanotechnology 
tool. By inserting arti�cially created or modi�ed RNA molecules into biological systems, 
the lines between molecular biology and nanotechnology for biological applications 
continues to blur.

RNA has been successfully used as a companion to DNA nanomachines in the past 
(Zhong and Seeman 2006). Bioactive small molecules have been selected to target RNA 
groups (Stelzer et al. 2011). RNA as part of a drug delivery system is one area of research 
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advancing rapidly. The most popular way seems to incorporate RNA in nanosized 
delivery vehicles (Chen et al. 2010; Afonin et al. 2011). Figure 5.5 illustrates a possible future 
application for RNA nanoscaffolds. The idea is to design an RNA structure that attains 
“active” state only in the presence of another single-stranded RNA (e.g., ncRNA) or any 
other biomolecule. The active structure in turn creates a binding region for a �uorophore, 
which remains inactive in the unbound state (Paige et al. 2011, 2012). This can be potentially 
extended into a multicomponent heterogeneous system like a nanoring or a nanocage, 
in which each component can be designed to target a certain biomarker, like ncRNAs, 
and each component is associated with a unique �uorophore-like molecule. This cocktail 
can essentially be utilized as a diagnostic tool. RNA, being primarily single stranded, has 
more versatile cellular functions/interactions than DNA, and can be a better candidate for 
an in vivo nanomachine.

(c)

Linked structure

Inactive

(a) (b)

Active

FIGURE 5.5
(See companion CD for color �gure.) RNA-stabilized structures. The RNA-binding properties demonstrated 
in Figure 5.4 can also be used to activate structures through ligand interactions. For example, the addition of a 
small RNA “activates” the RNA structure (a) through stabilization of a bulge, creating the active structure (b). 
Several of these RNA-activating structures could be linked together to create a construct that would activate 
individually and independently with different RNA interactions (c).
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5.5 Conclusions and Perspectives

In this chapter, we have brie�y explained the uniqueness, versatility, and potential of 
RNA to be a successful candidate for nanotechnology. RNA as a regulatory molecule has 
opened up possibilities. The past decade has seen RNA being actively used by itself or 
in conjunction with DNA for use as rotary machines, viral packaging motors, etc. Newer 
�ndings and detailed understanding about RNA functions, better synthesis, especially 
large-scale, procedures for stable RNAs, and better structure prediction and analysis tools 
are a critical cog in propelling the �eld of RNA nanotechnology forward.
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DNA Damage Response Research, 
Inherent and Future Nano-Based 
Interfaces for Personalized Medicine
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William Towns, and Thomas J. Begley

6.1 Introduction to DNA Damage Response

The cellular genome is under continuous assault from intracellular and external sources, 
such as endogenous free radicals, replication errors, and environmental agents that include 
ionizing radiation and genotoxic chemicals. Such assaults lead to DNA base and sugar 
modi�cations as well as single-stranded or double-stranded DNA breaks. These small 
changes to the DNA double helix can lead to larger problems. To put small in context, it is 
important to remember that the diameter of the DNA double helix is ∼2.4 nm, thus giving 
cellular genetic material at least two feature sizes in the nano-range and justifying its 
classi�cation as a nanomaterial (Mandelkern et al. 1981). In fact, each 10 base pair piece of 
DNA has a length of ∼3.4 nm, which supports the notion that DNA fragments less than 290 
base pairs have all x-, y-, and z-dimensions smaller than 100 nm.
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If left unrepaired, DNA lesions can cause genomic instability that can lead to undesir-
able mutations, loss of genetic information, and either cellular death or transformation to 
a cancerous cell in a multicellular organism (van den Bosch et al. 2003, Branzei and Foiani 
2008, Michel et al. 1997, Sun et al. 1989). Fortunately, eukaryotes have multiple enzymes 
and mechanisms to promote the repair of DNA damage. Enzymes associated with the cel-
lular DNA damage response must identify lesions in a huge excess of normal DNA that, in 
humans, is akin to �nding one needle in a haystack consisting of 3 billion straws. Scientists 
working with DNA and associated damage have been using structural and molecular 
approaches to study sub-100 nm regions for over 50 years. Nucleic acid scientists were argu-
ably some of the earliest nanotechnologists, with x-ray crystallography, NMR, and electron 
microscopy proving to be techniques that have provided insight into the biology of DNA 
and DNA repair. These structural techniques have highlighted the many interfaces and sub-
100 nm features (i.e., nano-features) important for understanding the enzymes and cellular 
strategies used to maintain the coding integrity of DNA. Most DNA damage at the single- or 
double-strand level falls into the category of damage at the nanoscale, with enzymes associ-
ated with single-strand and double-strand break repair mechanism ef�ciently recognizing 
these nano-features. Repair of DNA breaks thus requires precision on the nanometer scale.

Molecular and structural studies of DNA and the associated enzymes that maintain DNA 
integrity have highlighted the use of nano-features inherent to DNA and associated with 
response systems for damage identi�cation and activation of DNA repair pathways. In 
addition, a number of old (structure based) and new (quantum dots) nanotechnology-based 
approaches have been used to better understand the mechanism of action associated with 
the DNA damage response (Friedberg et al. 2005, Kad et al. 2010). Understanding the mech-
anism of action related to the DNA damage response has been particularly important from 
a human health perspective, as these associated pathways act as redundant systems that 
have confounded some chemotherapeutic regiments. As DNA damage is one way to kill 
rapidly dividing cancer cells, a detailed understanding of working DNA repair systems in 
cancer cells is useful for designing treatment regiments. New  nanotechnology-based dam-
age detection and sequencing approaches, falling under the auspices of personalized medi-
cine, are predicted to further our understanding of the DNA damage response in human 
diseases and should lead to advances in cancer management. Our chapter review highlights 
the molecular mechanisms that utilize enzyme and DNA-based nano-features to safeguard 
the integrity of one of the cells’ most abundant nanomaterials, DNA, as well as nanotechnol-
ogy approaches that are predicted to be important for disease diagnosis and therapy.

6.1.1  Nano-Features Associated with Biological Sensing 
of DNA Damage and the Initial Response

In response to DNA lesions, cells activate DNA damage response pathways to protect 
genome integrity and to promote the survival of the cell or organism. The DNA damage 
response is a network of interacting signal-transduction pathways that consists of sensor, 
transducer, and effecter molecules. In humans, there are over 100 known DNA repair 
proteins participating in direct-, base excision-, nucleotide excision-, mismatch-, single-
strand-, and double-strand break repair (Friedberg et al. 2005, Wood et al. 2001, 2005). 
Depending on the type of DNA damage and the phase of cell cycle, several independent 
molecular complexes sense and signal different types of DNA damage (Branzei and 
Foiani 2008). For the purpose of this review, we will concentrate on strand breaks, with 
a clean double-strand break providing a 2.4 nm diameter dimension, as well as increased 
nucleotide access and single-stranded character for sensing purposes.
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Single- and double-strand breaks can be caused by ionizing radiation, alkylating agents, 
reactive oxygen species (ROS), and as the by-products of DNA replication and repair. 
Failure to repair single- or double-strand breaks can promote mutations, chromosomal 
instability, and cell death. The �rst step in the repair of strand breaks is the identi�ca-
tion of said break. Two well-known DNA damage sensors—Mre11-Rad50-Nbs1 (MRN) 
and Rad9-Rad1-Hsu1 (9-1-1) complexes (Figure 6.1)—respond to double- or single-strand 
breaks (Lee and Paull 2005, Parrilla-Castellar et al. 2004). The highly conserved MRN 
complex plays a critical role in sensing double-strand breaks, triggering the signaling 
pathway, facilitating DNA repair and providing the maintenance of telomere integrity 
and meiosis (van den Bosch et al. 2003, Williams et al. 2007). Mre11, which has 3′ to 5′ 
dsDNA exonuclease activity and ssDNA endonuclease activity, binds to DNA, Rad50, 
and Nbs1 through its coiled-coil regions (Hopfner et al. 2002). Nbs1 interacts with Mre11 
and acts as a �exible adaptor of the MRN complex, regulating and recruiting signal-
transduction kinases to DNA lesions (Carney et al. 1998, Lee and Paull 2005). Damage 
recognition by the MRN complex is ATP-dependent. The presence of ATP at the damage 
site catalyzes a series of conformational changes. One example of such a change was 
revealed by crystal analysis of Mre11-Rad50 bound to ATP/ADP. The presence of ATP 
allows the Rad50 nucleotide-binding domains to shift closer to the Mre11 nuclease and 
binding sites. The shift allows for increased binding to dsDNA. This complex has the 
estimated dimensions of 7.5 × 8.0 × 9.2 nm (Mockel et al. 2012). Mre11-Rad50 dimers have 
been shown to bring DNA ends within 10 nm of each other for repair (Chen et al. 2001, 
Hopfner et al. 2002). The DNA–Mre11 interaction has been recently studied using crystal-
lography. All six DNA-binding domains interact with the sugar-phosphate backbone of 
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FIGURE 6.1
(See companion CD for color �gure.) Double-strand breaks and single-strand breaks initially sensed by MRN 
or 9-1-1 complexes, respectively. Damage signals were further ampli�ed and stabilized by recruiting mediators 
to damage site (γ-H2AX, MDC1, 53BP1, BRCA1, and Claspin).
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dsDNA, allowing for a general synapse between the Mre11, while Rad50 is required to 
bridge the DNA ends (Williams et al. 2008).

The 9-1-1 complex structurally resembles a doughnut-shaped homotrimeric complex like 
the proliferating cell nuclear antigen (PCNA). The 9-1-1 complex serves as a sliding clamp 
that encircles DNA and loads other enzymes on stalled replication forks to accommodate 
speci�c checkpoint, repair, and tolerance responses to DNA damage. The 9-1-1 complex 
contains an elliptical hole that is of suf�cient size to accommodate the presence of double-
stranded DNA that is 2.4 nm in diameter. The elliptical hole is formed around interactions 
between Rad9-Hus1, Rad9-Rad1, and Rad1-Hus1 (Dore et al. 2009). Like the 9-1-1 complex, 
PCNA is also a processivity factor that resembles a doughnut. PCNA encircles DNA at 
sites of DNA replication and DNA repair and essentially threads DNA through a central 
hole that is ∼3.4 nm in diameter (Ivanov et al. 2006). Both PCNA and the 9-1-1 complex are 
thus nanopore-based structures vital to DNA integrity. These nanopores serve as docking 
and coordination stations to attract and stimulate potential response proteins. Signaling 
from the 9-1-1 nanopore requires Rad17, which not only forms a complex with replication 
factor C to assist the 9-1-1 complex in loading onto and around the DNA but is also critical 
for the ATM and Rad3-related (ATR)-dependent activation (Lee and Dunphy 2010). The 
MRN and 9-1-1 complexes initially detect the DNA lesions or stalled replication fork and 
then trigger or recruit the phosphatidylinositol 3-kinase-like protein kinase (PIKK) family 
members—ATM (ataxia telangiectasia mutated) and ATR onto chromatin.

6.1.2 Nano-Features of Signals from DNA Damage

ATM is recruited by the MRN complex to double-strand breaks, where inactive dimeric 
ATM dissociates and becomes active monomeric ATM by autophosphorylation at serine 
1981. Autophosphorylation of ATM also activates its kinase activity for use in downstream 
signaling (Cortes et al. 2003). Some controversial data in mouse models indicated that auto-
phosphorylation at serine 1981 is dispensable for ATM activation (Daniel et al. 2008, Pellegrini 
et al. 2006). However, recent data have demonstrated that autophosphorylation at serine 1981 
is required for ATM monomerization and retention on DNA lesions through association 
with mediator of DNA damage check point protein 1 (MDC1; So et al. 2009). Following 
the recognition of DNA damage by sensor proteins, ATM and ATR kinases immediately 
activate and phosphorylate mediators that function as recruiters for additional ATM/ATR 
substrates or as scaffolds to mediate DNA damage response (DDR) complex formation.

Several mediators of the DNA damage response have been discovered, such as Histone 
H2A.x (H2AX), MDC1, breast cancer 1 (BRCA1), Claspin, and p53-binding protein 1 (53BP1). 
Upon DNA damage, the histone variant H2AX can be phosphorylated by all three PIKK 
members, ATM, ATR, and DNA-dependent protein kinese catalytic subunit (DNA-PKc), at 
the serine 139 site. However, ATM seems to be the major kinase that actives the formation 
of phosphorylated H2AX, known as γ-H2AX. DNA is tightly packaged into higher order 
chromatin structures termed nucleosomes, consisting of ∼146 bp of DNA wrapped around 
an octamer of core histone proteins; condensed nucleosomes form solenoid structures with 
an approximate diameter of 30 nm, representing a DNA–protein complex on the nanoscale 
(Downs et al. 2007). As a DNA-damage-mediating protein and histone variant, γ-H2AX, 
binding in foci at sites of double-strand breaks (DSBs) likely facilitates recruitment of DNA 
repair machinery to otherwise inaccessible DNA (Huyen et al. 2004). Moreover, γ-H2AX foci 
formation has been proposed to act as a highly sensitive biological dosimeter of exposure to 
ionizing radiation with the number of foci being proportional to the number of DSBs (Pilch 
et al. 2003). Thus, it may be possible to develop nanobiosensors based on the formation of 
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γ-H2AX foci in order to measure acute exposure to ionizing radiation. After phosphoryla-
tion of H2AX, MDC1 is recruited by Nbs1 and directly bound to the phospho-S139 and 
phosphorylated by ATM. This interaction further ampli�es the signal of γ-H2AX to spread 
out more than 1 MB from the damage site (Rogakou et al. 1998, Stucki and Jackson 2006). At 
the same time, MDC1 acts as a scaffold for the recruitment of DNA repair and signals trans-
duction proteins at the damaged chromatin region (Stucki et al. 2005). During this process, 
ubiquitination and sumoylation are involved in promoting the accumulation of BRCA1 and 
53BP1 at the damage site to facilitate and stabilize DNA damage response machinery (Doil 
et al. 2009, Huen et al. 2007, Wang and Elledge 2007). ATM, ATR, and checkpoint kinase 
(CHK) 2 were also shown to phosphorylate BRCA1 at different residues in response to DNA 
damage (Ouchi 2006). Notably, de�ciencies in BRCA1 can corrupt the repair of DNA strand 
breaks and promote increased breast cancer incidence (Tutt et al. 2005).

p53 is another effector protein that has multiple roles in response to DNA damage. It 
activates the transcription of genes that participate in DNA repair, cell-cycle regulation, 
senescence, or apoptosis, depending on the type or the sources of DNA damage. Mdm2 
is a negative regulator of p53 by ubiquitin-mediated proteasome degradation. Upon DNA 
damage, ATM, ATR, and DNA-PK can phosphorylate p53 at serine 15, while CHK1 and 
CHK2 can phosphorylate p53 at serine 20. Once activated, p53 can transcriptionally regu-
late the expression of the cyclin-dependent kinase (CDK) inhibitor p21, as well as of the 
proapoptotic BCL2-associated X protein (BAX) and p53 upregulated modulator of apop-
tosis (PUMA) proteins that induce cell-cycle arrest, senescence, or apoptosis. Moreover, 
p53 promotes DNA repair and deoxyribonucleoside triphosphate (dNTP) synthesis (Chen 
et al. 2005, Shieh et al. 1997, 2000). The preponderance of cancer-associated mutations that 
disrupt p53’s ability to bind DNA and activate gene transcription underscore the impor-
tance of this p53 function in mediating tumor suppression. DNA damage also induces 
modi�cations of Mdm2 leading to Mdm2 destabilization and degradation, which effec-
tively reduce its negative regulatory effect on p53 (Wade et al. 2010). This, in combination 
with p53 N-terminal phosphorylation events and p53 binding to other cellular cofactors, 
leads to p53 stabilization and transcriptional activation.

Activated p53 functions as a transcription factor by binding as a tetramer to a speci�c 
response element located in the promoter region of its target genes. This element consists 
of two repeats of a 10 bp motif, 5′ – 3 × Purine C(A/T)(A/T)G 3 × Pyrimidine-3′, separated by 
1–13 bp (El-Deiry et al. 1992). On the nanoscale, this is in the range of ∼7–10 nm, with this 
binding interface and corresponding protein–DNA interactions being vital for the DNA 
damage response. Considering that nanoparticles are cell permeable and targetable, they 
have the potential to be coated, or functionalized, with p53 derivatives and used as an anti-
cancer therapy aimed at eliciting either a killing or growth-arrest response in cancers that 
have lost p53, estimated to be ∼50% (Hollstein et al. 1996, Nigro et al. 1989). Once activated, 
p53 can transcriptionally regulate the expression of the CDK inhibitor p21 as well as of the 
proapoptotic BAX and PUMA proteins that induce cell cycle arrest, senescence, or apopto-
sis. Moreover, p53 promotes DNA repair and dNTP synthesis (Chen et al. 2005, Shieh et al. 
1997, 2000). The p53-dependent induction of the ribonucleotide reductase (RNR) subunit 
p53R2 has been shown to be important for the cellular response to DNA damage.

6.1.3 Other Responses to Strand Breaks

In addition to the MRN and 9-1-1 complexes, two poly ADP-ribose polymerase (PARP) 
family members, PARP1 and PARP2, are also known to be molecular sensors of both single-
strand and double-strand DNA breaks. Mouse cells de�cient in Parp1 or Parp2 display 
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delayed single-strand break repair and hypersensitivity to ionizing radiation (Yelamos 
et al. 2008). Activation of PARP1 and PARP2 by strand breaks immediately triggers the 
synthesis of poly ADP-ribose chains that recruit DDR proteins to the damage site. PARP1 
and PARP2 targets include histones and DNA-repair proteins, among others, to promote 
repair. Both PARP1 and PARP2 also interact with a number of single-strand break- and 
base excision-repair proteins (X-ray repair cross-complementing protein 1 [XRCC1], DNA 
polymerase β, and DNA ligase III), which are thought to stimulate activities in each of 
their respective repair pathways. PARP1 also mediates the accumulation of the MRN 
complex on DNA lesions to facilitate ATM activation and signaling (Haince et al. 2007, 
2008). However, ATM and PARP1/PARP2 have independent functions in the DNA damage 
response pathway due to the synthetic lethality of PARP1/PARP2 deletion in the ATM 
de�ciency mouse model (Huber et al. 2004). The heart of PARP1 and PARP2’s activity is 
the synthesis of poly ADP-ribose chains using NAD+ to catalyze the addition of ADP-
ribose to a growing chain, with this activity being stimulated upon binding of strand 
breaks. The structure of PARP1 in complex with a DNA-double-strand break has recently 
been determined, and damage identi�cation was found to occur through a sequence-
independent mode of action (Langelier et al. 2011). PARP1 uses a phosphate backbone grip 
and a base-stacking loop to interact with the phosphate backbone and expose nucleotides 
found at the double-strand break. The phosphate backbone grip is envisioned to bind 
∼1 nm of uninterrupted DNA (three nucleotides) with the base-stacking loop being a 
�exible component that allows for interaction with a range of DNA structures found at the 
end of damaged DNA strands. Analysis of PARP1 structures in the absence or presence 
of DNA suggests that the base stacking loop will reposition itself ∼1 nm, away from the 
main structure to facilitate interaction with nucleotides. Structural data on PARP1 thus 
highlights important nanoscale features used for damage recognition.

6.2 Nano-Features of Strand Break Repair

If a cell is in the G2, S, or meiotic phase, the cell commonly uses homologous recombination 
(Jazayeri et al. 2006) to repair strand breaks. The key mechanisms of homologous 
recombination are the creation of long 3′ overhang regions at the damaged ends followed 
by base pairing these overhangs with their corresponding strands of the sister chromatid 
(Aylon et al. 2004, Ira et al. 2004). MRN plays a key role here along with the protein C-terminal 
binding protein interacting protein (CtIP). CtIP is phosphorylated by ATM, allowing CtIP 
to bind to the MRN complex and to initiate a 5′ end resectioning (You and Bailis 2010). 
Following the initial resectioning, a series of other helicases and nucleases are recruited to 
the resectioned termini (Gravel et al. 2008). These proteins then convert the end to a long 
single-stranded DNA sequence, which offers a template to bind to the sister chromatid 
and repair the damage. Strand invasion is followed by a homology search to identify base-
pairing partners. The base-pairing interface found in the intact sister chromatid provides a 
template for the synthesis of a new DNA strand.

6.2.1 Nano-Features of the MRN Complex Used in Strand Break Repair

Mre11 is a 70–90 kDa protein containing an N-terminal phosphodiesterase domain, two 
C-terminal DNA-binding domains, and binding domains for Nbs1 and Rad50 (D’Amours 
and Jackson 2002, Hopkins and Paull 2008, Williams et al. 2007). Mre11 self-dimerizes 
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in vitro, but in vivo Mre11 is primarily found within the MRN complex (Williams et al. 2008). 
Mre11 is capable of DNA binding, speci�cally binding to DSB ends in a process known as 
synapsis (Williams et al. 2008). Mre11 also contains DNA endonuclease and exonuclease 
activities against both single-stranded DNA and double-stranded DNA; however, it has 
not been fully determined to what extent this activity is utilized in DNA damage repair 
(de Jager et al. 2001a, Paull and Gellert 1998, 1999).

Rad50 is a 150 kDa protein containing both a Walker A and Walker B domain at the 5′ 
and 3′ ends, respectively (Hopfner et al. 2000, 2001). Between the Walker A/B domains 
is a large domain that folds within itself to form an antiparallel coiled-coil domain with 
a CXXC zinc-binding “hook” at the end (Hopfner et al. 2002). The hooks interact with 
each other by coordinating with a Zn2+ cation. The coiled-coil folding brings the Walker 
A and Walker B domains together to form a globular, ATP-dependent ATPase domain 
(Hopfner et al. 2000). This ATPase domain may help regulate the MRN–DNA interaction. 
Like Mre11, Rad50 commonly exists as a dimer. Crystal structure analysis of the Mre11/
Rad50 interaction indicates that Mre11 interacts with the globular region of Rad50, creat-
ing a complex where the DNA-interacting regions are in a large globular domain, and the 
Rad50 coiled-coil domains protrude outward from a potential DNA/MRN interaction (de 
Jager et al. 2001b). Current studies suggest that the coiled-coil domains are responsible 
for latching one MRN complex to another, thus tethering the damaged ends of two DNA 
molecules until repair can take place (Hopfner et al. 2002, Wiltzius et al. 2005). X-ray crys-
tallography analysis of Rad50 has revealed that the coiled-coil hook region of Rad50 has 
a range of up to 120 nm. This allows the MRN complex to reach connect double-strand 
breaks in close proximity to each other (Hopfner et al. 2002).

Nbs1 is a 65–85 kDa protein containing two BRCA1 C-terminus (BRCT) domains and one 
forkhead-associated (FHA) domain at the N-terminus in addition to an Mre11-interacting 
domain at the C-terminus (Lloyd et al. 2009, Williams et al. 2009). Nbs1 also contains a 
nuclear localization signal that allows the MRN complex to enter the nucleus. The FHA 
and BRCT domains act as phosphopeptide-interacting domains. This allows the MRN 
complex to interact with a variety of DNA damage response proteins (Lloyd et al. 2009, 
Williams et al. 2009). Nbs1 also features a number of ATM phosphorylation targets, allow-
ing additional communication avenues between the MRN complex and other DNA dam-
age response kinases (Falck et al. 2005, You et al. 2005).

The MRN complex is composed of three proteins (Mre11, Rad50, and Nbs1) that, when 
combined, are responsible for DSB-sensing protein recruitment to the damage site, DNA 
binding, and initiation of the appropriate damage response pathway (Lamarche et al. 2010, 
Stracker and Petrini 2011, Williams et al. 2010). The fact that one complex can play such a 
signi�cant role in a fundamental cellular duty makes the MRN complex an interesting 
protein to study from a nanobiological perspective. As evidence of its importance, MRN 
has known roles in disease prevention. Mutations in the NBS1 gene cause Nijmegen 
breakage syndrome (NBS; Carney et al. 1998). Symptoms of this disease include 
microcephaly, immunode�ciency, and an increased predisposition to a variety of cancers 
such as leukemia and lymphoma (Antoccia et al. 2006). Based on mouse model studies, it is 
believed that the immunode�ciency is the result of an improper class switch recombination 
in B lymphocytes (Reina-San-Martin et al. 2005). A deletion mutation of the RAD50 gene 
has been found in one human patient (Waltes et al. 2009). This patient displayed symptoms 
similar to NBS, so the disease was named “NBS-like disorder.” Mutations in the MRE11 
gene cause ataxia-telangiectasia-like disorder (A-TLD; Stewart et al. 1999). Much like 
ataxia-telangiectasia (A-T), A-TLD is characterized by neurodegeneration and ataxia. 
Unlike A-T, A-TLD patients do not have any facial abnormalities. There have been two 
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reports of A-TLD patients developing cancer (Uchisaka et al. 2009). However, A-TLD is a 
rare disorder, and it is not yet known if A-TLD increases cancer incidence.

6.2.2 MRN: A Controllable Nanomachine

Live-cell imaging of cells undergoing DNA double-stranded breakage reveals this phos-
phorylation at the damage site within seconds. This recruitment was shown to be traceable 
across at least 10 μm of damage (So et al. 2009). Each phosphorylation is capable of altering 
the structure of the complex, thus instructing the complex to perform a task. The MRN 
complex has as many as 216 different states arising from the individual conformational 
changes of each subunit (Williams et al. 2008). In a sense, the MRN complex can be con-
sidered a nanomachine activated and modi�ed for the DNA damage task required of it by 
operating a series of switches represented by the sites of phosphorylation.

6.3 Making DNA Building Blocks Post-DNA Damage

DNA damage response pathways are conserved among eukaryotes. As an example, the 
activation of RNR components has been demonstrated in both human and Saccharomyces 
cerevisiae cells, among other, via ATM/ATR and CHK2 genes (called Mec1/Rad53 in 
S. cerevisiae). In S. cerevisiae, the Mec1/Rad53 signaling pathway promotes a DNA damage 
response by altering dNTPs pools through regulating the activity of the RNR complex 
(Chabes and Stillman 2007, Lozano and Elledge 2000, Vallen and Cross 1999, Zhou and 
Elledge 2000). dNTPs are an essential prerequisite for faithful genome duplication and 
DNA repair. A balanced supply and the overall concentration of dNTPs are tightly reg-
ulated by the enzyme RNR, which catalyzes the rate-limiting step in the production 
of dNTPs required for both DNA synthesis and DNA repair (Chabes et al. 2003a). In 
S. cerevisiae, there are four RNR genes: RNR1 and RNR3 code for large subunits, while 
RNR2 and RNR4 code for small subunits. RNR1 is essential for mitotic growth, whereas 
RNR3 is nonessential and is normally expressed at very low levels but is highly induced 
after DNA damage. Both RNR2 and RNR4 are essential and induced by DNA damage. 
In mammals, RNR consists of a large subunit R1 and two distinct small subunits, R2 and 
p53R2. The levels of the R2 subunit control the overall RNR activity during the cell cycle, 
while R1 and p53R2 are induced by DNA damage (Lozano and Elledge 2000).

6.3.1 Regulation of RNR Activity

In mammals, ATM/ATR and CHK2 kinase pathways regulate the transcription of RNR 
genes (Kastan and Lim 2000). The overall RNR activity is regulated by the R2 subunit 
during DNA synthesis. DNA damage induces the expression of R1 and p53R2 proteins to 
form an active RNR complex and supply dNTPs for DNA repair (Figure 6.2). In mice, R2 
transcription is up-regulated only during S phase and is not induced by DNA damage or a 
replication block (Chabes et al. 2004). However, p53R2 transcription is activated by the p53-
dependent checkpoint pathway in response to DNA damage (Lozano and Elledge 2000). 
When p53R2 is expressed, the level of R2 is repressed, which serves to halt DNA replica-
tion. Interestingly, p53 is mutated in many human cancers (Hollstein et al. 1991), resulting 
in a de�ciency of p53R2 expression and a lack of DNA repair capacity in cancer cells.

Mammalian RNR activity is also tightly regulated by the cell cycle. R1 protein levels 
are constant throughout the cell cycle and R1 has a long half-life of 18–24 h. R2 levels are 
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highest in S and are absent in the G1/G0 phase (Liu et al. 2005). R2 has a short half-life (about 
3–4 h) and is degraded when cells enter into mitosis. This highly regulated R2 degradation 
is mediated by the anaphase-promoting complex-cdh1, whereas p53R2 lacks the cdh1 
recognition site to mediate this type of regulation (Chabes et al. 2003b). The constitutive 
low-level expression of p53R2 was reported in all phases of the cell cycle (Hakansson et al. 
2006). p53-mutated cancer cells arrest in S and G2/M checkpoints to repair damaged DNA, 
predominately by R1 and R2 subunits. Normal cells undergo p53-mediated G1 arrest after 
DNA damage and increase p53R2 levels for DNA repair by degrading R2 (Lozano and 
Elledge 2000). In contrast to the pronounced increase in dNTP pools in yeast after DNA 
damage, major increases in dNTP pools were not observed in normal growing or resting 
mammalian cells after DNA damage. Structural similarities between the RNR subunits 
strongly suggest that the R1 and R2 subunits from all species have overall similarity in the 
three-dimensional structure to the Escherichia coli. The R2 contains a heart-shaped structure 
and has the stable tyrosyl radical and dinuclear iron center. R2 has 375 amino acids with 
dimensions 8 × 6 × 5 nm. The R1 is the reductase component of RNR that contains the active 
and allosteric binding sites and has 761 residues. The R1 dimer is S-shaped with a length of 
10 nm and a width of 7.5 nm. The active site is located in a cleft 5 nm long, 2 nm deep, and 
2 nm wide between the N-terminal and α/β domain (Eklund et al. 2001). This nano-sized 
cleft found in RNR is essential to the DNA damage response, as inhibition by inhibitors 
like hydroxyurea can sensitize cells to DNA-damage-induced killing.

6.4  The Future for Nanotechnology in DNA Damage 
Response and Personalized Medicine

6.4.1 Sensing Damaging Agents with Nanotechnology

Biological systems sense DNA damage via changes to the structure of DNA. The identi�cation 
and quanti�cation of DNA damaging agents is an exciting area of research that uses 
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FIGURE 6.2
(See companion CD for color �gure.) RNR catalyzes a key step in dNTPs synthesis for DNA replication and 
DNA repair. Mammalian RNR subunits, R1 and R2 complex, catalyzes the synthesis of dNTPs for DNA replica-
tion. After DNA damage, p53-dependent checkpoint pathways induce p53R2 subunit by repressing R2.
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nanotechnology, and both these systems need to be integrated into DNA damage response 
research, since damage mitigation strategies are proposed components of the DNA damage 
response. ROS include superoxide (O2−), hydrogen peroxide (H2O2), and the hydroxyl radical 
(·OH). All three can lead to the formation of single- and double-strand breaks in DNA. 
Organisms are routinely exposed to ROS from biological processes such as mitochondrial 
respiration and the immune cell activation of nicotinamide adenine dinucleotide phospate 
(NADPH) oxidase (Veal et al. 2007). Usually, cellular ROS levels are maintained at normal 
levels by antioxidants and ROS detoxi�cation enzymes; however, �uctuations of ROS above 
the norm (i.e., by exposure to ionizing radiation and certain drugs or chemicals that produce 
ROS during detoxi�cation) can lead to macromolecular damage (Wells et al. 2009). For 
example, ROS can induce both single- and double-strand DNA breaks, which are repaired 
by the aforementioned mechanisms. ROS detoxi�cation and DNA repair processes are 
critical for daily genome maintenance and chromosome stability, while their failure can 
give rise to DNA mutation and cancer.

The ability to quantitate discrete amounts of cellular ROS has been realized through 
the advent of nanoscale devices that act as sensors. For example, europium (Eu3+)-based 
nanoparticles have been used to detect intracellular ROS like H2O2 in the micromolar 
range. The redox properties of this element allow it to be reduced to Eu2+ ions upon laser 
irradiation in what is essentially a photobleaching process (Casanova et al. 2009). The 
various ROS present within cells reoxidize the Eu2+ ions to their original Eu3+ state. When 
measured over time, this luminescence recovery can be used to calculate discrete ROS 
concentrations (Casanova et al. 2009). Other nanoparticles formulated with peroxalate 
esters and �uorescent dyes have been used to sense ROS production in vivo in mice after a 
drug-induced in�ammatory response. These �ndings have implications for real-time ROS 
sensing in human tissues (Lee 2007, Matthews et al. 2007, Miller et al. 2007).

Recently, single-walled carbon nanotubes (SWCNT) have been engineered as �uorescent 
optical sensors to detect cellular H2O2 (Jin et al. 2010). These detectors function in a thin col-
lagen �lm array so that cells may be cultured on top, making direct contact with the sensor. 
SWCNT have inherent �uorescence in the near infrared (900–1600 nm), and H2O2 molecules 
quench this �uorescence as they are adsorbed onto the surface of the nanotube (Boghossian 
et al. 2011, O’Connell et al. 2002). This “excitation” quenching is measured both over time 
and the distance traveled along the nanotube and can then be deciphered into single mol-
ecules of H2O2, allowing for concentration measurements in the nanomolar range (Cognet 
et al. 2007, Jin et al. 2010). The ability to detect �uctuations of intracellular ROS has the 
potential to greatly enhance our detection of early events associated with the DNA dam-
age response. In addition, ROS monitoring represents a proactive approach to prevent the 
onset of diseases like cancer. Armed with ROS information, physicians would know when 
to implement disease-prevention strategies such as antioxidant or chelation therapies.

6.4.2  Nanotechnology-Based Sequencing of DDR Response 
Genes: Entering the Era of Personalized Medicine

With increased knowledge of the genetic background found in cancer cells, clinicians 
could utilize the current anticancer agents in combination with DNA repair inhibitors or 
single DNA repair inhibitors to sensitize tumors to cancer therapy. Currently, there are 
some developing DNA damage response inhibitors in clinical trials. The CHK1 kinase 
inhibitor, UCN-01, arrests the G2/M checkpoint in response to ionizing radiation in p53-
de�cient cells (Yu et al. 2002). The CHK2 inhibitor, XL844, in combination with gemcitabine, 
induces cell death in several cell lines and in a human pancreas carcinoma xenograft 
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model (Matthews et al. 2007). Moreover, a synthetic lethality between a PARP inhibitor 
and BRCA1/BRCA2-de�cient cells shows encouraging results for the application of a DNA 
repair inhibitor. Synthetic lethal describes a genetic interaction where the combination of 
mutations or inactivation in two or more genes leads to cell death, whereas a mutation in 
only one of these genes does not. In normal cells, inhibition of PARP activity accumulates 
and arrests DNA replication forks at the damage site, leading to double-strand breaks, 
which are repaired by homologous recombination in replicating cells. However, the cells 
with de�cient homologous recombination, such as breast or ovarian cancers with BRCA1/
BRCA2 de�ciency, are unable to process the DNA repair caused by a PARP inhibitor 
(Bryant et al. 2005, Farmer et al. 2005). Synthetic lethality is a new therapeutic concept to 
minimize the toxicity in normal cells upon exposure to DNA damage or repair inhibitors. 
The number of genes involved in DNA repair or in the cell-cycle checkpoint is de�cient 
or mutated in various types of cancers. For example, there are de�ciencies in BRCA1 and 
BRCA2 in breast and ovarian cancer; ATM, Nbs1, and Lig4 in leukemia; Mre11 and CtIP 
in colon cancer; and Rad 51B in lymphoma and uterine leiomyoma (Helleday 2010). It is 
important to discover new synthetic lethality relationships for targeting cancer cells with 
a de�ciency in DNA damage response molecules.

DNA mutations that disrupt the function of key DDR genes can result in the 
accumulation of mutations and widespread genomic instability, which in turn contributes 
to disease pathologies like cancer. Indeed, inherited defects in components of the DDR 
pathway, such as ATM, BRCA1, and p53, are known to cause hypersensitivity to ionizing 
radiation (radiosensitivity) and a predisposition to cancer development (Lavin and Shiloh 
1997, Malkin et al. 1990, Miki et al. 1994). It is becoming increasingly clear that individuals 
with gene polymorphisms or mutations require personalized healthcare strategies that 
consider their underlying genome sequence. Whole genome sequencing for personalized 
medicine is not a new concept; however, recent advances in nanoscale sequencing using 
a semiconductor platform promises to markedly reduce the cost and time associated with 
sequencing large amounts of DNA and speci�cally DNA damage response genes.

Rothberg et al. (2011) took this approach to DNA sequencing on the nanoscale using 
integrated circuits that function as ion-sensitive �eld-effect transistors (ISFETs), allowing 
them to take advantage of the scalability and low-costs associated with semiconductor 
manufacturing. Essentially, ISFETs that contain a metal-oxide-sensing layer contact 
individual wells in which the DNA polymerase-dependent sequencing reaction releases 
H+ during dNTP incorporation into the growing strand of template DNA (Rothberg 
et al. 2011). As each dNTP is �owed separately into the reaction well, the change in pH 
indicates complimentary base pairing and successful addition to the unknown template, 
producing direct sequence information. The resulting DNA sequencing technology has 
implications as a personalized genome sequencer, with p53, BRCA1, BRCA2, ATM, and 
MRN components important targets, with resulting information poised to increase the 
ef�cacy of DNA damage-based chemotherapeutics.

6.5 Conclusions and Perspectives

Overall, nano-based strategies connected to the DDR are poised to play a pivotal role in 
nanomedicine: SWCNT that detect �uctuations of intracellular ROS and integrated circuits 
that function as nanoscale DNA sequencers. All have the potential to greatly enhance our 
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understanding of the early events associated with the DNA damage response. Furthermore 
these nanotechnology tools will also enhance our understanding and detection of early 
cellular events that might contribute to diseases like cancer (Figure 6.3). Armed with this 
information, physicians would know when to implement disease-prevention strategies 
(i.e., antioxidant or chelation therapies) and when it is appropriate to start cancer screening 
regimes aimed at detecting this disease in its early, hence, more curative, stage.
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This chapter focuses on the use of viruses, or virus-based structures for applications in 
nanobiotechnology. Over the last two decades, bioderived nanomaterials have gained much 
interest; where in this �eld, viruses represent a unique, self-assembling multifunctional 
platform. Viruses have, for instance, been used as biological templates, delivery vessels, and 
nanoscale catalysts for chemical reactions or materials synthesis. Here, we will �rst present 
a brief description of viruses, their structure, and lifecycle in order to familiarize the reader 
with the topic. This will be followed by a comprehensive overview of six different virus 
systems that have been extensively studied and engineered for use in nanobiotechnology. 
We think these six examples provide the reader with a well-rounded representation of 
the accomplishments that have been achieved within this exciting scienti�c research area. 
Within each subsection, we will provide some background on the virus, where, in addition 
to the various nanobio-applications that have been explored for each particular system, we 
will also describe some strategies that have been used to modify the virus properties.

7.1 Introduction to Viruses

7.1.1 Overview

A virus is de�ned as an infectious agent that requires the cellular machinery of its infected 
host to replicate and generate progeny. They are highly functional natural “nanoma-
chines,” whose main purpose is to transfer their genetic material to a host cell, replicate, 
and escape to infect more hosts. They are incredibly robust, the most abundant biological 
organisms on the planet and are capable of infecting almost every organism known to 
science (Edwards and Rohwer 2005). Additionally, they are the smallest known organisms 
capable of replication. However, they have no metabolism of their own; rather they must 
hijack the cellular mechanisms of the host and redirect them for their own purposes (Knipe 
et al. 2007). Viruses are entirely dependent on the host cell for survival. Furthermore, most 
virus infections are species-speci�c, that is, they are only able to infect a narrow range of 
plants, animals, bacteria, or fungi to reproduce. The size, structure, and genetic restraints 
placed on viruses by eons of evolutionary pressures have resulted in very little waste with 
respect to their genetic material, structure, and life cycle.

The viral life cycle can be generalized by three or four phases: (1) viral entry, (2) rep-
lication, (3) shedding, and/or (4) latency. Each phase in the viral life cycle consists of a 
multitude of speci�c interactions at the nanoscale, making them prime candidates for 
use as biotemplates or nanoengineering scaffolds, as will be discussed later. Infection 
begins with viral entry into the host cell. This requires the binding of viral attachment 
proteins to receptors on the target cell surface, or fusion of the viral envelope to the cell 
membrane, followed by internalization of the virus’s genetic material, and depending on 
the virus, replication proteins. During replication, the virus takes control of the host cell’s 
machinery, directing it to synthesize copies of viral nucleic acids and proteins, which 
then self-assemble into a functional virion. Phase three consists of the escape of the viral 
progeny from the host cell. The fourth phase—latency—occurs when under certain cir-
cumstances, such as evasion of host cell defense mechanisms, the virus may incorporate 
its genetic material into that of the host, and wait for more favorable conditions to repli-
cate (Knipe et al. 2007).

The structure of most viruses can be described simply as a protein shell, better known as 
a capsid, that surrounds and protects the genetic material during its transfer from one host 
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cell to another. The simplest form of a capsid is one that self-assembles from multiple cop-
ies of one single coat protein component. One implication of the nanoscale size of viruses 
is that the genetic information that codes for the coat proteins must not overwhelm the 
genetic storage capacity afforded by the internal viral volume. The result of this constraint 
is that virus capsids are highly repetitive macromolecular structures.

It is common to refer to the highly symmetric virus structure as a nucleocapsid, that is, a 
protein-coated nucleic acid. A fully assembled virus is called a virion, and is composed of 
nucleic acid, the protein coat in the form of a capsid, which may or may not incorporate other 
nonstructural proteins and/or a lipid envelope. The nucleic acid contained within the virus 
can be in the form of single- or double-stranded DNA, or RNA (ssDNA, dsDNA, ssRNA, 
dsRNA). In the case of ssRNA viruses, the RNA can be positive-sense (+), or negative-sense 
(−). Positive-sense RNA may be directly translated into protein, whereas negative-sense 
RNA must �rst be transcribed into the positive-sense by an RNA polymerase before the 
translation into protein can occur (Knipe et al. 2007).

One major difference in classi�cation of virus structures is the absence or presence of an 
envelope, which is a lipid bilayer that surrounds the virus capsid. The bilayer is typically 
derived from the host cell membrane during the escape phase of the viral life cycle. The 
virus systems, of which we provide examples here, do not have any envelope, and the topic 
is beyond the scope of this chapter. A more in-depth discussion of enveloped viruses can 
be found in reference (Dimmock et al. 2007).

7.1.2 Structure and Self-Assembly

As a result of the genetic restraints placed on the amount of information that can encode 
the coat proteins of a virus, almost all capsids are made up of repeating identical subunits. 
The interactions between identical subunits lead to the formation of highly repetitive and 
symmetrical structures. The two main symmetries observed in viruses are icosahedral 
and helical capsid structures.

Icosahedral viruses share a capsid structure that is very similar to an icosahedron, a 
20-sided polyhedron with equilateral triangles comprising each of the 20 surfaces. An 
icosahedron can be de�ned by its symmetry elements, namely the symmetry operations 
that can be performed leaving the shape in the same apparent position. These symmetry 
operations include a series of rotation axes, speci�cally 12 �vefold axes, 20 threefold axes, 
and 30 twofold axes that run through the center of an icosahedron. The operation of all 
three rotational symmetry elements on an asymmetric object leads to a total of 59 copies 
of the original unit on the icosahedral surface for a total of 60 identical subunits, with each 
triangular face made up of three asymmetric objects (Baker et al. 1999).

The projection of icosahedral symmetry onto a real world object, such as a virus 
capsid, that is not necessarily made up of 60 identical subunits, leads to the model of 
quasi-equivalence. Quasi-equivalence is conceptually more complex, but allows for a sim-
pler and more elegant form of self-assembly. In a quasi-equivalent icosahedral model, each 
of the 60 identical subunits can be made up of a subset of genetically identical subunits, 
each adopting a different conformation. The number of physically different, yet geneti-
cally identical, conformers in this model relate to the triangulation number assigned to 
the virus. For example, an icosahedral virus with T = 2 quasi-equivalence will be assem-
bled from 120 protein subunits in two different conformations (60 × 2), while a T = 3 quasi-
equivalent virus will be made up of 180 protein subunits in three different conformations 
(60 × 3). Figure 7.1 illustrates the common symmetries between an icosahedron and a T = 3 
quasi-equivalent virus capsid. The twofold, threefold, and �vefold rotational symmetry 
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axes are outlined red, green, and blue, respectively. A more in-depth discussion of quasi-
equivalence and icosahedral symmetry can be found in reference (Baker et al. 1999).

A smaller number of viruses are known to exist in a tubular or �lamentous formation, 
exhibiting helical symmetry. Helical symmetry exists along the helix axis and is de�ned 
by the number of subunits per turn, and the amount of rise along the helical axis per sub-
unit. In some tubular viruses, the genetic material is coiled helically inside the capsid, that 
is, several nucleotides are associated with each subunit (as in the case of tobacco mosaic 
virus [TMV]). In other tubular viruses, such as the �lamentous bacteriophage M13, the 
capsid protein subunits form a hollow tube that encompasses the circular ssDNA genome 
within it. In this case, there is no direct link between the number of nucleotides that each 
protein subunit interacts with. In fact, the length of the M13 phage is a direct result of the 
amount of DNA packaged within it. Longer segments of DNA will result in additional 
subunits in the capsid structure, and longer length (Knipe et al. 2007).

One reason that viruses are such an inspiration to biologists and material scientists alike 
is their inherent ability to self-assemble at any physiological conditions. With respect to 
self-assembly, an integral part of virion formation is packaging the genome into the cap-
sid structure. It is possible to realize that a large number of genetically identical subunits 
with slightly different conformations enhance the ef�ciency of building a macromolecular 
structure. Yet, in addition to just assembling the capsid, a forming virus must also ensure 
the preferential packaging of its own genetic material over other endogenous nucleic acids 
that are present in the host cell.

Many viruses solve this by including a unique “packaging signal” in their own genomes 
and some type of structural recognition component in the coat protein to allow for virus-
speci�c genome assembly. The packaging signal is typically a short genetic sequence, or 
series of sequences, that promotes encapsidation of the genome. It is common for some virus 
capsids to form around the genome, after a speci�c interaction with the packaging sequence 
has occurred. In some more complex viral systems, the capsid is �rst formed, followed by 
insertion of the genome inside. However, the ability of viruses with segmented genomes, 
that is, multiple nucleic acid segments in each mature virion, to package a complete set of 

(a) (b)

FIGURE 7.1
(See companion CD for color �gure.) Twofold (red), threefold (green), and �vefold (blue) rotational symmetry 
elements of an icosahedron (a) and the symmetric equivalents of a T = 3 virus capsid (b).
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segments in each virus particle remains a mystery. There remains a distinct possibility 
that researchers have to yet identify all the nucleoprotein interactions that occur in each 
virus system (Knipe et al. 2007).

7.1.3 Virus Engineering

It is only within the last 20 years that the concept of engineering viruses for other purposes 
began to appear in the scienti�c literature (with the exception of vaccine development). 
The �rst attempts typically involved genetic modi�cation of the virus protein coat with the 
purpose of presenting peptides. In 1998, a seminal study by Trevor and Douglas published 
in Nature demonstrated inorganic materials synthesis inside the capsid of cowpea 
chlorotic mottle virus (Douglas and Young 1998). The following year, the same group 
published an additional study involving nucleation of additional inorganic materials on 
the capsid exterior of tobacco mosaic virus (Shenton et al. 1999). In our opinion, these two 
studies mark the birth of the �eld of viral nanobioengineering. Within 3 years, a host 
of engineering and modi�cation approaches were published on a slew of different virus 
systems with potential applications ranging from drug delivery to nanoelectronics.

The six virus systems discussed in this chapter are the most investigated and engineered 
systems up to this point, and provide examples of many areas in which the use of viral 
nanobioengineering can potentially have a major impact. The virus systems that will be 
discussed are: cowpea chlorotic mottle virus (CCMV), tobacco mosaic virus (TMV), M13 
bacteriophage, MS2 bacteriophage, cowpea mosaic virus (CPMV), and red clover necrotic 
mosaic virus (RCNMV), and are shown in Figure 7.2. Please note that there are several other 
viruses that have on occasion been explored for use in this burgeoning �eld. However, we 
deem that the chosen systems provide a good overall representation of the vast majority of 
work done up to this date. Viruses are unique biological systems that have evolved a vast 
array of functions and forms while retaining a minimal amount of genetic information in 
the process. The �eld of viral nanobioengineering is relatively new, and the potential to take 
advantage of these streamlined nanomachines is only beginning to come into view.

7.2 Cowpea Chlorotic Mottle Virus

7.2.1 General Properties, Structure, and Assembly

The cowpea chlorotic mottle virus (CCMV) is a plant virus, belonging to the Bromoviridae 
family. It was the �rst icosahedral virus to be reassembled in vitro from puri�ed capsid 
protein and isolated RNA to create a biologically active virion (Bancroft and Hiebert 1967a). 
CCMV has an icosahedral (T = 3) capsid structure made of 180 identical coat proteins 
clustered into 20 hexameric and 12 pentameric units to produce an ∼29 nm diameter capsid. 
Four different positive sense single-stranded RNA molecules (RNA 1–4) are encapsulated 
into three unique virions with similar structure. RNA 3–4 is copackaged into one virion 
and encodes for the movement and coat protein, respectively. The coat protein is 19.8 kDa 
and consists of a β-barrel fold where a 50 amino acid N-terminus protrudes from one 
end and a 14 residue C-terminus extends in the opposite direction (Speir et al. 1995). The 
initial portion of the N-terminus is highly positively charged and extends into the capsid 
where it binds and helps in neutralizing the charge of the packaged RNA (Zhao et al. 1995). 
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The RNA in CCMV adopts an ordered structure at each quasi–threefold axis and lines the 
capsid interior to leave a hollow core about 18 nm in diameter (Fox et al. 1998, Zhao et al. 
1995). While the interior has a strong positive electrostatic potential, the exterior capsid 
surface displays a slightly electronegative potential (Konecny et al. 2006).

CCMV exhibits pH and ionic-strength-dependent swelling. The virus is stable between 
pH 3.0–6.0 where it exists in its native state; whereas at pH 7.0 and lower ionic strengths 
(< 0.1 M) the capsid swells about 10% (Bancroft et al. 1967b, Lavelle et al. 2007). The main 
structural change under these conditions is an expansion at the quasi–threefold axis to 
open up ∼2 nm diameter pores (Douglas and Young 1998, Speir et al. 1995). This swelling 
process is reversible and the native state can be recovered by slowly reducing the pH to 
∼5. At pH above 7.0 and in high ionic strength solutions (∼1 M), the virions disassemble 
into dimers. The capsid assembly is not dependent on a speci�c RNA sequence, per se, and 
it is possible to reassemble dimeric coat protein into empty, virus-like particles in vitro 
at higher ionic strength (Lavelle et al. 2007). It is assumed that the high ionic strength is 
needed to screen the high positive charge of the N-terminus that normally is neutralized by 
RNA. Although not required, the presence of genomic RNA appears to facilitate assembly, 
as functional virions form relatively fast (Johnson et al. 2004, Zhao et al. 1995). Although 

MS2
Ø = 28 nm
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FIGURE 7.2
(See companion CD for color �gure.) Surface representations showing the capsids of six virus systems that 
have frequently been used in nanobiotechnology.
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empty virus particles can form in vitro, they are less stable than their RNA containing 
counterpart and do not exhibit the same swelling behavior. Instead, they disassemble at 
higher pH, which highlights the importance of RNA for CCMV stability.

7.2.2 Diagnostics

Viral protein cages are excellent platforms for multivalent display, where various molecules 
can be immobilized on the capsid exterior for added functionality. CMMV is no excep-
tion; approximately 11 carbonyl and 6 lysine groups from each coat protein are exposed 
on the surface and can potentially be used for ligand attachment via conventional bio-
conjugation chemistries. The possibility to introduce cysteine residues in the C-terminus 
expands the surface modi�cation options to include thiol chemistries. All the aforemen-
tioned strategies have been used to attach �uorescent dyes with up to 560 molecules per 
capsid (Gillitzer et al. 2002). Surface-exposed lysine groups have been used to immobilize 
up to 360 tetraazacyclododecane tetraacetic acid (DOTA) ligands (illustrated in Figure 7.3). 
DOTA ef�ciently chelates Gd3+ ions and transforms the virus into a high-performance 
MRI contrast agent with potential use in diagnostics (Liepold et al. 2007).

7.2.3 Material Templating

The pH swelling behavior and electrostatic properties of empty CCMV particles 
allow metal-containing salts to selectively enter the capsid and be entrapped to form 
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(See companion CD for color �gure.) Illustration of DOTA conjugated to CCMV, chelating Gd3+ for MRI imaging.
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hybrid virus-mineral nanoparticles. Douglas and Young pioneered the use of CCMV 
for biotemplating purposes in 1998 (Douglas and Young 1998). They demonstrated 
mineralization of tungsten by incubating the empty virion with tungstate ions (WO4

2−) 
at pH > 6.5, where the capsid is in an expanded state. Subsequently, lowering the pH 
closed the pores and facilitated formation of paratungstate (H2W12O42

10−) inside the capsid 
that precipitated upon adding ammonia. X-ray diffraction and TEM images showing 
lattice fringes consistent with the ammonium salt (NH4)10H2W12O42 × 4H2O con�rmed 
mineralization. In a similar fashion, they also demonstrated entrapment of vanadate 
and molybdate (Douglas and Young 1998, 1999). More recently, β-TiO2 with photoactive 
properties has been synthesized through this bioinspired approach (Jolley et al. 2011, Klem 
et al. 2008). Douglas et al. have also engineered a CCMV coat protein recombinant, where 
they replaced nine basic amino acids in the N-terminus with glutamic acid to mimic the 
function of the ferritin light chain (Douglas et al. 2002). This modi�cation causes a drastic 
change in charge (net change of 3240 units) but does not interfere with the self-assembly 
process and enables site-speci�c oxidative hydrolysis of Fe(II) to iron oxide nanoparticles 
inside the capsid. Slocik et al. used a comparable approach where they replaced the 
N-terminus with short metal-binding peptides (His/Tyr rich) in an attempt to template 
gold, using AuCl4

− (Slocik et al. 2005). Although gold nanoparticles could form inside 
the capsid, they noted that a cluster of exposed tyrosines from the C-terminus provides 
electrons for reducing Au3+ to Au0, which aggregate on the outside surface. Leveraging the 
tyrosine clusters’ reductive properties and using AuCIP(CH3)3 as a precursor, the capsid 
exterior could be uniformly decorated with small nanoparticles.

7.2.4 Encapsulation

The ability of the CCMV coat protein to assemble to virus-like particles (VLPs) in vitro, 
as long as the N-terminal charges are neutralized, makes it an interesting choice for 
encapsulation of exogenous material and turns it into a “cargo container.” Since RNA is 
negatively charged, a logical approach would be to encapsulate anionic polymers, which 
have similar charge properties. Indeed, mixing negatively charged sodium polyanethole 
sulfonate (PAS) and CCMV coat protein at pH 7.5, followed by dialysis to pH 4.5, Douglas 
demonstrated that it was possible to assemble “native like” T = 3 symmetry particles 
containing PAS (Douglas and Young 1998). In a similar manner, polystyrene sulfonate 
(PSS, ∼10 kDa) has been packaged into VLPs (Sikkema et al. 2007). The sizes of the VLPs 
were dependent on the PSS:protein ratio, although VLPs with a smaller diameter (∼16 nm) 
and T1 symmetry were assembled most ef�ciently. Increasing the PSS molecular weight 
favors the formation of larger VLPs in “quantized” steps, �rst to 22 nm (T = 2) and then 
to 27 nm (T = 3) at 2 MDa (Comellas-Aragones et al. 2011, Hu et al. 2008). It is likely that 
the polymer gradually �lls up the empty core, at which point the next stable symmetry 
con�guration will form. Other negative polyanions have been packaged into VLPs as 
well, such as redox-active polyferrocenylsilane (PFS) and �uorescent poly-2-methoxy-
5-propyloxy sulfonate phenylene vinylene (MPS-PPV) (Minten et al. 2009b, Ng et al. 
2011). Interestingly, the MPS-PVP forms rod-like structures at lower ionic strengths, 
which could be an effect of the relatively stiff polymer chain. When dsDNA are used as 
assembly templates, ∼16 nm diameter rods form rather than spherical particles, where 
the rod length correlates to the size of the DNA (Mukherjee et al. 2006). Compared to 
ssRNA and polymers, dsDNA strands are less �exible and this could be one reason for 
the preferential assembly into rods. The stiffness effect on VLP size/shape was also 
noted when single-stranded oligothymine templates were used to package various 
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chromophores (naphthalene, stilbene, and oligo-p-phenylenevinylene) (de la Escosura 
et al. 2010). Oligothymine mixed with coat protein produce spherical T = 1 particles; 
however, upon adding the chromophores (which base-pair with thymine and change the 
stiffness), rod-like structures formed that could be over 1 μm long. It is clear from these 
observations that CCMV coat proteins have template-dependent assembly behavior, 
which open up new possibilities for materials engineering.

The self-assembly properties of the CCMV coat protein can also be used to encapsu-
late hydrophobic compounds. In one approach, oil droplets stabilized by sodium dodecyl 
sulfate (SDS) have been “decorated” by CCMV coat protein (Chang et al. 2008). Although 
SDS particles were larger than the native CCMV capsid, the hexameric capsomer units 
are observed assembling over the surface. In a similar approach, Kwak et al. (2010) used 
DNA-based amphiphiles to produce VLPs with a hydrophobic core to load hydrophobic 
compounds. Short 11- or 22-mer DNA sequences with a hydrophobic tail were loaded with 
pyrene, which upon mixing with CCMV coat protein at pH 7.5 formed ∼20 nm particles 
(T = 2). Multifunctional VLPs were demonstrated in this system by hybridizing a �uo-
rescent ROX-DNA conjugate to the DNA-micelle, prior to adding the coat protein. About 
25 micelles were packaged into the construct with this approach.

Perhaps one of the most intriguing developments using CCMV assembly is the pos-
sibility to incorporate other proteins inside the VLP core. Comellas-Aragonés et al. (2007) 
demonstrated for the �rst time in 2007 that a single horseradish peroxidase (HRP) enzyme 
can be internalized and remain active. Their approach was to simply mix HRP with coat 
protein and use the conventional pH assembly process to entrap the enzyme (initially 
mixing at pH 7.5 and then dialyzing against lower pH buffer). Single-enzyme encapsula-
tion was achieved by manipulating the coat protein:HRP ratio. It is useful to be able to 
manipulate the amount of protein being encapsulated; however, it could be hard to control 
this relying solely on increasing concentration. One way to improve the encapsulation 
ef�ciency is to incorporate self-recognizing peptides in the system. Pair motifs of self-
assembling short coiled-coil peptides (seven amino acids) are frequently found in nature 
and tend to associate with high af�nity. Minten et al. (2009a,2010) used a heterodimeric 
coiled-coil pair to realize controlled encapsulation of green �uorescent protein (GFP) in 
CCMV VLPs. They fused a short positively charged peptide (K-coil) to the coat protein 
while GFP were modi�ed to contain a complimentary negatively charged coil (E-coil) 
(Figure 7.4). Upon mixing the recombinant proteins at pH 7.5 and then lowering pH to 5.0, 
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FIGURE 7.4
(See companion CD for color �gure.) CCMV coat protein and GFP with K/E-peptides, respectively. Coiled-
coil formation followed by VLP assembly encapsulates GFP with consistent results. (Reprinted with permis-
sion from Minten, I.J., Hendriks, L.J.A., Nolte, R.J.M., Cornelissen, J.J.L.M., Controlled encapsulation of multiple 
proteins in virus capsids, J. Am. Chem. Soc., 131(49), 17771–17773. Copyright 2009a American Chemical Society.)
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VLPs containing as many as ∼15 GFPs could be obtained consistently. In addition to GFP, 
lipase B from Pseudozyma antarctica has also been packaged with this approach to get a 
catalytically active VLP (Minten et al. 2011a). The pH-dependent assembly of CCMV is one 
reason why it is attractive as a nanocontainer; however, above pH ∼7.5, it is not functional 
as it will disassemble into dimers. In an attempt to remedy this, Minten et al., as a continu-
ation of their work, have included a coat protein with an N-terminal His-tag in addition to 
the coiled-coil peptides. After VLPs are formed at pH 5, Ni2+ is added to the solution, which 
causes the His-tags to associate and stabilize the structure when increasing the pH to 7.5 
(Minten et al. 2011b). Improving the pH stability of CCMV VLPs opens up many possibili-
ties in various application areas.

7.3 M13 Bacteriophage

7.3.1 General Properties, Structure, and Assembly

The M13 bacteriophage has been of great importance to both �elds of molecular biology 
and nanoengineering. The use of its circular single-stranded DNA genome in cloning 
applications aided the advancement of DNA sequencing through the use of Escherichia 
coli as an ampli�cation vector (Messing et al. 1993). Later, the development of phage 
display, a technique in which foreign peptides are expressed on the coat protein of 
M13, enabled a revolution in screening peptide sequences for high-af�nity target bind-
ing, recombinant antibody technology, and more recently, nanostructure assembly 
(Rakonjac et al. 2011). While the concept of phage display has had an immeasurable 
impact in biotechnology, it is only given cursory treatment here, as it is beyond the 
scope of this text. We refer the reader to other references that treat phage display in 
more detail for additional information (Georgieva et al. 2011, Pande et al. 2010, Smith 
and Petrenko 1997).

The M13 bacteriophage is a �lamentous, nonenveloped virus in the family Inoviridae. 
It infects bacteria, beginning with binding to the F pili of E. coli, and is a Biosafety Level 
1 pathogen. Interestingly, M13 infection of bacteria is not virulent, that is, secretion of 
progeny phage from the infected host does not cause lysis, allowing continued host cell 
division and M13 production. The M13 capsid exhibits �vefold helical symmetry and is 
approximately 7 nm wide and 900 nm long. The mature capsid consists of �ve different 
proteins, and a single, circular strand of single-stranded DNA, 6407 nucleotides in length. 
Figure 7.5 shows the structure of the M13 bacteriophage. The DNA strand, although dou-
bled-back on itself due to its circular nature, does not exhibit Watson–Crick base pairing. 
The result is a nonspeci�c interaction between the genome and the coat protein, leading 
to a varying ratio between the number of nucleotides and protein coat monomers in the 
virion. In fact, the length of the DNA segment contained within the capsid can determine 
virion length, with capsids as short as 50 nm. The length of the mature virion is made up 
of approximately 2700 copies of the major coat protein, pVIII, a 50-amino acid peptide 
that is the most commonly used target in phage display. The ends of the �lamentous 
capsid are made up of �ve pairs of the remaining major proteins, pIII–pVI, and pVII–pIX 
(Rakonjac et al. 2011).

Self-assembly of M13 occurs in the cytoplasm at the inner membrane of the host cell. 
Phages are not produced and then subsequently released; rather they are extruded from 
the host cell membrane during assembly. The packaging signal in the DNA sequence is a 
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hairpin loop region that recruits dimers of the viral packaging protein pV, which is later 
replaced by pVIII during extrusion (Russel and Model 1989). The major coat protein pVIII 
is arranged helically along the length of the capsid and has a slight outward pitch. The 
inward-facing base of pVIII contains positively charged amino acid residues, capable of 
interacting with DNA on the capsid interior. After the entire genome has been encap-
sidated by pVIII, the capping proteins pIII and pVI are added to the structure resulting 
in release of the virion from the host. The self-assembly mechanism of M13 is common 
among �lamentous phages, but unique in comparison with other virus systems (Rakonjac 
et al. 2011).

7.3.2 Material Templating

As mentioned previously, research into screening peptides capable of binding inorganic 
surfaces has been under investigation for quite some time. With respect to viral nano-
bioengineering, the development of phage display technology has allowed a unique role 
for M13 when compared to other virus systems discussed in this chapter. Phage display 
enables researchers to select for peptides capable of binding or nucleating inorganic sub-
stances. Peptides to be screened can be inserted either into the major coat protein pVIII, 
and thus thousands of copies will be expressed along the entire capsid length, or into 
the capsid end proteins pIII, pVII, and pIX, expressing just a few copies and at only one 
end of the phage (Smith and Petrenko 1997). Upon successful screening and selection of 
peptides with desired af�nities, the advantages of having the peptides aligned in a one-
dimensional arrangement along the M13 backbone are plentiful. Bottom-up nanoscale 
fabrication is inherently dif�cult based only on the requirement for precise placement 
of building blocks or materials precursors on the nanoscale. The one-dimensional 
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FIGURE 7.5
(See companion CD for color �gure.) Schematic of the M13 bacteriophage structure.



156 The Nanobiotechnology Handbook

arrangement of the M13 capsid structure allows for precise control, as the following 
examples demonstrate.

Initial nanoengineering efforts with M13 used phage display to select for peptides 
on the pIII protein capable of binding the inorganic semiconductor, Gallium Arsenide 
(GaAs). M13 phages expressing a peptide sequence with high-binding af�nity for GaAs 
were shown to self-assemble onto a silicon surface patterned with GaAs lines (Whaley 
et al. 2000). Another peptide with speci�c binding to ZnS crystal surfaces was expressed 
on the M13 capsid, which upon mixing with ZnS precursors in solution enabled self-
assembly of ordered two-dimensional hybrid �lms (Lee et al. 2002). The same peptide, 
when expressed on the pVIII protein rather than pIII, promotes nucleation of ZnS nanow-
ires (Mao et al. 2003). The material set templated through this approach expanded further 
by demonstrating incorporation of peptides that enable nucleation of semiconducting 
CdS, and ferromagnetic CoPt and FePt into the capsid. Annealing such samples at higher 
temperatures removes the viral components and leave the structured inorganic material 
behind (Mao et al. 2004).

Polymers can also be templated using M13. One approach involves the process of 
electrospinning to produce aligned nano�bers, thereby mimicking the biological 
phenomenon of spider silk. M13 phages were incorporated into a polymeric solution 
containing polyvinyl pyrrolidone (PVP) and extruded through a micron-sized needle 
under high voltage. The resulting nanodiameter �bers exhibited high surface-to-volume 
ratios, and the M13 phage retained infectivity when dissolved with the appropriate solvent 
(Lee et al. 2004). A second approach uses chemical modi�cation of the major coat protein to 
enable polymerization on the exterior. By coating the virus with polyacrylamide, the phages 
self-assembled into bundles or �bers in solution and exhibited gel-like characteristics 
without the need of a cross-linker (Willis 2008).

Alternatively, ordered structures can be realized by genetic modi�cations to the 
opposing end capping proteins pIII and pIX. Such a strategy enabled researchers to cre-
ate size-controlled nanorings (Figure 7.6). One capping protein was made to express a 
streptavidin-binding peptide, while the distal protein expressed a hexahistidine peptide. 

200 nm

FIGURE 7.6
(See companion CD for color �gure.) AFM image of an M13 nanoring. (Reprinted with permission from 
Nam, K.T., Peelle, B.R., Lee, S.-W., Belcher, A.M., Genetically driven assembly of nanorings based on the M13 
virus, Nano Lett., 4(1), 23–27. Copyright 2004 American Chemical Society.)
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When exposed to a heterobifunctional streptavidin-NiNTA linking molecule, the two 
opposing ends could be linked, generating a protein nanoring. Additionally, the circum-
ference of the nanorings could be dictated by controlling the length of the DNA genome 
within the M13 phage and, hence, the capsid length (Nam et al. 2004).

7.3.3 Therapeutics

Nanoengineering of M13 for the purpose of drug delivery is still in its infancy with respect 
to some of the other viruses discussed in this chapter. However, the ability to tether multi-
ple peptides to the capsid exterior makes the M13 bacteriophage an excellent candidate for 
further exploration. Recently, a cancer cell–targeting peptide was introduced on the capsid 
protein and the phage incorporated into drug-loaded liposomes for selective targeting and 
killing of cells (Ngweniform et al. 2009, Wang et al. 2010).

7.3.4 Photocatalysis and Alternative Energy

The discreet nanoscale order that viruses exhibit can be extremely bene�cial for applica-
tions in light harvesting, where precise nanoscale control of photosensitizers, donors, and 
acceptors can have a large impact on system ef�ciencies. Moreover, the one-dimensional 
nature of �lamentous viruses makes them ideal biological templates for use in light har-
vesting antenna systems.

It has been demonstrated that modifying the pVIII capsid protein to display additional 
tryptophan residues on the capsid surface, increases the interaction with a photoactive 
porphyrin. The result is an increased energy transfer between the aromatic tryptophan 
residues and porphyrin molecules. This could be observed by monitoring the emission 
peak of the porphyrin when the samples are illuminated at the absorbance peak of trypto-
phan (Scolaro et al. 2006). An alternative strategy uses carbodiimide chemistry to conjugate 
zinc porphyrins to native lysine residues on the pVIII capsid protein. Nam et al. attached 
approximately 3000 porphyrins to each virus and demonstrated that the porphyrin-coated 
phage exhibited energy transfer and exciton migration along the length of the phage (Nam 
et al. 2010b) (Figure 7.7). Additional work involved expressing an iridium binding peptide 
on the pVIII coat protein. Zinc porphyrin–modi�ed phages were immersed in iridium 
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FIGURE 7.7
(See companion CD for color �gure.) Energy transfer between porphyrins coupled to the surface of the M13 
bacteriophage. (Reprinted with permission from Nam, Y. S., Shin, T., Park, H., Magyar, A. P., Choi, K., Fantner, 
G., Nelson, K. A., Belcher, A. M., Virus-templated assembly of porphyrins into light-harvesting nanoantennae. 
Journal of the American Chemical Society 2010b, 132(5), 1462–1463. Copyright 2010 American Chemical Society.)
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chloride solution, resulting in iridium oxide nanocrystals colocalized with porphyrins 
along the virus capsid. Photocatalytic production of oxygen was enhanced when com-
pared to iridium-coated viruses in the presence of zinc porphyrins in the solution (Nam 
et al. 2010a).

Dye-sensitized solar cells (DSSCs) represent another application in which the 
nanobioengineering of viruses holds potential for improvement. Nanoporous DSSCs 
are desirable due to lower fabrication costs than traditional silicon solar cells, but are 
plagued by low power-conversion ef�ciencies. Researchers have shown that incorporating 
single-wall carbon nanotubes (SWNTs) into DSSCs can improve the power-conversion 
properties, but the natural tendency of SWNTs to aggregate reduces the bene�ts of the extra 
processing associated with their use. Recently, M13 bacteriophages have been engineered 
to express an SWNT binding peptide on the pVIII protein to prevent SWNT bundling. 
The SWNT-M13 phages were used as biotemplates for the nucleation and growth of TiO2 
nanoparticles, and incorporated into nanoporous DSSCs. Annealing these hybrid-DSSCs 
at high temperatures effectively removed the original phage templates with no negative 
impacts on performance. The result is the incorporation of SWNT into DSSCs with reduced 
bundling effects and increased power-conversion ef�ciencies (Dang et al. 2011).

As with the preceding applications, engineering of M13 bacteriophages poses a 
particular interest owing to their nanoscale dimensions in conjunction with compatibility 
with a wide variety of material sets. The ultimate goal of alternative energy technologies 
relies on high-ef�ciency operation, which can be enhanced through the use of biological 
templating and increased surface-to-volume ratios of catalytic components. Extending the 
material nucleation examples mentioned earlier, M13 phages that express cobalt-nucleating 
peptides have been incorporated into lithium ion batteries. The phages were used to grow 
cobalt oxide, a material with increased energy storage capabilities versus traditional 
carbon-based battery components (Nam et al. 2006). Such cobalt-coated M13 phages can 
be integrated into microbatteries through a process that combines traditional top–down 
fabrication with bottom–up biotemplating (Nam et al. 2008). M13 bacteriophages have 
even been utilized as a biological scaffold for metal nucleation in hydrogen-producing fuel 
cells (Neltner et al. 2010). For this application, a short peptide sequence containing three 
glutamic acid residues was expressed on the surface of the pVIII coat protein. At neutral 
pH, the residues are negatively charged, and attract metal ions in solution, resulting in the 
nucleation and growth of cerium oxide nanocrystals with nickel and rhodium impurities. 
The nanocrystalline CeO2 acts as a catalyst in the hydrogen conversion reaction, and the 
phage-biotemplated nanostructures exhibited reduced deactivation over time.

The increased reliance on alternative energy technologies in the near future will 
almost certainly bene�t from nanotechnological advances, and quite possibly from virus 
nanobiotechnology.

7.4 MS2 Bacteriophage

7.4.1 General Properties, Structure, and Assembly

The MS2 bacteriophage is an icosahedral, nonenveloped virus in the family Leviviridae 
that has been extensively studied and engineered over the past 40 years. Isolated in the 
early 1960s, the gene encoding the capsid protein was the �rst to have its entire nucleotide 
sequence identi�ed (Min Jou et al. 1972), and MS2 was also the �rst organism to have its 
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entire genome sequenced (Fiers et al. 1976). Early attempts at protein engineering of MS2 
were focused on genetic manipulation and peptide insertion into the capsid protein (Mastico 
et al. 1993). One advantage of using MS2 as a nanomaterial is that large quantities can be 
obtained from infected cultures or through expression in E. coli (tens of mg/L culture).

The MS2 phage is a Biosafety Level 1 pathogen that only infects E. coli bacteria. It does 
so by initially binding to the F pili (F-bacteria cannot be infected), after which it injects its 
genome into the cell. The assembled capsid exhibits T = 3 quasi-symmetry and is 28 nm in 
diameter. The mature capsid contains a single-strand of (+) sense RNA, 3569 nucleotides 
in length, 180 copies of a monomeric capsid protein (∼13 kDa), and one copy of a maturase 
protein. Fully assembled with its RNA, the capsid has a central void with a diameter of 
∼7 nm (Toropova et al. 2008). It has been shown that the RNA can be hydrolyzed and 
removed without disrupting the capsid structure (Hooker et al. 2004). Removing the RNA 
from the capsid increases the interior void diameter to ∼12 nm (Koning et al. 2003). The 
assembled capsid has a series of 32 pores, ∼1.4 nm wide, centered on both the threefold and 
�vefold symmetry axes, enabling the transport of small molecules in and out of the capsid 
structure (Valegard et al. 1990).

Self-assembly of MS2 requires the binding of the capsid protein to a 19 nucleotide RNA 
hairpin loop known as the operator sequence (TR). The capsid protein exists in three con-
formations (A, B, C); the difference between them is in the FG loop that connects the F and 
G β-strands. The monomers associate into two types of dimers (AB and CC). In solution 
without RNA present, the protein dimers exist in a symmetric CC conformation, where 
introduction of viral RNA induces an allosteric switch to an asymmetric AB conformation. 
It has been suggested that capsid assembly begins with an AB dimer binding to the operator 
sequence, an interaction that inhibits further AB dimer association with RNA, and favoring 
additions of AB dimers already associated with CC dimers (Elsawy et al. 2010). This model 
greatly reduces the complexity for the ef�cient self-assembly that is observed in MS2.

7.4.2 Drug Delivery

Viruses are by their very nature, ideal systems for the transport of molecular payloads. In 
order to replicate, they must deliver their genome across the host membrane to the interior 
of the cell. The highly ordered and repeatable capsid structure has allowed scientists to 
attach over 100 ligands with a single modi�cation step. Multiple research groups have 
envisioned a twofold approach, whereby the interior of the capsid is modi�ed to enable 
the attachment of a therapeutic payload, and the exterior is decorated with molecules for 
targeting purposes.

Early engineering efforts with the MS2 bacteriophage utilized chemical conjugation 
to link drug molecules to the RNA operator hairpin structure for loading of molecules 
inside the capsid. In 1995, Wu et al. reported conjugating a thiol-terminated operator 
RNA sequence to the Ricin A Chain protein (RAC). When placed into solution with 
capsid monomers, multiple RNA-RAC molecules were packaged into each capsid. Native 
lysine residues on the exterior of RAC-loaded capsids were subsequently conjugated to 
transferrin, a targeting ligand associated with receptor-mediated endocytosis (RME) (Wu 
et al. 1995). Another study utilized chemically synthesized operator sequences with 5′ or 3′ 
extensions containing the nucleotide analog 5-�uorouridine (5fU, a common therapeutic 
molecule) for loading into MS2 capsids (Brown et al. 2002).

Alternative chemical approaches for loading materials on the interior of the capsid 
without the use of the operator sequence have also been developed. For instance, native 
tyrosine residues (Tyr85) on the MS2 capsid interior can be targeted for modi�cation 
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through a diazonium coupling reaction (Hooker et al. 2004). This reaction can take place 
in empty capsids after RNA hydrolysis and results in >95% coupling ef�ciency. Kovacs 
et al. showed the feasibility of this approach in 2007 by modi�cation of the interior empty 
capsids with ∼60 �uorescent dye molecules conjugated to Tyr85. Lysine residues on the 
capsid exterior were then modi�ed with PEG chains through N-hydroxysuccinimide 
(NHS) linkages (Kovacs et al. 2007). As a proof-of-concept, the dual-modi�ed MS2 capsids 
were tested in an ELISA assay against an anti-MS2 polyclonal antibody, and the pegylated 
capsids exhibited a 90% reduction in binding.

Genetic modi�cations of MS2 have also been used for the purpose of generating drug 
delivery constructs. In 2009, Wei et al. developed an antisense RNA delivery system using 
MS2 capsids by a two plasmid coexpression system. One plasmid encoded for the MS2 
maturase and coat protein, and the other encoded for the operator sequence alongside the 
antisense RNA for 5′-untranslated region (UTR) and internal ribosome entry site (IRES) 
of the hepatitis C virus (HCV) (Wei et al. 2009). These antisense-carrying MS2 “virus-like 
particles” (VLPs) were delivered to cells containing an HCV-luciferase reporting system by 
conjugating the human immunode�ciency virus (HIV-1) TAT peptide to lysine residues on 
the capsid exterior via a succinimide-based heterobifunctional cross-linker. Their results 
showed a decrease in luciferase activity in Huh-7 cells with increasing concentrations of 
TAT decorated MS2 VLPs loaded with HCV antisense RNAs.

In addition to peptides, DNA aptamers can also be conjugated to the exterior of MS2 
capsids to act as a targeting ligand. A nucleotide sequence, 41 base pairs in length that 
binds to a tyrosine kinase receptor on Jurkat T cells, has been chemically conjugated to 
lysine residues on the MS2 capsid exterior (Tong et al. 2009). A �uorescent dye (AlexaFluor 
488) could be attached to genetically engineered cysteine residues (N87C) on the capsid 
interior. With this dual-modi�cation approach, speci�c uptake of dye-labeled MS2-aptamer 
conjugates in cells was demonstrated. In 2010, Stephanopoulos et al. used the same aptamer 
sequence; however, in this case, the interior of the capsid was modi�ed with sulfonated 
porphyrins (Figure 7.8). These porphyrin-loaded MS2 capsids were used to show targeted 
photodynamic therapy (PDT), by illuminating the Jurkat cells after MS2-porphyrin uptake 
with 415 nm light. The encapsidated porphyrins generated reactive oxygen species (ROS) 
upon illumination, and resulted in generating necrosis and death in almost 80% of the cell 
population (Stephanopoulos et al. 2010b).

As an alternative to chemical and genetic modi�cations for the placement of cargo inside 
viral capsids, it is also possible to load capsids by a charge-interaction approach. Recent 
results reveal that native MS2 capsids ef�ciently can be loaded with approximately 250 
positively charged porphyrins. In this case, the porphyrins are able to enter the capsid 
pores and interact with the negatively charged nucleic acid backbone coiled inside the 
capsid (Cohen et al. 2012).

7.4.3 Diagnostics

The spherical structure and multivalency of MS2 capsids make them suitable candidates 
for delivery of contrast agents for use in diagnostics. VLPs can be modi�ed on the interior 
or exterior with �uorophores, quantum dots, or magnetic resonance imaging agents. As 
with the delivery of therapeutic molecules, capsid alteration is advantageous to attach 
multiple contrast-generating compounds with a single modi�cation step.

Preliminary research using MS2 as a carrier of contrast agent involved chemical 
conjugation of the gadolinium-based MRI contrast agent Magnevist® to each of the three 
lysine residues on the exterior, leading to approximately 360 gadolinium ions per viral 
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particle (Anderson et al. 2006). At clinically relevant magnetic �eld strengths, a threefold 
increase in relaxivity per gadolinium ion when conjugated to MS2 capsids was noted. 
Additional research compared the relaxivities of Gd3+ ions when conjugated to either the 
exterior or interior surface of the capsid, where interior surface modi�cation had better 
performance (Hooker et al. 2007). The observed increase in signal was later shown to be 
due to conjugation of the gadolinium ions to rigid tyrosine residues on the capsid interior 
versus more �exible lysine residues on the capsid exterior (Datta et al. 2008). Hyperpolarized 
xenon chemical exchange saturation transfer (Hyper CEST) is a technique with sensitivities 
of up to 10,000-fold greater than traditional MRI. Modi�ed MS2 capsids have been used 
as carriers of Xenon-containing cryptophane cages for application in Hyper CEST MRI 
(Meldrum et al. 2010). In this study, cysteine (N87C) residues were genetically introduced 
on the capsid interior for attachment of up to 125 cryptophane molecules per MS2 virion. 
The detection limit of xenon-modi�ed capsids was 0.7 pM, demonstrating the advantages 
of packaging a xenon-based molecular sensor inside a virus protein cage. Furthermore, 
modi�ed MS2 capsids have been investigated into their use as carriers of radionuclides for 
use in positron emission tomography (PET). In one study, over 100 copies of the positron 
emitter, [18F]�uorobenzaldehyde were conjugated to tyrosine residues on the interior of 
empty MS2 capsids (Hooker et al. 2008). Biodistribution of positron-emitting MS2 capsids 
was monitored after intravenous administration to Sprague Dawley rats, and increased 
blood circulation times compared to free radionuclides were observed. Additionally, the 
interior of the MS2 capsids could be dually modi�ed with both 18F and the �uorophore 
coumarin without any deleterious effect to the positron emitter.

As mentioned earlier, porphyrins have been conjugated to the interior of MS2 capsids 
for the purpose of site-speci�c PDT. However, porphyrins have also been conjugated 
to the exterior of MS2 to capitalize on the photocatalytic properties of these aromatic 
molecules. In one study, zinc porphyrins were conjugated to an unnatural amino 
acid, p-aminophenylalanine (pAF), on the exterior of the capsid (Stephanopoulos et al. 
2009). The pAF residue was genetically introduced through the use of the amber codon 
suppression technique and offer precise control by attaching only one porphyrin molecule 
per capsid monomer (Xie and Schultz 2006). Moreover, �uorophores were also covalently 
linked to cysteine residues engineered into the capsid interior. The dual labeling allowed 
�uorescence resonance energy transfer (FRET) through the 2 nm thick capsid wall, 
demonstrated by exciting the �uorophores conjugated to the interior and observing the 
light emitted from the zinc porphyrin on the exterior. These results hold potential for 
opening up new techniques for diagnostic imaging in addition to possible applications for 
nanoengineered MS2 capsids in photocatalysis.

7.4.4 Nanoscale Assembly

The same methods used to modify the MS2 phage for use in drug delivery and diagnostic 
applications have been retooled for other purposes. Controlling the precise placement of 
molecules and structures at the nanometer level is extremely challenging, and researchers 
continually rely on nature for inspiration. The properties of virus capsids make them model 
contenders for structuring/templating materials at the nanoscale. To this end, MS2 has been 
engineered to form one-dimensional nanoarrays with good precision using DNA origami 
tiles (Stephanopoulos et al. 2010a). MS2 capsids were modi�ed on the interior with the 
�uorophore Oregon Green, maleimide-linked to genetically engineered cysteines (N87C). 
Short DNA sequences were conjugated to the MS2 exterior that were complimentary to 
probe sequences extending from the DNA origami tiles. Through this approach, the authors 
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demonstrated one-dimensional arrays of MS2 with nanometer precision. By designing 
new DNA origami tiles and probes, this approach for nanoengineered templating could 
easily be modi�ed to produce micrometer-sized self-assembled structures from nanoscale 
components.

7.5 Cowpea Mosaic Virus

7.5.1 General Properties, Structure, and Assembly

First identi�ed as a pathogen in cowpeas in West Africa over 50 years ago, cowpea mosaic 
virus (CPMV) has become synonymous with virus-based nanoengineering. It has been 
the subject of intense scienti�c research because the virions are remarkably stable and 
are easy to propagate and obtain in high yields. Early work with bioengineering CPMV 
dealt with the display of foreign peptides on the capsid surface for the purpose of epitope 
presentation and vaccine development. Although this work was groundbreaking in the 
�eld of biotechnology, it is beyond the scope of this text, and we refer the reader to a review 
by Sainsbury for a more in-depth treatment of the topic (Sainsbury et al. 2010).

CPMV is an icosahedral, nonenveloped virus in the family Comoviridae. It infects legumes 
utilizing leaf-eating beetles or grasshoppers as transmission vectors, and is a Biosafety 
Level 1 pathogen (Evans 2009). The assembled capsid is 28 nm in diameter and exhibits 
pseudo T = 3 icosahedral symmetry, as it is formed from 60 copies each of two different 
capsid proteins (Lin et al. 1999). The two distinct capsid proteins are characterized as 
large (L), and small (S) subunits, with the S subunit (24 kDa) containing one domain (A), 
and the L subunit (42 kDa) being made up of two domains (B and C) (Figure 7.9). The 
asymmetric unit of quasi-equivalence is made up of one copy of each domain, hence the 
pseudo T = 3 designation (the L subunit is equivalent to two capsid monomers in a normal 
T = 3 symmetry). The assembled capsid displays projections at the threefold and �vefold 
rotation axes and valleys at the twofold axes (Evans 2008). The capsids are known to be 
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FIGURE 7.9
(See companion CD for color �gure.) The CPMV structure. The capsid (a) exhibits pseudo T = 3 icosahedral 
symmetry. The asymmetric unit (b) is comprised of two proteins: the small subunit (S) contains the A domain 
(green); the large subunit (L) contains the B domain (red) and C domain (yellow).
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stable at 60°C for up to 1 h and are stable inde�nitely in a pH range from 3.5 to 9.0 at room 
temperature (Lin and Johnson 2003).

The CPMV genome is bipartite, containing two individual single-stranded, positive-
sense RNA molecules, packaged into separate capsids. The larger RNA molecule, 
RNA-1, is 5889 nucleotides in length, and the smaller RNA-2 is 3481 nucleotides in 
length (Lomonossoff and Johnson 1991). Both RNA molecules are required for infection, 
exist in a polyadenylated state, and are covalently linked to a small protein, (VPg, virus 
genome-linked protein) at the 5′ end (Sainsbury et al. 2010). Puri�cation of CPMV virions 
from infected plant tissue by centrifugation on a density gradient yields three distinct 
populations: the top, and the least dense population, is composed of empty capsids with 
no packaged RNA; the middle population is made up of virions containing RNA-2; and 
the bottom population contains virions encapsidating RNA-1. Both the middle and bottom 
components are required for infection of whole plants (Lomonossoff and Johnson 1991). 
The RNA-1 molecule encodes proteins required for viral RNA replication and protein 
processing, while RNA-2 encodes proteins for systemic infection, namely the movement 
protein, which is required for transmission from cell to cell; and the capsid protein 
subunits (Sainsbury et al. 2010). It has been demonstrated that the RNA genome can be 
removed yielding intact, empty capsids by subjecting the virions to alkaline conditions 
at pH 9.4 (Ochoa et al. 2006).

To date, little is known about the assembly mechanism of CPMV. Some evidence 
indicates that the carboxyl-terminus of the S subunit plays a role in the encapsidation of 
RNA (Taylor et al. 1999). The comoviruses as a group share several structural and genetic 
similarities to the picornavirus group, (poliovirus, rhinovirus, and coxsackie virus, etc.); 
and while some information regarding self-assembly of the picornaviruses has been 
elucidated, it is premature to assume that CPMV use the same mechanisms (Lin et al. 
2003, Manchester and Singh 2006). Furthermore, it is still unknown how CPMV manages 
to recognize and encapsidate only the two viral RNAs and whether the empty capsids 
formed are the result of an error or a byproduct of assembly. Other questions yet to be 
answered are whether a speci�c length of RNA is needed for assembly or whether there 
exists a speci�c RNA packaging signal, either in the primary sequence of nucleotides or in 
the secondary sequence structure (Lomonossoff and Johnson 1991).

7.5.2 Material Templating

Initial work on CPMV explored chemical and genetic modi�cation strategies to tailor the 
surface of the capsid. As the crystallographic structure of CPMV had been solved to 2.8 Å, 
it was thought that there were no available cysteine residues available for modi�cation on 
the capsid exterior. This was made clear as 1.4 nm gold nanoclusters with maleimide groups 
failed to bind to the capsid. However, it was shown that cysteines located on the capsid 
interior could be modi�ed with ethyl mercury phosphate, a compound with subnanometer 
dimensions. It is possible to introduce cysteines on the capsid exterior through peptide 
insertion in the C domain (Cys295). Through this approach, Wang demonstrated that it 
was possible to conjugate approximately 60 larger gold nanoclusters to the exterior (using 
maleimide chemistry), while due to size restraints, cysteine residues on the interior did not 
react (Wang et al. 2002b). Furthermore, it is possible to control the position and number of 
nanoparticles bound to the capsid surface by changing the location and number of cysteine 
modi�cations on the CPMV capsid (Figure 7.10) (Blum et al. 2004). The cysteine-modi�ed 
CPMV virions have also been used to generate virus arrays on gold substrates by using 
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dip-pen nanolithography (DPN) (Cheung et al. 2003, Smith et al. 2003). In this approach, 
alkanethiols are patterned onto gold surfaces by DPN, and then chemically modi�ed to 
present maleimides at their distal end. The maleimides then react with cysteine-modi�ed 
CPMV particles to produce the viral nanotemplates.

It is also possible to modify native lysine residues on the capsid exterior via NHS-
esters. Although several lysine residues are available on the surface, it is feasible to con-
jugate only one lysine per asymmetric unit at pH 7.0 (Wang et al. 2002a). However, an 
alternative is to preferentially address a single lysine per asymmetric unit by using site-
directed mutagenesis to convert the other lysine residues to arginines without negative 
impact on capsid stability (Chatterji et al. 2004). Other modi�cation approaches involve 
short peptide insertions of 6-histidine sequences onto the surface of CPMV, enabling 
capsid decoration with metal-coordinated linking chemistries. Researchers have used 
6H peptide sequences to decorate the capsid with both CdSe quantum dots, and gold 
nanoparticles (Chatterji et al. 2005, Medintz et al. 2005). Other functional groups can 
also be targeted through chemical modi�cation approaches. For instance, oxidation of 
tyrosine residues on the capsid surface allowed for the functionalization of CPMV with 
�uorophores (Meunier et al. 2004). Carboxylate groups on surface-exposed aspartic 
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FIGURE 7.10
(See companion CD for color �gure.) Modi�cation of CPMV capsids with gold nanoclusters. (a) Unstained 
TEM image of gold nanoparticles bound to a mutant CPMV virus. (b) Model of mutant CPMV with gold par-
ticles bound to all sites. (c) Unstained isolated mutant with 42 visible 2 nm gold particles bound to it. (d) Model 
of the mutant with gold particles bound to all sites. All scale bars are 5 nm. (Adapted with permission from 
Blum, A.S., Soto, C.M., Wilson, C.D., Cole, J.D., Kim, M., Gnade, B., Chatterji, A., Ochoa, W.F., Lin, T., Johnson, J.E., 
Ratna, B.R., Cowpea mosaic virus as a scaffold for 3-D patterning of gold nanoparticles, Nano Lett., 4(5), 867–870. 
Copyright 2004 American Chemical Society.)
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and glutamic acid residues can also be used for chemical conjugation (Steinmetz et al. 
2006). These carboxylate groups have been used to attach approximately 180 redox active 
methyl viologen moieties to the capsid exterior. The ability to differentially address 
unique reactive groups on the capsid exterior using different linking chemistries has 
facilitated double labeling of the capsid and has made CPMV an attractive candidate for 
a host of nanobiological applications.

In parallel with chemical and genetic modi�cations for functionalization of CPMV viri-
ons, a large body of work has been published that takes advantage of the well-characterized 
ability of CPMV to present foreign peptides on its surface. Most peptide insertions are 
located on the small subunit, on a loop that is exposed at the distal end of the �vefold sym-
metry protrusion. In this fashion, short peptide sequences known to nucleate inorganic 
materials, such as silica and FePt, has been inserted that produce virus-templated, mono-
disperse nanoparticles (Shah et al. 2009, Steinmetz et al. 2009). However, it quickly became 
evident that genetically prepared CPMV chimeras cannot effectively present peptides 
known to nucleate other inorganic compounds. As a result, researchers have returned to 
modi�cation techniques where the nucleating peptides are chemically conjugated to lysine 
residues on the CPMV exterior. As a result, nucleation of CoPt and ZnS nanoparticles has 
been realized (Aljabali et al. 2011b).

The robustness of CPMV also makes it possible to deposit metal compounds directly 
onto the capsid surface. Lysine residues on wild-type CPMV virions could be preactivated 
with palladium at pH 3.8, followed by electroless deposition (ELD) of a host of metal com-
pounds including, but not limited to, NiFe and CoPt (Aljabali et al. 2010). Alternatively, 
it has been shown that gold nanoparticles can be templated from CPMV capsids by �rst 
encapsulating the virion with the polyelectrolyte, poly(allylamine) hydrochloride (PAH). 
At neutral pH, CPMV capsids present a negative charge, thus, promoting adsorption of 
the cationic polyelectrolyte onto the surface. Subsequent reduction of a gold precursor 
resulted in gold-coated CPMV virions (Aljabali et al. 2011a).

7.5.3 Diagnostics and Imaging

CPMV offers researchers an array of modi�cation approaches for use in the �eld of nano-
biotechnology. Although examples exists, it is a little surprising that CPMV has not been 
explored in nanobiotechnology applications such as targeted delivery and biosensing to a 
greater degree.

CPMV has been demonstrated as a potential tool for the delivery of diagnostic agents. 
In one study, �uorophores were conjugated to lysine residues on the CPMV exterior, and 
the resulting conjugates were injected into the tails of mice. These CPMV-�uorophore 
constructs could then be used to image vasculature and the angiogenesis occurring in 
developing tumors (Lewis et al. 2006). It has also been shown that �uorophore-labeled 
CPMV capsids can be retained in endothelial tissue for several days allowing long-term 
imaging (Leong et al. 2010). Also, dually modi�ed CPMV capsids have been used to pro-
vide site-speci�c labeling in immunoassays. CPMV virions possessing an introduced 
cysteine were modi�ed �rst with approximately 60 �uorophores through thiol-linking 
chemistries, followed by conjugation of an antibody to surface lysines with NHS esters. 
The resulting immunolabeled �uorescent viral particles improved the limit of detection 
of Staphylococcus aureus enterotoxin B (SEB) (Sapsford et al. 2006). Fluorescent dye-labeled 
CPMV particles have also been demonstrated to increase the sensitivity of commercially 
available DNA microarrays (Soto et al. 2009).
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7.6 Tobacco Mosaic Virus

7.6.1 General Properties, Structure, and Assembly

Perhaps no virus has played a larger role in the development of modern virology than the 
tobacco mosaic virus (TMV). The intensive study of TMV has resulted in several signi�-
cant breakthroughs in molecular biology. Investigation into the causes of tobacco mosaic 
syndrome dating back to 1886 resulted in the identi�cation of an infectious agent that was 
small enough to pass through candle-�lters capable of removing bacteria from solution. 
This was the �rst instance of the identi�cation of a “�lterable agent” known to cause dis-
ease, an agent that would eventually be called a virus. It was the �rst virus to be puri�ed, 
crystallized, and shown to be composed of ribonucleoprotein; the �rst virus to be imaged 
in an electron microscope; and the �rst virus shown to have intrinsically infective RNA. 
Later, TMV mutants were an integral part of the research that proved that the genetic code 
is nonoverlapping (Creager et al. 1999, Klug 1999, Knipe et al. 2007). Part of the reason that 
TMV is so well studied is because it is easily produced in large quantities from infected 
tobacco plants and that it can be assembled in vitro from puri�ed protein and RNA; also as 
puri�ed virions are remarkably stable, they can remain infective for up to 50 years.

TMV is a rod-shaped, nonenveloped virus in the family Virgaviridae. It infects tobacco, 
in addition to more than 200 other plant species and is a Biosafety level 1 pathogen 
(Scholthof 2004). The assembled capsid is 300 nm in length, 18 nm in width, and has a 
central channel with a diameter of 4 nm (Knez et al. 2003). Fully assembled, the rigid rod 
structure is composed of a helical array of 2130 capsid protein subunits wrapped around 
a single-stranded, (+) sense RNA molecule, 6400 nucleotides in length (Creager et al. 1999). 
TMV lends itself to engineering efforts owing to its highly repeatable, one-dimensional 
structure, in addition to the open ends of the tubular capsid. The outer and inner surfaces 
of the TMV capsid have been shown to be hydrophilic, allowing researchers a multitude 
of approaches for interior and exterior capsid modi�cations (Bhyravbhatla et al. 1998). 
Moreover, TMV capsids can remain stable at temperatures up to 90°C, and can withstand 
ranges of pH between 3.5 and 9 (Perham and Wilson 1978).

At physiological conditions, TMV capsid proteins aggregate into two-layer disks, with 
each layer comprising 17 individual capsid protein molecules. Self-assembly of TMV 
begins when one such disk interacts with a speci�c sequence of the genomic RNA, the 
origin of assembly (OA), approximately 300 nucleotides in length (Turner and Butler 1986). 
After binding to the origin of assembly, the two-layer disk undergoes a conformational 
change into a helical “lock-washer” motif, whereby additional disks assemble and the 
nucleoprotein complex is elongated (Klug 1999), (Figure 7.11). In vitro studies have also 
shown that tailoring the pH and ionic strength can produce several different intermediate 
capsid structures, including small protein aggregates, or stacked rods (Durham and Klug 
1971). The highly repeatable, one-dimensional nature of the TMV capsid structure have led 
to a diverse array of engineering applications, as noted in the following sections.

7.6.2 Material Templating

Precise nanoscale control of materials in one dimension is very advantageous from an 
engineering standpoint. TMV has played a major part with respect to the engineering 
of viruses for nanomaterial biotemplating and biosynthesis. The �rst demonstration 
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of inorganic materials being nucleated on the surface of TMV was in 1999. In this 
groundbreaking study, pH-dependent nucleation of nanoclusters of iron oxides, silicon 
dioxide, lead sul�de, and cadmium sul�de on the exterior of the native TMV capsid were 
demonstrated (Shenton et al. 1999). Investigations into other material systems and their 
ability to be biotemplated on TMV rapidly followed. Realization that the central channel 
of TMV could be activated by treatment with palladium or platinum precursors enabled 
site-speci�c deposition of metals to form high-aspect ratio nanowires. As can be seen in 
Figure 7.12, precursor nucleation followed by electroless deposition of either cobalt or 
nickel, afford 3 nm diameter nanowires up to 500 nm in length, spanning the channels 
of two virions (Knez et al. 2003). The following work involved expanding the material 
set further, nucleating gold nanoclusters on the exterior and interior of native virions 
(Knez et al. 2004). An alternative approach for using TMV as a material template has been 

FIGURE 7.11
TMV capsomer undergoes a conformational change upon interaction 
with DNA. (Klug, A., The tobacco mosaic virus particle: Structure and 
assembly, Philos. Trans. R. Soc. Lond. B: Biol. Sci., 1999, 354(1383), 531–535. 
Adapted by permission of The Royal Society of Chemistry.)
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FIGURE 7.12
Nickel (a) and cobalt (b) nanowires deposited in the interior channel of TMV after activation with palladium. 
(Reprinted with permission from Knez, M., Bittner, A.M., Boes, F., Wege, C., Jeske, H., Maiß, E., Kern, K., 
Biotemplate synthesis of 3-nm nickel and cobalt nanowires, Nano Lett., 3(8), 1079–1082. Copyright 2003 American 
Chemical Society.)
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explored, whereby native virions were mixed with 6 nm gold nanoclusters. It was observed 
that citrate-coated gold nanoparticles would only interact at the termini of the capsids, 
leading researchers to suspect that particles interacted with the RNA inside the channel. 
The terminal nanoclusters could be enlarged by electroless deposition of gold, to produce 
virus “dumbbells” (Balci et al. 2007).

Material templating using native TMV is possible; however, to afford improved control 
of metal nucleation on the TMV capsid structure, genetically modi�ed TMV constructs 
offer expanded options. In 2005, Lee et al. engineered two cysteine residues onto the 
N-terminus of the capsid protein, which were uniformly displayed on the exterior of 
the TMV capsid. The use of this TMV mutant resulted in denser nanoclusters of gold, 
palladium, and silver than previous efforts (Lee et al. 2005). The surface-exposed thiols 
presented by the engineered cysteine residues could also act as nucleation points for 
platinum nanoclusters (Lee et al. 2006). Other genetic modi�cations to TMV can generate 
mutants with capsid structures up to 1000 nm in length—much longer than the genomic 
RNA contained within. These mutants have been used to demonstrate nucleation of silicon 
dioxide at basic pH, contrasting the earlier sili�cation work by Shenton, which required 
strong acidic conditions (Royston et al. 2006).

One challenge associated with the use of protein-based macromolecules in 
nanobiotechnology is the incompatibility of these structures with organic solvents. 
Immersing a highly organized hydrophilic structure, such as a virus capsid in an organic 
solvent can alter the protein’s conformation and result in a destabilized capsid or even 
complete denaturation. This can be a roadblock in the nanoengineering of viruses as it 
limits the “toolset” one can use to modify them. However, it has been shown that TMV 
can be made compatible with nonpolar organic solvents by pegylating the capsid exterior. 
Modi�cation of a native tyrosine (Y139) on the capsid exterior with a diazonium salt allows 
the insertion of a ketone. This ketone exhibits high reactive selectivity toward PEG chains 
modi�ed with an alkoxyamine, and results in over 1000 PEG chains per TMV capsid. 
The pegylated capsids can be transferred to organic solvents, and be subjected to radical 
polymerization, while exhibiting remarkable stability (Holder et al. 2010). Additionally, 
interior modi�cation of glutamic acid residues has allowed the attachment of an array of 
alkoxyamines to the TMV inner channel (Schlick et al. 2005). TMV has also been used as 
a biotemplate for other nanoscale materials. Conducting polymeric nano�bers composed 
of both polyaniline (PANi) and polypyrrole (PPy) have been deposited on the exterior of 
native TMV capsids (Niu et al. 2007).

7.6.3 Nanoscale Assembly

The ordered nanoscale arrangement of materials is another area in which researchers 
have looked to nature for inspiration. Ef�cient bottom–up assembly offers challenges to 
traditional material design and processing. Case in point, researchers have demonstrated 
assembly of TMV into ordered �lms on silicon substrates surface modi�ed with amine, 
methyl, acryloxy, or with a native oxide (Wargacki et al. 2008). In parallel with material 
synthesis, TMV has been incorporated into both bottom–up and top–down nanofabrication 
approaches. One group has fabricated functionalized three-dimensional structures by 
incorporating uncoated and nickel-coated TMV into a photolithographic liftoff process. 
The nickel-coated TMV structures were then coated with a nanoscale �lm of alumina by 
atomic layer deposition (ALD) (Gerasopoulos et al. 2010). Another approach for bottom–
up assembly of virus-based nanoscale templates involves the use of polymer-blend 
lithography. In brief, silicon wafers are patterned with a DNA-linker molecule that acts as 
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an RNA anchor. RNA is then hybridized to the DNA-linker, and contains a short segment 
that includes the OA for TMV, that, when mixed with assembly-competent TMV capsid 
proteins, initiates self-assembly of TMV rods (Mueller et al. 2011). This technique can be 
used in conjunction with the aforementioned materials synthesis techniques for a highly 
sophisticated, spatially controlled templating technique.

7.6.4 Photocatalysis and Alternative Energy

Among the areas of modern technology that could bene�t from the use of viral 
nanoengineering, photocatalysis stands out as a prime candidate. There are numerous 
examples in nature of photocatalytic systems that harvest the energy of sunlight to drive 
chemical reactions at the cellular level. Building upon the nanoscale arrangement of 
chromophores within these natural systems, it is possible to enhance the ef�ciency of solar 
cells, and increase the sensitivity of optical sensors.

It has been demonstrated that TMV can be used as a light-harvesting system, and that 
chromophores organized along the highly ordered one-dimensional capsid structure can 
exhibit FRET. Through the use of genetically modi�ed TMV capsid proteins that exhibit a 
cysteine at position 123 (S123C), chromophores can be attached through maleimide or other 
thiol-based chemistries. Through this approach, two different chromophores, Oregon 
Green, and Alexa Fluor 594 could be conjugated to separate batches of capsid monomers. 
When the individually modi�ed monomers were combined under proper conditions, 
TMV capsids could self-assemble, which had both the chromophores lining the interior 
cavity. FRET between the two chromophores could be demonstrated by illuminating at 
the excitation maxima of the �rst chromophore, and then observing emission from the 
second chromophore (Miller et al. 2007). More recently, further genetic modi�cation of 
the capsid protein reorganized the N-terminus to be presented on the interior channel of 
the assembled capsid. This allowed for differential attachment of two chromophores on 
a preformed capsid through orthogonal linking chemistry, simplifying the process for 
generating a photocatalytic nanostructure (Dedeo et al. 2010).

Presently, alternative energy technologies are receiving a large economic incentive, yet 
there remain inherent challenges associated with them. Poor ef�ciency is a constant issue 
for battery technologies, and prevents widespread adoption. It is recognized that increased 
surface area at the nanoscale can greatly enhance the ef�ciency of the said technologies; 
and reliable, controllable, and cost-effective methods to realize this are being explored.

One approach is to leverage nanobiological structures, such as virus capsids, as templates 
to generate increased surface area. TMV that has been genetically modi�ed with cysteine 
residues at position 3 (TMV1cys) has been shown to self-assemble on gold surfaces in 
a vertical manner, creating a carpet-like structure. The vertical alignment of the viruses 
is a result of the 3′ cysteine being the only residue that can chemically bind to the gold 
surface. Other cysteine residues introduced along the capsid superstructure are slightly 
recessed, which prevent interaction with the gold substrate. These remaining cysteines 
act as nucleation points for the reduction of palladium, which is followed by electroless 
deposition of nickel or cobalt for incorporation into batteries. These virus-templated 
structures have a signi�cant increase in surface area, and consistently outperformed 
nontemplated structures when integrated into a NiO-Zn battery system (Royston et al. 
2007) As can be seen in Figure 7.13, addition of an ∼50 nm silicon layer on top of the nickel 
using physical vapor deposition (PVD) resulted in a composite silicon anode with increased 
capacity and stability over commercially available graphite anodes (Chen et al. 2010).
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7.7 Red Clover Necrotic Mosaic Virus

7.7.1 General Properties, Structure, and Assembly

The red clover necrotic mosaic virus (RCNMV) is a T = 3 symmetry plant virus that is 
a member of the Tombusviridae family. These viruses are typically carried by a vector 
(fungus, insects, etc.) and are mainly transmitted through soil. They are not capable 
of endosomal entry, instead they infect hosts cells when their vector cause mechanical 
damage to the root system. However, other physical application such as rubbing virus 
onto leaves also cause infection. The RCNMV virion has 23% nucleic acid and 77% protein 
content and is ∼36 nm in diameter with an ∼17 nm interior cavity (Musil and Gallo 1982, 
Sherman et al. 2006). Its RNA genome consists of one 3.9 kb polycistronic RNA-1 and 
a 1.45 kb monocistronic RNA-2 (both are single stranded and positive sense), wrapped 
around the surface interior. RNA-1 codes for three proteins: the capsid protein, p27—a 
polymerase-related protein, and p88—an RNA-dependent RNA polymerase. The RNA-2 
codes for the protein, required for cell-to-cell movement. Interestingly, there are two 
distinct populations of the virus that are morphologically similar; one population contains 
four copies of RNA-2 and the second, biologically active population, has one copy each of 
RNA-1 and RNA-2 (Basnayake et al. 2006).

The capsid protein (37 kDa) exists in three conformations (A, B, C) and the assembled 
virion contain 30 C–C homodimers and 60 A-B heterodimers. The A–B units are arranged 
around the threefold and �vefold symmetry axes and the C–C dimers at the twofold 
axis. Capsid assembly and RNA packaging is believed be initiated by a 34-nt stem-loop 
structure present on RNA-2, often referred to as the transactivator (TA) element. Assembly 
and copackaging of RNA-1 and RNA-2 occur through an interaction of stem loop with a 
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FIGURE 7.13
TEM image of TMV/Ni/Si nanowire. (Adapted with permission from Chen, X., Gerasopoulos, K., Guo, J., 
Brown, A., Wang, C., Ghodssi, R., Culver, J.N., Virus-enabled silicon anode for lithium-ion batteries, ACS Nano, 
4(9), 5366–5372. Copyright 2010 American Chemical Society.)
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speci�c transactivator binding sequence (TABS) on RNA-1 that causes a structural change 
in the RNA complex, recognized by the capsid protein (Basnayake et al. 2009).

The RCNMV capsid structure is affected by both pH and the concentration of Mg2+/Ca2+ 
ions. At low pH (below pH 6.5) the diameter is ∼36 nm whereas in neutral pH (pH ∼6.5–8) 
the capsid swells to ∼45 nm. In basic solutions above pH 8, the virus capsid starts to disas-
semble. In its native form, the capsid can bind several hundred atoms of Ca2+ and Mg2+, 
respectively. Removing the divalent ions causes a major structural change in the capsid, 
which leads to the formation of ∼1.3 nm pores at each trimer axis (Sherman et al. 2006). 
This ion-dependent shape change is thought to be part of the natural function of the virus. 
It is transmitted through soil, where the concentration of divalent cations is in the milli-
molar range. Upon infection the virus enter the cell cytoplasm that has a low concentration 
(micromolar), causing Mg2+/Ca2+ to leach from the capsid. The loss of ions causes a shape 
change that aids the release of RNA. The structural change is reversible where the pores 
close when increasing the concentration of divalent ions.

7.7.2 Drug Delivery

The structural dependency of RCNMV on divalent cations and pH can be leveraged as 
a strategy for triggered loading/release of small molecules. Franzen et al. demonstrated 
successful loading of small �uorescent molecules, including the cancer drug doxorubicin 
(DR) (Loo et al. 2008). Initial treatment of the virus with 200 mM EDTA at pH 8 were used 
to form pores in the capsid, followed by incubating with dyes at high dye/capsid molar 
ratio. Once loaded, the solution was dialyzed against a solution with 200 mM Ca2+ at pH 
6 to close the pores and entrap the molecular cargo. They noted that while dye molecules 
could be encapsulated at ratios about 70–90 molecules per capsid, several thousand DR 
molecules could be contained. The DNA intercalating properties of DR were thought to be 
the reason for this higher loading ef�ciency.

RCNMV can be used for drug-delivery applications if they can be targeted to speci�c cells. 
Recently, Lockney et al. used the heterobifunctional chemical linker sulfosuccinimidyl-4-
(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC) to couple 100–220 copies of 
a CD46 receptor-targeting peptide to the capsid exterior. Combining the peptide-targeting 
approach with cation-dependent loading of DR allowed successful delivery of DR-loaded 
RCNMV particles to HeLa cancer cells (Lockney et al. 2011). The authors noted that the 
SMCC approach caused some dimerization/aggregation and suggested other coupling 
strategies, such as “click” chemistry, which might provide more homogenous nanoparticle 
distribution.

7.7.3 Material Templating

The RNA-dependent assembly of the RCNMV capsid can be leveraged for triggered encap-
sulation of nanoparticles (NPs). Loo et al. (2006) demonstrated that gold NPs of various 
sizes can be “packaged” inside the capsid using this approach. They �rst immobilized a 
thiolated 20-nucleotide DNA to gold NPs that was based on the RNA-2 stem loop sequence 
and added RNA-1 to obtain an “origin of assembly.” Subsequently, they introduced puri-
�ed capsid protein (prepared at pH 9) and dialyzed against pH 5.5 buffer, which triggered 
assembly around the particle (Figure 7.14). The reassembly was performed at pH 5.5, which 
resulted in the most “native-like” capsids. They noted that 5, 10, and 15 nm gold particles 
were encapsulated while 20 nm particles were not. The interior capsid core is ∼17 nm and 
it was hypothesized that assembly around larger nanoparticles prevented formation of 
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stable capsids. It was also noted that the diameter of the construct depended on the size of 
the nanoparticle, going from 30 to 34 nm for 5 to 15 nm NPs, respectively. The versatility of 
this approach was further demonstrated by the same team, where they assembled the coat 
protein around quantum dots and magnetic CoFe2O2 nanoparticles (Loo et al. 2007). As for 
gold NPs, various sized particles below 20 nm could be encapsulated.

The loading and encapsulation examples, mentioned earlier, illustrate the potential for 
RCNMV as a versatile bionanomaterial; and other diagnostics, drug-delivery, and material 
synthesis applications are likely to follow.

7.8 Conclusions and Perspectives

Virus-based nanobiotechnology has progressed rapidly over the last decade. Several different 
virus systems have been exploited as nanoscale biotemplates, diagnostic, and therapeutic 
agents, as well as a host of other applications. The use of viruses in nanoscale technology 
offers several unique advantages; virus capsids are known to be extremely robust, have 
a very homogenous size distribution, and offer multifunctionality where the number of 
modi�cation approaches developed by researchers continues to increase. As a result, 
virus-based nanobiotechnology has found uses in many emerging �elds, from material 
templating to drug delivery to photocatalysis and other alternative energy applications. It 
is likely that other virus systems than those described in this chapter will be explored, and 
novel applications will be developed to further augment this exiting area of nanoscience.
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8
Biomimetic Nanotopography Strategies 
for Extracellular Matrix Construction

Esther J. Lee and Kam W. Leong

8.1 Introduction

8.1.1 Extracellular Matrix

The extracellular matrix (ECM) is a ubiquitous structure found in tissues and consists of 
a basement membrane and an interstitial matrix (Figure 8.1). The basement membrane 
remains nestled among various cell types (e.g., epithelial, adipocyte, Schwann, muscle) and 
cell layers (e.g., mesothelium, meningothelium, synovial) (Bosman and Stamenkovic 2003). 
It consists of an intricate �brous meshwork comprised chie�y of collagens, elastins, and 
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laminins. Collagens primarily provide support for the cells residing in different tissues. 
Elastins complement the general stiffness of collagens by providing some �exibility. Unlike 
the aforementioned two structural components, laminins—small adhesive proteins—
work to attract integrins, which are responsible for facilitating an array of cell–cell and 
cell–matrix interactions. The interstitial matrix �lls the voids of the basement membrane’s 
�brous network. It contains a number of proteoglycans—heparin sulfate and hyaluronic 
acid, for example—that safeguard the ECM from stresses imposed on it and promote 
deposition of growth factors (Dvir et al. 2011).

8.1.2 Biomimetic Materials

Formerly perceived as merely a structural scaffold for the body’s tissues and organs, 
the ECM has emerged as an indispensible guide for cell morphogenesis, proliferation, 
differentiation, adhesion, and migration (Tsang et al. 2010). An avenue of great interest 
in tissue engineering involves designing biomaterials that can function in the same, 
or at least, in a highly similar capacity as the natural ECM. Much effort has initially 
focused on the macroscopic microenvironment and how to better replicate it. But 
the eventual need to pay attention to the nanoscale becomes apparent, as various 
components of the ECM function at that level. For example, synthetic nano�bers 
(50–500 nm) have been generated to mimic the ECM’s naturally occurring collagen 
I �bers (Smith and Ma 2011). One of the most direct approaches to manipulate cell 
behavior is to vary a substrate to match the natural cell–substrate interactions. Such 
biomimetic surfaces are produced from a repertoire of fabrication techniques. Early 
attempts entailed crude methods, such as etching, sandblasting, and particle coating. 
The progression into more advanced terrain was marked by approaches that included 
electrospinning, phase separation, polymer demixing, and self-assembly. Additionally, 
surfaces were further augmented with ECM macromolecules to enhance bioactivity 
(von der Mark et al. 2010). More recent lithographic techniques (colloidal, electron 
beam, nanoimprint, etc.), originally invented for the microelectronic industry, have 
the capability to produce nanopatterns at very high resolution and great complexity. 
Adopted for biomedical applications, these advanced fabrication techniques will help 
understand how cells interact with the natural ECM and inspire the next generation of 
biomaterials and implant design.

Fibers Adhesive proteins Proteoglycans

FIGURE 8.1
(See companion CD for color �gure.) The topography of the ECM is characterized by various features—many 
falling within nanoscale proportions. The intertwined �bers act as structural supports, while adhesive proteins 
facilitate interaction between cells and matrix. Proteoglycans occupy the interstitial voids to protect the ECM 
from external stresses and attract growth factors.
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8.1.3 Design Considerations

The basic tenets of substrate design include biocompatibility and adequate mechanical 
strength, which are predominantly re�ected in the choice of material. For biomimetic sur-
faces to successfully orchestrate cell behavior akin to that in vivo, this requires appropriate 
selection of physical and chemical cues. Different cell types exhibit varied responses to 
certain topographical structures and surface-functionalized molecules. For tissue regen-
eration endeavors, the designed scaffold should be representative of the ECM composition 
that correlates with the physiological region of interest.

8.2 Nanofabrication Strategies

Nanotopographical features can arise spontaneously through a plethora of surface pro-
cessing techniques. These structures tend to be porous or �brillar in nature. On the other 
hand, other approaches involve precise nanopatterning at speci�c locations on a substrate. 
This implementation of design manifests either structurally or chemically. The former 
alters the physical landscape via surface deposition of material or etching the surface itself; 
the latter relies on substrate-immobilized bioactive particles to invoke different cellular 
responses (Anselme et al. 2010). The following subsections provide an overview of popular 
techniques and highlight select key �ndings from current scienti�c literature.

8.2.1 Unordered Topography

8.2.1.1 Electrospinning

Electrospinning generates �brous scaffold architectures with resolution to the nanoscale 
level (Figure 8.2a). This technique utilizes a polymer solution (or polymer melt) suspended 
within a capillary (Frenot and Chronakis 2003). When placed in a high electrical �eld, 
the electrostatic forces overcome the inherent surface tension of the polymer �uid in the 
capillary needle. Subsequent elongation and thinning of the solution produces nano�bers 
through the capillary needle, which collect on a grounded plate. Eventual solvent 
evaporation thereby leaves behind a �brous polymer meshwork (Doshi and Reneker 1995).

Nano�ber characteristics depend on various processing parameters, including the nature 
of the polymer solution and solvent, operational conditions (e.g., distance between capillary 
and collector, applied electric �eld), and environmental temperature and humidity (Li and Xia 
2004). Electrospinning allows for the generation of long, ultrathin �bers with high porosity and 
high surface-to-volume ratio. Control over nano�ber orientation is also feasible. Indeed, the 
�brous organization can have a profound effect on cell behavior. Electrospun polyurethane 
(PU) nano�bers in an aligned con�guration produced human ligament �broblasts (HLFs) with 
morphology reminiscent of those found in vivo and synthesized more collagen (correlated to 
ECM production) than HLFs seeded on randomly oriented electrospun scaffolds. Applying 
uniaxial strain in the direction of alignment further enhanced collagen production compared 
to the unstrained, aligned state (Lee et al. 2005). In another case, employing an external factor, 
mesenchymal stem cells (MSCs) seeded on aligned poly(ε-caprolactone) (PCL) nano�bers 
were subjected to orbital shaking, thereby alleviating the persisting problem in electrospun 
scaffolds of limited cell in�ltration. Collagen content also increased appreciably and more 
uniformly along the scaffold (Nerurkar et al. 2011). The structure–function relationship of a 
�brous scaffold remains an important parameter to optimize tissue regeneration.
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Emphasis on biomimetic material usage resulted in the creation of co-spun gelatin, 
elastin, and poly(lactide-co-glycolide) (PLGA) scaffolds—the latter providing structural 
support to the former two inherently weak ECM matrix components. These biocompatible 
products were successful in facilitating the organotypic distribution of both human 
epithelial and bovine smooth muscle cells (Han et al. 2010).

A collagen I-blended PLGA nano�brous scaffold received a surface coating of endothelial 
leukocyte adhesion molecule-1 (E-selectin)—a functional ligand for bone marrow–derived 
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FIGURE 8.2
(See companion CD for color �gure.) Scaffolds comprising �bers or macroporous structure present unordered 
topography. Several processing techniques include: (a) Electrospinning, where a lique�ed polymer subjected 
to high voltage is coaxed through a capillary needle onto a collector plate to produce long, thin nano�bers. 
(Venugopal, J. et al., Biomimetic hydroxyapatite-containing composite nano�brous substrates for bone tissue 
engineering, Philos. Trans. R. Soc. A Math. Phys. Eng. Sci., 368(1917), 2065–2081, 2010. Reprinted by permission of 
Royal Society Publishing.) (b) Thermally induced phase separation, in which a porous structure is created from 
a polymer-rich fraction obtained through changes in temperature. (Reprinted with permission from Spadaccio, 
C. et al., Front. Biosci., 3(Suppl), 901, 2011.) (c) Self-assembly of peptide amphiphiles, entailing spotaneous 
molecular aggregation to generate a nano�brous network. (Reprinted with permission from Hartgerink, J.D. 
et al., Science, 294(5547), 1684, 2001.)
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hematopoietic stem cells (BM-HSCs). Augmenting topographical cues with biochemical 
ones stimulated fast and higher-number BM-HSC adhesion to the substrate (Ma et al. 2008). 
In another study, pre-osteoblastic cells cultured on poly(l-lactide-co-ε-caprolactone) (PLCL) 
meshes containing immobilized Arg-Gly-Asp (RGD) peptide (a common adhesive ligand 
of ECM proteins) exhibited better cell adhesion and proliferation capacities than PLCL 
meshes sans surface modi�cation. Additionally, improvement in differentiation potential 
was also observed, with more calcium deposits and higher osteogenic gene expression by 
cells on the PLGA surfaces possessing the RGD peptide (Shin et al. 2010). These results 
highlight that biochemical cues can act in concert with topographical cues to elicit the 
desired cell behavior on electrospun �brous scaffolds.

8.2.1.2 Thermally Induced Phase Separation

Thermally induced phase separation (TIPS) generally consists of the following procedures: 
polymer dissolution, phase separation and gelation, solvent extraction, freezing, and 
freeze drying (Holzwarth and Ma 2011). When subject to certain temperatures, the 
polymer solution partitions into a polymer-rich phase and a polymer-poor phase. The 
polymer-rich fraction eventually hardens, while the polymer-poor fraction is extracted 
(Figure 8.2b). Gelation is regarded as the crucial step for dictating the scaffold’s porous 
morphology (Smith and Ma 2004). By modifying various thermodynamic and kinetic 
parameters, different porous architectures can be easily obtained (Nam and Park 1999). 
Combining TIPS with other scaffold-generating techniques opens up the possibility for 
further manipulation of pore size and shape.

To arti�cially replicate the physical and chemical nature of collagen, a nano�brous 
gelatin scaffold was generated via TIPS and subsequently leached with paraf�n to produce 
spherical pores. Preliminary studies indicated that this 3D scaffold could retain its shape 
after culture with osteoblasts; conversely, constructs using commercially purchased 
scaffold material Gelfoam® experienced a decrease in size (Liu and Ma 2009).

Although TIPS-produced structures in the nanoscale range remain sparse, those on 
the microscale level remain an attractive option whereby to observe cell behavior. On 
polyurethane TIPS scaffolds, seeded embryonic stem cell (ESC)-derived cardiomyocytes 
exhibited a rounded morphology; although not well-understood, this was speculated to 
be the result of an early differentiation time point because there was little cell in�ltration 
into the scaffold. Cell viability was also less than that of polyurethane electrospun �bers. 
However, most notably, contractile activity could be detected on both types of scaffolds 
(Fromstein et al. 2008). In another study, human bone-marrow stromal cells seeded on 
3D terpolyester of 3-hydroxybutyrate, 3-hydroxyvalerate, and 3-hydroxyhexanoate 
(PHBVHHx) scaffolds showed that proliferative capacity increased with pore size, while 
differentiation to a neural phenotype relied on the converse (Wang et al. 2010). Improved 
cell seeding was observed in poly(l-lactide) (PLLA) scaffolds incorporating �brin gel 
within their pores, with chondrocytes experiencing more uniform distribution and 
maintaining their round morphology. Furthermore, cell viability and proliferation were 
enhanced signi�cantly. Chondrocyte growth rate became more rapid, along with greater 
ECM production (Zhao et al. 2009).

8.2.1.3 Self-Assembly

Molecular self-assembly entails the spontaneous aggregation of molecules into an 
organized and stable form (Whitesides et al. 1991). The combined effect of various weak, 
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noncovalent interactions—for example, hydrogen bonds, ionic bonds (electrostatic forces), 
hydrophobic interactions, and van der Waals forces—is responsible for such a phenomenon 
(Zhang 2003). A number of self-assembling peptides and proteins have been used to 
generate nano�brous scaffolds. The process is not limited to biomolecules found in nature; 
in fact, a number of synthesized polymers are typically employed.

In one study, a change in pH triggered self-assembly of peptide amphiphiles (PAs) into 
ECM �bril-like nanocylinders, with the reaction being reversible. These PAs possessed 
a hydrophobic, long alkyl tail and a hydrophilic peptide head. Additional features 
included a phosphorylated serine residue for interaction with calcium ions and to guide 
mineralization of hydroxyapatite, and an RGD domain at the peptide’s C terminus to 
promote cell adhesion (Figure 8.2c; Hartgerink et al. 2001). The addition of various cell 
adhesive moieties to PAs has also proven effective in a number of other studies (Guler 
et al. 2006; Storrie et al. 2007; Ananthanarayanan et al. 2010; Shroff et al. 2010). Among 
the more recent, bone-marrow mononuclear cells (BMNCs) encapsulated in PA scaffolds 
covalently linked to the Arg-Gly-Arg-Ser (RGDS) sequence retained viability and had 
improved proliferative capacity, as demonstrated by both in vitro and in vivo studies 
(Webber et al. 2010). Heparin-binding PA (HBPA) gels were used to deliver vascular 
endothelial growth factor and basic �broblast growth factor into murine pancreatic 
islets—a challenging area for cellular signaling due to the presence of a packed array 
of clustered cells. These HBPAs successfully in�ltrated the islet surface, unlike their 
counterparts without heparin. This correlated to enhanced islet secretion and insulin 
production. Furthermore, a substantial angiogenic response was triggered, as concluded 
through observation of increased islet endothelial cell sprouting (Chow et al. 2010). 
Human MSCs encapsulated in TGFβ1-binding PAs showed greater expression of 
chondrogenic markers than in PAs without bioactive agents on their surfaces. In 
vivo studies using a rabbit model indicated that TGFβ1-binding PAs effectively aided 
microfracture-generated chondral defects in repairing damaged articular cartilage 
tissue (Shah et al. 2010). A number of other studies also alluded to the role of PAs in 
improving differentiation capacity of various cell types (Silva et al. 2004; Galler et al. 
2008; Anderson et al. 2011).

8.2.2 Ordered Topography

8.2.2.1 Dip-Pen Nanolithography

Dip-pen nanolithography (DPN) employs an atomic force microscope (AFM) tip to create 
nanopatterns on a solid surface using high substrate af�nity molecules (Figure 8.3a; Piner 
et al. 1999). These so-called inks consist of small organic molecules, organic and biological 
polymers, colloidal particles, metal ions, or sols (Ginger et al. 2004). DPN enables direct 
transport of the inks via capillary forces, in addition to selective placement. This technique 
does not require a stamp, resist, or additional processing steps, enjoying considerable 
simplicity compared with other nanopatterning techniques. The characteristics of the 
deposited nanofeatures depend on factors that include the substrate material, AFM tip, 
environment, and spacing. DPN is nevertheless time-consuming, and patterning of a large 
surface area would require an array of tips.

Cell adhesion studies were conducted using protein nanoarrays containing dots and 
grids patterned on a gold surface with 16-mercaptohexadecanoic acid (MHA). The lysozyme 
protein bound to the MHA nanopatterns in a highly speci�c fashion. Retronectin—a 
recombinant protein partly derived from �bronectin—successfully generated focal 
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FIGURE 8.3
(See companion CD for color �gure.) Various techniques used to generate ordered nanotopography on a sub-
strate of interest. (a) Dip-pen nanolithography involves deposition of “ink” molecules onto a surface using an 
AFM tip. (Reprinted with permission from Piner, R.D. et al., Science, 283(5402), 661, 1999.) (b) Colloidal lithogra-
phy employs self-assembling nanoparticles. When subject to an ion beam, nanopillars are produced. With �lm 
evaporation, particle removal results in a surface dotted with nanopits. (Reprinted with permission from Wood, 
M. et al., Nanotechnology, 13(5), 605, 2002.) (c) Electron beam lithography transfers a wide range of nanopatterns 
onto substrates with the aid of resists. (Reprinted with permission from Curtis, A.S.G. et al., J. R. Soc. Interface, 
3(8), 393, 2006.) (d) Nanoimprint lithography requires stamping with a master mold and subsequent etching. 
(Reprinted from Biomaterials, 26(26), Yim, E.K.F., R.M. Reano, S.W. Pang et al., Nanopattern-induced changes in 
morphology and motility of smooth muscle cells, 5405–5413, Copyright 2005, with permission from Elsevier.)
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adhesions on the nanoarray. Even when the dots were reduced to several hundreds of 
nanometers, proteins still adhered quite preferentially to the nanopattern (Lee et al. 2002).

The feasibility of isolating individual biological cells adds to the attractiveness of high 
resolution fabrication techniques, such as DPN. Vega et al. generated nanopatterns using 
MHA, in which the carboxyl groups were coordinated to zinc ions to help facilitate tobacco 
mosaic virus (TMV) adhesion to the surface. An area of 350 × 110 nm2 rectangular fea-
tures with 1 μm spacing produced the best outcomes; an individual TMV resided on each 
nanofeature and was perpendicularly positioned to adjacent TMVs (Vega et al. 2005).

With signi�cant variability in substrate generation, careful characterization of the 
samples becomes important. Additionally, limited use of biochemical reagents and 
external factors is highly preferable. The Hunt group created uniform nanopatterned 
gold surfaces with 70 nm dots functionalized carboxyl, amino, methyl, or hydroxyl 
ends positioned equidistantly from each other (spacing: 140–1000 nm). Culture of MSCs 
on these varied substrates elucidated a connection between chemical alterations and 
their differing effects on focal adhesions. Controlling initial cellular interactions via 
nanopattern spacing and surface molecules may also have later implications, such as 
dictating cell fate (Curran et al. 2010).

The behavior of two pathogenic bacteria strains Escherichia coli K12 and Pseudomonas 
aeruginosa observed on MHA/poly-l-lysine (PLL) nanoarrays once again implied that cell 
adhesion was governed, in part, by nanopattern shape and size. Notably, P. aeruginosa 
oriented itself with high ef�ciency to DPN patterns consisting of eight lines and 100 nm 
spacings, and this substrate attachment was attributed to electrostatic interactions 
between oppositely charged surfaces of bacteria and PLL (Nyamjav et al. 2010). Perhaps 
detection systems that exploit the capability of modulating pathogenic bacterial response 
will become realized in the near future.

8.2.2.2 Colloidal Lithography

Colloidal lithography (CL) uses etch masks comprised of mono-dispersed nanocolloids 
that self-assemble via electrostatic forces on a surface to be patterned (Norman and Desai 
2006). Formation of nanoscale features occurs when the particles or the areas encompassing 
it are etched. This process generally entails one of the following two approaches. Direct 
application of an ion beam produces pillared structures, while �lm evaporation and 
subsequent colloidal particle extraction leaves behind nanopits (Figure 8.3b; Wood et al. 
2002; Hanarp et al. 2003). Surface patterns vary with the type of colloids used, while their 
spacing depends on the colloid solution’s salt concentration (Norman and Desai 2006). 
Among its advantages, CL enables control over nanofeature characteristics (chemical 
composition, size, shape) in both a cost-effective and ef�cient manner (Denis et al. 2004). 
However, the method tends to generate little diversity in shape, due to the structural nature 
of the colloidal particles used. Hence, efforts have been expended to broaden the shape 
repertoire of nanopatterns via modi�cations to colloidal crystal structure (Choi et al. 2010). 
Two review articles provide a more detailed look into CL and its relevant applications 
(Yang et al. 2006; Wood 2007).

Dalby et al. etched 160 nm-high nanocolumns onto a polymethylmethacrylate (PMMA) 
substrate. Human �broblasts cultured on these modi�ed surfaces experienced a 
slower adhesion rate, less spreading, and lower viability than on �at PMMA controls. 
Additionally, these cells possessed a more diffuse cytoskeletal structure—cited as 
a possible consequence of reduced focal adhesion formation (Dalby et al. 2004b). A 
follow-up study using the aforementioned substrates indicated that �broblast-presented 
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�lopodia bent around the nanocolumns, highlighting their role in sensing the presented 
topographical cues (Dalby et al. 2004c).

Arnold et al. generated nanopatterns on glass and silicon substrates with 8 nm gold dots 
coated with c(RGDfK)-thiols (cyclic peptide linked via the spacer aminohexanoic acid to 
mercaptopropione acid), which were subsequently PEGylated. The dot size ensured that 
solely one focal adhesion corresponded to each individual nanofeature. REF52-�broblasts, 
MC3T3-�broblasts, and B16-melanocytes seeded on these surfaces all pointed to a maximal 
spacing interval between 58 and 73 nm. Above the latter limit, vinculin cluster, and actin �ber 
formation proved disordered (Arnold et al. 2004). In a later study, the Spatz group prepared 
gold nanodots (8–12 nm diameter) arranged in either an orderly or random con�guration 
on glass, and these nanopatterns were functionalized with c(RGDfK)-thiol ligand (one 
per nanodot). To ensure high speci�city in adhesion, the regions without nanodots were 
PEG-passivated. MC3T3-E1 osteoblasts cultured on the various glass surfaces differed in 
morphological traits and capacity for focal adhesion. Increasing the average interligand 
spacing caused MC3T3-E1 osteoblasts cultured on organized nanopatterned surfaces to 
take on a more elongated form, along with fewer cells attaching to the substrate. However, 
such changes did not manifest on disordered nanopatterned surfaces. But more importantly, 
the authors determined that successful integrin clustering and subsequent focal adhesion 
depended on interligand spacing of 70 nm and below (Huang et al. 2009).

Another study employed CL to produce patches ranging from 200 to 1000 nm in silicon 
wafers using gold particles, and the resulting surfaces were then enhanced with �bronec-
tin. Higher mammalian breast cancer cell numbers were observed on larger nanopatterns. 
Notably, focal adhesion complexes became more pronounced with increasing patch size. Cells 
exhibited less rounded morphology, indicating greater interaction with the surface. Despite 
no production of mature focal adhesions, these �ndings established a diameter of 200 nm as 
the lower limit of cell adhesion and focal complex formation (Malmström et al. 2010).

8.2.2.3 Electron Beam Lithography

Electron beam lithography (EBL) entails bombarding a conductive surface with electrons 
to induce alterations. This method requires use of a resist—a derivative of a high-molec-
ular-weight polymer solvent solution—that covers the substrate and retains the pattern 
to be imprinted (Tseng et al. 2003). This high-throughput technique caters to many types 
of materials and can generate a versatile array of nanopatterns (Schmidt and Healy 2009). 
Resolution below 10 nm is deemed feasible (Vieu et al. 2000). However, limited access to 
appropriate equipment, time consuming nature of production, and prohibitive costs ham-
per this technology from becoming commonplace.

Silicon surfaces consisting of 120 nm pits arranged in a hexagonal fashion were compared 
with �at PMMA surfaces with regards to �broblast adhesion. Results demonstrated larger 
cell sizes, better cell spreading, and proliferation on planar substrates, along with higher 
cytoskeletal organization, as indicated by vimentin and actin morphology. Fibroblasts 
cultured on the nanopatterned surface possessed �lopodia around the periphery of the 
nanopits, implying that these patterned structures impeded focal adhesion (Dalby et al. 2008).

EBL also enables the re-creation of structures reminiscent of the �brous ECM. Van Delft 
et al. crafted sets of nanogrooves varying in size onto polystyrene material with the aid of 
silicon wafer templates. Under a ridge/groove ratio of 1:1, both depth and width in�uenced 
rat dermal �broblast alignment (full alignment attained with parameters: 35 nm depth and 
200 nm width); narrow grooves purportedly increased random cell spreading, with the 
upper limit for this phenomenon hovering around 70–80 nm (van Delft et al. 2008).
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While changes in cytoskeletal organization have been recognized as a consequence 
of altered substrate nanotopography, the mechanism responsible for this has yet to 
be elucidated. Curtis et al. assessed whether surface cues left any temporary marks on 
�broblast cells cultured on CL-fabricated 160 nm nanocolumns. TEM images depicted 
nanocolumns forming indentations on the cells’ surface, and the authors noted that this 
imprinting extended internally into the cell, as well. An anti-integrin alpha 1 antibody 
was used to reduce cell attachment to the substrates. A nanopatterned surface further 
hampered cell adhesion compared to that of a planar polycarbonate control. This seemingly 
indicates the presence of a separate, non-integrin-related cellular mechanism that guides 
cell attachment (Figure 8.3c; Curtis et al. 2006).

8.2.2.4 Nanoimprint Lithography

In nanoimprint lithography (NIL), a resist layered on the surface to be modi�ed is 
stamped with a nanopatterned master mold. This initial step takes advantage of the 
glass transition temperature, whereby surpassing this critical point results in the con-
version of the thermoplastic resist to a viscous �uid (Chou et al. 1996). Consequently, the 
resist now contains an imprint—more speci�cally, a thickness contrast to the original 
relief. Residue removal to extract the desired topography can be performed via etching 
away the stamped areas on the resist. The conventional two-step approach can be con-
solidated into a single step with the use of a hybrid mask-mold. After applying the stamp 
to a resist, the entire complex undergoes UV light exposure, and then is subsequently 
dipped into a solution to remove parts in the resist where an imprint was made (Cheng 
and Guo 2004; Figure 8.3d).

As observed by Yim et al., bovine pulmonary artery smooth muscle cells (SMCs) seeded 
onto PMMA and poly(dimethylsiloxan) surfaces of nanogratings (350 nm line width, 
350 nm depth, 700 nm spacing) displayed an elongated morphology and alignment in 
a parallel fashion not observed on a �at substrate. This outcome notably correlated 
with cell behavior in vivo. However, lower BrdU expression in SMCs was noted in the 
presence of nanopatterns, attributing decreased proliferative capacity to nanogratings. 
Finally, a wound healing assay demonstrated the strong in�uence of nanopatterns 
on cell migration, with SMCs realigning themselves with the grating axis a mere 2 h 
postwounding (Yim et al. 2005). In another study, Johansson et al. cultured adult mouse 
sympathetic and sensory ganglia on Matrigel®-coated silicon wafers with grooves 
and ridges (300 nm depth, 100–400 nm widths, 100–1600 nm spacing). Axons preferred 
elongating on the latter—notably at the edges of these elevations. Contact guidance was 
shown to depend on a combination of axonal and nanofeature dimensions; for example, 
grooves and ridges of 100 nm solely guided the thinnest axons (Johansson et al. 2006).

Nanopillars (40–80 nm diameter, 150 nm–1 μm height, 100 nm pitch) imprinted onto 
tissue culture polystyrene (TCPS) plates (and further elongated in situ via adjustments 
to demolding temperature) were seeded with human foreskin �broblasts. These cells 
exhibited inhibited spreading, greater localization, and a rounded morphology, unlike on 
conventional �at TCPS, where they had wider surface distribution and possessed �lopodia. 
The authors thereby attributed the hindrance of cell spreading to the high aspect ratio 
of the fabricated nanopillars. No signi�cant improvement in cell adhesion following O2 
plasma treatment to minimize surface energy (increase hydrophilic nature of the substrate) 
implied that physical topography seemed to impact cell adhesion more so than that of 
chemical factors at the nanoscale level (Hu et al. 2010).
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8.3 Influence of Size of Topographical Features

Topographical features at both the microscale and the nanoscale have been shown to 
in�uence a multitude of cell phenotypes, ranging from attachment to proliferation and 
to differentiation (Figure 8.4). In many cases, the topography-mediated cellular response 
is size dependent, and often complicated. For instance, the attachment, migration, and 
differentiation of hMSC on a TiO2 nanotube-grafted surface are dependent on the 
diameter of the nanotubes (Figure 8.5a; Oh et al. 2009). The literature collectively suggests 
that nanotopography is a more potent modulator than microtopography in affecting 
cell behavior. A caveat to this generalization is cell-type dependency. For instance, 
macrophages show higher propensity of phagocytosis toward microparticles around 
1–2 μm over nanoparticles. It is possible, then, that the macrophages might respond more 
strongly to microtopography than nanotopography, as suggested in a study characterizing 
the response of murine macrophages to PDMS gratings (Figure 8.5b; Chen et al. 2010).

8.3.1 Pillars

A number of works focus on the changes in cell behavior that arise from adjusting 
nanopillar height. Milner et al. created pillars (400 or 700 nm height) on poly(l-lactic acid) 
(PLLA) and subsequently seeded them with human foreskin �broblasts. Cell adhesion 
increased as features were downsized, but the converse held true when considering cell 
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FIGURE 8.4
(See companion CD for color �gure.) In�uence of topography on cells. The native ECM has been implicated as 
a key player in guiding various cell–cell and cell–matrix responses. Better representations of these events and 
the mechanisms involved can be elucidated by accounting for detail at the nanoscale level.
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proliferation. Distinct morphological differences were also seen between �broblasts on 
patterned and smooth substrates, with the former adopting a more elongated shape. 
Focal adhesions located on nanopillar surfaces also seemed thinner and less structurally 
organized (Milner and Siedlecki 2007). Human MSCs cultured on titanium surfaces 
responded differently to various nanopillar heights (15, 55, 100 nm), with the shortest 
proving most conducive to focal adhesion formation. Likewise, expression of bone lineage 
markers osteocalcin and osteopontin appeared most prominently for 15 nm nanopillars 
and decline markedly when height was elevated (Sjöström et al. 2009). A more recent study 
by the aforementioned group also demonstrated similar cellular responses by human 
MG-63 osteoblasts (Sjöström et al. 2011). Rat embryonic cortical neurons were transferred 
to electrodes nanopatterned with pillars. These nanofeatures effectively hindered cell 
migration, but did not impede cell growth. This endeavor sought to maintain neuron 
functionality, while keeping them in place for accurate tracking and recording of individual 
neurons (Xie et al. 2010). Nanopillar (20 nm diameter, 2.5 μm height) silicon substrates, 
made hydrophobic with a gold coating, yielded greater adhesion and proliferation of rat 
MSCs compared to micropillar (2 μm diameter, 2.5 μm height) and planar counterparts. 
A decrease in cell spreading and cytoskeletal organization resulted exclusively in the 
presence of the nanopillars. Cell clusters predisposed to an osteogenic fate were also 
observed to be a consequence of nanotopography modulation. This work highlighted 
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FIGURE 8.5
(See companion CD for color �gure.) Size variations in topographical features cause cells to respond differently. 
(a) Following a 24 h culture period, hMSCs seeded on a �at surface and on TiO2 nanotubes reveal morphological 
differences. An increase in nanotube diameter correlated to greater cell elongation. (Reprinted with permission 
from Oh, S. et al., Proc. Natl. Acad. Sci. USA, 106(7), 2130, 2009.) The red arrows highlight signi�cant cell elongation, 
while the yellow arrows note the presence of lamellopodia, implying enhanced hMSC mobility. (b) Macrophages 
were seeded onto PDMS substrates: a �at control and ones of different nanograting sizes. After 48 h, changes in 
morphology, spreading, and elongation were evident. (Reprinted from Biomaterials, 31(13), Chen, S., J. A. Jones, Y. 
Xu et al., Characterization of topographical effects on macrophage behavior in a foreign body response model, 
3479–3491, Copyright 2010, with permission from Elsevier.) These manifested most prominently in the 500 nm 
and 1 μm nanogratings. However, the mechanism responsible for this behavior remains unclear at this point.
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the possibility that physical cues alone could profoundly impact differentiation capacity 
(Brammer et al. 2011a).

8.3.2 Pits

Akin to nanopillar height, nanopit depth has been shown to elicit varied cell responses. In 
one study, Sutherland et al. generated nanopits (40 nm diameter, 10 nm depth) on gold and 
TiO2 materials, and functionalized several surfaces with �brinogen. At earlier time points, 
human platelets bound to substrates having both nanopits and �brinogen more rapidly than 
their �at counterparts. But with time, all gold surfaces—regardless of whether physically 
or chemically modi�ed—exhibited greater platelet density than TiO2. Overall, this study 
noted the transition in cell behavior from reliance on physical topography to that of surface 
chemistry (Sutherland et al. 2001). Assessing human �broblast interactions on PCL substrates 
containing nanopits (35, 75, 120 nm diameter), noted more limited cell spreading and less 
cytoskeletal organization with a decrease in nanopit size (Figure 8.6). Interestingly, �lopodia 
numbers rose with larger-diameter nanopits, implying that cells more actively sense their 
environment due to perturbation (Dalby et al. 2004a). Similar cell behavior was observed in 
bone marrow MSCs seeded onto poly(carbonate) with 120 nm pits arranged in either a square 
or hexagonal con�guration. The latter had greater inhibition of adhesion and resulted in more 
structural disorder (Hart et al. 2007). Indeed, changing nanopit diameter could act as a means 
of modulating cell–substrate interactions and further downstream events.

A fundamental aspect involves understanding of topographical effects in the presence of 
more than one nanopattern. Seunarine et al. fabricated four different silicon surface patterns 
using nanopits and microgratings. Commercially available human �broblasts (hTERT) had 
strong af�nity for lines of nanopits, preferentially arranging themselves within this region 
rather than on �at, adjacent portions. On a substrate with both nanopits and microgratings, 
cell alignment was also shown to be more heavily in�uenced by the former. These �ndings 
demonstrated that certain nanopatterns take precedence over others and may thereby con-
trol cellular behavior via different mechanisms (Seunarine et al. 2009).

8.3.3 Grooves

Teixeira et al. observed human corneal epithelial cell growth on silicon oxide surfaces 
nanopatterned with grooves (400–4000 nm pitch—including ridges, 150 or 600 nm depth; 
Figure 8.6). These cells displayed spindle-like morphology and alignment with the modi-
�ed substrate down to a groove width of 70 nm. Focal adhesions and stress �bers oriented 
along the grooves and ridges experienced limited spreading dictated by nanofeature size, 
whereas no such inhibition occurred on nonpatterned surfaces. Among their key �ndings, 
the authors revealed that groove depth impacted cell alignment to a greater extent than 
pitch (Teixeira et al. 2003). Depth was demonstrated in a later work to be the most crucial 
parameter on the in�uence of cell alignment (Loesberg et al. 2007). The Sutherland group 
fabricated nanogrooved titanium-coated silicon wafers for culture of mouse mammary 
epithelial cells. It was noted that, given the choice, these cells preferentially adhered to 
planar surfaces. Two con�gurations (continuous or discontinuous edges) of nanopatterned 
surfaces indicated that continuous edges more effectively facilitated cell alignment and 
focal contact establishment (Andersson et al. 2003).

In another study, human primary osteoblasts were grown on PMMA surfaces contain-
ing grooves (330 nm depth; 10, 25, or 100 μm width). Nanofeature width proved crucial in 
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FIGURE 8.6
(See companion CD for color �gure.) Morphological differences become evident with nanoscale surface alter-
ation. (a, b) Epithelial cells cultured on planar silicon oxide display a rounded shape, whereas those on the 
nanopatterned surface (70 nm ridges, 400 nm pitch, 600 nm groove depth) were elongated and aligned with the 
nanogrooves. (Reprinted with permission from Teixeira, A.I. et al., J. Cell Sci., 116(10), 1881, 2003. Copyright 
The Company of Biologists Ltd.) (c, d) Human fetal osteoblasts situated on islands of height 11 nm experienced 
greater spreading and distinct lamellopodia compared to those on �at polystyrene. (Lim, J.Y., Hansen, J.C., 
Siedlecki, C.A., Runt, J., and Donahue, H.J., Human foetal osteoblastic cell response to polymer-demixed nano-
topographic interfaces, J. R. Soc. Interface, 2(2), 97–108, 2005. Reprinted by permission of The Royal Society of 
Publishing.) (e, f) Fibroblasts (hTERT-BJ1) cultured on surfaces bearing 120 nm diameter nanopits demonstrated 
less cell spreading than cells on the smooth control substrate. (Dalby, M.J., N. Gadegaard, M.O. Riehle et al. 
2004a. Investigating   �lopodia sensing using arrays of de�ned nano-pits down to 35 nm diameter in size. The 
International Journal of Biochemistry and Cell Biology 36(10): 2005–2015. Reprinted with permission from Elsevier.)
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regulating cell behavior, and decreasing this parameter correlating to a decline in focal 
adhesion formation (Biggs et al. 2008). While surface nanopattern downsizing may not 
always be favorable, doing so certainly bene�ted rat aortic endothelial cells on titanium 
surfaces. The 750 nm-pitch grooves improved cell density and alignment more so than 
with those of larger spacing; this was especially apparent when comparing to the results 
at the microscale level (Lu et al. 2008). Perhaps further resolution enhancement of these 
nanofeatures could yield even more effective results.

The Liu group augmented nanogrooved silicon surfaces of varying widths with 
�bronectin—an ECM adhesion protein. For the smallest width (90 nm) compared to the 
others, MG-63 osteoblasts experienced increased cell spreading, decreased alignment, and 
somewhat improved contact guidance (but not as effectively as �at surfaces). The authors 
speculated that surface chemistry in�uenced primary cell–substrate interactions, while 
the physical topography had greater bearing on the remainder of cellular events (Tsai 
et al. 2009). Zhu et al. utilized genetically engineered M13 phages functionalized with two 
types of osteogenic peptides to produce grooved �lms. MSCs cultured on these scaffolds 
exhibited enhanced capacity for proliferation and differentiation into the bone lineage. 
These parameters could be further modi�ed by changing the number of phage nano�bers 
or by incorporating different peptides onto the surface (Zhu et al. 2011).

Not limited to chemical cues, various other factors working in concert with topography 
have been shown to in�uence cell behavior. For example, the multipotent nature of bone 
marrow MSCs was more optimally preserved on a nanograted surface by imposing hypoxic 
conditions (Zhao et al. 2010). The hMSCs cultured on nanogratings tended to grow in patches 
under normoxic conditions, whereas they readily proliferated into a uniform con�uent 
layer in a 2% oxygen tension culture environment. In another study, by incorporating 
nanopatterns into a micro�uidic channel, the authors were able to understand the relative 
contribution of shear �ow and topography on MSC shape, adhesion, and orientation (Yang 
et al. 2011). This gives a glimpse on how active (shear �ow) and passive (nanotopography) 
mechanical cues may work in a convergent or divergent manner to in�uence cell behavior. 
When the �ow direction and grating axis were parallel or perpendicular to one another, 
the cell morphology and alignment were signi�cantly different. In vivo, interstitial �ow 
and nanotopography do surround cells in the ECM, or on the bone marrow surface, for 
example. A deeper understanding on how cells respond to topography in the presence of 
�ow would be a fertile direction toward recapitulating a biomimetic microenvironment 
for tissue engineering and regenerative medicine.

8.3.4 Nanotubes

Grafting poly(methacrylic acid) on carbon nanotubes (CNTs) resulted in the direct differ-
entiation of human embryonic stem cells (hESCs) into the neuronal lineage. The grafted 
scaffolds, which had rougher surfaces than ungrafted ones, also displayed improved cell 
adhesion and protein absorption (Chao et al. 2010). In another study, glass surfaces coated 
with multiwalled carbon nanotubes (MWNTs) experienced greater cell adhesion than 
uncoated surfaces; but both saw a decline in cell proliferation compared to conventional 
tissue culture-treated plastic. Additionally, the MWNT substrate seemed to favor neural 
differentiation over endodermal differentiation (Holy et al. 2011). Over the years, there has 
been extensive coverage on cellular responses induced by CNTs (Hu et al. 2004; Cui et al. 
2005; Yun et al. 2009; Liu et al. 2010; Behan et al. 2011).

Although CNTs remain the most prevalent in use, there have been other nanotubes 
that are on par, if not superior. Conductive polymer nanotubes have been derived from 
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poly(3,4-ethylenedioxythiophene), polypyrrole, poly(3-hexylthiophene), polythiophene, 
and polyaniline (Xiao et al. 2007). Although detailed studies need to be conducted on their 
interactions with cells, their electroactivity offers an attractive feature for culturing cells 
comprising the electrically active tissues of the body, such as the brain, cardiac tissue, and 
skeletal muscle.

In the meantime, another well-characterized example involves TiO2 nanotubes. They 
were shown to endow bioactivity to a Ti surface, leading to higher human osteoblast cell 
attachment and proliferation in comparison to that observed on a �at, untreated area. Signs 
of bone lineage appeared at an earlier time point for cells on the nanotube-covered sur-
face. Precipitate formation (presumably apatite structures) appeared solely on the aforemen-
tioned bioactive surface as well (Das et al. 2009). Sole adjustment of TiO2 nanotube diameters 
between 30 and 100 nm revealed the tradeoffs between cell adhesion and differentiation. 
The smallest diameter had greater cell density, but the largest diameter directed more MSCs 
toward an osteogenic fate (Oh et al. 2009). A more recent work highlighted the importance 
of surface chemistry in dictating cell functionality, with carbon-coated TiO2 nanotubes 
proving more favorable to MSCs, while TiO2 sans coating was more optimal for osteoblasts 
(Brammer et al. 2011b). A number of other works also delve into the effects of TiO2 nanotubes 
on cell behavior (Bauer et al. 2009; Yu et al. 2010; Lai et al. 2011; Zhao et al. 2011).

8.4 Dynamic Presentation of Topographical Cues

A biomimetic ECM should re�ect the dynamic nature of cell–topography interactions in vivo. 
Lam et al. (2008) �rst demonstrated the principle of dynamic synthetic topography using 
reversible poly(dimethylsiloxane) (PDMS) surfaces (2008). Reversible wavy microfeatures 
were fabricated by subjecting the molds to plasma oxidation and subsequently applying 
compressive stress to induce surface buckling. The study showed that C2C12 myoblast cell 
morphology could be directed dynamically using surface array transitions. An alternative 
approach to fabricating reversible topography is by exploiting the unique properties of 
shape memory polymers (SMPs). These materials can change shape in a predetermined 
way when exposed to the appropriate stimulus. Shape retention and recovery are typically 
facilitated through a thermally reversible phase transition and are closely associated with 
the polymer glass transition temperature (Tg) or melting temperature (Tm) (Lendlein 
et al. 2002). Recently, Henderson and co-workers reported the control of �broblast cell 
alignment and micro�lament organization using reversible grooved microstructures 
embossed into NOA-63, a polyurethane-based thiol-ene crosslinked SMP (Davis et al. 
2011). The study demonstrated the response of �broblast cell morphology to the phase 
transformation in the SMP, although the large topographical feature size (∼140 μm) probably 
limited the response. A more recent study demonstrated a �ner control of the dynamic 
topographical presentation by using a custom-synthesized PCL that phase transitions near 
the physiological temperature (37°C) (Le et al. 2011). When hMSCs were cultured on a 
micrograting surface, the cell morphology switched from elongated to spindle-shaped in 
response to a surface transformation between a 3 × 5 μm channel array and a planar surface 
at 40°C (Figure 8.7). This on-demand, surface-directed change in cell morphology offers a 
novel means to study cell-topography interactions with �ne control over surface feature 
size and geometry and may represent a generally applicable method to investigate a wide 
variety of topography-mediated changes in cell behavior.
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8.5 Summary

By more appropriately embodying the native ECM environment, nanotopographical fea-
tures created by either physical or chemical means, or through a combination of both, 
have effectively elicited desirable cell responses. Various cell types react differently to a 
given cue, and the mechanisms behind these manifestations must be better comprehended 
to advance the �eld. Achieving optimal results for the intended function requires re�n-
ing of the current nanofabrication techniques, �nding the most suitable biomaterials, and 
determining the appropriate nanopattern shape and spacing. As the driving forces behind 
cell adhesion, proliferation, and differentiation continue to unfold, biomimetic materials 
undoubtedly hold tremendous prospects for tissue engineering and regenerative medicine 
applications. ECM-inspired scaffolds will likely serve as a versatile and potent platform to 
cultivate organ and tissue development for therapeutic bene�t.
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FIGURE 8.7
(See companion CD for color �gure.) Shape memory biomaterials hold great promise for future studies of 
topographical cues. In this particular study, poly(ε-caprolactone) substrates underwent (a) thermal transforma-
tion and (b) recovery. GFP-tagged hMSCs exhibited morphological changes in response to such treatment. These 
cells aligned with the 3 μm × 5 μm channels (c), but upon return to the original planar surface, they adopted an 
unaligned orientation (d) (scale bars for c, d: 100 μm). These preliminary �ndings highlight the feasibility of 
dynamic control over surface topographical features. (Le, D.M., Kulangara, K. et al.: Dynamic topographical 
control of mesenchymal stem cells by culture on responsive poly(epsilon-caprolactone) surfaces. Adv. Mater. 
2011. 23(29). 3278–3283. Copyright Wiley–VCH Verlag GmbH & Co. Reprinted with permission.)
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9.1 Introduction

Nature is the best template for nanostructures and nanotechnologies, which manipulates 
hierarchical structures at the nanoscale and assembles them into elaborate and complex 
systems. These versatile hierarchical structures possess unique properties that enable 
diverse functions in living systems. We can create biomimetic structures and products 
from what we have observed in nature. For example, hierarchical structures of lotus leaves 
have inspired researchers to create superhydrophobic structures and self-cleaning prod-
ucts; gecko feet have inspired scientists to create nonstick bioadhesives, and butter�y 
wings have inspired engineers to create photonic structures for displays and biosensors 
(Liu and Jiang 2011).

Butter�y wings are lightweight, mechanically strong, hydrophobic, thermally respon-
sive, and, in particular, exhibit structural color due to the elaborated photonic nanostruc-
tures in their scales. Butter�ies possess some of the most striking color displays found in 
nature. With advancement in nanotechnology, the �eld of biomimetics has recently begun 
to implement the Morpho structural color to develop photonic sensors, energy ef�cient 
electronic display screens, solar panels, and other photonic crystal-based devices.

This chapter will use butter�y-inspired nanotechnology as a good example to demon-
strate how the hierarchical architecture of a butter�y wing affects the photonic function 
at nanoscale, how natural nanostructures inspire the design and fabrication of biomimetic 
photonic structures, and what the current and future applications of the butter�y wing–
inspired nanotechnology are.

9.2 Natural Butterfly Wings

9.2.1 Hierarchical Architectures of Butterfly Wings

The striking blue wings of the blue Morpho butter�y (as shown in Figure 9.1) are adored 
by artists and collectors worldwide for their beautiful appearance. Scientists, however, are 
interested in the butter�y wings for a less apparent reason (Huang et al. 2006). The blue 
color of the butter�y’s wings is not caused by the pigmentation commonly encountered in 
nature but because of the result of physical phenomena, which is called structural color or 
iridescence (Vukusic et al. 2000, Kinoshita and Yoshioka 2005). Although the nanostruc-
ture varies among different butter�y species, there are some general characteristics. All 
butter�y wings are made of nearly transparent cuticle proteins and chitin, and exhibit a 
hierarchical structure, in which overlapping microscale butter�y wing scales are covered 
with nanoscale veins. This architecture gives butter�y wings a superhydrophobic surface. 
This surface is essential since the Morpho butter�y lives in the rainforest, but more impor-
tantly it gives rise to the butter�y’s iridescent property (Watanabe et al. 2005b).

Huang et al. have reported the typical structure of a natural Morpho Peleides butter�y 
wing (Huang et al. 2006). In general, the wing scale is ∼150 μm in length and ∼60 μm in 
width. It consists of two layers, which are linked by pillars. The undersurface of each scale 
is smooth and lacks structure. The upper surface is formed by a large number of elongated, 
parallel ridges/lamellae (Figure 9.1b). On the surface of the scale there are 35–40 rows of 
lamellas aligned with a nearly identical interspacing (roughly 1–2 μm from each other). As 
shown in Figure 9.1d, the lamellae are supported by cylindrical veins, which are ∼1.6 μm in 
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length (L), ∼100 nm in diameter (d1), and ∼60 nm (D1) away from each other, bound together 
by an array of ribs (diameter d2 = 20 nm and inter distance D2 = 50 nm). The unit cells on the 
lamella are tilted with an angle of around 30°. The long-range-ordered multiple-layered 
structure in combination with the periodic nanostructure in the scale of a butter�y’s wing 
gives rise to the unique color phenomenon.

9.2.2 Structural Color Phenomena of Butterfly Wing

As mentioned earlier, the stunning coloration of the Morpho butter�y wing is caused by an 
iridescence phenomenon (Vukusic and Sambles 2003, Watanabe et al. 2005b). Iridescence is 
a structural color formed by light resonance using geometric structures in the absence of 
pigment, dye, or luminescence (Fudouzi 2011). The nanostructured veins in the scales are 
approximately 160–200 nm apart. Blue light occurs in the wavelength range of 400–480 nm, 
which is double the vein distance on the scales. Chitin wings of these butter�ies are made 
of discretely con�gured multiple layers. The layers of scales re�ect incident light and 
produce interference effects. Because the re�ected light from different layers will have a 

d2

~30°

d1D1

D2
L

(d)

200 nm

(c)

(a) (b)

(e)

50 µm

10 µm

1 µm

FIGURE 9.1
(See companion CD for color �gure.) Morphology and structure of natural butter�y wing scales. (a) Photograph 
of a Morphopeleides butter�y. (b) SEM image of a single wing scale. (c) Optical image of the periodic array of 
wing scales. (d) The schematic of a unit cell on the lamellae. (e) SEM images of the structure of the lamellae 
on the scale. (Reprinted with permission from Huang, J., Wang, X., and Wang, Z. L., Controlled replication of 
butter�y wings for achieving tunable photonic properties, Nano Lett., 6, 2325–2331. Copyright 2006 American 
Chemical Society.)
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different phase, there is constructive interference for a given wavelength and destructive 
interference for the other wavelengths (Coath 2007). Constructive interference will make 
light of a speci�c wavelength brighter, while destructive interference will make light of a 
speci�c wavelength darker (or destroy it completely). The coloration of the upper surface 
of the butter�y will appear bright blue or dull brown based on the angle of incidence, the 
angle of observance, the wavelength of the light incident on the butter�ies’ wings, and 
the distance of the scale layers from one another. Light scattering is also present and is 
responsible for making the color more uniform across the wing.

Due to the butter�y wing’s unique hierarchical architecture and UV re�ectance, it 
demonstrates stress-mediated covariance between nanostructural architecture and UV 
butter�y coloration (Kemp et al. 2006). The butter�y wing is very sensitive in response 
to surrounding materials and temperature change. Butter�ies use this unique property 
to help them survive. The manner in which Morpho butter�ies �y makes them appear to 
rapidly change color from a brilliant blue to a dull brown. This creates the illusion that 
they are disappearing and reappearing, which makes it dif�cult for them to be followed 
by predators. Further, they can use the brown coloration to hide completely and use the 
blue coloration to startle predators.

9.2.3 Mechanism of Structural Color

Lord Rayleigh was one of the �rst researchers to recognize the structural color phenomena 
in the early 1920s (Rayleigh 1917, 1919). He observed iridescent animals under a micro-
scope and found that when light was re�ected off the wings of a Morpho butter�y the 
wings appeared blue-greenish; however, the light that passed through the wings was 
brown (Kinoshita and Yoshioka 2005). The development of the scanning electron micro-
scope (SEM) enabled the observation of the nanostructure of the butter�y wing scale. 
Yoshioka and Kinoshita observed the cross section of the wing scale via SEM (Yoshioka 
and Kinoshita 2004). Separated ridges with lamellar structures and membranes between 
them were revealed (Figure 9.2). Without the cover scale, the light would be re�ected from 
the brown pigment embedded in the re�ective ground scale.

The cover scale is able to produce a shimmering effect on the re�ective scale by 
using a quasi multilayer interference to produce vibrant structural colors. In 1917, Lord 

5 kV 1 μm × 15,000

FIGURE 9.2
SEM image of cross section of the Morpho wing scale. (Reproduced by kind permission of Shinya Yoshioka, 
Osaka University: http://www.sciencebuzz.org/buzz_tags/nanotechnology).
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Rayleigh presented a paper on the intense re�ectivity caused by an ideal multilayer 
(Rayleigh 1917). Kinoshita and Yoshioka drew the schematics to depict the arrangement 
of constructive interference within a multilayer to enhance the re�ected light as shown 
in Figure 9.3a (Kinoshita and Yoshioka 2005). A multilayer could be formed by a pair 
of thin layers that pile upon each other periodically to enhance the re�ected light. If 
we represent two layers as A and B and de�ne their thickness as dA and dB, and their 
refractive indices as NA and NB, the desired qualities of thickness can cause constructive 
interference assuming that NA > NB. Depending on the thickness, angle of incidence, 
and refractive index, the re�ected light that crosses through layer A twice can undergo 
constructive interference with the re�ected light from layer B. If Equation 9.1 satis�es the 
phase difference necessary for constructive interference, then the re�ectivity will rapidly 
increase. According to Rayleigh, as the number of layers increases in the multilayer, 
the re�ectivity increases rapidly and the bandwidth of the re�ected light’s wavelength 
decreases (see Figure 9.3b).
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The hierarchical structure of Morpho cover scales and optical relations of the ideal 
multilayer come together to explain the structural color phenomenon in Morpho butter�ies. 
Figure 9.4 displays how the extensive structure induces the optical phenomenon (Kinoshita 
and Yoshioka 2005). The �rst optical phenomenon shown in Figure 9.4 is the lamellar 
structure. It is responsible for the primary function of increasing re�ectivity by the already 
mentioned quasi-multilayer interference. From SEM images of these nanostructures 
(Figure 9.2), the heights of the lamellae are varied across the scale. The varied height and 
narrow width produce the other optical feature called diffraction, which changes the 
intensity of the re�ected light based on the viewer’s angle of incidence. There is a large 
difference of index of refraction between lamellar ridges, which produces high re�ectivity 
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FIGURE 9.3
Con�guration and re�ectivity of an ideal multilayer. (a) Arrangement of constructive interference with an ideal 
multilayer. Layers A and B have a distinct refractive index (nA and nB), thickness (dA and dB), and angle of refrac-
tion (θA and θB). (b) Re�ectivity from a multilayer with various numbers of layers of 5, 15, 31, and 61 (nA = 1.55 and 
nB = 1.60). (Kinoshita, S. and Yoshioka, S.: Structural colors in nature: The role of regularity and irregularity in 
the structure. ChemPhysChem. 2005. 6. 1442–1459. Copyright Wiley-VCH Verlag Gmbh & Co. KGaA. Reproduced 
with modi�cation with permission.)
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and small bandwidth as found in an ideal multilayer. In summary, the nanostructures on 
the top-layer transparent scales can diffuse or spread out the re�ective light with varying 
degrees of order and disorder. Altogether, butter�y wings produce structural color by 
photonic nanostructures, re�ection, diffraction, and interference (Kinoshita et al. 2002).

9.3 Biomimetic Butterfly Wing Scale Structures

Inspired by butter�y wings, biomimetic hierarchical structures have been successfully 
fabricated by templating the scales and imbricating the wings using various materials, 
including semiconductors and metal oxides (e.g., SiO2, TiO2, SnO, Al2O3, ZnO, Fe3O4), 
carbon, phosphor, glass, and polymers. Most of the biomimetic hierarchical structures use 
natural butter�y wings as a template and are fabricated by various deposition and synthesis 
methods, such as chemical vapor deposition, solution casting, atomic layer deposition, 
soaking process, conformal-evaporated-�lm-by-rotation, sol–gel process, hydrothermal 
process, ultrasonication, and molding lithography. Direct write (such as electron beam 
lithography and laser direct-write) provides a new avenue to fabricate biomimetic tree-like 
structures without the need of a butter�y wing. These methods have been summarized in 
Table 9.1 and outlined as follows.

9.3.1 Synthetic Silica Wing by Chemical Vapor Deposition

Cook et al. �rst replicated the biomimetic butter�y wing using chemical vapor deposition 
(CVD) of silica (Cook et al. 2003). A peacock butter�y wing structure was used as a bio-
template, on which the silane was oxidized with hydrogen peroxide in the vapor phase in 
a controlled manner to produce a thin silica coating in a CVD apparatus. The thin silica 
coating could serve as the �xative and conserve the delicate structure of the biospeci-
men, followed by removing the biotemplate through calcination (combustion at 550°C). By 
this method, a precise replica of the original wing structure was obtained using synthetic 
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FIGURE 9.4
Schematics of lamellar structures and their optic features in a Morpho butter�y wing. (Kinoshita, S. and 
Yoshioka, S.: Structural colors in nature: The role of regularity and irregularity in the structure. ChemPhysChem. 
2005. 6. 1442–1459. Copyright Wiley-VCH Verlag Gmbh & Co. KGaA. Reproduced with modi�cation with 
permission.)
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TABLE 9.1

Nanofabrication Approaches to Biomimetic Butter�y Wing Structures

Nanofabrication 
Methods Structures Achieved

Major Materials 
Used Pros and Cons References

CVD Calcined silica replica (100–150 nm thick) Silica Pros: inexpensive process; compatibility to the 
natural structure

Cons: harder and more brittle than the natural 
structure

Cook et al. (2003)

FIB-CVD CAD The quasi-structure (200 nm thick) 2.60 μm 
in height, 0.26 μm in width, 20 μm in 
length, and 0.23 mm grating pitch

Diamond-like carbon Pros: faithful replica of the natural 
nanostructure and optical characteristics

Cons: time consuming

Watanabe et al. 
(2005b)

Solution casting Phosphor wing with structural features at 
precision of 100 nm

Y2O3:Eu3+ or TiO2:Eu3+ 
phosphor precursor 
solutions

Pros: simple process; low cost
Cons: lack of photonic properties

Silver et al. 
(2005)

ALD Al2O3 “Christmas tree” structures Pure Al(CH3)3 (TMA) 
and deionized water 
as precursors

Pros: faithful replica of wing structures and 
photonic properties; low cost; tunable 
structural colors; deposition of other materials

Cons: dif�culty in mass production and 
controllability of colorations

Huang et al. 
(2006) and Liu 
et al. (2011, 
2012a)

ALD Ti2O3 wing (50 nm thick) Ti2O3 Pros: conformal deposition; low cost
Cons: unable to accurately replicate the internal 
multilayer structure on a large surface area

Gaillot et al. 
(2008)

Self-assembly, 
sputtering and 
ALD

Multilayer concavities (∼4.5 μm in 
diameter and 2.3 μm in height)

TiO2 and Al2O3 Pros: mimicking the color mixing effect and 
enhanced optical properties

Cons: multiple steps

Kolle et al. (2010)

Soaking method ZnO microtube wing 
ZnO single wing scale

Zn(NO3)2 Pros: adjustable structures
Cons: the process condition needs to be carefully 
controlled

Zhang et al. 
(2006) and Chen 
et al. (2011)

Sol–gel process SnO2 replicas of longitudinal uniform-
spaced ridges and parallel lamellae of 
four shelves (34 nm thick SnO2 layer with 
hollow interior of 90–100 nm in diameter)

Sn-colloid Pros: well-organized hierarchical structures; 
high sensitivity; enhanced UV re�ection

Cons: the process condition needs to be carefully 
controlled

Song et al. (2009, 
2011)

Hydrothermal 
process

CdS wing Fe3O4 wing EDTA/DMF, CdCl2 
and Na2S EDTA/
DMF, FeSO4 and H2O2

Pros: hierarchial architecture; simple and 
low-cost process; incorporation of nano-Fe3O4 
into the biomimetic wing

Cons: low re�ection of the resulted Fe3O4 wing

Han et al. (2009) 
and Peng et al. 
(2011)

(continued)
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TABLE 9.1 (continued)

Nanofabrication Approaches to Biomimetic Butter�y Wing Structures

Nanofabrication 
Methods Structures Achieved

Major Materials 
Used Pros and Cons References

CEFR Glass replica Chalcogenide glasses Pros: oblique angle deposition
Cons: relatively complicated process

Martín-Palma 
et al. (2008)

Ultrasonication SnO2, SiO2, and TiO2 semiconductor 
photonic crystal structures

HCl, NaOH, metal 
oxide precursors

Pros: simple and effective process;
Cons: the precursors need to be carefully 
selected;

Zhu et al. 
(2009) and Liu 
et al. (2010)

Two-step templating 
and in situ 
polymerization

Polypyrrole photonic crystal structure HCl, NaOH, ethanol/
water/TEOS/HCl 
solution, SiO2, 
pyrrole, FeCl3

Pros: suitable for fabricating polymer wing
Cons: multiple steps

Tang et al. 
(2012)

Molding 
lithography

PDMS replica PDMS, Pt/Au Pros: mass production; simple; low cost
Cons: mimicking the wing structure 
qualitatively (only surface structure 
replicated)

Kang et al. 
(2010)

EBL Discrete multilayer structure composed 
of seven layers of TiO2 (40 nm) and SiO2 
(75 nm)

Quartz substrate, 
TiO2 and SiO2

Pros: direct-write process without the need of 
the wing template

Cons: time consuming and low throughput

Saito et al. 
(2009, 2011)

Laser direct-write Microsized patterns composed of 
nanostructures

SiO2 microspheres 
and Si substrate

Pros: direct-write process without the need of 
the wing template

Cons: hard to completely reproduce the 
hierarchical structure

Pena et al. 
(2010)
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silica. Although the silica wing is harder and more brittle than the natural butter�y wing, 
a pair of tweezers can more easily handle the silica wing. CVD is an inexpensive process 
used to faithfully replicate the hierarchical structure of the natural form.

9.3.2  Diamond-Like Carbon Wing by Focused Ion Beam Chemical 
Vapor Deposition with Computer-Aided Design

Watanbe et al. (2005a,b) fabricated the Morpho-butter�y-scale quasi-structure using a 
focused ion beam chemical vapor deposition (FIB-CVD). They utilized a Ga+ ion beam to 
deposit a diamond-like carbon material based on a mixture of organics. Computer aided 
design was used to control the FIB with a 20 nm ion beam to produce 80 nm structures 
that have similar morphology to the Morpho nanostructures situated within the wing. The 
process took about 55 min to produce a 20 μm long sample. This process is not ideal for 
mass production; however, the fabrication was able to make an almost exact replica of the 
Morpho nanostructure and optical characteristics.

9.3.3 Phosphor Wing by Solution Casting

Silver et al. (2005) reproduced the Morpho nanostructure by casting from scales of a but-
ter�y using a precursor phosphor solution, which was the �rst nanostructure made from 
phosphor. Brie�y, a section of the butter�y wing was placed between two quartz plates 
containing a �lm of precursor phosphor solution and pressed. After removing the top 
quartz plate, the butter�y wing template was �lled in with precursor phosphor solutions, 
dried at 80°C for 1 h, placed in a furnace at 100°C, followed by a gradual increase in tem-
perature to 700°C. After 30 min of calcination at 700°C, the natural template was burned 
off and removed, leaving a cast of phosphor wing nanostructures. Although the fabricated 
phosphor wing structure could replicate the natural butter�y wing at a scale down to 
100 nm, it failed to demonstrate any photonic properties. It was speculated that the pre-
cursor phosphor solution did not penetrate into or coat the lamellar structures located 
between the cross-ribbing in the scales, which are the most important structures in the 
generation of diffraction properties.

9.3.4 Al2O3 Wing by Atomic Layer Deposition

Low temperature atomic layer deposition (ALD) is a promising low-cost nanofabrication 
approach to alumina replicas of the butter�y wing scales. Huang et al. (2006) replicated the 
Morpho wing structure with Al2O3 using an ALD system at 100°C. Pure Al(CH3)3 (TMA) and 
deionized H2O were used as precursors for Al2O3 deposition onto the Morpho nanostructure. 
A thin �lm was formed as a result of the precursor chemical reaction. The growth rate of 
Al2O3 could be controlled at 0.1 nm per cycle. After depositing uniform layers of Al2O3 
onto the natural butter�y wing scale in a controlled manner, the sample was annealed at 
800°C for 3 h to remove the original template and crystallize the shell structure. Due to the 
uniformity of the Al2O3 �lm, Al2O3 wings replicated by low temperature ALD deposition 
have faithfully replicated the shape, orientation, distribution, and photonic properties of 
the “parent” scales. In particular, the photonic properties are tunable by controlling the 
thickness of the Al2O3 layer by varying the number of ALD deposition cycles, as shown in 
Figure 9.5 (Huang et al. 2006, Liu et al. 2012a).

Due to the self-limiting and surface reaction characteristics, ALD can control the 
�lm growth at the atomic scale and realize 3D conformal replication with high �delity 
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(Knez et al. 2007). Both the cover and ground scales of Morpho butter�y have been replicated 
by utilizing the ALD method, despite the ground scale having a higher aspect ratio (Liu 
et al. 2011). A thin �lm of Al2O3 was deposited on the butter�y wings in an ALD system at 
80°C, 0.2 Torr with a growth rate of Al2O3 at 0.095 nm per cycle. This demonstrated that the 
inorganic–organic hybrid structures replicated with high �delity not only the morphology 
of the scales, but also the homologous iridescence and diffraction property. Additionally, 
both uncoated and coated wings show similar optical features and hydrophobicity that can 
be attributed to the structures and not the chemistry of the material. Similarly, TiO2 wings 
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FIGURE 9.5
(See companion CD for color �gure.) Alumina replicas of the butter�y wing scales by atomic layer deposition. 
(a) Optical images of alumina wing scales show color changed from blue to pink with the increase of the thick-
ness of Al2O3 coating. (b) SEM image of the alumina replicas of the butter�y wing scales on silicon substrates. 
(c) The energy dispersive x-ray (EDX) spectrum of the alumina replica. (d) SEM image of an alumina replicated 
scale exhibited the well-preserved lamellae structure of the original wing scale template. The broken tip in the 
insert showed the tubular/cylindrical vein structure. (Reprinted with permission from Huang, J., Wang, X., and 
Wang, Z. L., Controlled replication of butter�y wings for achieving tunable photonic properties, Nano Lett., 6, 
2325–2331. Copyright 2006 American Chemical Society.)
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were fabricated by low temperature ALD at 100°C and a growth rate of 0.075 nm/cycle 
using Papiliobluemei wing as a template (Gaillot et al. 2008).

In order to further replicate the color mixing effect of the Indonesian butter�y Papilio 
wings (Vukusic et al. 2000, 2001, Wilts et al. 2012), which results from a juxtaposition of 
blue and yellow-green light re�ected from different microscopic regions on the scales, 
intricate Al2O3 wing photonic structures have been fabricated by ALD in combination 
with other layer deposition techniques (e.g., colloidal self-assembly, sputtering) (Kolle et al. 
2010). This fabrication process includes �ve steps: (1) deposition and self-assembly of poly-
styrene colloids (5 μm in diameter) on a gold-coated silicon substrate; (2) electrical growth 
of a platinum or gold layer (2.5 μm thick) in the interstitial space between the colloids; (3) 
ultrasonication of the sample in acetone to remove the polystyrene colloids; (4) sputtering 
of a carbon �lm (20 nm thick) on the gold surface; and (5) ALD growth of a multilayer stack 
of 11 alternating 60 nm thick TiO2 and 80 nm thick Al2O3 �lms. The resulting arti�cial 
wing structure demonstrated multilayer concavities (∼4.5 μm in diameter and 2.3 μm in 
height) and enhanced optical properties mimicking the color mixing effect.

The integration of biotemplates, ALD, and other nanofabrication and synthesis methods 
provide a potential route to fabricate the nanostructures with multifunctional features, 
which may be especially crucial for developing innovative functional optical devices.

9.3.5 ZnO Microtube and Single-Wing Scale by Soaking Process

ZnO is one of the most widely used nanomaterials for catalysts, semiconductors, sensors, 
and photoelectrochemical cells. It is a challenge to fabricate ZnO microtubes with porous 
structures in the wall. Using an entire wing from a white butter�y as the template, Zhang 
et al. (2006) synthesized functional ZnO microtubes using a soaking method. Brie�y, the 
butter�y wings were soaked in precursor Zn(NO3)2/ethanol solution for 12 h, washed 
extensively with deionized water, dried in air at room temperature, and �nally, heated in 
an oven up to 500°C. During calcination, the fractured wing-scale sheet rolled up to form 
microtube structure and the original wing template was burned off. This left ZnO micro-
tubes with periodic nanopore structures.

Chen et al. further demonstrated the ability to synthesize ZnO single butter�y wing scale 
using a modi�ed soaking method (Chen et al. 2011). First, butter�y wings were soaked 
in the precursor Zn(NO3)2 solution for 24 h. After being washed with an ultrasonication 
cleaner, they were air-dried. Then, an individual Morpho wing scale was removed using a 
statically charged metallic needle and put onto a silicon substrate. The sample was heated 
to 800°C at a speed of 2°C/min in a vacuum furnace, followed by removing the carbonized 
scale skeletons at 500°C for 3 h in a muf�e furnace. By following this methodology, ZnO 
replicas of a single butter�y wing scale were formed. This method of synthesizing a single 
ZnO wing scale demonstrated the importance of the spatial anisotropy in determining the 
optical properties of biomimetic butter�y wings.

9.3.6 Glass Wing by Conformal-Evaporated-Film-by-Rotation Technique

To mimic the spatial features of wing scales for the development of devices of tailored 
functionality, the conformal-evaporated-�lm-by-rotation (CEFR) technique has been devel-
oped in order to achieve oblique angle deposition (Martín-Palma et al. 2008). Chalcogenide 
glasses were used for their good optical and mechanical properties. Morphological charac-
terization and optical measurements indicated the replication of the structure and optical 
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characteristics of the natural butter�y wings. The CEFR technique will be useful for fabri-
cating highly ef�cient, biomimetic optical devices.

9.3.7 SnO2 Wing Structure by Sol–Gel Process

SnO2 is one of the promising materials for optical and/or electronic devices due to 
its unique properties, e.g., optical transmission, electrical conduction, and infrared 
re�ection (Mulla et al. 1986, Presley et al. 2004). Song et al. synthesized SnO2 replicas of 
the hierarchical structures of butter�y wings using the sol–gel soaking process (Song 
et al. 2009). Euploea butter�y wings were immersed in anhydrous ethanol for 5 min and 
soaked in a Sn-colloid system for 14 h. After being dried at 60°C for 60 min, the sample 
was put in an oxidation oven and heated up to 550°C at a rate of 2°C/min followed by 
calcination for 90 min in the oven to burn off the original wing template. It turns out that 
the SnO2 wing replicas exhibited well-organized macroporous frameworks, connective 
hollow interiors, and thin mesoporous walls with less-agglomerated microstructures, 
which demonstrated high sensitivity to ethanol (Song et al. 2009) and enhanced UV 
re�ection (Song et al. 2011).

9.3.8 Magneto-Optic Wing by Hydrothermal Process

In order to incorporate the magnetic function into the biomimetic butter�y wing structure, 
amagneto-optic Fe3O4 hierarchical structure has been fabricated through the hydrothermal 
process. The hydrothermal process was initially used for heterogeneous deposition of 
CdS nanoparticles, followed by the activation of the original wing template by using 
an ethylene-diaminetetraacetic acid (EDTA) in dimethylformamide (DMF) suspension 
(Han et al. 2009). The CdS wing precisely replicates the details of the natural butter�y 
structure at both the macroscale (determined by the wing-scale hierarchy) and the 
nanoscale (assembled patterns of nano-CdS small clusters). Peng et al. (2011) further 
incorporated Fe3O4 into the biomimetic hierarchical structure of the butter�y wing through 
the hydrothermal process. First, the wing templates were treated with EDTA/DMF to get 
COO- activation sites, which served as the nucleation sites of Fe3O4. Second, H2O2 was 
added to FeSO4, forming a homogeneous solution. Finally, the activated wing template 
was soaked in the homogeneous solution, put in an autoclave and heated at 160°C for 5 h. 
The resulting Fe3O4 displayed the magnetic and optical response that they were intended 
to. The hydrothermal process provides a simple and low-cost approach to the faithful 
replication of the hierarchical structure of butter�y wings.

9.3.9 Photonic Crystals by Ultrasonication

Alternatively, photonic crystals have been synthesized in semiconductors (TiO2, SnO2, 
and SiO2) using a simple ultrasonication method (Zhu et al. 2009, Liu et al. 2010). Brie�y, 
wing templates were �rst treated with HCl and NaOH solutions, soaked in carefully 
selected ethanol/water/precursor solutions and sonicated at room temperature using a 
high-intensity ultrasonic probe for 2.5–3 h. After being washed and dried overnight under 
vacuum, calcination was performed at 500°C for 3 h. Metal oxide replicas in the form of 
ceramic butter�y wings were synthesized by following this methodology.

Tang et al. (2012) further extended this ultrasonication approach to a polymer replica of 
butter�y wings using polypyrrole through two steps. It now includes a two-step templating 
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and in situ polymerization. An SiO2 replica was �rst fabricated through the ultrasonica-
tion technique as described above. Next, the SiO2 replica was placed on a microslide and 
dipped into a 1–2 mL pyrrole solution followed by 0.1 mL FeCl3 solution, in which pyrrole 
monomers reached the empty space between the silica particles. Finally, polymerization 
was carried out at 65°C for 3 h, followed by soaking in HF solution for 24 h to remove 
the SiO2 template. The resulting polypyrrole replica exhibited brilliant colors and showed 
potential as a biosensor. It provides a new avenue for fabricating photonic structures using 
conductive polymers.

9.3.10 PDMS Replica of Wing Nanostructures by Molding Lithography

In order to realize mass production, Kang et al. applied soft lithography to the fabrication 
of the polydimethylsiloxane (PDMS) mold of the multilayer scales of a Morpho butter�y 
(Kang et al. 2010). The PDMS was �rst placed on top of a wing and then covered by a 
polyethylene plate and a glass substrate while applying signi�cant pressure at 65°C. 
A PDMS replica of the nanostructure of the wing scales was formed. After removing 
the glass substrate and the polyethylene plate, the molding was sputtered with Pt/Au 
to mimic the coloring of Morpho butter�y wings. In this way, tree-like structures were 
formed, replicating the Morpho nanostructures. These nanostructures manifest optical 
and hydrophobic properties, which are similar to those found in the natural Morpho 
nanostructures. This molding lithography offers an effective approach to mass production 
of biomimetic photonic structures.

9.3.11 Direct-Write of Biomimetic Butterfly Wings

The use of direct-write process will allow us to create the hierarchical structure without 
the need for a natural butter�y wing as a template. Saito has utilized electron beam 
lithography (also called e-beam lithography or EBL) to fabricate Morpho wing structures 
(Saito et al. 2009, Saito 2011). First, a quasi-1D nanopattern on a quartz substrate was 
fabricated by conventional EBL, which contains both the in-plane randomness and 
line shapes to simultaneously mimic the randomness and quasi-1D anisotropy. Then, a 
multilayer composed of alternating layers of high (TiO2, 40 nm thickness) and low (SiO2, 
75 nm thickness) refractive index materials were deposited on the nanopatterned substrate 
by step-by-step e-beam-assisted deposition to replicate the lamellar structures and their 
optical features as shown in Figure 9.4. EBL provides a simple and controllable process 
to reproduce butter�y wing structure without the need for a template. Although EBL 
needs expensive tools and is time consuming, it is advantageous because it can be used 
to generate deliberate arti�cial wing structures as a mask or a mold and can be combined 
with nanoimprinting or mold lithography for mass production.

Laser direct-write in combination with particle-assisted laser nanofabrication, which 
can selectively and locally pattern, has demonstrated the potential to fabricate photonic 
crystal structures mimicking the natural butter�y wing scale (Pena et al. 2010). To start 
this process, the Si substrate was cleaned and deposited with a uniform monolayer of 
SiO2 microspheres. These SiO2 microspheres self-assembled into a hexagonal array of 
silica. Next a Gaussian laser beam was used to ablate the SiO2 microspheres at desired 
sites. This laser direct-write enables the processing of microsized patterns composed of 
submicron and/or nanostructures on various substrates. Refer to Chapters 12 and 13 for 
more information.
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9.4 Applications

Butter�y-inspired nanotechnologies have many useful applications that draw on the 
unique structure of butter�y wings. These applications are mainly based on the unique 
optical properties (iridescence) of these wings, and to a lesser degree utilize their hydro-
phobicity and porous structure. Due to the ability of butter�y wings to change colors based 
on the surrounding materials, there are many possible applications in the �eld of chemi-
cal and biological sensors. In particular, butter�y wing structures can rapidly respond to 
temperature changes with very high sensitivity. Therefore, biomimetic wing structures 
can serve as thermal imaging sensors. Butter�y-inspired nanostructures could be invalu-
able to display technology that makes use of structural colors that do not fade with time or 
exposure to light. As the hierarchical architecture of butter�y wings has a light-harvesting 
function, biomimetic wing structures can serve as solar collectors in solar panels and/or 
photo catalysts to ef�ciently convert light energy to electrical energy. These applications 
are detailed in the following sections.

9.4.1 Photonic Sensors

9.4.1.1 Chemical Sensors

Potyrailo and his team have discovered that the iridescent scales of a Morpho butter�y 
wing change color in response to individual vapors, which can be used as an acute gas 
sensor (Potyrailo et al. 2007). In the presence of different vapors, the wing’s scales could 
give rise to different optical responses. By measuring the spectrum of light re�ected off 
of the wing’s scales, individual vapors in the gas environment near the nanostructure of 
the wing could be analyzed for chemical identity as well as concentration. By varying the 
separation of the scales, different vapors could be detected and identi�ed due to the vary-
ing wavelengths of light re�ected, including closely related water, methanol, ethanol, and 
isomers of dichloroethylene vapors. It demonstrates that mimicking the butter�y wing 
structure could provide highly selective and ef�cient chemical sensors.

Song et al. (2009) have successfully fabricated an SnO2 replica of butter�y wings and dem-
onstrated the sensor capacity of detecting ethanol vapor at 170°C. The SnO2 wing sensor 
exhibited hierarchical structures, including well-organized macroporous frameworks, con-
nective hollow tubes and active nanocrystallites in thin mesoporous walls, allowing quick 
diffusion of gas molecules. These qualities lead to a very good ethanol sensor with high 
sensitivity (49.8–50 ppm ethanol), rapid response time (11 s), and short recovery time (31 s). 
In order to better understand and design biomimetic wing sensors, Yang et al. further mod-
eled the optical re�ection changes in response to environmental media based on multilayer 
rigorous coupled wave analysis (MRCWA) (Yang et al. 2011). The theoretical prediction was 
consistent with experimental results for sensing air, ethanol, and methanol. It was predicted 
that the sensitivity and selectivity could be increased by modulating the asymmetry and 
ordered dimensional variation of the lamellar structure, which could provide a guideline 
for engineering design of next generation of biomimetic chemical sensors.

9.4.1.2 Biosensors

Takeoka and Seki (2007) synthesized a biform structural colored thermosensitive gel by 
implanting N-isopropylacrylamide (NIPA) gel, a well-known thermosensitive gel formed 
by free-radical polymerization, with Morpho scales. The Morpho wings were then placed 
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directly on top of the NIPA gel. In the gel, the observed structural color changed based 
on the volume of the gel when the temperature changed. However, in the areas of the 
gel strewn with tiny scales of butter�y wings, the observed structural color changed 
independent of the volume of the gel. In this way, the system enables the detection of not 
only temperature changes, but also the conformational changes of the subchains in the 
gel. For example, the polymer gel could be modi�ed to contain recognizable subchains. 
Once the target molecules enter the hydrogel and interact with the subchain, it will exhibit 
a visible change of color to indicate the conformational change. This biform structural 
colored hydrogel has great potential to serve as a biochemical sensors for rapid detection 
of biomolecules.

Inspired by butter�y wings, nanoparticles were positioned in order to form a submonolayer, 
which is a couple of nanometers above a light re�ective surface, forming a nanometric 
interference system with a tunable color (Assadollahi et al. 2011). In combination with 
micro�uidic and resonance-enhanced absorption of Au/Pt nanoparticles, interleukin-6 
has been successfully detected with better sensitivity (<500 pg/mL), speci�city, and 
quickness (2–3 min). A polymeric polypyrrole (PPy) wing replica was also generated and 
showed signi�cantly high sensitivity in response to dopamine (Tang et al. 2012). These 
studies highlight the feasibility of using butter�y-inspired nanotechnology in biosensors.

9.4.1.3 Thermal Imaging Sensors

Potyrailo and his team at General Electric (GE) have recently demonstrated that Morpho 
scales could serve as low thermal mass optical resonators and exhibit rapid and highly 
sensitive thermal responses to temperature changes (Pris et al. 2012). After heating 
the butter�y wing, the vein structure of the butter�y wing was revealed. The revealed 
vein structure showed its ability to detect the change. Arti�cial optical resonators were 
fabricated by doping natural Morpho scales with single-walled carbon nanotubes (SWCNT). 
The resulting bioinspired resonators modulate the optical cavity by thermal expansion 
and refractive index change in response to midwave infrared radiation, which can convert 
the infrared heat into visible iridescence changes. These �ndings highlight potential 
applications as thermal imaging sensors. Due to the conservation of the nanoscale pitch and 
the extremely small thermal mass of individual “pixels” of Morpho scales, these arti�cial 
photonic sensors exhibited high sensitivity to temperature change (0.02°C–0.06°C) and fast 
response speed (35–40/s) without the need of a heat sink for heat removal. Compared 
to conventional thermal imaging, butter�y-inspired thermal imaging sensor technology 
is simple, can be manufactured at a low cost and has a very high sensitivity and heat-
sink free response rate. It offers a novel approach to replicating a bionanostructure with 
metals and creating thermal imaging devices for sensitive temperature detection and 
rapid thermal imaging. Butter�y-inspired thermal imaging sensors have great potential 
to be used for advanced thermal characterization, imaging and diagnostics for biomedical 
applications, advanced thermal vision for better visualization at night, �re thermal 
imaging for improved �re�ghter safety, and thermal security surveillance for enhanced 
homeland security protection.

9.4.2 Display Technology

Butter�y wings make use of structural colors that do not fade with time or light expo-
sure (Kinoshita et al. 2002, Liu et al. 2012a); thus, butter�y-inspired nanostructures are 
invaluable to low-energy display technology. Scientists and engineers have researched 
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and experimented with ways of mimicking butter�y wings to generate structural colors 
(Saito 2011). As described in Section 9.3, scientists can replicate the photonic effect of the 
Morpho wings using various nanofabrication approaches to the replication of their hier-
archical structures. One such method is to use electron beam lithography and various 
etchings to create a ridge structure and tree-like cross section. The angle of these arti�cial 
“scales” could be controlled, changing the color that is seen by an observer, and caus-
ing the “scales” to act like “pixels” of color (Coath 2007, Saito et al. 2009). Using nano-
casting lithography, colloidal spheres in an elastomer can stretch or compress to change 
the distance between the spheres, allowing a multitude of colors to be re�ected, which is 
extremely useful for developing display technology (Song et al. 2011). Another technique 
is to change the index of refraction of the incident medium, in a way similar to putting a 
drop of alcohol on the wing of a Morpho butter�y that results in alcohol replacing the air 
pockets in the wings and changing the color of the wings (Liu et al. 2011). One application 
of this technology is a color display (such as for laptops, phones, TVs, and other devices). A 
major bene�t of using this technology is that little power is required to operate it. A light 
source is only required in dark conditions because the scales re�ect outside light rather 
than emitting their own light.

As biology has constructed an elaborate nanostructure that can produce beautiful opti-
cal phenomena, researchers at Qualcomm have implemented this technology to develop 
low-energy displays for consumer’s e-readers, so-called Mirasol displays. The Mirasol dis-
plays are based on interferometric modulation (IMOD) technology that consists of mirrors 
and an optical resonant cavity to use re�ected light as displays in e-readers (Qualcomm 
2011). The device is a deformable re�ective membrane, which serves as an optical resonant 
cavity and has a thin-�lm stack that uses multilayer interference to mirror the ambient 
light. The thickness of the optical cavity can be changed by applying a small voltage. The 
thickness, depending on the phase difference, can cause certain wavelengths to undergo 
constructive interference while causing others to undergo destructive interference. An 
IMOD structure, which causes red wavelengths to constructively interfere and green and 
blue wavelengths to destructively interfere, will cause the viewer to see a red pixel. This 
design produces a new palette of colors compared to light emitting diodes (LEDs) and 
consumes little power to change only the membrane structure instead of color �lters and 
polarizers.

Currently, the most used technology for e-readers is liquid crystal displays (LCDs), 
which consume a signi�cant amount of power continuously and have poor outdoor view 
ability. The other popular design common with Amazon e-readers is the electrophoretic 
displays, which are more ef�cient, but lack color and have a slow refresh rates. Compared 
to these display technologies, IMOD-based Mirasol displays consume less power, show 
more vibrant colors with greater contrast ratios, and have a faster refresh rate. For example, 
the drive voltages of IMOD is less than 5 V compared to Kycoera’s LCD displays in phone 
that requires about 27–30 V to drive their subpixel (http://americas.kyocera.com/kicc/lcd/
notes/lcdvoltage.html), and the refresh rate of IMOD is about 10 μs compared to whole 
seconds of electrophoretic technology (Qualcomm 2011).

Similar to the Qualcommb’s electronic displays, nanostructures and optical features of 
the Morpho butter�y wing are being studied for developing anticounterfeiting technology 
in security applications. Currency makers use plasmonics to create iridescent markings to 
curb counterfeiting. The structures are nanoscale holes that resonate with light, similar to 
the veins of the butter�y wing. Since the nanostructure creates unique optical features, the 
structures can be slightly modi�ed so they can be used as identi�cation tags. These tags 
can be descriptive and prevent counterfeiting.



219Butter�y Wing–Inspired Nanotechnology

Other potential applications for this technology include textiles and color-shifting paints 
(for cars, buildings, and other applications). For these applications, advantages include vibrant 
colors, color changing surfaces, and resistance to chemical corrosion and fading (the color 
should be unaffected as long as the nanostructure is intact). Furthermore, the harmful chem-
icals and heavy metals used in current pigments could be avoided using this technology.

9.4.3 Solar Panels for Clean Energy

Another important application of butter�y wing–inspired nanotechnology is in solar 
panels. The hierarchical architectures of butter�y wings have a light-harvesting function. 
Biomimetic replicas of butter�y scales can serve as solar collectors. These arti�cial wing 
structures have great potential to be used as optical diffusers or coverings that maximize 
solar cell light absorption (Martín-Palma 2008). By using the nanostructures of Morpho 
wings as a template and doping them with certain solutions, they can be imprinted onto 
solar cells. Studies have shown improved absorption and ef�ciency compared to conven-
tional dye-sensitized cells. For example, Zhang et al. (2009) showed that the light-harvest-
ing ef�ciency of quasi-honeycomb-like structure photoanode, which was templated from 
a butter�y wing, was higher than normal titania photoanode. Bioinspired solar cells were 
about 10% more ef�cient than the conventional dye-sensitized solar cells. Liu et al. (2010) 
fabricated a TiO2 replica by ultrasonication, which manifested high surface area, enhanced 
light absorbance in the visible range of 400–500 nm, and had a narrow band-gap, demon-
strating their potential applications in solar cells for light harvesting. Chen et al. (2011) 
showed that the Au/TiO2 wing replica exhibits the high-harvesting capability and pres-
ents superior photocatalytic activity. Specially structured TiO2 electrodes will be able to 
ef�ciently convert light energy to electrical energy. Such photocatalysts will be able to 
further improve light collection in solar cell devices.

Another bene�t, especially of the College of Nanoscale Science and Engineering’s con-
cern, is the fabrication process. Although solar panels maybe effective power genera-
tors, the current high cost manufacturing process has limited many companies, such as 
Solyndra and others, from propelling the solar market above fossil fuels. In order to meet 
the energy demand of today and the future, solar panels need to be highly ef�cient and 
produced cheaply. Butter�y-inspired design and fabrication of solar panels provide a 
favorable alternative to current commercially available solar cell devices, since they can 
be printed in massive quantities using the already prepared arti�cial wing replica (Zhang 
et al. 2009). Butter�y wing scale–inspired nanostructures provide a simple, fast, cheap, and 
high ef�cient approach to clean energy.

9.4.4 Other Potential Applications of Artificial Photonic Crystals

Additionally, arti�cial photonic crystals that mimic butter�y wing structures may be 
used as optical elements in computing and communications, photonic integrated circuits 
(ICs), and memory devices (Huang et al. 2006, Kang et al. 2010, Tang et al. 2012). They 
may further be used as micro- and nanostructured devices for UV LEDs, high ef�ciency 
photonic devices, controllable UV re�ectors (that can be used indoors, outdoors, and in 
space), magneto-optic spatial light modulators and optical waveguides, surface-enhanced 
Raman Scattering (SERS) substrates, microwave-attenuating media, more ef�cient lasers, 
and smart windows that could repel dirt and automatically change transparency levels 
(Huang et al. 2006, Zhang et al. 2006, Biró et al. 2007, Peng et al. 2011, Song et al. 2011, 
Kowsari and Karimzadeh 2012, Liu et al. 2012b, Tang et al. 2012).
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9.5 Conclusions and Perspectives

In the �eld of biomimetics, nanotechnology is beginning to play a very signi�cant role, 
as scientists have been able to discover biological nanostructures and replicate their 
structures by various nanofabrication methods. From the �rst observations of biological 
photonic structures by Lord Rayleigh, to the implementation of Morpho-inspired IMOD 
technology, the applications of nanobiology demonstrate that it is one of the most power-
ful, most interesting, and fastest-growing �elds of our time. As you can see, the appli-
cations of the Morpho butter�y-inspired nanostructures are numerous and possibilities 
exist in a variety of �elds, ranging from photonic sensors for detection of chemicals/
biomolecules/temperature changes and thermal imaging to low energy electric display 
technology, to solar panels for ef�cient energy conversion, to photonic crystal structures 
for diverse applications. Butter�y-inspired nanotechnology will continue to grow with 
advancements in nanotechnology that will provide much simpler, less expensive nanofab-
rication processes and enable more functional materials to be used for faithfully replicat-
ing the hierarchical structure and optical properties of wing scales. These nanofabrication 
processes and nanomaterials will also be applicable for mimicking other structural color 
phenomena, allowing the development and integration of diverse photonic structures into 
functional devices.
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10
Receptor-Based Biosensors: Focus on 
Olfactory Receptors and Cell-Free Sensors

Nadine Hempel

10.1 Introduction

The plasma membrane forms an important sensory interface between a cell and its extra-
cellular environment. This phospholipid bilayer contains a heterogeneous mix of lipids 
and membrane-bound proteins, which aid in transport of molecules across the membrane 
and facilitate the recognition, transduction, and ampli�cation of extracellular signals. 
Biological sensing at the cell membrane starts with binding of an extracellular chemical 
ligand to its complimentary receptor. This is followed by transduction of the binding event 
into a cellular signaling cascade. Receptor engagement may result in a conformational 
change in receptor protein structure, binding or dissociation of accessory proteins, or 
phosphorylation of the receptor and/or downstream mediators. Second messengers facili-
tate an intracellular signaling cascade that cumulates in an eventual cellular response. 
Membrane receptors have evolved to sense a vast variety of endogenous and exogenous 
compounds and are integral in key cellular processes ranging from the central nervous 
system, cardiac function to sensory systems, such as smell and vision. Not surprisingly, 
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many diseases are associated with defects in signaling via membrane-bound receptors, 
and the majority of therapeutic drugs presently on the market target these proteins.

Given that membrane receptors are able to sense molecules with great precision, there 
is large interest in utilizing these for biosensor applications. As an example of recent 
advances in the receptor-based biosensor �eld, the present review will focus on olfactory 
receptor (OR) based sensor applications, with speci�c focus on cell-free systems and incor-
poration of nanoscale physical detection and transduction systems.

10.2 Biosensors

Biosensors combine the use of a biological sensor with a physical transduction mechanism, 
which transmits the information into a measurable signal. The advantage of utilizing 
biological molecules as sensors is that evolution has provided us with a vast variety of 
different biological molecules capable of recognizing speci�c ligands with high af�nity. 
Biosensors have been constructed using biological components such as enzymes, antibodies, 
nucleotides, pores, ion channels, and receptors. This review will focus on af�nity-based 
biosensors, which take advantage of the binding of a speci�c ligand/analyte to a biological 
molecule. The bulk of biosensors in this category currently under development or on the 
market are based on antibody/antigen binding interactions, taking advantage of the relative 
stability of antibodies outside of the cellular environment. Similarly, the use of nucleotides 
and aptamers for recognition of RNA and DNA is extensive due to their stability and ease 
of conjugation to a number of physical substrates. (We refer the reader to Chapters 2 and 
5 for more detail.)

The unique feature of a receptor is that it has evolved to interact with high speci�city 
and af�nity with its particular ligand, also referred to as analyte in the biosensor literature. 
These attributes make membrane-bound receptors attractive targets for use in biosensor 
development. Our knowledge of membrane-protein coupled biosensors has increased 
dramatically as a consequence of advances made in the �eld of pore-forming membrane 
proteins in these applications (e.g., gramicidin and α-hemolysin). Much of the knowledge 
on plasma membrane immobilization and protein stability in lipid bilayers stems from this 
literature and has been applied to the receptor-biosensor �eld. Ion channel proteins make 
attractive biosensors due to their inherent ability to transduce an electrochemical signal 
that can be manipulated upon ligand binding. This has been applied to the sensing of a 
wide variety of molecules, ranging from toxins to nucleotides. Several excellent reviews 
exist that cover the current state of membrane pore based sensors (Movileanu 2009, Gu and 
Shim 2010, Liu et al. 2010a, Majd et al. 2010, Noy 2011, Steller et al. 2012). In addition, Chapter 
6 delves into detail regarding the use of nanopores in nucleotide sequencing applications.

10.3 Olfactory G-Protein Coupled Receptors

10.3.1 GPCR Signaling

Olfactory receptors belong to the G-protein coupled receptors (GPCRs). GPCRs are 
involved in numerous signal recognition and transduction events that include sensing 
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of hormones, neurotransmitter, ions, photons, tastants, and odorants (Wettschureck and 
Offermanns 2005, Lagerström and Schiöth 2008). Since GPCRs are involved in many 
pathophysiological processes, it is not surprising that over 50% of pharmaceuticals on the 
current market target these receptors (Lagerström and Schiöth 2008). What makes GPCRs 
ideal for use in biosensor technology is their sensitivity and af�nity for a wide range of 
chemical ligands. In addition, the �eld can take advantage of the breadth of knowledge we 
have acquired over recent decades into the structure–function properties of these proteins 
(Sakmar 2010). The majority of interest in GPCR sensor development has focused on their 
use for drug discovery. These assays often take advantage of measuring intracellular 
second messengers such as Calcium (Ca2+) and 3′-5′-cyclic adenosine monophosphate 
(cAMP), and may use �uorescently labeled dyes to target these downstream signaling 
molecules. While cell-based GPCR based biosensor assays will not be discussed here, the 
reader is referred to a number of reviews describing these (Thomsen et al. 2005, Siehler 
2008, Scott and Peters 2010).

GPCRs comprise seven hydrophobic α helices that span the plasma membrane. The 
intracellular C-terminus and cytoplasmic loops are involved in binding the heterotrimeric 
G-protein complex (α, β, and γ). The N-terminus and extracellular loops have been asso-
ciated with larger ligand binding such as peptides, while smaller chemical ligands bind 
on sites within the transmembrane α helical core (Gether and Kobilka 1998). Upon ligand 
binding, the GPCR coupled to the heterotrimeric G-protein complex undergoes confor-
mational changes that result in the activation of the α subunit by guanosine nucleotide 
exchange of GDP for GTP. The α subunit dissociates from the remaining protein com-
plex to bind an effector protein, which regulates further downstream signaling events. 
The effector protein target is dependent on the particular G-protein subunit involved. In 
olfactory signaling, this Gα olf protein interacts with and activates adenylate cyclase (AC) 
(Spehr and Munger 2009). The cAMP levels thus rise and act on cAMP-gated cation chan-
nels, resulting in an in�ux of Ca2+ and Na2+. Ca2+ in turn regulates chloride (Cl−) channels, 
causing an ef�ux of Cl− and membrane depolarization. This leads to propagation of an 
action potential down the axon of the olfactory neuron to transmit the signal to the brain 
(Figure 10.1).

10.3.2 Olfactory Receptors

Olfactory receptors comprise the largest number of GPCR proteins known (Buck and Axel 
1991). These receptors belong to the Rhodopsin or Class A family of GPCRs. It is believed 
that rodents express around 1000 functional ORs, whereas humans have evolved to only 
have approximately 350 ORs (Spehr and Munger 2009). This is likely due to the ability of 
higher primates to effectively coordinate their senses, such as vision and smell.

ORs are found in olfactory sensory neurons in the olfactory epithelium of the nose. 
A unique aspect to the olfactory system is that one olfactory neuron expresses a distinct 
type of odorant receptor (Serizawa et al. 2003). ORs are concentrated on the cilia of the 
neuronal dendrite that faces the nasal lumen, where they come in contact with the odorant/
ligand either directly or after the odorant has been captured by a binding protein located 
in the olfactory mucosa. Upon OR-ligand engagement, signaling is initiated as explained 
earlier, culminating in transmission of an electrical signal down the axon to the olfactory 
bulb and further into the olfactory cortex of the brain (Glatz and Bailey-Hill 2011). Given 
their physiological role, olfactory receptors are not presently targets for drug discovery. 
However, their unique ability to identify a large variety of chemicals with great precision 
makes this group of GPCRs very attractive for biosensor development.
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ORs are able to sense odorants based on their structural characteristics, including func-
tional groups and carbon chain length. In addition, different ORs are able to respond to 
varying degrees of odorant concentrations. An odorant is able to be sensed by a number of 
different ORs, adding another layer of complexity to our sophisticated sense of smell. ORs 
have been identi�ed for odorants such as citronellal, esters, ketones, helional, and bour-
geonal. Table 10.1 gives examples of vertebrate and insect ORs and their preferred ligands, 
focusing on ORs that have been functionalized onto biosensors. For more information 
on ORs with known ligands, the reader is referred to a number of review articles and 
references within (Malnic et al. 2004, Lagerström and Schiöth 2008, Touhara and Vosshall 
2009). Interestingly, there is a huge push for “de-orphaning” of ORs, as the ligands for a 
large proportion of receptors still remain to be identi�ed. Biosensors coupled to orphan 
ORs will likely aid in our characterization of these receptors and the identi�cation of their 
speci�c ligands (Glatz and Bailey-Hill 2011).

10.3.3 OR Biosensor Applications

The electronic nose (e-nose) was �rst introduced in 1982 by Persaud and Dodd (Persaud and 
Dodd 1982). E-noses are based on interaction of volatiles with various surface chemistries 
and the consequential signal being transduced to a sensor, such as a semiconductor, 
piezoelectric, or optical sensor (Pearce et al. 2006). This technology has been applied to 
sensing of chemicals and volatiles in a number of real-life applications, such as the food 
and fragrance industries, detection of toxins, environmental monitoring, and medical 
diagnostics (Pearce et al. 2006). Speci�c examples include the use of biosensors for breath 
analysis to detect alcohol, or disease-related volatiles, such as acetone (enhanced in diabetes), 
gas and explosive sensing, and detection of volatiles from food-spoiling microorganisms. 
While much progress has been made in e-nose development, this technology still lacks 
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FIGURE 10.1
(See companion CD for color �gure.) Activation of the G-protein coupled olfactory receptor by odorant 
ligands. Odorants enter the nasal cavity and bind to speci�c olfactory receptors (OR) localized to cilia of olfac-
tory neuron dendrites. Conformational changes in the receptor and heterotrimeric G-protein complex result in 
GTP/GDP exchange, Gα protein activation, translocation of Gα to adenylate cyclase (AC), and AC activation. 
Cyclic AMP (cAMP) levels increase, activating cation channels, resulting in calcium (Ca2+) and sodium (Na2+), 
opening of chloride (Cl−) channels and Cl− ef�ux. The resultant membrane depolarization cumulates in action 
potential propagation and electrical signals being transmitted to the olfactory bulb and cortex.
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TABLE 10.1

Examples of Olfactory Receptors Used in Cell-Free Biosensor Platforms

Olfactory 
Receptor

Sensing 
Platform

Analytes Tested (Smell 
Characteristic), [Lowest 
Concentration Tested]

Expression System and 
Immobilization Phase Immobilization Technique References

Rat OR-I7 EIS Octanal (citrus), heptanal 
(green vegetables), 
helional (sweet harsh hay, 
taste of metal) [10−11 M]

Membrane fraction from 
Saccharomyces cerevisiae

MHDA +biotinyl-PE SAM Hou et al. (2007) and 
Al�nito et al. (2010)

SPR Octanal Nanosomes from S. cerevisiae Dextran coated Vidic et al. (2006)
Mouse OR174-9 FET (CNT) Eugenol (cloves)

Acetophenone (fruity)
Methyl benzoate
Cyclohexanone

Sf9 insect cell expression, 
his-tag puri�cation, micelle, 
or nanodisc immobilization

Histag-Ni-NTA anchoring Goldsmith et al. 
(2011)

Mouse OR203-1 FET (CNT) 2-Heptanone (banana) Sf9 insect cell expression, 
his-tag puri�cation, micelle, 
or nanodisc immobilization

Histag-Ni-NTA anchoring Goldsmith et al. 
(2011)

Mouse OR256-17 FET (CNT) 2-Heptanone, heptanal, 
acetophenone, 2,4 DNT 
n-amylacetate methyl 
benzoate, cyclohexanone

Sf9 insect cell expression, 
his-tag puri�cation, micelle, 
or nanodisc immobilization

Histag-Ni-NTA anchoring Goldsmith et al. 
(2011)

Human OR1740 SPR Helional, cassione (sweet 
�oral)

Nanosomes from S. cerevisiae Dextran coated Vidic et al. (2006)

SPR Helional Nanosomes from S. cerevisiae SAMs: BATs with PEG-terminated 
alkanethiols (PEGATs); MHDA 
±biotinyl-PE; OR Myc-tag antibody 
capture

Vidic et al. (2007)

Human OR17-4 SPR Lilial (lily of the valley), 
�oralozone [10−6 M]

Detergent-solubilized 
puri�ed protein from 
HEK293 inducible 
expression system

OR Rho-tag antibody capture Cook et al. (2009)

SPR Undecanal (�oral, waxy, 
citrus) [10−6 M]

Cell-free wheat germ lysate 
expression

Anti-His antibody capture Kaiser et al. (2008)

(continued)
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TABLE 10.1 (continued)

Examples of Olfactory Receptors Used in Cell-Free Biosensor Platforms

Olfactory 
Receptor

Sensing 
Platform

Analytes Tested (Smell 
Characteristic), [Lowest 
Concentration Tested]

Expression System and 
Immobilization Phase Immobilization Technique References

Human OR2AG1 FET (CNT) Amyl butyrate (tropical 
fruit) [10−13 M]

E. coli expressed membrane 
fraction

Direct adsorption Kim et al. (2009)

FET (CNT) Amyl butyrate (tropical 
fruit) [10−13–10−12 M]

E. coli expressed membrane 
fraction

Covalent anchoring of cysteine groups to 
carboxylated polypyrrole nanotubes

Yoon et al. (2009)

C. elegans 
ODR-10

SAW Diacetyl (butter) [10−12 M] MCF-7 mammalian cell line 
expressed cell membrane 
fractions

Direct adsorption Wu et al. (2011)

SAW Diacetyl [10−13 M] MCF-7 mammalian cell line 
expressed cell membrane 
fractions

MHDA SAM Wu et al. (2012)

QCM Diacetyl [10−12 M] E. coli expressed membrane 
fraction

Direct adsorption Sung et al. (2006)

Bullfrog olfactory 
epithelium 
(Rana spp.)

QCM n-Caproic acid (goat, 
barnyard animal), 
β-ionone (violets), 
linalool (sweet �oral), 
ethyl caproate, isoamyl 
acetate (fruity), n-decyl 
alcohol (alcohol)

Crude protein extracts; six 
different gel-
chromatography fractions

Direct adsorption Wu (1999)

EIS, electrochemical impedance spectroscopy; SAM, self-assembled monolayers; SPR, surface plasmon resonance; FET, �eld effect transistor; CNT, carbon nanotube; 
SAW, surface acoustic wave; QMC, quartz crystal microbalance.
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considerable sensitivity when compared to the af�nity of ORs to their natural ligand. Our 
olfactory system is more sensitive than any physical method for chemical detection. The 
natural progression is, therefore, to incorporate ORs, or their ligand binding domains 
into a similar sensor platform. The establishment of collaborative research projects, such 
as the Bioelectronic Olfactory Neuron Device (BOND) projects and the Single PrOTein-
NanObioSEnsor grid array (SPOT-NOSED) project, funded by the European Union, further 
indicates the strong interest in pursuing this �eld for biosensor device development.

The use of ORs in biosensor applications is a relatively new adaptation to the e-nose, but 
has promises for similar sensing applications. To utilize our whole repertoire of ORs to its 
full potential, the OR biosensor �eld will need to evolve in conjunction with basic biologi-
cal characterization and ligand identi�cation of orphan ORs. At present, our knowledge 
of OR ligand preference is limited to approximately 10% of the 1400 human and mouse 
ORs identi�ed (Saito et al. 2009). Improvements in OR functionalization on biosensor chip 
formats will no doubt aid in the identi�cation of the natural ligands of orphan receptors.

Table 10.1 highlights examples of ORs that have recently been immobilized to a number 
of different physical sensing platforms. Some of these sensors achieve high selectivity 
and af�nity for model or known ligands of the ORs mobilized. The current cell-free 
OR biosensor literature is limited to receptors, which are relatively easy to express as 
recombinant proteins and for which we have biological information regarding their ligand 
preference, structural properties, and stability (e.g., human ORI7 and Caenorhabditis elegans 
ODR-10). A challenge will be to expand the knowledge gained from these to orphan and 
less well-characterized ORs.

10.4 Immobilization of Receptors onto Biosensor Surfaces

10.4.1 Expression and Purification of Recombinant GPCRs

GPCRs used in cell-free biosensors require an adequate expression and protein isolation/
puri�cation systems. This has been a huge challenge in the GPCR and OR �elds, as many 
of these receptors are dif�cult to express in large quantities as recombinant proteins 
(Saito et al. 2009).

To enable correct protein folding and processing of GPCRs, many researchers use 
either mammalian or insect cell heterologous expression systems, rather than prokaryotic 
cells (Leifert et al. 2005). However, due to the relative ease and low cost of the Escherichia 
coli expression systems, some effort is being made to enhance solubility of recombinant 
receptors derived from this method (Song et al. 2009, Dodevski and Plückthun 2011). 
Recent studies have also investigated the use of cell-free production of ORs, such as the 
use of wheat germ extract (Kaiser et al. 2008).

While mammalian systems are often preferred, use of insect cells, such as the baculoviral 
system used in the Sf cell line, is a feasible alternative to mammalian expression systems 
as these cells maintain adequate posttranslational protein processing and membrane 
incorporation (Goldsmith et al. 2011). The other advantage of Sf over mammalian cell lines 
is that these insect cells largely lack endogenous G-protein signaling components, which 
can interfere in the measurements of recombinant protein function (Schneider and Seifert 
2010). Further, insect expression systems achieve larger protein yield and are relatively 
easy and inexpensive to culture compared to mammalian cell culture.
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Ultimately, to enable manufacture of GPCR incorporated biosensors, there will be a 
need to standardize protein expression and puri�cation techniques that will result in 
large-scale production, keeping in mind reductions in cost and labor intensiveness of 
said technique. This may be achieved by the use of mammalian cell culture bioreactors. 
Human OR17-4 was effectively expressed in this manner using an inducible expression 
system in HEK293 cells. These ORs were puri�ed using immunoaf�nity and size exclu-
sion chromatography, yielding a solubilized receptor that was able to bind its model 
ligand when coupled to a surface plasmon resonance (SPR) sensing platform using anti-
body conjugation (Cook et al. 2009). It remains to be seen if this receptor retains the 
ability to elicit downstream signaling events without the hydrophobic nature of the lipid 
bilayer.

A further challenge to using GPCRs on biosensor platforms is the inherent instability 
of expressed proteins. Progress has been made in genetically engineering GPCRs to 
enhance thermostability (Robertson et al. 2011); however, this effort has not been extended 
greatly into the OR �eld. Other common modi�cations to recombinant OR proteins are the 
incorporation of terminal tags, such as histidines or myc, allowing for protein puri�cation 
steps or tethering to surfaces (Leifert et al. 2005, Vidic et al. 2007, Cook et al. 2009) (Figures 
10.2 and 10.3). It is important to assess that this modi�cation does not signi�cantly in�uence 
protein structure or function.

10.4.2  Immobilization of Lipid-Bilayers and Membrane-
Bound Proteins on Sensor Surfaces

The dif�culty in using membrane proteins for biosensor application is the need for 
the hydrophobic nature of the lipid bilayer, which ensures correct structural protein 
conformation and function. Therefore, most cell-free biosensor applications involving 
GPCRs utilize a supported lipid bilayer (Castellana and Cremer 2006, Maynard et al. 2009) 
(Figures 10.2 and 10.3).

Ideally, the lipid bilayer is synthesized from phospholipids, applied to the physical 
transducer and the protein of choice inserted into this membrane. This assembly ensures 
a consistent distribution, known protein concentration and lack of interference from 
other membrane proteins found in membrane fractions of cellular expression systems. 

Odorant (a) (b) (c)

CNT

Cys
P3CA

His
Ni-NTA

Drain

OR

Source

SiO2

Si

FIGURE 10.2
(See companion CD for color �gure.) Examples of ORs coupled to carbon nanotube �eld effect transistors 
(CNT-FET). (a) Direct adsorption of ORs within lipid bilayers (Kim et al. 2009). (b) Covalent linking of OR 
cysteine residues to carboxylated polypyrrole CNTs (Yoon et al. 2009). (c) Histidine (His) tagged OR bind-
ing to Ni-NTA linked CNTs (Goldsmith et al. 2011). CNTs are deposited on silicon oxide (SiO2) and placed 
in contact with source and drain electrodes. The OR mobilized to the CNT changes its current–voltage 
signature.
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Some proteins are self-assembling, such as the pore gramicidin, and spontaneously 
insert when added to a lipid bilayer (Zagnoni 2012). ORs are dif�cult to reconstitute into 
arti�cial lipid bilayers, and most studies have, therefore, relied on immobilizing crude 
or puri�ed membrane fractions from the heterologous expression system containing 
the recombinantly overexpressed protein (Table 10.1). This also largely prevents the 
issue of integrating the receptor proteins into arti�cial lipid bilayers in the incorrect 
orientation.

Lipid bilayers can be immobilized onto solid surfaces in a number of ways. The most 
commonly used techniques are vesicle fusion and the Langmuir–Blodgett method. Both 
methods take advantage of the self-assembling nature of surfactants. Small vesicles in 
solution rupture once adsorbed onto a surface and fuse to form a �at lipid bilayer. 
The Langmuir–Blodgett method is primarily used for arti�cial lipid bilayers and 
exploits the fact that phospholipid molecules orient themselves at a water–air interface. 
A number of different subsequent steps can then be used to assemble the two layers of 
the bilayer. For details on these techniques we refer the reader to a number of review 
articles and studies referenced within (Castellana and Cremer 2006, Hirano-Iwata et al. 
2008, Zagnoni 2012).

The lipid bilayer may be directly adsorbed onto the physical sensor surface, tethered to it, 
usually by self-assembling monolayers (SAM), or deposited onto a “cushion” polymer sup-
port (examples are shown in Figures 10.2 and 10.3) (Castellana and Cremer 2006, Saito et al. 
2009, Zagnoni 2012). Tethering (e.g., by thiolipids and silanelipids) and polymer supports 
(e.g., agarose) are often preferred for transmembrane proteins (Castellana and Cremer 
2006). Eliminating direct contact of the underside of the bilayer with the solid surface can 
help in maintaining structural integrity of the membrane protein. For example, compared 
to direct adsorption of cell membranes onto solid sensor surfaces, Wu et al. found that 
af�nity of ODR-10 toward its natural ligand diacetyl increased 10-fold when membrane 
fractions containing the receptor were immobilized onto a surface acoustic wave sensor 

(b)(a)
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Prism

Light Detector

Ab
Tag
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FIGURE 10.3
(See companion CD for color �gure.) Examples of ORs functionalized to surface plasmon resonance (SPR) 
sensors. (a) Puri�ed OR protein is linked via antibody (Ab) binding to a terminal tag (Cook et al. 2009; Kaiser 
et al. 2008). (b) Nanosomes containing the OR and heterotrimeric G-protein complex are functionalized using 
a self-assembling monolayer (SAM). Binding of odorant leads to dissociation of the Gα protein (Vidic et al., 
2006, 2007). The plasmon wave of the gold (Au) �lm is detected using total internal re�ection mode, where the 
re�ected light intensity at a given angle is reduced due to the plasmon wave. Binding of ORs shifts the angle of 
the reduced light intensity region.
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(SAW) that was coated with a 16-mercaptohexadecanoic acid (MHDA) SAM (Wu et al. 2011, 
2012). Inclusion of the MHDA monolayer on the sensor surface also improved ef�ciency 
of immobilization and stability of the membrane-bound receptors (Table 10.1) (Wu et al. 
2011, 2012).

Membrane proteins can also directly be coupled to the solid surface by membrane 
linkers, such as a streptavidin–biotin link or antibody binding, increasing the amount of 
receptor binding on the surface, as well as aiding in directionality of receptor placement 
(Castellana and Cremer 2006, Hou et al. 2007, Cook et al. 2009). For example, Goldsmith 
et al. immobilized recombinant mouse mOR174-9, mOR203-1, and mOR256-17 proteins 
containing a terminal Histidine tag to carbon nanotubes (CNTs) functionalized with nickel-
nitrilotriacetic acid (Ni-NTA) (Goldsmith et al. 2011). ORs were maintained in digitonin 
micelles or embedded in protein-lipid particle “nano-discs” (Bayburt and Sligar 2010) that 
enabled correct protein folding and signi�cantly enhanced the stability of the receptor. 
The nanodisc-contained ORs maintained their ability to consistently sense volatiles for 
1 month, suggesting that this approach may be a stable alternative for solid lipid bilayer 
adsorption (Goldsmith et al. 2011).

10.5 Physical Sensor Platforms

Unlike channel proteins, which transmit ions following conformational changes in 
response to ligand binding, GPCRs do not have this electrochemical signature and the 
sensor, therefore, needs to be sensitive enough to be able to detect an alternate event. The 
majority of examples described here depend on receptor-ligand binding induced protein 
changes.

Here, a number of techniques are described that have recently been employed for OR 
biosensor applications. These do not rely on labeling techniques for visualization of the 
binding event. Label-free assays are attractive as they remove an additional component 
that might have stability, cost, and decreased signal-to-noise-ratio-related issues. The fol-
lowing techniques will be discussed in the context of cell-free systems. However, it should 
be pointed out that these have also been successfully applied to whole olfactory neu-
rons and tissues, serving as an alternative to traditional electrophysiological techniques, 
such as patch clamp. For example, by coupling the antenna of the Colorado potato beetle 
(Leptinotarsa decemlineata) to a �eld effect transistor (FET) device, researchers were able 
to detect (Z)-3-hexen-1-ol, a chemical released when plants are damaged in response to 
insect bites (Schoning et al. 1998, Schütz et al. 2000). Olfactory responses have also been 
measured in intact olfactory epithelial tissue, olfactory neurons, or cells expressing recom-
binant ORs, with a variety of sensor devices including the use of microelectrode arrays 
(Marrakchi et al. 2007, Lee et al. 2009, Ling et al. 2010, Liu et al. 2010b), SPR (Lee et al. 2006), 
and quartz crystal microbalance (Ko and Park 2005).

While there are a number of sensor platforms, the techniques highlighted in the subse-
quent section(s) appear particularly promising for nanoscale, multiplex applications, ulti-
mately leading to large-scale device manufacture. These sensors have been developed over 
many years and applied to a number of different devices. We refer the reader to referenced 
materials for further detail on each technique. Most devices described in the following 
section(s) are enclosed in a chamber to allow for �ow of odorants over the sensor sur-
face. Delivery of the odorants in liquid form allows for accurate determination of dosage 
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(e.g., see Yoon et al. 2009). Odorants can be delivered to the device using gas �ow and aero-
solization of liquids (e.g., see Goldsmith et al. 2011). Characterizing OR-based biosensors 
using aerosolized compounds will be important for “�eld” applications. Parameters to 
take into consideration when designing the delivery method include optimization of �ow 
rate and relative humidity of the device chamber (gas delivery), which has been shown to 
in�uence sensor function (Goldsmith et al. 2011).

10.5.1 Field Effect Transistors

There is great interest in using micro- and nanoelectronic devices for biosensor applications 
and these have been successfully applied to whole-cell OR sensor studies (Marrakchi et al. 
2007, Lee et al. 2009, Ling et al. 2010, Liu et al. 2010b). These techniques take advantage of 
changes in electrical properties after surfaces have been functionalized with molecules 
of interest. Electrochemical impedance spectroscopy (EIS) has been used to test af�nity 
of a number of odorants to the rat OR-I7 protein immobilized onto the sensor surface in 
membrane fractions (Hou et al. 2007, Lisdat and Schäfer 2008). This was shown to be a 
sensitive detection method and based on modeling and experimental results. Al�nito 
et al. speculate that EIS is able to detect speci�c protein conformational changes following 
ligand binding based on their impedance characteristics (Al�nito et al. 2010).

Silicon-based �eld effect transistors (FETs) in combination with CNTs provide a 
sensitive platform that enables size reduction and multiplexing of individual devices. 
Functionalization of biological materials on CNT-FETs affects the current–voltage 
characteristics of the CNT (Chen et al. 2003). FETs have been used in biological 
applications to monitor whole neuron �ring, and information transmitted by this device 
was comparable to the current pro�le of action potentials observed by traditional patch-
clamp technique (Fromherz et al. 1991). FETs are promising platforms for use in cell-free 
biosensor systems (Chen et al. 2003). In particular, researchers are moving to the use of 
nanotube/wire FET devices (Besteman et al. 2003, Star et al. 2003). Lipid bilayer assembly 
on CNTs has been successfully achieved (Richard et al. 2003, Zhou et al. 2007). Recently, 
CNTs have been coupled with membrane-bound proteins and proven particularly effective 
in measuring ionotropic currents by channel proteins (Huang et al. 2010, Noy 2011). 
Arti�cial lipid bilayers have been assembled around a poly-l-lysine-coated single-walled 
carbon nanotubes (SWCNTs) and shown to facilitate effective ionic �ux measurements 
by ionophores, such as the gramicidin pore (Huang et al. 2010, Noy 2011). CNTs have also 
been shown to effectively sense protein binding via streptavidin in a lipid bilayer that was 
tethered on top of the CNT network (Zhou et al. 2007).

Based on these principles, a number of groups have used CNT-FET devices for OR sensor 
applications (Kim et al. 2009, Yoon et al. 2009, Goldsmith et al. 2011) (Table 10.1, Figure 10.2). 
Covalent anchoring of E. coli expressed human OR2AG1 onto carboxylated polypyrrole 
nanotubes was used in an interdigitated microelectrode array, which was able to sense 
the model substrate of this OR below 1fM, improving detection from the same device 
where ORs in lipid bilayers were directly deposited (Kim et al. 2009, Yoon et al. 2009). 
Using nonligand odors as controls, the authors were able to show high speci�city of this 
device only toward the natural ligand amyl butyrate (Yoon et al. 2009). Capturing tagged 
mouse ORs on nanotube devices enabled natural odorant detection comparable to an in 
vivo cellular detection method and allowed for the sensing of 2,4-dinitrotoluene (2,4 DNT), 
a precursor compound to trinitrotoluene (TNT), which suggests that odorant receptors 
on FET biosenor platforms could be utilized in explosive sensing (Goldsmith et al. 2011). 
Goldsmith et al. have successfully used liquid spotting to demonstrate the feasibility of 
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creating a mouse OR functionalized chemical sensor chip using FET technology that was 
able to sense eugenol vapor at a concentration of 1 ppm (Goldsmith et al. 2011). It is thought 
that the conformational change induced in ORs upon ligand binding results in an “active” 
state, which is re�ected by a shift from a neutral acid form to a negatively charged base 
form of receptor cysteine residues, hence in�uencing the current–voltage characteristic of 
the CNT (Kim et al. 2009, Yoon et al. 2009).

10.5.2 Surface Plasmon Resonance

SPR has signi�cantly improved our ability to quantitate interactions of molecules in real 
time, providing important information about binding af�nity and kinetics. It is based 
on the generation of electron charge density waves (plasmons) at the solid (usually gold) 
and liquid interface, following evanescent wave generation by polarized light. Binding 
of molecules to the solid surface changes the wavelength of the plasmon. This can be 
detected using total internal re�ection mode (Kretschmann con�guration), where the 
re�ected light intensity at a given angle is reduced due to the plasmon wave. Binding of 
molecules to the sensor surface is determined by a shift in this angle (Maynard et al. 2009, 
Chung et al. 2011). This has been an invaluable tool for biological research, as well as the 
pharmaceutical industry for drug design and discovery. It provides a cell-free system that 
allows for the characterization of individual proteins functionalized on the SPR platform. 
Several well-established commercial tools are available that take advantage of SPR, such 
as the Biacore system (GE Health). Most commonly, recombinantly expressed, tagged 
proteins are immobilized onto the SPR surface using tag-speci�c antibodies. This has 
shown to be useful for ligand analysis of chemokine receptors and may therefore work 
for certain GPCRs that do not require the hydrophobic environment of the lipid bilayer 
for stability and conformation (Navratilova et al. 2006). The challenge in the membrane 
receptor and ion channel �elds is the incorporation of the lipid bilayer on the SPR surface 
and retaining the resonance shifts following binding of analyte to receptor. While SPR has 
shown promise in OR biosensor applications, questions remain as to its sensitivity toward 
small molecules, including a number of volatile/odorant compounds (Vidic et al. 2006, 
2007, Kaiser et al. 2008, Cook et al. 2009) (Table 10.1, Figure 10.3). In an attempt to circumvent 
this problem, Vidic et al. coexpressed the heterotrimeric G-protein complex (αolf, β and γ) 
in combination with human OR1740 in yeast cells and immobilized nanosome membrane 
fractions onto a dextran-coated Biacore sensor chip, with the ligand binding side facing the 
dextran-coated gold surface (Vidic et al. 2006). Ligand binding could thus be monitored as 
a consequence of the Gαolf unit dissociating from the complex, resulting in a large SPR 
response (Figure 10.3). GTPγS was included in the experiment to allow Gαolf activation. 
When the investigators included an antibody on the sensor surface to capture the OR with 
a myc tag, the response to the odorants improved 10-fold, presumably due to enhanced 
protein immobilization (Vidic et al. 2007).

There is large interest in scaling down the SPR platform for biosensor applications 
(Maynard et al. 2009, Chung et al. 2011). The goal of this active research area is to develop 
SPR micro- and nanoscale sensors with enhanced sensitivity, leading to single molecule 
detection (Anker et al. 2008).

10.5.3 Acoustic Wave Sensors

Quartz crystal microbalance (QCM) and surface acoustic wave (SAW) sensor platforms 
take advantage of the acoustic wave generation of piezoelectric materials. The QCM 
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platform has been used extensively for traditional e-nose applications (Pearce et al. 2006), 
and shown to be a sensitive method for use in odor recognition by ORs. This technique is 
based on changes in resonance frequency of piezoelectric materials, such as quartz crystals, 
following binding of a molecule to their surface. It is believed that this technique not only 
senses changes in mass but may also detect conformational changes in immobilized 
molecules (Ferreira et al. 2009). A QCM sensor was �rst utilized in conjunction with 
ORs, when crude protein extracts from bullfrog olfactory epithelium were adsorbed onto 
the quartz crystal and shown to respond to a number of different odorants (Wu 1999). 
Interestingly, separating the crude protein extract into �ve different fractions based on the 
size of protein using gel chromatography, the investigator was able to show that different 
volatiles tested had distinct pro�les by differentially affecting the resonance frequency 
of the crystal surfaces coated with different protein fractions (Wu 1999). More recently, 
investigators have focused on identifying the ability to use this technique for sensing of 
compounds by speci�c ORs, following protein expression in E. coli (Sung et al. 2006).

Compared to the QMC, where a wave propagates in the complete piezoelectric material, 
SAW propagates along the surface of the substrate (Gronewold 2007, Lange et al. 2008). SAW 
has been effectively used to assess cell-free OR response to volatiles with high speci�city 
and af�nity (Wu et al. 2011, 2012).

Currently, QCM sensors are considered to be less sensitive than SPR. This can be 
improved by decreasing the thickness and changes in type of the piezoelectric material. 
The QCM and SAW methods are considered to be less expensive than SPR, mainly due to 
the less complicated nature of the instrumentation required for the former. While SAW is 
less widely used for sensor applications, both piezoelectric techniques lend themselves to 
adaptation at the micro- and nanoscale.

10.6 Conclusions and Perspectives

Using natural receptor proteins as the sensor component in biosensors is the next leap in 
making high af�nity, sensitive sensors for biologically relevant applications in �elds such 
as medicine, food industry, drug screening, and toxin detection. Given the speci�city of 
ORs to their ligands, receptor-based biosensor application should improve the signal-to-
noise ratio, which is often a problem in nonbiological sensor platforms. However, unlike 
ion channels, which have the advantage of naturally conducting an electrochemical signal, 
transduction of the binding event of a ligand to a non-ionophore receptor protein is not 
easy to achieve. Effectively coupling a biological component to a physical transduction 
method still remains one of the most challenging aspects of biosensor research.

Given our large repertoire of ORs, the challenge will be to identify and facilitate the 
immobilization of the most relevant type of ORs for biosensor applications. Variability 
between receptor subtypes may exist in their ability to be easily expressed as recombinant 
proteins in large enough quantities, protein functionalization in lipid bilayers and/or onto 
sensor surfaces, protein stability, and ability to effectively transmit a signal to the physical 
transducer system upon ligand binding.

Protein and lipid bilayer stability is a major issue for biosensor applications. Ideally, 
a sensor should be able to withstand a number of environmental factors that are 
considered “extreme” compared to the natural cellular (or lab) environment. These 
include humidity (or lack thereof) and temperature. It is, therefore, imperative that 



236 The Nanobiotechnology Handbook

proteins and lipid membranes used in biosensors can withstand these parameters for 
the required life of the sensor in the �eld. A life of a sensor may allude to sensing 
over a continuous period of time or repeated sensing cycles (reusable sensor). In either 
scenario, reproducible measurements in terms of sensitivity and selectivity should be 
achieved over this time frame.

Solutions to this may include synthetic lipid bilayers and the use of bio-engineered ORs 
with high stability, taking into consideration our knowledge of ligand-binding domains 
and important structure–function properties of native ORs (Cook et al. 2008). This could 
also lead to engineering of OR hybrids with higher ligand af�nity than the native receptors. 
Alternatively, researchers have designed biosensors linked to peptides that are based on 
sequences of potential ligand-binding regions of ORs (Wu and Lo 2000, Lin et al. 2001, 
Wu et al. 2001, Mascini et al. 2005, Sankaran et al. 2011). For example, Sankaram et al. have 
used a bioinformatics approach to determine the optimal peptide sequence for sensing the 
alcohol odorants from food spoiling bacteria. In experimental validation, immobilization 
of the peptide on QCM resulted in a lower detection limit of 2–3 ppm for heptanol and 
3–5 ppm for pentanol (Sankaran et al. 2011).

Other issues that are common to biosensor development are the reproducibility of 
immobilization of molecules onto surfaces. In the case of ORs, the number and orientation 
of functional OR proteins per sensor will need to be optimized and standardized, which 
still remains challenging. Furthermore, analyte application to the sensor platform is 
relatively simple in a laboratory setting where �ow rate, analyte concentration, and 
vehicle solution/gas can be carefully controlled. For biological characterization studies, 
this allows for very accurate kinetic data acquisition. However, in “�eld” settings, careful 
device design consideration is needed to ensure access of volatiles to chip surfaces. Our 
nose has effectively achieved this purpose. Interestingly, unique �ow characteristics of the 
nasal cavity architecture appear to signi�cantly in�uence odor recognition by receptors in 
the nasal epithelium (Stitzel et al. 2003). Further, since our nasal mucosa aids in odorant 
trapping, use of an arti�cial mucosal coating, as well as structurally changing the sensor 
surface to incorporate channels, improved odorant sensing on a physical sensor array 
(Covington et al. 2007). The feasibility of such modi�cations in combination with OR-based 
biosensors remains to be determined. Lastly, the cost of manufacturing biosensors is still 
relatively high compared to inorganic devices, largely due to the caveats mentioned earlier.

Continuing research will focus on enhancing sensitivity of OR-ligand binding and 
effective sensing of this event. Cell-free olfactory receptor sensing has thus far primarily 
focused on measuring the ligand receptor interaction. However, in the future we may 
be able to take advantage of other readouts that could enhance sensitivity of sensing via 
GPCRs. These may include the incorporation of the G-proteins in the sensor platform 
and measuring dissociation event of these from the GPCR following ligand binding. It is 
known that GPCRs exhibit the highest ligand af�nity when found in their ternary complex 
(i.e., coupled to the heterotrimeric G-protein complex) (Gether and Kobilka 1998, Schneider 
and Seifert 2010). To enable higher sensitivity ligand binding, biosensor design may have 
to incorporate the G-protein heterotrimeric complex (Vidic et al. 2006). The challenge is to 
incorporate a multiprotein complex into a cell-free lipid bilayer, keeping in mind correct 
orientation, protein expression and puri�cation of each component, complex assembly, 
immobilization onto a sensor platform, and stability.

To extend biosensor research using biological sensory systems, future work may focus 
on the use of proteins such as the taste receptors T2R (GPCR; bitter taste receptor) and 
transient receptor potential ion channels TRP-M (melastatin) and TRP-V (vanilloid), 
vomeral receptors (V1R, V2R; pheromone receptors) and the formyl peptide receptor-like 
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proteins (FPR-Rs), involved in the sensing of chemicals associated with pathogens (Riviere 
et al. 2009, Nilius and Appendino 2011).

It is assumed that each odorant/volatile requires a particular set of ORs to send a speci�c 
recognition signature to the brain. Overlapping ligand af�nities between ORs allows 
us to identify complex mixtures of odorants and interpret these as a particular smell 
signature. The ultimate goal will be to decipher these recognition signatures. Using ORs in 
combinatorial, multiplex arrays will allow us to map and record complex odorant mixtures. 
This will facilitate the need to establish odorant libraries of digital odorant signature 
maps. Besides using this information for design of speci�c OR biosensor applications, 
this knowledge will be invaluable in the identi�cation of ligands for the majority of OR 
proteins that still remain classi�ed as orphan receptors.
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11.1 Introduction

Microcontact printing (μCP) is a technique for surface patterning at the micrometer 
and nanometer scales. Since its invention by Kumar and Whitesides in 1993, it has been 
extensively used across diverse �elds of science, engineering, and technology. Search 
of topic “microcontact printing” at the ISI Web of Knowledge returns 1261 articles as of 
January 1, 2012. The total number of the articles that involve this technique is believed to be 
considerably higher because alternative terms are commonly used for modi�ed versions of 
μCP. This chapter provides a brief overview of this technique, �rst covering its process and 
principles, followed by a review of its key elements and applications, and ending with a 
summary and outlook. For more information, the readers are commended to read several 
excellent review articles (Alom Ruiz and Chen 2007; Kaufmann and Ravoo 2010; Perl et al. 
2009; Quist et al. 2005).

11.2 Process and Principles

μCP is well known for its simple process, which is to transfer a material from one surface 
to another via physical contact, as schematically shown in Figure 11.1. The two structures 
that carry the �rst and second surfaces are called stamp and substrate, respectively, and 
the material transferred is called ink. In a typical μCP process, an ink solution is spread 
on the stamp surface bearing relief features at the micro/nanometer scale. After the 
solvent is evaporated, a thin layer of the ink is left on the stamp surface, covering not 
only the protruding areas, but also the recessed areas and side walls of the relief features. 
The ink layer must be thin enough so as not to conceal the relief features. The stamp is 
then placed on a substrate to allow physical contact between the protruding areas of the 

Stamp

Ink
Substrate

Ink on substrate

FIGURE 11.1
(See companion CD for color �gure.) Schematic representation of the microcontact printing (μCP) process, in 
which ink is �rst applied to a stamp with relief features at micrometer or nanometer scale; the stamp is then 
brought into physical contact with a substrate, resulting in transfer of the ink onto the substrate with the same 
2D pattern as the relief features of the stamp.
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stamp and the substrate. As a result, the ink is transferred to the surface of the substrate 
only from the protruding areas of the stamp, producing the same two-dimensional (2D) 
pattern as the relief features of the stamp. Three interactions are critical to μCP, including 
the ink–stamp interaction, the cohesive force among the ink ingredients, and the ink–
substrate interaction. While the �rst two are responsible for inking the stamp, one of them 
must be surpassed by the third in order for the ink to be transferred from the stamp to 
the substrate. Various types of interactions ranging from nonspeci�c van der Waals force, 
electrostatic interaction, and hydrophobic interaction to highly speci�c antigen–antibody 
binding and base pairing between complementary DNA have been utilized in μCP.

It is important to note that Figure 11.1 does not represent all versions of μCP. Regarding 
the stamp, it can not only be a monolithic piece of slab bearing relief features but also have 
a layered structure (Schmid and Michel 2000) and �at surface, respectively (Coyer et al. 
2007; Geissler et al. 2000; Rozkiewicz et al. 2007a). The way of inking the stamp also varies 
signi�cantly among different μCP methods, producing not only a continuous ink layer but 
also isolated structures on the stamp (Wang et al. 2001). Moreover, the ink can be loaded 
into the recessed regions of a stamp (Kraus et al. 2007) or even loaded inside a stamp 
(Balmer et al. 2005; Xu et al. 2009).

11.3 Key Elements of μCP

Stamp, ink, and substrate are the key elements of μCP. In principle, any solid material that 
allows carrying a substance and releasing it by contact can be used to prepare the stamp. 
Various materials have already been used for this purpose, among which poly(dimethyl 
siloxane) (PDMS) is the �rst (Kumar and Whitesides 1993) and remains the dominant 
one. The following section introduces the properties of PDMS, the common process of 
preparing the PDMS stamps, surface modi�cations of the PDMS stamps, and alternative 
stamp materials. Selection of an ink and a substrate in a μCP process is typically 
determined by its target application. While an extremely wide range of ink materials have 
been printed, much fewer substrates have been used. However, ink and substrate materials 
are frequently tailored for each other in a speci�c μCP process. They are thus introduced 
together in the latter section, which is divided into subsections based on the different 
types of the ink materials.

11.3.1 Stamps

11.3.1.1 Properties of PDMS

PDMS possesses a number of properties that make it suitable for μCP. First, it is 
commercially available and affordable by regular labs. The most commonly used PDMS 
for μCP is Sylgard 184 manufactured by Dow Corning Corporation. Second, PDMS is 
elastomeric with Young’s modulus of PDMS around ∼1.5 MPa (Kaufmann and Ravoo 
2010). It is thus soft enough to allow conformal contact between a stamp surface and even 
a relatively rough substrate, but still stiff enough to reproduce the patterns of the stamp 
features in the submicron range. Third, PDMS is chemically inert and thermally stable 
(Camino et al. 2001), which renders it compatible with various ink materials, solvents, 
and printing processes. Fourth, PDMS is hydrophobic with a surface energy ∼20 erg/cm2 
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(McDonald and Whitesides 2002). The low surface energy allows easy dissociation of ink 
from the stamp during printing. It also plays critical roles in the selection of ink materials 
and solvents, and the formation of ink patterns on the stamp. Fifth, PDMS is transparent 
to visible light, which is useful for process control such as aligning a stamp and a substrate 
by the eye and microscopy. Sixth, PDMS stamps can be produced easily as described 
in the following section. However, some of these properties of PDMS can also restrict 
its application in μCP. Notably, the low modulus (compressive modulus: 2.0 N/mm2) of 
Sylgard 184 PDMS renders the slender relief features of a stamp prone to deform, buckle, 
or collapse (Schmid and Michel 2000). Moreover, the stamp tends to sag upon contact with 
the substrate at large noncontact areas. As a result, it is typically dif�cult to print features 
smaller than 1 μm using the Sylgard 184 PDMS stamp (Delamarche et al. 1997; Hui et al. 
2002). To overcome this limitation, Schmid and Michel (2000) developed high-modulus 
PDMS (also called hard PDMS and h-PDMS) with compressive modulus of 9.7 N/mm2 and 
layered stamps composed of a layer of the h-PDMS with relief features and one or two 
backing layers.

11.3.1.2 Preparation of PDMS Stamp

To prepare a Sylgard 184 PDMS stamp, prepolymer (also called base) and cross-linker 
(curing agent) typically at a 10:1 weight ratio are mixed and poured on a master, which 
is usually prepared by photolithography (Xia and Whitesides 1998). After air bubbles 
trapped in the mixture are removed, the liquid precursor is cured usually at an elevated 
temperature (60°C–90°C) to accelerate the cross-linking reaction. The cured PDMS consists 
of cross-linked chains containing the –Si(CH3)2–O– structural unit. It is eventually peeled 
off from the master and cut to a proper size as the stamp.

11.3.1.3 Surface Modi�cation of PDMS Stamp

The hydrophobic nature of PDMS stamps is not suitable for printing many polar inks 
because aqueous solutions of the inks do not wet the stamp surface. This problem can be 
solved or alleviated by modifying the surface properties of the PDMS stamps. Perhaps the 
most widely used approach to increasing the hydrophilicity of the PDMS stamps is through 
oxidation by either oxygen plasma or UV ozone treatment (E�menko et al. 2002; Yan et al. 
1999). Olander et al. (2004) revealed that oxidation led to the formation of silica-like struc-
tures at the PDMS surface. The surface polarity of PDMS can also be increased by apply-
ing a coating. Delamarche et al. (2001) and Lange et al. (2004) respectively coated PDMS 
stamps with positively charged amino-propyltriethoxysilane. Similarly, Rozkiewicz et al. 
and Kim et al. coated PDMS stamps with a positively charged dendrimer (Rozkiewicz 
et al. 2007b) and parylene-C, respectively (Kim et al. 2008a).

11.3.1.4 Alternative Stamp Materials

In parallel to the development of novel PDMS materials and new methods for modifying 
PDMS surfaces, efforts have been made to develop non-PDMS materials mainly for 
overcoming the drawbacks of Sylgard 184 PDMS including the low modulus, hydrophobic 
surface, and contamination caused by uncross-linked siloxane fragments in the stamp 
(Sharpe et al. 2006). Csucs et al. (2003a) prepared stamps using commercial polyole�n 
polymers, which were more rigid than Sylgard 184 PDMS and free of the contamination. 
Features as small as 100 nm were generated using the stamps. Trimbach et al. (2007) 



247Microcontact Printing

fabricated stamps using a thermoplastic polymer by hot embossing and printed polar inks 
including proteins. Lee et al. (2006) prepared stamps using a mixture of poly(ethylene glycol) 
diacrylate and a commercial photocurable adhesive. The adhesive allowed tuning of the 
mechanical properties of the stamps and poly(ethylene glycol) provided a polar polymer 
network that rendered the stamp hydrophilic. The stamp was used to print bovine serum 
albumin on glass. Stamps have also been prepared using hydrogel, which is a class of 
materials characterized by high water content. The hydrogel stamps not only provide ideal 
wettability for polar inks, but also offer a benign environment for biological macromolecules 
and even live cells. Martin et al. (2000) used a copolymer hydrogel of 6-acryloyl-β-O-
methylgalactopyranoside and ethylene glycol dimethacrylate to prepare stamps. Similarly, 
Coq et al. (2007) produced hydrogel stamps by cross-linking 2-hydroxyethyl acrylate 
and poly(ethylene glycol) diacrylate. Moreover, agarose gel stamps were utilized to print 
bacteria on agar plates by Weibel et al. (2005) and human osteoblast cells on porous tissue-
engineering substrates by Stevens et al. (2005).

11.3.2 Inks and Substrates

11.3.2.1 Self-Assembled Monolayers

Alkanethiols are the �rst ink materials used in μCP due to their ability to form SAMs 
on metals such as Au, Ag, Cu, and Pd (Geissler et al. 2003). In the process of printing 
thiol SAMs, the thiol molecules self-assemble into an ordered monolayer on the substrate 
within milliseconds of the contact between the stamp and substrate (Helmuth et al. 2006; 
Larsen et al. 1997). The order and quality of the SAMs are signi�cantly affected by the 
concentration of the ink solution. The thiol molecules can spread laterally from the contact 
areas to the noncontact areas by diffusion, usually resulting in blurred patterns (Sharpe 
et al. 2004). However, the diffusion can be utilized to generate features at the 100 nm scale 
(Xia and Whitesides 1997). In addition to thiols, silane SAMs were printed on SiO2/Si 
substrates (Jeon et al. 1997; Xia et al. 1995), docosyltrichlorosilane (DTS) SAMs on indium 
tin oxide (ITO) (Koide et al. 2003), and hexadecanephosphonic acid SAMs on Al (Geissler 
et al. 2003).

11.3.2.2 Oligonucleotides

Considerable efforts have been devoted to the use of μCP to produce oligonucleotide 
microarrays. Since oligonucleotides are highly negatively charged at neutral pH, Lange 
et al. (2004) coated PDMS stamp and substrate with positively charged amino-silane 
to enhance adhesion between the oligonucleotides and the stamp and substrate. Also 
using a positively charged stamp, acetylene-modi�ed oligonucleotides were printed on 
an azide-terminated glass slide (Rozkiewicz et al. 2007b). Xu et al. (2003) conjugated a 
hydrocarbon chain to an oligonucleotide to form a surfactant molecule. The hydrocarbon 
chain enabled hydrophobic interaction between the ink and a hydrophobic substrate, 
and the interaction was strong enough for DNA hybridization. Thibault et al. (2005) later 
found that unmodi�ed oligonucleotides can be printed using an unmodi�ed PDMS stamp 
with submicron resolution. The hydrophobic interaction was probably responsible for the 
binding of the oligonucleotides to the stamp surface. Different from the methods mentioned 
earlier, a stamp was grafted with single-stranded oligonucleotides with known sequences 
for capturing complementary oligonucleotides from a mixture of oligonucleotides by 
hybridization (Lin et al. 2006; Tan et al. 2007; Yu et al. 2005). The ink oligonucleotides could 
be dehybridized and printed to a substrate with the same spatial pattern as that of the 
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grafted oligonucleotides. This approach potentially allows replicating a prefabricated 
oligonucleotide microarray at low cost.

11.3.2.3 High-Molecular-Weight DNA

High-molecular-weight DNA molecules (typically over 10 kbp) are not only major 
subjects of biomedical research but also useful materials for nanotechnology (Keren 
et al. 2003; Lebofsky and Bensimon 2003). Nakao et al. (2003) found that double-stranded 
DNA can be stretched and immobilized on a �at PDMS surface and transferred on to 
a substrate by contact printing. Guan et al. later extended this approach by generating 
highly ordered arrays of stretched DNA molecules on PDMS stamps with relief features 
and printing the DNA nanostructures onto a substrate (Guan and Lee 2005; Guan 
et al. 2007).

11.3.2.4 Proteins

Using unmodi�ed PDMS stamps, Bernard et al. (1998) printed polyclonal chicken 
immunoglobulin G (IgG) and alkaline phosphatase on glass slides and polystyrene 
dishes. Similarly, LaGraff and Chu-LaGraff printed primary IgG on glass treated with 
oxygen plasma (2006). The printed protein layer had a higher density than that prepared 
by the conventional method. Most importantly, the printed proteins retained functions 
comparable to those deposited by the conventional method. However, Wigenius et al. 
(2008) revealed that the siloxane residue leaked from a PDMS stamp on a substrate during 
protein printing might contribute to unspeci�c binding of the analyzed proteins to the 
printed IgG areas. In a method called “af�nity contact printing,” a stamp was grafted 
with antigens, which allowed capturing speci�c antibodies from a complex mixture of 
biomolecules and printing the antibodies onto a substrate (Bernard et al. 2001; Renault 
et al. 2002).

11.3.2.5 Peptide Nucleic Acids and Carbohydrates

Calabretta et al. (2011) printed synthetic peptide nucleic acids (PNAs) on a glass surface. 
The PNAs had an amino end and the glass surface was grafted with aldehyde groups. The 
printing resulted in the formation of imine linkages that were later reduced to corresponding 
amines. By printing carbohydrate–cyclopentadiene conjugates on a maleimide-terminated 
SAM through Diels-Alder reaction, Wendeln et al. created carbohydrate (galactose, glucose, 
mannose, lactose, and maltose) microarrays (Wendeln et al. 2010).

11.3.2.6 Polyelectrolytes

Polyelectrolytes are polymers that can be ionized and charged in an aqueous solution. Yan 
et al. (1999) printed polyethyleneimine (PEI) on to a substrate coated with an anhydride-
terminated SAM. Similarly, Zheng et al. (2002) printed poly(diallyl-dimethylammonium 
chloride) (PDAC) with different patterns by controlling the surface property of PDMS 
stamps. Notably, when an unmodi�ed PDMS stamp was used, discrete dot-like PDAC 
structures were obtained. Park and Hammond (2004) later found that poly(allylamine 
hydrochloride) (PAH) could bind to the surface of an unmodi�ed PDMS stamp by hydro-
phobic interaction. The PAH layer could be easily transferred on to a substrate by contact 
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printing. Moreover, the PAH layer could be used as the starting layer for forming a mul-
tilayer �lm by layer-by-layer assembly. The multilayer �lm could also be printed by μCP.

11.3.2.7 Conducting and Semiconducting Polymers

Conducting and semiconducting polymers are essential materials for building organic 
electronic and optoelectronic devices. Kim et al. (2008b) printed 50 nm thick semiconducting 
poly(3-hexyl thiophene) (P3HT) �lm on various substrates. To enhance adhesion, both 
the ink on the stamp and the substrate surface were treated with oxygen plasma. A 
thin-�lm transistor was constructed based on the printed P3HT �lm. Li and Guo (2006) 
printed conducting polymer poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulphonate) 
(PEDOT/PSS) as electrodes for building organic thin-�lm transistors. Moreover, they 
deposited three layers of functional materials including a 60 nm thick cathode layer 
(Au/Al), a 90 nm thick light-emitting layer, and a 90 nm thick hole transport layer on an 
oxygen-plasma treated PDMS stamp with relief features (Li and Guo 2008). The trilayer 
�lm was printed on to an ITO-coated substrate for constructing polymer light-emitting 
diodes.

11.3.2.8 Copolymers

In addition to the oligonucleotide-hydrocarbon printed by Xu et al. (2003), Csucs et al. 
(2003b) printed Arg-Gly-Asp (RGD) peptide-grafted poly-l-lysine-g-poly(ethyleneglycol) 
(PLL-g-PEG) copolymer on to negatively charged surfaces including polystyrene and 
glass. While the RGD peptides allowed cell adhesion and growth, the unprinted areas 
were back�lled with PLL-g-PEG to create cell-resistant areas. The resultant surfaces were 
used to pattern live cells. Similarly, a comb copolymer composed of a methyl methacrylate 
backbone and pendant olio(ethylene glycol) moieties was printed by Ma et al. (2005) for 
patterning cells. Moreover, Bennett et al. (2006) printed micelles of amphiphilic block 
copolymer poly(styrene-block-acrylic acid) loaded with FeCl3 on Al2O3 surface. The 
polymer was removed by oxygen plasma. Concurrently, FeCl3 was converted to iron oxide, 
which was used as catalyst for in situ growth of carbon nanotubes.

11.3.2.9 Dendrimers

Dendrimers are synthetic polymers characterized by nearly monodispersed and 
hyperbranched molecular architectures. Dendrimers have high density of end groups, 
which allow multivalent interactions with μCP substrates. In addition, the high molecular 
weights of dendrimers and the resultant low diffusivity allow high-resolution μCP. 
Tomczak and Vancso demonstrated printing of poly(amidoamine) generation-5 dendrimers 
on silicon substrates (Tomczak and Vancso 2007). Xu et al. (2009) printed dendrimers using 
a porous stamp.

11.3.2.10 Thermoplastics

Various thermoplastic polymers including poly(propyl methacrylate), polystyrene, and 
poly(lactic-co-glycolic acid) (PLGA) have been printed by Guan et al. (2005, 2006). In their 
method, a PDMS stamp was dipped in a polymer solution in an organic solvent, form-
ing a thin �lm of the plastic on the stamp. The �lm can be either continuous or discrete 
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depending on the factors such as solution concentration. As a result, the printed thin-�lm 
structures could either be of the same dimensions as the stamp relief features or be smaller 
than the features.

11.3.2.11 Nanoparticles

Nanoparticles are nanometer-sized structures and have a wide range of applications. 
Santhanam and Andres (2004) developed a novel method for printing nanoparticles. In 
their method, a dense monolayer of nanoparticles was �rst self-assembled on an air–water 
interface, then transferred on a PDMS stamp, and �nally printed on to a substrate with 
patterns. Alternatively, Kim et al. (2008a) directly deposited a dense monolayer of quan-
tum dots on a PDMS stamp by spin casting and printed the quantum dots. Nanoparticles 
have also been printed with single-particle precision by loading individual nanoparticles 
into nanometer-sized recessive features of a stamp through a dewetting process (Kraus 
et al. 2007).

11.3.2.12 Carbon Nanotubes

Carbon nanotubes possess a unique set of characteristics and tremendous potential for 
numerous applications. Meitl et al. (2004) patterned single-walled carbon nanotubes 
(SWCNT) using μCP. In their method, an aqueous solution of surfactant stabilized SWCNT 
was applied to a rotating PDMS stamp with an organic solvent, such as methanol, for 
removing the surfactant. As a result, a thin �lm of SWCNT formed on the stamp and was 
later printed on a substrate. Thin-�lm transistors were built on the printed SWCNT pat-
terns. Fuchsberger et al. (2011) developed a different method to produce multiwalled car-
bon nanotube (MWCNT) functionalized microelectrode arrays based on μCP. They �rst 
used a �ltration method to generate a thin �lm of MWCNT, which was then transferred 
on to a PDMS stamp by intimate contact. The MWCNT on the stamp was �nally printed 
on the microelectrodes.

11.3.2.13 Metal Films

Micro/nano-patterned metal thin �lms are essential components of most electronic 
devices. Zaumseil et al. (2003) developed a μCP method called nanotransfer printing to 
print metal �lms. In this method, a thin �lm of metal was deposited on a stamp with relief 
structures by vapor evaporation and the �lm was printed on an adhesive substrate. In 
addition to simple 2D structures, this method allows fabrication of three-dimensional (3D) 
multilayer stacks by multiple printings.

11.3.2.14 Live Cells

Benign conditions are required to maintain live cells. The conditions are largely incompat-
ible with conventional microfabrication techniques. μCP is unique for its ability to print 
live cells. In one method, Xu et al. printed live bacteria by culturing a layer of bacteria on 
a �at agarose gel, inking a PDMS stamp with relief structures by placing the stamp on 
the bacterial layer, and printing the bacteria on a second piece of agarose gel substrate. In 
another method, Stevens et al. (2005) printed mammalian cells also using agarose hydro-
gel stamps.
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11.4 Applications

Compared to other micro/nanofabrication techniques, μCP is featured by its capability for 
larger-area, high-resolution, and low-cost printing of a broad range of functional mate-
rials on various types of substrates with relatively high resolution and reproducibility. 
Moreover, most μCP processes do not involve harsh conditions such as high temperature, 
high-energy radiation, and highly reactive chemicals that are unavoidable in some major 
micro/nanofabrication techniques such as photolithography, electron-beam lithogra-
phy, nanoimprint lithography, and hot embossing. As a result, μCP has been used for a 
wide range of applications ranging from micro/nanofabrication, fabrication of functional 
devices, study of cell biology, preparation of microarrays, and production of microparticles 
to fabrication of metamaterials.

11.4.1 Micro/Nanofabrication

μCP is commonly combined with other techniques to fabricate micro/nanostructures of 
functional materials. It was initially developed to create masks for wet etching to replace 
photoresist patterns prepared by photolithography. The most commonly used masks are 
SAMs of alkanethiols printed on Au surfaces. Metal nanowires have been produced using 
this method (Geissler et al. 2003). Koide et al. (2003) printed DTS monolayer patterns onto 
ITO as a hole-injection blocking layer for fabricating an organic light-emitting diode. 
Stuart et al. (2010) printed multilayer nanoscale crossbar structures, demonstrating the 
capability of this technique to fabricate 3D circuits. Kind et al. (1999) printed iron-based 
catalysts on SiO2/Si surface and grew carbon nanotubes by catalytic decomposition of 
acetylene. Huang et al. (2000) took a different approach to generating carbon nanotube 
arrays. In their method, SAMs of alkylsiloxane were patterned on a quartz substrate to 
direct deposition of polymer on the SAM-free areas. The polymer was then transformed to 
carbon black, and vertically aligned carbon nanotubes were formed by pyrolysis of iron(II) 
phthalocyanine. The micropatterned carbon nanotubes promise to be useful as electron 
emitters in �at panel displays. In addition, Zhou et al. (2006) printed initiator-terminated 
thiols on Au for synthesizing polymer brushes based on surface-initiated atomic transfer 
radical polymerization and demonstrated patterning multiple types of polymer brushes.

11.4.2 Functional Devices

Many functional devices have been constructed based on μCP. Rogers et al. (1997) produced 
conducting microcoils by printing SAM stripes around a metal-coated glass capillary and 
etching away the uncovered metal. They demonstrated the use of the microcoils for high-
resolution nuclear magnetic resonance spectroscopy of nanoliter samples. μCP has also 
been used to pattern electrodes in various devices including light-emitting diodes and 
thin-�lm transistors (Rogers et al. 2000), large electrophoretic displays (Rogers et al. 2001), 
and monolithically integrated, �exible display of polymer-dispersed liquid crystal (Mach 
et al. 2001). Briseno et al. (2006) printed octadecyltriethoxysilane to control the nucleation 
of vapor-grown organic single crystals. Using this method, they produced large arrays 
of high-performance organic single-crystal �eld-effect transistors on �exible substrates. 
Kim et al. (2008a) patterned colloidal quantum dots by μCP into multilayer light-emitting 
devices and demonstrated multicolor electroluminescent structures.
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11.4.3 Cell Biology

μCP was quickly used to study cell biology questions after its invention due to its abil-
ity to pattern surfaces at a length scale comparable to the size of individual cells. Chen 
et al. (1997) prepared micrometer-sized cell-adhesive islands against a cell-resistant back-
ground by μCP and grew human and bovine capillary endothelial cells on the micropat-
terns. They demonstrated precise control of shape and size of the cells, and discovered that 
cell size and shape dictated the viability and spreading of the cells. Similarly, Brock et al. 
(2003) cultured �broblast cells on �bronectin-coated islands with different shapes pre-
pared by μCP. They revealed that the cells were able to sense the edges and corners of the 
patterns and deposit extracellular matrix (ECM) and extend new motile processes accord-
ing to the geometric cues. Moreover, Williams et al. printed comb oligo-ethylene glycol for 
patterning vascular smooth muscle cells. They found that the micropatterns could control 
smooth muscle myosin heavy chain expression and limit the response to a transforming 
growth factor (Williams et al. 2011). In addition, Théry et al. (2005, 2006) created islands of 
cell-adhesive ECM proteins against a cell-resistant PEG-covered background by μCP. They 
found that the micropatterns guided not only compartmentalization of cells and orienta-
tion of cell polarity but also orientation of the division axis of a dividing cell.

11.4.4 Microarrays

Microarrays have been widely used for biomedical research and clinical diagnostics due 
to their capacity for performing large-scale, parallel characterization. Production of such 
a microarray requires highly specialized, expensive equipments that are not affordable 
by many labs (Miller and Tang 2009). Due to the low-cost nature of μCP, there has been 
tremendous interest in using μCP for manufacturing microarrays. Notably, Thibault 
et al. (2005) printed DNA for detecting genetic mutations in yeasts. Calabretta et al. (2011) 
demonstrated fabrication of microarray of PNAs for detecting single nucleotide poly-
morphism. A μCP method was also developed to replicate prefabricated DNA microar-
rays at low cost (Lin et al. 2005). In addition to nucleic acid microarrays, μCP has been 
used to create antibody microarrays (Wigenius et al. 2008), carbohydrate microarrays 
(Wendeln et al. 2010), glycopolymer microarrays (Godula et al. 2009), and �uorophore 
microarrays for ion sensing (Basabe-Desmonts et al. 2004). The ability of μCP to pattern 
cells also promises to develop cell-based microarrays for high-throughput screening of 
drugs and toxins.

11.4.5 Microparticles

Microparticles are widely used as carriers for drugs and imaging contrast agents. Particles 
produced by conventional bottom-up methods generally suffer from poorly controlled 
sizes, shapes, and structures. Guan et al. (2006) applied μCP for producing microparticles 
for drug delivery applications. They demonstrated fabrication of microparticles with well-
de�ned sizes and shapes using PLGA, which is a biodegradable polymer used clinically 
for drug delivery. Recently, Zhang and Guan (2011) integrated μCP and the layer-by-layer 
assembly technique to produce microparticles of polyelectrolytes. They generated mic-
roparticles with arbitrary 2D shapes and various structures. This approach, in principle, 
allows production of particles containing a wide variety of functional materials such 
as DNA for gene therapy, polyelectrolytes for condensing DNA and enhancing cellular 
uptake, proteins for tissue targeting, quantum dots and magnetic particles for imaging, 
and polymer coatings for increasing circulation time in blood.
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11.4.6 Metamaterials

μCP has been used by Chanda et al. (2011) to fabricate large-area negative-index 
metamaterials, which are engineered structures with optical properties that are not 
present naturally. In this method, they used a silicon wafer with deep, nanoscale patterns 
as the stamp, on which alternating layers of functional materials (silver and magnesium 
�uoride) were deposited as the ink. The multilayered ink could be printed on to a rigid or 
�exible substrate to form a piece of metamaterial as large as 75 cm2.

11.5 Conclusions and Perspectives

μCP is a powerful technique for surface patterning at the micro/nanometer scale. It is 
not only simple and inexpensive, but also extremely versatile with respect to the types 
of patterns producible by this technique, the types of ink and substrate materials usable 
with this technique, and the variety of methods for inking and printing. The simpleness, 
�exibility, and low cost of μCP have led to its widespread application across various �elds. 
In the coming decade, new μCP methods are expected to continue to emerge with further 
increased versatility. It is also foreseeable that μCP will �nd broader applications. Possibly, 
μCP will be adopted by industry for fabricating large-area �exible electronic and optical 
devices, and microarrays for biomedical analysis and diagnostics.
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12
Electron Beam Lithography for 
Biological Applications

John G. Hartley

12.1 Introduction

Biological processes are intrinsically a “bottom-up” fabrication process where molecular 
machinery either self-replicates (viruses, bacteria, and single-celled organisms), or in the 
case of multicelled organisms replicate and differentiate. At this point in time, our ability 
to build these molecular machines by design is still in its infancy and mostly consists of 
small perturbations of patterns found in nature or intentional replication (Benner and 
Sismour, 2005).

The semiconductor industry, by contrast, relies heavily on a “top-down” fabrication 
technology to build nanoscale structures that, while rivaling simple biological systems in 
complexity, lack self-replication capability and are in no sense alive. The ability to pattern 
at the nanoscale has enabled a variety of novel tools for the investigation, manipulation, 
and diagnostics of biological processes.

One of the more common applications of top-down lithographic techniques in the 
biological application space is patterned functionalization (Christman et al., 2008, 
2009; Glezos et al., 2002; Harnett et al., 2000; Kolodziej et al., 2011, 2012; Kolodziej and 
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Maynard, n.d.; Krsko et al., 2003; Lussi et al., 2005; Nicolau et al., 1999; Reis et al., 2010; 
Rundqvist et al., 2006, 2007; Saaem et al., 2007; Senaratne et al., 2006; Zhang et al., 2004a,b). 
As the references show, there is a great diversity of materials, approaches, and objectives 
for functionalized patterning. The objective frequently consists of initiating a site-selective 
chemical binding for anchoring everything from amino acids to cells. In nanoelectronics, 
lithographic �lms called resists are organic polymers that are cast in a solvent and spin 
coated onto the underlying substrate. This is followed by a baking step to drive off the 
solvent. During exposure to appropriate radiation (photons or charged particles), the 
polymer either responds by cross-linking (negative tone) or scission (positive tone). 
The exposure process thereby induces a differential solubility between the exposed and 
unexposed regions such that immersion of the substrate in a developer (solvent) selectively 
removes the more soluble component and leaves behind a masking layer that can be used 
for further processing. One way to achieve functionalized patterning is to use this masking 
layer to deposit bioactive materials selectively at designated locations on the substrate. 
Removal of the masking layer can carry the unwanted bioactive materials away. One 
challenge here is that a solvent strong enough to remove the unwanted resist frequently 
dissolves the biomolecules as well.

A more common approach in biological applications is to coat the substrate with a self-
assembled monolayer and use the exposure process to either induce or inhibit the desired 
functionality. As these materials are not standardized within the lithographic community, 
it is often necessary to undertake some basic characterization studies to determine the 
appropriate exposure conditions. For electron beam lithography (EBL), one of the more 
important factors to keep in mind is that the exposure will occur under conditions of a high 
vacuum. Any substrate and material combinations intended for exposure by EBL must 
exhibit low outgassing properties and be able to tolerate vacuum without adverse effects. 
The ability of a material to coat the substrate uniformly is also important. Areas with voids 
or contamination must be kept small relative to the features to be patterned or the integrity 
of the pattern will be compromised.

For resist material, a dose is de�ned such that for a given dose, the conversion of the 
exposed material to a new solubility state is 100%. By performing a series of test exposures 
over a range of doses that are subsequently exposed to a developer, one may obtain a 
“contrast curve” that plots residual thickness versus dose. When the objective is not to 
transform solubility but rather a particular functional property of the material, a similar 
strategy may be employed to determine the appropriate dose.

Topographical patterning (Hu et al., 2010; Prinz et al., 2008; Reis et al., 2010) of substrates 
is another active area of biological research that is enabled by lithography. Conventional 
lithographic means are employed to create raised or recessed structures on a substrate, 
which are then used to investigate the response of cellular motility. A variation of this 
technique combines topographical patterning with functionalization for multivariate 
experiments. The high resolution of EBL enables topographical patterning to be investigated 
at nanoscale dimensions.

Lithography plays important supporting roles for many applications relevant 
to biological research, including instrumentation, micro- and nano�uidics, DNA 
sequencing and manipulation, cell sorting, lab on a chip, and self-assembly to name just 
a few (Stosch et al., 2011; Wang et al., 2006; Yanik et al., 2003, 2010). The �eld is too large 
to do it full justice; a number of review papers (Curtis and Wilkinson, 1997; Dittrich and 
Manz, 2006; Mendes et al., 2007) may guide the interested reader to various specialized 
subtopics.
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12.2 History and Overview of Lithography

Lithography is literally “drawing on stone” and was �rst patented in England in 1801 by 
Alois Senenfelder (Steendrukmuseum Nederlands, n.d.) as a low-cost means of printing.

Photolithography on silicon wafers was �rst introduced in 1955 by Jules Andrus and 
Walter Bond at Bell Labs (Computer History Museum, n.d.) and continues to the present 
day as the only cost-effective means of large-scale production of integrated circuits. 
Outside of the technical community, the central role of lithography in our twenty-�rst 
century high-tech culture is not generally appreciated. A Google search on “lithography” 
still lists the artistic applications of lithography as the top hits.

Photolithography is capable of patterning over a large array of feature sizes. The lower 
limit in high-volume manufacturing as of 2012 is about 30 nm (ASML, 2012; Benschop, 
2008). Due to the high cost of ownership of photolithographic equipment capable of pat-
terning at the smallest feature sizes, the technology is only affordable for large production 
runs. With larger minimum feature size, the cost of photolithography decreases. A typical 
form of low-cost photolithography is found in the “contact aligner” in which a mask in 
contact with a resist-coated substrate selectively exposes different regions to UV light. This 
technology dates back to the beginning of the integrated circuit era and continues to see 
widespread use in many noncritical applications (VLSI Research Inc., 1992). Typical resolu-
tions achievable with this technology are approximately 2 μm.

Below the resolution limits of optical lithography, there are two commercial technologies 
available for patterning, each with a different application space. Nanoimprint lithography 
(Chou et al., 1996; Colburn et al., 1999; Hoff et al., 2004; Hua et al., 2004; McClelland et al., 
2002) is closest in spirit to lithography as originally conceived in 1801. A high-resolution 
master stamp or template is fabricated using EBL, and the pattern is transferred to a 
polymer-coated wafer by a variety of means, including heat, pressure, and photocuring. 
The resolution of nanoimprint lithography appears to be effectively unlimited, with single 
carbon nanotubes being used as masters in the imprint process and successfully replicated 
(Hua et al., 2004). Compared to high-resolution photolithography, nanoimprint is at a 
disadvantage on throughput, overlay, and defects; it has the advantage for resolution and 
parity with �exibility (as with photolithography, nanoimprint requires a new template for 
each design change). Imprint lithography is a candidate in situations that require nanoscale 
patterning but cannot tolerate the conditions of EBL.

The advantage of EBL lies primarily in �exibility and resolution. Overlay and defect 
control can be on par with photolithography, while throughput is a distinct disadvantage. 
For this reason, e-beam lithography is most frequently con�ned to the R&D world. The 
most common commercial application of EBL is mask patterning for photolithography 
where a single e-beam exposure can be optically repeated as much as a million times. 
Most forms of EBL available in 2012 are serial in nature, meaning that patterns are built up 
sequentially, either pixel-by-pixel or shape-by-shape. Shaped beam lithography (Pfeiffer, 
1978) introduces a modest amount of parallelism into the exposure process by group 
exposing hundreds to thousands of pixels into a shape that is �ashed as a single exposure. 
A new generation of multibeam pattern generators are currently under development 
that potentially can decrease the time to form a pattern with EBL by several orders of 
magnitude (Hartley, 2003; Kampherbeek et al., 2000; Petric et al., 2009). Figure 12.1 presents 
a cartoon overview of the relative roles played by electron beam and photolithography. For 
researchers contemplating a high-volume commercial target for their research efforts, any 
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approach using EBL in the research stage needs an evolutionary path to photolithography 
to obtain the large economies of scale that have dominated nanoelectronics.

The remainder of this chapter will introduce the nonspecialist to the capabilities 
of EBL and provide practical advice for anyone planning to exploit the technology for 
nanobiological applications.

12.3 Basics of Electron Beam Lithography

There are four broad considerations that come into play when patterning at the nanoscale. 
They are image �delity, image placement, defects, and cost. These do not exist in isolation; 
it is frequently possible to achieve improvement in one area at the expense of the others. 
In the next sections, we will examine in detail the factors that measure the performance 
in each of these categories and the nature of the trade-offs involved. Figure 12.2 shows 
the major elements of a generic EBL system. The optical subsystem consists of the source, 
the condenser, and the projection optics. The patterning subsystem consists of a blanker, 
de�ector(s), and stage. The blanker is a pulse width controlled modulator that regulates 
the electron current according to the demands of the pattern. The de�ection subsystem 
is used to sweep the beam as required to paint the geometrical shapes de�ned by the 
pattern. Lens aberrations limit the range over which the beam may be de�ected while 
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FIGURE 12.1
(See companion CD for color �gure.) Cartoon illustrating the different roles of electron beam and 
photolithography.
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maintaining pattern �delity. The maximum de�ection range available to typical Gaussian 
EBL systems is approximately 1 mm2 with many systems operating below that. Since 
substrates are usually much larger than the de�ection range, the last major component 
of the patterning subsystem is the X/Y stage. Existing commercial systems have a range 
of motion suf�cient to pattern anywhere on 300 mm wafers. Other commercial entry-
level systems are available with stages sized for smaller substrates. Most systems support 
some sort of holder for irregular shapes, a distinct advantage in the R&D environment. 
High-end EBL systems use laser interferometry to gauge the position of the stage with sub-
nanometer accuracy. This allows patterns larger than the de�ection �eld to be exposed 
by stitching together �elds with each �eld containing a subset of the larger pattern. All 
of this equipment must operate in a high vacuum which brings its own set of challenges 
to equipment designers.

12.3.1 Resist

Without a surface that can be modi�ed with the electron beam there can be no lithography. 
For conventional EBL, the electron beam induces solubility changes in the resist. For 
positive tone resists, the e-beam exposure reduces solubility. For negative tone resists, 
the e-beam exposure increases solubility. Resist sensitivity is commonly measured in 
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FIGURE 12.2
(See companion CD for color �gure.) Major elements of an EBL system.
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micro-Coulombs per cm2 (μC/cm2). A useful number to know is that 1 electron/nm2 
corresponds to a sensitivity of 16 μC/cm2. For resist sensitivity, 100 μC/cm2 is considered 
fast. The sensitivity of a resist material is not a material constant but varies linearly 
with the incident beam energy. When examining a manufacture’s data sheet for a resist, 
it is important to determine the beam energy used to de�ne the sensitivity. There is 
no standard for beam energy. At the low end, add-on packages for scanning electron 
microscopes (SEM) can provide basic lithographic capability with beam energies ranging 
from a few keV to several tens of keV. Commercial tools designed for EBL typically operate 
between 50 and 125 keV. Beyond that, some groups have added pattern generator packages 
to transmission electron microscopes (TEM) and explored patterning up to 350 keV (Broers 
et al., 1989). A resist that exhibits a sensitivity of 160 μC/cm2 at 100 keV beam energy will 
have a sensitivity of 16 μC/cm2 at 10 keV. With an incident dose of 1 electron/nm2, statistical 
�uctuations in the distribution of the electrons reaching the substrate begin to play an 
important role in de�ning pattern �delity.

12.3.2 Cost

The expression “time is money” is directly applicable to EBL. Because of the serial nature 
of the patterning done with e-beam writers, there can be a large variation for the time 
it takes an e-beam writer to complete an exposure. For this reason, the cost of a job is 
almost always measured by time on the tool. Minimizing the time needed to complete 
a job should always be a consideration, even if the time is provided without charge. 
Keeping the exposure time to a minimum means that more exposures can be performed, 
increasing the overall productivity of the asset. Minimizing the exposure time is also 
an asset to the researcher as it improves turnaround time and productivity. A precise 
estimate of the time required to expose a pattern generally requires an in-depth knowl-
edge of both the pattern and the system architecture to account accurately for all of the 
machine overheads. It is fairly easy, in most cases, to determine a lower bound on the 
exposure time:

 
t

S A
I

= ×

where
S is the resist sensitivity (μC/cm2)
A is the area to be exposed (cm2)
I is the beam current at the substrate (μA)

As an example, the minimum time to expose 1 cm2 of a 100 μC/cm2 resist with a 10 nA beam 
is 100/0.01 = 10,000 s or ∼3 h. This is the portion of the exposure time that is required for the 
beam to expose the resist. Other factors can signi�cantly increase the actual time required. 
As a further example, suppose that the 1 cm2 area consists of 100 nm2 spots. 1 cm2 = 1014 nm2 
so it takes 1012 individual �ashes to expose that 1 cm2 area. Each nanosecond of overhead 
associated with setting the tool up to expose the next �ash will add 1000 s to the exposure 
time. A 100 ns shape-to-shape overhead in this example will add 105 s to the job time and 
easily swamp the exposure. At the other extreme, if the centimeter to be exposed consists 
of a single large block, the beam can be left on continuously while the system paints the 
area. In that case, the overhead mostly consists of the time associated with moving the 
stage and would typically add only a few seconds to the exposure.



265Electron Beam Lithography for Biological Applications

Commercial EBL platforms generally include some sort of system emulator that is capa-
ble of examining the exposure �le and making a reasonably accurate prediction of the 
exposure time. Using the simple methods described earlier, a potential EBL project can be 
quickly scoped in size and an early go/no-go decision made on a conceptual design.

There are a number of things that can be done during the pattern layout step to improve 
the overall exposure ef�ciency. Picking a beam current is generally tied to the smallest 
feature that one needs to draw. The smaller the feature size, the less the beam current that 
can be used. Nanometer-sized features will typically require beam currents in the low single 
digits of nano-amps, while micron-sized features can be exposed at the systems upper limit 
on current delivery, typically 50–100 nA. If a pattern has a large variation in feature size, 
the designer can elect to put large features on one level and small features on another. As 
the design �le is converted to the appropriate EBL format, two separate control �les may 
be generated, one for each level. Considerable savings in exposure time may be realized 
by exposing the large areas with the highest possible beam current and the small features 
with the required small current. Another example: Divide our 1 cm2 pad into two pieces, 
connected by a single 10 nm line. To expose the 10 nm line, we might require a 1 nA beam 
current. Using that current for both the line and the pads, we �nd that our exposure time 
increases to ∼30 h. If instead, we only use 1 nA to expose the line, the time is ∼0. Increase 
the beam current to 100 nA and the time to expose the pads is about 20 min. Adopting 
this simple strategy reduced the exposure time by nearly 100×! Even if changing the beam 
current is a cumbersome process taking several hours, the effort is well worth it in this case.

12.3.3 Imaging

Imaging is the cornerstone of lithography. If the images do not accurately re�ect the 
designer’s intent, the project will not likely succeed. In the following sections, we dis-
cuss the selection of the resist material and the appropriate EBL system con�gurations to 
accomplish a given task.

12.3.3.1 Tone Selection

Early in the process of planning the work�ow for your project, the question of what needs 
to be exposed must be addressed. While lithographically patterned resist can be the �nal 
objective (e.g., channels for micro/nano�uidic applications), it is most commonly used as 
a masking layer for a subsequent process step. Depending on the subsequent processing, 
either the pattern or the background may require protection. The decision that needs to 
be made is whether to use a positive or negative resist and whether to expose the pattern 
or the background. The motivation for exposing the background stems from the desire to 
minimize the exposure time required. Table 12.1 shows a simple matrix that guides the 
decision. An analogous matrix can be followed for functional materials.

Once the process tone has been selected, the next decision point concerns the selection 
of the resist. In the interest of productivity, a typical decision is to pick the fastest resist 
that will satisfy the imaging requirements. In the case of biological applications where 
patterning may be for material functionalization, chemistry, rather than lithographic 
performance, may dictate the material choice and tone. If the lithographic properties are not 
established from previous work, some effort to characterize the lithographic performance 
envelope is advisable prior to the actual device work to establish some ground rules for 
the pattern layout. A good example of characterization of functional �lms may be found 
in Glezos et al. (2002).
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12.3.3.2 Resolution

The resolving power of an optical system is frequently expressed in terms of the Rayleigh 
limit:

 
δ λ
d

NA
= 0 61.

where λ is the radiation wavelength. In the case of electrons it is the de Broglie wavelength 
that is used. NA is the numerical aperture, approximately 0.005 for most Gaussian EBL 
systems.

Table 12.2 shows the diffraction limited resolving power as a function of beam voltage. 
Diffraction limited resolution is rarely achieved in practice. A variety of other contributing 
factors such as aberrations, noise, scattering in the resist, mutual repulsive effects between 
electrons, and diffusive effects in the resist have limited nanoscale lithographic patterning 
to low single digits under the best circumstances (Broers, 1996; Broers et al., 1989; Crewe, 
1979).

A de�nite trade-off exists between dose and image �delity, due in part to the electron 
statistics of the exposure process (Kruit et al., 2004). Most commercial resist materials are 
able to provide good resolution with moderate speed at 100 nm minimum feature size. 
Lithographic patterning in the 20–100 nm range is readily accomplished with several com-
mercial materials (Koshelev et al., 2011). Below 20 nm, the number of resist materials that 
deliver satisfactory performance over a broad range of patterning conditions is severely 
limited (Singh et al., 2011). At the CAD level, all elements of the pattern are binary—every 
point is either inside a pattern or not. In an ideal lithography system this would hold 

TABLE 12.1

Decision Matrix for Selection of Resist Tone and Exposure Strategy

Pattern Density

Desired Outcome Action

Protect Pattern Protect Background

ExposeResist Tone

Sparse
<50% coverage Negative Positive Pattern

Dense
>50% coverage Positive Negative Background

TABLE 12.2

Impact of Beam Energy on Diffraction Limited 
Resolution and Depth of Focus (DOF)

Electron 
Energy (kV)

Wavelength 
λ (Å)

δd (nm) 
a = 5 mrad

±DOF 
(nm)

10 0.123 1.50 246
50 0.056 0.68 112
100 0.041 0.50 82
125 0.038 0.46 76
200 0.031 0.38 62
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true as well—all dose delivered to the substrate would lie inside the feature of interest 
and none would fall outside. In a real system, however, all of the factors just mentioned 
deliver some fraction of dose “off pattern.” When several patterns are in proximity, this 
off-pattern dose adds together to produce unwanted exposure between features. This can 
be mitigated to some degree through the use of high-contrast resists and the use of prox-
imity correction code that takes scattering into account when assigning doses to features 
(Parikh, 1979a,b,c).

12.3.3.3 Spot Size, Corner Radius, and Line Edge Roughness

Having selected a resist or functional material that satis�es the minimum resolution 
requirement, the next step is to determine a spot size. If corner �delity is not a concern, 
the spot size may be set to equal the minimum feature dimension. If sharp corners 
are required, however, the minimum spot size must be chosen to �t the corner radius. 
Using a smaller spot size than absolutely necessary can have large impacts on the expo-
sure time.

For each shape that is printed, we wish to know the size printed versus the size and 
tolerance requested. This can be for a few key features or it can be a statistical aggregate 
with limits on the distribution. A secondary consideration arises when there are features 
spanning a range of sizes in the same pattern. Asking for a 10 nm feature to be printed with 
a ±2 nm tolerance is reasonable and can be con�rmed with normal SEM-based metrology. 
Asking for the same tolerance on a 100 μm feature becomes a metrology challenge, as the 
typical resolution in an SEM �eld of view suitable for scanning a 100 μm feature would 
not be suf�ciently accurate. A better approach when specifying image size control is to 
set absolute bounds on the most critical feature and use that as a relative guide for larger 
images. In general, image size control at a level of a few percent should be considered easy 
for all but the smallest features.

Another key metric for shape �delity is line edge roughness (LER). The important 
thing to know about this parameter is that throughput can almost always be improved at 
the expense of LER. This is primarily exploited through the use of the well-known RLS 
(resolution, LER, sensitivity) trade-off (Gallatin et al., 2007). In general, the faster the resist, 
the worse the LER will be relative to the same feature printed with a slower resist. When 
LER is not a signi�cant concern, a faster resist should be selected to improve throughput.

12.3.3.4 Etch Resistance

While not all lithography is followed by an etching step, it is so common that it warrants 
discussion. The material under the resist to be etched determines the choice of etch 
chemistry. The thickness of the material is equally important as that will determine the 
amount of time that the substrate will spend in the etch environment. Once the anticipated 
etching conditions are known, the resist selection process can be re�ned to select materials 
that have a relatively slower etch rate in the target environment. The etch rate for the resist 
combined with the anticipated etching time will determine the minimum thickness of the 
resist that must be used. If the thickness of the resist required for adequate etch resistance 
turns out to be more than about 3× the minimum feature size, it becomes necessary to 
consider the ability of the resist to support high aspect ratio patterns. At the expense 
of some additional process complexity, a solution is to introduce an intermediate “hard 
mask” that uses a different etch chemistry to transfer the resist pattern into the hard mask, 
followed by etching into the material of interest. A �nal step to strip the hard mask may 
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be required. Etch chemistries may be either wet or dry (plasma). In the semiconductor 
industry, most etch processes are dry due to lower defect rates. A survey of dry etch 
resistance characteristics for a variety of materials may be found in Gokan et al. (1983). 
For speci�c materials, refer to the manufacture’s data sheets. In many cases, variations in 
equipment require testing to optimize performance for a particular site.

12.3.4 Image Placement and Overlay

For many applications of biological interest, image placement and overlay is not a 
signi�cant concern. We begin with a brief description of image placement and overlay 
and the difference between them. Image placement is absolute in the sense that what is 
being measured is the deviation of a pattern relative to an ideal Cartesian grid. The details 
of how this ideal grid is established forms an important subset of the metrology sector 
of the semiconductor industry (Beyer et al., 2011). Image placement to an absolute grid 
is most important in mask patterning where some standard is necessary to ensure that 
all of the different levels in a device are aligned. For most applications involving only 
a single exposed layer, image placement is not critical. One area where it is important, 
however, is the fabrication of large area optical gratings. In order to maintain the long-
range spatial coherence necessary for the fabrication of a quality grating, tight control over 
image placement is essential.

Overlay, on the other hand, is a measure of the relative error between levels in a 
multilevel process. In the semiconductor space, sub-10 nm overlay is common and 5 nm 
is on the horizon (Felix et al., 2011). An example in a biological application where tight 
overlay may be required is the fabrication of a channel to constrain DNA, followed by 
the fabrication of electrodes to measure charge for reading the DNA (Kim et al., 2004). 
The most common method of achieving good overlay is to use a technique known as 
registered write. This involves printing an initial set of alignment marks on the substrate 
and either etching or metalizing them. The etching or metallization step is necessary for 
the subsequent registration where the EBL system scans the area containing the marks 
to determine their location precisely within the EBL system address space. Etch provides 
topographic contrast while metallization provides a materials contrast. Either one may 
be used to enhance the mark detection. The hardware then prints the pattern relative to 
the known mark locations. Accuracy varies by equipment quality but sub-10 nm can be 
achieved. Figure 12.3 shows examples of layouts that accomplish similar objectives but 
would have radically different tolerance for overlay error.

12.3.5 Defects

Defects in lithography can arise from a variety of sources. A common but easily controlled 
source of defects is the environment. Dust particles and chemical contaminants can both 
be readily controlled through the use of air �ltration of the type typically found in clean-
rooms. For lithographically induced defects, optical methods have the distinct advantage. 
By making many copies from a single physical master (the mask), it is only necessary to 
guarantee that the master is error free to avoid errors at the wafer. For this reason, EBL 
systems in use for mask manufacturing place a great deal of emphasis on data integrity 
to achieve masks with low error rates (Wakimoto et al., 2009). Sophisticated inspection 
(Han et al., 2011) and repair methods (Aramaki et al., 2011) are then employed to yield an 
error-free product. Equally sophisticated methods of handling, transport, and cleaning 
are used to preserve the error-free condition. When errors do occur in production tools, 
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they tend to be in the form of hard equipment fails that result in yield loss rather than 
defective products.

Errors in EBL systems tend to be of a different nature than those occurring in optical 
lithography. It is not unheard of for a terabyte or more of data transfer to be needed to expose 
a leading edge mask. Fortunately, with the large volumes of digital data transmitted daily 
over the Internet, the technology to assure data integrity in EBL has become largely a non-
issue. Of more concern is what happens at the point where the data takes an analog form 
needed to drive the voltages and currents to steer the beam. At some point, the circuits 
become open loop, and spurious events go undetected and uncorrected. One approach to 
address this relies on direct feedback of the beam location from the substrate for a real-
time, closed feedback loop (Hastings et al., 2003). Due to the additional process complexity, 
this technique has not been adopted commercially. The most common approach in 
commercial systems is to rely on ultrastable (∼1 ppm) electronics and extensive shielding 
from electromagnetic interference. When an EBL system is being used as a resource in a 
chip fab environment, care must be taken to ensure that cross contamination does not take 
place. There are many materials that can disrupt the performance of nanoscale transistors 
even in trace amounts. Protocols must be established to ensure that the EBL system does 
not become a source of defects elsewhere.

12.4 Conclusions and Perspectives

In many ways, the status of lithography in the nanobiological sector resembles the early 
days of the semiconductor industry. While lithography has enabled numerous R&D 
activities for biological applications, there are no multibillion dollar fabs dedicated to 
the lithographic manufacturing of chips with direct biological applications. One reason 
for this is that today’s fabs are the result of decades of incremental progress that led to 
the hundreds of interlocking steps necessary to fabricate the modern chip. This �ow is 
not readily modi�ed to accommodate the new materials necessary to integrate biological 

Overlay friendly layout Overlay hostile layout

FIGURE 12.3
(See companion CD for color �gure.) Examples of layouts with different extremes of overlay error tolerance.
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applications. One way forward is progress in 3D wafer bonding that enables hyper-
integration of wafers fabricated by radically different processes (Lee et al., 2011). EBL will 
continue to play a key role in the testing of new materials and the development of novel 
approaches that may someday �nd a place in high-volume, low-cost devices for healthcare 
and the environment.
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13
Laser Direct-Write

Timothy Krentz, Theresa Phamduy, Brian Riggs, 
Brian Ozsdolay, and Douglas B. Chrisey

13.1 Introduction

Laser direct-write is a material processing technique that allows for mesoscopic-scale pat-
terning with a wide variety of materials. This review presents research on the mechanism 
of the transfer process, focusing on AFA-LIFT and MAPLE DW. A variety of examples of 
biomaterial transfers will then be described. Building off of this, perspectives for future 
utility of laser direct-write are suggested.

Laser direct-writing allows for the localized deposition of material transferred from the 
ribbon—see Figure 13.1. There are several varieties of laser direct-write that have been used 
with materials ranging from metals and ceramics for electronic applications to cells and 
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biological molecules for tissue engineering (Pique et al. 1999; Chrisey et al. 2000; Schiele 
et al. 2010). They all share similar experimental setups, utilizing a laser, beam delivery 
optics, stages holding the transfer material on the print ribbon, and the receiving substrate 
on which it will be deposited. The laser excites a matrix material or a dynamic release layer 
(DRL) and the solute material is deposited as a �lm on the print ribbon. This excitation of the 
matrix or DRL leads to the desorption and transfer of material onto the receiving substrate. 
Note that the target and transfer materials may be one and the same, or they need not be. 
The target material is that with which the laser interacts, and the transfer material is that 
which is desorbed from the ribbon to the substrate. The high power and short penetration 
depth of the laser exposure limits heating of transfer to a local volume, thus reducing 
possible thermal damage. Beam delivery optics is not only used to manipulate and deliver 
the laser beam to the ribbon, but also to control spot size and �uence. The beam delivery 
optics consists of apertures, mirrors, and series of attenuators and masks for controlling 
the intensity and energy pro�le of the pulse. Combined with a partially re�ective mirror, 
an energy meter is used to measure the laser pulse energy. The energy meter is used to 
better understand each individual transfer in terms of precision and accuracy. Ideally, the 
spot size and �uence remains consistent throughout the laser direct-write patterning to 
ensure that the transfer remains consistent. The stages for the print ribbon and substrate 
can be automated and motorized to allow for maximum repeatability and for precise 

Laser BDO

Material

Print ribbon
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Receiving substrate
Automated stage

Transfer

FIGURE 13.1
General schematic of the laser direct-write experimental setup. Laser—generates a pulse of coherent light that 
will excite the target material. Beam delivery optics—used to direct the laser beam to the ribbon. It also is used 
to measure and control the laser beam energy, pro�le, spot size, and focus. The components typically include 
an attenuator, focus control, screen, as well as a beam splitter and energy meter used to measure beam energy. 
Objective lens—the �nal focusing optic for the pulsed-laser beam. Ribbon stage—used to allow for the selection 
of target material, especially important with heterogeneous target materials, such as cells and microbeads, may 
be automated. Ribbon—a laser transparent support for the target material. Substrate stage—when used with an 
automated translation, the stage allows the computer-controlled placement of transfer material. Substrate—the 
substrate receives the transferred material.
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patterns to be created. The separation between transfer ribbon and receiving substrate is 
typically >50 μm. A short separation distance reduces the areal drift that would otherwise 
result in imprecise printing.

13.2 Laser Direct-Write Variations

Laser direct-write development in the past two decades has led to many variations 
of the basic patterning tool. Strict de�nitions of different varieties of laser direct-
write have not been established, and many experimental setups do not �t well into 
a category, or are described as a unique mode of transfer. It is important to note the 
speci�cs of each setup, and the commonalities present in the mechanism of transfer. 
Additionally, laser direct-write provides one more notable advantage over many other 
printing methods: they are all noncontact, and so avoid one major source of contamina-
tion (Wu et al. 2003).

Each type of laser direct-write technology listed above relies on the same fundamental 
mechanism of transfer (Schiele et al. 2010). All use transparent ribbon supports coated on 
one side with the target, a pulsed laser that energizes the matrix, and a receiving substrate 
prepared for receiving the transfer material. The laser pulse interacts with the target, which 
converts optical energy to mechanical energy, propelling transfer material to the receiving 
substrate. Resolution achievable by these methods is on the order of a few microns (Esrom 
et al. 1995). There are minimal variations in laser direct techniques, which center around 
differences in the ribbon and the naming of the technique.

13.2.1 LIFT

LIFT utilizes a typically metallic �lm for absorption and conversion of laser energy to 
mechanical energy for printing. In this case, the �lm is both the target and the transfer 
material, and is thin, sometimes less than half a micron (Bohandy et al. 1986). The separa-
tion between print ribbon and receiving substrate can thus be very low. Distances less than 
10 μm are possible, and a smaller separation is generally preferable, as a smaller separation 
yields better resolution. The transfer occurring in LIFT happens via a process of ablation 
and is most applicable for inorganic materials, but it will not be a subject of focus for this 
chapter. Cells or other fragile materials can be coated or suspended on top of the metal 
layer for a procedure called AFA-LIFT.

13.2.1.1 AFA-LIFT

AFA-LIFT is a variation of LIFT wherein the transfer material coats the top of a sacri�cial 
target �lm, which is chosen for its high absorption coef�cient corresponding to the 
wavelength of the laser to be used. As the target and transfer material are separate, the 
target can be a metal �lm chosen for optimal optical interaction, while the transfer material 
can be a cell suspension that would otherwise suffer damage from optical interactions, or 
not be suf�ciently absorptive. The thickness of the absorbing target layer should be thick 
enough so that, in combination with the high absorption coef�cient, the layer is suf�cient 
to absorb all of the laser pulse, and limit damage to the transfer material. Laser pulse 
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energy is optimally effective when it is just below the limit absorbed by the target which 
would damage the transfer material (Hopp et al. 2004; Smausz et al. 2006).

13.2.1.2 BioLP

BioLP is a renamed version of AFA-LIFT coupled with motorized receiving stages, and a 
CCD camera oriented orthogonally to the path of the laser at the ribbon–substrate gap and 
used to study the transfer process. This technique also utilizes a metal absorption layer. 
The metal experiences rapid thermal expansion, which propels a local volume of cell sus-
pension to the receiving substrate (Barron et al. 2005a,b).

13.2.2 MAPLE DW

MAPLE DW uses a sacri�cial biological or polymeric target matrix that functions to 
absorb the laser energy and propel the transfer material, which can be biological or inor-
ganic (Figure 13.2). This sacri�cial target layer, often gelatin or Matrigel, is thicker than 
the metal �lm used in AFA-LIFT based on the difference in the attenuation length. It is 
desirable that the laser pulse width be ∼10 to 8 ns and that the wavelength be one that is 
strongly absorbed by the target material such as UV (≤248 nm). The print ribbon substrate 
should be UV transparent (>90%) so that the laser pulse will not interact with the ribbon. 
The matrix material should be highly absorptive in the wavelength of the laser, so the 
laser pulse will not penetrate far into the transfer material, avoiding photolytic effects in 
the target. Rapid and complete absorption keeps the laser energy focused in a small area, 
lowering the total amount of energy/pulse necessary for transfer. The thicker layer, low 

(a) (b)

200 μm

FIGURE 13.2
Cell or protein patterns printed with MAPLE DW: (a) polystyrene microbeads; (b) cell colonies.
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power and short pulse length of the laser ensures that it is absorbed nearly entirely by 
the target matrix and minimizes damage to the cells. The heated matrix rapidly expands, 
forcing the attached material to detach and move to the receiving substrate. As the target 
material is clear, and the transfer material can be heterogeneous, a coaxial camera is often 
used with MAPLE DW. The camera is used to select speci�c areas of the print ribbon for 
transfer (Spargo et al. 2001; Wu et al. 2003).

13.3 Mechanism of Transfer

Each form of laser direct-write explicitly involves a laser pulse used to excite the matrix 
material that is held on a print ribbon. This causes the transfer material to release from 
the print ribbon when excited and transfer to the receiving substrate. Understanding 
the dynamics involved in the transfer mechanism is critical for accurate and precise 
printing. Examples reviewed in this chapter focus on a particular variation of laser 
direct-write.

The dynamics of laser–material interactions are generalizable, and thus speci�c studies 
can present useful commonalities. For each method of laser direct-writing, optical 
interaction between the laser pulse and the target on the print ribbon energizes the transfer 
material. Laser energy–dependent thermal processes lead to material ejection (Miotello 
and Kelly 1999; Garrison et al. 2003; Paltauf and Dyer 2003; Zhigilei 2003; Vogel et al. 
2008). For �uences on the order of a few hundred mJ/cm2, plasma generation is not likely 
to occur, although it could become an issue for higher energy densities. Vaporization does 
not occur for timescales less than 1 ns, and normal boiling encounters kinetic obstacles 
in nucleation for timescales less than 100 ns. For solid targets, explosive sublimation can 
take place and faster pulses can cause fracture via a fast stress increase without causing 
sublimation (Sigrist and Kneubijhl 1978; Park et al. 1996; Hosokawa et al. 2001, 2002; 
Apitz and Vogel 2005). For longer laser pulses, different excitation mechanisms may take 
precedence over the course of the pulse. The ef�ciency of material expulsion tends to 
increase strongly with decreased pulse duration for a set total radiant energy exposure. 
Relations describing the acoustic waves created in a medium by laser pulse interaction 
have been developed and serve to describe the dynamics of local excitation of the bulk. 
In combination with the surface effects on the target material, transfer material is ejected 
from the ribbon, and travels to the receiving substrate. Transfer can occur as a spray or 
a jetted droplet. Viscous forces in the transfer material are critical for the formation of a 
coherent jet, and help limit dispersion (Brown et al. 2011). Precise understanding of this 
phenomenon is vital for accurate and repeatable printing. Additionally, precise knowledge 
of the forces active in the laser direct-write process are critical for ensuring the transfer 
and viability of fragile organic molecules and cells. Because of the vulnerability of cells 
and biological molecules both to stress, thermal, and optical damage, it is essential that 
steps are taken to ensure that delicate print materials are not harmed by laser direct-write 
processing.

13.3.1 Material Ejection

In AFA-LIFT, laser energy interaction with both metal and polymer sacri�cial target 
�lms causes bubble formation on the print ribbon. Fluences at the threshold of consistent 
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transfer also correspond to the smallest transferred volume. Laser F1 induced heating of a 
metal target �lm results in explosive boiling of the adjacent liquid, which produces a gas 
pocket that expands and drives transfer of target material (Craciun et al. 2002; Duocastella 
et al. 2009; Brown et al. 2011). Momentum and viscous forces cause a thin jet to form upon 
collapse of the bubble. AFA-LIFT using a polymer target �lm yields a similar jet; how-
ever, the process of formation is different. Below the threshold energy, the target �lm will 
absorb the laser and trap decomposition gases forming a pressurized pocket in the �lm. 
Time-resolved images of the �lm reveal that conditions for transfer correspond with the 
threshold for pocket rupture (Brown et al. 2011). Larger laser beam diameters can also 
cause transfer via an unruptured pocket, wherein surface tension becomes a signi�cant 
factor. Unruptured pockets created with spot sizes similar to those used for metal �lms 
and ruptured pocket transfer do not provide a suf�cient impulse to fully detach the trans-
fer material. In the case of a metal �lm, the propulsion is mainly derived from vapor-
ized transfer material. Metal fragments often accompany the ejected material, and can 
cause contamination, as well as cause the nucleation of bubbles within the jet. These cause 
damage or inconsistent coverage. Polymer �lm rupture-based jets avoid these secondary 
bubbles, but still involve high temperatures and pressures, so damage to the transfer mate-
rial is unavoidable. Unruptured-pocket-based jets are never exposed to the hot gasses, and 
may provide the most gentle AFA-LIFT approach for transfer of delicate and thermal sensi-
tive materials. At very high �uences, it has been seen that the gas pocket bursts, producing 
splashing on the receiving substrate (Young et al. 2001).

In MAPLE DW, the laser pulse interacts with a sacri�cial target matrix containing the 
transfer material. The laser energy causes explosive ablation of the layer on the print rib-
bon. When MAPLE DW was conducted with barium-zirconium titanate (BZT) powder in 
an alpha-terpineol matrix, the ablation response was signi�cantly delayed. Although 95% 
of the laser pulse is absorbed in the �rst 200 ns, the �rst visible ejection of material does 
not occur until around 300 ns later. This is due in part to the particulate content of the 
matrix, and to the viscosity of the alpha-terpineol. The BZT particles absorb the major-
ity of the laser energy and the heat diffuses to vaporize the alpha-terpineol matrix. The 
expansion of the bubbles is slowed by the viscosity of the matrix. Time-resolved micros-
copy performed with the MAPLE DW technique has revealed several transfer regimes, 
depending on �uence (Chrisey et al. 2002). About 150 ns laser pulses of 355 nm wavelength 
caused the development of a pluming regime, a jetting regime, and a below threshold 
regime in a BaTiO3 nanopowder and alpha-terpineol matrix. These regimes are energy-
dependent (Lewis et al. 2006). At high �uences of 0.65–0.065 J/cm2, a vapor pocket formed 
as in the aforementioned AFA-LIFT technique; however, the energy was suf�cient to cause 
the ejected material to overcome viscous and adhering forces, expand, and form a diffuse 
plume. Lower �uences of 0.039–0.026 J/cm2 produce a jet, where the vapor pocket collapses 
and the jet remains coherent, although breaking into droplets after 5 μs and over a range of 
100 μm. These timescales and distances are much less than those experienced in the trans-
fer process, implying that coherent jets are maintainable. Fluences lower than 0.026 J/cm2 
were insuf�cient for causing transfer. Close to this threshold, formation of a vapor pocket 
is seen, but the energy is not high enough to cause full detachment of any transfer material.

The formation of a pressurized gas bubble is central to the AFA-LIFT and MAPLE 
DW schemes of transfer. It is also important to note for transfer purposes that due to 
the extremely short pulses that are universally used, heat loss is negligible during the 
timescales of interest as heat diffusion does not have enough time to exert a signi�cant 
effect. FEM reveals several characteristics of the transfer process. A higher coating 
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viscosity creates higher initial forces on the modeled cell and a lower ejection velocity 
due to viscous energy dissipation. A greater distance from the pressurized gas bubble to 
the cell creates a lower and delayed initial acceleration, although this has little effect on 
ultimate ejection velocity. Finally, a higher initial bubble pressure, which corresponds to 
higher laser �uence, yields increased pressure and acceleration on the cell (Wang et al. 
2009). All of these lend support to the advantages of a thick support layer for cells on the 
ribbon; that said, coatings should possess a low viscosity, and the laser �uence should be 
reduced as far as transfer conditions will permit. This model predicts very short duration 
accelerations upward of 109 m/s2, which is supported by other time-resolved studies 
(Hopp et al. 2005). That these accelerations are sustained and survived by cells is likely 
attributable to their extremely short durations combined with the viscoelastic nature of the 
cell mechanical response.

13.3.2 Transfer

Following the �rst stage of excitation by the laser and droplet or jet formation, material 
transfer proceeds. Ejection velocity is the result of droplet formation dynamics and will 
determine travel time and impact parameters that are critical in cell-speci�c printing oper-
ations. The magnitudes of effective stress, deceleration, and maximum shear strains all 
increase with increasing ejection velocity. This implies that, for force sensitive materials 
like cells, the lowest �uence that consistently produces ejection of the transfer material will 
be desired.

Transfer of a �uid in the LIFT and AFA-LIFT process occurs through a jetting mecha-
nism. The travel process for a �uid develops in four stages. The initial gas pocket forma-
tion, the collapse of the gas pocket and development of the jet, the jet extension, and �nally 
the jet breaking up into multiple droplets. Jet breakup is not useful for the creation of single 
precise spots. Hence, the separation distance from ribbon to receiving substrate should be 
minimized. Jet formation is hypothesized to occur due to inertial effects at the gas balloon 
tip (Duocastella et al. 2008). This breakup distance is dependent on material properties 
and the speci�cs of transfer. It is vital that the separation of ribbon receiving substrate be 
less than the breakup distance for consistent creation of a single deposited drop.

13.3.3 Receiving Substrate

Impact experienced during landing of the droplet can also apply signi�cant forces to 
transferred materials (Wang et al. 2007, 2008). These effects are largely irrelevant for the 
transfer of metals, but potentially damaging for printing with cells and other delicate 
materials (Lin et al. 2009). The violence of impact should be minimized to limit mechanical 
damage to biological materials. Culture media and hydrogels provide elastic cushioning 
for deceleration of living materials, allowing them to survive very high accelerations (Hopp 
et al. 2005). FEM simulations with hydrogels have indicated that there is a critical thickness, 
below which the impact is not fully absorbed by the receiving hydrogel layer, and the 
forces experienced by the cell increase due to a secondary impact with the stiff underlying 
substrate. Above this critical value, thicker cushioning layers provide negligible additional 
bene�t. The same simulations also showed that even thin hydrogel coatings provide a 
substantial reduction in impact stresses compared to a bare rigid receiving substrate.

It is important to control the dynamics of the transfer process as described earlier. 
They are critical to accurate printing, thus indicating that an appropriate �uence is a vital 
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factor to allow for optimal transfer conditions. Laser spot size and �uence are critical 
factors that determine the amount of material transferred and permit selection of even 
speci�c cells (Hosokawa et al. 2004; Barron et al. 2005a). Opinions vary over which strat-
egy is most effective when printing biomaterials. Some suggest that minimum �uence 
for transfer will optimize viability and print resolution, while others suggest a shorter 
separation between print ribbon and receiving substrate that utilizes a subthreshold 
bubble that contacts the receiving substrate. Further investigation will be required to test 
the validity of both schemes for different materials. Impressive demonstrations of the 
possible resolution have been made. Microarrays of DNA derived from salmon sperm 
were printed into 55–65 μm diameter spots (Fernandezpradas 2004). Later studies cre-
ated DNA microarrays with spot diameters as small as 40 μm (Serra et al. 2004). Varying 
the �uence affected the spot size with rabbit IgG solutions. At the energy threshold for 
transfer, the spot size was minimized to 25 μm in diameter (Duocastella et al. 2008). 
In AFA-LIFT, higher �uence increased droplet size, whereas thicker absorbing �lms 
decreased droplet size. As well, trials with AFA-LIFT demonstrated that some of the 
sacri�cial target absorption layer is transferred with the transfer material. An increase in 
laser �uence caused a decrease in �lm particle size, while thicker layers tended to yield 
larger particles. BioLP has the capability to print aliquots with 2.5 times smaller spot 
sizes and 200 times smaller volumes than piezo-tip printers, which are the current best 
in industry. These printing methods have also been used to print single cells. Further 
gains in resolution are expected with the optimization of laser spot diameter and print 
�lm thickness (Table 13.1).

13.4 Selected Examples of Laser Direct-Written Patterns

Current laser direct-write research has made signi�cant strides (Figure 13.3). Metals have 
been printed into a variety of con�gurations as complex as circuit elements like resistors 
and capacitors (Chrisey et al. 2000). DNA, proteins, and cells have also all been success-
fully printed. There have also been initial successes with assembling biological constructs 
with long-range structures (Gaebel et al. 2011). This is a promising �rst step toward engi-
neering functional tissues because real biological systems depend on structural features 
as well as chemical functionality.

13.4.1 Electronics/Inorganic Materials

Laser direct-writing presents a unique opportunity for printing of inorganic materials. It 
has demonstrated the creation of working circuit elements with resolution below 10 μm, 
and electrical properties similar to or superior to common industrial processes (Zergioti 
et al. 1998). Additionally, laser direct-writing is highly convenient, as it can be done under 
standard atmosphere and temperature. Cr layers with thicknesses of 100, 80, and 40 nm 
have been transferred, and the thinner layers transferred properly with lower �uences. 
A lower �uence is desirable as it minimizes thermal effects, material damage, and trail-
ing beam melting effects on the receiving substrate. Cu deposition studies revealed that 
thinner �lms enabled lower laser power and gave better deposition. Lengths of 50 μm 
wide lines were produced with 0.41 μm thick �lms. Cr and In2O3 deposition have been 
achieved over a wide range of energy densities (Esrom et al. 1995; Zergioti et al. 2000). 
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PD was transferred with a LIFT process. Threshold energies and wavelength dependence 
for transfer were found. 30 ns laser pulses at 308 nm wavelength and a �uence range of 
80 mJ/cm2–3.5 J/cm2 were used to transfer polystyrene microbeads in an array. The ribbon 
was coated with a dynamic release layer of triazene polymer �lm, which was shown to 
fully decay at all �uences that initiated transfer of the beads. For �uences above 0.7 J/cm2, 
clear pixels of the array were transferred free of contamination. The beads proved adher-
ent to the Thermanox cover-slips used as receiving substrates, resisting ultrasonication. 
Spectroscopy data showed that there were no substantial changes made to the chemical 
composition of the microbeads at all laser �uences used (Palla-Papavlu et al. 2010). A par-
ticular wavelength laser may be optimal for all targets. Indeed, a particular LIFT setup 
should be optimized for different target materials. However, for cell and biomaterial trans-
fer, selection of a target matrix material independent of the transfer material can allow for 
tuning of the absorption properties.

TABLE 13.1

Overview of Laser Direct-Write Transfers

Technique Transfer Material
Fluence or 

Energy
Pulse 
Width Resolution Author

MAPLE DW Polyethylene glycol eukaryotic 
cells

0.1–0.4 mJ/cm2 20 ns 10 μm Spargo

MAPLE DW Antibovine serum albumin; 
polyphenol oxidase; 
osteosarcoma cells

0.01–0.5 mJ/cm2 10 μm Wu

AFA-LIFT salmon sperm DNA 0.8 J/cm2 Fernandez
AFA-LIFT Trichoderma conidia 35–355 mJ/cm2 30 ns Hopp
MAPLE DW Ag; BaTiO3; SrTiO3; Y3Fe5O12; 500–550 mJ/cm2 20 ns 10 μm Pique
LIFT Palladium 5–300 mJ/cm2 Esrom
LIFT Bacteriophage DNA; bovine 

serum albumin; glutathione 
S-transferase

150 mJ/cm2 500 fs 50 μm Zergioti

MAPLE DW HT-29 cells 258–1482 mJ/cm2 Lin
MAPLE DW B35 cells 0.02–0.08 J/cm2 Patz
AFA-LIFT Human umbilical vein 

endothelial cells
Nahmias

LIFT Chromium; indium oxide 50–550 mJ/cm2 500 fs 1 μm Zergioti
MAPLE DW Hydroxyapatite; MG 63; ECM 0.1–0.3 J/cm2 Doraiswamy
LDW NIH3T3 �broblasts 120 fs 80 μm Kaji
MAPLE DW Au; BaTiO3; Nichrome 1–3 μm Chrisey
MAPLE DW HUVEC; hMSC 2.0 J/cm2 Gaebel
AFA-LIFT Polystyrene microbeads 0.08–3.5 J/cm2 30 ns Palla-Papavlu
LIFT Cr 50–550 mJ/cm2 500 fs 1 μm Zergioti
MAPLE DW Yeast cells 85–1500 mJ/cm2 12 ns Lin
BioLP Bovine serum albumin 30 mJ/cm2 2.5 ns Barron
BioLP Osteosarcoma cells 5 mJ 2.5 ns Single cell Barron
AFA-LIFT MG63 cells 18 μJ 30 ns Catros
AFA-LIFT Immunoglobulin G 1–8 μJ 10 ns Duocastella
MAPLE DW Lambda phage DNA 10 mJ 500 fs Karaiskou
LIFT DNA 0.3–3 μJ 10 ns 40 μm Serra
LIFT Cu 60–139 mJ 15 ns 40 μm Bohandy
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13.4.2 Laser Direct-Write of Biomaterials

Biomaterials are those materials that interact with, are comprised of, or are derived from 
biological systems. Of central importance when comparing a biomaterial to conventional 
materials is that of a hierarchical structure. This hierarchical structure is present in all 
materials, but holds special importance for a biomaterial. Nanoscale features and macro-
molecule structures are critical for biocompatibility, and must be maintained through any 
manufacturing process.

13.4.2.1 Integrity of Biological Materials in Laser Direct-Write

Femtosecond laser pulses have been used to transfer biological molecules, such as DNA, 
in a LIFT process with no matrix material. The extremely fast pulses were shown to propel 
the transfer material with little divergence. Transfer speeds faster than the relaxation 
time of the DNA were achieved, thus avoiding thermal damage. The fast pulses required 
suf�ciently small amounts of energy for transfer that no signi�cant optical damage was 
seen (Karaiskou 2003; Zergioti et al. 2005). Fluorescent microscopy with ethidium bromide 
demonstrated that DNA can be transferred using a LIFT procedure. Ethidium bromide 
intercalates between base pairs, revealing the presence of double stranded DNA, but not 
that DNA sequences remained fully intact. For further investigation, DNA microarrays 
were produced with a LIFT technique and suf�cient intact DNA was present in each 
spot for detection through �uorescent imaging of complementary strand hybridization. 
A �uence of 150 mJ/cm2 was used. And the DNA remained suitable for downstream 
hybridization analysis. These two studies reveal that DNA survives the laser energy and 
mechanical forces involved in laser direct-write procedures. Proteins such as bovine serum 
albumin (BSA) and glutathione s-transferase (GST) were printed with 550 mJ/cm2 �uence. 
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FIGURE 13.3
(See companion CD for color �gure.) Timeline with examples for electronic, nanobiological materials, and cell 
patterns.
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Fluorescent immuno-detection revealed that an attached FLAG sequence remained intact 
through the transfer process. Integrity of the FLAG sequence demonstrates retention of 
amino acid sequence through the transfer event. LIFT was used at a �uence of 150 mJ/
cm2 to transfer rabbit immunoglobulin G (IgG). Fluorescent microscopy displayed a very 
high degree of retained activity as a large majority of transferred IgG bonded with a 
complementary partner (Karaiskou 2003; Zergioti et al. 2005; Lin et al. 2010).

13.4.2.2 Viability of Cells in Laser Direct-Write

Fungi transferred with an AFA-LIFT process survived at a rate of 75% at a �uence of 
355 mJ/cm3 (Hopp et al. 2004, 2005). Trichoderma longibrachiatum survived transfer with 
accelerations on the order of 109 g, due to the extremely short duration of the acceleration, 
(around 100 ns) as well as the small dimensions of the fungi. Increased laser �uences 
decrease viability in transferred yeast cells due to photolytic and thermolytic effects as 
well as increased transfer velocity, indicating increased acceleration. While immediate 
cell death increased with increasing �uence, the amount of recoverable cell damage did 
not increase strongly with increasing �uence. At the threshold energy for consistent 
transfer, viability upward of 75% was seen. Viability of cells is correlated with �uence, 
with �uences of 258–1482 mJ/cm2 causing a decrease in viability from 95% to 78% in 
HT-29 colon cancer cells (Lin et al. 2010). This effect is attributed to increasing mechanical 
stresses in the droplet formation and landing processes. Thermal and photolytic processes 
are thought to be negligible, due to the aforementioned lack of increase in nonlethal 
cell damage. Analysis of femtosecond laser–liquid interaction has revealed that energy 
densities required for bubble formation are only about 1/5 of the vaporization enthalpy. 
This helps to explain the apparent lack of thermal side effects in laser direct-write transfer 
processes (Vogel et al. 2007).

13.4.2.3 Function of Biological Materials in Laser Direct-Write

MAPLE DW has been used for the transfer of hydroxyapatite, a mineral vital to the struc-
ture of bone. The transfer material was deposited at submillimeter resolution in discrete 
points, lines, and squares. After transfer, a porous structure was seen, which was able to 
be tailored by selecting size of the ceramic powder, as well as the solvent and solution 
concentration before transfer (Doraiswamy et al. 2006). Control over surface roughness 
and porosity may be an invaluable tool for the creation of useful implant/tissue interfaces.

Protein printing is inherently different from printing metals and other chemically 
passive materials. With all biomaterials, chemical functionality, which is dependent 
on multiple levels of structure, must be maintained through transfer. Because protein 
function is dependent not only on the order of amino acids bonded together, but also the 
more delicate folding structure, they are highly sensitive to temperature effects; and very 
small changes can greatly alter their chemical behavior. Horseradish peroxidase, a catalyst 
for the reduction of 3,3′-diaminobenzidine, has been transferred without loss of function 
(Spargo et al. 2001). While peroxidase is a fairly stable protein, this is proof of concept: laser 
printing of proteins that maintains said proteins’ functionality is possible. It is important to 
note that laser direct-write printing processes do not depend on the chemical structure of 
the protein to be transferred. Additionally, the type of cell to be transferred is not a critical 
factor in predicting successful printing. Because the transfer process is purely a physical 
one, a variety of proteins can be transferred with essentially the same procedure except for 
slightly different preparation of the print ribbon itself. This ability to use the same laser, 
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optics, and mechanical stages while simply switching out print ribbons promises great 
utility as a tool for both biological studies and tissue engineering.

13.4.3 Printing Mammalian Cells

The ability to print cells in a precise 2D and layer-by-layer manner is critical for the 
future of tissue engineering. Using current homogeneous scaffold seeding methods 
it is dif�cult to produce functional tissue. This is because all complex tissue constructs 
rely on heterogeneous structure such as vasculature. Laser direct-write offers the ability 
to print different cell groups to selected areas, and even the ability to do this in three 
dimensions. AFA-LIFT with a silver �lm 50 nm thick as the absorbing �lm has been used 
to print fungi, Trichoderma longibrachiatum. Transfer of the fungi was achieved at ambient 
conditions without the contamination of silver particles, as detected via microscopy. 
The lack of cotransfer of silver particles would have otherwise discounted the AFA-LIFT 
method for fear of contamination on the receiving substrate. While the fungi cells suffered 
accelerations on the order of 109 g, they survived and maintained reproductive capability 
after the transfer. Further studies showed that fungi transferred by an AFA-LIFT process 
survived at a rate of 75% at the best transfer pulse �uence of 355 mJ/cm3 (Hopp et al. 2004).

Transfer of MG 63 osteoblast-like cells was conducted using a MAPLE DW technique, 
demonstrating near 100% posttransfer viability, as well as no morphological alterations to 
the cells when compared to control cell growth in culture conditions. Transfers of a MG 
63/hydroxyapatite composite were also demonstrated, and growth pro�les of both the 
cells and cells in composite were virtually identical with control cells (Doraiswamy et al. 
2006). Osteosarcoma MG 63 cells have also been printed onto electrospun polycaprolactone 
(PCL) nano�brous matrices of 100 μm thickness as a receiving substrate. Printing onto a 
single sheet revealed a positive live–dead assay, as well as growth of extracellular matrix 
between the PCL �bers. Use of thin sheets as receiving substrates allowed for layer-by-
layer construction of 3D patterns. Cells were seen to maintain spatial con�guration when 
viewed after 4 days, although proliferation eventually blurred printed patterns (Catros 
et al. 2011). B35 neuronal cells have been printed onto a Matrigel (a commonly used 
gelatinous protein mixture for cell culture) receiving substrate using MAPLE DW. Only 
3% of cells were found to have undergone apoptosis due to damage from transfer. No 
signi�cant difference was seen between axonal projection growth and cell proliferation 
between the printed cells and control cultures after 72 h. It was also demonstrated that 
cells could be made to penetrate into the receiving Matrigel substrates, with the depth 
of penetration being dependent on the viscosity of the substrate. Additionally, raising 
or lowering the laser �uence used affects the penetration depth via altering the transfer 
velocity, and thus alters the impact properties as described in earlier sections. This 
was used to transfer B35 cells to multiple depths. Cells transferred to deeper into the 
Matrigel showed axonal extension similar to that seen on the Matrigel surface, and axonal 
processes were also formed between cell layers (Patz et al. 2005). In addition, cells can 
also be immobilized between layers of hydrogel after printing. The usefulness of using an 
electrospun polymer layer lies in its better mechanical properties, which allow for easier 
handling, allowing relative ease in layering to create multi-layered structures. As with any 
tissue-engineered construct with thickness greater than 100 μm, nutrient distribution will 
have to be addressed. However, these techniques for 3D printing offer a glimpse at the 
potential of the laser direct-write system.

Cellularized cardiac patches have been prepared with the LIFT technique. They were 
patterned with human umbilical vein endothelial cells (HUVEC) and human mesenchymal 
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stem cells (hMSC) in a pattern to encourage cardiac regeneration. The hMSC cells have 
been shown to inhibit apoptosis of endothelial cells in hypoxic conditions, increase 
survival, and stimulate angiogenesis (Pittenger 1999). Printing hMSC in close proximity 
with HUVEC cells would allow for the hMSC cells to stabilize the neovasculature 
(Giordano and Galderisi 2006). Patterns were created to encourage vascularization, with 
signi�cant improvement in cell proliferation observed versus patches that were randomly 
seeded with cells. Additionally, rats suffering from myocardial infarction showed marked 
improvement of heart function with the administration of the printed cardiac patch versus 
the randomly seeded patch (Gaebel et al. 2011; Gruene et al. 2011). Integration with the host 
myocardium was also seen.

Femtosecond pulses have been used to transfer cells (Kaji et al. 2007; Uchugonova et al. 
2008). Due to the extremely short timescale, very small areas of the print ribbon are ener-
gized, allowing for the transfer of single cells as was shown with mouse NIH3T3 �broblasts 
(Hosokawa et al. 2004). Consistent regeneration of �lopodia was seen, and re-adherence 
was seen in around 4 h; 80% successful, nondestructive transfer was achieved. This level of 
print control with cells will likely be vital for future development in 3D printing of tissue 
constructs and for the study of spatial cell–cell interactions.

13.5 Trends and Future Prospects

Controlled printing to various depths (e.g., x–y μms) has been demonstrated with cells 
(Nahmias et al. 2005; Patz et al. 2005). Additionally, layering methods have been used to 
create 3D constructs. Currently, the �eld of tissue engineering is limited to fabrication of thin 
tissues. However, thick tissues are critical for any sort of functional complex organ growth, 
and a major hurdle. One of the primary issues is the inability for in vivo cells to survive 
far from a capillary structure (Frerich et al. 2001; Cassell 2002; Nomi et al. 2002; Secomb 
and Pries 2002; Gridley 2007). This is due to diffusion-based limitations on the availability 
of nutrients and the removal of waste products, as well as enabling cell signaling and 
communication (Secomb and Pries 2002; Gridley 2007; Ko et al. 2007). A vascular system 
is critical in the growth and maintenance of all major tissues (Ko et al. 2007). In vivo, 
blood vessels are formed in two processes: angiogenesis, which involves a branching of 
capillaries from preexisting blood vessels, and vasculogenesis, wherein undifferentiated 
endothelial cells assemble the vessel in situ (Ko et al. 2007). In vitro, aspects of this process 
have been accomplished. Branched networks of cells have been created with the aid of 
preformed paths. Lumens (Kaihara et al. 2000; Egginton and Gerritsen 2003; Wu et al. 2004) 
and contiguous vessel walls (Sieminski et al. 2004) have also been created with similar 
assisted methods. Currently however, the best efforts have only yielded microvessel 
networks that are not as effective as those grown in vivo (Sieminski et al. 2002, 2004). Since 
blood vessel formation depends on both complex biochemical cues as well as physical 
and structural factors, similar factors need to be simulated in vitro to accomplish true 
vasculogenesis in tissue engineering (Black et al. 1998). Vessel networks have been created, 
but their functionality is lacking. Additionally, the creation of useful capillary beds is not 
even this advanced. Macroscale blood vessels have been created in bioreactors; yet, issues 
remain in controlling growth and creating capillaries (Patan et al. 2001a,b; Borges et al. 
2003; Kulkarni et al. 2004; Kannan et al. 2005). Bioreactors are certainly necessary for the 
creation of tissues in vitro (Niklason et al. 2002; Barron et al. 2003; McCulloch et al. 2004; 
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Jeong et al. 2005). However, to create truly �ne structure in capillary beds, it is likely that the 
initial seeding of cells and signaling molecules will require exact placement. Additionally, 
3D scaffolds are critical, as virtually all functional tissues and organs are complex 3D 
structures. The scaffold itself must be of appropriate materials and the cell types must also 
be appropriate and localized to the proper locations, not homogeneously seeded. Integrated 
scaffolds with heterogeneous structure can be created with the resolution of laser direct-
write techniques. For this application, their versatility with a range of materials, and the 
ability to conduct ablative material removal work without drastic alteration of the setup is 
a major advantage.

Mechanical considerations are simply the �rst hurdle for vascularization in tissue 
engineering. Angiogenic signaling molecules are also vital (Kulkarni et al. 2004). Vascular 
endothelial growth factor (VGEF) has been the best studied of these, but it alone is not 
suf�cient to create complete vascular networks. A complex combination of molecules are 
necessary, in an ordered sense, both spatially and temporally. Placental growth factor, 
platelet-derived growth factor-BB, Angiotensin 1, and transforming growth factor beta 
have all been used (Teebken and Haverich 2002; Stegemann and Nerem 2003; Martin 
et al. 2004; Freed et al. 2006; Gong and Niklason 2008). Studying the interaction of these 
signaling factors and their optimal levels and timing proves to be dif�cult. As the list 
of chemical interactions continues to grow for just this one facet of tissue creation, new 
methods of studying cell–cell interactions en masse become critical. Laser direct-write 
allows for precise placement and coculture of any cell type, and allows for simplistic and 
idealized spatial organization of the cells. Thus, spatial cell–cell interactions between 
neighboring cell groups and involved signaling can be studied in a way that eliminates 
many complications found in holistic living systems. Investigation in isolation of each 
molecular signaling mechanism will yield precise information on its function and 
characteristics. Indeed, single cell transfers may give unprecedented levels of detail on the 
phenotypic effects on speci�c cells for any number of situations and applied stimuli, let 
alone just signaling molecules (Blau et al. 2001; Chen et al. 2001; Jain 2003; Levenberg et al. 
2005; Pérez-Pomares and Foty 2006; Kolakowski et al. n.d.).

Microbeads have been transferred intact by the LIFT process (Palla-Papavlu et al. 2010). 
Microbeads can provide a unique environment for a contained cell population, allow-
ing control of local chemical and mechanical effects. Similar to seeding cells hetero-
geneously, separate microbeads can be printed in close proximity, allowing paracrine 
communication between cell cultures, but preventing any wide-scale redistribution of 
said separate cultures. Tissue spheroids without microbead containment can easily fuse 
together (Mironov et al. 2009). Both avoiding and encouraging fusion will have their 
applications (Even-Ram et al. 2006; Guilak et al. 2009; Winer et al. 2009; Pek et al. 2010). 
The ability to isolate separate cultures while allowing for biomolecule diffusion will be 
important for maintaining printed shapes as well as furthering the study of paracrine 
communication. Laser direct-write will allow for the accurate and repeatable transfer of 
both microbeads and tissue spheroids for the assembly of tissues and for investigating 
core biological questions. It has been shown that the differentiation of MSCs depends 
on the mechanical properties of their environment. MSCs tended to express osteogenic 
transcription factors when in environments of relative stiffness and myogenic and neu-
ral transcription factors in environments of moderate and lower stiffness, respectively 
(Dawson et al. 2008; Guilak et al. 2009; Winer et al. 2009). Additionally, MSCs have been 
shown to halt differentiation when cultured on a medium that replicates the elasticity of 
bone marrow. When presented with a stiff substrate they again reentered the cell cycle. 
Mechanical properties and loading experienced by a cell are then critical to control over 
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proliferation and differentiation in tissue engineering. Laser direct-write allows for pat-
terning of the receiving substrate, permitting modi�cation of the cell environment. As 
well, cells can be grown and deposited inside microbeads, as described earlier. Altering 
the material composition of the microbead will allow for further control of the mechani-
cal environment experienced by cells.

An additional advantage of the laser direct-write process when compared with other 
�uid jet printing strategies is the capacity of the machine to be used, with little to no 
modi�cation, for laser-based ablative micromachining as well as pulsed-laser deposition 
(PLD) and MAPLE processing (Jelinek et al. 2007). The same mechanism used for LIFT, 
AFA-LIFT, and MAPLE DW procedures allows for microetching and other material 
removal forming processes. These processes can also be conducted for materials that are 
normally laser transparent, such as fused silica, by ablation of adjacent highly absorbing 
liquids, in analogy to the AFA-LIFT process (Kawaguchi et al. 2003). These techniques 
will allow for direct modi�cation of tissue scaffolds with the same laser setup used for 
laser direct-write. One more interesting use for laser processing of biological materials is 
in DNA modi�cation. Sub-20 fs pulses at low energies less than 20 mW have been shown 
to safely open transient nanopores in cell membranes, usable for transfection (Lee and 
Doukas 1999). The same strategy can be used for drug delivery. These systems work well, 
when compared to chemical techniques that have been developed far more extensively. 
The mechanism behind the perfusion of DNA is via a laser-induced stress wave. This 
stress wave has been shown to render plasma membranes permeable without harming cell 
viability (McAuliffe et al. 1997; Mulholland et al. 1999). Exogenous drugs can be taken up 
by the cell at this time, and trapped inside when the membrane quickly returns to normal. 
This novel technique demonstrates that there are many possible uses for laser processing 
in biomaterials, and that a single system can be used for extensive forming, machining, 
printing, and other unique modes of processing, which may all be vital for the precise 
manufacturing techniques seen to be critical in the engineering of functional tissues.

Laser direct-write is enabling progress toward the fabrication of thick tissues. Current 
tissue fabrication uses the seeding of cells onto a matrix or scaffold. Unfortunately, 
homogeneous seeding must inherently disallow the creation of organs and tissues 
with complex, heterogeneous structures. Fine placement of cells onto the matrix will be 
critical for the assembly of functional tissue; as seen earlier, laser direct-write technology 
presents itself as a method of accurate placement of cells and biomolecules in both 2D and 
3D arrangements. As well, laser direct-write enables deposition and removal of a wide 
variety of materials, both organic and inorganic, allowing for a one-machine development 
of complex arrangements of diverse materials potentially unachievable by other means. 
Novel structures will elucidate questions in biology and open the door to the engineering 
of functional tissues and organs.

Glossary

AFA-LIFT: absorbing �lm-assisted laser-induced forward transfer
BDO: beam delivery optics
BioLP: biolaser printing
CAD/CAM: computer-aided design/computer-aided manufacturing
FEM: �nite element modeling
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Fluence: laser �ux integrated over time. De�ned as the amount of energy that intersects a 
unit area over the time of the laser pulse

LAT: laser ablation transfer
LIFT: laser-induced forward transfer
MAPLE: matrix-assisted pulsed-laser evaporation
MAPLE DW: matrix-assisted pulsed-laser evaporation direct-write
Matrix: comprised of the material of interest, which is desired to be deposited, and a bulk 

material that suspends the material of interest, provides hydration and cushion 
for cells, and has appropriate absorptive properties so as to interact with the laser.

Photo- and thermolysis: a chemical compound is broken down by photons or thermal 
energy, respectively

PLD: pulsed-laser deposition
Print ribbon: or simply ribbon taken preferentially over “target.” The transfer material 

is deposited in a �lm on the laser transparent print ribbon, which supports said 
material until transfer

Receiving substrate: the surface on which the target will be deposited
Target: material with which the laser interacts (typically the focus of the laser) and con-

verts optical to thermal to mechanical energy for transfer
Transfer material: —the material of interest to be transferred: cells, proteins, DNA, metals, 

or otherwise, which need to be patterned on the receiving substrate. May or may 
not be the target of the laser
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14
Electrospinning of Nanobers

Andrea M. Unser and Yubing Xie

14.1 Introduction

Electrospinning is a pro�cient method used to draw micro- or nanosized �bers from a 
polymer solution or melt. As the name implies, this technique is derived from the terms 
electrostatic and spinning. The driving force behind this technique is electrostatic repul-
sion rather than a mechanical force. Through this process, polymer �bers are formed with 
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diameters ranging from several microns down to less than 100 nm (Frenot and Chronakis 
2003). Therefore, the fabrication of nano�brous mats, or scaffolds, can be realized. Compared 
with other approaches to nano�ber synthesis (e.g., peptide self-assembly, phase separation, 
template-based fabrication), electrospinning is a simple but versatile method that is easy 
to set up, low in cost, and has a vast selection of materials and applications (Beachley and 
Wen 2010). One major advantage of electrospinning nano�bers is that the surface area per 
unit mass and surface area to volume ratio is large, and small porosity can be achieved. 
This is integral to applications such as multifunctional membranes, �ltration for submicron 
particles, structures for nanoelectric machines, and nano�brous matrices for biological and 
biomedical applications.

Electrospinning can be traced back to more than a century ago when the apparatus 
and method for electrically dispersing �uids were patented by Cooley and Morton in 
1902, respectively (Cooley 1902, Morton 1902). Further developments have been made by 
Formhals who patented the process for the production of electrostatically spun arti�cial 
�bers in 1934 (Formhals 1934), followed by Norton who invented the formation of �bers 
from polymer melts using an air-blast mechanism (Norton 1936). Huang et al. have detailed 
the history of the development of electrospinning technology (Huang et al. 2003). Before 
the 1990s, the electrospinning process had been limited to the textile and �lter industry. 
It was Reneker who established the realm of “modern” electrospinning and signi�cantly 
promoted the rapid development of electrospinning (Doshi and Reneker 1995, Reneker and 
Chun 1996). In 2002, Li and colleagues introduced electrospun nano�bers into the tissue-
engineering �eld (Li et al. 2002). With the advancement in nanotechnology, electrospinning 
has received much attention, which can be attributed to an increase in publications on the 
topic over the past 20 years (from almost 10 in 1998 to over 2000 in 2010) (Li et al. 2006, 
CAS Indexing 2011). This growing popularity is due to the ability to manipulate polymer 
solutions and to create 3D structures (Doshi and Reneker 1995, Reneker and Chun 1996, 
Deitzel et al. 2001, Bhattarai et al. 2004, Li et al. 2005, Ji et al. 2006). Furthermore, the possible 
secondary structures and functionalities that can be introduced while electrospinning 
have shown great promise (Li and Xia 2004, Zhang and Chang 2008).

As previously mentioned, electrospinning can be applied across several disciplines. In 
this chapter, we will focus on the applications for nanobiotechnology. Electrospinning 
is advantageous in this �eld speci�cally for tissue engineering, drug delivery, and 
enzyme engineering purposes. The chapter will be arranged as follows: Section 14.2 
electrospinning process, which includes the mechanism and setup of electrospinning, 
parameters involved, polymers and solvents involved, melt electrospinning, core-shell 
electrospinning and �ber alignment; Section 14.3 characterization of nano�bers, which 
summarizes methods to analyze electrospun nano�bers microscopically and measure 
their porosity, mechanical properties, and thermal properties; Section 14.4 biological 
applications, which presents the application of electrospinning in tissue engineering, drug 
delivery, and enzyme engineering; and Section 14.5 conclusions and perspectives.

14.2 Electrospinning Process

14.2.1 Mechanism and Setup of Electrospinning

The apparatus used during electrospinning is simple in both setup and procedure. The 
three major constituents include: a metallic nozzle or needle tip, a high voltage power 
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supply, and a grounded collector, as shown in Figure 14.1. The polymer solution is 
contained within a syringe, which is then loaded into a syringe pump and attached to 
a millimeter-sized needle tip. By using a syringe pump, the solution can be controlled 
to �ow at a certain rate (depending upon the solution). Initially, there is a drop at the tip 
when the solution is fed, due to surface tension forces. However, as the voltage is applied, 
the suspension will experience electrostatic repulsion between the surface charges and 
a Coulombic force from the applied electric �eld (Theron et al. 2005, Reneker and Yasin 
2008). It is these forces that cause the drop to dis�gure and form the Taylor cone (Taylor 
1969, Bognitzki et al. 2001, Theron et al. 2004, Subbiah et al. 2005). One can image this as 
the drop being stretched into a conical shape. As the electrostatic forces overcome the 
surface tension of the polymer solution, the liquid jet is discharged and electrospinning 
has begun (Dzenis 2004, McKee et al. 2006). Thin �bers are formed as a result of a 
continuous stretching and whipping process, during which the solvent is evaporated 
(Demir et al. 2002, Shenoy et al. 2005, Szuromi 2010). It is this elongation that allows 
for diameters down to tens of nanometers. Another interesting aspect of this protracted 
stream is the potential to simultaneously stretch molecules within the solution, such as 
DNA (Bellan et al. 2006). Fridrikh et al. have predicted that the �nal diameter of the �uid 
jet resulted from a force balance between surface tension and surface charge repulsion, 
which could be determined by the surface tension of the �uid, �ow rate, and electric 
current (Fridrikh et al. 2003).

The mechanism of action for electrospinning is slightly more complex than the simple 
apparatus discussed previously. It is often explained in terms of electrohydrodynamics 
(the interactions of �uid �ow and electric �eld) (Angammana and Jayaram 2011). Basically, 

Polymer solution

Capillary tip

Fiber formation

High voltage

Fiber mat

Counter electrode

FIGURE 14.1
(See companion CD for color �gure.) Schematic of the electrospinning setup.
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the narrowing of the jet is caused by the instability of the whipping process. In this case, 
instability refers to the jet transforming from a straight line into an inconsistent bend. 
This is attributed to the electrostatic interactions between the applied electric �eld (external) 
and the surface charges on the jet. It is within this instability zone that �ber formation is 
possible by stretching and accelerating the �uid.

14.2.2 Parameters Involved in Electrospinning

Another attractive quality of electrospinning is the capability to in�uence the parameters 
involved in the design of a speci�c system. There are several variables that affect 
electrospinning, which can be broken down into solution properties, governing variables, 
and ambient parameters (Li and Xia 2004). Solution properties include viscosity, elasticity, 
conductivity, and surface tension (Son et al. 2004, Tan et al. 2005a). Governing variables 
refer to hydrostatic pressure in the capillary tube, electric potential at the tip, and the 
distance between the tip and the collector. Lastly, ambient parameters simply refer to 
temperature, humidity, and air velocity in the electrospinning area. By tuning these 
properties, it is possible to determine the optimal conditions for a laundry list of polymer 
solutions. It is critical because different applications have different polymer speci�cations. 
Other factors to take into account during fabrication include diameter consistency, 
defects, and continuity of a single nano�ber. In terms of the �ber diameter, the main 
contributor is solution viscosity, which is directly proportional to �ber diameter (Huang 
et al. 2003, Mit-uppatham et al. 2004, Gupta et al. 2005, Thompson et al. 2007). Thus, the 
higher the viscosity of the solution, the larger the �ber diameter will be. Another factor 
that in�uences the diameter is the applied electrical voltage. A higher applied potential 
concludes in a larger �ber diameter due to an increase in the amount of �uid in the jet 
(Zhang et al. 2005, Chang et al. 2008). In addition, the increase of the applied potential 
makes rougher �bers (Huang et al. 2003).

As with any operation, there can be defects that form while electrospinning. The term 
defects in electrospinning usually refers to bead formation, as shown in Figure 14.2. 
Typically, an increase in polymer concentration results in a decrease in bead formation 
(Huang et al. 2003). There are also theories involving charge density, surface tension, and 
polymer chain entanglements affecting bead formation. Beads are considered to be a defect 
because they interrupt the uniformity of the nano�bers and could be easily confused for 
cells in biomedical applications.

FIGURE 14.2
SEM image of electrospun nano�bers with bead formation.
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14.2.3 Polymers and Solvents Used in Electrospinning

14.2.3.1 Synthetic Polymers

As mentioned previously, electrospinning is a simple and versatile process and numerous 
synthetic and natural polymers have been successfully electrospun into nano�bers. 
Biodegradable and biostable synthetic polymers used for electrospinning are listed in the 
following:

Biodegradable synthetic polymers

• Biodegradable polyesters: polyglycolic acid (PGA), polylactic acid (PLA), 
poly(lactic-co-glycolic acid), polycarprolactone (PCL), polyhydroxyalkanoate 
(PHA), polybutyrate, polyhydroxybutyrate (PHB), polyhydroxyvalerate (PHV), 
polydioxanone (PDS)

• Other biodegradable synthetic polymers: polyanhydride, poly(ortho ester), 
polyphosphazene, and poly(propylene fumarate)

Biostable synthetic polymers

• Polyesters: polyethylene terephthalate (PET), poly(butylene terephthalate) (PBT), 
poly(trimethylene terephthalate) (PTT), poly(ethylene naphthalate) (PEN), polycar-
bonate (PC), and polyethylene glycol (PEG) (also known as polyethylene oxide, PEO)

• Polyamide: nylon, polyacrylamide (PAM), and polymetaphenylene isophthalamide
• Polyethers: polyethersulfone (PES), polyoxymethylene (POM), polypropylene 

oxide (PPO), polyetherimide (PEI), and Polyether ether ketone (PEEK)
• Polyimide
• Polyurethane (PU)
• Vinyl polymers: polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl 

alcohol (PVA), polyvinyl acetate (PVAc), polyvinylchloride (PVC), poly(vinylidene 
�uoride) (PVDF), polyvinylcarbazole, polyvinylphenol, and polyvinyl pyrrolidone, 
poly(ethylene-co-vinyl alcohol), polyethylene-co-vinyl acetate (PEVA), and 
acrylonitrile-butadiene-styrene (ABS)

• Acrylic polymers: poly(acrylic acid) (PAA), poly(methyl methacrylate) (PMMA), 
polyacrylonitrile (PAN), poly(dimethylsiloxane) (PDMS)/PMMA, polymethacry-
late (PMMA)/tetrahydroper�uorooctylacrylate (TAN), polyisoprene, and poly-
acrylamide (PAAm)

• Conducting polymers: polyaniline (PANI) and polypyrrole (PPy)
• Other polymers: poly(2-hydroxyethyl methacrylate) (PHEMA), polybenzimid-

azole, poly(ferrocenyldimethylsilane) (PFDMS), polyacrylic acid-polypyrene 
methanol (PAA-PM), etc.

The list of polymers used for electrospinning keeps growing. The major synthetic 
polymers and their solvents used to electrospin nano�bers for biological and biomedical 
applications, such as enzyme engineering, biosensors, drug delivery, and tissue engineering 
are summarized in Table 14.1. Most of these polymers need to be dissolved in organic 
solvents except for PEO and PPy, which are water soluble. The common solvents include 
DMF, HFIP, THF, TFA, TCA, chloroform, methanol, acetone, formic acid, etc. More details 
including solvents, concentration, and molecular weight of polymers can be found in a 
comprehensive review (Huang et al. 2003).
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TABLE 14.1

Major Synthetic Polymers Used in Electrospinning Processes

Major Polymers Biological Relevance Major Solvents References

Polylactic acid, PLA Biodegradable Dichloromethane
Dimethyl formamide (DMF)
Methylene chloride:DMF 
(1.5:1)

Bognitzki et al. (2001), 
Zong et al. (2002)

Polyglycolic acid, PGA Biodegradable HFP Boland et al. (2001)
Poly(lactic-co-glycolic 
acid), PLGA

Biodegradable Tetrahydrofuran 
(THF):DMF (1:1)

Li et al. (2002)

Polycaprolactone, PCL Biodegradable Chloroform:methanol (3:1),
Toluene:methanol (1:1),
Dichloromethane 
(DCM):methanol (3:1)

Rutledge et al. (2001), 
Kang et al. (2007), 
Kim (2008)

Polyethylene 
terephthalate, PET

Biocompatible,
FDA-approved 

materials

DCM:tri�uoroacetic acid 
(TFA) (30:70, 1:1, 70:30)

TFA
Trichloroacetic acid 
(TCA):DCM (1:1)

Reneker and Chun (1996), 
Ma et al. (2005), 
Veleirinho et al. (2008)

Polycarbonate, PC Easy to work, mold, 
and thermoform;

Cell culture and 
�ltration substrates

DMF:THF (1:1)
Dichloromethane
Chloroform
DMF:THF (40:60 and 30:70)

Huang et al. (2003), 
Shawon and Sung (2004)

Polyethylene oxide, PEO Water soluble
Use to make other 
polymers 
electrospinnable

Distilled water (DI water)
DI water and ethanol or 
NaCl

DI water and chloroform
DI water:isopropanol (1:6)
DI water:ethanol (3:2)
DI water, chloroform, 
acetone, and ethanol in 
combination

Chloroform

Deitzel et al. (2001), 
Huang et al. (2003)

Polyamide, PA First nano�ber-based 
3D cell culture insert

Dimethylacetamide
Formic acid

Huang et al. (2003), 
Supaphol et al. (2005)

Polystyrene, PS Transparent THF
THF, DMF, carbon disul�de, 

and toluene
Methylethylketone
Chloroform and DMF

Torres (2001), Huang 
et al. (2003)

Polyethersulfone, PES Heat-resistant, very 
stable in acids, bases 
and many nonpolar 
solvents; better 
replacement of PC

Dimethylsulfoxide (DMSO) 
and DMF

Hexa�uoroisopropanol 
(HFIP)

Chua et al. (2006), 
Shabani et al. (2009)

Polymethylmethacrylate, 
PMMA

Suitable for 
micro�uidic chips

Tetrahydrofuran, acetone
Chloroform

Huang et al. (2003), Yang 
et al. (2008)

Polyaniline, PANI Conducting polymer Chloroform,
Camphorsulfonic acid

Norris et al. (2000), 
MacDiarmid et al. (2001)

Polypyrrole, PPy Conducting polymer DI water Chronakis et al. (2006)
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Biodegradable PLA, PGA, and PLGA are FDA-approved materials that have been widely 
used in drug delivery, tissue engineering, and regenerative medicine. The generation of 
acidic degradation products limits the applications of these materials in vivo. This factor 
further drives people to seek other biodegradable polymers to produce electrospun 
nano�bers. PCL, which has been used in FDA-approved drug delivery devices, sutures, 
and implants, is an excellent alternative biodegradable material for in vivo applications. 
Commercially available synthetic nano�bers for 3D cell culture include UltraWeb 
polyamide surfaces from Corning, PCL nano�ber inserts from Nano�ber Solutions, and 
optically transparent nano�ber inserts distributed by Sigma-Aldrich.

14.2.3.2 Natural Polymers

Natural polymers such as collagen, �bronectin, elastin, laminin, and glycosaminoglycans 
are the major components of extracellular matrix (ECM). ECM is a web-like, �brous 
matrix, which provides biological, structural, and mechanical cues and support for 
cells organizing into functional tissues in vivo. Electrospun nano�bers resemble the 
nano�brous structure of ECMs. Electrospinning of ECM proteins, such as collagen, 
�bronectin, elastin, and laminin, have provided valuable approaches to mimicking 
ECM. Additionally, polysaccharides (e.g., alginate, chitosan) have been electrospun into 
nano�bers as well with the aid of PEO, which are low in cost, compared to ECM proteins 
and can easily be chemically modi�ed with ECM or its individual proteins. Considering 
the high performance in mechanical strength and elasticity, silk has been electrospun into 
nano�bers from HFP (Zarkoob 1998) or from an aqueous solution in the presence of PEO 
(Jin et al. 2002, Vepari and Kaplan 2007).

Compared to synthetic polymers, electrospun natural polymeric nano�bers are not 
very stable upon hydration. Various crosslinking strategies have been tried including 
glutaraldehyde, formaldehyde, hexamethylene diisocyanate, adipic acid hydrazide, 
epichlorohydrin, and other epoxy compounds (Lu et al. 2006, Bhattarai and Zhang 2007). 
However, these crosslinking strategies have the potential for cytotoxicity. Recently, 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimidehydrochloride (EDC) has been used 
to crosslink natural nano�bers, which are free of toxic effects (Sell et al. 2010). After 
electrospinning, most natural polymers form nano�ber meshes similar to the morphology 
of electrospun synthetic polymers (Figure 14.3a). After crosslinking under hydration, 
the electrospun natural polymeric matrix exhibits ECM-like morphology, which better 
recapitulates the structure of ECM than synthetic polymers (Figure 14.3b).

Examples of natural polymers that have successfully been electrospun into nano�bers 
are listed in Table 14.2. HFP is the most used solvent for electrospinning of natural poly-
mers. PEO is frequently used to increase the viscosity of aqueous solutions in order to 
make natural polymers electrospinnable. Natural polymers have been electrospun alone 
or blended with other synthetic or natural polymers in order to produce nano�bers with 
diverse morphological, biological, and mechanical properties. More detailed information 
regarding electrospinning of natural polymers can be found in a review (Sell et al. 2010).

14.2.4 Melt Electrospinning

Another alternative to dissolving a polymer in a solution prior to electrospinning is 
directly electrospinning from a melt, which is known as melt electrospinning. Although 
the �rst melt electrospinning technique was reported in 1981, the progress has been very 
slow. Only several dozen papers on melt electrospinning were published during the 
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last 30 years. The two main drawbacks of this method are that the melts must be kept at 
elevated temperatures and that the polymer needs to cool over the capillary to collector 
distance for �bers to suf�ciently form (Sill and von Recum 2008). However, melt electros-
pinning is appealing because it avoids organic solvents, and there is no question of proper 
solvent evaporation and potential toxicity of solvent residue retained within the nano�bers 
(McCann et al. 2006).

Due to the high viscosity and lack of conductivity of polymer melts, limited types of poly-
mers have been tried for melt electrospinning (Table 14.3). From Table 14.3 we can see that 
most melt electrospinning processes produce micron-sized nano�bers. In order to achieve 
nanoscale �bers, we need to precisely control the air temperature surrounding the �ber 
and macromolecular structure throughout the melt electrospinning process. The molecular 
weight has a dramatic effect on the �ber diameter. The higher the molecular weight, the 
larger the �ber diameter will be. The tacticity also affects the �ber diameter (Lyons et al. 
2004). Melt electrospinning allows direct deposition of nano�bers onto cells, which serves 
as the electrode (Dalton et al. 2006b), and enables patterned electrospinning (Dalton et al. 
2008). In addition, melt electrospinning is easy to scale up to improve production rate.

14.2.5 Core-Shell Electrospinning

Concentric or core-shell electrospinning is a technique that can fabricate scaffolds of 
blended polymers. Typically, one polymer remains on the outer sheath while the other 
resides in the inner core. This is possible by choosing two polymer solutions that phase 
separate as the solvent is evaporated and by using two coaxially aligned capillaries (Sun 
et al. 2003, Tran et al. 2011). An advantage of this technique is that the inner core is protected, 
depending upon the application. In terms of nanobiotechnology, a core-shell structure of 
�bers has the potential to protect the structural integrity and bioactivity of encapsulated 
proteins (Zhang et al 2004, Jiang et al. 2006, Dai et al. 2010).

14.2.6 Fabrication of Aligned Nanofibers

Randomly oriented nano�bers are typically applied in �ltration, tissue scaffolding, implant-
ing coating �lms, and wound dressings (Huang et al. 2003, Rho et al. 2006, Gopal et al. 2007). 
However, it is also important to realize that aligned nano�bers increase the capability of the 

(a) (b)

FIGURE 14.3
SEM images of electrospun alginate nano�bers before (a) and after (b) crosslinking with calcium chloride.
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TABLE 14.2

Natural Polymers Used in Electrospinning Processes

Polymers Biological Relevance Solvents
Resulting Fibers 

(Diameter/Elasticity) References

Collagen Responsible for 
providing tensile 
strength, cell–matrix 
interactions and 
matrix–matrix 
interactions

PEO
hexa�uoropropanol 
(HFP)

370 kPa, 12 MPa
Native: 50–500 nm
Type I: 100–5000 nm
Type II: 20–200 nm
Type III: 120–600 nm
Type IV: 100–2000 nm

Huang et al. (2001), 
Matthews et al. 
(2002, 2003), Barnes 
et al. (2007), 
Sell et al. (2010)

Gelatin Derivative of collagen 
with structural 
similarity

HFP, 
tri�uoroethanol 
(TFE), or aqueous 
acids (e.g., formic 
acid, acetic acid, 
ethyl acetate, 
and water)

From bovine or porcine: 
200–500 nm, 8–12 MPa 
(tensile)

From �sh skin: 
100–800 nm/ 
2–4 MPa/120–200 MPa

Li et al. (2005), 
Zhang et al. (2009), 
Songchotikunpan 
et al. (2008), 
An et al. (2010)

Elastin Major component of 
ECM in tissue 
architecture, provides 
elasticity to tissues

HFP
Deionized water

α-Elastin: 600–3600 nm/ 
80–280 MPa

Tropoelastin: 
1400–7400 nm/289 MPa

Elastin-mimetic: 
300–400 nm/ 
35 MPa/1.8 GPa

Li et al. (2005), 
Sell et al. (2010)

Fibronectin Major component of 
ECM, responsible for 
cell–matrix 
interaction, matrix–
matrix interaction, 
cell proliferation, cell 
migration, and tissue 
architecture

HFP 80–700 nm/80 MPa
200 nm/7 MPa

Wnek et al. (2003), 
McManus et al. 
(2006), Carlisle et al. 
(2009)

Laminin Critical ECM protein 
for cell attachment, 
growth and survival

HFP 90–300 nm Neal et al. (2009)

Silk �broin Protein that forms the 
�laments of 
silkworm silk

PEO, formic acid, 
HFP, and water

PEO

Natural: 2–5 μm
6.5–200 nm
400–900 nm

Zarkoob (1998), 
Zarkoob et al. 
(2000, 2004), 
Jin et al. (2002)

Alginate Resembles the 
structure of 
glycosaminoglycans 
(GAG) that are native 
to connective tissue 
and has the ability to 
form hydrogels

PEO/water 75 nm
5 ± 1 MPa (dry), 7 ± 2 MPa 
(with CaCl2 
crosslinking), and 
2.8 ± 1.2 MPa (wet with 
CaCl2 crosslinking)

Bhattarai et al. (2006)

Chitosan Structurally similar to 
GAG and degradable 
by human enzymes 
(lysozyme)

Dilute acids (2 wt% 
acetic acid), 
concentrated acids 
(90% acetic acid), 
HFP, PEO

80–180 nm
154.9 ± 40.0 MPa 
(as-spun) and 150.8 ± 
43.6 MPa (crosslinked)

Drury and Mooney 
(2003), Duan et al. 
(2004), Geng 
et al. (2005), 
Schiffman and 
Schauer (2007)

Phospho-
lipid

Major component of 
membranes

Lecithin solutions 1–5 μm McKee et al. (2006)
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electrospinning technique. By aligning the nano�bers, they can be easily singled out and 
also have potential for biomedical applications. Examples of their potential include replac-
ing highly oriented tissue in the medial layer of a native artery and facilitation of nerve 
regeneration (Lavine 2008, Sill and von Recum 2008). Four techniques to align nano�bers 
will be discussed in this chapter. These include: cylinder collectors, auxiliary electrodes/
electric �elds, thin wheels, and frame collectors (Figure 14.4).

A cylinder collector (as opposed to a �at collector) can orient nano�bers around the 
circumference of the cylinder. In order for this to work, it is necessary to have the cylinder 
rotating at very high speeds up to thousands of revolutions per minute or rpms (Boland 
et al. 2001, Pan et al. 2006). It has been noted that there is an optimum speed at which 
�bers are collected with fair alignment. This speed is when the speed of the rotating 
cylinder surfaces matches the speed of the evaporated jet deposition (Huang et al. 2003). 
The optimization of this is critical since slower speeds result in randomly oriented �bers, 
and faster speeds risk the chance of breaking the �bers. An alternative to this method is 
collecting aligned nano�bers on a rotating cylinder by applying an auxiliary electric �eld. 
In this case, a cylindrical material such as a Te�on tube is rotated above a charged grid 
(typically made of aluminum) (Bornat 1987, Huang et al. 2003). Another idea similar to 
this is asymmetrically positioning a rotating and charged mandrel between two charged 
plates. This technique works well for �bers with a larger diameter, but results in random 
orientation with smaller diameter �bers (Berry 1989).

A more effective approach in achieving aligned nano�bers is using a rotating thin wheel 
with a tip-like edge. This type of edge concentrates the electric �eld, which allows for 
the nano�bers to be attracted and to wind continuously on the edge (Theron et al. 2001, 

TABLE 14.3

Examples of Melt Electrospinning

Polymers

Processing Conditions 
(Temperature/Electric Field 

Strength or Applied Voltage/
Collector Distance)

Resulted 
Fibers (μm) References

Polypropylene, PP 220°C–240°C/3–8 kV cm−1/1–3 cm >50 Larrondo and Manley (1981)
200°C/6–15 kV cm−1/2–5 cm 10–140 Lyons et al. (2004)

Polyethylene, HDPE 200°C–220°C/10–23 kV/1–3 cm 140–190 Larrondo and Manley (1981)
LDPE 315°C–355°C/30–60 kV/5–20 cm 5–33 Deng et al. (2009)
Polyethlene 
terephthalate, PET

270°C/10–15 kV/unknown 3–60 Kim and Lee (2000)

245°C–255°C/25 kV/3–9 cm 10–100 Rajabinejad et al. (2009)
Polyamide (PA) 305°C–345°C/130 kV/45 cm 0.5–20 Malakhov et al. (2009)
Poly(methyl 
methacrylate), PMMA

210°C/15–25 kV/3–9 4–34 Wang et al. (2010a)

Polyurethane (PU) 225°C–243°C/25–35 kV/13–21 cm 5–18 Mitchell and Sanders (2006)
Poly(phospholipids) 200°C/30 kV/6 cm 6.5 Hunley et al. (2008)
Polylactic acid, PLA 180°C–255°C/17.5 kV/5–40 cm 2–10 Hutmacher and Dalton (2011)
Poly(lactic-co-glycolic 
acid), PLGA

210°C/17.5 kV/8 cm 15–28 Kim et al. (2010)

Polycaprolactone, PCL/
PEG-b-PCL

60°C–90°C/20 kV/30 cm 0.2–60 Dalton et al. (2006a)

90°C/20 kV/10 cm 0.27–2 Dalton et al. (2007)
90°C/4–12 kV/2–6 cm 6–33 Detta et al. (2010)
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Huang et al. 2003). Another advantage of this technique is that individual nano�bers 
can be obtained with a distance between two �bers being 1–2 μm. This phenomenon is 
explained by the fact that the nano�bers retain suf�cient residual charges before reaching 
the electrically ground target (Theron et al. 2001, Huang et al. 2003). Thus, once a nano�ber 
adheres to the edge of the wheel it will repel the next nano�ber that has an attraction to 
this edge, resulting in suf�cient spacing between subsequent nano�bers. A more recent 
technique to align �bers is the use of a frame collector (Huang et al. 2003, Tan et al. 2005). 
Basically, a frame is placed under the spinning jet. Huang et al. determined that the material 
of the frame affected the alignment of the nano�bers by testing an aluminum frame with a 
wooden frame. They determined that the aluminum frame resulted in preferable nano�ber 
alignment when compared with the wooden frame. Another approach that builds off of 
this concept is the use of parallel-grounded plates to form aligned nano�bers (Li et al. 
2003). This is a very simple method where strips of electrical conductors are placed apart 
from each other under the spinning jet (Li et al. 2003). Due to electrostatic interactions, the 
�bers will be stretched across the gap to form a parallel array.

14.3 Characterization of Electrospun Nanofibers

14.3.1 Morphology and Diameters of Nanofibers

Analysis of the morphology and diameters of nano�bers can be performed using scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic 
force microscopy (AFM).

Polymer solution

Polymer solution

Polymer solution

(a)

(c) (d)

(b)

Polymer solution

FIGURE 14.4
Cartoon representations of four techniques to align nano�bers during electrospinning: (a) cylinder collectors, (b) 
auxiliary electrodes/electric �elds, (c) thin wheels, and (d) frame collectors.
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14.3.1.1 Scanning Electron Microscopy

SEM is the most common way to document the electrospun nano�ber morphology and 
determine �ber diameter. In order to use SEM to determine nano�ber morphology and 
diameter, there are a few simple preparation steps. A section of the �ber mat must be 
secured to a metal sample stub and sputter-coated with gold (Veleirinho et al. 2008). The 
purpose of sputter coating is to create a conductive surface on the �bers. SEM images can 
be taken at various magni�cations using an accelerating voltage at 5–10 kV. The average 
�ber diameter and size distribution can be measured by Image J 1.37c software.

14.3.1.2 Transmission Electron Microscopy

TEM is another useful technique for observing nano�ber morphology with great detail. 
Typically, TEM requires extensive sample preparation for a biological specimen. However, 
nano�bers do not need to undergo complex preparations, as they are thin enough already. 
The only obligation is that the nano�bers need to be collected onto carbon-coated Cu 
grids (Ma et al. 2012). Core-shell nano�bers are observable using TEM. For example, the 
instrument was set to 100 kV for accelerating voltage and the core-shell structure and 
cross-sections of electrospun alginate/PEO nano�bers were revealed by TEM (Ma et al. 
2012). Another example is the characteristic D-repeat banding pattern on electrospun col-
lagen nano�bers, con�rming the feasibility of faithfully mimicking the native collagenous 
structure using electrospun collagen nano�bers (Matthews et al. 2002).

14.3.1.3 Atomic Force Microscopy

AFM is the third way to characterize the morphology of nano�bers, which is able to pro-
vide information of nano�ber morphology, topography, and roughness as well as mechan-
ical properties, which will be described in Section 14.3.3. Jaeger et al. (1996) used AFM 
to examine PEO nano�bers and generated the nanograph of the nano�ber surface using 
height mode or friction mode, showing PEO macromolecular helices on the angstrom scale. 
Zussman et al. (2003) were able to measure the maximum height at each cross-section and 
therefore, �nd the failure-associated necking of electrospun PEO nano�bers.

Surface topography can be imaged using the phase imaging mode on the AFM (Lim et al. 
2008). We have successfully observed the surface topography of alginate/PEO nano�bers 
as shown in Figure 14.5. To be more speci�c, Chen and Su (2011) used AFM in order to 
image the surface topography of electrospun PLLA nano�bers with surface modi�cations. 
They chose a scan size of 10 × 10 μm2, a scan rate of 0.8 Hz, and a sampling number of 256. 
From this, they were able to determine the relative roughness of the PLLA nano�bers 
before and after surface modi�cations (Chen and Su 2011).

14.3.2 Porosity

14.3.2.1 Based on Apparent Density by Weight Measurement

Porosity is one of the important characteristics of electrospun nano�bers, which can be 
determined by the following equation:

 
Porosity

Apparent density of the mat
Bulk density of polymer

= −






1












 ×100%  (14.1)
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The apparent density of the nano�brous mat can be determined by measuring the weight 
per unit volume. The bulk density is de�ned for each type of polymer.

14.3.2.2 Porosimetry

A capillary �ow porometer can also be used to analyze the pore size and porosity of 
nano�brous mats. The pores of nano�bers are �lled with a wetting liquid. Gas pressure 
is applied to one side of the sample to expel the liquid from through-pores, and as pores 
empty, the resulting gas �ow through the open pores is measured by a microprocessor 
(Quantachrome, Hook, United Kingdom, 2011). At the lowest pressure, the largest pore 
is emptied �rst, which initiates gas �ow. As gas pressure is increased, smaller pores are 
emptied, which increases gas �ow. The differential pressures, gas �ow rates through dry 
and wet samples, volume of liquid �ow-through, and liquid �ow rate can be measured. 
The pore diameter can be determined from the differential pressure by Equation 14.2,

 
D

p
= 4γ θcos  (14.2)

where
D is the pore diameter
γ is the surface tension of wetting liquid
θ is the contact angle of the wetting liquid
p is the differential pressure

The pore volume can be measured by the volume of liquid �ow-through, and the porosity 
of the nano�ber matrix will be calculated from the measured pore volume and bulk 
density of the polymer. The liquid permeability will be calculated from the liquid �ow 
rate. The dry and wet curves will generate the pore size distribution. The capillary �ow 
porometer is superior to other porosimetry such as mercury intrusion porosimetry and 
liquid extrusion porosimetry (Jena and Gupta 2005).

FIGURE 14.5
(See companion CD for color �gure.) AFM image of electrospun alginate nano�bers.
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14.3.3 Mechanical Properties

The tuning of mechanical properties of nano�brous mats is essential and dependent upon 
the application. Evaluation of these properties can be accomplished by the uniaxial tensile 
test, AFM, and the nanoindentation test.

The uniaxial tensile test utilizes a texture analyzer suited with �xed grips lined with rub-
ber on each end (Veleirinho et al. 2008). Specimens to be tested can be about 90 mm long and 
10 mm wide and are obtained perpendicular to the axis of the collector rotation (Veleirinho 
et al. 2008). The ends of the specimen are then mounted on the grips using tape. Sample 
thickness can be determined in various locations using a digital micrometer. The stress–
strain curves obtained from uniaxial tensile tests allow one to determine: Young’s modulus, 
percentage elongation or ultimate break strain, yield strength or stress at maximum force, 
and tensile strength or stress at break or ultimate tensile strength (Veleirinho et al. 2008).

In addition to imaging surface topography, AFM is extremely useful in determining nano-
�ber mechanical properties. A three-point bend test can be performed with the AFM in con-
tact mode (Lee et al. 2005, Liao et al. 2011). In order to do so, a single nano�ber is suspended 
(over a groove in a silicon wafer, for example) with a small de�ection applied to the middle 
of it with the AFM cantilever (Tan and Lim 2004, Liao et al. 2011). This test is able to verify 
the mechanical properties of a single nano�ber by observing the applied force as a func-
tion of any displacement (Lee et al. 2005, Liao et al. 2011). The applied load is measured by 
accumulating a plot of cantilever de�ection as a function of sample position along the Z-axis 
(Lee et al. 2005). This is also known as a force curve. There are several calculations involved 
in order to determine the mechanical properties, which will not be discussed in this chapter.

The elastic-plastic nanoindentation test is not only a method to determine mechanical 
properties of electrospun nano�bers, it is also useful in determining the accuracy of the 
three-point bend test (Li et al. 2003). Basically, the nanoindenter is used in conjunction 
with the AFM. This tool is able to observe and record the load and displacement of the 
indenter, a three-sided pyramidal diamond. The data acquired can then be used to calcu-
late the hardness and elastic modulus. The advantages of this test include: high loading, 
more re�ned load and displacement resolution, better exploration of the sample, and it is 
possible to observe the material’s response in near real-time.

14.3.4 Thermal Properties

Thermal properties such as crystallization and melting processes can be measured using 
differential scanning calorimetry (DSC).

Preparation for DSC includes accurately weighing electrospun mats (of about 10 mg) into 
sealed aluminum pans (Veleirinho et al. 2008). In order to maintain atmospheric pressure 
and to allow for evaporation of residual solvents, there should be holes in the pan covers. 
Samples can then be heated from 30°C to 300°C, maintaining a heating rate of 10°C/min, 
with constant �ow of dry nitrogen. In order to determine the percent crystallinity (χc), one 
can use Equation 14.3.

 
χc

f c

f

H H
H

( )
( )% = − ×∆ ∆

∆ � 100  (14.3)

The melting enthalpy and enthalpy of crystallization (ΔHf and ΔHc) are values obtained 
from DSC traces. The heat of fusion ∆Hf

� is a property of the completely crystalline 
substance.
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14.4 Biological Materials and Applications

Electrospun nano�brous scaffolds show great versatility in terms of biological applications. 
Of particular interest are tissue engineering, drug delivery, and enzyme engineering. 
Table 14.4 brie�y describes how electrospinning in�uences each application listed.

14.4.1 Nanofiber-Based Tissue Engineering

Tissue engineering is one major application of electrospun nano�bers that is vital to 
biomedical research, due to the increasing demand for tissues and organs (Hutmacher 
2000, Grif�th and Naughton 2002, Drury and Mooney 2003). A couple of examples of 
electrospun nano�bers for tissue engineering have been shown in Table 14.5. Another 
bene�t to engineering 3D tissue constructs is a potential alternative to animal testing 
(MacNeil 2007). There are several factors to be considered for this application, which 
include material choice, �ber orientation, porosity, and surface modi�cations (Sill and 
von Recum 2008).

Although there are a plethora of polymers that can be used in electrospinning, ranging 
from polyurethanes to silk blends, it is necessary to take precaution when considering 
biological applications. The reason for this is that toxicity, in�ammatory, and immune 
responses must be minimized (Hubbell 1995, Burg et al. 2000, Temenoff and Mikos 2000). 
Thus, biocompatible materials are critical for electrospinning scaffolds for biomedical 
research. In the area of tissue engineering, materials could include both natural and 
synthetic, or a hybrid of the two. Examples of natural materials would include collagen, 
chitosan, gelatin, �brinogen, chitin, elastin, hyaluronic acid, and alginate (Drury and 
Mooney 2003, Wnek et al. 2003, Langer and Tirell 2004). Although these materials most 
accurately mimic the extracellular matrix (ECM), they are often dif�cult to electrospin on 
their own. This has led to the evolution of hybrid materials, which combine synthetic and 
natural materials. An example of this would be a hybrid blend consisting of type I collagen 
(45%), PLGA (poly-lactic-co-glycolic acid) (40%), and elastin (15%) (Stitzel et al. 2006). The 
purpose of this particular combination was to form a vascular prosthesis via electrospinning. 
As mentioned earlier, type I collagen and elastin are both natural components of the ECM 
and blood vessel walls (Buitjtenhuijs et al. 2004, Buttafoco et al. 2005, Sill and von Recum 
2008). PLGA was added in order to form a more mechanically appropriate �brous mat 
and was shown to improve the compliance of the prosthesis. This was exempli�ed by 

TABLE 14.4

Potentials of Electrospun Nano�bers in Biological Applications

Tissue Engineering Drug Delivery Enzyme Engineering

Potential: Potential: Potential:
• Manipulation of �ber 

alignment and mechanical 
properties leads to diverse 
tissue formation

• Finer control over drug 
release kinetics via diffusion 
alone or diffusion and 
scaffold degradation

• Nano�brous scaffolds can 
immobilize and be used for 
controlled release studies of 
enzymes

• Surface modi�cation of 
scaffolds allows for better cell 
attachment and functionality

• Flexibility in materials results 
in various drugs that can be 
delivered

• Protein encapsulation in 
nano�bers can exhibit six times 
the activity when compared to 
a thin �lm composed of the 
same material
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observing the diameter change within the physiological pressure range. The change was 
about 9% for native vessels and approximately 12%–14% for electrospun scaffolds (Stitzel 
et al. 2006). Additionally, silk �broin extracted from Bombyx mori (silkmoth) has also been 
proven to be an extremely versatile biocompatible and biodegradable material. It has the 
potential to be used as a biomaterial for implants, scaffolding, disease models, and drug 
delivery (Rockwood et al. 2011).

In terms of synthetic materials, there is a subdivision of biodegradable and nondegradable 
materials. The attraction to biodegradable materials is that they result in a less invasive 
approach where surgery is not necessary to remove the implanted scaffold. There is 
also allure toward the ability to control the rate of degradation in parallel to the rate of 
new tissue formation (Thomson et al. 1995, Holy et al. 2000, Shin et al. 2003). This can be 
accomplished by altering polymer blends and the ratio of amorphous to crystalline portions 
(Sill and von Recum 2008). Examples of biodegradable synthetic materials would include 
polyesterurethane, PLGA, and PLA (poly lactic acid). Studies examining nondegradable 

TABLE 14.5

Examples of Electrospun Nano�bers in Tissue Engineering

Purpose Polymers Fiber Diameters Cell Types Results References

Wound 
healing

Silk 
�broin 
(SF)

30–120 nm Normal human 
keratinocytes 
and �broblasts

Promoted cell 
adhesion and 
spreading of type I 
collagen

Min et al. 
(2004)

Neural repair PLLA Aligned: 150–
500 nm for 2% 
and 800–3000 nm 
for 5% solutions

Random: 700 nm 
for 2% and 3.5 μm 
for 5% solutions

Neonatal mouse 
cerebellum 
C17.2 stem cells 
(NSC)

Aligned nano�bers 
supported NSC 
culture and 
improved neurite 
outgrowth

Yang et al. 
(2005)

Bone 
regeneration

PCL 20 nm–5 μm Mesenchymal 
stem cells 
(MSCs)

Mineralized tissue 
formation

Yoshimoto 
et al. 
(2002)

Vascular 
tissue 
engineering

PLLA 0.5–1 μm Smooth muscle 
cells, bone 
marrow 
mesenchymal 
stem cells

Remodeled vascular 
grafts in ECM and 
cellular content;

Similar structure to 
that of the native 
artery

Hashi et al. 
(2007)

Adipose 
tissue 
engineering

PCL 691 nm Murine 
embryonic stem 
cells (mESCs)

Functional 3D 
adipose tissue 
formation

Kang et al. 
(2007)

Eye tissue 
engineering

Poly(ester 
urethane) 
urea 
(PEUU)

165 ± 55 nm Human corneal 
stromal stem 
cells (hCSSCs)

Aligned nano�bers 
for hCSSCs 
secreted type-I-
collagen-based 
ECM, which 
structurally 
resembled 
characteristics of 
native human 
cornea stromal 
tissue

Wu et al. 
(2012)
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materials have been performed using electrospun poly(ethylene-co-vinyl alcohol) (EVOH) 
�brous mats, for example (Kenawy et al. 2003). It was shown in this study that smooth 
muscle cells and �broblasts could be successfully cultured in vitro.

Porosity is another parameter critical to tissue engineering applications. This includes 
the density of pores and the �ber mat pore size (Sill and von Recum 2008). Both of these 
factors attribute to how a cell migrates and invades the scaffold (Cima et al. 1991, Wei 
and Ma 2004, Rezwan et al. 2006). Determining porosity for the electrospun scaffold has 
been shown theoretically by Eichhorn and Sampson to depend upon the �ber width. 
They determined that the mean pore radius increases with �ber width. The explanation 
provided for this paradox is that the nano�ber meshes with diameters less than 100 nm 
behave as a 2D sheet rather than a 3D scaffold. Electrospun scaffolds are referred to as 2D 
stacked networks (Eichorn and Sampson 2005). This is still biologically relevant because 
the basal laminae that line all epithelial cell sheets and tubes are 2D mats (Sill and von 
Recum 2008). Although �ber width may be large, by increasing the number of layers one 
can actually decrease the mean pore radius. An example of an application for smaller and 
less pores would be barrier applications that include skin and endothelium (Sill and von 
Recum 2008). An application that would require larger and an abundance of pores would 
include bone regeneration (Yoshimoto et al. 2002). Thus, smaller and fewer pores are not 
always advantageous if cells need to in�ltrate and move around inside the scaffold. Thus, 
3D scaffolds are necessary for this and require that pores be much larger in radius (on the 
order of microns). An example of this would be a chondrogenesis application in which 
chondrocytes are seeded onto PCL scaffolds with 10 μm pores (Gorsline et al. 2006).

Surface modi�cations are sometimes necessary when considering tissue-engineering 
applications. By attaching bioactive molecules to the surface of nano�brous scaffolds, 
enhanced control of cellular function can be achieved. Examples of these molecules 
include �bronectin (Sitterley 2008), gelatin (Ma et al. 2005), perlecan (Casper et al. 2007), 
acrylic acid (Park et al. 2007), and the RGD peptide sequence (Kim and Park 2006). For 
example, by grafting an RGD sequence to the surface of a nano�brous scaffold, it is pos-
sible to strengthen cell attachment, spreading, and proliferation, all of which are vital for 
engineering a functional tissue (Ho et al. 2005). In addition, it is possible to incorporate 
materials into the scaffold, such as gold, in order to make them conductive. For example, 
gold nanowires have been integrated into alginate scaffolds in order to improve the thera-
peutic potential of cardiac patches (Dvir et al. 2011).

14.4.2 Nanofiber-Based Drug Delivery

Electrospinning has been examined for drug delivery purposes because there is promise 
for site-speci�c delivery of drugs (Kenawy et al. 2009). A couple of examples of electrospun 
nano�bers for drug delivery have been shown in Table 14.6. Both biodegradable and 
nonbiodegradable materials can be used as delivery vessels (Zheng et al. 2003, Yu et al. 
2009). However, biodegradable materials are desired because there is no need to explant 
the scaffold. The issue with this is that the drug may be released as the material begins 
to degrade. Therefore, careful attention must be paid to these rates so that the drug can 
undergo controlled release and not be dumped locally altogether. Typical materials 
studied for this application include: ɛ-caprolactone and ethyl ethylene phosphate 
(PCLEEP), polycaprolactone (PCL), and various combinations of PLGA, PEG, and PLA, to 
name a few (Sill and von Recum 2008). In terms of drug types, there are several that have 
been studied for controlled release using electrospun scaffolds. These include antibiotics, 
anticancer drugs, proteins, and DNA (Agarwal et al. 2008, Sill and von Recum 2008). 
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For example, electrospun mats are of great interest to anticancer drug loading because of 
their ability to protect the drug and preserve its function (Sill and von Recum 2008, Park 
et al. 2010). This is imperative to directly target the tumors because drugs in free form 
often lose anticancer activity after a certain period of time. Xu et al. (2006) conducted a 
speci�c example of this in a study involving the anticancer drug bis-chloronitrosourea 
(BCNU). To be brief, the drug was loaded into a PEG-PLLA nano�brous mat and its 
release was observed on rat Glioma C6 cells. They concluded that unloaded �bers had no 
effect on cell growth and that those loaded with the anticancer drug exhibited anticancer 
activity over a 72 h period. In addition, they tested free BCNU on the same tumor cells 
and noticed it began to lose its anticancer activity after 48 h. This is just one example 
with a nano�brous scaffold. Recent studies have shown potential for nanoparticles to be 
encapsulated in electrospun nano�bers in order for programmable release of dual drugs 
(Wang et al. 2011).

An example of this would be small insoluble particles added to the solution that become 
encapsulated in the nano�bers (Huang et al. 2003, Angammana and Jayaram 2011). Small 
particles could refer to soluble drugs, bacterial agents, and even nanoparticle suspensions. 
For example, hydroxyapatite nanoparticle suspensions have been incorporated into poly-
ɛ-caprolactone/poly-l-lactic acid nano�bers in order to advance bone regeneration tech-
niques (Bakhshandeh et al. 2011). Thus, the bene�t of small particle incorporation could be 
for therapeutic or diagnostic purposes.

TABLE 14.6

Examples of Electrospun Nano�bers in Drug Delivery Systems

Type Polymers
Electrospinning 

Modes
Delivered 

Agents Major Results References

Proteins Poly(vinyl 
alcohol), PVA

Metal frame 
collector

Solvent: Water
12 cm (distance)
55 kV (voltage)

FITC-Bovine 
serum albumin 
(FITC-BSA)

Release of FITC-BSA 
from the nano�bers

Zeng et al. 
(2005)

Growth 
factors

PCL and ethyl 
ethylene 
phosphate 
(PCLEEP)

Solvents: 
Dichloromethane 
5–10 cm

20 kV
9.0 mL/min

β-Nerve growth 
factor (NGF)

Sustained release of 
bioactive NGF for 
3 months

Chew et al. 
(2005)

Enzymes Poly(dl-lactic 
acid), PDLLA 
along with 
methyl 
cellulose (MC)

Emulsion 
electrospinning

Solvents: 
chloroform

15 cm
15–30 kV
3.6–5.4 mL/h

Lysozyme Release of proteins at 
a constant rate for 
several days after 
initial burst release

Yang et al. 
(2007)

Anticancer 
drugs

PEO and 
chitosan with 
hyaluronic 
acid surface 
modi�cation

Rotating 
aluminum shaft 
collector

12–20 kV
0.3 mL/h

Paclitaxel Decreased number of 
prostate cancer cells 
on the �bers with 
increasing 
concentration of 
paclitaxel loading

Ma et al. 
(2011)

Anti-
infection 
drugs

PEVA, PLA, 
and a blend of 
the two

Aligned 1–6 μm Tetracycline 
hydrochloride

Steadily released the 
drug over 5 days

Kenawy 
et al. 
(2002)
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14.4.3 Electrospun Nanofibers in Enzyme Engineering

Electrospinning has recently gained attention in the immobilization and controlled release 
of enzymes. A representative case study has been presented in Table 14.7. Immobilization 
of enzymes is essential because this action stabilizes and enhances enzyme performance 
(Wan et al. 2008, Tran et al. 2011). Electrospinning is a popular technique in this area because 
the immense surface area of the �bers and the freestanding structures that can be formed 
upon collection allow for easy handling (Sundarrajan et al. 2010, Moreno et al. 2011). By 
taking advantage of core-shell electrospinning, discussed in Section 14.2.5, enzyme nan-
o�bers have been fabricated. This is advantageous to the �eld of nanobiotechnology again 
because membranes of nano�brous enzymes present a high surface area and a simple 
separation of biocatalyst and substrate (Tran et al. 2011). Two speci�c examples of how this 
is vital to the �eld of nanobiotechnology involve the enzymes cellulase and laccase.

Cellulases are a series of enzymes that assemble to catalyze the hydrolysis of cellulose 
to glucose (Singhania et al. 2010). This is critical for alternative fuel research because cel-
lulose is a hopeful source for renewable energy (Li et al. 2007, Tran et al. 2011). However, in 
order to be used as a biofuel, it must be converted from a biomass via catalytic processes 
(Sukumaran et al. 2009). This is where cellulase comes in and facilitates the operation. Tran 
et al. used core-shell electrospinning to create PEO-cellulase �bers, crosslinked the cellu-
lase core and tested the activity of the enzyme on an insoluble paper substrate. Although 
their results were preliminary, they found that the activity of the crosslinked enzyme 
within the nano�bers was similar to other crosslinked cellulases.

Laccase is a copper-containing oxidase that is capable of catalyzing one-electron 
oxidation of various compounds (Lettera et al. 2010). These compounds include phenols, 
chlorinated phenols, aromatic substrates, pesticides, endocrine disrupters, and various 
dyes, to name a few (Dai et al. 2010, Majeau et al. 2010). One important application of laccase 
is biodegradation and biotransformation of pollutants, such as for wastewater treatment 
(Auriol et al. 2008, Garcia et al. 2011). The issue with using this enzyme in free form is that 
it loses its activity quickly in aqueous solutions (Shin-ya et al. 2005). Thus, there is a need 
for immobilizing laccase in order to increase its stability. Core-shell electrospinning has 

TABLE 14.7

An Example of Electrospinning in Enzyme Engineeringa

Goal Polymer
Type of 

Electrospinning
Fiber 

Diameter Enzyme Results

To immobilize the 
model enzyme, 
α-chymotrypsin, 
and examine its 
catalytic 
behaviors

Polystyrene
(PS)

Randomly 
aligned

120 nm–1 μm α-Chymotrypsin
Attachment 
achieved by 
submerging the 
�bers into an 
aqueous buffer 
containing the 
enzyme

Hydrolytic 
activity of the 
nano�brous 
enzyme in 
aqueous 
solutions was 
over 65% of the 
native enzyme

Covalent 
binding of the 
enzyme to the 
nano�bers led 
to an 18-fold 
longer half-life 
in methanol

a Case Study: Jia et al. (2002).
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also been used to incorporate laccase into poly(d,l-lactide) (PDLLA)/PEO-PPO-PEO (F108) 
electrospun micro�bers (Dai et al. 2010). PEO-PPO-PEO (F108) is a triblock copolymer that 
can be purchased in this form. In this case, the laccase and polymer solution were made 
into an emulsion prior to electrospinning so that laccase could be immobilized in situ. Dai 
et al. decided to observe how this construct affected the degradation of a crystal violet 
dye, which can bind to DNA. This degradation can be toxic to human health by causing 
moderate eye irritation, permanent injury to the cornea and conjunctiva, and, if exposed 
long term, cancer (Crystal Violet MSDS 2011). Crystal violet is a synthetic dye that is used 
in the textile, paper, printing, cosmetics, and pharmaceutical industries (Dai et al. 2010). 
Thus, exposure is quite common. The activity of immobilized laccase was found to be 
about 67% of that of free laccase, which is considerable since the enzyme was immobilized 
and encapsulated.

14.5 Conclusions and Perspectives

To summarize, we have presented an overview of the extremely versatile electrospinning 
technique. From this, it is evident that electrospinning not only spans several disciplines 
but is especially useful for biological applications. We focused on tissue engineering, drug 
delivery, and enzyme engineering, since they are the major applications of nano�brous 
materials in the nanobiotechnology �eld.

We predict that the use of electrospinning is only going to gain momentum with the 
advancement in nanobiotechnology. One future direction we would like to see is a more 
ef�cient way to perform sterile electrospinning for biological purposes. Currently, scaf-
folds are sterilized by ultraviolet irradiation or ethanol treatments followed by washing 
with sterile water or buffer solution. This is not always ef�cient especially if the polymer 
scaffold is soluble in water or is sensitive to UV light. The most ef�cient way would be to 
utilize sterile polymer solutions and electrospin these solutions in a sterile tissue culture 
hood. This way, there is no extra step needed to ensure that the scaffolds are sterile and 
ready for cell experimentation.

A second perspective for electrospinning is the need for a more streamlined approach for 
embedding biomacromolecules and even cells within nano�brous constructs. Although 
cell seeding allows for attachment to the scaffolds, the cells typically remain on the surface 
rather than embedded within the nano�bers. One of the advantages of electrospinning is 
the potential for 3D construct formation, which requires that the cells interact with the 
scaffold completely and not just at the surface.

In order for clinical applications to come to fruition, there is a need for understanding 
several factors in electrospinning. These include: how the �bers are made, what they 
are made of, what surface they are attaching to, what surface modi�cations have been 
done, mechanical and chemical properties, and much more. With these understandings, 
there will be better control of the electrospinning process and resulting nano�ber prod-
ucts. It will lay a solid foundation for producing nano�brous materials in compliance 
with the FDA’s current good manufacturing practice (cGMP) for translational research. 
This requires not only a biological perspective but also that of physics, chemistry, engi-
neering, and even materials science. The collaboration between various disciplines is 
essential when attempting to advance the transition from research and design to clinical 
utilization.
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15.1 Introduction

As nanotechnology and biotechnology have expanded and overlapped, nanotechnology 
has begun to play a role in an increasing number of areas of biotechnology. In this chapter, 
we explore the role of nanotechnology in bioprocessing. Bioprocessing can broadly 
be described as the biological transformation of materials into desired end products. It 
includes enzymatic biocatalysis, fermentation, and mammalian cell culture for production 
of therapeutic proteins and high value small molecules, and the associated bioseparations 
needed to obtain products of adequate purity for the ultimate application. Bioprocessing 
is a multi-billion-dollar-a-year industry, with growth rates in some sectors of up to 20% 
annually. In addition to providing novel therapeutics that have revolutionized much of 
health care, bioprocessing will play a critical role in providing clean energy for the twenty-
�rst century.

In this chapter, we �rst discuss the nanoscale materials, both inorganic and organic that 
play a role in bioprocessing and then focus on the use of nanotechnology in three different 
applications—enzymatic biocatalysis, bioseparations, and microbial and mammalian 
cell culture. While it is impossible to comprehensively describe every application of 
nanotechnology in bioprocessing, we hope to provide a broad overview of the intersection 
of these two technologies and a vision of where the future may lie.

15.2 Materials

15.2.1 Inorganic Materials

An inorganic substance can be described as a material that is composed of minerals and 
does not contain carbon or other organic compounds. Inorganic materials have been used 
in conjunction with biological applications for many years. Inorganic materials are of 
increasing interest in the biological �elds when compared with organic materials because 
they are reusable, have higher mechanical strength, and high resistivity to heat, chemicals, 
and microbial degradation (Michaels 1990). Gold, silicon (silica), and metal oxides are some 
of the many types of inorganic materials currently used for biological nanotechnology.

15.2.1.1 Gold

One of the earliest known forms of nanotechnology was the use of colloidal gold for color-
ing ceramics and for the production of ruby glass around the �fth and fourth century BCE 
(Daniel and Astruc 2004). Although this technique is still used today, colloidal gold, also 
known as gold nanoparticles (AuNPs), are now being used for various other applications, 
including nanobiotechnology.

Gold has many desirable characteristics that make it useful for many nanotechnology 
applications. In the case of biology, AuNPs have many advantages. One major advantage 
is that gold is very biocompatible. Shulka et al. (2005) showed that gold is noncytotoxic and 
nonimmunogenic to cells by investigating the endocytotic uptake of AuNPs in RAW264.7 
macrophage cells using different microscopy techniques: atomic force microscopy (AFM), 
confocal-laser-scanning microscopy (CLSM), and transmission electron microscopy 
(TEM). They determined through these methods that AuNPs did not cause secretion of 
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in�ammatory cytokines or affect the amounts of reactive oxygen and nitrate in the cells, 
illustrating no harm to cell functionality. At the end of the study, Shukla and coworkers 
concluded that gold is a biocompatible material with a great future in many nanobiotech-
nology and nanomedicine applications, including cancer therapy and cancer imaging.

Other desirable properties of gold are ef�cient surface modi�cation and easy 
conjugation with biomolecules. A classic example of gold surface modi�cation with 
bioconjugation is the use of a thiol functional group to attach a biomolecule. A thiol 
is an organic compound that contains a sulfhydryl group (R–SH or –C–SH). When a 
thiol-containing molecule interacts with a metal, in this case gold, a dative bond (also 
known as a coordinate covalent bond) is formed (Hermanson 1996). Although these 
bonds are relatively strong, they are still at risk of displacement by another thiol-
containing molecule or oxidation-off of the surface, if exposed to oxygen or aqueous 
solutions. This technique was used to create a gold-patterned silicon surface to compare 
the biocompatibility between functionalized silicon and functionalized gold on silicon, 
as well as to study the difference between cell adhesive properties on the two different 
substrates for hemocompatible and tissue-compatible sensor platforms (Lan et al. 2005). 
In this case, a silicon substrate was patterned with gold. The gold was then functionalized 
using a carboxylic acid–terminated alkanethiol to form a self-assembled monolayer 
(SAM) on the gold, while polyethylene glycol (PEG), a biocompatible polymer, was 
attached to the silicon surface to prevent protein and cell adsorption. The carboxylic acid 
terminus was further conjugated using N-hydroxysuccinimide (NHS) in order to allow 
for coupling of the protein, �brinogen, with the SAMs and then conjugation with either 
mouse �broblasts or mouse macrophages. At the end of the study, they concluded that 
their surfaces functionalized with PEG and gold on silicon almost completely eliminated 
protein adsorption and cell attachment to the silicon while directing cell attachment 
on the gold—the desired result. The silicon modi�ed with PEG also reduced protein 
adsorption and cell attachment when compared with the control substrate (unmodi�ed 
silicon), with no guided cell attachment.

Since gold has proven to be useful in many biological applications, researchers have 
wondered if the innate properties of gold (or if the morphology of gold) play a role in 
protein adhesion. In order to perform this study, gold nanospheres and nanorods were 
synthesized and combined with either lysozyme or α-chymotrypsin (ChT) to study the 
protein–nanoparticle adhesion (Gagner et al. 2011). The proteins were incubated with the 
nanospheres or nanorods at saturating conditions. They observed that the proteins adsorb 
with a higher surface density on the nanorods than on the nanospheres. Neither protein 
exhibited any substantial loss of activity (<10%) when adsorbed onto either nanostructure. 
At the end of the study, they concluded that the gold’s morphology had no substantial 
effect on protein structure or function after adhesion.

Thus, the biocompatibility and ease of manipulating gold allow for the use of this 
element in biosensing, drug/gene delivery, imaging, and detection purposes.

15.2.1.2 Silicon/Silica

One of the most widely used materials in the nanotechnology industry today is silicon. 
Silicon has long been used for electronics and lithography and is gaining popularity in 
the biological world. This element and its relative, silica (silicon dioxide), are becoming 
biomaterials as the worlds of nanotechnology and biology combine. Silicon and silica are 
used for a variety of different biological applications, including bioseparations, cell cul-
ture, enzyme stabilization, and biosensing.
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Silicon and silica have many unique properties that allow these materials to be so 
versatile. In the case of porous silicon, pore sizes can be varied with ease and precision. 
These pores also allow for high surface area and therefore high loading capabilities (Low 
et al. 2006). Porous silicon is also biodegradable in aqueous solutions, breaking down to 
silicic acid (Canham 1995). Since porous silicon has these properties, it is an ideal material 
for cell culture and for size- and charge-based biomolecule separations. The surface of 
porous silicon has been modi�ed with different chemistries and characterized to observe 
how cells attach (Low et al. 2006). Three different chemistries were used to modify 
the silicon surface: ozone oxidation, silanization, or coating with serum or collagen. 
The surfaces with collagen and the surfaces that were amino-silanized promoted cell 
attachment, while those that were ozone oxidized or silanized with PEG did not result 
in much cell attachment. Another study explored porous nanocrystalline silicon (pnc-Si) 
membranes as a cell-culture substrate (Agrawal et al. 2010). Immortalized �broblasts and 
primary vascular endothelial cells were cultured on thin pnc-Si membranes and placed in 
their appropriate media. The membranes degraded after a couple of days in media, which 
was accelerated by the addition of cells. This dissolution had no cytotoxic effects on the 
cells, illustrating the material’s biocompatibility. In order to expand cell-culture longevity 
on the pnc-Si membranes, the density of the super�cial oxide was increased by applying 
heat. By increasing the density of the super�cial oxide on this membrane, the stability 
was increased, thereby reducing the degradation rate of the membranes in cell media. 
Although there were not large differences in cell growth and adhesion between the pnc-Si 
and the controls (glass, tissue culture polystyrene), they determined that pnc-Si could still 
be useful as a cell-culture substrate.

Silica is also highly biocompatible since it is produced naturally in many plant species 
(Neethirajan et al. 2009). Silica is also found naturally in diatoms, which are unicellular, 
eukaryotic photosynthetic algae composed of amorphous clear silica glass. Diatom’s silica 
shells are used for many nanotechnology applications. These applications include drug/
gene delivery, biophotonics, and micro�uidics (Gordon et al. 2009), molecular separations, 
and biosensing (Dolatabadi and de la Guardia 2011). The formation of nanoparticles with 
silica has been used to immobilize enzymes on their surface (Liu et al. 2009). Porous silica 
glass has been used to encapsulate and protect proteins, which also prevented protein 
aggregation and improved overall protein stability when compared with proteins in free 
solution (Domach and Walker 2010). Studies have also shown that enzymes encapsulated 
in silica matrices can be used for biosensing applications (Ramanathan et al. 2009). To 
better understand protein adsorption (bovine serum albumin and lysozymes) on silica, a 
study was conducted using ordered mesoporous silica substrates (SBA-15) and evaluated 
using �ow microcalorimetry (Katiyar et al. 2010). This study revealed that when protein-
surface interactions were attractive, exothermic events were observed. They also discov-
ered that enthalpies of protein adsorption on SBA-15 decreased as the surface coverage 
increased for primary protein-surface interactions. They believe this illustrates an increas-
ing trend in repulsion between the protein molecules. Overall, this study concluded that 
protein structure and solution conditions have a large effect on how proteins conform to 
the silica surface.

15.2.1.3 Metal Oxides

Metal oxides are compounds formed between metals and oxygen, typically an oxygen 
anion and metal cation. Depending on the metal associated with the oxide, the physi-
cal and chemical properties of that material can be different. Metallic oxides are large 



327Applications of Nanotechnology to Bioprocessing

structures that contain metal ions and oxide ions. The attractions between these ions are 
strong, requiring a lot of energy to break the bonds, leading to high melting and boiling 
points. These oxides are also incapable of conducting electricity in a solid state but elec-
trolysis is possible in the molten state. Molten metal oxides can conduct electricity because 
of the movement and discharge of the ions present. Some metal oxides also have magnetic 
properties, which can make them useful in a variety of �elds. One issue associated with 
metal oxides is that they need to be protected with a polymer or other materials to pre-
vent them from oxidizing, potentially causing a loss of their magnetism (Lu et al. 2007). 
Nanoscale metal oxides are currently used for a vast number of applications including gas 
sensing, solar cells, fuel cells, and data storage. Metal oxides are also increasingly used for 
the development of biosensors, as well as bioinorganic nanoscaffolds. The metal oxides 
used include iron oxide, aluminum oxide, nickel oxide, and zinc oxide.

Iron oxide has many biological applications. Its properties (high ionic conductivity, high 
isoelectric point, and catalytic abilities) have made it particularly useful for biosensor 
applications. In recent work, gold electrodes were coated with iron oxide nanoparticles to 
evaluate hydrogen peroxide concentrations (Thandavan et al. 2011). These nanoparticles 
were then conjugated with catalase enzyme (CAT), which is responsible for decomposing 
hydrogen peroxide into water and oxygen. Iron oxide nanoparticles were chosen for this 
application because they are able to transfer electrons ef�ciently when interacting with 
the produced oxygen, and since the oxygen concentration is dependent on the hydrogen 
peroxide concentration, a quantitative estimation of the hydrogen peroxide concentration 
can be made. Iron oxide nanoparticles are also being tested for use as a magnetic 
resonance imaging (MRI) contrast agents because of their magnetic properties (Laurent 
et al. 2008). The magnetic properties of iron oxide have also proven useful for biological 
separations and gene delivery. In a study by Tong et al. (2001), superparamagnetic iron 
oxide nanoparticles were synthesized for use in protein adsorption and puri�cation. The 
nanoparticles, in conjunction with poly(vinyl alcohol) (PVA) and glutaraldehyde, were 
used to compose a magnetic af�nity support (MAS) to which ligands could adsorb, in 
this case, lysozyme. The MAS was used for the puri�cation of alcohol dehydrogenase 
from clari�ed yeast homogenates through magnetic separation. Another potential 
application is coating iron oxide nanoparticles with different polymers to deliver small 
interfering RNA (siRNA) (Boyer et al. 2009; Zhang et al. 2010a). In a study conducted by 
Zhang et al., superparamagnetic iron oxide nanoparticles were synthesized and coated 
with polyethylenimine (PEI) for siRNA delivery in 3D cell culture. These nanoparticles 
were driven to the cells through a collagen-gel matrix using a controlled magnetic �eld. 
Using this approach, the siRNA was successfully transfected into the cells grown in 3D 
culture, and it was concluded that this method could also be useful for therapeutic drug 
screening.

Aluminum oxide, also known as alumina, has emerged as another important inorganic 
material in nanobiotechnology. Alumina has many desirable properties that make it useful 
in many different scienti�c disciplines including nanobiology. The fact that alumina is 
insoluble in water is one of these properties. This property is particularly important in 
biological processes since nanostructures or membranes created using this material will 
not degrade while in a system under biological conditions. The creation of anodic alumina 
membranes (AAMs) is a common and useful method for employing this material in 
nanotechnology. AAMs are fabricated by oxidizing aluminum with an anode in a solution 
that can be composed of different acids (sulfuric acid, phosphoric acid) (Li et al. 2008). This 
process creates uniform and parallel pores in the AAMs in which nanostructures can 
form. Several techniques have been employed for the development of nanostructures out 
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of anodic alumina membranes. Carbon nanotubes are an example of a structure capable of 
growing out of the pores in AAMs. Alumina has also been employed for tissue engineering 
through construction of a biocompatible, nanoporous anodic aluminum oxide membrane 
(Poinern et al. 2011). Nanoporous alumina membranes modi�ed with n-alkanoic acids 
have also been developed for use in protein adsorption (Chang and Suen 2006).

Other metal oxides such as nickel oxide and zinc oxide are also used in nanobiotechnol-
ogy in biosensors, magnetic bioseparations, as well as protein and cell adsorption. Zinc 
oxide thin �lms have been used for hydrogen peroxide sensing (Sivalingam et al. 2011). 
In a study conducted by Mu et al. (2007), nickel oxide was used for nonenzymatic glucose 
sensing.

15.2.2 Carbon

Carbon comes in many different forms, referred to as allotropes. Carbon nanotubes and 
graphene are just two of the many allotropes of carbon. Figure 15.1 illustrates the different 
structures carbon can take, as well as explaining carbon’s unique properties. Similar to the 
differences between diamond and graphite, carbon nanotubes (CNTs) and graphene have 
different properties from each other as well as from their pure elemental parent, carbon. 
The difference in their properties allows for a wider variety of applications.

15.2.2.1 Carbon Nanotubes

CNTs were �rst discovered in 1991 and have been of great interest ever since. These struc-
tures have intriguing characteristics (chemical stability, high surface area, and easy size 
manipulation) that allow for CNTs to have many different biological applications includ-
ing transport of biomolecules, biosensing, and cell culture.

There are many different kinds of biological sensing that employ CNTs. Often CNTs 
are combined with biological structures to allow for better biocompatibility. In one case, 
single-walled CNTs were coated with double-stranded DNA (dsDNA) for use in the sens-
ing of hydrogen peroxide and glucose (Xu et al. 2011). These single-walled CNTs were 
coated with dsDNA, which allows for the solubilization of the CNTs to make a stable 
suspension in aqueous solution. Without the dsDNA, the CNTs would align themselves 
and it would be dif�cult to get them to disperse (Dresselhaus et al. 1996). CNTs �lled 
with a membrane composed of poly(acrylonitrile-co-acrylic acid) (PANCAA) have also 
been used for glucose biosensing (Wang et al. 2011). PANCAA and a multiwalled CNT 
were electrospun together onto a platinum electrode, and glucose oxidase was then 
immobilized onto the PANCAA membrane. Another approach to glucose biosensing was 
achieved by electrodepositing palladium nanoparticles, along with glucose oxidase, on 
to a Na�on-solubilized carbon nanotube electrode (Lim et al. 2005). Na�on is a biocom-
patible, synthetic copolymer with unique ionic properties, and it has been previously 
reported that this copolymer is a good solubilizing agent for CNTs (Wang et al. 2003). 
Being able to dissolve CNTs in Na�on allows for easy manipulation for modifying elec-
trode surfaces for biosensors. Thin �lms of CNTs have been designed and tested for DNA 
electrochemical sensing (Berti et al. 2009).

The use of CNTs in cell culture and cell growth has also become of interest. CNTs 
are being studied for these purposes because they can be easily aligned and oriented in 
speci�c ways in order to manipulate the cells to grow a certain way, as well as providing 
nanotopography. Patterned CNTs also help with cell adhesion onto the tubes (Abdullah 
et al. 2011).
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15.2.2.2 Graphene and Graphene Oxide

Graphene is another allotrope of carbon that is composed of a one-atom-thick planar 
sheet of carbon atoms that are bound together in a “honey-comb” lattice, giving a two-
dimensional structure. Graphene can also be described as an unrolled CNT, as seen in 
Figure 15.1. Similar to CNTs, graphene also has applications in biosensing, in particular, 
�eld-effect transistors (FET) and �uorescence resonance energy transfer (FRET) biosensing. 
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FIGURE 15.1
(A) The epitome of graphite forms. Graphene is a 2D building material for carbon materials of all other 
dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes, or stacked into 3D 
graphite. (B) Schematic image representing the loading of doxorubicin (DOX) and camptothecin (CPT) onto 
FA-modi�ed NGO. The NGO is functionalized with sulfonic acid groups to form NGO–SO3H, which render it 
stable in physiological solution. NGO–FA was prepared through formation of an amide bond by the reaction 
between the NH2 groups of FA and COOH groups of NGO–SO3H. Finally, two anticancer drugs, DOX and CPT 
were conjugated onto the FA–NGO via π–π stacking and hydrophobic interactions. (C) Electronic dispersion 
in graphene. Left: energy spectrum (in units of t) for �nite values of t and t′, with t = 2.7 eV and t′ = −0.2t. Right: 
magni�ed image of energy bands close to one of the Dirac points. (D) PEG modi�cation of NGO: photos of (a) 
GO and (b) NGO–PEG in different solutions recorded after centrifugation at 10,000 times gravity for 5 min. 
GO crashed out slightly in PBS and completely in cell medium and serum (top panel). NGO–PEG was stable 
in all solutions; Atomic force microscopy (AFM) images of (c) GO and (d) NGO–PEG. (Reprinted from Chem. 
Commun., 47, Wang, W., Wang, D.I.C., and Li, Z., Facile fabrication of recyclable and active nanobiocatalyst: 
Puri�cation and immobilization of enzyme in one pot with Ni-NTA functionalized magnetic nanoparticle, 
8115–8117, Copyright 2011, with permission from Elsevier.)
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Graphene FET devices have been constructed for living cell detection, while graphene 
FRET biosensors are being used for the detection of DNA (Wang et al. 2011). Graphene 
can be easily biofunctionalized with a variety of biomolecules because of its large two-
dimensional aromatic structure (Wang et al. 2011). This structure permits proteins, such 
as enzymes, to be immobilized on the surface (Zhang et al. 2010b). Graphene is also being 
utilized in cancer research, particularly for cancer imaging (Wang et al. 2011).

In a study conducted by Wang et al., graphene oxide was utilized to construct an aptamer-
carboxy�uorescein (FAM)/graphene oxide nanosheet (GO-nS) nanocomplex. This gra-
phene oxide nanocomplex was then used to investigate its ability to deliver DNA to the 
cells as well as molecularly target or “probe” living cells in situ for real-time biosensing 
(Wang et al. 2010). This was accomplished by coupling ATP to the aptamer-FAM/GO-nS 
complex. This coupling reaction allowed for the release of the ATP and the aptamer-FAM 
from the GO-nS, the cells to take up the newly formed ATP/aptamer-FAM complex.

Diamond, another well-known form of carbon, is also being examined for use as a bio-
logical substrate. Diamond surfaces are being investigated more for their use in biomedi-
cal applications, in particular, chemically vapor deposited (CVD) diamond. CVD diamond 
is inert and hemocompatible, which makes it biocompatible in the human body. The pro-
cess of chemical vapor deposition allows for a very thin layer of diamond to be coated onto 
another substrate, such as silicon, making the use of diamond much more cost effective. 
To demonstrate this, a study was performed in which Chinese hamster ovary (CHO) cells 
were grown on both hydrogen-terminated and oxygen-terminated CVD diamond sub-
strates (Smisdom et al. 2009). They found that the CHO cells could grow on the diamond 
surfaces while still maintaining high cell viability.

15.2.3 Polymers

A polymer is a macromolecule composed of smaller, repeating structural units called 
monomers. Monomers form polymers in a process called polymerization. Polymers are 
very diverse, being composed from both natural and synthetic materials, and typically 
have a very high molecular weight. There are many different types of polymers includ-
ing naturally occurring biopolymers. Some of these biopolymers include nucleic acids, 
proteins, carbohydrates, and lipids. Table 15.1 shows the structures of different monomers 
and their polymers, which directly correlates to their chemical and physical properties.

Polymers are now widely used for many nanobiotechnology purposes. Both synthetic 
and naturally occurring polymers have found their places in this �eld. There are several 
types of synthetic, biocompatible polymers including hydrogels and PDMS. A naturally 
occurring biocompatible polymer receiving increased attention is chitin/chitosan. All of 
these polymers have a wide variety of possible applications including detection/biosens-
ing, protein binding, micro�uidic devices for extractions, membranes for cell culture, and 
antimicrobial applications.

15.2.3.1 Hydrogels

A hydrogel is a polymer that is cross-linked into a three-dimensional network, forming a 
gel when exposed to particular stimuli. Hydrogels are capable of absorbing large amounts 
of water, which makes them desirable for biological applications (Robert 2000). These poly-
meric networks can be classi�ed as nonresponsive gels or responsive gels. Nonresponsive 
gels swell when exposed to water, whereas responsive gels are formed when exposed to 
other stimuli including temperature, pH, and light (Luchini et al. 2008). Since hydrogels 
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TABLE 15.1

Examples of Polymers Used in Nanobiotechnology and Their 
Structures

Polymer Name Structure
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TABLE 15.1 (continued)

Examples of Polymers Used in Nanobiotechnology and Their 
Structures

Polymer Name Structure
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Chemical polymers
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TABLE 15.1 (continued)

Examples of Polymers Used in Nanobiotechnology and Their 
Structures

Polymer Name Structure
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(continued)
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are sensitive to many external stimuli, they can be used for numerous applications, par-
ticularly biological applications.

In a study conducted by Luchini et al. (2008), “smart” hydrogel NPs were synthesized 
as biomarkers for disease detection in blood samples. These particles were designed spe-
ci�cally to perform three different procedures in a single step within minutes: (1) size 
exclusion, (2) af�nity puri�cation of solution-phase target molecules, and (3) protection 
of harvested proteins from enzyme degradation. Hydrogels can be used for immobili-
zation purposes as well. Kusters et al. (2011) employed hydrogels for immobilization of 
membrane proteins. These hydrogels were composed of organic gelators and were used 
to immobilize the proteins in their native lipid environment as well as synthetic ones. 
Poly(2-hydroxyethyl methacrylate) (PHEMA) is an example of a speci�c polymer which 
is capable of forming a hydrogel when exposed to water. PHEMA has also been used for 
protein binding applications. This polymer was used to make “brushes” that were grown 
out of a porous alumina substrate (Sun et al. 2006). These PHEMA “brushes” were then 
functionalized so proteins would adsorb to them and could later be puri�ed.

15.2.3.2 PDMS

Polydimethylsiloxane (PDMS) is a silicone-based organic polymer. This polymer is known 
for its unique �ow properties; when placed under high temperature conditions, PDMS 
behaves like a viscous liquid, and at low temperatures, it behaves like an elastic solid. It is 
nontoxic, inert, and transparent, which makes it ideal for biological applications.

While PDMS is primarily used for protein adhesion because of its hydrophobic nature 
and biofouling tendency, current studies are examining the use of modi�ed PDMS sur-
faces for anti-fouling and anti-microbial applications for the medical �eld. Goda et al. 
conducted a study in which they grafted PDMS with poly(2-methacryloxloxyethyl phos-
phorylcholine) (poly(MPC)). Poly(MPC) is a polymer that resists nonspeci�c protein 
binding because of the free water that surrounds the polymer chain. This polymer is 
also known to stabilize biomolecules that are adsorbed to its surface. Grafting PDMS 
with poly(MPC) left benzophenone on the PDMS surface since it is insoluble in water 

TABLE 15.1 (continued)

Examples of Polymers Used in Nanobiotechnology and Their 
Structures

Polymer Name Structure
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(Goda et al. 2006). This reaction is illustrated in Figure 15.2. This enhanced the polymer 
surface hydrophilicity, anti-fouling properties, and its biocompatibility.

PDMS is a classical material for micro�uidic devices since it is easily molded into the 
various shapes. A microchip was developed using PDMS for a solid-phase extraction 
device (Karwa et al. 2005). Sorbent particles were immobilized onto PDMS micro�uidic 
channels through sol-gel chemistry. The PDMS used in this study served as a matrix for 
the sorbent particles, not directly for the solid-phase extraction.

Cell-culture devices can also be constructed with PDMS. Three-dimensional (3D) cell 
culture has become a very important area of research for biological scientists since 3D 
cultures better represent the cells’ natural growth environment. The biocompatibility and 
ease of use of PDMS make it ideal for this application. In a study conducted by Anada et al., 
a thin PDMS membrane was used as a support for cell culture. The purpose of these mem-
branes was to create spheroids (multicellular aggregates). These spheroids were formed 
through deformation of the membrane through decompression (Anada et al. 2010).

15.2.3.3 Chitin/Chitosan

Chitin is a naturally occurring long-chain polymer composed of N-acetylglucosamine. 
This polymer can be found in the exoskeletons of crustaceans and insects as well as the 
cell walls of fungi. Chitosan is a deacetylated chitin composed of randomly distributed 
repeating units of N-acetylglucosamine linked to a deacetylated d-glucosamine unit. 
Both chitin and chitosan are considered glycosaminoglycans (GAGs) and have unique 
properties, which make them interesting for research. Chitin is not soluble in aqueous 
media while chitosan is soluble in acidic conditions because of available amino groups on 
d-glucosamine that can be protonated (Aranaz et al. 2009).

In a study by Fabela Sánchez et al. (2009), chitosan was cross-linked with glutaraldehyde 
for mammalian cell culture. The purpose was to create a substrate that more closely 
resembles the extracellular matrix (ECM). The cross-linking of chitosan with glutaraldehyde 
causes the polymer to become a hydrogel. This hydrogel was then studied for its use as 
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Scheme of the UV-induced free radical surface graft polymerization onto a PDMS surface. (Reprinted from 
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a nanoscaffold for growing skin cells, neural cells, chondrocytes, and enteric nervous 
system (ENS) cells. At the end of the study, they concluded that their method was effective 
for both cell growth and cell viability.

15.2.4 Biological Chemistries and Manipulations

Besides the use of new materials for nanobiotechnology, there are also many different 
kinds of chemistries and biological manipulations being employed for use in this �eld. 
Many naturally occurring reactions, such as substrate channeling, are being studied and 
exploited for use in a variety of new chemical processes. Conjugations of chemistry with 
biology are also being used to improve biological separations and detection of proteins.

15.2.4.1 Substrate Channeling

A type of manipulation that is being explored is substrate channeling. Substrate 
channeling occurs when the intermediate product from an enzyme is transferred to 
another neighboring enzyme without allowing the intermediate to equilibrate in the 
bulk phase (Spivey and Ovádi 1999). This process can occur in vivo, ex vivo, or in vitro 
naturally, but there are many bene�ts to constructing synthetic complexes for substrate 
channeling for biotechnology purposes (Zhang et al. 2011). Substrate channeling allows 
for faster reaction rates when compared to free �oating enzymes, as well as protecting 
unstable intermediates, obstructing substrate competition among different pathways, 
and enhancement of biocatalysis by avoiding unfavorable energetics of substrates. Some 
of these synthetic complexes include multifunctional fusion proteins, complexes linked 
with scaffolding, synthetic cellulosomes and recombinant cellulolytic microorganisms, 
and the co-immobilization of multiple enzymes, all of which can be seen in Figure 15.3. 
A co-immobilized enzyme complex was formed by coupling the enzymes to the surface 
of isocyanopeptides and styrene for use as nanoreactors (Van Dongen et al. 2009). These 
nanoreactors were multistep, �rst converting glucose acetate to glucose, and then oxidizing 
glucose into gluconolactone with hydrogen peroxide as a byproduct. At the end of the 
study it was concluded that the co-immobilized enzyme cascade allowed for a faster 
reaction rate of these conversions.

15.2.4.2 Chemical Tags

The Nano-Tag is one of the many ways in which nanoscale chemistry applications are 
being applied to biology. The Nano-Tag is a streptavidin-binding peptide that is 15 amino 
acids long and has an af�nity for streptavidin. This chemistry has been used for puri-
�cation and detection of recombinant proteins (Lamla and Erdmann 2004). Lamla and 
Erdmann developed the Nano-Tag and then sought to study its ef�ciency in one-step 
protein puri�cation. They found that the Nano-Tag was capable of one-step protein puri-
�cation and that it could be subsequently used for detection on a western blot using 
streptavidin reagents.

Another chemistry being employed for biological uses is avidin. Avidin is a biotin-binding 
protein typically used as a protein-puri�cation component for biotin-labeled proteins or 
nucleic acids. In a study conducted by Fang et al., avidin was connected to a glassy carbon 
electrode. Using this as a base, they were successfully able to create a quantitative electro-
chemiluminescence detector (Fang et al. 2008). Biontinylated bovine serum albumin (BSA), 
which was labeled with tris(2,2-bipyridine) ruthenium(II), was then attached to the avidin 
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covered electrode. The tris(2,2-bipyridine) ruthenium(II) label allowed for the detection of 
the BSA concentration on the electrode.

15.3 Applications of Nanotechnology to Bioprocessing

15.3.1 Enzymatic Reactions

Enzymes or biological catalysts are widely used for a variety of applications including 
synthesis of pharmaceutical intermediates, production of food products, detergents, and 
production of specialty chemicals. Enzymes are able to catalyze a broad range of chemi-
cal reactions including hydrolysis, oxidation, reduction, polymerization, etc. In addition, 
enzymes are able to work under mild conditions including near ambient temperatures, 
neutral pH and aqueous environments, making them highly favored for “green” chem-
istry. Finally, enzymes exhibit exquisite speci�city including regio- and enantiomeric 
speci�city, allowing them to produce chiral compounds with high yields without dif�cult 
puri�cation processes. Despite these extensive advantages, enzymatic biocatalysis suffers 
from some signi�cant limitations. Enzymes are expensive, unstable, exhibit poor activity 
in organic solvents, and are dif�cult to separate from the chemical reactions, often increas-
ing the puri�cation costs. To alleviate many of these issues, enzymes are often immobilized 
for bioprocessing applications (Brady and Jordaan 2009). While immobilized enzymes 
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Biotechnological approaches for constructing enzyme complexes for substrate channeling: a fusion protein with 
multiple functions (a), an enzyme complex through the linkage of scaffolding (b), coimmobilization of ran-
domly mixed enzyme complexes (c), and coimmobilization of positionally assembled enzyme complexes (d). 
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have been used for decades, there have been a number of recent advances in immobiliza-
tion and stabilization, many of them due to the incorporation of nanotechnology, both car-
bon-based and inorganic nanomaterials, to create novel enzyme-nanomaterial complexes. 
These materials comprise a variety of nanostructures including nanoporous materials, 
nano�bers, and nanoparticles. While some of these advances have been reviewed rela-
tively recently (Kim et al. 2008), the �eld continues to advance rapidly. These advances and 
their applications will be discussed next.

15.3.1.1 Carbon-Based Materials

As described in Section 15.2.2, carbon can be found in a number of nanoscale forms. 
For enzyme applications, carbon nanotubes are the most common form, with enzymes 
immobilized to both SWNT and multiwall nanotubes (MWNTs) although C60 fullerenes 
have also been reported (Asuri et al. 2007b). In addition, graphene oxide has been used as 
a substrate for enzyme immobilization (Zhang et al. 2010b).

CNTs with their extremely high length-to-diameter ratios (up to ∼1 × 108), provide 
a unique substrate for immobilization, with very high surface area but none of the 
diffusional limitations observed in typical microporous substrates. In addition, their 
aspect ratio makes it possible to recover the nanotubes by �ltration, something that is not 
possible with other nanoscale materials. Asuri and colleagues immobilized a number of 
different enzymes to MWNTs (Asuri et al. 2006b). Prior to the enzyme immobilization, 
they acid-oxidized commercially available nanotubes and then fractionated them by 
repeatedly sonicating and �ltering until a water-soluble fraction was obtained. Enzymes 
were then attached to the nanotubes using carbodiimide chemistry. Soybean peroxidase 
(SBP) immobilized in this manner showed substantially increased thermal stability and 
thermal activation when compared with the soluble enzyme as well as reusability after 
recovery by �ltration and improved storage stability. The authors hypothesized that two 
mechanisms might lead to the improved thermal stability, multi-point attachment of 
the enzyme to the support, preventing denaturation and/or decreased protein–protein 
interactions on the highly curved surface of carbon nanotubes (Asuri et al. 2006a). Of 
particular note was that this increased thermostability occurred while the enzyme 
was in a soluble form, in contrast to most immobilization strategies that are insoluble. 
In a subsequent study, these authors attached several enzymes to water-soluble SWNTs 
prepared in a similar manner as the MWNTs (Asuri et al. 2007a). In this study, in addition 
to demonstrating increased enzyme stability in the presence of guanidine hydrochloride 
(GdnHCl), a strong chemical denaturant, they were able to perform spectroscopic analysis 
of the immobilized protein structure, something they were unable to do for enzymes 
immobilized to the MWNTs due to interference from the nanotubes. SWNT also provided 
much higher loading due to the surface accessibility of every single atom. Typical loadings 
for several different enzymes were ∼1.2 mg enzyme/mg SWNT. They found ∼50% activity 
was retained after immobilization and using far-UV circular dichroism (CD) spectroscopy, 
they observed 60%–80% of the native solution secondary structure was maintained. 
Using CD spectroscopy and �uorescence measurements, they were able to calculate an 
increase in the free energy of unfolding between horseradish peroxidase free in solution 
and immobilized onto SWNTs. They found ΔG of unfolding increased ∼6.6 kJ/mol upon 
immobilization, accounting for the increased stability.

Cang-Rong and Pastorin analyzed the effects of different immobilization methods for 
amyloglucosidase (AMG) attached to both SWNTs and MWNTs (Cang-Rong and Pastorin 
2009). They explored both physical adsorption and chemical ligation using oxidized 
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nanotubes (via carbodiimide chemistry), as well as on amino-functionalized nanotubes 
(via periodate-oxidized AMG). Typical enzyme loadings for the different immobilization 
methods are shown in Table 15.2. Physical adsorption was superior for both SWNTs and 
MWNTs, followed by the standard covalent immobilization using carbodiimide chemistry 
and �nally periodate-oxidation. In all cases, higher loadings were observed using MWNTs. 
These loadings are similar to reports for immobilization of SBP, alpha-chymotrypsin, and 
Subtilisin Carlsberg to MWNTs (Karajanagi et al. 2004; Asuri et al. 2006b), but signi�cantly 
lower than the ∼1 mg enzyme/mg SWNT described earlier. When they assayed the kinetic 
activity of the immobilized enzymes using starch as a substrate, for the adsorbed and 
carbodiimide-conjugated samples, the Vmax of all samples was similar and about 50% of 
the free enzyme in solution. However, the Km, which represents the af�nity of the enzyme 
for its substrate was increased in all of the samples, more so in the samples attached to the 
MWNTs and in the covalently coupled samples. As a result, the catalytic ef�ciency was 
decreased in all of the immobilized samples. For the periodate-immobilized samples, no 
activity was found. Finally, using CD spectroscopy, they analyzed the maintenance of the 
secondary structure after immobilization. The physically adsorbed samples maintained 
∼40% of their native structure, whereas the covalently bound samples maintained ∼20% of 
the native structure. Hence, there was a strong correlation between the catalytic ef�ciency 
and the maintenance of structural integrity, as might be expected.

In contrast to the curved structures of nanotubes and fullerenes, Zhang et al. (2010b) 
recently immobilized horseradish peroxidase (HRP) and lysozyme to graphene oxide, and 
characterized the enzyme-nanomaterial conjugate using atomic force microscopy (AFM), 
followed by enzyme activity assays. Graphene oxide (GO) provides some advantages 
over nanotubes and fullerenes for enzyme immobilization in that the presence of oxygen 

TABLE 15.2

Enzymatic Loading of the Various 
CNT–AMG Conjugates

Loading (μg of 
Enzyme/mg of CNT)

Physical adsorption
SWNTs 564
MWNTs 621

Covalent immobilization
SWNTs 290
MWNTs 274

Periodate-oxidized immobilization
SWNTs 105
MWNTs 142

Source: Image reproduced from Cang-Rong, 
J.T. and Pastorin, G., The in�uence of 
carbon nanotubes on enzyme activity 
and structure: Investigation of different 
immobilization procedures through 
enzyme kinetics and circular dichroism 
studies, Nanotechnology, 20(25), 255102, 
2009. Copyright (2009) with permis-
sion from IOP Publishing.
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groups permits immobilization without surface modi�cation or coupling reagents. In 
addition, the �at surface of graphene oxide lends itself to analysis using surface-imaging 
techniques such as AFM. Enzyme immobilization was performed by mixing the enzyme 
and GO together in phosphate buffer with shaking on ice for 30 min. After centrifugation 
and washing, the enzyme activity was assayed. GO is negatively charged at biologically 
relevant pH values, while HRP with a PI of 7.2 has a net positive charge below 7.2 and a 
net negative charge above that pH. Consequently, the enzyme loading for HRP varied 
inversely with pH. At pH 7, approximately 100 μg enzyme/mg of GO was bound. In con-
trast, lysozyme with a pI of 10.3 exhibit a net positive charge throughout the entire biologi-
cally relevant pH range (∼4.8 to 10) and showed a much higher enzyme loading with a 
maximum loading of ∼700 μg/mg of GO at pH 7. In contrast to some of the results obtained 
with nanotubes, the Km of the immobilized enzyme was similar to that of the free enzyme; 
however, the kcat was greatly reduced, leading to an overall decrease in catalytic ef�ciency. 
Based on their AFM observations, the authors suggested that the cause of the decrease in 
ef�ciency was changes in the conformation of the enzyme due to multiple interactions 
between the enzyme and the graphene oxide.

One important challenge remaining in the use of enzymes in industrial processes is 
the loss of activity in organic environments. This presents a signi�cant problem when 
hydrophobic substrates are desired as they exhibit low solubility in aqueous environments. 
To address this issue, immobilization has been extensively employed. Two recent studies 
have used CNTs as the immobilization substrate for these organic environments. Das and 
Das (2009) placed enzyme-CNT hybrids in cationic reverse micelles. As was previously 
observed by others, the enzymes suffered a loss of structural integrity upon immobilization 
to the CNTs with a commensurate loss of activity. However, upon being placed in the 
reverse micelles (cetyltrimethyl ammonium bromide/isooctane/n-hexanol/water), the 
peroxidase-CNT hybrids showed signi�cant activation (seven- to ninefold) in catalytic 
activity compared to the activity in aqueous buffer. Moreover, this activity was ∼1500 to 
3500 times higher than observed for the enzyme in macroscopic aqueous-organic biphasic 
mixtures. Ji et al. (2010) investigated the effects of MWNT immobilization on lipases 
in “pure” organic solvents rather than micelles. In this study, the lipase was covalently 
attached using carbodiimide activation of the MWNTs. As seen in previous studies, the 
immobilized lipase retained ∼60% of its α-helical content upon immobilization. When the 
lipase was used for the resolution of (R,S)-1-phenyl ethanol in the organic solvent heptane, 
the MWNT-immobilized lipase showed nearly 100% of the possible conversion with a 
modest effect of temperature between 35°C and 60°C, while the free enzyme showed a 
maximum conversion of ∼70% and a much stronger temperature dependence.

15.3.1.2 Inorganic Materials

The use of gold nanoparticles (AuNP) as substrates for enzyme immobilization has 
been studied extensively by Rotello and coworkers (Verma et al. 2004; Simard et al. 2005; 
Bayir et al. 2006; Bayraktar et al. 2006; You et al. 2006a,b; Jordan et al. 2009; Samanta et al. 
2009; Jeong et al. 2011). In their earlier studies, they examined the effects of amino-acid 
functionalized AuNP on the activity and selectivity of alpha-chymotrypsin (ChT) (You 
et al. 2006a). In this study, the amino acids are covalently linked to the AuNP using a 
thiol-based linker, and the ChT is non-covalently associated with the amino acids on the 
surface of the particle. Depending on the charge of the substrate and the surface amino 
acid, signi�cant enhancement or inhibition of hydrolysis could be achieved with cationic 
substrates showing increased kcat/Km in the presence of negatively charged amino acids and 
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neutral and anionic substrates showing a decrease in catalytic ef�ciency. Interestingly, the 
change in catalytic ef�ciency was due to alterations in both kcat and Km. In the discussion, 
the authors consider both the steric and electrostatic effects of the nanoparticles on substrate 
binding and product release as mechanisms for the alterations of catalytic ef�ciency. In 
a follow-up study, they explored the effects of tetraethylene glycol-functionalized AuNP 
(AuTEG) on substrate speci�city for a variety of hydrophobic substrates for ChT, N-succinyl-
l-phenylalanine-p-nitroanilide (SPNA), N-glutaryl-phenylalanine-p-nitroanilide (GPNA), 
N-benzyoyl-tyrosine-p-nitroanilide (BTNA), and N-succinyl-alanine-alanine-proline-
phenylalanine p-nitroanilide (TP) (see Figure 15.4 for structures) (Jordan et al. 2009). They 
found that the TP substrate, which is the bulkiest and most hydrophobic, showed enhanced 
activity in the presence of AuTEG, whereas the other substrates showed unchanged 
hydrolysis rates. Isothermal titration calorimetry (ITC) and gel electrophoresis indicated 
that there was no complex formation between ChT and the AuTEG particles, while CD 
spectroscopy showed no change in the secondary structure for ChT. They hypothesized 
that the increase in activity of ChT with the TP substrate is due to modulation of the ChT–TP 
binding af�nity via an excluded volume mechanism that is similar to macromolecular 
crowding in polyethylene glycol (PEG) solutions. This macromolecular crowding increases 
the apparent concentration of both the TP substrate and the ChT, causing an apparent 
increase in af�nity of the enzyme for the substrate by forcing the TP substrate into the 
extended ChT subsites. This crowding effect was further demonstrated by dynamic light 
scattering of the nanoparticles, which showed that an apparent hydrodynamic diameter 
of the AuTEG is ∼16 nm while the actual diameter of the AuTEG nanoparticle (including 
ligands) is ∼8 nm. The increase in particle size can only be explained as a large solvent 
network around the particles, since there is little or no aggregation of AuTEG.

More recently, Rotello and coworkers have applied AuNP/enzyme complexes to 
address catalysis in organic environments and hydrophobic substrates. By mixing 
β-galactosidase with trimethylammonium tetraethylene glycol-functionalized AuNP, 
they were able to create enzyme-NP complexes held together by electrostatic interactions 
(Samanta et al. 2009). These aqueous complexes were then mixed with “oil” (a 23:77 
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mixture of toluene and 1,2,4-trichlorobenzene), and vigorously agitated to produce stable 
microcapsules, which resulted from entrapment of the enzyme–nanoparticle conjugates at 
the oil–water interface (see Figure 15.5). These enzyme–nanoparticle conjugates retained 
their enzymatic activity. Notably, neither the enzyme nor the nanoparticles alone were 
able to form stable microcapsules due to the surface charges on the enzyme and the 
nanoparticles. They further extended this work by cross-linking the microcapsules (in 
this case containing Candida rugosa lipase) using dicyclopentadiene (DCPD) monomers, 1st 
generation Grubbs’ catalyst, and 1,2,4-trichlorobenzene (TCB) to adjust the buoyancy and 
control the rate of polymerization (Jeong et al. 2011). They then investigated the activity 
of these cross-linked microparticle scaffolds (CLMP) compared with the free enzyme in 
solution. The activity of catalytic CLMPs was almost threefold higher than that of free 
lipase, with no detectable auto hydrolysis observed. They also noted that these CLMPs 
could be made magnetic simply by incorporating magnetic NPs into the oil phase. These 
magnetic particles could then be recovered using a magnet for collection and reused in 
subsequent reactions.

In addition to adding magnetic nanoparticles (MNPs) to enzyme-AuNP complexes, 
MNPs have also been used extensively for enzyme immobilization. The two most 
commonly used MNPs are magnetite (Fe3O4) and maghemite (γ-Fe2O3), both of which can 
be synthesized from aqueous Fe2+/Fe3+ salt solutions by the addition of a base under inert 
atmosphere at room temperature or at elevated temperature (Lu et al. 2007). Iron oxide 
MNPs have the additional advantage of being superparamagnetic, i.e., for particles with 
diameters below 128 nm, they exhibit their magnetic behavior only when an external 
magnetic �eld is applied; hence, they can be easily separated and recovered from a 
solution, but they do not agglomerate. MNPs are frequently coated with silica or amine-
functionalized silica to provide reactive groups by which enzymes can be attached 
(Georgelin et al. 2010; Lee et al. 2011b; Park et al. 2011), creating what is known as a 
core-shell nanoparticle (See Figure 15.6). Georgelin and coworkers created γ-Fe2O3@SiO2 
core–shell NPs that were functionalized with amino groups for enzyme immobilization 
and polyethylene glycol (PEG) to prevent agglomeration and maintain colloidal stability 
(Georgelin et al. 2010). The enzyme β-glucosidase was then cross-linked to the amino 
groups using glutaraldehyde, a standard protein cross-linking reagent. They found 
very good colloidal stability (no change in the hydrodynamic pro�le over months) and 
a similar Km although the kcat was reduced approximately twofold as is common with 
glutaraldehyde-linked immobilizations. As an alternative to covalent cross-linking of 
the enzyme to the nanoparticles, several investigators have functionalized the MNPs 
with Ni2+, permitting enzyme immobilization via a His-tag. Lee et al. (2011b) used 
nickel(II) nitrate to react with silica-coated Fe3O4 magnetite MNPs. Recombinant 
catechol 1,2-dioxygenase (CatA, EC 1.13.11.1) from Corynebacterium glutamicum, which 
had been synthesized with a 6X His-tag, was conjugated by mixing with the Ni-MNPs 
and evaluated for its ability to cleave toxic aromatic hydrocarbons. When the enzymatic 
activity pro�les of the free and immobilized enzyme were compared using catechol as 
a substrate, they found a Vmax of 0.89 ± 0.07 and 1.05 ± 0.04 μmol min−1 μg−1 protein and a 
Km of 102.04 ± 12.21 and 71.07 ± 4.20 μM catechol for the free enzyme and CatA@Ni-MNPs, 
respectively, demonstrating that the immobilized enzyme had better substrate binding 
and improved catalytic ef�ciency when compared with the free enzyme. In addition, 
the speci�c activity of the immobilized enzyme was signi�cantly greater than the free 
enzyme at high concentrations of catechol (100–500 μM). The authors suggest that the 
biocatalyst system could rigidify the enzyme structure, preventing distortion with the 
increasing hydrophobicity from increased catechol.
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In another application of Ni2+ interactions with His-tagged proteins, Wang et al. (2011) 
synthesized oleic acid-coated iron oxide nanoparticles. Glycidyl methacrylate (GMA) was 
then polymerized in the presence of these OA-MNPs creating the core-shell structured 
nanoparticles containing an epoxy function at the surface (PGMA-MNPs). Further reaction 
with ethylenediamine gave the corresponding MNPs with amino group (EDA-MNPs), and 
then an aldehyde group was introduced by subsequent reaction with glutaraldehyde to 
give GA-MNPs (Figure 15.7). An amine-containing NTA derivative was reacted with the 
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aldehyde group of the GA-MNPs to form NTA-MNPs, and �nally, Ni2+ was loaded on the 
chelating NTA arms to produce Ni-NTA-MNPs. These Ni-NTA-MNPs were then used in a 
one-step puri�cation and immobilization of Solanum tuberosum epoxide hydrolase (stEH1) 
produced in Pichia pastoris. They found that the conjugated MNPs reached a speci�c loading 
capacity of 146 mg protein/mg MNPs, corresponding to 82% of the maximum theoretical 
monolayer loading. The process showed high speci�city for the His-tagged stEH1, with no 
other proteins from the cell lysate immobilized. The nanobiocatalyst showed ∼80% of the 
speci�c activity of the free enzyme in solution with identical enantioselectivity, suggesting 
no signi�cant change in enzyme conformation upon immobilization. In addition, the 
immobilized catalyst retained ∼80% activity after eight cycles of recycle and reuse using a 
magnetic �eld for separation.

A novel approach to immobilization of lipases on MNPs without loss of catalytic activity 
was proposed by Ren et al. (2011). In this study, the MNP surfaces were coated with 
polydopamine, an in situ formed coating inspired by the adhesive proteins secreted by 
marine mussels. Iron-oxide MNPs were incubated in an alkaline dopamine solution to 
create an adherent polydopamine �lm on the MNPs. The enzyme was then immobilized 
by exposure of the particles to a lipase-containing solution (Candida rugosa lipase type VII). 
After optimization of reaction conditions, they achieved a lipase loading of 429 mg/g of 
material (85.8% of the amount of added lipase) with 8.78 U/mg speci�c activity (73.9% of 
free lipase speci�c activity), signi�cantly higher than in previous reports. The immobilized 
enzyme showed improved pH and thermal stability, and maintained >70% activity after 21 
cycles of isolation and reuse.

Increasing interest in the use of cellulosic materials as feedstocks for biofuels or bio-based 
chemical synthesis has focused attention on the immobilization of cellulases. Two recent 
reports detail the immobilization of cellulase on MNPs (Jordan et al. 2011; Khoshnevisan 
et al. 2011). Khoshnevisan et al. (2011) immobilized cellulase from Trichoderma viride to MNPs 
coated with an ionic coating, presumably by electrostatic interactions. Approximately 95% 
of the cellulase activity was bound to the MNPs; the resulting cellulase/MNP complexes 
were quite large (∼1.5 μm), regardless of the size of the starting MNPs. In their experiments, 
the free enzyme showed greater activity at all temperatures between 37°C and 80°C and 
both the free and immobilized enzymes showed comparable stability. Interestingly, the 
immobilized enzyme showed little pH sensitivity, whereas the free enzyme exhibited a 
sharp decrease in activity at pH greater than 7. This pH insensitivity may be due shielding 
of the active site by the ionic surface coating. In contrast to the large particles generated 
by Khoshnevisan et al., Jordan et al. (2011) deliberately sought to develop cellulase/MNP 
complexes of nanometer scales. Using carbodiimide chemistry, they generated cellulase/
MNP complexes with a mean diameter of approximately 14 nm. They found that at a 
ratio of 1 mg cellulase: 50 mg of MNPs, the maximum fractional binding occurred (∼78%); 
however, the maximum loading of 0.159 mg enzyme/mg of nanoparticles occurred at ratio 
of 25 mg cellulase: 50 mg of MNPs. Unfortunately, the relative activity dropped sharply at 
a loading above 0.021 mg enzyme/mg of nanoparticles, most likely due to steric crowding. 
In addition, the activity loss was fairly high on subsequent uses with the majority (47.5%) 
being lost after the �rst reuse of the enzyme/MNP complexes.

15.3.1.3 Polymeric Materials

Polymeric materials have been used both as solid supports and for encapsulation of 
enzymes, to create nanoscale immobilized enzyme complexes. In the case of solid supports, 
the approaches and results are similar to those used for immobilization of enzymes to 
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either carbon-based or inorganic nanoparticles. Palocci et al. (2007) immobilized lipases 
from Candida rugosa and Pseudomonas cepacia on polymethylmethacrylate (PMMA) 
and polystyrene (PS) nanoparticles. They were able to achieve stable, non-covalent 
adsorption on nanoparticles ranging from 100 to 300 nm in diameter. Adsorption was 
rapid, with enzyme loadings as high as 100 mg enzyme/mg of support. Greater than 
70% of the activity was retained when the lipases were adsorbed onto nanostructured 
PS, in contrast with ∼30% activity upon adsorption onto amorphous PS or PMMA. 
A signi�cant increase in activity compared with free enzyme was observed when the 
lipase-NP complexes were used for transesteri�cation reactions in hexane or t-buthyl-
methyl-ether. In order to provide covalent immobilization with controlled attachment 
orientation (reducing activity losses), Wong and coworkers prepared coenzyme A (CoA)-
derivatized PS NPs. They then employed a phosphopantetheinyl transferase-enzyme 
(Sfp) to catalyze the immobilization of recombinant proteins bearing the small (11 
amino acid residues) “ybbR” tag (Wong et al. 2010). They immobilized both the model 
protein thioredoxin (Trx) and two biocatalytically interesting proteins, arylmalonate 
decarboxylase (AMDase) enzyme from Bordetella bronchiseptica and glutamate racemase 
(GluR) from Aquifex pyro¦lus. While the engineered ybbR tag actually improved catalytic 
ef�ciency, particularly for the glutamate racemase, the immobilized enzymes displayed 
a lower ef�ciency compared to their counterparts in solution. The authors attributed this 
reduction in ef�ciency to the electrostatic repulsion of the negatively charged substrate 
attempting to approach the NPs that were also negatively charged due to the unreacted 
surface carboxylates.

In two somewhat unusual reports, polyethyleneimine (PEI) and the R5 peptide 
(H2N–SSKKSGSYSGSKGSKRRIL–COOH) were used as nucleation catalysts to create 
silicate nanoparticles with enzymes immobilized either on the surface or in the silicate 
structures (He et al. 2008; Neville et al. 2011). He and coworkers reported a micro�uidic 
reactor in which they synthesized glucose oxidase (GOD) functionalized silica nanopar-
ticles using 2000-MW PEI or R5 as a catalyst. By optimizing the amount of PEI added to the 
system, they obtained ∼90% immobilization of the GOD. The enzyme immobilized in this 
manner showed good stability although there was a general loss of activity upon immo-
bilization. The high level of immobilization using PEI can be attributed to the electrostatic 
interaction between the PEI and GOD; however, this interaction also limits the mobility of 
the immobilized enzymes, producing orientation hindrance of the enzyme’s active sites 
compared to GOD in solution. In contrast, using R5 as the catalyst for nucleation gave a 
much lower immobilization ef�ciency; however, the GOD immobilized using R5 in the 
micro�uidic reactor exhibits a similar Km value and kcat value (16 mM, 22 s−1) to free GOD 
(13 mM, 20 s−1), indicating that there is little hindrance of the immobilized enzyme active 
sites. They attribute the difference in behavior to an absence of electrostatic interactions 
between the GOD and the R5. In the case of the R5 immobilization, the enzymes appear 
to be physically entrapped within the mesoporous silica nanoparticles, which in turn 
provides the enzymes with greater mobility within the pores, reducing the orientation 
hindrance of the enzyme active sites and enhancing the availability of the immobilized 
enzymes.

Bridging the worlds of surface immobilization on silica nanoparticles with encapsulation, 
Jang et al. (2010) covalently immobilized GOD on the surface of silica nanoparticles (SNPs) 
using 3-aminopropyltriethoxysilane (APTES) followed by glutaraldehyde cross-linking. 
The enzyme-NP complexes were then entrapped within photopolymerized hydrogels 
prepared from two different molecular weights (575 and 8000 Da) of poly(ethylene glycol) 
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(Jang et al. 2010). Signi�cantly higher activity was seen in the particles entrapped in 
8000 Da PEG compared with 575 Da PEG, presumably due to reduced transport limitation. 
Similarly, the Km of the GOD was increased slightly after the nanoparticles were entrapped 
in the 8000 Da PEG, but substantially after entrapment in the 575 Da PEG hydrogel. In 
addition, the enzyme stability was monitored for enzyme immobilized to SNPs, entrapped 
in an 8000 Da PEG hydrogel, and for the immobilized and entrapped GOD. The GOD that 
was both immobilized and entrapped retained approximately 70% of its original activity 
over the course of 1 week, while the other two preparations lost ∼80% of their activity over 
the same time period, demonstrating the advantage of simultaneous immobilization and 
encapsulation.

In an effort to reduce the diffusional limitations that are often seen upon enzyme 
encapsulation, Kim and Grate (2003) reported single enzyme encapsulation in a 
porous composite organic/inorganic network less than a few nanometers thick. These 
single-enzyme nanoparticles (SENs) were synthesized by �rst reacting surface amino 
groups with acryloyl chloride to yield surface vinyl groups. The modi�ed enzyme was 
solubilized in hexane and mixed with methacryloxypropyltrimethoxysilane (MAPS), a 
vinyl monomer with pendant trimethoxysilane groups. After free-radical initiated vinyl 
polymerization, the products were extracted into a cold aqueous buffer solution, and then 
aged at 4°C at least 3 days for silanol condensation. While the enzyme in their studies 
(chymotrypsin) exhibited approximately 50% loss of catalytic activity (kcat), the Km value 
was largely unchanged, suggesting that there was little to no mass transfer limitation for 
the encapsulated enzyme. In addition, the catalytic stability was substantially enhanced 
when compared with the free enzyme. Building on the technology introduced by Kim 
and Grate, Gao et al. (2009) used a similar approach to encapsulate trypsin and then to 
prepare monolithic enzymatic microreactors for peptide mapping analysis of myoglobin 
and bovine serum albumin with MALDI-TOF-MS. Vinyl groups on the protein surface 
were generated by acryloylation. Then, the acryloylated enzyme was encapsulated into 
polyacrylates by free-radical copolymerization with acrylamide as the monomer and N, 
N-methylenebisacrylamide as the cross-linker, and �nally, the polymers were immobilized 
onto the activated inner wall of capillaries via the reaction of the vinyl groups. They were 
able to achieve high enzyme loadings and found the enzyme in the reactors had good 
stability in the presence of organic solvents and rapid digestion ef�ciency due to very 
little mass transfer limitation.

In a very timely application of polymer-hydrogel encapsulation of enzymes, 
polyethyleneimine (PEI)–dextran sulfate (DS) polyelectrolyte complexes were used to entrap 
pectinase, an enzyme employed to clean up fracturing �uid used in hydraulic fracturing 
to improve oil and natural gas production (Barati et al. 2011). Using an encapsulation 
method originally developed for drug delivery applications, they hypothesized that 
this nanoparticle system would also be capable of entrapping and releasing pectinase 
in a controlled manner. They then envisioned that the pectinase nanoparticles could be 
mixed with the high viscosity fracturing �uid (which typically contains guar gum) before 
injection, and the �uid would break down at an appropriate rate. They explored a variety 
of concentration of PEI, DS, and pectinase as well as the order of addition to optimize the 
system. Depending on the concentrations, particle sizes ranged from ∼200 to 500 nm. The 
reproducibility of particle size was very good and the particles showed good stability over 
time. When the nanoparticles of varying compositions were mixed with the guar gum 
solution, nanoparticles with a 2:1 ratio of PEI to DS showed the best controlled release of 
enzyme over time; however, all the nanoparticle-containing solutions showed equivalent 
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�nal degradation of the guar gum (as measured by solution viscosity), indicating promise 
for this technique.

15.3.1.4 Cofactor Immobilization

A �nal area of enzymatic biocatalysis that may bene�t from the introduction of nanotech-
nology is for reactions that require cofactor addition. Cofactors are non-protein chemical 
compounds that are required for the biological activity of the protein. The most common 
cofactor compounds desired for industrial biocatalysis are the electron carriers required 
for redox reactions, most commonly NAD(H). These cofactors, which are quite expensive, 
are consumed in stoichiometric quantities for each enzymatic reaction. However, they can 
be regenerated by an additional redox reaction and then reused if they can be retained 
near the original enzyme. Liu et al. immobilized glutamate dehydrogenase (GLDH), lac-
tate dehydrogenase (LDH), and NAD(H) separately to silica nanoparticles by functional-
izing the nanoparticles with epoxides (Liu et al. 2009) and then reacting each enzyme or 
the cofactor with the functionalized particles. The particles were then combined to create 
a reactor system. In this combined system, glutamate was oxidized to α-ketoglutarate with 
a commensurate reduction of NAD+ to NADH. The NADH was then reoxidized to NAD+ 
with a commensurate oxidation of pyruvate to lactate. At low cofactor concentrations, the 
reaction rates were similar to solution rates, but as the cofactor concentration increased, 
the Vmax for the immobilized reactions was ∼50% of the free solution reaction, and the 
immobilized system reached cofactor saturation at a much lower cofactor concentration 
than the free solution. In their efforts to optimize the immobilized system, they found that 
the buffer system had a dramatic effect on the turnover number as did the salt concentra-
tion. The liquid to solid ratio also had a dramatic effect with higher particle concentrations 
giving substantially reduced turnover numbers. They hypothesized that this was due to 
aggregation, which reduced particle mobility, reducing collision frequency.

15.3.2 Separations

A wide range of modalities are applied for separating biological materials, depending 
on the size, charge, density, surface activity, biological af�nity, etc. of the materials being 
separated. The majority of the applications are in the separations of proteins (occasion-
ally nucleic acids) to obtain a material of the desired purity for industrial, diagnostic, 
or therapeutic use. Another important application is peptide separations for the grow-
ing �eld of proteomics. In proteomic research, proteins are digested with proteases into 
peptides that are then separated (generally by chromatography) before analysis by mass 
spectrometry. In macroscale separations, two of the most commonly used techniques are 
membrane separations, in which compounds are primarily separated by size, with large 
compounds being retained by the membrane and smaller particles �owing through the 
membrane pores, and chromatography (or �xed bed adsorption) in which compounds 
preferentially partition between the solid and mobile phases depending on charge, 
size, hydrophobicity, and biological af�nity. Both of these separation techniques can be 
extended into the nanoscale using either nanoparticles or nanostructured materials. As 
in the case of enzyme immobilization, nanoscale materials provide very high surface 
area to volume ratios and substantially reduced mass-transfer resistance compared with 
micrometer sized particles. In addition to these nanoscale materials, micro�uidic devices 
(while not truly nanoscale), often made using the same lithographic techniques used in 
the semiconductor industry, are increasingly employed for bioseparations or development 
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of separation protocols, particularly electrophoresis (Wu et al. 2008; Kenyon et al. 2011). 
Nanoscale materials are increasingly incorporated into these devices to improve the sep-
aration processes.

15.3.2.1 Nanoparticles for Bioseparations

The majority of nanoparticles used for bioseparations are magnetic nanoparticles due 
to the ease of separation by the application of a magnetic �eld (Franzreb et al. 2006). 
As discussed in Section 15.3.1.2 with respect to enzyme immobilization, in general, the 
particles employed are superparamagnetic; hence, they do not agglomerate in the absence 
of a magnetic �eld, but can be easily collected with a strong permanent magnet. Af�nity 
separations, which are based on speci�c biological or chemical interactions, are the most 
commonly reported, although ion-exchange particles have also been reported (Table 15.3). 
However, a wide range of chemistries have been investigated for functionalization of the 
magnetic nanoparticles. The most common af�nity puri�cation at both the macroscale 
and nanoscale is binding of a His-tagged protein (typically six histidine residues at 
either the amino or carboxy terminus of the protein) by an immobilized metal ligand 
(most commonly Ni2+). Building on their previous work creating magnetic nanoparticles 
for drug delivery and medical imaging, Sahu et al. (2011) prepared superparamagnetic 
(6–8 nm) nanoparticles (Fe3O4) by standard chemical precipitation methods, followed by 

TABLE 15.3

Functionalized Magnetic Adsorbents Suitable for Binding Proteins

Ligand Target Molecule Supplier

M2+-charged 
imino 
diacetic acid

His-tagged fusion proteins, proteins with 
surface-exposed His, Cys, and Trp side chains

Chemagena; Micromodb; Dynalec

Glutathione Glutathione-S-transferase (GST) fusion proteins Promegad; Micromodb

Streptavidin Biotinylated proteins Bangse; Chemagena; Micromodb; 
Seradynf; Dynalg; Promegad

Biotin Fusion proteins with streptavidin group or analog Bangse

Protein A or G Monoclonal antibodies Bangse; Micromodb; Dynalg

−COOH Molecules with positive (cationic) net charge Bangse; Chemagena; Micromodb; 
Seradyne; Dynalg

−SO3 Molecules with positive (cationic) net charge Chemicellh

−NH2 Molecules with negative (anionic) net Bangse; Chemagena; Micromodb; Dynalg

−DEAE Molecules with negative (anionic) net Chemicellh

−N(CH2CH3)2 Molecules with negative (anionic) net Chemicellh

Source: With kind permission from Springer Science+Business Media: Appl. Microbiol. Biotechnol., Protein puri-
�cation using magnetic adsorbent particles, 70, 2006, 505–516, Franzreb, M., Siemann-Herzberg, M., 
Hobley, T.J., and Thomas, O.R.T., Table 1.

a Chemagen Biopolymer Technology, Baesweiler, Germany; http://www.chemagen.de
b Micromod Partikeltechnologie GmbH, Rostock, Germany; http://www.micromod.de
c Dynale offers magnetic adsorbent particles with TALON functionalization for the puri�cation of HIS-tagged 

proteins.
d Promega, Madison, Wisconsin.
e Bangs Laboratories, Fishers, Indiana; http://www.bangslabs.com
f Seradyn, Indianapolis, Indiana; http://www.seradyn.com
g Dynal Biotech, Lake Success, New York; http://www.dynalbiotech.com
h Chemicell GmbH, Berlin, Germany; http://www.chemicell.com
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surface modi�cation using phosphonomethyl iminodiacetic acid (PMIDA). The PMIDA-
functionalized nanoparticles were then linked with Ni2+ for puri�cation of 6x His-tagged 
proteins, with the phosphonate group of the PMIDA ligand acting as a surface anchoring 
agent on the magnetite nanoparticles and the remaining free carboxylic groups available 
for binding with the Ni2+ ions. The particles were then used to purify Entamoeba histolytica 
malic enzyme overexpressed in Escherichia coli.

In a quite different approach, Xu and coworkers coated iron oxide nanoparticles 
(Fe3O4) with silica using standard techniques. Subsequently poly(2-hydroxyethyl 
methacrylate) (PHEMA) brushes were grown on the SiO2-MNPs by atom transfer radical 
polymerization (ATRP) from immobilized initiators, followed by brush functionalization 
with nitrilotriacetate-Ni2+ (Xu et al. 2011). They expected that the brushes would increase 
protein-binding capacity, but that growth could be controlled in a manner that would 
not affect the magnetic properties. They found that the typical thickness of the brushes 
was ∼50 nm and that multilayer binding of tagged protein led to a binding capacity of 
220–245 mg protein/g of beads with rapid (∼5 min) binding. Equally importantly, they 
were able to collect the beads with a permanent magnet.

Tong et al. (2001) developed a novel magnetic af�nity support (MAS) for protein 
puri�cation using an oxidation-precipitation method to entrap MNPs of Fe3O4 in polyvinyl 
alcohol (PVA). They then generated micrometer-sized (∼10 μm) magnetic particles by 
cross-linking the magnetic �uids with glutaraldehyde, followed by modi�cation of the 
particles with Cibacron blue 3GA. These particles were then used to bind lysozyme. The 
capacity for lysozyme adsorption was more than 70 mg/g MAS (wet weight) at a relatively 
low CB coupling density (3–5 μmol/g). The lysozyme could be released by treating the 
bound particles with 1.0 M NaCl. In a different af�nity approach, Nishio et al. synthesized 
MNPs ∼180 nm in diameter consisting of 40 nm magnetite particles coated with 
poly(styrene-co-glycidyl methacrylate (GMA))/polyGMA, by admicellar polymerization 
(Nishio et al. 2008). They found that the particles were very uniform (184 ± 9 nm) and 
stable in a wide range of organic solvents. They then functionalized these particles with 
methotrexate (MTX) using ethylene glycol diglycidyl ether (EGDE) as a linker. The MTX-
functionalized particles were subsequently used to purify dihydrofolate reductase (DHFR) 
from cytoplasmic fractions of HeLa cells and THP-1 cells.

In a novel, rather unusual application of magnetic nanoparticles, Zhang et al. (2011) cre-
ated magenetite (Fe3O4) particles coated with cationic silica for isolation of plasma mem-
brane proteins. Based on SEM and TEM characterization, these cationic silica–magnetite 
nanocomposites (CSMN, Fe O SiO NH3 4 2 3@ - + ) were typically 200 nm in diameter with an 
iron oxide core. They then applied the CSMN to HuH-7 human hepatocyte derived cel-
lular carcinoma cells to bind the plasma membrane. The cells were then lysed using a 
combination of shear and hypotonic buffer and the plasma membrane sheets, which 
were coated with the CSMN, were puri�ed magnetically. Western blotting veri�ed >10-
fold enrichment of plasma membrane proteins compared with whole cell lysates. The 
plasma membrane isolates were then separated by SDS-PAGE and individual bands 
were digested with trypsin and separated by C18 reversed-phase hydrophobic interaction 
chromatography followed by identi�cation using Q-TOF-MS. Of the proteins identi�ed 
by this technique, 55% of those whose cellular localization could be determined were 
plasma membrane proteins (compared with 21% from a whole cell homogenate). An 
additional ∼20% were localized to various organelles although they hypothesized that 
many of those may have multiple localization sites so they may not truly be contaminat-
ing proteins. They also noted that the use of ammonia NH4

+( ) rather than metal ions to 
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create the cationic silica signi�cantly reduced the contamination from phosphoproteins, 
which preferentially bind to metal ions.

15.3.2.2 Nanostructured Materials for Bioseparations

The most commonly used nanostructured materials for bioseparations are nanoporous 
membranes. Nanoscale membranes employed for separating biomacromolecules or 
nanoparticles can be fabricated from nanoporous anodic alumina membranes (AAM), car-
bon nanotube membranes, nanoporous silicon membranes, or one-dimensional nanorod 
and nanotube membranes (El-Safty 2011). Membrane separations can be based on size, 
charge, af�nity separation, or some combination thereof. The driving force can be either 
pressure or electrophoretic/electro-osmotic.

Size-based separations are the most obvious application of membranes, and membranes 
with micrometer- and nanometer-size pores have been extensively used for separation of 
cells, virus, and proteins, typically under pressure-driven �ow. In general, these mem-
branes have been polymeric (nitrocellulose, nylon, polysulfone, etc.) with fairly broad pore 
distributions, leading to partial retention of many compounds. In addition, these mem-
branes are often subject to clogging and the rates of �ltration are frequently limited by 
the formation of a gel layer that resists �uid �ow. The development of anodic alumina 
membranes (AAM, discussed in Section 15.2.1.3) with their fairly uniform pore size and 
pore distribution has created new opportunities for size-based bioseparations. El-Safty 
and coworkers synthesized 3D mesocage silica NTs perpendicular to the longitudinal axis 
of the nanochannels in AAM and then used this nano�lter to �lter solutions containing 
myoglobin, lysozyme, β-lactoglobulin or hemoglobin. With the exception of hemoglobin 
(MW 68,000 Da), all the proteins showed greater than 90% recovery in the retentate.

Of greater challenge than size-based separation is the separation of molecules by charge, 
particularly if they are similarly sized. Cheow et al. (2008) developed a platinum-coated 
alumina membrane and demonstrated selective transport of bovine serum albumin (BSA), 
lysozyme (Lys), and myoglobin (Mb), using an applied electric �eld across the membrane. 
The platinum was sputter coated on both sides of the membrane with pore sizes rang-
ing from ∼90 nm after 5 min of sputtering to ∼20 nm after 20 min of sputtering. However, 
the 20 nm pores were impervious to water. A compromise of 60 nm pores obtained from 
10 min of sputtering was selected for further study. By varying the potential across 
the membrane, they were able to alter the �ux of the different species and change the 
distribution of the permeate relative to the rententate. In a slightly different approach, 
Osmanbeyoglu et al. (2009) fabricated thin (0.7–1 μm) anodic alumina membranes directly 
on silicon wafers, providing a narrow pore distribution (20–30 nm) and pores that tra-
versed the entire length of the alumina layer. They then applied a solution of BSA and 
bovine hemoglobin to the membrane at pH 4.7 and observed that the neutrally charged 
BSA had approximate 40× the �ux through the membrane as the positively charged hemo-
globin due to the repulsive forces of the net positive charge on the alumina membrane 
at pH 4.7. They also noted that the throughput obtained in their work was more than 
three orders of magnitude greater than those of polymeric membranes, e.g., 5 × 10−8 versus 
1 × 10−11 M cm−2 s−1. They ascribed this dramatic enhancement of throughput to the very 
different pore density (200 versus 6 μm−2) and membrane thickness (∼0.6 versus 6 μm).

Other studies that exploit both charge- and size-based separations have employed 
carbon nanotube membranes (Sun et al. 2011) and ultrathin silicon membranes (Striemer 
et al. 2007). Sun and coworkers prepared CNT membranes by embedding MWCNTs in an 
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epoxy resin, followed by sectioning with a microtome after curing to yield membranes 
∼5 μm thick and 6 mm in diameter. The MWCNT membranes were further treated with 
electrochemical oxidation to selectively etch CNTs into the polymer matrix, leaving 
behind a polymer well with the outer diameter of the CNT (∼40 nm in this case). Lys and 
BSA were then electrophoretically transported across the membrane. Lysozyme exhibited 
a pH-dependent and voltage-dependent transport with the highest �uxes at pH 4.7 (net 
charge +10) and −2.0 V. At pH 4.7, the pI of BSA, BSA showed negligible transport across 
the membrane at a potential difference of −2.0 V. Even at a pH of 3.0 where BSA would 
be positively charged, it showed no net �ux at −2.0 V allowing for complete separation 
between Lys and BSA. In addition, they observed electrophoretic mobilities of lysozyme 
between 0.33 and 1.4 × 10−9 m2 V−1 s−1, approximately 10-fold faster than comparable 
porous gold nanotube membranes, which they attributed to minimal interactions with 
the CNT graphitic surface. Streimer and coworkers recently reported an ultrathin porous 
nanocrystalline silicon (pnc-Si) membrane that provided control over average pore 
sizes from approximately 5–25 nm with ∼10 nm membrane thickness. Their fabrication 
technique uses precision silicon deposition and etching techniques to create the ultrathin 
membrane. However, instead of directly patterning pores, they found that voids are formed 
spontaneously as nanocrystals nucleate and grow in a 15 nm thick amorphous silicon �lm 
during a rapid thermal annealing step. These voids then serve to create the pores. They 
were able to control the pore size by adjusting the annealing temperature, observing that 
pore size and density increase monotonically with temperature, with samples annealed at 
715°C, 729°C, and 753°C having average pore sizes of 7.3, 13.9, and 21.3 nm, respectively. They 
subsequently explored diffusive transport across the membranes using small molecule 
dyes, BSA, and immunoglobulins (IgG). Depending on the membrane pore size, they were 
able to exclude BSA, while having the small molecule dye effectively transported or show 
a substantial difference in transport rates between BSA and IgG. They also compared 
the diffusion rate of the small molecule dye across their membranes with 50 K dialysis 
membranes and observed more than ninefold increase in diffusion rate in their system.

Membrane af�nity chromatography has been widely proposed as an alternative to 
column-based chromatographic methods. Membrane separations are faster as they are 
not subject to the diffusional limitations of bead-based separations. However, for af�n-
ity separations, membranes suffer from the disadvantage of having much lower binding 
capacity than traditional chromatography resins. To alleviate this disadvantage, a variety 
of surface modi�cations have been proposed to use nanoporous alumina membranes for 
af�nity separations. Sun et al. (2006) used atom transfer radical polymerization (ATRP) 
to grow poly(2-hydroxyethyl methacrylate) (PHEMA) from initiators bound to a porous 
alumina surface. This method allows relatively �ne control over polymer molecule weight, 
increasing the surface area available for functionalization without clogging the pores. 
After polymerization to create the polymer brushes, they functionalized the PHEMA with 
nitrilotriacetate-Cu2+ complexes to create a protein-binding membrane, using metal-ion 
af�nity interactions. Using this technology, they measured a binding capacity of 0.9 mg of 
BSA/cm2 of external membrane surface (150 mg/cm3 of membrane), in comparison with 
previously reported membrane protein capacities of 4–20 mg/cm3. In a quite different, 
more biomimetic approach, Lazzara et al. (2012) coated porous alumina membranes with 
multifunctional lipid monolayers using small unilamellar vesicles. They explored two 
different biologically relevant functionalizations, biotin and Ni2+, demonstrating af�nity 
interactions with streptavidin and His-tagged proteins, respectively. Lipid functional-
ization provided an added advantage over covalent modi�cation of lateral mobility, per-
mitting them to reproduce receptor-doped membranes in a 3D arrangement. One could 
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envision that this technique could be used for a variety of capture mechanisms in which 
receptor dimerization is necessary for ligand af�nity.

In a non-membrane-based approach to af�nity separations, Luchini and colleagues 
developed “smart” hydrogel particles of N-isopropylacrylamide (NIPAm) with an af�nity 
bait to (1) sequester the low molecular weight fraction of serum proteins, peptides, and 
metabolites using size-based separation; (2) remove and concentrate the target molecules 
from solution based on af�nity or charge interaction; and (3) protect captured proteins 
from enzymatic degradation by inhibiting interactions between proteases and the target 
molecules (Luchini et al. 2008).

15.3.2.3 Micro�uidic Applications to Bioseparations

Micro�uidics or “lab on a chip” technology, in which very small amounts of �uids (10−9 to 
10−18 L) are manipulated, using channels with dimensions of tens to hundreds of microm-
eters, has been the subject of a number of recent reviews (including a multi-article review 
section in Nature in 2006 [Daw and Finkelstein 2006]). While micro�uidics is, in general, 
not scalable, a variety of physiochemical interactions can be elucidated using micro�u-
idics which can then be translated into larger systems. In addition, micro�uidics lends 
itself well to the separations necessary for proteomic analyses, possibly replacing tradi-
tional chromatographic separations. Micro�uidic separations of biological molecules can 
be broadly divided into two categories, electrophoretic separations, in which molecules 
migrate under electrical potential, and hydrodynamic separations, in which molecules 
migrate under hydrodynamic �ow conditions.

Electrophoretic separations are more common and have been reviewed recently (Wu 
et al. 2008; Chen and Fan 2009; Kenyon et al. 2011); hence, only relatively novel advances 
will be discussed here. Makamba et al. (2008) covalently reacted SWNTs with hydrogel 
materials (acryloyl-PEG-N-hydroxysuccinimidyl ester) and then photopolymerized the 
SWNT-PEG-acrylate with acrylamide and the cross-linker ethylene glycol dimethacrylate 
(EDMA) in microchannels. Using both hydrodynamic �ow and electrokinetic �ow, they 
demonstrated increased mechanical strength in the presence of the SWNTs. They also 
observed improved resolution in protein separations with substantial peak sharpening 
in the presence of the SWNTs. To address the low concentrations and small number of 
molecules of a particular analyte present, Shen et al. (2010) developed a micro�uidic device 
for protein preconcentration based on the electrokinetic trapping principle. Their precon-
centrator used a narrow Na�on (a highly ion-permselective membrane normally used in 
proton exchange membrane fuel cells) strip integrated into a molded PDMS micro�uidic 
structure using a specially designed guiding channel. Their device was able to achieve 
concentration factors of 104 within a few minutes.

While there have been numerous advances in the use of micro�uidics for the separa-
tion of biomolecules (Mery et al. 2008; Bynum et al. 2009; Huh et al. 2010), the discussion 
here will focus on micro�uidic devices that incorporate nanoscale materials to improve 
the separations. Karwa et al. (2005) and Hu et al. (2011) both employed silica in PDMS 
microchannels for solid phase extraction (SPE) of biomolecules. Karwa et al. immobilized 
nano and micro silica and micron size octadecylsilica (ODS) to the walls of PDMS chan-
nels using sol-gel chemistry. Crude cell lysates from E. coli were applied to the SPE devices 
to extract the DNA. Both devices packed with micro silica and nano silica showed high 
extraction ef�ciency (>70%) with slightly higher ef�ciency from the micro silica, although 
the nano silica showed higher capacity as might be expected. They attributed the lower 
ef�ciency of the nano silica to poor recovery rather than poor trapping ef�ciency. They also 
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attempted to use the devices containing ODS for trapping of non-polar aromatic hydrocar-
bons, aromatic phenols, and aromatic carboxylic acids; however, this was unsuccessful as 
the compounds diffused deeply into the PDMS and could not be recovered. In a different 
approach, Hu et al. created PDMS channels (75 μm wide × 20 μm deep) from SU8 molds and 
then bonded the PDMS channels to a mesoporous silica (MPS) thin �lm (supported on a 
silicon wafer) using oxygen plasma. They then applied this system to extract low molecu-
lar weight standard proteins from a de�ned protein mixture (simulating extraction from 
a biological �uid). The �uid moved through the microchannel using pressure driven �ow. 
After rinsing, the proteins that had entered the porous silica were eluted using a 1:1 (V:V) 
ratio of acetonitrile: 0.1% tri�uoroacetic acid. The protein fractionation was analyzed by 
MALDI-TOF MS. All of the high molecular weight proteins in the mixture were success-
fully removed, and no signal for large proteins was detected at high mass range from 3,000 
to 70,000 Da. When compared with the MPS �lm without the microchannel, similar or 
greater amounts of low molecular weight proteins were recovered. A control experiment 
in which the microchannel was applied to a bare Si wafer showed no protein retention.

In a study combining magnetic nanoparticles and micro�uidics, Lee et al. (2011a) dem-
onstrated a micro�uidic continuous-�ow protein separation process in which silica-coated 
superparamagnetic nanoparticles interacted preferentially with hemoglobin (based upon elec-
trostatic interactions) in a mixture with bovine serum albumin, formed protein-nanoparticle 
aggregates through electrostatic interactions, and were recovered by magnetophoresis. The 
microchannels used were standard PDMS channels (length, 0.03 m; width, 100 μm; height, 
143 μm). In this study, the MNPs were synthesized in the presence of a stoichiometrically 
limiting amount of poly(-acrylic acid) (PAA). This limiting amount of PAA led to incomplete 
coating of the nanoparticles with PAA, resulting in nanoclusters. These nanoclusters were 
then coated with silica. These clusters retained their superparamagnetic properties, but also 
had suf�ciently strong magnetization to be recovered from a �owing stream. In addition, 
once the Hb was bound, the particles tended to aggregate as the result of two consecutive 
processes: rapid adsorption of protein onto the silica surface, and subsequent aggregation by 
bridge formation. The high magnetization of the magnetic nanoclusters, coupled with the 
dynamic aggregation phenomena, allowed them to operate with low magnetic �eld gradients 
(∼6 Tm−1) and rapid �ow speeds (∼10−3/ms) and obtain quantitative recovery of both proteins, 
the Hb bound to the nanoparticles and the BSA in the ef�uent stream.

In a �nal example of micro�uidics applied to bioseparations, Mu and coworkers developed 
a smart surface chip in which the inner surface of the chip channel was �rst sputter coated 
with a thin layer of gold, which was then modi�ed with loosely packed self-assembled 
monolayers (SAMs) of thiols with terminal carboxylic or amino groups (Mu et al. 2007). 
Application of an electric potential could change the conformation of these pendant groups, 
permitting alternation of the surface between a hydrophilic and hydrophobic state. These 
microchips can thus be used to selectively adsorb and release proteins upon changing the 
electrical potential. They applied this to two model proteins, avidin and streptavidin, which 
were readily adsorbed by the smart chips under negative and positive potential, respectively. 
More than 90% of the protein could be released upon changing the electrical potential. They 
were also able to separate avidin and streptavidin mixtures with 1:1 and 1:1000 molar ratios.

15.3.3 Cell and Microbial Culture

While nanotechnology has been applied extensively in a wide variety of cell-culture 
activities including tissue engineering, drug delivery, and biosensors (Lee et al. 2008a; 
Cheng and Kisaalita 2010; Cui et al. 2010), the focus of this section will be on the use of 
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nanotechnology for cells used speci�cally in bioprocessing. Microbial and mammalian 
cell culture for production of recombinant protein therapeutics, industrial enzymes, and 
diagnostic proteins comprises the core of the biotechnology and biopharmaceutical indus-
try. Therapeutic proteins range from small peptides such as insulin to large antibodies and 
enzymes (e.g., tissue plasminogen activator). There are nearly 200 recombinant proteins, 
monoclonal antibodies, and nucleic-acid-based drugs currently approved (Walsh 2006, 
2007) with a market greater than $50 billion dollars a year and growing at a rate of ∼20% 
annually (Heffner 2006). As described in Section 15.3.1, industrial enzymes, which are also 
produced recombinantly or isolated from their native host, also comprise a multibillion 
dollar a year industry. The majority of cell culture and fermentation processes are carried 
out in suspension, in large (10,000–20,000) liter vessels, which does not present an obvious 
role for nanotechnology. However, nanotechnology can play an important role in deliv-
ery of nucleic acids, proteins, and small molecules into cells, selection of hybridoma cells 
producing the correct monoclonal antibody, selection of high yielding cell clones, and in 
developing substrates for cells requiring adherent culture.

15.3.3.1 Delivery of Nucleic Acids, Proteins, and Small Molecules to Cells

Delivery of nucleic acids into cells is a critical �rst step in recombinant protein produc-
tion. In this step, an exogenous gene is introduced into the cell where it is either incorpo-
rated into the chromosomal DNA, in the case of mammalian cell cultures, or replicated 
extra-chromosomally, in the case of microbial systems. The application of interfering RNA 
(RNAi) has permitted short-term gene editing of cell cultures to determine the function 
of endogenous genes and identify genes whose knockouts would be bene�cial for bio-
processing applications. As nucleic acids are large, hydrophilic, negatively charged mol-
ecules, they cannot easily penetrate the negatively charged, hydrophobic cell membrane. 
To cross the cell membrane, they are generally complexed with cationic compounds, often 
either cationic polymers or cationic lipids. While these compounds are generally effec-
tive, on some occasions, they will not provide suf�cient transfection ef�ciency. In those 
cases, magnetic nanoparticles can be used as an alternative. Several magnetic nanopar-
ticles that are complexed to proprietary polymers are commercially available. While these 
have been used in a variety of cell lines, we attempted to use them to deliver nucleic acids 
into Chinese hamster ovary cells (the workhorse of the biotechnology industry) grown 
in a 3D collagen hydrogel as a precursor to high-throughput screening of silencing RNA 
(siRNA) or short hairpin RNA (shRNA). When we found that these complexes had insuf-
�cient transfection ef�ciencies in our system, we hypothesized that this was due to the 
large magnetic core size (250 nm). To alleviate this problem, we synthesized novel mag-
netic nanoparticles with a 5 nm iron oxide core using a ligand exchange reaction to coat the 
iron oxide particles with low-molecular-weight, branched polyethyleneimine (PEI). These 
coated superparamagnetic nanoparticles were then used to condense siRNA or plasmid 
DNA, forming small particle-size magnetic complexes (Zhang et al. 2010a).

An alternative to gene delivery is the delivery of proteins or peptides. This approach has 
been particularly advocated for cellular reprogramming of cells to create stem cells; how-
ever, one could envision similar approaches for modifying cells used for bioprocessing 
if they could effect a long-term change in cellular physiology. Kam et al. (2004) reported 
the uptake of SWNTs by a variety of cell types including HL60 cells, Jurkat cells, Chinese 
hamster ovary cells (CHO), and 3T3 �broblast cell lines. They were then able to biotinylate 
the SWNTs using EDC and biotin-LC-PEO-amine, and �nally to create a SWNT-biotin-
streptavidin complex which could then be taken up by the cells. The presence of the 
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SWNTs and the streptavidin in the endosomes (detected by �uorescent labeling) indicated 
an uptake pathway consistent with endocytosis.

15.3.3.2 Cell Selection and Screening Techniques

Screening and identi�cation of desired populations of cells is currently a daunting chal-
lenge. Whether the cell lines are hybridomas that must be selected for antibodies with high 
af�nity to the antigen of interest or CHO or microbial cells in which high productivity is 
desired, current methods are laborious and time consuming. Typically mammalian cells 
are plated in 96-well plates using serial dilution to obtain single cell clones. Clones are then 
screened for antibody af�nity or productivity and then cell clones of interest are sequen-
tially scaled up to larger culture volumes to verify productivity in stirred or shaken con-
ditions. Similar approaches are taken for microbial populations with the exception being 
that colonies are typically isolated from semi-solid media (e.g., agar). The introduction of 
�uorescence-activated cell sorting has improved the rate of cell screening to some degree, 
but it is typically used to increase the number of cells scanned rather than to reduce overall 
amount of labor expended. The same is true for automated/robotic culture methods. They 
have been used to increase clone screening from hundreds to thousands. A novel, very 
creative alternative approach has been proposed by Love and coworkers (Love et al. 2006, 
2010; Ogunniyi et al. 2009; Ronan et al. 2009; Choi et al. 2010; Gong et al. 2010; Love 2010; 
Panagiotou et al. 2011). In a 2006 Nature Biotechnology paper (Love et al. 2006), they describe 
a micro-engraving method in which an array of microwells 50 mm in diameter and depth 
(separated by 50 mm) or 100 mm (separated by 100 mm) was fabricated in PDMS (0.1–1 nL 
total volume). The array was designed to �t within the boundaries of a 1 in. × 3 in. glass 
slide, a common format for microarrays. After sterilization with an oxygen plasma and 
coating of the wells with BSA, hybridoma cells were then deposited on the microwell array 
at a concentration that would allow one to three cells in ∼50% to 75% of the wells. After 
removing the excess cells and media, the microwell array was then placed in contact with 
an assay slide (see Figure 15.8) on which either the antigen of interest or a capture antibody 
had been placed. The binding of antibodies produced by the cells in the microwells could 
then be “read out” by treating the glass slide with an appropriate �uorescently tagged 
antibody. They subsequently used this technique to screen newly formed hybridoma cells, 
identifying 4,300 positive cells from ∼200,000 cells screened by the microarray technol-
ogy. This technology permits the screening of up to ∼80,000 cells per plate with antibody 
detection possible in as little as 2 h after plating, an enormous increase in throughput. 
Subsequent studies have extended this work to screening of high productivity clones of 
Pichia pastoris (Love et al. 2010; Panagiotou et al. 2011) and have incorporated automation 
for improved single cell recovery (Choi et al. 2010).

In a somewhat different approach, several groups have applied porous aluminum oxide 
(PAO) as a substrate for development of micro- or nanoarrays for culture and assay of 
mammalian cells and microorganisms. Ingham et al. (2007) �rst described a micro-Petri 
dish for microbial growth. In this report, reactive ion etching (RIE), a process of etching 
by using plasma directed by shadow mask (14), was used to selectively remove an acrylic 
polymer laminated on the surface of the PAO to create areas open for growth. They 
were able to create surfaces >340,000 compartments per cm2. The smallest compartment 
size made was 7 × 7 μm at the base, which gave 1 million discrete growth areas on an 
8 × 36 mm chip. This density is comparable to 40 million compartments on the footprint 
of a standard multiwell plate. The most commonly used compartment size (8 × 36 mm 
chip, 20 × 20 μm−1 growth areas, 20 μm-wide walls) had 180,000 compartments per chip. 
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After ethanol sterilization, the chips were able to support the growth of a Gram-positive 
bacterium (L. plantarum WCFS1), a Gram-negative bacterium (E. coli XL2 Blue), and a yeast 
(C. albicans JBZ32). They were also able to separate and isolate �uorescent organisms from a 
non�uorescent control of the same organism. A subsequent review by this group (Ingham 
et al. 2011), discusses a number of other applications of PAO including investigating the 
communication and competition between different strains of the swarming bacterium 
Proteus mirabilis and studying communication between malarially infected and uninfected 
human blood cell populations.

While the majority of 3D culture devices are targeted at tissue engineering, a few have 
more general applicability. Anada et al. (2010) recently reported a novel multicellular 
aggregate (spheroid) culture device that utilizes thin polydimethylsiloxane membrane 
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Schematic diagram depicting method for preparation of engraved arrays of secreted products from a mixture 
of cells. (1) A suspension of cells is deposited onto an array of microwells fabricated by soft lithography. (2) The 
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deformation by decompression. In this study, a thin PDMS membrane was placed upon an 
acrylic plate in which multiple cavities (1535 holes, 1.0 mm in diameter) had been gener-
ated using a programmable micromilling system. These cavities were connected with a 
silicon tube to decompress the spaces between the membrane and the cavities. Thus, the 
PDMS membrane could be deformed into hemispherical cavities. After treating the PDMS 
membrane with Pluronic (F-127) to prevent cell adhesion, cells were seeded onto the mem-
brane and the membrane was deformed by vacuum. After 5 days of culture, the pressure 
was raised from vacuum back to atmospheric pressure, and the spheroids on the PDMS 
membrane were then retrieved from the culture device using a plastic pipette. Using this 
technique, they were able to generate spheroids of human osteosarcoma MG63 cells and 
human hepatoma cell line HepG2. These spheroids could presumably be used for a variety 
of applications including drug screening and tissue engineering.

Lee et al. (2008b) applied microfabrication techniques to generate 3D culture arrays for 
toxicology screening. In this study, 3D cell-culture microarrays with cells immobilized in 
20–60 nL spots of cross-linked alginate were generated by spotting cell-alginate mixtures 
onto poly(styrene-co-maleic anhydride) (PSMA)-treated glass slides that had been previ-
ously spotted with a 40 nL mixture of poly-l-lysine (PLL) and barium chloride (BaCl2) to 
promote spot adhesion and alginate cross-linking. More recently, we applied this technol-
ogy to high-throughput screening of silencing RNA with an objective of identifying target 
for cellular engineering for bioprocessing (Zhang et al. 2012).

15.3.3.3 Cell-Culture Substrates

A variety of nanopatterned and nanostructured materials have been used for mammalian 
cell culture dating back for over a decade (Craighead et al. 2001). A number of recent stud-
ies have explored the use of nanoscale materials for the culture of a number of cell types, 
including CHO cells. While it is not clear that these culture techniques will have direct 
applicability in bioprocessing, one could envision that they might be used for cell screening 
studies or media optimization. Agrawal et al. (2010) recently described the use of porous 
nanocrystalline (pnc) silicon membranes for cell culture. These membranes, at 15 nm thick, 
approximately 1000 times thinner than any polymeric membrane, exhibit permeability 
to small solutes that is orders of magnitude greater than conventional membranes. The 
pnc-silicon membranes were quite biocompatible, showing comparable results to cultures 
performed on polystyrene and glass. The pnc-silicon membranes also dissolved in cell cul-
ture media over several days without cytotoxic effects. CHO cells were recently cultured 
on two types of uncoated chemical vapor–deposited thin nano- and microcrystalline dia-
mond surfaces, hydrophobic hydrogen and hydrophilic oxygen-terminated (Smisdom et 
al. 2009). Frequently, in order to obtain better cell survival, diamond surfaces are coated 
with laminin, collagen, or poly-d or l-lysine; however, there are advantages to growing the 
cells on bare surfaces. In this study, optical and biochemical analyses show that compared 
to glass controls, growth and viability were not signi�cantly altered, and neither grain size 
nor surface termination had a signi�cant in�uence until 5 days post-seeding.

Other recent studies have examined the effects of alignment and nanoscale structures 
on the growth of CHO cells. Peterbauer et al. (2010) employed polystyrene �lms with peri-
odic surface ripple structures generated by laser processing to investigate the dynamics of 
cell alignment and attempt to gain insight into the nature of the cell-speci�c component(s) 
responsible for the observed differences in cell behavior. As expected, cells were oriented 
by the grooves; in addition, differences in morphology were also observed. CHO cells 
showed a circularity of 0.43 ± 0.19 on the patterned surface, signi�cantly lower compared 
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with a value of 0.59 ± 0.18 on the unpatterned surface (i.e., the cells on nanogrooves were 
more elongated than control cells). Abdullah et al. (2011) cultured CHO cells on isotropic, 
aligned, and patterned substrates based on multiwall carbon nanotubes. They observed 
that cells adhered to and grew on both the isotropic and the aligned substrates although 
somewhat better on aligned substrates, and on the aligned substrate, the cells aligned 
strongly with the axis of the bundles of the multiwall nanotubes. Interestingly, in contrast 
with the previous study, they did not �nd any signi�cant differences in morphology for 
the cells cultured on the aligned substrates.

15.4 Conclusions and Perspectives

As the range of nanoscale and nanostructured materials increases, the number of appli-
cations and potential applications increases dramatically. Both organic and inorganic 
materials have found applications in bioprocessing. Carbon nanotubes and other carbon 
materials have been increasingly investigated as scaffolds for enzyme immobilization, 
while magnetic nanoparticles have played a role in bioseparations and in nucleic acid 
delivery to cultured mammalian cells. As soft lithography becomes more widespread, we 
are likely to see a wide range of devices for both bioseparations and cell culture to develop. 
Anodized alumina appears to play an increasing role in both separations and cell and 
microbial culture, and graphene/graphene oxide has barely been explored in the realm 
of bioprocessing. One can envision that nanotechnology may help circumvent some of 
the challenges faced in bioprocessing today, e.g., enzymatic catalysis in harsh environ-
ments, bioseparations of chiral molecules from their enantiomers, and rapid screening of 
cell clones for high productivity, allowing bioprocessing to continue to meet the health 
care and energy needs of the twenty-�rst century.
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16
Atomic Force Microscopy

Gunjan Agarwal and Tanya M. Nocera

16.1 Introduction

The aim of this chapter is to provide an overview of the applications of atomic force 
microscopy (AFM) in nanobiotechnology. We avoid details on the operational theory of or 
sample preparation for AFM, but instead direct the reader to several excellent texts (cited 
in the references) on these topics. This chapter serves as a user’s guide to the applications 
of AFM in nanobiotechnology without unnecessary repetition of previously published 
work and without mathematical detail. We compare and contrast the capabilities of AFM 
with other microscopic techniques and introduce the reader to standard capabilities of the 
AFM relevant for molecular and cellular detection and manipulation. Finally, we highlight 
the recent developments and upcoming techniques involving AFM for nanobiotechnology 
applications and conclude with limitations and future trends of the AFM.
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16.2 Introduction to AFM

The atomic force microscope (AFM) is more than just a “microscope”; it is a versatile tool 
capable of not only imaging but also force measurements, patterning, and manipula-
tion of samples. These capabilities are tied together by one common thread: they can be 
achieved at the nanoscale level. AFM is, therefore, regarded as an indispensable tool for 
nanobiotechnology.

The AFM consists of a �exible cantilever that scans a sample in the lateral (X-Y) directions 
and/or the vertical (Z) direction (Figure 16.1). The cantilever is typically composed of silicon 
or silicon nitride, and may or may not have a sharp probe attached to its end. The probe or 
the cantilever tip interacts with the sample, and the X-Y and Z de�ections of the cantilever 
are recorded as a function of the angle at which a laser beam re�ects off the backside of the 
cantilever into a photodiode detector. The electronics and feedback signals from the AFM 
controller enable construction of an AFM image or force map, as well as permit precise 
positioning of the nanoscale AFM probe for nanomanipulation applications.

There are two common “modes” in which the AFM cantilever can be made to interact 
with the sample, namely, static mode and dynamic mode. In static mode, commonly called 

Z

Cantilever
movement

Tip

Cell

Photodiode

Bu�er solution
ambient temperature

Cantilever

Laser

Y

X

FIGURE 16.1
(See companion CD for color �gure.) Schematic representation of AFM. A cantilever with a sharp tip scans 
over the sample surface in not only the X- and Y-directions but also the Z-direction. A laser de�ects off the 
backside of the tip and into a photodiode. Any change in the tip’s de�ection due to interactions with the sample 
surface is depicted by a change in the laser’s path into the photodiode. The sample can be in a buffer solution (as 
indicated) or in air. (Reprinted from Trends Cell Biol., 21(8), Müller, D.J. and Dufrêne, Y.F., Atomic force micros-
copy: A nanoscopic window on the cell surface, 461–469, Copyright 2011, Elsevier.)
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“contact” mode of AFM, the cantilever grazes the sample like the record-player needle in 
a gramophone; the de�ections of the cantilever are recorded as it traces lateral and vertical 
changes in the sample. A second widely used mode is dynamic mode (also called “tapping” 
or “intermittent-contact” mode), in which the AFM cantilever is made to oscillate and 
intermittently touch the sample. In dynamic mode, changes in the cantilever resonance 
frequency or amplitude can be recorded giving rise to frequency modulation (FM)-AFM 
(Albrecht et al. 1991) or amplitude modulation (AM)-AFM (Holscher and Schwarz 2007), 
respectively. Both static and dynamic modes are widely used on most commercial AFM 
systems for biological samples in air and �uid environments.

The lateral (X-Y) movement of the AFM cantilever and/or probe enables imaging of a 
sample similar to a scanning microscope. The dimensions and geometry of the probe are 
responsible for the spatial resolution in AFM images, while the type of cantilever and mode 
of imaging and data collection employed dictate the information present in AFM images. 
The vertical, or Z-de�ection, of the AFM cantilever enables measurement of sample height 
as well as forces between the AFM probe and the sample, a feature widely used in AFM 
force spectroscopy. Similar to a light microscope (LM), the AFM can be con�gured to be 
an upright or an inverted microscope depending on whether the sample is moved with 
respect to the cantilever or vice versa. The movement of the sample and/or the probe in the 
X and Y directions (or Z direction in force measurement applications) is accomplished by 
means of piezoelectric transducers. All these features of AFM, including the type of mode, 
cantilever and probe properties, lateral or vertical movement of the cantilever, inverted or 
upright con�gurations, and feedback electronics, can be exploited and/or adjusted to serve 
a desired application. We summarize the major applications of AFM in nanobiotechnology 
in the following sections.

16.3 AFM as an Imaging Tool

AFM is unique compared to typical microscopes, especially in the way an image is formed. 
The LM and the transmission electron microscope (TEM) both form an image primarily 
based on the diffraction of an incident beam. Contrarily, the AFM employs an X-Y scan 
to construct an image, much more like the laser scanning confocal microscope (LSCM) 
and the scanning electron microscope (SEM). Additionally, the AFM gathers information 
pertaining to the sample’s height (Z) at each X and Y position. The AFM, therefore, maps 
the 3D surface topography of the sample to form images called AFM height images or 
topographs. Both qualitative as well as quantitative information about the samples can 
be ascertained by analyzing these AFM images. Figure 16.2A shows a schematic of 
AFM modes and highlights the imaging capabilities of AFM for biological samples and 
nanotechnology.

AFM is an attractive imaging tool for biological specimens because it enables analysis 
of samples in near-physiological conditions (i.e., �uid environments) with minimal sample 
preparation and without the use of �xatives or stains. AFM imaging enables a lateral reso-
lution of ∼1 nm and a vertical resolution of 0.1 nm, with one of highest contrasts among all 
microscopy techniques. A major drawback of AFM is that a single image acquisition can 
take 30 s to a minute or more, which can be much longer than other microscopic imaging 
methods. Table 16.1 summarizes the various capabilities of AFM compared to other stan-
dard microscopy techniques.



372 The Nanobiotechnology Handbook

2nd trace, phasex

(A)

(D)
1st trace, Height

MFM probe

z x1st retrace, Amplitude

Lift height: 0 nm

Lift height: 0 nm

Lift height: 20 nm

H
ei

gh
t

Ph
as

e
Ph

as
e

Lift
height

1
2

3

100 nm

(B)

(d)

(E)

30

25

20

15

10Ph
as

e/
de

g.

5

0
10 20

mc = 3. 7 × 10–17 A.m2

30
Lift height/nm

40 50

100 nm

Fr
eq

ue
nc

y

24
20
18
12

8
4
0

10 40 70 100
Selected distance (nm)

120 150

(a)

(b)

(c)

(e)

(C)

Fr
eq

ue
nc

y

12
10

8
6
4

Native

Particle size (nm)

Unstretched

Stretched

2

40
–5

0
50

–6
0

60
–7

0
70

–8
0

80
–9

0
90

–1
00

10
0–

11
0

11
0–

12
0

12
0–

13
0

13
0–

14
0

14
0–

15
0

15
0–

16
0

16
0–

17
0

17
0–

18
0

18
0–

19
0

19
0–

20
0

0

Native
Native

DTF

DTF

1
2 4

3
6

5

z

FIGURE 16.2
(See companion CD for color �gure.) AFM enables both qualitative and QI at the nanoscale level via lateral 
movement of the AFM probe in static or dynamic modes. (A) Schematic of the lateral motion of the AFM probe 
in both static (a) and dynamic (b) modes. (B) Single-molecule imaging of the globular protein DDR2 binding 
to �laments of collagen type I. (Reprinted with permission from Agarwal, G., Kovak, L., and Radziejewski, C., 
Binding of discoidin domain receptor 2 to collagen I: An atomic force microscopy investigation, Biochemistry, 
41(37), 11091–11098. Copyright 2002, American Chemical Society.) (C) AFM images of chondrocytes before and 
after being subjected to dynamic tensile stress (DTF). (Reprinted from J. Struct. Biol., 162(3), Iscru, D.F., Anghelina, 
M., Agarwal, S. et al., Changes in surface topologies of chondrocytes subjected to mechanical forces: An AFM 
analysis, 397–403, Copyright 2008, Elsevier.) (D) Schematic of the AFM probe motion for MFM imaging. (E) 
Height and phase MFM images as well as quantitative phase shift values for superparamagnetic nanoparticles. 
(Reprinted from Schreiber, S., Savla, M., Pelekhov, D. et al.: Magnetic force microscopy of superparamagnetic 
nanoparticles. Small. 2008. 4(2). 270–278. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)
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Successful AFM imaging critically depends on a strong and stable adherence of the 
sample to a substrate. This is because in most imaging modes, the AFM probe comes 
into physical contact with the sample and can potentially push around unbound 
molecules. In most cases, the puri�ed biological sample is immobilized onto a substrate 
by means of electrostatic attractions or covalent bonding, making the substrate type, 
sample concentration, selection of sample buffers, and washing procedures important 
considerations when preparing single-molecule samples for AFM. The substrate of choice 
is usually mica because it can be easily cleaved to generate a fresh, negatively charged, 
molecularly �at surface. Glass, silicon, and cell-culture surfaces are also common substrates 
because they can be functionalized to ensure a covalent chemistry with biological samples 
and/or nanoparticles. The pH and ionic composition of the selected sample buffers can 
also impact the surface charge of the molecules and either hinder or enhance their ability 
to immobilize on the substrates. Finally, the washing and drying procedures necessary for 
removing loosely immobilized molecules may vary, depending on the degree of sample–
substrate af�nity and the environment (i.e., air or �uid) desired for imaging. Careful 
considerations for each of these components can signi�cantly impact AFM imaging. 
Details of biological sample preparations required for AFM have been reviewed in the 
literature (El Kirat et al. 2005).

16.3.1 Single-Molecule Imaging

In the �eld of nanobiotechnology, AFM is most popularly utilized as a characterization 
tool for single-molecule imaging of biomolecules and nanoparticles. The ability to image 
not only in air but also in liquid environments makes the AFM especially attractive for 
single-molecule imaging applications because aqueous solutions tend to best preserve the 
structural integrity of biological samples. The AFM has produced topographs of DNA 
fragments (Gudowska-Nowak et al. 2009), plasmid, and even supercoiled DNA (Tanigawa 
and Okada 1998) in both air and aqueous environments (Lyubchenko and Shlyakhtenko 
1997). Nanoparticle and nanotube samples of various materials, sizes, and geometries have 
also been characterized in air (Rao et al. 2007) and �uid (Baer et al. 2010). Additionally, 

TABLE 16.1

Comparison of AFM with Other Microscopic Techniques

AFM LM TEM SEM

Resolution 1–2 nm 100–200 nm 1–2 nm 5–10 nm
Contrast Very high 

(no staining)
Medium (no staining) 
or high 
(staining required)

High (staining 
required)

High (staining 
required)

Interior/surface Surface only Both Interior Surface only
Sample 
preparation

Needs to be adhered 
to substrate; no 
�xing, staining 
required; near-
physiological 
conditions

No need for adherence; 
staining required for 
contrast enhancement; 
near-physiological 
conditions

Dehydrated, �xed 
and stained 
samples on TEM 
grids

Dehydrated, �xed 
and metal-coated 
samples on SEM 
stubs

Additional 
capabilities

Force measurement; 
nanomanipulation

Fluorescence Energy dispersive 
spectroscopy; 
diffraction

Energy dispersive 
spectroscopy; 
backscattered 
electron detection
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protein–protein interactions for �lamentous and globular proteins and the con�guration 
of protein oligomers have been captured with AFM in air (Chen and Hansma 2000) as 
well as in �uid (Mou et al. 1996; Agarwal et al. 2002, 2007; Müller et al. 2002). Figure 16.2B 
exempli�es single-molecule binding events in an aqueous medium, including quantitative 
analysis showing particle sizes and the number and position of binding events (Agarwal 
et al. 2002). Reviews covering a diverse range of AFM applications for observing the struc-
tures of nucleic acids (Lyubchenko et al. 2011), proteins (Müller 2008; Baclayon et al. 2010), 
and nanoparticles (Scalf and West 2006) can be found in the literature.

Analysis of AFM images, such as those produced for the samples described earlier, can 
provide quantitative information such as the lateral width, length, height, and size distri-
butions of single molecules. The number and position of protein binding events and their 
oligomerization stoichiometry can also be determined with AFM. It should be noted that 
lateral nanoscale dimensions of a sample in AFM images can be altered by the size and 
shape of the probe and also the image acquisition parameters. However, several computer-
ized algorithms and software are readily available to account for and correct these effects.

16.3.2 Cell and Tissue Imaging

The AFM has played an important role in studies of cellular and tissue surface ultrastruc-
tures, and in providing insight into uptake of substances or nanoparticles by cells. Since 
the AFM enables imaging in a �uid environment and at ambient temperatures, it can pro-
vide very-high-resolution images of cell and tissue surfaces without the need for �xing, 
staining, or sectioning the sample. We highlight later a few key AFM studies on this topic. 
Comprehensive reviews of the advancements in cell and tissue imaging with AFM can 
also be found in the following review articles (Müller 2008; Francis et al. 2010).

AFM imaging has aided in elucidating many behavioral properties of cells. For instance, 
Oberleithner et al. (2009) recently used AFM to demonstrate how the addition of potassium 
to the culture medium stimulated swelling and softening of live vascular endothelial cells. 
In another study, AFM topographs showed that the addition of a drug signi�cantly altered 
the membrane structure of a bacterial cell (Francius et al. 2008), resulting in cell swelling, 
splitting, and nanoscale perforations on the cell membrane. We have additionally shown 
how the AFM can be used to quantify the size and number of cell surface granules present 
on chondrocytes when subjected to various chemical or physical treatments (Iscru et al. 
2008)—AFM topographs from this particular study are highlighted in Figure 16.2C.

AFM can also be used to assess the interaction with or uptake of nanotubes, nanopar-
ticles, or biological molecules by cells, especially when it is combined with �uorescence 
or light microscopy. For example, Lampbretch et al. used AFM to image noncovalently 
functionalized single-walled (SWCNTs) and double-walled carbon nanotubes (DWCNTs) 
immobilized on different biological membranes, such as plasma membranes, nuclear 
envelopes, and a monolayer of avidin molecules (Lamprecht et al. 2009). The uptake of 
transferrin-conjugated gold nanoparticles by live human carcinoma cells has also been 
imaged with AFM in real time (Yang et al. 2005). In this study, AFM, combined with confo-
cal microscopy, was able to visually elucidate the role of transferrin receptor in facilitating 
transferrin-mediated drug uptake by cells. In addition to providing detailed topographs, 
the AFM can also provide adhesive or mechanical mapping of the cell surface—related 
techniques are detailed in Section 16.4.

The surface features of a number of tissues have been analyzed using AFM. For instance, 
bone has been studied on both the nano- and microscale. Thurner et al. (2007) used AFM 
to characterize individual collagen type I �bers and their ∼67 nm banding directly on the 
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surface of different types of bones in air. Xu et al. (2003) demonstrated microstructural 
characterization of bone with AFM; this group was able to exploit the high-resolution capa-
bilities of AFM to compare the subtle topographical and roughness differences between 
human lamellar bone that had either been microtomed or mechanically polished. Aside 
from bone, Lombardo et al. used AFM to simultaneously image and measure the visco-
elastic properties of human cornea in aqueous solution (Lombardo et al. 2012). Additional 
tissue samples that have been characterized with AFM include skin (Bhushan 2011), teeth 
(Ma et al. 2009), and human �ngernails (Vaka et al. 2011).

16.3.3 Imaging the Interior of Samples

One major limitation of AFM for biological imaging is the inability to transcend the 
specimen surface to capture the internal features of a sample. In recent years, several 
AFM-based techniques have been developed and applied primarily to characterize the 
magnetic, conductive, or mechanically excitable properties of solid-state materials. These 
same techniques are now being adapted to detect similar properties in biological speci-
mens to reveal characteristics not only on the surface but also from within the sample’s 
interior. Among these techniques are magnetic force microscopy (MFM), eddy current 
microscopy (EdCM), ultrasonic-AFM (UAFM), scanning near-�eld ultrasonic holography 
(SNFUH), and mode-synthesizing AFM (MSAFM). We highlight these techniques later 
and describe their potentials for probing the subsurface properties of biological samples.

In MFM, an AFM probe coated with a magnetic material (usually Co-Cr) is used to detect 
long-range magnetic interactions between the probe and the magnetic domains within a 
sample (see Figure 16.2D). The magnetic moment of the MFM probe increases (and the 
spatial resolution decreases) proportionally with the thickness of the magnetic coating. 
MFM is routinely used in the semiconductor industry to characterize memory devices 
(Zavaliche et al. 2005; Newman et al. 2007). The synthetic or natural magnetic nanoparticles 
encountered in biological applications, however, typically have a single magnetic domain 
and in turn a (comparatively) weak, superparamagnetic moment (see Figure 16.2E). For 
MFM to serve as a valuable tool for magnetic imaging in bionanotechnology, a signi�cant 
improvement in MFM force sensitivity must, therefore, be achieved without compromising 
the inherently high spatial resolution of AFM. Over the last decade, MFM applications 
have expanded to include characterization of iron-containing proteins such as ferritin 
(Hsieh et al. 2010), bioconjugated magnetic nanoparticles in vitro (Arakaki et al. 2004), and 
magnetic crystals present inside small organisms (Proksch et al. 1995). A comprehensive 
overview of the MFM technique (Hartmann 1999) and its development for life sciences 
(Agarwal 2009) are described in the cited literature.

EdCM is another AFM-based technique that can map the internal characteristics of a 
sample. In principal, eddy currents are produced and can be detected when a time-varying 
magnetic �eld interacts with a conductor; a macroscaled version of this detection tech-
nique is well established for studying subtle subsurface �aws in electrically conductive 
materials (Wincheski et al. 1994). Recently, the combination of the fundamental principles 
of eddy current detection with the sensitive, high-resolution force mapping and imaging 
characteristics of AFM has given rise to EdCM (Nalladega et al. 2008). EdCM is routinely 
used for detecting submicron-sized �aws in different types of metals (Hoffmann et al. 
1998; Nalladega et al. 2008), but has yet to �nd applications in bionanotechnology. Because 
of EdCM’s noncontact, high spatial resolution, and picoNewton-sized force sensitivity, it is 
an excellent candidate for mapping the subsurface properties of biological specimen. The 
transition of EdCM into biological imaging will require a careful understanding of how 
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the liquid environment surrounding a biological sample affects the creation of eddy cur-
rents, and how its potential interference can be minimized to extract details of the internal 
structures of the specimens.

Mechanical excitation is another way in which AFM can reveal a range of subsurface 
information about a sample. MSAFM, as introduced by Tetard et al. (2010), is one of these 
developments for high-resolution subsurface imaging. In general, MSAFM is performed 
by exerting multiharmonic forces on both the sample and the AFM probe. Those forces on 
the sample generate waves that travel through and are scattered by the internal structures 
and properties of the sample. The waves emerge from the sample surface and affect the 
interaction between the AFM probe and the sample in the form of AFM probe frequency 
and phase shifts. Although MSAFM can generate information about structures up to 50 nm 
beneath the sample surface, it remains a challenge to interpret and extract the frequency 
and phase shift data into information about subsurface sample properties (Garcia 2010).

SNFUH is another subsurface AFM imaging technique based on mechanical excita-
tion (Shekhawat and Dravid 2007). In SNFUH applications, a high-frequency acoustic 
wave is launched from under the sample stage and propagates through the sample; a 
second, slightly different, high-frequency acoustic wave is launched on the AFM canti-
lever. Materials with different elastic moduli embedded in the sample dictate the phase 
and amplitude of the propagating acoustic waves. These modulations are re�ected on the 
acoustic interference that occurs at the cantilever tip and, consequently, are re�ected on 
the cantilever oscillation around its resonant frequency. Shekhawat et al. demonstrate 
how the SNFUH technique has the sensitivity capable of detecting gold nanoparticles 
up to 500 nm below a polymer surface and how the resolution is capable of identifying 
malaria parasites within infected red blood cells (Shekhawat and Dravid 2007).

16.4 AFM as a Force Sensor

One of the most powerful capabilities of the AFM is its ability to measure forces between 
the probe and the sample; this feature is called force spectroscopy. Instead of laterally 
scanning the AFM cantilever and probe over the sample, this mode requires the AFM 
cantilever to be brought down (approached) vertically onto the sample and then pulled 
back (retracted). The height “Z” of the cantilever and the speed with which it approaches/
retracts from the sample can be user de�ned. The de�ection of the cantilever as it bends 
during interaction with the sample is monitored as a function of its “Z” height, giving 
rise to a “force curve.” Analysis of the force curves can yield valuable information about 
tip–sample interaction forces and mechanical properties of the underlying sample. Often 
the force spectroscopy of a sample is coupled with image acquisition via light microscopy 
or AFM imaging to map out the speci�c locations on the sample where force curves are 
acquired. Figure 16.3 highlights force measurement capabilities of the AFM.

16.4.1 Molecular and Cellular Adhesion and Recognition

One of the most popular uses of AFM force spectroscopy is to evaluate the adhesion or 
recognition between two biomolecules. In this case, one binding partner is adhered to the 
AFM probe while the second binding partner is on the substrate. As the “functionalized” 
AFM probe interacts with the sample, the force of adhesion between the probe molecule 
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(See companion CD for color �gure.) AFM enables local force measurements by vertical movement of the AFM 
cantilever and probe. (A) Dimerization of protein cadherin evaluated by immobilizing the protein both on the 
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The Company of Biologists Ltd.) (C) Imaging and stiffness of amyloid �brils assessed using the PeakForce 
imaging mode. (Reprinted from Springer Science+Business Media: Nanoscale Res. Lett., Nanomechanical prop-
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and the sample can be ascertained by analyzing the generated force curves (Noy 2011). 
Force spectra have been generated to study the binding of �bronectin to bacterial surfaces 
(Casillas-Ituarte et al. 2012), the localization of vascular endothelial growth factor (VEGF) 
receptor on endothelial cells (Almqvist et al. 2004), and the distribution of β1-integrin on 
stem cells (Li et al. 2012). Figure 16.3A highlights force spectra that have been generated 
due to dimerization of the protein cadherin (Kumar and Hoh 2001).

Hinterdorfer and his colleagues have developed a single-molecule recognition imaging 
technique (Dufrêne and Hinterdorfer 2008; Chtcheglova and Hinterdorfer 2011) in which 
a cantilever tip functionalized with a probe molecule (a �exible short-linker) is oscillated 
at a frequency below resonance. The oscillation is split into approaching and withdrawing 
components. The oscillation signals in the approaching component re�ect the repulsive 
tip–sample interaction, providing topographs. The signals in the withdrawing component 
re�ect the association events between the probe molecule and its counterpart, resulting 
in recognition images. This approach enables one to correlate the topographical height 
images with the recognition images obtained using AFM. Single-molecule recognition 
imaging has been used to study the distribution of individual ICAM-1 molecules on sur-
faces (Willemsen et al. 1998) and to study transmembrane transporters on cell surfaces at 
the single-molecule level (Puntheeranurak et al. 2011).

Besides molecular recognition, AFM has also been used to study cell-adhesion forces. 
AFM-based single-cell force spectroscopy (SCFS) enables the quantitative study of cell 
adhesion under physiological conditions. The overall protocol involves (1) the functional-
ization of AFM cantilevers to enable cell attachment, (2) the measurement of adhesion forces 
between the cell and a functionalized substrate, and (3) data analysis and interpretation. 
SCFS has been used to probe adhesive interactions of single living mammalian cells with 
extracellular matrix (ECM) proteins (Friedrichs et al. 2010), other cells (Hoffmann et al. 2011), 
metal oxide surfaces (Stevens et al. 2009), and bacterium with various surfaces (Lower 2011).

16.4.2 Single-Molecule Mechanics

AFM offers new insight into the process of protein folding and unfolding without the need 
to denature the proteins with chemicals or temperature. Instead, AFM can probe single, 
fully intact proteins with mechanical forces (Bornschlögl and Rief 2011). In these single-
molecule force spectroscopy (SMFS) experiments, interaction forces are monitored while 
the AFM tip continuously approaches and retracts from the biological sample. The obtained 
force–extension curves provide key insight into the molecular elasticity and localization of 
single molecules either on isolated systems or on cellular surfaces (Marszalek and Dufrêne 
2012). The energy landscape of the giant muscle protein titin (Linke and Grützner 2008) 
and the eukaryotic signaling protein calmodulin (Junker and Rief 2009) are paradigm 
models in this �eld. The nanobiomechanics of several other biomolecules have also been 
analyzed using SMFS. These include RNA unfolding (Heus et al. 2011), enzyme mechanics 
and catalysis (Wang et al. 2011), molecular persistence length and force �ngerprint of pro-
teoglycans (Harder et al. 2010), nuclei-acid-protein interactions in intact viruses (Jin et al. 
2010), and of polysaccharides and proteins on live cells (Francius et al. 2009).

In recent years, AFM-based single-molecule mechanics has also been complemented 
with other techniques such as �uorescence resonance energy transfer spectroscopy (AFM-
FRET) (He et al. 2012). This integrated AFM-FRET nanoscopy approach can effectively 
pinpoint and mechanically manipulate a targeted dye-labeled single protein. By analyzing 
time-resolved FRET trajectories and correlated AFM force pulling curves of the targeted 
single-molecule enzyme, the protein conformational changes can be observed.
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16.4.3 Cell Mechanics and Rheometry

AFM has been extensively used as a nanotool to study static mechanical properties of 
living cells (Costa 2003), membranes (Müller 2008), supported lipid bilayers (Picas et al. 
2012), and a variety of soft substrates. In basic stiffness measurements, the substrate 
or cellular stiffness is determined from the slope of a force–distance curve. A steeper 
slope corresponds to a stiffer cell, such as that shown for vascular endothelial cells in 
Figure 16.3B (Callies et al. 2011). In another popular approach, force indentation curves 
are recorded and indentation-depth dependent moduli for cell stiffness are determined 
(Fuhrmann et al. 2011).

Dynamic mechanical measurements using AFM can also yield viscoelastic behavior of 
cells. The main component of AFM-based viscoelastic measurements is a small amplitude 
high-frequency oscillatory drive signal superposed with the slowly changing force curve 
signal (Mahaffy et al. 2004). AFM microrheology has been used to map the viscoeleastic 
behavior of �broblasts (Mahaffy et al. 2004; Hale et al. 2009), neutrophils (Lee et al. 
2011), and cartilage tissue (Stolz et al. 2004). More recently, Raman et al. have proposed a 
dynamic AFM method to quantitatively map the nanomechanical properties of live cells 
with a throughput that is ∼10 to 1000 times higher than that achieved with quasi-static 
AFM techniques (Raman et al. 2011). Here, the local properties of a cell are derived from 
the zeroth, �rst, and second harmonic components of the Fourier spectrum of the AFM 
cantilevers interacting with the cell surface. Local stiffness, stiffness gradient, and the 
viscoelastic dissipation of live Escherichia coli bacteria, rat �broblasts, and human red blood 
cells were all mapped by Raman et al. in buffer solutions using this method. In another 
approach, FM-AFM has been used to image as well as map the local mechanical properties 
of virus particles with a force sensitivity of 20 pN (Martinez-Martin et al. 2012).

16.4.4 Micromechanics of Single Fibers

AFM serves as a useful tool to characterize the mechanical properties of single �bers 
composed of biological materials. The modulus of the �ber’s material can be obtained by 
nanoindentation protocols as outlined in Sections 16.4.2 and 16.4.3. Newer models of com-
mercial AFMs can now enable simultaneous imaging and measurement of nanomechani-
cal properties of �bers and surfaces using modes such as the harmonic force microscopy 
(HarmoniX) and PeakForce QNM (Table 16.2). These modalities allow extraction of mechan-
ical parameters of the surface with a lateral resolution and speed comparable to dynamic 
AFM imaging. Figure 16.3C shows how mechanical properties, as well as morphology of 
amyloid �brils, have been studied using these dual capabilities of AFM (Sweers et al. 2011).

To obtain a more complete mechanical characterization, the AFM probe can also be used 
to pull or push a single �ber and determine the related mechanical responses. A single 
�ber, for instance, can be attached between the AFM probe and the substrate; both the 
static and the dynamic mechanical responses of the �ber can be studied as the AFM can-
tilever is ramped vertically up and down to extend and relax the �ber (Svensson et al. 
2010). AFM can also be used as a stylus to extend or push a suspended �ber vertically or 
laterally, analogous to a nanoscale three-point bending test. By combining the AFM stylus 
with an LM, the change in �ber length can be measured and �ber extensibility can be 
ascertained. The AFM has been used to vertically bend and measure the elastic proper-
ties of suspended bacterial cellulose �bers (Guhados et al. 2005) and collagen �brils (Yang 
et al. 2007). Elastic moduli and extensibility of single �bers of �brin (Liu et al. 2010) have 
been measured by laterally stretching these �bers with an AFM cantilever and observing 
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both their change in length and their breaking point. In a more novel approach, a hook-
probe has been used on the AFM cantilever to extract mechanical properties of single 
stress �bers in vitro and in live cells (Machida et al. 2010). The custom-fabricated AFM 
probe hook could capture, pull, and eventually sever a chosen stress �ber labeled with 
green or red �uorescent protein.

16.5 AFM as a Nanomanipulator

Nanobiotechnology often requires the generation of highly organized patterned surfaces con-
sisting of well-de�ned molecular entities on a particularly desired substrate. In this regard, 
a number of patterning methods (Barbulovic-Nad et al. 2006) like microcontact (Quist et al. 
2005), solid- and split-pin, and inkjet printing (Nakamura et al. 2005) have been in vogue over 
the past few decades. Resolution of the patterned features using these techniques, however, 
is on the micronscale. The AFM has a signi�cant advantage by offering nanoscale resolution 
and the ability to direct and manipulate the bottom-up assembly of molecules and particles 
at room temperatures. Additionally, the AFM can achieve top-down patterning of substrates 
via etching of selective regions on a substrate. A variety of AFM-based techniques have been 
developed to pattern or manipulate particles ranging from single molecules to nanoparticles. 
Here, we describe these techniques and highlight their applications in nanobiotechnology. 
These manipulation techniques are also summarized in Figure 16.4.

16.5.1 Manipulation of Nanoparticles

The �rst nanoparticle manipulation experiment was conducted with a scanning tunnel-
ing microscope (Junno et al. 1995). Since then, the AFM has proven to be a very powerful 

TABLE 16.2

Instruments Offering Specialized AFM Techniques

AFM Company Model Feature Remarks

In�nitesima (Oxford, 
United Kingdom)

Video-AFM™ High-speed AFM Enables real-time image acquisition at 
video frame rates

Olympus (Tokyo, 
Japan)

Nano Live Vision™ High-speed AFM Modi�ed version of the microscope 
developed by Ando’s group

Asylum Research MFP-3D and Cypher iDrive A small oscillating current �ows 
through the cantilever legs in the 
presence of a magnetic �eld causing it 
to vibrate

Agilent Several models MAC mode A magnetically coated cantilever is 
driven by an oscillating magnetic �eld

Bruker Multimode 8 ScanAsyst Self-optimizing imaging mode
— — HarmoniX Enables imaging and modulus 

measurements of sample surface
— Catalyst PeakForce QNM Enables imaging, deformation depth 

mapping, and modulus 
measurements of sample surface

JPK Nanowizard QI mode An entire force curve at each pixel can 
be obtained
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tool for selectively lifting, sliding, or depositing atoms, molecules, and nanoparticles onto 
a desired substrate for a wide range of applications (Gilbert and Cavalleri 1996; Grobelny 
et al. 2006; Tang et al. 2004; Ding 2008). Depending on the application, the specimen may 
require horizontal (X-Y) and/or vertical (Z) manipulation; the AFM is a versatile tool that 
meets both of these needs.

Horizontal nanomanipulation is generally conducted in static mode of AFM, in which 
the particles are “pushed” by the AFM probe to its destination. Dynamic modes of AFM 
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FIGURE 16.4
(See companion CD for color �gure.) AFM serves as a nanomanipulator in multifaceted ways. (A) DPN uses 
an AFM probe as a pen to selectively deposit small molecules onto a substrate. The images show patterning of 
a small peptide (middle panel) (Reprinted with permission from Agarwal, G., Sowards, L.A., Naik, R. et al., 
Dip-pen nanolithography in tapping mode, J. Am. Chem. Soc., 125(2), 580. Copyright 2003b, American Chemical 
Society.) and a globular protein (bottom panel) using electrochemical DPN (Reprinted with permission from 
Agarwal, G., Naik, R.R., Stone, M.O., Immobilization of histidine-tagged proteins on nickel by electrochemical 
dip pen nanolithography, J. Am. Chem. Soc., 125(24), 7408. Copyright 2003a, American Chemical Society.) (B) 
Lifting of charged gold nanoparticles by applying electric potential to the AFM probe. (Reprinted from Xu, J., 
Kwak, K., Lee, J. et al.: Lifting and sorting of charged Au nanoparticles by electrostatic forces in atomic force 
microscopy. Small. 2010. 6(19). 2105–2108. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.) Lifting is depen-
dent on particle size and the polarity and magnitude of applied potential. (C) In nanografting the AFM probe 
scrapes away a SAM to expose a region of the substrate. Another molecule type that is suspended in the solution 
surrounding the sample assembles into the newly exposed areas. AFM height image and section pro�le show 
two nanoislands of C22S and C18S molecules created with nanografting. (Reprinted with permission from Xu, S., 
Miller, S., Laibinis, P., Fabrication of nanometer scale patterns within self-assembled monolayers by nanografting, 
Langmuir, 15(21), 7244. Copyright 1999, American Chemical Society.)
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have also been successful (Martin et al. 1998). Nanostructures of various materials, sizes, 
and shapes have been horizontally manipulated at ambient air (Junno et al. 1995; Hansen 
and Bohr 1998; Ju Yun et al. 2007) and even in �uid environments (Resch et al. 2000). Forces 
present between the probe and particle and/or between the particle and substrate are of 
little importance here, making horizontal manipulation less challenging than vertical 
manipulation.

Vertical nanomanipulation must take into consideration the binding af�nities between 
the selected probe and/or substrate and the particle of choice. Extraction or placement of 
larger biomolecules like proteins and DNA, therefore, require the use of mechanical forces 
as in AFM-based nanografting (Xu et al. 1999) or electric forces as in electrochemical Dip-
pen nanolithography (DPN) (Agarwal et al. 2003a), nanopipetting (Bruckbauer et al. 2002, 
2007) and dielectrophoretic deposition (Unal et al. 2006). Thus far, vertical lifting or depo-
sition of nanoparticles has mainly been accomplished using higher probe-sample contact 
forces in dynamic mode (Decossas et al. 2003) or by manipulating each particle before 
lifting (Prime et al. 2005; Wang et al. 2007). In our recent work, we have shown how the 
polarity and magnitude of an electric potential applied to an AFM tip can be modulated 
to enable selective lifting of positively or negatively charged gold nanoparticles from a 
surface (Xu et al. 2010). Thus, the AFM can also be used as a nanobroom or a nanocrane to 
remove and/or deposit nanoparticles at desired locations.

16.5.2 Dip-Pen Nanolithography

DPN has been the most popular AFM-based technique to pattern small molecules on a 
solid surface (Piner et al. 1999). The technique resembles an old-style quill pen, in which 
an AFM cantilever probe is used as a nanosized “pen” for “writing” small molecules on 
a “paper” or substrate. The AFM probe is �rst dipped into an “ink” of molecules and 
capillary forces are used to transfer the molecules from the probe (pen) onto a substrate 
(paper) in a well-controlled manner (see Figure 16.4A). The DPN technique has evolved 
to encompass a variety of different ink and paper combinations (Ginger et al. 2004), and 
both the static and dynamic modes of AFM have been employed (Agarwal et al. 2003a). 
The progression of DPN for bionanotechnology applications is reviewed in this citation 
(Ginger et al. 2004).

Shortly after the advent of DPN technology, it was clear that the low throughput of gen-
erating patterns with a single AFM probe tip was a major nanofabrication drawback. Since 
then, attempts have been made to create large-scale multicantilever DPN probes. Salaita 
et al. used photolithographic techniques to fabricate a 2D, 55,000 AFM probe array for 
massive lithographic patterning (Salaita et al. 2006). This array spans a 1 cm × 1 cm area 
and does not require independent feedback from each individual tip. The creation of the 
55,000-probe array increased the throughput of DPN by over four orders of magnitude, 
thus making it a compelling technique for small molecule patterning for nanobiotechnol-
ogy applications.

Humidity and ink water solubility are two factors that can limit the capabilities of DPN. 
Sanedrin et al. studied the effects of temperature on the lithographic patterning of low 
and high melting point alkanethiol molecules, as well as gold and thiolated molecules 
like 16-mercaptohexadecanoic acid (MHA) and 1-octadecanethiol (ODT) (Sanedrin et al. 
2010). They demonstrated how temperature and dwell time can control the diffusion of 
these molecules onto a substrate to obtain well-calibrated nanometer- and micrometer-
sized features. By decreasing the dwell times and the temperature of the probe–substrate 
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interaction, the �ow rate of the otherwise fast diffusing molecules became easier to control; 
this resulted in smaller dot sizes. These experiments were repeated using the 55,000-pen 
array, mentioned previously, to prove that the temperature-controlled DPN methodol-
ogy can be used to pattern controlled nanometer-sized molecules in a high-throughput 
manner.

The ability to pattern speci�c biomolecules, like nucleic acids, proteins, and antibod-
ies onto a microchip is especially attractive for the fabrication of biosensors. The DPN 
technique has been utilized for the selective detection of DNA (Nam et al. 2002) and to 
generate an antibody nanoarray for detection of human immunode�ciency HIV-1 virus 
p24 antigen (Lee et al. 2004). In these studies, DPN was used to create the nucleic acid or 
antibody nanoarrays via indirect-patterning through MHA dots. The MHA dots served 
as templates for the antibody immobilization, upon which the antigen was preferentially 
bound and detected.

Direct-patterning of nanoparticles and biomolecules has also been achieved using 
DPN and other approaches, albeit in a low-throughput manner. Using a technique called 
ele ctrochemical DPN, GaN nanowire heterostructures have been generated by a local 
electrochemical reaction between the nanowire and a tip-applied KOH “ink” (Maynor 
et al. 2004). By controlling the ambient humidity, reaction voltage, and reaction time, 
control over the modi�cation geometry was obtained. Using a similar approach, we and 
others have demonstrated how applications of electric potentials to the AFM probe in DPN 
can enable direct deposition of proteins from the probe onto a substrate (Figure 16.4B) 
(Nam et al. 2002; Agarwal et al. 2003a). In another report, sub-50 nm gold patterns have 
been generated on insulating surfaces via molecular diffusion of gold chloride followed by 
an annealing process (Sung et al. 2010). Besides standard AFM probes, a volcano-shaped 
probe has also been used as an on-chip reservoir through which controlled delivery of ink 
can be achieved to provide high-resolution direct-patterning (Kim et al. 2005). Cantilevered 
nanopipettes have been utilized to directly print proteins in ambient environments under 
standard normal force AFM control without the need for external electric �elds and liquid 
environments (Taha et al. 2003).

16.5.3 Nanografting

Nanografting is another AFM-based technique capable of selectively manipulating 
molecules at sub-100 nm resolutions. This earliest version of this approach was performed 
with a substrate of a self-assembled monolayer (SAM) in the presence of a solvent that 
contained a second type of small molecule (Xu 1997). The AFM probe was used to etch 
away molecules of the SAM on the substrate to create a pattern of selectively exposed 
regions. The etched-out molecules washed away into the solvent and the exposed areas 
were then �lled by the second small molecule present in the solvent. The same AFM 
probe was then used to image the newly manipulated surface (see Figure 16.4C). Several 
progressions of the nanografting technique have occurred since then (Liu et al. 2008).

The nanografting technique is especially attractive for bionanotechnology applica-
tions due to its high resolution (sub-100 nm), ability to operate in wet environments, and 
versatility to selectively assemble nanostructures of large molecules and biomolecules. 
Thus, nanografting has resulted in many applications in nanobiotechnology. One note-
worthy achievement includes Chung et al.’s two-step nanografting of patterns on SAMs. 
The patterns were used to create highly organized genetically or chemically modi�ed 
virus particles (Chung et al. 2008). Yu et al. also used nanografting to demonstrate how 
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ligand nanostructures could be used to mimic the binding location of HIV viruses (Yu 
et al. 2005). Different patterns of HIV-binding ligands were created, from which this group 
could determine the optimal spacing and pattern design required for maximal HIV-virus 
binding. Further discussions of nanografting applications for manipulation of proteins 
(Liu and Amro 2002) and DNA (Castronovo and Scaini 2011) can be found in the cited 
literature.

16.6 Recent Developments in AFM

The two major challenges in advancing AFM imaging include (1) improving the resolution 
of AFM images and (2) increasing the scanning speed to enable the observation of single-
molecule events in real time. The past decade has witnessed signi�cant advances along 
both of these directions. Speci�cally, the lateral resolution of an AFM image is limited 
by the diameter of the AFM probe. Advancements in nanotechnology have played a sub-
stantial role in manufacturing AFM probes with smaller diameters and ultrahigh aspect 
ratios, both of which can enhance the lateral resolution in AFM images. Microfabrication 
techniques like reactive ion etching (RIE) and deep RIE (DRIE) have been used to micro-
machine high-aspect-ratio (HAR) silicon tips speci�cally with heights >40 μm and aspect 
ratios of 7 (Wang and van der Weide 2005). Single- and multiwalled carbon nanotubes 
(SWCNT, MWCNT) attached to AFM probes have enabled a resolution better than the 
nanotube probe diameter and, in some cases, a resolution better than 1 nm (Wade et al. 
2004). Quartz micropipette and optical �ber-based structures have additionally facilitated 
sharper, multifunctional AFM probes (Lieberman et al. 1994). Recently, long polymeric 
needles of various materials have also been attached onto an AFM probe or cantilever as 
additional means for improving lateral AFM resolution (Kang et al. 2010).

Secondly, although AFM is highly capable of imaging single molecules, it has been a 
challenge to advance the AFM technique to capture the progression of single-molecule 
events in real time. This is because the rate of these events, such as the movement of a 
motor protein, occurs on the order of milliseconds or less. The typical scan rate of a com-
mercial AFM, however, is ∼1 to 2 Hz, requiring at least 30 s to 1 min (or longer) to acquire 
a single image. Over the past decade, methods to achieve faster scanning for biological 
samples have been developed to enable real-time imaging of single-molecule processes. 
Ultrafast AFM scanning has been achieved by means of shorter cantilevers and a special 
optical de�ection detector (ODD). Recent years have witnessed more comprehensive AFM 
systems for ultrafast scanning, which include enhanced hardware and software features 
like high-speed scanners, fast amplitude detectors, drift compensators, active damping 
techniques, and faster data acquisition systems (Ando 2012).

The fast AFM techniques mentioned earlier have enabled imaging of several single-
molecule events, including the capturing of DNA molecules in 0.17 s (Schäffer et al. 1996; 
Viani et al. 1999), the formation and dissociation of a streptavidin–biotinylated DNA complex 
(Kobayashi et al. 2007), and the 1D diffusion of a restriction enzyme along a DNA strand 
(Yokokawa et al. 2006b). A variety of dynamic protein–protein interactions or conformation 
changes have also been imaged in real time using high-speed AFM. These include imaging 
of conformation changes of dynein C (Ando et al. 2006), GroEL–GroES association–
dissociation cycles controlled by the ATPase reaction (Yokokawa et al. 2006a), moving 
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myosin (80 ms per frame) and gliding of actin �laments on myosin V (Ando et al. 2001), and 
the unidirectional movement of individual kinesin molecules along microtubules in real 
time (0.64 s per frame) (Ando et al. 2003). However, it should be noted that in addition to 
unique hardware modi�cations, high-speed AFM also requires special sample preparation 
methodologies for biological samples mostly due to the increasingly rapid scanning rate 
of the high-speed AFM probe across the sample. High-speed AFM is, thus, an upcoming 
technique (Ando 2012) currently con�ned to research groups and is only available at this 
time on selective commercial AFM systems (Table 16.2).

Other approaches to improve AFM imaging and related capabilities have focused on 
the modes of engagement of the AFM cantilever with the sample. For example, the seesaw 
method by Torun et al. improves imaging speed and displacement range simultaneously. 
This method involves a lever and fulcrum “seesaw-like” actuation mechanism that uses a 
small, fast piezoelectric transducer (Torun et al. 2011). Upcoming AFM modes involve the 
use of magnetically actuated cantilevers that are capable of reducing noise in �uid imag-
ing, such as the magnetic AC (MAC) mode (Ge et al. 2007) and the iDrive (Ip et al. 2010). 
More attractive, user-friendly options include ScanAsyst and quantitative imaging (QI); 
these are self-optimizing imaging modes that can provide direct force control at each point 
in an image. Unfortunately, these specialized AFM modes are available only on limited 
commercial AFM systems (see Table 16.2), and their versatility over the standard static and 
dynamic modes for various applications in nanobiotechnology are yet to be established.

16.7 Conclusions and Future Perspectives

As described earlier in this chapter, the AFM serves as an indispensable tool for nanobio-
technology based on its three major capabilities, namely, (1) imaging, (2) force measure-
ments, and (3) nanomanipulation, both in ambient air and in �uid environments at the 
nanoscale level. Most commercial AFM systems enable all of these capabilities and are 
therefore considered multimodal instruments. Custom-built AFM systems are generally 
targeted to enhance and improve one of these capabilities. Over the past decade, the AFM 
has also been integrated with other biophysical techniques such as light and �uorescence 
microscopy, scanning electron microscopy, and near �eld scanning optical microscopy. 
The development of improved probes for AFM applications is yet another area that has 
witnessed rapid growth and broadened the spectrum of applications in nanobiotechnol-
ogy. We can, therefore, expect that the coming years will continue to see a rise in the “stan-
dard” applications of AFM for nanobiotechnology, along with novel applications that may 
stem from recent developments such as faster scanning, imaging the interior of samples, 
higher resolution, and integrated AFM capabilities.
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17
Dielectrophoresis

Shiqing Wu and Shengnian Wang

17.1 Introduction

In the presence of an external electric �eld, particles may move by electrophoresis (EP, 
the Coulomb force driven motions for charged particles), electroosmosis (EO, the �ow 
induced motions due to the charged solid surface), dielectrophoresis (DEP, the electric 
�eld gradient induced particle motions), or their combinations. Unlike in EP, motions 
triggered by DEP are not limited to charged particles. The intense electric �eld gradient 
around DEP electrodes can induce a dipole moment between a neutral particle and its 
surrounding medium, namely, the Maxwell–Wagner interfacial polarization, to regulate 
movements of the particle (Figure 17.1a and b). This phenomenon was �rst discovered 
by Dr. Herbert Pohl from Princeton University when he studied the suspension of water 
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droplets in air with a nonuniform alternating current (AC) electric signal (Pohl 1978). 
Since then, DEP has been extensively explored to trap and manipulate a variety of par-
ticles, among which latex beads were often favored due to their homogeneous size and 
well-known physical properties (e.g., permeability or dielectric constant). The scheme of 
DEP is also largely broadened from just static particle trapping to various aspects of par-
ticle actuations including electrorotation (ROT), traveling-wave dielectrophoresis (TWD), 
and optoelectronic tweezers. The maturing of these technologies greatly stimulates the 
success of DEP in trapping, manipulation, assembly, and separation of various micro/
nanoparticles, particularly many biological components including DNA, proteins, virus, 
bacteria, and mammalian cells.

17.2 Working Mechanism of DEP

When an external electric �eld (E) is applied across a particle suspended in a �uid 
medium, both the particle and the surrounding medium are polarized so that charges (σ) 
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(See companion CD for color �gure.) The working principles of DEP. (a and b) The net force on a charged 
particle and a neutral particle in a (a) uniform electric �eld and (b) nonuniform electric �eld. (c) Schematic for 
the induced dipole moment in a nonuniform electric �eld.
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accumulate at the interface of the particle and the �uid. If in a uniform electric �eld, the 
attraction forces exerted on the particle from all directions are equal in magnitude and 
cancel each other so that the particle remains stationary (Figure 17.1a). However, if the 
electric �eld is nonuniform, the �eld gradient induces a dipole moment on the particle and 
drives the polarized particle to move either toward or against the �eld maxima, depending 
on the dielectric property of the particle and its surrounding medium (Figure 17.1b). The 
nonuniform electric �eld can be generated by either an AC or a direct current (DC) signal. 
Correspondingly, we name them AC-based DEP and DC-based DEP.

17.2.1 Derivation of DEP Force

In a nonuniform electric �eld, the induced dipole can be simpli�ed as two equal but oppo-
site point changes with a charge density of q, as shown in Figure 17.1c. The net force on the 
dipole can then be written as

 F q q q ODipole = + − = ⋅∇ +E r d E r d E d( ) ( ) ( )2  (17.1)

where
r refers to the vector spatial coordinate
d is the dipole length
E is the applied electric �eld

When expanded with Taylor series, and when we neglect all high order terms (which are 
associated with the quadrupole, octopole, and so on), the resultant force is simpli�ed as

 F q= ⋅∇d E  (17.2)

where qd is the dipole moment of the particle induced by the nonuniform electric �eld and 
is given by

 q a Kmd E= ( )4 3π ε  (17.3)

where
a is the radius of the spherical particle
ɛm is the permittivity of the �uid medium
K is known as the Clausius–Mossotti factor

Thus, the DEP force in Equation 17.2 can be written as

 F a K a Km m= ⋅∇ = ∇ ⋅( ) ( ) ( )4 23π ε π εE E E E3  (17.4)

If the applied electric �eld signal is frequency-dependent (i.e., AC-based DEP), the Clausius-
Mossotti factor is a complex number (K*). When its real part is substituted in Equation 17.4, 
the time-average DEP force is reduced to

 F a KDEP m rms= ∗ ∇2π ε3 2Re[ ] E  (17.5)
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17.2.2 Key Factors in DEP

17.2.2.1 Clausius–Mossotti Factor

When the conductive losses (due to the mobile ions associated with the particles them-
selves and/or the liquid medium) are considered in an AC-based DEP, the complex permit-
tivity of the particle and the medium is used instead. It is given by

 
ε ε

σ
ω

ε ε σ
ωp p

p
m m

mj j∗ = − ∗ = −,       (17.6)

where
ɛp is the permittivity of the spherical particle
σp and σm are the conductivity of the particle and the medium, respectively
ω is the angular frequency of the applied electric signal

Correspondingly, the complex Clausius–Mossotti factor (K*) is de�ned as
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The real part of the complex Clausius–Mossotti factor (Re[K*]) can then be written as
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where τMW is the Maxwell–Wagner charge relaxation time and is given by
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The dielectric constants of common particles used in DEP are provided in Table 17.1. As the 
complex permittivity is dependent on the angular frequency (ω) of the applied electric sig-
nal, the sign and magnitude of Re[K*] vary in the frequency spectrum. At low frequency, the 

TABLE 17.1

Relative Dielectric Constant of Common Materials or 
Medium

Materials
Dielectric 

Constant (ɛr) Materials
Dielectric 

Constant (ɛr)

Vacuum 1 Polystyrene 2.4–2.7
Air 1.00054 Silicon 11.68
Water at 0°C 88 Silica 2.5–3.8
Water at 20°C 80.1 Glass bead 3.1
Methanol 32.7 Pyrex 4.7
Ethanol 24.5 Mica 5.4
Isopropanol 17.9 Titanium oxide 100
Acetone 20.7 Al powder 1.6–1.8
Toluene 2.38 Silicon oil 2.2–2.9
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conductivity dominates the magnitude of the DEP force, while the permittivity becomes 
the predominant factor at high frequency. For two ultimate cases, K0 (when ω = 0) and K∞ 
(when ω = ∞), Re[K*] reduces to Re 2[ ]K p m p m∞

∗ = − +ε ε ε ε  and Re 2[ ]K p m p m0
∗ = − +σ σ σ σ , 

respectively. The sign of Re[K*] clearly indicates two different DEP motions: negative DEP 
(n-DEP) and positive DEP (p-DEP), as shown in Figure 17.2a. In n-DEP, particles move 
toward the �eld minima while in p-DEP, particles move toward the �eld maxima (Figure 
17.2b). The frequency spectrum of Re[K*] is provided in Figure 17.2c for three different 
cases: (1) nonconductive particles in an insulator liquid, (2) conductive particle in an insu-
lator liquid, and (3) conductive particles in a conductive liquid. The crossover frequency 
(ωc) is given by
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(See companion CD for color �gure.) The dependence of Clausius–Mossotti (Re[K*]) factor to the frequency of 
an electric signal and the corresponding particle motions. The schematic of frequency spectrum of Re[K*] factor 
(a) and the corresponding particle motions in p-DEP and n-DEP (b). (c) The simulation prediction of Re[K*] under 
an AC signal of a broad frequency range for (i) a nonconducting particle in water (ɛp = 2.4, ɛm = 80, Re[K*]∼−0.5), 
(ii) a conductive particle in water (ɛp = 2.4, σp = 0.01), (iii) a spherical dual-shell particle (mimicking a mammalian 
cell, with ɛcyto = 75, σcyto = 0.5 S/m) in a 0.1 S/m salt solution. In (ii), the particle is more conductive than water and 
shows p-DEP behaviors at low frequencies, while behaviors similar to the particle in (i) at high frequencies. In 
(iii), with the increasing of the frequency, the multishell sphere exhibits a transition from n-DEP to p-DEP and 
then back to n-DEP when the signal frequency reaches very high. (c): Reproduced with kind permission from 
Springer Science+Business Media: BioMEMS Biomed. Nanotechnol., Dielectrophoretic traps for cell manipulation, 
4, 2007, 159–186, Voldman, J., Springer, E.D., Ferrari, M.S., Bashir, R., and Wereley, S., Copyright 2007.)
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17.2.2.2 Particles with Heterogeneous Structure

The DEP derivations mentioned earlier are done on a homogeneous particle. This 
assumption is generally suf�cient for dielectric particles like latex beads. But when 
applying it to particles with complicated, inhomogeneous structures, such as bacteria 
and mammalian cells, the uniform spherical model becomes too simpli�ed. To deal with 
these heterogeneous particle structures, multishell models are often used in which the 
particle structure is simpli�ed into two or more coherent layers (Jones 1995). For exam-
ple, erythrocytes are usually simpli�ed to a two-shell model: a thin spherical membrane 
layer as the outer shell and a homogenous spherical cytoplasm as the core. For leuko-
cytes with a nucleus, a three-shell model, the plasma membrane, the cytoplasm, and 
the nucleus membrane envelop, is widely used. The multishell models for cells are sche-
matically shown in Figure 17.3a and b. To apply the same DEP formula shown earlier, 
an effective complex permittivity of the nonuniform particle εp

*( ) is used to calculate the 
Clausius–Mossotti factor (K*) in Equation 17.7. For example, in the two-shell model, the 
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FIGURE 17.3
(See companion CD for color �gure.) Multishell models for DEP simulation on heterogeneous particles. (a) A 
two- and three-shell cell models. (b) The simpli�cation of a two-shell model of a cell to a particle with an effec-
tive complex permittivity εp

*( ). (c) A typical frequency spectrum of the DEP force on a cell. (Reproduced with 
kind permission from Springer Science+Business Media: BioMEMS Biomed. Nanotechnol., Cell physiometry tools 
based on dielectrophoresis, 2, 2007, 103–126, Pethig, R., Springer, E.D., Ferrari, M.S., Bashir, R., and Wereley, S., 
Copyright 2007.) (d) The simulated frequency spectrum of Re[K*] for several common cell types. (Reprinted with 
permission from Huang, Y., Ewalt, K.L., Tirado, M., Haigis, R., Forster, A., Ackley, D., Heller, M.J., O’Connell, J.P., 
and Krihak, M., Electric manipulation of bioparticles and macromolecules on microfabricated electrodes, Anal. 
Chem., 73, 1549–1559. Copyright 2001 American Chemical Society.)
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simpli�cation of the effective permittivity of the particle is schematically presented in 
Figure 17.3b and is given by
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where
εmem

∗  and εcyt∗  are the complex permittivity of the plasma membrane and the cell cyto-
plasm, respectively

R is the outer radius of the cell
δ is the plasma membrane thickness

The values of these parameters used in DEP simulations are listed in Table 17.2. Other 
structural heterogeneity of cells, such as a nonspherical shape (e.g., E. coli and red blood 
cells) and inhomogeneous plasma membranes, and/or inner compartments can also 
utilize similar approximations (Irimajiri et al. 1979; Kakutani et al. 1993; Sukhorukov et al. 
2001). The in�uence from the surface conductivity of particles and the associated electrical 
double-layer change during polarization has also been estimated with more sophisticated 
models (Lyklema et al. 1995; Zhou et al. 2005). A typical frequency spectrum of the DEP 
force based on a multishell cell model is shown in Figure 17.3c and the simulation results 
of the frequency spectrum for Re[K*] on various types of cells are given in Figure 17.3d.

17.2.2.3 Electric Field Gradient

From Equation 17.5, the electric �eld strength and its gradient greatly affect the magnitude 
of the DEP force on particles. Therefore, the con�guration of electrodes (e.g., their 
geometry and relative positions) is critical to generate an appropriate nonuniform electric 
�eld gradient and to conduct ef�cient DEP manipulation. The simplest con�guration 
is the pin-wire pair electrode design (sometimes also called the pin-plane pair) used in 

TABLE 17.2

Dielectric Properties of Different Cells and the PBS Buffer Solution Used in DEP Simulation

Particle

Inner Compartment Membrane Cell Wall

Radius 
(μm) ɛ σ (S/m) ɛ σ (S/m)

Thickness 
(nm) ɛ σ (S/m)

Thickness 
(nm)

Latex 
beads

0.01–20 2.5 2e−4 — — — — — —

Yeast 4.8 60 0.2 6 2.5e−7 8 60 0.014 ∼200
E. coli 1.0 60 0.1 10 5e−8 5 60 0.5 20
HSV-1 
virus

0.25 70 0.008 10 σp = 3.5 nS — — —

HL-60 6.25 75 0.75 1.6 μF/cm2 0.22 S/cm2 1.0 — — —
PBS — 78 1.5 — — — — — —

Source: With kind permission from Springer Science+Business Media: BioMEMS Biomed. Nanotechnol., 
Dielectrophoretic traps for cell manipulation, 4, 159–186, Voldman, J., Springer, E.D., Ferrari, M.S., 
Bashir, R., and Wereley, S., Copyright 2007.)

Note: The data from original table is taken from Zhou et al. (1996, 1998); Huang et al. (1997); Hughes and Morgan 
(1998); Suehiro et al. (2003).
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early DEP research. Due to the lack of precise dimension control during fabrication, the 
relative position of these pin-wire electrodes is very large (e.g., several millimeters). In 
consequence, a high electric voltage is generally required to attain a suf�cient DEP force to 
trap or manipulate particles. The recent advance in microfabrication technologies greatly 
facilitates the emergence of smaller and more sophisticated DEP electrode con�gurations. 
It helps produce more intense electric �eld gradients with a very low voltage (e.g., several 
volts) to carry on DEP trapping with reduced side effects (e.g., water electrolysis). The 
difference in the DEP forces exerting on various particles can also be enhanced when 
choosing appropriate electrode dimensions and geometry. This leads to great improvements 
in the separation or sorting ef�ciency of DEP. Some classical DEP electrode designs are 
discussed in Section 17.3 and shown in Figures 17.4 through 17.7.

17.3 DEP Electrode Designs and Derivates

17.3.1 Castellated Electrode Structures and Their Derivates

The common DEP electrode con�gurations include the simple pin-plane electrode pair 
(or cusped electrode con�guration) and other microfabricated electrode arrays such as 
comb, parallel, and concentric designs with different unit geometries (e.g., circle and 
square). Among these designs, the comblike con�guration (or castellation con�guration) 
is the most widely adopted format in many DEP microdevices. This attributes to the clear 
viewing windows it offers for conveniently visualizing the real-time particle motions and 

(a) (b)

(c) (d)

FIGURE 17.4
(See companion CD for color �gure.) Classic castellated DEP electrode con�gurations. (a) A single layer. 
(b) A 2D interdigital. (c) A double-layer combing electrode con�guration. (d) A CMOS-like concentric elec-
trode con�guration with an asymmetric area and a square shape.
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its �exibility for electrode scaling up at different levels. As shown in Figure 17.4a, typical 
castellated electrodes consist of two arrays of parallel electrodes with one electrode array 
deeply protruded in the gaps of the other. The distances between the adjacent electrodes 
are often comparable to the width of each electrode (varying from 10 to 100 μm usually) 
and the optimal dimensions are determined by the size of the targeted particles. The classic 
castellation design can also be extended to 2D (Figure 17.4b) or two-layer (Figure 17.4c) 
formats. The 2D design (often called interdigitated castellation electrodes) comprises 
a secondary comb structure on each foot of the major comb, orienting perpendicularly. 
This design is widely adopted in static DEP particle trapping and separation based on the 
different p-DEP and n-DEP motions of particles in a mixture. The two-layer castellation 
con�guration forms a so-called railway track pattern and is often seen in particle 
manipulations (ROT and linear transportation) by TWD. Because of the potential electric 
circuit crossing issues, more complicated microfabrication and integration processes are 
usually required in the fabrication of these electrodes. Recently, a concentric design has 
been proposed for the convenience of interdigitated electrode scaling up (Manaresi et al. 
2003; Narayanan et al. 2006). It has a CMOS-like electrode con�guration (CMOS stands for 
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FIGURE 17.5
(See companion CD for color �gure.) Quadruple electrode con�gurations. (a) Polynomial. (Reproduced with 
kind permission from Springer Science+Business Media: BioMEMS Biomed. Nanotechnol., Dielectrophoretic 
traps for cell manipulation, 4, 2007, 159–186, Voldman, J., Springer, E.D., Ferrari, M.S., Bashir, R., and 
Wereley, S., Copyright 2007.) (b) Planar. (Reprinted from Biosens. Bioelectron., 20, Zheng, L., Brody, J.P., and 
Burke, P.J., Electronic manipulation of DNA, proteins, and nanoparticles for potential circuit assembly, 606–619. 
Copyright 2004, with permission from Elsevier.) (c) Extruded quadruple electrodes for static DEP trapping. 
(Reprinted from J. Electrostat., 57, Voldman, J., Toner, M., Gray, M.L., and Schmidt, M.A., Design and analysis 
of extruded quadrupolar dielectrophoretic traps, 69–90. Copyright 2003, with permission from Elsevier.) (d) 
Polynomial, (e) square spiral, and (f) circular electrodes for ROT and TWD.
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complementary metal-oxide semiconductor in which silicon oxide is used as the capacitor 
dielectric sandwiched between a silicon substrate electrode and a metal gate electrode), as 
shown in Figure 17.4d. Unlike other planar designs of interdigitated castellation electrodes, 
it has a vertical setup for the electrode pair with an asymmetric area and a shape of a square, 
circle, or ring. The asymmetric structural area of its electrode pairs provides a local electric 
�eld gradient needed for DEP polarization. Most importantly, each electrode pair of this 
electrode design can have their own signal control and can be easily integrated into large 
arrays. The later can greatly increase the DEP trapping throughput while the former offers 
convenient controls on each individual DEP unit in the large array to accomplish various 
particle actuation motions including trapping, levitation, or even a sequence motions of 
particle for transportation.

17.3.2 Quadruple Electrode Structure

Quadruple electrode con�gurations (Figure 17.5) are popularly used for static DEP, ROT, 
or TWD to trap and/or manipulate single or multiple particles. They usually have two 
pairs of electrodes located at four corners of cross shape geometry while the actual shape 
of the electrodes varies with the application needs. For static DEP trapping, polynomial, 
planar, or extruded electrodes are often used (Figure 17.5a through c). Both p-DEP and 
n-DEP can be realized with this con�guration to capture particles either at the center of 

(a) (b)

(d) (e)

(c)
20 µm

E

FIGURE 17.6
(See companion CD for color �gure.) The EDEP. (a–c) The working mechanism of EDEP generated from spatial 
contraction and expansion of the �ow channel geometry. (a and c: Reproduced from Biophys. J., 83, Chou, C., 
Tegenfelbt, J.O., Bakajin, O., Chan, S.S., Cox, E.C., Darnton, N., Duke, T., and Austin, R.H., Electrodeless dielec-
trophoresis of single- and double-stranded DNA, 2170–2179. Copyright 2002, with permission from Elsevier) 
b: Reprinted with permission from Chou, C. and Zenhausen, F., Electrodeless dielectrophoresis for micro total 
analysis systems, IEEE Eng. Med. Biol., 22, 62–67. Copyright 2003, IEEE.) (d–e) The working mechanism of EDEP 
generated from insulator post arrays immersed in �ow. (Reprinted with permission from Cummings, E.B. and 
Singh, A.K., Dielectrophoresis in microchips containing arrays of insulating posts: Theoretical and experimen-
tal results, Anal. Chem., 75, 4724–4731. Copyright 2003 American Chemical Society.)
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optoelectronic tweezers, J. Microelectromech Syst, 16, 491–499, Copyright 2007, IEEE.) (e) The OET particle sorting 
design and the fractionation results of a mixture of polystyrene particles with two different sizes of 10 and 24 μm. 
(f) The selective collection of live cells from a mixture of live and dead cells by OET. (Panels (e and f): Reproduced 
by permission from Macmillan Publishers Ltd. Nature, Chiou, P.Y., Ohta, A.T., and Wu, M.C., Massively parallel 
manipulation of single cells and microparticles using optical images, 436, 370–372, Copyright 2005.)
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the electrode pairs or on their edges. For ROT applications, the AC electric signals on the 
four electrodes have a 90° phase difference and four difference phases (0°, 90°, 180°, and 
270°) rotated repeatedly between them with the same order (0°→90°→180°→270°→0°), as 
shown in Figure 17.5d through f. It results in the rotational motion of particles that enter 
the electrode area. Both the rotational speed and the direction are determined by the elec-
tric voltage and the angular frequency of the applied AC waveforms. The time-average 
torque (⟨T⟩) for such ROTs can be expressed as

 T a Km rms= −4 3πε ωIm[ ( )]* E2  (17.12)

For a homogeneous spherical particle in a �uid medium, this torque is given by
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As indicated in Equation 17.13, the magnitude of the DEP torque varies with the angular 
frequency and it reaches the maximum when the frequency is equal to τMW. The rotation 
direction is decided by the polarization difference between particles and their surrounding 
�uid, indicated by the sign of the torque: (+) means rotating with the electric �eld and (−) 
means against the electric �eld.

When used in TWD, the quadrupole electrode usually has a spiral structure with four 
parallel metallic electrode lines extending outward with a square or circle concentric 
geometry, as shown in Figure 17.5e and f. If viewing from one side, it is similar to the 
parallel track design aforementioned. The spiral design has several advantages over the 
parallel track design, namely, its simple design and easy fabrication, in TWD applications. 
However, it also carries several drawbacks, such as the large area occupation and 
unchangeable transportation patterns of particles (always in the radical direction, not 
from one �xed position to another). Like the polynomial electrode in ROT, the phase of 
waveform on the four poles also differs by 90° in TWD.

To obtain the desired TWD effect, the electrode design should follow the following 
general rules: (1) The gap between the electrodes is kept at its minimum; the smaller the gap, 
the higher �eld strength when the amplitude of signal is the same; the high �eld strength 
bene�ts with large DEP force and reduced thermal effects; the optimal distance is often 
comparable to the size of the target particles. (2) Thin electrode layer; thick electrode layers 
often affect the translational movements of particles along the rails. (3) Good conductivity; 
the electrode material must be highly conductive while chemically inert. Gold is one of 
the popular materials used in electrodes. Indium tin oxide (ITO) is another widely used 
material, particularly for applications that require clear viewing of DEP motions.

17.3.3 Electrodeless DEP

By means of geometrical constrictions on discrete structures made of insulator materials, 
the nonuniform electric �eld needed in DEP can also be generated locally in a �ow channel 
with electrodes positioned in remote locations. The associated DEP motions agitated in 
this way are called electrodeless DEP (EDEP). The low permittivity of involved insulator 
patterns allows the electric �eld lines to bend around the geometrical constrictions so 
that the �eld strength is concentrated there (Figure 17.6). The insulator constrictions used 
in EDEP are often made of polymers, glass, or silicon related materials with geometries 
like sudden or gradual contractions of the entire �ow channel (Figure 17.6a through c) 
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and microscale post arrays inside the �ow channel (Figure 17.6d through f). Unlike in 
traditional DEP, where metallic electrodes are used, the electric �eld gradient in EDEP is 
preserved and may reach very high levels without the occurrence of electrolysis reactions. 
Therefore, �uids with very high ion concentration (e.g., physiological buffer solutions) 
and/or a high-voltage AC or DC signal are allowed to be used in EDEP-based particle 
manipulation. This greatly breaks the limited use of DEP in many biological systems, 
particularly those involving live cells.

As shown in Figure 17.6a through c, the �rst type of EDEP has a nonuniform electric �eld 
created from spatial contraction and/or the expansion of the entire �ow channel geometry. 
Similar to the velocity component in hydrodynamic �ows, the electric �eld strength in 
EDEP also varies with the cross section area of the �ow channel between two electrodes 
(according to the Maxwell’s equations). Therefore, the nonuniform shape of the �ow chan-
nel generates a high electric �eld gradient locally, without direct involvement of metal-
lic electrodes in the DEP working zone (Chou et al. 2002). In the second type of EDEP, 
the insulator post arrays are embedded in the �ow. The shape of individual posts and the 
created post array patterns generate zones with high and low electric �eld strength. The 
availability of microfabrication technologies enables precise control of the dimensions of 
the �ow channel and post arrays at micrometer or even nanometer scale. This enables the 
convenient acquisition of the desired electric �eld strength and successful DEP trapping 
for nanoparticles or individual macromolecules.

In the presence of an electric �eld in �ow, electrokinetics (EP and EO) also exist simul-
taneously with EDEP. However, due to its higher order (second order) dependence on the 
�eld strength, EDEP effects usually overcome EP and EO (their dependence to the �eld 
strength follows a linear relationship) and dominate the �eld-mediated particle motions. 
The transitions between different �ow regimes happen around a �eld strength threshold, 
namely, the DEP trapping threshold: (1) At low �eld strength (e.g., ∼1 Vpeak-peak/mm), EP 
and/or EO dominates the motions of particles and DEP effect can be ignored; particles 
transport uniformly almost everywhere. (2) At high �eld strength (e.g., approximately sev-
eral hundred Vpeak-peak/mm to a few kVpeak-peak/mm), DEP dominates; the concentration 
and trapping of particles occurs in zones with high or low �eld strength; particles can be 
sorted or collected through a trap-and-release mechanism (refer to Section 17.4). (3) Near 
the threshold, DEP apparently is unable to capture suspended particles completely but is 
often suf�cient to concentrate and rarefy them into groups or �lamentary along the �ow 
streams. Such particle motion is called streaming DEP. In streaming DEP, the aggregation 
pattern of suspended particles largely relies on the shape of the insulator posts and the 
angle between the post array and the applied electric �eld (Cummings and Singh 2003). 
The value of the DEP trapping threshold �eld strength is determined by the ratio of the 
particle mobility from EP/EO to that of DEP (Cummings et al. 2000).

17.3.4 Optoelectronic Tweezers

In both conventional DEP and EDEP, metallic electrodes are included, although in EDEP, 
they are placed away from the locations where DEP motions occur. The requirement 
for physical electrodes is often inconvenient and sometimes limits the �exibility of the 
applications of DEP on many occasions (e.g., particle manipulation and/or transportation). 
Wu’s group at the University of California–Berkeley recently used “virtual electrodes” in 
DEP applications (Chiou et al. 2005). In their approach, namely, “optoelectronic tweezers 
(OET),” the needed nonuniform electric �eld is generated by selectively illuminating a 
photoconductive electrode surface. The basic OET setup is constructed with two parallel 
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ITO-coated conductive glass plate electrodes, and one of them is further coated with a thin 
layer of amorphous silicon (∼1 μm in thickness), as shown in Figure 17.7a. The electrical 
impedance of this silicon layer is photosensitive: its value is higher than the �lled liquid 
medium between the two electrode plates when in dark, while several orders lower than 
the liquid when illuminated. Therefore, upon applying an AC signal and selectively 
exposing the Si-coated surface, the voltage drop between the two electrodes varies: in an 
illuminated area, the majority voltage drop occurs in the liquid while in an opaque area, it 
switches to the coated Si layer on the electrode plate. This results in a nonuniform electric 
�eld in the liquid medium and the generation of a DEP force on the suspended particles 
(Figure 17.7a and b). In OET, the selective exposure is attained by focusing a prescribed 
optical image from the digital micromirror display (DMD) onto the Si-coated ITO glass 
plate. The generated virtual electrodes can be conveniently recon�gured, if necessary, 
to meet the needs of multiple DEP actuations, such as trapping, reposition, and sorting, 
similar to those done with holographic optical tweezers (Figure 17.7c through f). But unlike 
in optical tweezers where highly focused laser beams are required, OET can provide 
effective particle regulations with various light sources, from low power laser beams to 
cheap LED and halogen lamp (Hwang et al. 2008).

17.4 DEP Applications

In DEP, particles move along or against the electric �eld gradient and gradually aggre-
gate at desired locations. Such particle trapping is determined by the �eld strength and 
the angular frequency of the applied electric signal, the dimensions of the particles, and 
the dielectric properties of the particles and their surrounding medium. With appropriate 
electrode designs, the DEP force on the particles of a mixture can be signi�cantly different, 
leading to their concentration at different locations and even separation. In the past two 
decades, DEP-based particle separation and sorting have been successfully demonstrated 
with latex beads (Muller et al. 1995, 1996b; Green and Morgan 1997, 1998, 1999; Hughes 
and Morgan 1999; Hughes et al. 1999; Hughes 2002a), DNA (Washizu and Kurosawa 
1990; Washizu et al. 1995; Porath et al. 2000; Tsukahara et al. 2001; Chou et al. 2002), cells 
(Marszalek et al. 1989; Masuda et al. 1989; Washizu et al. 1990; Huang et al. 1992; Pethig 
et al. 1992; Wang et al. 1993; Becker et al. 1994; Markx et al. 1994a,b, 1996; Becker et al. 1995; 
Stephen et al. 1996), and other biological or nonbiological colloids (Washizu et al. 1994; 
Bezryadin et al. 1997; Bubke et al. 1997; Yamamoto et al. 1998; Smith et al. 2000; Chen et al. 
2001; Duan et al. 2001; Hermanson et al. 2001). Besides particle separation, nontraditional 
DEP actuation technologies, such as de�ection, focusing, transportation, and assembly, 
were also widely explored (Muller et al. 1999; Zheng et al. 2004; Lin and Lee 2008). They 
greatly broadened the applications scheme of DEP, from purely particle trapping to par-
ticle manipulation, nanostructure fabrication, and various applications in life science.

17.4.1 DEP Trapping for High-Throughput Separation

DEP-based separation is usually attained in �uid �ows. The major role that conventional 
DEP systems play for separation is to attract wanted particles toward the �eld minima 
(n-DEP) or maximum (p-DEP) and to hold them there. The �ow takes other particles expe-
riencing weak or no DEP forces away continuously (maybe collected as well). The trapped 
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particles are later released by switching off the electric signal and �ushing with additional 
fresh liquid if necessary. When appropriate electrode con�gurations are used, p-DEP and 
n-DEP may be applied simultaneously and colloids are relocated in various locations by 
p-DEP or n-DEP, depending on their size and dielectric properties. Besides dielectric par-
ticles, biological components, including viruses (Muller et al.1996a; Morgan and Green 
1997; Green et al. 1997; Hughes et al. 1998, 2001, 2002; Morgan et al. 1999), proteins (Washizu 
et al. 1994), DNA, and cells (Holmes et al. 2003), were successfully trapped and separated 
with such DEP-based �ow separation.

In these high-throughput DEP separation applications, the interdigitated castellated 
geometry is often favored among all electrode con�gurations introduced in Section 
17.3. It attributes to their several advantages: (1) providing a large ∇E2 with a relatively 
low electric voltage, (2) convenient to expand the same electrode layout to a large area 
to increase separation/sorting throughput, and (3) �exible on the electrode dimensions 
to satisfy different trapping criteria. The interdigitatal castellated con�guration has been 
successfully used to separate particles based on their size or permittivity difference. As 
shown in Figure 17.8a, alive and dead yeast cells were successfully separated with the 
viable cells collected at the electrode edges while the dead cells were collected between 
the electrodes (Markx et al. 1994b). Such pear chain (for viable cells) and diamond (for 
dead cells) aggregation patterns are typically seen when trapping colloids with a signal 
frequency below 100 kHz (Pethig et al. 1992). Their formations are generally believed to 
be associated with the electrohydrodynamic �ows, although the true mechanism is still 
in debate (Green and Morgan 1998; Ramos et al. 1999). With a slightly modi�ed castellated 

(a) (b)

FIGURE 17.8
(See companion CD for color �gure.) The interdigitated castellated electrode systems for DEP trap and 
separation. (a) Separation of viable and nonviable yeast cells with the viable cells collected at the electrode 
edges and the dead ones collected in the electrode gaps. (Reproduced from J. Biotechnol., 32, Markx, G.H., 
Talary, M.S., and Pethig, R., Separation of viable and non-viable yeast using dielectrophoresis, 29–37, 
Copyright 1994b, with permission from Elsevier.) (b) Separation of particles of two different sizes by direct-
ing them in the upstream and downstream regions, respectively, with a DEP signal of 20 Vpeak-peak at 2 MHz. 
(Reproduced with Sens. Actuators B Chem., 142, Yasukawa, T., Suzuki, M., Shiku, H., and Matsue, T., Control of 
the microparticle position in the channel based on dielectrophoresis, 400–403, Copyright 2009, with permis-
sion from Elsevier.)
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electrode system, Yasukawa et al. successfully directed particles of different sizes into 
various locations of the �ow stream, as shown in Figure 17.8b (Yasukawa et al. 2009).

17.4.2 DEP Trapping for Particle Positioning

Besides sorting particles of a large population, trapping and further positioning single or 
a few particles by DEP is also favored on some occasions. The quadrupole microelectrode 
and its electrodeless alternatives are often used in these applications for their allowance of 
conductive liquid medium (e.g., the physiological �uids and the culture growth medium). 
In quadrupole microelectrode DEP, four electrodes are usually arranged at the corners of 
a cross geometry. When an electric signal is applied, a potential well is naturally created 
at the center. By choosing appropriate DEP conditions, colloids with sizes varying from 
650 to 14 nm have been successfully captured either at electrode edges (with high �eld 
strength) or the cross center (with low �eld strength), as shown in Figure 17.9a and b. 
Various particles could also be captured simultaneously. As illustrated in Figure 17.9c, 
the herpes simplex virus was trapped under n-DEP force at the center of the polynomial 
quadrupole microelectrodes while tobacco mosaic virus was collected at the electrode 
edge surface (Morgan et al. 1999). The minimum size of particles with effective trapping 
was found to be proportional to one-third of the trap width and the electric �eld gradient 
(Hughes and Morgan 1998). Sometimes, a single quadrupole electrode set cannot create 
closed trapping as the gravity tends to pull particles down to the substrate surface slowly. 
If this occurs, octopole electrode structure may be used, in which one set of polynomial 
electrodes is placed in the planar and the other set on its top, together with other electrode 
structure deviates. As particles can be caged in the �eld minimum region (e.g., the center 
of the cross), highly conductive liquid medium (e.g., physiological solution) are allowed in 
these DEP trapping without signi�cant impacts from water electrolysis or Joule heating. 
This makes them a valuable manipulation tool in applications involving cells or proteins. 
As shown in Figure 17.9d through f, a single yeast cell was initially captured at the center 
of a planar quadrupole microelectrode set and it grew into a large cell aggregate when 
the trapping electric signal (i.e., 1.4 Vrms at 7.7 MHz) was maintained for 2 days. Similar 
strategies were also adopted to trap single particles or cells to accomplish biochemical 
assays (Kuo and Hsieh 2009; Voldman et al. 2002). With strong Brownian motions, single 
nanoparticles are generally more dif�cult to get trapped (Zheng et al. 2003). However, 
with a slightly different geometry like bead’s beak, an electrodeless quadrupole electrode 
design was used as electronic tweezers to capture single molecules (Cohen and Moerner 
2006). As shown in Figure 17.9g through i, single proteins, lipid vehicles, and virus have 
been successfully con�ned at the center stagnation point the four electrodes point toward 
with their Brownian motions largely suppressed.

17.4.3 DEP Levitation for Particle Deflection

Besides trapping, the DEP force can also be used as a de�ector to levitate particles to different 
directions based on their various sizes and dielectric properties. As shown in Figure 17.10a, 
with appropriate DEP signals (e.g., a speci�c frequency around the crossover frequency of 
a certain population of particles), strong n-DEP forces from the de�ector electrode levitate 
small particles into the top channel while the force on the large particles is near zero (because 
the frequency is near their crossover frequency). Therefore, the large particles are nearly 
unaffected and continuously travel with the �uid into the bottom channel. More de�ectors 
can be combined, one after another or side by side, to achieve a high de�ecting resolution. 
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(a) (b) (c)

(d) (e) (f )

(g)
(h) (i)

2 μm

FIGURE 17.9
(See companion CD for color �gure.) Quadrupole particle trapping. (a, b) Collection latex beads (557 nm) at 
the electrode edges (a) and the electrode gap center (b) with different angular frequencies of the applied DEP 
signal. (Reprinted with permission from Green, N.G. and Morgan, H., Dielectrophoresis of submicrometer 
latex spheres. 1. experimental results., J. Phys. Chem. B, 103, 41–50, Copyright 1999, American Chemical Society.) 
(c) Schematic description of the simultaneous capture of tobacco mosaic virus and herpes simplex virus. 
(Reproduced from Biophys. J., 77, Morgan, H., Hughes, M.P., and Green, N.G., Separation of submicron biopar-
ticles by dielectrophoresis, 516–525, Copyright 1999, with permission from Elsevier.) (d–f) Images sequence of 
trapping and growth of a yeast cell. (Reproduced with permission from Muller, T., Pfennig, A., Klein, P., Gradl, 
G., Jager, M., and Schnelle, T., The potential of dielectrophoresis for single-cell experiments, IEEE Eng. Med. 
Biol., 22, 51–61, Copyright 2003, IEEE.) (g–i) Anti-Brownian trapping with an electrodeless quadrupole electrode 
design: (g) the device, (h) the �uorescence image of a single trapped B-phycoerythrin molecule, and (i) the tra-
jectories of 13 trapped tobacco mosaic virus trapped for 6.8 s. (Reproduced with permission from Cohen, A.E. 
and Moerner, W.E., Suppressing Brownian motion of individual biomolecules in solution, Proc. Natl Acad. Sci. 
USA, 103, 4362–4365. Copyright 2006, National Academy of Sciences, USA.) The pseudo-free trajectories in (i) 
were offset for clarity.
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Alternatively, EDEP and OET can also be used as de�ectors (Figure 17.10b). With the same 
de�ecting mechanism, virtual electrodes instead of metallic electrodes were used in OET at 
appropriate locations through illuminating the photoconductive layer (Lin and Lee 2008). 
An EDEP de�ector has insulator post arrays in the �ow channel. The bended electric �eld 
around the insulator posts creates zones of high and low �eld strengths at different locations 
to redirect particles from their original paths to attain the de�ection (Cummings et al. 2000).

17.4.4 DEP Levitation for Particle Concentration and Focusing

In EDEP, the constriction structures are natural locations for particle trapping with its high 
�eld gradient feature. As shown in Figure 17.11a, with a constriction opening of 0.5–1.0 μm, 
targeted objects from DNA of 1 kbp to E. coli cells were trapped with an applied �eld of 
200–300 V/cm at a frequency of 1–2 kHz. When a �ow continuously brings particles to the 
trapping sites (the constriction), they are quickly concentrated or enriched there. Studies 
showed that DNA trapping occurred at a frequency much lower than those needed with 
metallic electrodes and the concentration ef�ciency increased when raising the signal fre-
quency between 200 Hz and1 kHz (Chou et al. 2002). A similar particle focusing effect was 
also demonstrated with the insulator post array based EDEP systems (Cummings et al. 
2000). Such simple concentration phenomenon is very useful if quick concentration of par-
ticles from a diluted suspension is necessary. For example, in DNA hybridization or patho-
gen identi�cation assays, the initial samples only have trace amounts of materials beyond 
the detecting limit. Concentration of these samples is required prior to further analysis and 
EDEP has often been integrated in lab-on-chip devices for this purpose (Chou et al. 2002).

100 μm 100 μm

(c) (d)

FnDEP

Fstokes
Cell

α

(a)

Deflection
electrode

Outlet 2

Outlet 1Inlet

(b) Large particleSmall particle

FIGURE 17.10
(See companion CD for color �gure.) DEP levitation for particle de�ection. (a) Schematic diagram of the DEP 
levitation with both a de�ector electrode and involved physical forces illustrated, (b) particles were de�ected for 
separation, and (c and d) OET de�ection to separate particles of two different sizes 9.7 and 20.9 μm. (Reproduced 
from Biosens. Bioelectron., 24, Lin, Y. and Lee, G., Optically induced �ow cytometry for continuous microparticle 
counting and sorting, 572–578, Copyright 2008, with permission from Elsevier.)
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If the contraction geometry shown in Figure 17.11a changes gradually and is made of 
metal, it creates a converging DEP tunnel instead. When �owing through, particles are 
levitated slowly by n-DEP into a thin layer along the channel centerline, as shown in Figure 
17.11b. When necessary, multiple converging tunnels may be arranged to further focus 
particles into the �ow centerline. This helps prevent the variation of the DEP force on the 
same type of particles, which initially stay in different laminar �uid layers. In fact, such 
tunnel focusing has been widely adopted in DEP-based �eld �ow fraction systems and 
other integrated micro�uidic platforms for the sorting of particles, cells, DNA, and other 
biological components (Fiedler et al. 1998; Schnelle et al. 1999; Kralj et al. 2006; Cheng et al. 
2007; Demierre et al. 2008; Kim et al. 2008). Optically induced virtual electrodes were also 
successfully demonstrated for DEP particle centralization (Lin and Lee 2008).

17.4.5 DEP-Based Field Flow Fractionation

Beyond the binary separation, more heterogeneous particles can be sorted based on their 
different DEP-induced particle distribution in the transverse direction of �ow, or �eld 
�ow fractionation (FFF). In DEP-FFF, one or a few types of particles are pulled toward 
the electrode surface while others are repelled toward the middle of the �ow channel. 

E.Coli

(a) (b) (c)

(d) (e) (f )

FIGURE 17.11
(See companion CD for color �gure.) EDEP DNA concentration and focusing. (a) E. coli cells, (b) 1 kbp single-
stranded DNA molecules were trapped and enriched at the center of the constriction in 0.5× TBE buffer. (Panels 
(a and b): Reproduced with permission from Chou, C. and Zenhausen, F., Electrodeless dielectrophoresis for micro 
total analysis systems, IEEE Eng. Med. Biol., 22, 62–67, Copyright 2003, IEEE.) (c) An array of EDEP concentration 
sites with T5 double-stranded DNA molecules trapped in a PCR buffer solution. (Reproduced from Biophys. J., 83, 
Chou, C., Tegenfelbt, J.O., Bakajin, O., Chan, S.S., Cox, E.C., Darnton, N., Duke, T., and Austin, R.H., Electrodeless 
dielectrophoresis of single- and double-stranded DNA, 2170–2179, Copyright 2002, with permission from Elsevier.) 
Schematic of single (d) and multiple (e) converging tunnel electrode pair for particle focusing. (f) An image of a unit 
with multiple DEP focusing structures integrated on a micro�uidic particle sorter platform. (Reproduced from 
Biosens. Bioelectron., 14, Muller, T., Gradl, G., Howitz, S., Shirley, S., Schnell, T., and Fuhr, G., A 3-D microelectrode 
system for handling and caging single cells and particles, 247–256, Copyright 1999, with permission from Elsevier.)
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As shown in Figure 17.12a, the interactions of DEP force, gravity, and the viscous drag force 
decide the velocity of particles and their steady-state locations above the electrode surface 
(Hughes 2002b). When the forces are in equilibrium, the following relationship is held:
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From Equation 17.14, the location of a particle can be levitated in DEP-FFF, depending on 
their density, permittivity, and the received electric signal. Due to the parabolic velocity 
pro�le of the hydrodynamic �ow, such levitation varies across the channel height, and 
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FIGURE 17.12
(See companion CD for color �gure.) DEP-based �eld �ow fraction. (a) Schematic diagram of the DEP-FFF 
geometry and the involved physical forces, (b) Particle focusing and fractionation mechanism, and (c) the 
simulated trajectories of monocytes, B lymphocytes, and T lymphocytes. (Reproduced with permission from 
Holmes, D., Green, N.G., and Morgan, H., Microdevices for dielectrophoretic �ow- through cell separation, IEEE 
Eng. Med. Biol., 22, 85–90, Copyright 2003, IEEE.)
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particles from various locations travel at different speeds and the velocity for a certain 
particle (ux) is given by
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where
U is the �ow velocity
h is the height of the �ow channel
x is the height of the particle from the bottom electrode surface (Gascoyne and 

Vykoukal 2002)

Particles can be fractionated according to their different exist moments for a �xed separation 
length or different sediment locations for a given residential time. However, the use of a 
simple electrode arrangement in DEP-FFF shown in Figure 17.12a could lead to serious 
overlaps of various particles: (1) the rapid decay of the magnitude of the DEP force from 
the electrode surface; this results in weak or no DEP force on the same subgroup particles 
when they are far away from the electrode surface; (2) the initial random distribution of 
particles in the same group experience a DEP force for various lengths of time. To minimize 
these issues, the practical DEP-FFF setup often comprises two sets of microelectrode arrays: 
one is to focus all particles into the centerline of the �ow stream by n-DEP or converging 
tunnel electrode arrays discussed earlier (Figure 17.11d through f). This helps in avoiding 
the variations of the DEP force on particles when they initially stay in different laminar 
�uid layers. When the focused particles pass the second electrode array, the difference of 
the DEP force on these particles is solely determined by their electric properties, leading 
to much clearly de�ned separation bands (as shown in Figure 17.12b). Such designs have 
been successfully used in the separation of particles and three main cell types in human 
blood (Macrophages, T lymphocytes, B lymphocytes), as shown in Figure 17.12c. Till date, 
DEP-FFF has been successfully used to separate viable from dead yeast cells (Markx et al. 
1994b), human leukemia cells from peripheral blood cells (Huang et al. 1997), erythrocytes 
from latex beads (Rousselet et al. 1998), and human breast cancer cells from CD34+ stem 
cells (Huang et al. 1999; Wang et al. 2000). Although DEP-FFF separation of nanoscale 
objects, such as DNA, proteins, and virus, seems feasible in principle, their separation 
technologies are not matured yet to reach desired resolutions.

17.4.6 DEP for Electrorotation and Transportation

DEP trapping, levitation, and separation is attributed to the particle’s response to the real 
part of the Clausius–Mossotti factor and the magnitude of the electric �eld. However, the 
imaginary part of the DEP forces is also useful, particularly in ROT and the transportation 
of particles by TWD. In TWD applications, both the magnitude and phase of the AC signals 
play important roles: Re[K*] determines the levitation of the particles from the electrode 
surface while the Im[K*] controls the rotation and linear motions of the particle along the 
electrode plane (Fu et al. 2004). The ROT direction is determined by the sign of Im[K*]: 
when Im[K*] > 0, particles rotate counterclockwise; when Im[K*] < 0, they rotate clockwise. 
With the electrode structures shown in Figure 17.5d, particles are caged and rotate (usually 
too hard to observe directly with optical microscopy) at the center of the quadrupole 
microelectrode under the polyphase electrical signals. However, if using the grid electrode 
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con�guration shown in Figure 17.13a and b, particles are suspended above the electrode 
plan (if Re[K*] < 0) and rotate along the electrode rail. As particles rotate, the traveling wave 
adds additional translational force on the suspended particles and transports them from 
one side to the other in a stationary �uid. The direction of such linear motions depends on 
the rotation direction of the particles: if the particles rotate counterclockwise, they move 
from right to left; if clockwise, they transport from left to right.

The early TWD was used to regulate the translational and circular motions of blood 
cells (Masuda et al. 1987, 1988) with polyphase electric signals of frequencies between 
0.1 and 10 Hz. However, scientists found that either static DEP or EP dominated in their 
experiments due to the use of low frequency electric signals. High frequency (i.e., 10 kHz–
30 MHz) TWD was later incorporated to manipulate the motions of pollen and cellulose 
components with quadrature-phase electric �elds (Hagedorn et al. 1992; Fuhr et al. 
1994a,b). Similar manipulations were also demonstrated with latex spheres, breast cancer 
cells, yeasts, and parasites (Fuhr et al. 1991; Huang et al. 1993; Talary et al. 1996; Goater 
et al. 1997; Wang et al. 1997; Burt et al. 1998; Pethig et al. 1998).

The linear motion of particles in TWD can also be used in particle separation or 
fractionation. In these applications, a mixture of particles of various dielectric properties is 
placed at one end of the electrode array. As the linear motions of particles exerted by TWD 
depends on their permittivity, some of these particles transport faster than others. Particles 
of various populations can then be sequentially collected when arriving at the other end of 
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FIGURE 17.13
(See companion CD for color �gure.) Traveling-wave dielectrophroesis applications. (a and b) Schematic of a 
top view (a) and a cross section view (b) of a traveling-wave electrode array setup.
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the electrode array (Morgan et al. 1997). It has been successfully used to separate viable yeast 
cells from dead cells (Talary et al. 1996), white blood cells from erythrocytes (Green et al. 1997), 
trophoblast or cervical carcinoma cells from peripheral blood cells (Cheng et al. 1998; Chan 
et al. 2000), and breast cancer cells from T lymphocytes (Wang et al. 2000). The resolution and 
purity of such TWD fractionation could be further enhanced by imposing more than one set 
traveling-wave signals. These signals are imposed on the same electrodes simultaneously, 
but with various frequencies and/or amplitudes. With multiple-signal superposition, 
particles can be guided to transport in different directions. A successful example was given 
by separating T cells and monocytes, as shown in Figure 17.13c through e. In this example, 
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FIGURE 17.13 (continued)
(See companion CD for color �gure.) Traveling-wave dielectrophroesis applications. (c and d) The simulated 
frequency spectrum of the Re(K) and Im(K) (c) and TWD velocity (d) for human monocytes and T cells sus-
pended in an aqueous medium of conductivity 40 mS/m. (e) A microscopic image of separating these two types 
of cells using superposition TWD with T cells traveling to the left and monocytes toward right. (Reproduced 
with permission from Pethig, R., Talary, M.S., and Lee, R.S., Enhancing traveling-wave dielectrophoresis with 
signal superposition, IEEE Eng. Med. Biol., 23, 43–50, Copyright 2003, IEEE.).
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the two types of cells were transported in opposite directions when the dominant signals 
were running at a desired frequency and/or amplitude (Pethig et al. 2003).

17.4.7 DEP Manipulation by OET

With easy con�guration of virtual electrodes from optical imaging, OET has been dem-
onstrated for trapping, rearrangement, and sorting various colloids, including polysty-
rene particles (Chiou et al. 2005; Ohta et al. 2007b), semiconductive or metallic nanowires 
(Jamshidi et al. 2008), bacteria (Chiou et al. 2004), and a variety of mammalian cells (Lu 
et al. 2005; Ohta et al. 2007a,b; Hwang et al. 2008; Neale et al. 2009). Some lab-on-chip plat-
forms, such as particle counters and micro�uidic �ow cytometry, have been developed 
and OET was widely integrated to focus, de�ect, and separate particle samples (Lin and 
Lee 2008). It is nowadays considered a potential alternative in some DEP and optical twee-
zers applications.

17.5 Concluding Remarks and Perspectives

In an inhomogeneous electric �eld, the DEP force drives microscale or nanoscale particles 
to move along or against the electric �eld gradient, depending on their polarization in 
the �uid medium. With appropriate electrode designs, DEP has been successfully applied 
to trap, transport, concentrate, and separate various latex beads, DNA, cells, and other 
colloids. Just like the development of many new technologies, progress in DEP greatly 
bene�ts from the emergence of microelectromechanical systems (MEMS) technologies 
and the recent high demand for ef�cient tools in life science. The former helps improve 
the construction of DEP electrodes from simple, large electric wires to well-patterned 
sophisticated micropads or virtual electrodes and greatly broadens the trapping capability 
and the separation resolution of DEP. The latter stimulates research interests in the 
exploration of valuable application potentials of DEP systems. With their help, DEP has 
gained signi�cant advances in both theory and technology in the past two decades, which 
are endorsed by the large number of DEP-related patents and publications released every 
year. However, DEP technology has not yet been completely promoted from researchers’ 
lab to the technology market. Its commercialization is still facing some bottlenecks after a 
half-century of development.

The �rst issue comes from its slow speed. Unlike optical tweezers, DEP force aims at 
the manipulation of a large population of objects. But its current throughput or capacity 
is relatively small (e.g., 100 μL/h) and cannot satisfy the criteria of many separation 
applications. Although it has been much improved with the introduction of DEP-FFF 
and TWD, more ef�cient separation including the improvement on its separation speed 
and resolution will surely accelerate its maturation. The second issue is associated with 
several negative impacts for its use of the high electric �eld and �eld gradient, such as 
the electrohydrodynamic instability and Joule heating. With new electrode design and 
fabrication, these effects could be avoided or largely suppressed. In fact, some efforts (e.g., 
the use of EDEP) have been incorporated recently toward the removal of these barriers. 
The third challenge comes from the electrode fabrication. This issue has also been largely 
tackled with MEMS technologies. For examples, CMOS-like electrode design avoids the 
fabrication dif�culties in multiple-layer DEP electrodes and further enables the potentials 
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for individual signal control of each electrode pairs. The appearance of OET approach 
further provides the recon�guration �exibility for DEP electrode patterns. In the future, 
the focus of DEP should be directed toward how to integrate these emerging technologies 
and apply them to real samples from various sources, not just the prede�ned systems used 
in concept demonstrations. With all these efforts, we should be con�dent in the birth of the 
�rst DEP product in the near future. This most likely will come from biomedical �elds, but 
we will not be surprised if it comes from some chemical, energy, or military community.
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18
Nano�uidics

Xin Hu and Weixiong Wang

18.1 Introduction

Nano�uidics, as implied by its name, is the study of �uids at the nanoscale. Fluids can be 
Newtonian �uids such as liquid water or non-Newtonian (complex) �uids such as dilute 
or concentrated polymer solutions. Current research in nano�uidics mainly investigates 
effects of nanocon�nement on �uid �ow and the dynamics of ions, nanoparticles, and 
molecules (Eijkel and van den Berg 2005; Schoch et al. 2008; Bocquet and Charlaix 2010).

Nano�uidics is an emerging area and has received more and more attention these 
years, not only because there are many unknowns in this new �eld, but because it has the 
potential for many nanobiotechnology applications. Compared with �uidics in micro- or 
macroscale, nano�uidics has its unique ability in manipulating transport phenomena of 
nanoparticles and biomolecules. We will discuss this thoroughly in the following sections.

In this chapter, we mainly focus on biomedical applications of nano�uidics using 
�uid �ow and electrokinetic forces. Concentration-driven diffusion of nanoparticles and 
biomolecules is just brie�y mentioned as a driving force in nanoscale (see Section 18.2.1), 
although it is an important subject of nano�uidics and very useful for controlled drug 
delivery. Heat transfer in nano�uidics is not covered here, since little work toward 
biomedical applications has been reported.

This chapter is organized in the following way: in Section 18.2, we give some basic 
theories on nano�uidics including major driving forces, electrokinetics, and multiphase 
phenomena. In Section 18.3, top-down and bottom-up techniques to fabricate nano�uidic 

CONTENTS

18.1 Introduction ........................................................................................................................423
18.2 Basic Theories ..................................................................................................................... 424

18.2.1 Driving Forces in Nano�uidics ............................................................................ 424
18.2.2 Electrokinetics in Nano�uidics ............................................................................425
18.2.3 Multiphase Phenomena in Nano�uidics ............................................................426

18.3 Fabrication of Nano�uidic Devices ................................................................................. 426
18.4 Biomedical Applications of Nano�uidics .......................................................................428

18.4.1 Nano�uidic DNA Separation ...............................................................................428
18.4.2 Nano�uidic DNA Mapping .................................................................................. 431
18.4.3 Nano�uidic Gene Delivery ...................................................................................433

18.5 Conclusions and Perspectives ..........................................................................................434
References .....................................................................................................................................435



424 The Nanobiotechnology Handbook

devices are brie�y discussed. Then in Section 18.4, various nano�uidics-based biomedi-
cal applications such as DNA separation, DNA mapping, and electroporation are thor-
oughly discussed. In Section 18.5, we give the summary and perspectives to complete 
this chapter.

18.2 Basic Theories

Whether our �uidic knowledge in the large scale can be applied to nano�uidics is a fre-
quently argued issue. It is found that the continuum theory still holds and we can steadily 
apply classical �uid theories such as Navier–Stokes equations in nano�uidics, as long as 
the minimum length scale is larger than 2 nm (Bocquet and Charlaix 2010). However, we 
must incorporate dominant driving forces and important surface effects in order to well 
explain some phenomena in nano�uidics. In this section, we �rst introduce some major 
driving forces in nano�uidics in Section 18.2.1. Two important phenomena, i.e., electroki-
netics and multiphase, and their unique properties in nano�uidics are further discussed 
in Sections 18.2.2 and 18.2.3.

18.2.1 Driving Forces in Nanofluidics

Due to the extremely high surface-to-volume ratio, driving forces in nano�uidics are 
mainly surface forces. However, hydrodynamic pressure is an exception, since it is gen-
erally not practical to use a conventional pump to drive �uid �ow in nanoscale unless a 
substantially high pressure difference can be provided. Various surface forces include the 
electrostatic force (either repulsive or attractive) between charged surfaces and electrolytes 
or polyelectrolytes, van der Waals force at cases when nanoparticles or molecules get close 
to each other or to the solid wall, electroosmotic force caused by the ionic �ow due to the 
surface charge of a solid wall and the applied electric �eld, and adhesive force between 
gas, �uid, and solid wall. Note that surface tension, due to the cohesive force in liquid, is a 
special form of van der Waals force.

Conventional body forces such as gravity and buoyancy are almost always neglected due 
to their small magnitudes at nanoscale. However, the electrophoresis (EP), which might be 
a body force if an object is speci�ed with a net volume charge, is extremely important in 
nano�uidics. Also, the magnetic force, as a body force, can be used in driving magnetic 
particles in nano�uidics.

Concentration-induced diffusion can be also used as a driving force in nano�uidics. 
However, the diffusion is much hindered in nanoscale due to the strong con�nement effect. 
For example, the diffusion of glucose in a 1D Si nanochannel array shows a zero-order 
kinetics (linear diffusion with time), while large proteins such as immunoglobulin G (IgG) 
are almost totally excluded from diffusing through (Desai et al. 1999). Hindered diffusion 
in such nano�uidic devices can be used for cell immunoisolation and viral �ltration, since 
the immunogenic components such as cytotoxic cells, macrophages, virus, antibodies, 
and cytokines can be ef�ciently blocked by size exclusion, while small molecules such as 
oxygen, glucose, and insulin are suf�ciently permeable.

Finally, it is worth noting that mechanical or �eld forces generated by AFM, optical 
tweezers, and magnetic tweezers can be combined with electrokinetics or �uid �ow 
in nano�uidics to control the dynamics, i.e., conformation change and movement 
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of biomolecules toward various biomedical applications, which have already been 
extensively reported in micro�uidics (Smith et al. 1992; Lyubchenko et al. 1993; Perkins 
et al. 1994, 1995).

18.2.2 Electrokinetics in Nanofluidics

Electrokinetics is the most important driving force in nano�uidics. Major electrokinetic 
phenomena include EP, the motion of charged objects relative to the stationary liquid 
by an applied electric �eld; electroosmosis (EO), the motion of ionic liquid relative to 
the stationary charged surface under the external electric �eld; and dielectrophoresis 
(DEP), the phenomenon caused by the gradient of nonuniform AC or DC electric �eld 
and the difference in electrical permittivities of medium and polarized particles (Shaw 
1992). DEP is very important and ef�cient in manipulating particles and biomolecules of 
small charge or no charge at all. For more information, please refer to Chapters 17 and 
19. Here, we only discuss properties of EP and EO and their interaction on the movement 
of a charged object.

EP of a rigid particle depends on both its size and the thickness of the surrounding 
counterion cloud, which forms an electric double layer (EDL) structure (Probstein 1994; 
Viovy 2000). The counterion cloud deforms in the electric �eld due to the force balance 
between the external electric �eld and the static electric potential of the charged particle. 
Essentially, the EP of a charged rigid particle is its movement with its surrounding deformed 
counterion cloud. Nanostructures affect the electrophoretic mobility of a rigid particle in 
that they con�ne or limit the distribution of the counterion cloud. Also, van der Waals 
forces between nanostructures, rigid particle, and ions might have a nonnegligible effect. 
EP of a �exible polyelectrolyte in nano�uidics is usually hard to predict, since we might 
need to consider intramolecular forces between different segments of the polyelectrolyte 
and interactions between the polyelectrolyte and nanostructures such as walls, pillars, or 
posts. This is the situation we often face in DNA separation (see Section 18.4.1). If walls 
of nanostructures are charged, the effect of EO needs to be incorporated with EP and the 
situation becomes very complicated.

EO is usually shown in the form of the EO �ow (EOF), which is caused by the viscous 
drag of moving ions in diffusion layer of the EDL (another ionic layer is called the stern 
layer, which is formed by immobile ions on the charged surface). EO in nano�uidics is 
hard to explain without considering the nanocon�nement effect on the distribution of 
co-ions and counterions, especially when the thickness of the EDL is comparable to or 
larger than the size of nanochannel (i.e., the overlapping of EDL). For example, both ion 
depletion and ion enriching are observed in nanochannels when the EDL overlaps (Pu et 
al. 2004). However, the quantitative description of such phenomena needs the numerical 
simulation to solve distributions of cations and anions.

As we mentioned, EOF also strongly affects the movement of a charged particle or 
biomolecule if the surface charge of nanostructures is large enough. The effect of the 
EO–EP interaction on dynamics of charged particles and biomolecules, however, has not 
received enough attention, although such interaction in micro�uidics can generate very 
complicated movements of charged objects (Juang et al. 2005; Hu et al. 2006; Wang et al. 
2007). EO–EP interaction in nano�uidics would be more complicated. For example, it 
can produce asymmetric transport phenomenon in polymeric nanonozzle arrays (Wang 
et al. 2008a). It is found that electrokinetic migration of rigid nanoparticles is easier 
in the diverging direction, while �exible DNA molecules transport with less resistance 
in the converging direction. The EO–EP interaction can become extremely complicated 
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when the EDL thickness of the ionic liquid is comparable to the size of the nanostructures. 
In order to avoid such complicated EO–EP interaction with the movement of charged 
particles or electrolytes, usually the EO is suppressed by either increasing the ion strength 
of solution or coating the surface with neutral polymer such as polyethylene glycol (PEG). 
These methods have been widely adapted in capillary EP.

18.2.3 Multiphase Phenomena in Nanofluidics

Surface tension, wetting, and contact angles are terms we usually use to describe a 
multiphase system. Surface tension is the ability of a liquid to maintain its shape under 
external forces. It is caused by the net cohesive force of liquid molecules near the surface. 
Surface tension of a liquid is dependent on temperature, but it can also be modi�ed with 
an applied electric �eld, and this effect is termed as electrowetting or electrowetting-
on-dielectric (EWOD) (Cho et al. 2003; Chang and Yeo 2009). Wetting is the ability of a 
liquid to stay in contact with a solid. It is balanced by the adhesive force tending to spread 
the liquid on the solid surface and the surface tension, which resists the adhesive force 
between liquid and solid. Contact angle (either static or dynamic) is the angle at the liquid, 
solid, and gas three-phase interfaces due to the balance of phase–phase interactions on a 
droplet. It can be determined from the total surface energy, which is dependent on surface 
roughness, i.e., micro- or nanostructures of a surface, and properties of three phases.

Multiphase phenomena have been widely used in many applications such as surface 
treatment (antifog coatings or self-cleaning surfaces) and chemical or biological sensors. 
For example, by controlling the growth and alignment of polyaniline nano�bers on a �at 
or patterned surface, superhydrophobicity (“lotus effect”) and superhydrophilicity can 
be achieved (Chiou et al. 2007). Such surface coating with nanostructures has been used 
to stretch DNA molecules and might be useful for biomedical applications such as DNA 
mapping.

Another application that uses multiphase �ow is molecular or DNA combing, which uti-
lizes the receding of meniscus to stretch and align DNA molecules on a �at or patterned 
hydrophobic surface (Ondarçuhu and Joachim 1999; Otobe and Ohtani 2001; Petit and 
Carbeck 2003). Recently, it has been demonstrated that by using the patterned microwell 
or nanopillar arrays, DNA molecules can be uniformly stretched and well aligned to form 
DNA nanowire arrays (Guan and Lee 2005; Guan et al. 2007). These DNA nanowires can 
be easily transferred to a �at surface, and thus, this process is promising for large-scale 
DNA mapping (see Section 18.4.2).

The generation of individual droplets separated by gas phase in micro�uidic devices 
has been used in many biomedical applications such as detection and quanti�cation of 
biological agents (Lai et al. 2004). However, due to the extremely small pneumatic pressure 
in nanovalves, �uid �ow might not be ef�cient in controlling nanodroplets in nano�uidic 
channels. An alternative method might use the aforementioned electrowetting technique 
to move nanodroplets on the surface or inside nanochannels.

18.3 Fabrication of Nanofluidic Devices

More details on nanofabrication for bioapplications can be found in “Part II, 
Nanofabrication” of this book. Here, we just list some fabrication methods for nano�uidic 
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devices. For more information, please refer to some excellent review articles on this �eld 
(Tegenfeldt et al. 2004; Mijatovic et al. 2005).

Fabrication of nano�uidic devices is usually more complicated than that of micro-
�uidic devices. First of all, size does matter because a nano�uidic device is smaller, 
and thus complicated fabrication techniques are needed. Second, unlike micro�uidic 
devices, which do not necessarily need to be parallelized to achieve mass production, 
nano�uidic devices usually cannot generate a desirable quantity of products unless a 
large scale of parallelization can be realized. Thus, a nano�uidic device usually has 
many parallel channels and requires special methods and more time in fabrication. 
Third, in many biomedical applications, organic or polymer-based nano�uidic devices 
are more favorable due to the requirement of biocompatibility, cost-ef�ciency, and dis-
posability. However, polymeric nano�uidic devices are dif�cult to fabricate and novel 
techniques are always necessary. Fourth, since a usable nano�uidic device needs to be 
integrated with micro- or even macroscaled units such as reservoirs, there is always a 
micro-/nanoscaled interface, and thus, different fabrication methods are required to 
integrate different units in such a multiscale system. Finally, bonding and sealing the 
nano�uidic device is not trivial at all. It involves many complicated processes (Mijatovic 
et al. 2005).

From the scale point of view, there are typically two approaches to fabricate nano�u-
idic devices, i.e., top-down and bottom-up approaches. The top-down approach fabricates 
small-scaled nanostructures with existing large-scaled patterns. It usually uses expensive 
clean-room technologies such as electron-beam lithography (EBL), focused ion beam (FIB) 
lithography, pulsed-laser deposition (PLD), and nanoimprint lithography (NIL), especially 
in fabricating a large scale of well-de�ned nanostructures.

The bottom-up approach generally builds up nanostructures with atoms or molecules 
via self-assembly. This approach is usually a non-clean-room technology and does not 
require expensive equipments and complicated processes. It has been used to fabricate 
carbon nanotubes, quantum dots, self-assembled monolayers (SAM), bilayer lipid 
membranes (BLM), and ion-channel nanopores. Self-assembly is usually a slow process 
since the system is near the state of thermodynamic equilibrium and nanostructures 
are created in atom-by-atom or molecule-by-molecule way. Most recently, a much faster 
�ow-guided assembly that uses capillary or hydrodynamic forces has been reported to 
create well-de�ned large-scaled nanostructures (Brinker 2004; Yuan et al. 2006; Wang et al. 
2008b). Field-guide assembly methods using spatially periodical or nonuniform electric or 
magnetic �elds can also be applied to fabricate large-scale nanostructures.

Top-down and bottom-up approaches can be combined together to create novel and 
inexpensive nano�uidic devices. For example, a polymeric nanonozzle array can be �rst 
fabricated using the sacri�cial template imprinting (STI) techniques (Wang et al. 2004). In 
order to reduce the nozzle size, bottom-up approach with EOF-based dynamic assembly 
is used to grow silica on the internal surface of the nanonozzle. Another example 
involves a DNA combing and imprinting (DCI) technique (Guan et al. 2010). As shown 
in Figure 18.1, ordered DNA nanowire arrays are �rst created through a DNA combing 
technique on patterned micro- or nanopillar arrays. This special bottom-up approach of 
fabricating DNA nanowire arrays is a �ow-guided assembly with receding meniscus. 
Then, DNA nanowires are coated with gold to form more rigid nanostrands. Next is 
the imprinting technique of transferring nanopatterns to EGDMA polymer resin. After 
etching the gold-coated nanostrands, well-de�ned nanochannel and microwell arrays 
are �nally produced. Top-down micromachining can be further carried out to make 
extra microgroove structures.
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18.4 Biomedical Applications of Nanofluidics

Biomolecules such as DNA, RNA, and protein are important due to the fact that they are 
forms of life. In these macromolecules, both DNA and RNA carry genetic information, 
but DNA is more important in molecular biology and cellular processes. Particularly, 
the determination of the whole sequence of the human genome (3 billion base pairs and 
20,000–25,000 genes) is extremely important in medicine and health sciences since it 
provides solutions at the level of molecular biology, the most ef�cient way to diagnose, 
treat, and prevent human diseases associated with single-genetic and polygenetic causes 
(http://en.wikipedia.org/wiki/Human_Genome_Project).

DNA sequencing is a very complicated and time-consuming process, and automation 
is required to facilitate the process. Two key steps, i.e., the separation of DNA fragments 
with different sizes and the mapping of DNA fragments, might become much faster and 
more ef�cient through nano�uidics, as compared to the traditional gel or capillary EP 
technology. We are thoroughly discussing the nano�uidics-based DNA separation and 
mapping in Sections 18.4.1 and 18.4.2, respectively.

In Section 18.4.3, we will brie�y discuss and summarize the current state-of-the-art gene 
delivery that uses electroporation. We also introduce the �rst effort on nano�uidics-based 
electroporation by Lee and coworkers at the Ohio State University (Boukany et al. 2011). 
More details on nanotechnologies in gene delivery can be found in Chapter 24.

18.4.1 Nanofluidic DNA Separation

Separation by size has been achieved by pulsed-�eld gel or capillary EP, which utilizes 
either gel or entangled polymer matrices to create size-dependent electrophoretic mobility 
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FIGURE 18.1
(See companion CD for color �gure.) Fabrication schematics of DNA combining and imprinting (DCI) 
technique. (Guan, J., Boukany, P.E., Hemminger, O. et al.: Large laterally ordered nanochannel arrays from 
DNA combing and imprinting. Adv. Mater. 2010. 22. 3397–4001. Copyright 2010, Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission.)
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of DNA, RNA, protein, and even nanoparticles. Both gel and capillary EP are matured 
techniques and have been widely used. However, they have their intrinsic limitations. For 
example, there is a size threshold for separation, i.e., long DNA molecules or fragments 
(>100 kbps) cannot be ef�ciently separated. Also, both techniques, especially the gel EP, 
are slow in process. In order to improve the ef�ciency and increase the throughput of 
DNA separation, people turn their attentions to nano�uidics since it has the potential to 
separate DNAs in all sizes. In this section, we only list some important nano�uidics-based 
techniques that greatly improve our understandings on mechanisms of DNA separation.

As clearly shown in Figure 18.2, DNA separation in gel or entangled polymer matrices 
can have �ve different regimes or mechanisms, depending on the size of DNAs: (I) free 
migration, (II) Ogston �ltration, (III) separation by repetition, (IV) separation by collision, 
and (V) migration with orientation (Picollet-D’Hahan et al. 2010).

Arti�cial micropillar arrays mimic the separation mechanisms (II) and (III) of gel or 
capillary EP and have demonstrated the ability to separate long DNA molecules of around 
50–100 kbps. The miniaturization to nanoscale has been reported and the separation 
mechanism (IV)—collisions between DNAs and nanopillars—can be directly observed 
(Kaji et al. 2004). Figure 18.3a shows the schematics of arti�cial EP using nanopillar arrays. 
In Figure 18.3b, collisions of long DNA molecules such as λ-DNA (48 kbps) and T4-DNA 
(166 kbps) with nanopillar arrays are compared. Collisions of T4-DNA with nanopillars 
are more frequent than with λ-DNAs since T4-DNA is longer with more chances to form 
the U-shaped structure. Thus, T4-DNAs have a lower effective EP mobility and can be 
separated from λ-DNAs. Several key factors such as the size of the nanopillar, density 
or spacing between neighboring nanopillars, and patterns of nanopillar array have been 
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DNA separation regimes in gel or entangled polymer matrix: DNA mobility vs. size. (Reproduced with per-
mission from Springer Science+Business Media: Nanoscience-Nanobiotechnology and Nanobiology, Electrical 
characterization and dynamics of transport, 639–742, Picollet-D’Hahan, N., Amatore, C., Arbault, S. et al., 
Copyright 2010.)
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found to affect the ef�ciency of long DNA separation. It has also been demonstrated that 
arti�cial nanopillar arrays are superior to conventional gel EP in separating large DNAs. 
However, nanopillar arrays still cannot separate short DNA molecules (<10 kbps) and 
do not show better separation than capillary EP. This is because the size and spacing of 
nanopillar arrays are still large compared to the entangled polymer matrix in capillary EP. 
It is possible to use smaller and denser nanopillar arrays to achieve better DNA separation, 
but more sophisticated fabrication techniques are needed and the cost also increases.

Entropy trapping has been used to separate DNA molecules. This method uses nano-
channels with alternating depths. The deep channel has a size comparable to the gyration 
radius of DNA molecules (around several microns), while the depth of the shallow channel 
is <100 nm. It is shown that larger T2-DNA molecules move faster in the entropic trapping 
array than smaller T7-DNAs (Han et al. 1999; Han and Craighead 2000). This is because 
the gyration radius of a T7-DNA is smaller than the size of the trap (i.e., deep channel) and 
it is more likely to stay in the trap where the electric �eld is much weaker than that near 
the entrance of the shallow channel. Thus, smaller DNA has dif�culty in gaining enough 
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with nanopillar arrays. (Reproduced with permission from Kaji, N., Tezuka, Y. Takamura, Y. et al., Anal. Chem., 
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energy to get out of the trap. Entropy trapping shows a new size-dependent separation 
mechanism in which large DNA is more favored in gaining higher mobility. It seems that 
this mechanism might also contribute to the separation of large DNA molecules in nano-
pillar arrays with small spacing (Ogawa et al. 2007).

Another method to separate DNA molecules or segments is entropy recoil using on-and-
off pulsed electric �elds (Cabodi et al. 2002; Turner et al. 2002). In entropy recoil, the on-time 
of the electric �eld is adjusted so that a small-sized DNA can totally enter the nanostructure, 
while the majority part of a large DNA still stays outside of the nanostructure. Because of 
the con�nement effect of the nanostructure, a small DNA remains in the nanostructure 
during the off-time of electric �eld. However, the large DNA coils back due to the net 
elastic force exerted by the outside segments. Thus, after several on-and-off cycles, small 
DNAs can be separated from large DNAs. However, entropy coil is not an ef�cient way 
to separate DNA molecules with different sizes since it can only separate short DNA 
molecules from those above the threshold size, which is mainly determined by the size 
of the nanostructure and is not highly sensitive to the strength and frequency of pulsed 
electric �eld.

By creating a 2D asymmetric obstacle array, the so-called Brownian ratchet has been 
used to separate DNA molecules or fragments (Huang et al. 2004). This technique recti-
�es the lateral Brownian motion of DNAs and de�ects their trajectories perpendicular to 
the applied electric �eld. The device is very similar to the bean machine or plinko board 
that appeared on the American television game show “The Price is Right.” Different from 
arti�cial EP that uses micro- or nanopillar array, which is a 1D separation system and 
DNAs are only separated in one direction, the Brownian ratchet can spatially separate 
DNAs and is essentially a 2D separation method. Currently, the obstacle arrays in the 
Brownian ratchet are in microscale and the miniaturization to nanoscale has not been 
reported, although it is very possible.

DNA prism is another ef�cient and fast way to separate long DNA molecules from short 
ones that uses temporally alternating electric �elds in different directions and magnitudes 
(Huang et al. 2002). The device still uses the micropillar array mentioned earlier, but the 
pulsed electric �elds alternatively change directions and strength. This setup of the electric 
�eld is really the game-changer and enables the DNA prism to produce both spatial and 
temporal separation of DNAs.

Finally, DNA separation can also be achieved in nanosphere solutions (Tabuchi et al. 2004). 
Highly packed nanospheres form tiny passages for DNA molecules to electrophoretically 
migrate through. The interaction between DNA molecules and closely packed nanospheres 
is very complicated and highly dependent on the DNA size. Its separation mechanism 
needs to consider the surface forces between nanospheres and DNAs, the highly distorted 
electric �eld in the porous medium formed by packed nanospheres, and the collisions of 
DNAs with nanospheres.

18.4.2 Nanofluidic DNA Mapping

DNA sequencing is of high importance in medicine and health care. Single-base resolution 
sequencing of large or chromosome-type DNA molecules is really complicated and 
sometimes unnecessary since we might be more interested in determining individual 
genes, which contain many base pairs. The determination of gene location is called DNA 
mapping. Its traditional approach is to �rst cut large DNAs into many small fragments 
using restriction enzymes or via shearing with mechanical force, and then to map these 
DNA fragments using gel or capillary EP. This approach, however, is time-consuming and 



432 The Nanobiotechnology Handbook

can only handle relatively short DNA fragments. To cut down the cost and improve the 
throughput, simpler and quicker DNA mapping techniques are eagerly pursued.

If a DNA is �rst uniformly stretched, then we can determine the number of base pairs 
by optically measuring the length of each fragment cut by the restriction enzyme. This is 
called optical mapping and does not require prior sequence knowledge. It was invented 
by Schwartz and coworkers. The original idea was to immobilize elongated and labeled 
DNAs in gelling agarose (Schwartz et al. 1993). The improved second-generation of optical 
mapping is to stretch and immobilize DNA molecules on a positively charged surface (Cai 
et al. 1995; Samad et al. 1995; Aston et al. 1999). Optical restriction mapping can also be car-
ried out after stretching DNA molecules on a hydrophobic surface with a receding menis-
cus (Yokota et al. 1997). However, stretched DNA molecules are randomly distributed on 
the surface and their stretching amounts are not uniform; thus, this improved optical 
mapping still faces the accuracy problem. A possible solution might use DNA combing on 
patterned surfaces as mentioned in Section 18.2.3. This method can uniformly stretch and 
align DNA molecules, and thus, it is more accurate with optical mapping.

The stretching of single DNA molecules in free solutions has been extensively reported 
in micro�uidics (Perkins et al. 1997; Smith and Chu 1998; Smith et al. 1999; Juang et al. 
2004), and fundamental studies have been carried out to better understand their dynam-
ics under spatially nonuniform �eld forces such as �uid �ow and electric �eld (Larson 
et al. 1999; Larson 2005; Hu et al. 2009, 2011). This provides an alternative to map DNAs in 
free solutions instead of immobilizing them in a gel matrix or on the surface. Nano�uidic 
devices such as nanoslits or nanotubes can be used to trap and con�ne DNA molecules 
since the strong effect of con�nement dominates once the device size is much less than 
the persistence length of a DNA molecule (Reisner et al. 2005; Hsieh and Doyle 2008). This 
unique property has been utilized to map DNA molecules with restriction enzymes by 
Austin and coworkers (Riehn et al. 2005).

However, restriction mapping is a slow and complicated procedure. Recently, a con-
tinuous and automated DNA mapping technology named direct linear analysis (DLA) 
was reported without using restriction enzymes (Chan et al. 2004). This method stretches 
single DNA molecules bound with site-speci�c �uorescent tags in tapered microchannels 
for single-molecule mapping. Figure 18.4 shows the schematics of DLA technology. First, 
DNA molecules bound with �uorescent peptide nucleic acids (PNAs) tags are driven by 
�uid �ow and prestretched in micropillar arrays; then, they go through a tapered micro-
channel to achieve nearly full stretching. Finally, these stretched DNAs travel through the 
spots where the excitation and detection of PNA tags are achieved by focused laser light. 
The further miniaturization of this device to nanoscale is fairly straightforward, although 
there might be some technical barriers. However, the optimal design of such a micro- or 
nano�uidic device is dependent on the size of mapped DNA molecules, which need to be 
fully stretched (of course, there are always under- or overstretched DNAs due to the poly-
mer individualism, but those DNAs are not used in mapping). This is probably the biggest 
limitation of the DLA technique and this means that a �uidic device might be only used 
for DNAs with size falling in a certain range.

At the end of this section, one DNA mapping method deserves mentioning, and this is 
nanopore technology, which has used natural α-hemolysin biopores and arti�cial solid-
state or polymeric nanopores to demonstrate the ability to detect and characterize indi-
vidual nucleotide acids (Kasianowicz et al. 1996; Dreamer and Akeson 2000; Dreamer and 
Branton 2002; Li et al. 2003; Mara et al. 2004). This label-free and high-throughput tech-
nique is promising for low-cost and ultrafast DNA sequencing, although there are still 
some key technological barriers (Branton et al. 2008).
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18.4.3 Nanofluidic Gene Delivery

Gene delivery is the process of introducing foreign DNAs into host cells. One of the 
most interesting nonviral gene delivery methods is electroporation, which temporarily 
breaks down the cell membrane using the pulsed electric �eld. Cell membrane has a lipid-
bilayered structure with a thickness of 5–10 nm and is almost nonconductive. When a cell 
is placed in an electric �eld, there is a potential difference across the cell membrane. This is 
called the transmembrane potential. The critical transmembrane potential to break down 
the cell membrane is typically around 1 V. Considering the thickness of cell membrane, the 
electric �eld across the thin cell membrane is huge (∼108 V/m), and thus, cell membrane can 
be easily broken down.

Compared with the bulk electroporation (BEP), which uses relative high voltage drop 
and causes a predominant amount of cell deaths, recent research on �uidic electroporation 
mainly focuses on using micro�uidic devices to facilitate controlled electroporation and 
to minimize cell death. These efforts include membrane sandwich electroporation (Fei 
et al. 2007, 2010) and continuous or semicontinuous �ow electroporation (Wang et al. 2009; 
Zhan et al. 2009). Fundamental investigation of single-cell response in microelectroporation 
(MEP) has also been carried out by observing how �uorescent dyes enter the cell through 
the temporarily opened membrane. A single cell is either suspended and placed on the 
surface (Golzio et al. 2002), trapped in a microchannel (Khine et al. 2005), or immobilized 
by optical tweezers (Henslee et al. 2011).

However, most research is focused on the design of MEP devices. Few realized that 
the distribution of transmembrane potential on cell surfaces is the key to measure the 
ef�ciency of electroporation and, thus, can be used as a standard to evaluate different 
electroporation devices. Finite element simulation has been used to calculate the 
transmembrane potential for MEP (Zudans et al. 2007; Fei et al. 2010). Through calculation 
of transmembrane potential, we know the reason why MEP is better than the BEP. This is 
because MEP creates a higher and more focused transmembrane potential distribution on 
the cell surface. Thus, a smaller area of cell membrane is temporary broken down. However, 
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FIGURE 18.4
(See companion CD for color �gure.) Schematics of the DLA technology for DNA mapping. (Reproduced with 
permission from Chan, E.Y. et al., Genome Res., 14, 1137. Copyright 2004, Cold Spring Harbor Laboratory Press.)
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only part of a gene can enter the cell before the cell membrane closes in MEP, which also 
happens in BEP (Golzio et al. 2002). Thus, genes are still absorbed by endocytosis after the 
closure of the cell membrane. From this point, MEP doesn’t show too much improvement, 
although it needs a much smaller electric bias than BEP.

Not until most recently has nanoelectroporation (NEP) been reported in the Lee group 
at the Ohio State University (Boukany et al. 2011). Their NEP �uidic system uses the 
aforementioned nanochannel-microwell device, fabricated with the hybrid fabrication 
technique that combines top-down (micromachining) and bottom-up (DNA combining) 
approaches. NEP has a totally different mechanism from BEP or MEP. From the direct 
observation of the migration of propidium iodide (PI) dye into electroporated cells, it is 
found that the PI dye is directly injected into the cell in NEP, instead of diffusing through 
the opened cell membrane in BEP or MEP. There are two advantages: one is that the 
transmembrane potential distribution is highly localized with a very high peak value, 
thus the smallest percentage of cell membrane is broken down; the other is that genes 
have been largely accelerated in nanochannels due to the huge magnitude of the electric 
�eld inside. Thus, it seems that most genes are quickly injected into the cell, not slowly 
absorbed by endocytosis. From this point, NEP is more like the technique of the gene gun. 
Fundamental study of NEP is just beginning; however, it will de�nitely help us to better 
understand electroporation at the molecular and cellular levels.

18.5 Conclusions and Perspectives

In summary, we revisit some important transport phenomena and major driving forces 
in nano�uidics, which have already demonstrated the ability to control the dynamics of 
nanoparticles and biomolecules. We mainly focus on EP because it is the most important 
phenomenon in nano�uidics and has been widely used in many biomedical applications 
such as DNA separation, DNA mapping, and electroporation. Multiphase phenomena 
are also important since they can be used to manipulate nanoparticles and biomolecules, 
especially in DNA combining.

Before ending this chapter, we would like to propose some possible future directions 
for nano�uidics-based biomedical applications. First, a more ef�cient nano�uidic device 
for biomolecule separation should be the miniaturization of the current Brownian ratchet 
or DNA prism, since either can produce a spatial separation, which is the most powerful 
and ef�cient separation technique for biomolecules. The optimal design of a nanoscaled 
Brownian ratchet or DNA prism, however, might need the help of numerical simulations 
on electric �eld distribution and dynamics of biomolecules.

Second, low-cost and high-throughput DNA mapping might be achieved using the 
nano�uidics-based DLA method or nanopore mapping technique. These two ultrafast and 
low-cost techniques simplify the procedure of DNA mapping and are continuous in pro-
cess. Fundamental understandings of biomolecule behaviors in these devices, however, 
are still lacking and need to be carried out for design and optimization purposes.

Third, drug and gene delivery using nano�uidics are very promising. Hindered dif-
fusion and electroporation using nanostructures are two techniques mentioned in this 
chapter, although there are many other nano�uidics-based methods for drug and gene 
delivery. Future work of drug and gene delivery shall focus on the biological responses 
at cellular and tissue levels for better understanding of the mechanisms. This would help 
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us to address questions such as: how are drugs and genes delivered into cells and tissues? 
How does nano�uidics help them in passing different barriers? How do we design a better 
nano�uidic device for particular drug and gene delivery? Considering the complexity of 
biological systems, collaborations between different disciplines such as biology, physics, 
chemistry, and engineering are needed in these fundamental studies.

Finally, heat transfer in nano�uidics is important since heat generation and dissipation 
affect performances of electrokinetics-based nano�uidic devices. Nonuniformly 
distributed temperature �elds can generate many phenomena such as a surface tension 
gradient, concentration gradient, thermophoresis, and joule heating. Heat transfer in 
nano�uidics can be de�nitely utilized for some biomedical applications, although little 
work has been reported in this �eld.
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19
Optical Tweezers

Yingbo Zu, Fangfang Ren, and Shengnian Wang

19.1 Introduction

Similar to dielectrophoresis, an optical trap also occurs in the presence of a highly non-
uniform �eld. But this time, the large �eld gradient is generated by a highly focused 
laser beam (Ashkin et al. 1987, 2007). Unlike other trapping technologies, an optical trap 
does not require physical contact with the target object, and therefore, it is favorable in 
many applications involving live systems. The apparatus for an optical trap, namely opti-
cal tweezers, has been broadly used to trap and manipulate microspheres, molecules, or 
organelles inside cells and cells themselves (e.g., bacteria, yeasts, and mammalian cells). 
Most of these objects have a size of 0.1–10 λ of the applied laser beam (note: λ is the laser 

CONTENTS

19.1 Introduction ........................................................................................................................ 439
19.2 Optical Trap Mechanism ..................................................................................................440

19.2.1 Optical Trapping in Mie Scattering Regime ......................................................440
19.2.2 Optical Trapping in Raleigh Scattering Regime ............................................... 441
19.2.3 Optical Trapping for Intermediate Size Particles ..............................................443

19.3 Optical Trap Instrument and Design ..............................................................................443
19.3.1 General Optical Trap Setup ..................................................................................443
19.3.2 Major Components of Optical Trap and Their 

Current Emerging Techniques .............................................................................443
19.3.2.1 Trapping Laser .........................................................................................443
19.3.2.2 Single Beam and Dual Beam .................................................................446
19.3.2.3 Time Sharing Multiple Trapping ..........................................................447

19.4 Optical Tweezers Applications in Life Science ..............................................................448
19.4.1 Biomechanics ..........................................................................................................448

19.4.1.1 DNA and RNA Mechanics ....................................................................448
19.4.1.2 Mechanics of Other Biomolecules ........................................................ 451
19.4.1.3 Mechanics of Molecular Motors ........................................................... 451

19.4.2 Cell Related Study ................................................................................................. 452
19.4.2.1 Trapping and Positioning ...................................................................... 452
19.4.2.2 Sorting and Separation ........................................................................... 452
19.4.2.3 Assembling and Surgery ....................................................................... 455

19.5 Concluding Remarks, Improvements, and Perspectives ............................................. 455
References ..................................................................................................................................... 457



440 The Nanobiotechnology Handbook

wavelength), falling in neither the Mie scattering regime (r ⨠ λ, where r is the radius of 
object) nor the Raleigh scattering regime (r = λ). Although no accurate theoretical model is 
available in this regime, it hardly impedes the rapid growth of research interest and prac-
tice on the trapping and manipulation of these objects with optical tweezers (Mof�tt et al. 
2008). Several optical tweezers instruments such as BioRyx (from Arryx Incorporated) and 
PALM (from Zeiss, Inc) are now commercially available, although their major capability 
is largely restricted to particle trapping and molecular force measurement. Other home-
made systems offer some �exibility and new functions, which help broaden their applica-
tions in various �elds involving cells and other live systems.

19.2 Optical Trap Mechanism

As aforementioned, optical tweezers trapping requires the use of one or multiple highly 
focused laser beams. These laser beams are guided through an optical objective and strike 
the target objects such as dielectric microparticles. When a particle approaches the focus 
center of the incident beam, the scattering of photons exerts two types of force on the 
particle: a gradient force in the direction of the light intensity gradient that pulls objects 
toward its spatial focus point (the gradient direction) and a scattering force in the direction 
of light propagation that pushes objects along the propagation direction, as illustrated in 
Figure 19.1 (Ashkin et al. 1986).

19.2.1 Optical Trapping in Mie Scattering Regime

If the particle size is substantially larger than the wavelength of the trapping laser (r ⨠ λ), 
that is, in the Mie scattering regime, the optical forces can be calculated directly from ray 
optics. Under light illumination, the refraction from the particle (assuming to be in a spher-
ical shape) results in a momentum change of light. Simultaneously, an equal, but opposite 
momentum change (and force) is exerted back on the particle. The resultant force on the 
particle lies in the direction of the focus of the light while its actual orientation depends 
on the ratio of the refraction index of the particle to that of the surrounding medium (m): 
it points toward (when m > 1) or against (when m < 1) the direction of the light intensity 
gradient. The magnitude of such optical force can be calculated from the momentum �ux 
(S) that enters and leaves the particle surface:

 
F

n
c

S S dAm= −∫∫ ( )in out  (19.1)

where
nm is the refraction index of the medium
c is the speed of light in vacuum

With a 100% re�ecting mirror, Sout = −Sin and F = 2(nm/c)I, where I is the intensity of the 
incident light. For most light sources, the magnitude of this optical force is very small 
and negligible. However, if a laser beam is highly focused through an objective with a 
high numerical aperture (NA), such optical force may become large enough to overcome 
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other forces on the particle (e.g., Brownian motions), resulting in the capture of particle 
(i.e., optical trap). As illustrated in Figure 19.1, when staying at the trapping center, the 
particle refracts light symmetrically. The gradient force cancels the scattering force (from 
the light re�ection) so that there is zero net lateral force on the particle and it stays. If the 
particle is somehow shifted out of the focus center, the optical forces become unbalanced 
and the resultant net force pulls the particle back to the trapping position.

19.2.2 Optical Trapping in Raleigh Scattering Regime

If the particle size is substantially smaller than the laser wavelength (r = λ), the Raleigh 
scattering conditions are satis�ed. The particle can be approximated as a point dipole 
and the corresponding gradient force and scattering force from a Gaussian beam can be 
expressed as
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FIGURE 19.1
(See companion CD for color �gure.) Schematic of optical forces on a dielectric particle and optical trap mecha-
nism. (a) The scattering (Fscat) and gradient (Fgrad) forces from two rays of light of a Gaussian beam, a and b (light 
intensity increases from a to b), on a dielectric particle. (Hormeno, S. and Ricardo Arias-Gonzalez, J.: Exploring 
mechanochemical processes in the cell with optical tweezers. Biol. Cell. 2006. 98. 679–695. Copyright Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission.) (b) Single beam optical trap principles. The gradient 
force pulls the particle toward the focal region, if it is out of the trap center.
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where
c is the speed of light in vacuum
m is the ratio of the refraction index of the particle (np), and to that of the medium (nm)
λ is the wavelength of the incident laser

The light intensity of the incident Gaussian beam, I, is given by

 
I x I e x( ) /( )= 0

21
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σ π
σ−  (19.4)

where
I0 is the intensity of the incident light
σ is the scattering cross section of the spherical particle

The scattering force is proportional to the light intensity (Fscat ∞ I) and in the direction of 
the propagation of the incident light. The gradient force is proportional to the intensity 
gradient (i.e., Fgrad ∞ ∇I) and points toward the gradient when m > 1. The optical forces on a 
polystyrene sphere are shown in Figure 19.2a.
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19.2.3 Optical Trapping for Intermediate Size Particles

For particles whose size is comparable with the laser wavelength (i.e., r ∼ λ), quantitative 
description of the optical forces is dif�cult due to the lack of available electromagnetic 
theories in this intermediate size range. However, most valuable objects used for optical 
trapping study, including microspheres, bacteria, organelles of cell, and various types of 
cells, are all in this regime. A computation toolbox has recently been developed to calcu-
late the optical forces and torque on dielectric particles. It covers a particle size range of 
0.1–10 λ and is suitable for both spherical and nonspherical shape particles (Nieminen et al. 
2007). The trapping forces on a dielectric particle that have a size within 0.1–10 λ in both 
a Gaussian and non-Gaussian beam are also provided in Figure 19.2. MATLAB® codes of 
this toolbox are made free to the public, providing researchers support and guidance for 
their optical trapping practice (Optical Tweezers Toolbox 1.2 Website).

19.3 Optical Trap Instrument and Design

19.3.1 General Optical Trap Setup

A common holographic optical tweezers setup is schematically illustrated in Figure 19.3. The 
optical trapping module is mounted on an inverted microscope for convenient visualization 
of the trapping and manipulation process. A powerful laser source, usually with a Gaussian 
TEM00 mode pro�le, is used, whose wavelength is well-separated from another beam used 
for imaging. The trapping laser beam is �rst expanded by a telescope lens pair (M1:M2) and 
if multiple traps are needed, the beam is further directed into a re�ective liquid–crystal 
spatial light modulator (SLM), a relay optics unit with holographic optical trapping (HOT), 
and a beam block. The laser beam is then guided into an objective by a dichroic mirror. The 
objective often requires a high numerical aperture (NA) with excellent transmissions, such 
as 60 × /100 × oil/water immersion objective with NA = ∼1.2 to 1.4 from Zeiss Inc or Nikon 
Inc. When multiple separated trapping beams are involved, an SLM with diffraction grating 
is usually computer-controlled to steer these beams to form a trapping lattice.

The trapping position and force measurement is done by a 3D back-focal plane interferometer 
with a second laser (Gittes and Schmidt 1998; Rohrbach and Stelzer 2002; Rohrbach et al. 2003; 
Dreyer et al. 2004). The second laser beam is also expanded, split, and guided into the objective. 
The generated interference pattern changes are recorded by two quadrant photodiode (QPD) 
detectors. The QPD signals are further digitalized with an analog to digital (A/D) converter 
and analyzed by software like LabVIEW to provide information on the planar position (XY 
plane, or the specimen plane) and the displacement of the trapped object to the trapping 
equilibrium (z direction or the light propagation direction). For the imaging module, a bright 
�eld light is guided from the top of the inverted microscope and illuminates the sampling 
zone through a condenser lens. Part of the light is directed to a charged coupled devices 
(CCD) camera for real-time monitoring and imaging of the trapping process.

19.3.2 Major Components of Optical Trap and Their Current Emerging Techniques

19.3.2.1 Trapping Laser

The power of the trapping laser varies from a few milliwatts to several watts, depending 
on the desirable trapping force/torque and the optical transmittance of the actual optical 
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Three-axis rapid steering of optically propelled micro/nanoparticles, Rev. Sci. Instrum., 80, 063107, Copyright 
2009, American Institute of Physics.)
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tweezers system. The basic criteria for the trapping laser include excellent pointing 
stability (to avoid trap position displacement) and low power �uctuation (to attain good 
trap stiffness). Common laser sources like argon ion, helium–neon, and diode-pumped 
solid state (DPSS) laser beams can satisfy most general optical trap applications. But if 
photodamage or photoheating effects from light absorption become serious, for example, 
in live biological systems trapping applications, a neodymium:yttrium-aluminum-garnet 
(Nd:YAG), neodymium:yttrium-lithium-�uoride (Nd:YLF), or neodymium:yttrium-
orthovanadate (Nd:YVO4) laser source is often chosen. These laser sources have a near 
infrared wavelength (e.g., 1047, 1053, 1064 nm) and relatively low optical damage to 
biological samples. With E. coli cells and Chinese hamster ovary (CHO) cells, researchers 
found that the minimum laser damage occurs at a wavelength of 970 and 830 nm from a 
Ti-sapphire laser with available power of ∼100 mW (Figure 19.4). To accomplish ef�cient 
trapping, the incident laser usually has a Gaussian TEM00 mode single output with a small 
beam waist.
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19.3.2.2 Single Beam and Dual Beam

Single beam trapping relies on the large gradient forces on objects for its use of a powerful 
and highly focused laser beam. To attain suf�cient trap force, photodamage is inevitable, 
but can be reduced by choosing an appropriate combination of laser source, immersion 
medium, and trap mode. In terms of various trap modes, two counter-propagating dual 
beam traps cause much less damage. This comes from their different trapping mechanisms 
other than the one illustrated in Figure 19.1. Instead of the attributions to the gradient force, 
counter-propagating dual beam trapping relies on the use of the scattering force for object 
capture. The scattering forces push objects away from the illuminating light from both 
sides, which reach a balance at a speci�c position and create a trap (Figure 19.5a). In many 
cases, such dual-beam traps occur at the center of the gap between the two beams, but 
drifting may occur if the scattering forces from the two sides are uneven. If two divergent 
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(See companion CD for color �gure.) Other optical tweezers con�gurations. (a) Two counter-propagating 
beams for trap. (b) Two diverging beams for optical stretching. (c) Dual beam interferometer. (Zhang, H. and 
Liu, K., Optical tweezers for single cells, J. R. Soc. Interface, 5, 671, 2008. Reproduced by permission of The Royal 
Society of Chemistry.)
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counter-propagating beams are employed, the additional surface forces on the object can 
simultaneously stretch the trapped objects if they are deformable (e.g., macromolecules and 
cells, Guck et al. 2000), as shown in Figure 19.5b. Another type of dual beam trap occurs 
when the parallel propagating beams are used to create an optical lattice through beam 
interference (Figure 19.5c). By slightly adjusting the dual-beam path or displacement, a 3D 
optical lattice can be created, providing no fringe, high intensive trapping regions, and 
complete con�nement. In this interfering trapping mode, more beams can get involved to 
tailor the phase and intensity of the interference pattern on particles of various refraction 
indexes or trap/sort particles in �ow. More advanced interfering trapping modes involve 
the use of SLM equipped with galvanometer scanning mirrors, acousto-optic de�ectors 
(AOD), electro-optic de�ectors (EOD), or HOT beam de�ectors.

19.3.2.3 Time Sharing Multiple Trapping

Multiple-point trapping is more favorable in recent optical tweezers applications, cell 
trapping in particular. It can be realized with several strategies, including (1) splitting the 
incident beam in an optical circuit (Flynn et al. 2002; Ozkan et al. 2003a,b); (2) scanning one 
beam with an AOD de�ector (Visscher et al. 1993; Vossen et al. 2004); and (3) computer-
generating dynamic holograms through SLM (Curtis et al. 2002, 2003; Curtis and Spatz 2004; 
Martin-Badosa et al. 2007). As splitting physically reduces the power of each individual beam, 
scanning between the optical trap sites at a rate much faster than the Brownian motions 
of the targeted trapping object is widely adopted in multiple position trapping nowadays. 
Several multiple trapping technologies used in optical tweezers are shown in Table 19.1.

Galvanometer scanning mirrors are widely used in early beam steering. They have a 
general operating speed of 1–2 kHz with a step response of 100 μs or more and a de�ection 
repeatability of 8 μrad. The optical diffraction grating in AOD de�ectors is produced in a 
transparent crystal whose density changes with an acoustic traveling wave. The grating 
period is determined by the wavelength of the ultrasound signal in the crystal and the 
diffraction ef�ciency relies on the amplitude of the acoustic wave. A 2D trapping can be 
accomplished with two independent AOD de�ectors con�gured in an orthogonal way. 
Current commercial AOD de�ectors operate at 238 kHz with a response time of 4.2 μs. To 
generate multiple traps in all three dimensions, dynamic HOTs are necessary. General 
dynamic holographic SLMs modulated optical tweezers are illustrated in Figure 19.3. In 
these HOT optical tweezers, through a liquid crystal SLM and other diffractive optics, a 
single beam can split and steer between multiple traps to create phase-only holograms. 
Compared to SLM/AOD, the real-time hologram algorithm allows the accurate creation of a 
large array of optical trap patterns. Moreover, these HOT optical tweezers can conveniently 
manipulate objects for various complicated motions other than trapping with appropriate 
algorithms. As not all ports of an incident beam is diffracted by the SLM, the undiffracted 
portion can be focused into another plane other than that of the optical traps to avoid 

TABLE 19.1

Comparison of Various Beam Steering Approaches

Beam Steering Method Operating Speed Switching Time De�ection Repeatability

Galvanometer scanning mirrors 1–2 kHz 100 μs 8 μrad
Acousto-optic de�ectors 238 kHz 4.2 μs High
Dynamic holographic SLMs 10–2 kHz <1 s N/A
Electro-optic de�ectors 10 MHz 100 ns High
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any disruption (e.g., a big, bright trap at the center of the view �eld). One major drawback 
of current dynamic holographic SLM comes from its relatively slow operating speed 
(varying from a few hertz to several kilohertz). In contrast, an EOD offers an operating 
speed as high as 10 MHz and a switching time as short as 100 ns. This is achieved by 
varying the refractive index of the equipped crystal with programmed electric signals. 
However, its high cost prevents its wide application in optical tweezers. As high operation 
speed and short response time is generally involved in dynamic multiple traps, QDPs and 
high-speed cameras are widely needed in the characterization and calibration of optical 
tweezers with this function.

19.4 Optical Tweezers Applications in Life Science

Because of its noncontact feature for trapping and manipulation and its accuracy in molec-
ular force measurement, the optical tweezers technique has been quickly used in life sci-
ence, since its invention. Numerous successful applications have been reported on the 
trapping and manipulation of single or multiple cells or subcellular components as well 
as single molecule level force and interaction measurements on biomolecules (e.g., DNA, 
proteins). Many other techniques, such as Raman spectroscopy, confocal microscopy, and 
patch-clamp technology, have also been integrated or combined with optical tweezers 
technologies to further diversify their applications in both molecular and cell biology.

19.4.1 Biomechanics

The major optical tweezers application in molecular biology lies in the exploitation of the 
physical and mechanical properties of various polynucleotide acids (e.g., DNA, RNA), 
molecular motors (kinesin), and other subcellular components (e.g., actin �laments, micro-
tubules). The optical trapping of a single biomolecule usually requires anchoring one end of 
its molecular chain to an easy-to-trap object, such as a dielectric microparticle. The other end 
of the biomolecule is either bound to the surface of another microparticle, a coverslip, or a 
micropipette (Figure 19.6). Upon the establishment of an optical trap, by moving the attached 
coverslip or micropipette (or changing the relative displacement between two ends of the 
biomolecules), the trapped molecule or its fragments experience deformations (i.e., stretch-
ing). The resultant intrinsic molecular force change leads to a difference in the required 
trapping force. Optical tweezers, therefore, serve as the force sensor to indicate the force or 
stress dynamics. Since the trapped microparticle is free to rotate, the tension or torque on 
individual molecules may also be attained if the other end of the molecule (the end attached 
to a micropipette in Figure 19.6a) is attached to another microparticle (so-called a rotor bead) 
or a micropipette, which twists or rotates instead of following a linear displacement.

19.4.1.1 DNA and RNA Mechanics

With optical tweezers, the typical measured force range is 0.1–100 pico-Newton (pN), 
which satis�es most force measuring needs for polynucleotide acids. The force-extension 
dynamics for a single dsDNA or ssDNA can be easily measured with an optical 
trap con�guration shown in Figure 19.6a. For B-type DNA molecules, four different 
deformation stages exist: (1) the entropic elasticity regime when DNA align straight; 
(2) the intrinsic elasticity regime when DNA deform toward its full contour length; 
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(3) the overstretching plateau when DNA experience conformational change or force-
induced melting; (4) the scission regime when overstretched DNA chains start breaking 
up. A typical force-extension curve of a dsDNA molecule (9.75 kbp) during stretching and 
relaxation processes is given in Figure 19.7a, with the corresponding force range in the 
aforementioned four deformation stages indicated. For various DNA chains, the actual 
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FIGURE 19.6
(See companion CD for color �gure.) Approaches for the use of optical tweezers in biomechanics measure-
ment. (a) One end of a biomolecule (e.g., DNA) is bound to an optically trapped microparticle while the other 
end is attached to a solid substrate (e.g., a coverslip). This setup is often used to measure the mechanics of 
biomolecules (e.g., DNA or RNA force-extension dynamics). (b and c) Two microparticles are involved with one 
particle optically trapped and the other one either held by a micropipette suction (b) or a second trapping laser 
beam (c). In (b), a protein (e.g., DNA polymerase) is connected to microparticles through DNA molecules from 
both ends. This con�guration was used to measure the polymerization forces generated by DNA polymerase. 
(c) Only one DNA molecule is used to connect an optically trapped microparticle to a protein that is directly 
attached to the second optically trapped microparticle. In this con�guration, the biological function of the pro-
tein is not affected by the optical trap. A similar con�guration was used to measure the transcription forces 
of RNA polymerase. (Hormeno, S. and Ricardo Arias-Gonzalez, J.: Exploring mechanochemical processes in 
the cell with optical tweezers. Biol. Cell. 2006. 98. 679–695. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.)
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force magnitude in each stage could vary with their molecular structures and the actual 
physiological conditions (e.g., pH value, ionic strength, or temperature). Similar strategies 
are also used in the mechanics study of ssDNA, RNA, or hybrid DNA-RNA linkers. 
Compared to dsDNA, these polynucleic acid chains are generally more �exible and the 
force required for deformation is also much less. In Figure 19.7b, the theoretical curves 
for both dsDA and ssDNA are shown. The difference between the measured dynamics of 
dsDNA and these two curves is from the overstretched transition from the dsDNA to the 
ssDNA form of its molecular chain. Besides force measurement, the two complementary 
strands of dsDNA molecules may also be progressively separated or unzipped by pulling 
and twisting tethered DNA ends. The torque-induced deformation also helps reveal the 

100

80

60

40

20

0

180

160

140

120

Fo
rc

e (
pN

)

100

80

60

0 1 2 3 4

Time (s)

5

20 nm

6 7 1

D
ist

an
ce

 (n
m

)

3 5

Time (s)

(a) (b)

(d)(c)

7

8 nm

1 2

Entropic
elasticity

Intrinsic
elasticityFo

rc
e (

pN
)

Overstretching
plateau

3 4
Extension (μm)

5 6 0.2
0

20

40

60

Fo
rc

e (
pN

)

80
dsDNA

ssDNA

Overstretching
transition

100

0.4
DNA extension (nm/bp)

0.6

FIGURE 19.7
Applications of optical tweezers in biomechanics. (a) The force-extension dynamics for a single B-type DNA 
molecule. (Hormeno, S. and Ricardo Arias-Gonzalez, J.: Exploring mechanochemical processes in the cell with 
optical tweezers. Biol. Cell. 2006. 98. 679–695. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission.) (b) The measured force-extension curve of a dsDNA (hollow triangles) and ssDNA (right black line) 
molecule and the theoretical curve (the left black line) showed the overstretching transition from dsDNA to ssDNA. 
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hydrolyses one ATP per 8-nm step, 388, 386–390, Copyright 1997.)
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sequence-dependent structural transitions with a resolution up to 10 bp when integrating 
optical tweezers and interferometry (Bockelmann et al. 2002). A similar approach was also 
used to study the folding/unfolding of short RNA hairpins (Liphardt et al. 2001). These 
single molecule experiments are expected to bene�t our understanding on the replication, 
transcription, and translation processes of polynucleotide acids.

19.4.1.2 Mechanics of Other Biomolecules

Besides DNA and RNA, optical tweezers are also applied to study the mechanics of 
other biopolymers including various microtubules, proteins, and molecular motors. The 
stretching-relaxation mechanics of these biomolecules help in discovering their highly 
ordered structures and assembly mechanisms. For example, the folding and unfold-
ing dynamics of the giant multiglobular protein titin (a sarcomeric protein) has been 
studied with optical tweezers (Kellermayer et al. 1997; Tskhovrebova et al. 1997). As 
shown in Figure 19.7c,a titin protein was stretched �rst with a large force (>100 pN) to a 
certain extension and that deformation was maintained. The molecular expansion of the 
protein from the unfolding of the multiple domains of the protein results in a gradual 
decrease of the sensing force. In this way, scientists discovered several intermediate 
states and the real-time kinetics of the folding/unfolding process of titin. With the help 
of DNA molecules to link RNase H with the 155-residue single domain and two optically 
trapped microparticles, scientists found jumps between unfolded and intermediated 
states (Cecconi et al. 2005). These biomechanics studies opened the windows to reveal 
the assembly or fatigue dynamics of other important proteins inside cells.

19.4.1.3 Mechanics of Molecular Motors

Optical tweezers are also widely used to study the intricate mechanics of molecular motors 
and packaging in viruses. Molecular motors are single molecules or macromolecule 
complexes that can move along nucleic acids or cytoskeleton �bers. By coating on dielectric 
beads (e.g., silica particles), molecular motor molecules can be concisely positioned on 
their polymer track by optical tweezers. By tracking the positions of silica particles, the 
movement of the coated molecular motors is conveniently monitored. For a common linear 
motor, kinesin, scientists found that these motor molecules could go through multiple 
reaction cycles before leaving their polymer tracks. Their average on-track traveling 
distance is ∼1.4 μm, while they might brie�y detach midway with an average discrete step 
of 8 nm, about the length of a tubulin dimer (Figure 19.7d). For other linear molecular 
motors from myosin families or dynein families, their behaviors vary with their different 
transport mechanisms and on-track steps (Mallik et al. 2004). For nucleic acid-binding 
molecular motors, such as RNA polymerase (RNAP), the average discrete step is about 3.7 
Å (Abbondanzier et al. 2005). These RNAP molecular motors move along the DNA template 
at a speed of a few nucleotides per second. There are many pauses during their journey, 
distributed unevenly along the DNA template. These pauses are believed to depend on the 
speci�c nucleotide sequence and control the actual polymerization rate of mRNA.

By imposing an opposite force, the maximum resistive load for molecular motors can also 
be determined. These measurements typically require very sensitive detection systems 
and complicated statistical analysis to get rid of thermal noise and �uctuations. The force 
needed to stop molecular motors often depends on its applied direction. For example, the 
stall force for kinesin is about 5–7 pN when adding backward, while the same force if 
adding from the side or forward hardly affects its movement. The maximum resistance 
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load for different molecular motors varies largely, from a few pN to several tens pN. 
For example, it is ∼25 pN for RNAP molecular motors from E. coli (Wang et al. 1998), while 
∼60 pN for phage’s DNA-translocating ATPase used in viral packaging, respectively 
(Smith et al. 2001).

19.4.2 Cell Related Study

Unlike the single biomolecule trap by optical tweezers, cells can be easily trapped in still 
�uid or �ow without anchoring to dielectric objects. To date optical tweezers technology has 
been widely applied to trap, position, manipulate, sort, and assemble different types of cells.

19.4.2.1 Trapping and Positioning

The basic use of optical tweezers in cell related research is to trap cells and position them 
at desired locations. As such, grabbing and relocating does not require contact with a 
solid surface or other cells, it is convenient to create appropriate model systems for some 
fundamental studies. For example, a single kidney cell was optically trapped to reveal 
the water transport across the cell membrane and correspondingly the volume change 
dynamics under osmotic shock (Lucio et al. 2003). Single K562 cells (a chronic leukemia 
cell line) had been positioned at various locations between two electrodes to study the cell 
membrane permeability change during and after an electric pulse to help understand the 
cell electroporation mechanism (Figure 19.8).

Upon the occurrence of an optical trap, cells can also be transported to desired locations 
for further study. For example, placing a trapped cell among many ligand-anchored 
microparticles is often used to investigate the ligand–cell interactions (Fallman et al. 2004). 
When unattached cells are trapped and transported near a group of cells growing on the 
common culture substrate, cell–cell interactions can also be conveniently investigated. It 
was reported that when a trapped rod cell was positioned to a cone cell and a multipolar 
neuron, optical trapping did not change the cell adhesion to the culture substrate or cell 
structure. However, the growth of the neuron could be inhibited because of cell–cell 
interactions (Townes-Anderson et al. 1998). If a trapped cell is positioned in a prede�ned 
microenvironment, it can reveal how cells respond to chemical or physical stimuli from 
extracellular environments. It has been reported that a few optically trapped yeast cells 
were relocated in a programmed manner between two different media to �nd out the in 
situ response of these cells to various glucose concentrations (Eriksson et al. 2007). Similar 
strategies may also be adopted for in vitro monitoring of the response of cells to drugs by 
feeding them with a speci�c pharmaceutical solution.

Cells, when optically trapped by a single beam, could still rotate along the trapping 
axis (Grover et al. 2000). This fact sometimes interferes with the real-time study of the 
biochemical activity/response of the trapped cell. By applying multiple traps around the 
periphery of the cell, more stable trap can be established. If scanning across the entire 
con�ned cell, the spectra of various components inside (e.g., cell membrane, cytoplasm, and 
the nucleus) could also be attained with optical tweezers (Creely et al. 2005; Jess et al. 2006).

19.4.2.2 Sorting and Separation

Upon capture, the intensity of light scattering on the cell varies with its viability, morphology 
(e.g., size and shape), and intracellular contents related to their dielectric properties. 
Following this rationale, cells may be identi�ed, sorted, or even separated with optical 
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tweezers. In fact, this technology has been successfully used to distinguish living cells 
from dead cells, and normal cells from transformed cells or cancer cells (Chan et al. 2006; 
Zheng et al. 2007). Similarly, cells could also be separated based on their differences on size, 
shape, refractive index, or morphology. Several successful optical sorting examples were 
reported to separate erythrocytes (biconcave shape) from lymphocytes (spherical shape) by 
their obvious shape difference (MacDonald et al. 2003, 2004; Ladavac et al. 2004; Milne et al. 
2007; Smith et al. 2007). The sorting can be done in both �uid �ow and �ow-free situations. 
In �ow-free cell sorting, a Bessel beam or multiple beams are usually employed to generate 
the maximum or minimum zones of light intensity. Cells are relocated in either high or 
low intensity zones, depending on their size, shape, or dielectric property differences 
(Paterson 2005; Richardez-Vargas et al. 2006). In �uid �ow optical sorting, a T- or Y-shape 
micro�uidic channel is often used to transport cell suspensions in which optical tweezers 
are used to de�ect target cells to the collection channel/well while the rest go to the waste 
channel/well, as shown in Figure 19.9. Another type of optical cell sorting approach is a 
derivate of �eld fractionation or so-called optical chromatography (Imasaka et al. 1995). In 
“optical chromatography,” cells �ow through a micro�uidic channel while a focused laser 
beam is installed in the counter-propagating direction of the �ow. The scattering forces 
push cells toward the �ow center and the net force on cells, when combed with the drag 
forces, determines the various equilibrium positions for different cells for further sorting 
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FIGURE 19.8
(See companion CD for color �gure.) Applications of optical tweezers in electroporation mechanism study. 
(a) The schematics of the positions of two electrodes and the polarization angle of the optically trapped single 
cell to the applied electric �eld. (b) Visualization of the electric �eld lines surrounding the trapped K562 cell 
through the tracks of negatively charged latex particles. (c) The directional uptake dynamics of propidium 
iodide (PI) dye by a K562 cell after electroporation. (Reproduced with permission from Henslee, B.E., Morss, A., 
Hu, X., Lafyatis, G.P., and Lee, L.J., Electroporation dependence on cell size: Optical tweezers study, Anal. Chem., 
83, 3998–4003, Copyright 2011, American Chemical Society.) The snapshots from left to right represent in order 
for t = 0 s, 5 s, 20 s, 60 s post-electroporation.
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processes. Such “optical chromatography” had been successfully used to separate blood 
cells (Kaneta et al. 1997), bacteria (Hart et al. 2006), and pollens (Terray et al. 2005).

The most valuable optical cell sorting examples came from micro�uidic �uorescence-
activated cell sorting (FACS, Herzenberg et al. 2002). In early optical tweezers based separation, 
only a few cells could be sorted (Ozkan et al. 2003b; Enger et al. 2004) until the appearance 
of high-throughput micro�uidic FACS (Wang et al. 2005). In this micro�uidic FACS system, 
two laser beams were used: a visible laser (λ = 488 nm) was used to detect target cells while 
a near-infrared laser (λ = 1070 nm) was used to attain optical sorting. A hydrodynamics 
focusing �ow (a center �ow stream carrying the cell suspension is sandwiched by two side 
�ow streams containing buffer solutions) was maintained to guide cells into the middle 
detection zone where the visible laser was used in order to identify the �uorescence-tagged 
target cells. The detection signal was then transferred to the downstream separation region 
to trigger an AOD modulator to grab the wanted cells and de�ect them into the receiving 
channel while allowing the rest of the cells to �ow to the waste channel. Such optical 
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FIGURE 19.9
(See companion CD for color �gure.) Schematic of a micro�uidic cell sorting/separation apparatus with opti-
cal trap technology. (a) The layout. (b) The instrument setup. (c) The cell sorting results. A near-infrared laser 
and 488 nm laser are focused through the same lens onto the micro�uidic sorting junction. The presence of 
all cells is measured by a photodiode while the �uorescence signal of some cells is measured with a photon 
multiple tubes (PMT). Based on a gating of the �uorescence signal from the passing cell, the optical tweezers 
equipped with AOD is triggered to optically de�ect some cells (those illuminate �uorescence signal) to the col-
lection well while the rest of cells go to the waste cell. In (c), both bright�eld and �uorescence images of HeLa 
cells in both the collection well (left images) and waste well (right images) are shown after optical sorting. 
(Reprinted by permission from Macmillan Publishers Ltd. Nat. Biotechnol., Wang, M.M., Tu, E., Raymond, D.E., 
Yang, J.M., Zhang, H., Hagen, N., Dees, B. et al., Micro�uidic sorting of mammalian cells by optical force switch-
ing, 23, 83–87, Copyright 2005.)
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tweezers based FACS has been successfully used to separate cells carrying green �uorescent 
proteins (GFP) from their parental cells without GFP. It achieved a high recovery rate (>85%) 
and a high throughput (∼ at 106 cells/s) at various mixing ratios (0.01–0.52).

19.4.2.3 Assembling and Surgery

Besides trapping and relocating, optical tweezers can also be used to grab multiple cells 
and to create well-de�ned, 3D cell arrays (Figure 19.10). Such assembly capability is 
generally accomplished when equipped with computer-controlled SLMs, such as a SLM/
AOD module. The �rst optical assembly was demonstrated with silica/glass particles, in 
which a diamond lattice was created with a unit cell length within several micrometers 
(Ozkan et al. 2003a,b). Similar assembly con�gurations were later achieved with bacteria 
(e.g., E. coli cells, Leach et al. 2004) and mammalian cells (e.g., 3T3 �broblast, Akselrod et al. 
2006). If the laser beams are switched off upon the �xing of cells, the optically assembled 
cells can survive for many days. With its potential to create 3D complex architecture, 
optical cell assembly has stimulated biologists’ interest to use it for mimicking real tissue 
and understanding how neighbor cells (their relative position, proximity, number, and 
cell–cell interactions) affect the proliferation and differentiation of the target cells at the 
center. For example, an optical cell assembly pattern was created to study the bacterial 
infection of mammalian cells (Akselrod et al. 2006). In this experiment, nine 2 mW beams 
were used to trap a 3T3 �broblast cell at the center and another 16 beams (2 mW for each 
beam) to position 16 bacteria surrounding the 3T3 cell. Each bacterium was �xed with 
one of these 16 beams and their trapping positions were prede�ned to create a cell array 
in which the distance between the cells was maintained (<400 nm). Similar strategies 
have also been used to create various model systems to investigate cell differentiation, 
infusion, and cell–cell interactions (Titushkin and Cho 2006). Such optical assembly may 
help reveal many fundamental questions in tissue engineering, stem cell engineering, 
and synthetic biology.

As the laser beams used in optical tweezers have high power, they might also be used 
as scalpels or scissors to precisely cut cells from cell clusters or components inside cells 
with a submicrometer resolution (Figure 19.10c). A short-time laser irradiation may also 
help make a cell membrane temporarily permeable, which allows cell membranes to be 
fused together (Figure 19.10d) or may bene�t molecular probe delivery into cells (so-called 
optoinjection). Individual sperms have been successfully transported into oocytes with 
such an optoinjection approach to generate hybrid cells (Steubing et al. 1991). Small 
molecules were also speci�cally delivered into the cytosol and nucleus of Neuro-2A 
mouse neuroblastoma cells in a similar way (Schopper et al. 1999). In these cell surgery 
applications, Nd:YAG laser beams are often favored.

19.5 Concluding Remarks, Improvements, and Perspectives

Optical tweezers allow remote capturing of individual molecules and precise measure-
ment of the forces and the displacement of their molecular chains with focused laser 
beams. Since its invention, it has drawn great attention from various scienti�c communi-
ties including physics, engineering, and biology. Its great success attributes to its invasive 
trapping nature, concise force measurement at the single molecule level, and �exibility 
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Optical cell assembly and surgery. (a) Various assembling patterns of live mouse stem cells by optical twee-
zers. (Reproduced with permission from Leach, J., Howard, D, Roberts, S., Gibson, G., Gothard, D., Cooper, J., 
Shakesheff, K., Padgett, M., and Buttery, L., Manipulation of live mouse embryonic stem cells using holographic 
optical tweezers, J. Mod. Opt., 56, 448. Copyright 2009, Taylor & Francis Group.) (b) Deformation of red blood 
cells in phosphate buffer saline solution with various trapping forces. (Reprinted from Acta Mater., 52, Lim, C.T., 
Dao, M., Suresh, S., Sow, C.H., and Chew, K.T., Large deformation of living cells using laser traps, 1837–1845. 
Copyright 2004, with permission from Elsevier.) (c) Induced cell fusion for a pair of cells trapped and positioned 
by optical tweezers. (Steubing, R.W., Cheng, S., Wright, W.H., Numajiri, Y., and Berns, M.W.: Laser induced cell 
fusion in combination with optical tweezers: The laser cell fusion trap. Cytometry. 1991. 12. 505–510. Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.) (d) Dissection of cell cluster with ultravio-
let laser pulses. The black circle on the left image indicated the dissection region while the isolated cell cluster is 
shown on the right image. (Reprinted with permission from Stuhrmann, B., Jahnke, H.G., Schmidt, M., Haḧn, K., 
Betz, T., Müller, K., Rothemel, A., Kas, J., and Robitzki, A.A., Versatile optical manipulation system for inspection, 
laser processing, and isolation of individual living cells, Rev. Sci. Instrum., 77, 063116. Copyright 2006, American 
Institute of Physics.)
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for integrating with other technologies. These advantages make it a powerful tool in life 
science studies including biomechanics and cell biology. Many successful examples have 
been reported and only a few of them are presented here. Details of optical tweezers and 
their applications can be found from the listed references.

One important application branch of optical tweezers lies in the trapping and 
manipulation of living systems, such as cellular components and cells themselves. In these 
biological systems, cell in particular, an intrinsic problem associated with optical tweezers 
is their photochemical- or thermal-induced effects. The highly focused laser often leads to 
the deformation, damage, or even death of cells. Appropriate choices on the surrounding 
medium might help reduce photodamage to an acceptable level, but it remains a great 
challenge. Further improvements may target the �exibility of local, selective, and multiple-
site trapping to reduce its negative impact on cell metabolism and viability. These new 
strategies may offer several advantages: (1) to disperse and dilute optical energy, the 
generated radiation stress, or photodamage to multiple tiny portions of a cell; (2) to offer 
options for the trap sites or locations and nonuniformly trap, based on the heterogeneity 
on mass, permeability, and other properties across the cell. The use of computer-controlled 
holograms indicates a clear movement of current optical tweezers instruments toward 
such capability. But more progress is urgently needed to attain truly independent, 3D 
manipulation with nanometer resolution, low disturbance, and multiple trap �exibility. 
De�ectors with faster operating speeds and large effective trapping areas as well as laser 
sources of simultaneous multiple beams of various wavelengths are just a few of many 
features desired in future optical tweezers apparatuses.

The exploration of the new applications of optical tweezers should continue to focus 
on its integration with other technologies or processes. Technologies, like confocal 
microscopy, Raman spectroscopy, patch clamping, and micro�uidics, have been combined 
with optical tweezers for better monitoring or measuring of many biological phenomena. 
The recent emerging imaging and single molecular technologies, such as �uorescence 
resonance energy transfer (or FRET), might also be combined to further increase the 
detecting and measuring resolution. With its excellence in the creation of model systems 
for many biological systems, optical tweezers should continue to be used in various life 
science �elds, such as pharmaceutics, regenerative medicine, and tissue engineering, to 
better reveal or reexamine their mechanisms and signal paths.
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Stuhrmann, B., Jahnke, H. G., Schmidt, M., Haḧn, K., Betz, T., Müller, K., Rothemel, A., Kas, J., and 
Robitzki, A. A. (2006) Versatile optical manipulation system for inspection, laser processing, 
and isolation of individual living cells. Rev Sci Instrum, 77, 063116.

Terray, A., Arnold, J., and Hart, S. J. (2005) Enhanced optical chromatography in a PDMS micro�uidic 
system. Opt Express, 13, 10406–10415.

Titushkin, I. and Cho, M. (2006) Distinct membrane mechanical properties of human mesenchymal 
stem cells determined using laser optical tweezers. Biophys J, 90, 2582–2591.

Townes-Anderson, E., Jules, R. S. S. T., Sherry, D. M., Lichtenberger, J., and Hassanain, M. (1998) 
Micromanipulation of retinal neurons by optical tweezers. Mol Vis, 4, 12.

Tskhovrebova, L., Trinick, J., Sleep, J. A., and Simmons, R. M. (1997) Elasticity and unfolding of single 
molecules of the giant muscle protein titin. Nature, 387, 308–312.

Visscher, K., Brakenhoff, G. J., and Krol, J. J. (1993) Micromanipulation by multiple optical traps 
created by a single fast scanning trap integrated with the bilateral confocal scanning laser 
microscopy. Cytometry, 14, 105–114.

Vossen, D. L. J., van der Horst, A., Dogterom, M., and van Blaaderren, A. (2004) Optical tweezers 
and confocal microscopy for simultaneous three-dimensional manipulation and imaging in 
concentrated colloidal dispersions. Rev Sci Instrum, 75, 2960–2870.

Wang, M. D., Schnitzer, M. J., Yin, H., Landick, R. Gelles, J., and Block, S. M. (1998) Force and velocity 
measured for single molecules of RNA polymerase. Science, 282, 902–907.

Wang, M. M., Tu, E., Raymond, D. E., Yang, J. M., Zhang, H., Hagen, N., Dees, B. et al. (2005) 
Micro�uidic sorting of mammalian cells by optical force switching. Nat Biotechnol, 23, 83–87.

Williams, M. C., Rouzina, I., and Bloom�eld, V. A. (2002) Thermodynamics of DNA interactions from 
single molecule stretching experiments. Acc Chem Res, 35, 159–166.

Zhang, H. and Liu, K. (2008) Optical tweezers for single cells. J R Soc Interface, 5, 671–690.
Zheng, F., Qin, Y., and Chen, K. (2007) Sensitivity map of laser tweezers Raman spectroscopy for 

single-cell analysis of colorectal cancer. J Biomed Opt, 12, 034002.



461

20
Cellular Response to Nanoscale Features

Manus J.P. Biggs, Matthew J. Dalby, and Shalom J. Wind

20.1 Introduction

This chapter highlights the importance and development of the physiomechanical pro-
cesses that regulate early topographical interactions and the in�uence of nanoscale topo-
graphical modi�cation on integrin-mediated cellular adhesion and cellular function. As 
small technology and the �eld of nanoengineering advance, new possibilities are emerg-
ing in bioengineering, medicine, and cell biology. Single-molecule systems can now be 
examined and replicated in vitro. Further, a key tenet of medical device design has evolved 
from the exquisite ability of biological systems to respond to nanotopographical features, 
a process that has led to the development of next-generation biomaterials. Published in 
the journal Science are the prerequisites for third-generation biomaterials; not only should 
they support the healing site (as �rst-generation biomaterials), but they should also be 
bioactive and possibly biodegradable (as second-generation biomaterials) and they should 
in�uence cell behavior in a de�ned manner at the molecular level (Hench and Polak 2002).

An increased knowledge of the extracellular environment, the topographical and chemi-
cal cues present at the cellular level, and how cells react to these stimuli has resulted in the 
development of functionalized surfaces via topographical modi�cation. Critically, these 
have biomedical applications or are used as tools to study the processes of cell attachment 
and subsequent cellular function. Although microscale topography signi�cantly modu-
lates cellular behavior in vitro, an important consideration in biomaterial physicochemical 
modi�cation is the observation that cells in vivo make contact with nanoscale as well as 
microscale topographical features. Also, whereas single cells are typically tens of microns 
in diameter, the dimensions of subcellular structures—including cytoskeletal elements, 
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transmembrane proteins, and �lopodia—tend toward the nanoscale. Furthermore, extra-
cellular supporting tissues also typically present an intricate network of cues at the 
nanoscale, composed of a complex mixture of nanometer-size (5–200 nm) pits, pores, pro-
trusions, and �bers (Karuri et al. 2004; Brody et al. 2006), suggesting a regulatory role for 
these structures in vivo.

The use of lithographic and etching techniques derived from the silicon microelectronic 
industry has facilitated investigation into the intricate role of nanoscale topography on 
all aspects of cellular (including bacterial) behavior—importantly, adhesion, activation, 
and differential function. The focus of this chapter is on recent in vitro studies consider-
ing cellular interactions with fabricated nanoscale topographies, with an emphasis on the 
modulation of integrin-mediated cellular adhesion and how nanotopographical modi�ca-
tion may in�uence cellular function.

20.2 Cell Material Interactions

During the processes of tissue development and maintenance, cells encounter a varied 
spectrum of topographies, ranging from macro- (bone, ligament, or vessel morphology), 
micro- (cellular morphology, protein aggregates) to nanoscale features (collagen band-
ing, molecular conformation, and ligand presentation) (Curtis and Riehle 2001; Curtis and 
Wilkinson 2001), each of which has the potential to in�uence cell behavior and functional-
ity. An early study by Carrel and Burrows in 1911 showed that cells were responsive to 
shape cues (Carrel and Burrows 1911), and over the past decade, the effects of microtopog-
raphy have been well documented (McNamara et al. 2011). Nanobioscience as a �eld has 
emerged from the observation that cells interact with nanoscale features in vivo. For exam-
ple, the basement membrane possesses a complex mixture of nanoscale pores, protrusions, 
and �bers, features that may have a regulatory role in tissue development. In the corneal 
epithelium of the Macaque monkey (Abrams et al. 2000), the basement membrane nanoto-
pography consists of a porous membrane with a network of cross-linked �bers, with the 
pores averaging 72 nm and the �bers 77 nm in diameter. A complex nanoscale trabecular 
meshwork is also observed in the human cornea (Gong et al. 2002) consisting of a network 
of �brous beams covered by trabecular endothelial cells.

Critically, evidence is gathering on the potential advantages of nanotopographical modi-
�cation in the function of next-generation biomimetic materials, with an aim to modulate 
the cellular response. Interaction with nanotopographies has been shown to alter cell mor-
phology (Dalby et al. 2003a), adhesion (Biggs et al. 2009a,b), motility (Berry et al. 2004), pro-
liferation (Dalby et al. 2002b,c), endocytotic activity (Dalby et al. 2004a), protein abundance 
(Kantawong et al. 2009a,b), and gene regulation (Dalby et al. 2002d), and responsiveness 
has been observed in a diverse range of adherent cell types including �broblasts (Dalby 
et al. 2002b,c,d), osteoblasts (Price et al. 2003), osteoclasts (Webster et al. 2001; Geblinger 
et al. 2010), endothelial cells (Dalby et al. 2002b,c), smooth muscle cells (Thapa et al. 2003), 
epithelial cells (Andersson et al. 2003a,b), and epitenon cells (Gallagher et al. 2002). This 
is intriguing from a biomaterials perspective as it demonstrates that surface features 
approaching the dimensions of a single molecule can in�uence how cells respond to, and 
form tissue on, biomaterials. To date, the smallest feature size shown to affect cell behavior 
is 10 nm (Dalby et al. 2004b), which illustrates the importance of considering the topo-
graphical cues deliberately or inadvertently presented to cells during in vitro culture and 
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implantation of devices. As a growing number of precision nanofabrication techniques 
become available to the cell biologist, including electron beam lithography (Vieu et al. 
2000; Gadegaard et al. 2003), electrospinning (Kumbar et al. 2008; Orlova et al. 2011), poly-
mer phase separation (Muller-Buschbaum et al. 1998), and colloidal self-assembly (Arnold 
et al. 2004; Lohmuller et al. 2011), it becomes possible to begin to dissect out the effects 
of nanotopography on cellular function and to use these nanomaterials and devices as 
noninvasive tools to asses cellular processes.

Adherent cells are complex, self-sustaining units (Schwarz et al. 2006) that require extra-
cellular matrix (ECM) anchorage in order to proliferate and undergo differential function 
(Triplett and Pavalko 2006). Cells actively probe the physical properties of the ECM; their 
contractile machinery facilitating the formation of polarized “lamellipodia” (Figure 20.1A) 
(Abercrombie et al. 1970; Dalby et al. 2004b; Zinger et al. 2004) and �ne hair-like protru-
sions termed “�lopodia” (Figure 20.1B), structures which gather spatial, topographical, 
and chemical information from the ECM and/or material surface.

Initial cell tethering and �lopodia exploration is followed by lamellipodia ruf�ing 
(Bershadsky et al. 2006), membrane activity, and cellular spreading. With time, endog-
enous matrix is secreted by the cells, and matrix assembly sites form on the ventral plasma 
membrane (Figure 20.1C). Once cell–receptor ligation has occurred with an ECM protein 
motif, a signaling-feedback pathway initiates integrin receptor clustering at the plasma 
membrane and adhesion plaque protein recruitment (Lim et al. 2007).

20.3 Focal Adhesion

One well-studied process of cell–ECM adhesion involves the activation and recruitment 
of α- and β-chain transmembrane proteins termed integrins (Cohen et al. 2004). These 
receptors bind speci�cally to motifs located on ECM molecules (e.g., the RGD tripeptide 
motif found in �bronectin, vitronectin, and laminin [Garcia 2005]) via their globular head 
domains and form discrete supramolecular complexes that contain structural adaptor 
proteins, such as vinculin, talin, and paxillin (Burridge et al. 1988; Zimerman et al. 2004; 

(a) (b) (c)

FIGURE 20.1
(See companion CD for color �gure.) Cell–substrate interactions and focal adhesion formation. (a) Adherent 
cells form dynamic actin-rich lamellipodia (arrows) during the process of cellular spreading and migration 
and contact guidance. (b) Cells probe the underlying topography with �ne �lopodial extensions (arrows) from 
the leading and trailing free edge. (c) Adherent cells maintain cellular integrity through a dynamic network of 
contractile actin stress �bers (green) that terminate in focal adhesion plaques (red), molecular complexes that 
intimately connect the cytoskeleton with the extracellular matrix. Scale bar, 20 μm.
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Bershadsky et al. 2006). Ligand binding in itself alters integrin conformation and af�n-
ity, and, in the case of multivalent ligands, integrin clustering. With increased integrin 
recruitment, these early cell–matrix contacts form anchoring focal complexes at the lamel-
lipodium leading edge that are reinforced intracellularly to form macromolecular focal 
adhesion assemblies upon increased intra- and/or extracellular tension (Figure 20.1c).

The regulation of focal adhesion formation in adherent cells is highly complex and 
involves both the turnover of single integrins and the reinforcement of the focal adhesion 
plaque by protein recruitment. It follows that focal adhesions provide structural integ-
rity and dynamically link the ECM to intracellular actin �laments (Figure 20.2), directly 
facilitating cell migration and spreading through continuous regulation and turnover of 
a diverse network of proteins. Furthermore, in combination with growth factor receptors, 
these macromolecular assemblies initiate complex signaling pathways and regulate the 
activity of nuclear transcription factors—processes crucial to cell growth, differentiation, 
and survival, as will be discussed.

Ward and Hammer developed a model of adhesion strengthening (Ward and Hammer 
1993), which predicts large increases in adhesion strength following increased receptor 
clustering and adhesion size, marked by an elongation of the adhesion plaque. This pro-
cess is believed to be due to an increase in tension at the adhesion site, and focal adhesion 
reinforcement has been shown to be proportional to intracellular tension (Balaban et al. 
2001), indicating that adhesion sites act as dynamic mechanosensors (Schwarz et al. 2006) 
that form additional contact points with the underlying substratum in response to internal 
force generation. Preceding this focal adhesion reinforcement, a tightly regulated series 
of temporospatial events occurs, mediating integrin clustering in an anisotropic manner 
in the direction of force (Besser and Safran 2006). This integrin clustering has a discrete 
lateral spacing, which lies in the realm of 70–80 nm (deBeer et al. 2010), and, as will be 
discussed, is a key indicator of the mechanisms involved in the nanofeature-mediated 
perturbation of focal adhesion formation.

Src

Paxillin

FAK

Integrin

Substrate

Fibronectin

Plasma membrane
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Beta

FIGURE 20.2
(See companion CD for color �gure.) Simpli�ed overview of the focal adhesion. Focal adhesions are macro-
molecular structures that serve as mechanical linkages of the cell cytoskeleton (F-actin) to the ECM and as 
biochemical signaling hubs involved with the transmission of external mechanical forces through multiple 
signaling proteins that interact at sites of integrin binding and clustering.
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20.4 Nanotopography and Focal Adhesion Formation

That material topography and, in particular, nanoscale features can affect integrin-
mediated cell adhesion is evident from studies with fabricated topographical features. 
Nanotechnology aims to create and use structures and systems in the size range of about 
1–500 nm covering the atomic, molecular, and macromolecular length scales. A range of 
methods exists for the generation of topographical nanoscale features, including chemi-
cal vapor deposition, polymer phase separation, colloidal lithography, photolithography, 
and electron beam lithography (EBL), to name but a few. For a full review of the method-
ology for nanoscale fabrication technology in 2006 see Betancourt and Brannon-Peppas 
(Betancourt and Brannon-Peppas 2006). Of these techniques, however, EBL methodologies 
have increasingly been employed to fabricate complex, regular, and high-resolution nano-
structures for biological assays (see Figure 20.3).

EBL relies on the emission of a beam of electrons that is raster scanned across a surface 
covered with a sensitive �lm termed a resist, selectively removing either exposed (posi-
tive resist) or nonexposed (negative resist) regions of the resist to form a desired pattern. 
Currently, the lowest x–y resolution obtainable with this technology lies in the 5–10 nm 
range. Here a positive resist has been exposed to form a hexagonal con�guration of pits.

The general protocols for nanomanufacturing require high resolution and throughput 
coupled with low cost. With respect to biological investigations, nanotopographies should 
occur across a large surface area (ensuring repeatability of experiments and complete pat-
terning of implant surfaces), be reproducible (allowing for consistency in experiments), 
and preferably, be accessible (limiting the requirement for specialized equipment) (Wood 
2007). The extent to which nanotopography in�uences cell behavior within an in vitro 
environment remains unclear, and investigation into this phenomenon is still ongoing. A 
question being asked in the �eld of medical device manufacture is whether nanofeatures 
offer any relevant stimuli to cell populations in vivo and, if so, whether implants could be 
fabricated to include these topographical structures. It follows then that fabricated model 
surfaces with de�ned topographies are of great experimental importance in engaging 
with such issues in vitro and, further, may facilitate early studies examining the cellular 
reaction to nanostructures in vivo.

The processes that mediate the cellular reaction to nanoscale surface structures, however, 
are not well understood and may be direct (Dalby et al. 2007; a direct result of the in�u-
ence of the surface topography) or indirect (where the surface structure has affected the 

Electron gun

Electron beam

Substrate

Resist

S4700 10.0 kV 5.1 mm × 30.0k SE(U) 1.00 µm

FIGURE 20.3
(See companion CD for color �gure.) Schematic of electron beam lithographic nanofabrication.
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composition, orientation, or conformation of the adsorbed ECM components; Andersson 
et al. 2003b; Martines et al. 2005). Of particular interest is the temporospatial reorganization 
of the cell cytoskeleton and of focal adhesion formation in response to nanofeatures (Clark 
et al. 1987; Dalby et al. 2008a), parameters that have already been established as impor-
tant mediators of mechanotransductive processes (Mack et al. 2004) and differential gene 
expression (Biggs et al. 2009a,b). Initiation of the adhesive process, however, is dependent 
on integrin interactions with ECM proteins adsorbed to the substratum and the formation 
of focal adhesions, processes that seem to be dependent on the symmetry and spacing as 
well as the x, y, and z dimensions of the topographical nanofeatures (Figure 20.4) (Curtis 
et al. 2001; Sato et al. 2008). Studies with de�ned arrays of bound RGD fragments indicate 
that integrin–substratum interactions are disrupted when the integrin spacing is in the 
range of 70–300 nm and that an integrin spacing of less than approximately 58–73 nm is 
required for protein recruitment to the focal adhesion (Arnold et al. 2004; Selhuber-Unkel 
et al. 2008). Hence, it can be inferred that decreasing the nanofeature spacing to less than 
58–73 nm or increasing this distance to the submicron range facilitates integrin clustering, 
thus restoring focal adhesion formation.

20.5 Effects of Nanoscale Protrusions on Focal Adhesion Formation

Nanoprotrusions and raised topographical features have been reported within the ECM 
in a large number of tissues (Tsuprun and Santi 1999; Bosman and Stamenkovic 2003; 
Osawa et al. 2003; Bozec and Horton 2006). Studies of cell adhesion on nanoscale protru-
sions have increased greatly with the development of novel fabrication techniques, which 
provide robust, high-throughput methods for the fabrication of topographical features 
ranging from the submicron to the lowest resolution features obtainable with current 

S4700 5.0 kV 2.5 kV 5.0 kV SE(L,–40) 50.0 µmSE(U,–2.5)20.0 µm27.9 mm ×2.00k SE(L)

(a) (b) (c)
1.00 µm706IC-0489 706IC-046311/2/06

FIGURE 20.4
Nanoscale topographical features in�uence cellular spreading and focal adhesion formation. (a) Nanoprotrusion 
with microscale x–y dimensions and a z-dimension less than 73 nm increases cellular spreading. Nanoisland 
topography increases cellular spreading by providing tactile stimuli. (b) Immuno-gold labeling of focal adhe-
sions in adherent cells (electron dense clusters) allows the visualization of cell–substratum interactions in 
adherent cells. Nanoscale pits >73 nm in diameter perturb integrin clustering (black arrows), forcing adhe-
sion formation to occur at the interpit regions. (c) Focal adhesions as visualized by SEM and immuno-gold 
labeling indicate that grooves with z-dimensions down to a minimum 30–40 nm can induce adhesion align-
ment to the groove orientation. (Reprinted from Nanomedicine, 6(5), Biggs, M.J., Richards, R.G., and Dalby, M.J., 
Nanotopographical modi�cation: A regulator of cellular function through focal adhesions, 619–633, Copyright 
2010, with permission from Elsevier.)
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technology—approximately 5–10 nm (Schvartzman et al. 2009). The fabrication of nano-
protrusions has been achieved using methods such as colloidal lithography (Hanarp 
et al. 1999), polymer phase separation (Affrosman et al. 1996), anodization (Sjostrom et al. 
2009), and EBL (Wilkinson 2004). Of these, the three former methods provide a relatively 
rapid technique for fabricating random or semi-random nanoprotrusions, whereas EBL 
can be employed to fabricate highly reproducible and regular nanopatterns.

A common theme of cellular adhesion on nanoscale protrusions is the observation of 
a decrease in cellular adhesion with increasing nanoprotrusion height (Sjostrom et al. 
2009). Studies thus far indicate the restrictive nature of nanofeatures measuring >34 nm in 
height, whereon focal adhesion formation is perturbed (Table 20.1).

Recent studies point to a reduction in focal adhesion size (Lim et al. 2005a,b; Milner and 
Siedlecki 2007) on these nanoprotrusion substrates and that the changes in focal adhesion 
density stem from the innate ability of surface protrusions >34 nm in height to inhibit pro-
tein reinforcement at the focal adhesion site (Lee et al. 2009).

Recently studies assessing cellular adhesion on 95 nm high protrusions have demon-
strated that �broblast adhesion is reduced on features of this size (Dalby et al. 2003a; 

TABLE 20.1

In�uence of Nanoscale Protrusions on Cellular Adhesion

Reference Cell Type Chemistry Pitch Diameter Height
Adhesion 

Modulation

Milner and 
Siedlecki 
(2007)

Human foreskin 
�broblast

Poly(l-lactic acid) 590 nm 500–550 nm 250–300 nm Increased FA 
formation

Pan et al. 
(2012)

Rat embryonic 
cardiomyoblast

Tantalum oxide 110 nm 100 nm 100 nm Reduced FA 
formation

Dalby et al. 
(2003a)

h-TERT 
�broblast cells

Poly(styrene) 1.67 ± 
0.66 μm

0.99 ± 
0.69 μm

95 nm Reduced cell 
adhesion

Berry et al. 
(2006)

Human bone 
marrow 
stromal cells

Poly(styrene)/
poly(n-butyl 
methacrylate) 
blend

— 0.99 ± 
0.69 μm

90 nm Reduced FA 
formation

Lim et al. 
(2005a,b)

Human fetal 
osteoblastic 
cells

Poly(lactic acid)/
poly(styrene) 
blend

— — 15–45 nm Increased FA 
formation

Sjostrom 
et al. (2009)

Human 
mesenchymal 
stem cells

Ti 40 nm 28 nm 15 nm Increased FA 
formation

Dalby et al. 
(2002d)

h-TERT 
�broblast cells

Poly(styrene)/
poly(bromo 
styrene) blend

527 nm 263 nm 13 nm Increased FA 
formation

Lim et al. 
(2005a,b)

Human fetal 
osteoblastic 
cells

Poly(styrene)/
poly(bromo 
styrene) blend

527 nm 263 nm 11 nm Increased FA 
formation

Sjostrom 
et al. (2009)

Human 
mesenchymal 
stem cells

Ti 40 nm 28 nm 15 nm Increased FA 
formation

Cellular adhesion is decreased on protrusion structures measuring >34 nm in height or when the feature diameter 
is <73 nm. Conversely, studies show an increase in focal adhesion formation when cells are cultured on nanofea-
tures with a height <34 nm and a feature diameter >73 nm.
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Lim et al. 2005a,b). More speci�cally, it has been shown that cells initially undergo 
increased cytoskeletal organization and �lopodia formation when compared with 
cells cultured on �at controls, but this initial attachment phase is short lived and �bro-
blasts begin to dedifferentiate and undergo anoikis (adhesion-mediated apoptosis) 
as a result of reduced adhesion and cellular spreading. Similarly, Berry et al. (2006) 
showed that three-dimensional (3D) constructs with phase-separated polymer features 
of a similar dimension also reduced adhesion in bone marrow–derived osteoprogenitor 
populations.

Reducing the height of nanoprotrusion features to <34 nm has been shown in multiple 
cell types to return the frequency of focal adhesion formation to that of cells cultured on 
planar control substrates (Lamers et al. 2010), with accompanying upregulations in pro-
teins critical to cytoskeletal dynamics (Dalby et al. 2002d).

Lim et al. (2005a,b) have further demonstrated the increased incidence of mature focal 
adhesion plaque formation in osteoblasts cultured on nanoislands that approach 11 nm in 
height. It can be inferred that the effects of feature height on integrin clustering are dis-
ruptive at heights >34 nm and that features with z-dimensions <34 nm are insuf�cient to 
disrupt integrin clustering (Sjostrom et al. 2009), which may be as a result of clogging of 
the nanofeatures in a protein-rich environment. Conversely, substrates possessing nano-
protrusions with heights <34 nm may provide subtle cues for the enhancement of cellular 
spreading and are reported to increase cellular adhesion (Lim et al. 2005a,b) by providing 
tactile stimuli for �lopodial extensions (Dalby et al. 2004b).

Perturbation of integrin clustering on nanoprotrusion arrays with heights >34 nm is 
related to feature width and density; however, this disruption of cell adhesion is observ-
able in many cell types on a wide variety of polymeric substrates fabricated by various 
methods (Dalby et al. 2002b,c,d, 2004b). The ability of raised features to prevent cellular 
contact with the basal “planar” substrate and to reduce cellular adhesion is dependent on 
protrusion diameter and density. Although nanoprotrusion height is critical in the regula-
tion of focal adhesion formation in vitro, feature diameter and the edge–edge spacing also 
dictate whether adherent cells become exclusively localized to the feature apexes or con-
tact the basal substrate. When protrusion height and density are suf�cient to prevent cell 
contact with the underlying substrate, parameters that need to be de�ned for individual 
cell types, the in�uence of the nanoprotrusion diameter and edge–edge spacing become 
the de�ning factors in the regulation of integrin clustering and focal adhesion formation 
(Sjostrom et al. 2009).

To facilitate integrin clustering in cells suspended on an array of nanoprotrusion, the 
feature diameter or width must exceed 73 nm. This has been veri�ed by studies making 
use of pillar arrays >400 nm in height. Here the nanoprotrusion height and density was 
suf�cient to isolate cells from the underlying planar substrate. Reducing the pillar diam-
eter to <73 nm and increasing the edge–edge distance to 300 nm markedly reduced cellular 
adhesion (Kim et al. 2005; Lee et al. 2008), again indicating that an interprotrusion dis-
tance of >73 nm inhibits focal adhesion formation at the bridging site between two adjacent 
nanoprotrusions. This was identi�ed by Sjostrom and colleagues, who noted a reduction 
in cellular spreading and focal adhesion formation when skeletal stem cells were cul-
tured on nanopillar arrays with an edge–edge spacing approaching 73 nm (Sjostrom et al. 
2009). This effect has again been demonstrated in a study of cardiomyoblast adhesion on 
nanoscale dots. Here the authors noted reduced focal adhesion formation on substrates 
with dot sizes of 100 and 200 nm; this effect was reversed, however, on 50 nm dots (Pan 
et al. 2012). For a schematic explanation see Figure 20.5.
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20.6 Effects of Nanoscale Pits on Focal Adhesion Formation

As with nanoscale protrusions, the fabrication of high-resolution and high-symmetry 
nanopit topographies has bene�ted greatly from the advent of high-resolution writing 
techniques such as EBL and dip-pen nanolithography. Yet less ordered topographies can 
be fabricated via self-organization techniques, such as polymer phase separation and 
anodic oxidation to rapidly produce large-area nanotopographic pit substrates for assess-
ing the cellular response to these features.

Nanopores are identi�ed as common constituents of tissues in vivo, notably the base-
ment membrane of the cornea (Abrams et al. 2000), the aortic heart valve (Brody et al. 2006), 
and the vascular system (Liliensiek et al. 2009), and may be implicated in the regulation 
of cell behavior and function. Pitted topographies have been shown to produce differing 
effects on cellular adhesion in vitro, depending on pit diameter and the spacing and sym-
metry of pit positioning (Biggs et al. 2007; Dalby et al. 2008a).

Currently, the majority of experimental evidence indicates that the spacing and density 
of nanopit features are as in�uential as the feature dimensions on focal adhesion forma-
tion when fabricated in the nanoscale (Table 20.2). Studies indicate that cells can respond 
signi�cantly to small changes in the order of nanopit spacing and that modulating the 
order of pit conformation signi�cantly affects both cellular adhesion and cellular function 

(a) (b)

(d)(c)

FIGURE 20.5
(See companion CD for color �gure.) In�uence of nanoscale protrusions on focal adhesion formation and 
re-enforcement. (a) Integrin clustering and focal adhesion re-enforcement are not signi�cantly affected 
by nanoscale protrusions with a critical spacing of <73 nm. (b) Increasing the interfeature spacing to the 
>73 nm reduces integrin clustering, and focal adhesion reinforcement. (c) Integrin clustering and focal adhe-
sion re-enforcement are not signi�cantly affected by nanoscale protrusions with a critical height of <34 nm. 
(d) Integrin clustering and cellular adhesion are greatly perturbed on nanoscale protrusion with a feature 
diameter of <73 nm and an interfeature distance >73 nm.
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(Biggs et al. 2007; Dalby et al. 2007). It seems that introducing a degree of disorder or 
increasing the interpit area facilitates focal adhesion formation and subsequent cellular 
spreading.

Highly ordered arrays of 120 nm wide nanopits, in both hexagonal and square con-
formation patterns, signi�cantly reduce cell adhesion by directly modulating �lopodial 
activity (Hart et al. 2007) and preventing focal adhesion re-enforcement (Biggs et al. 2007), 
indicating the ability of cellular populations to gather spatial and topographical signals 
from nanoscale pits. Moreover, it is reported that focal adhesion formation on nanoscale 
pit arrays occurs at the interpit region (Dalby et al. 2006a; Biggs et al. 2008), suggesting that 
sites of focal adhesion can be facilitated or restricted by modifying the planar interpit area 
(Figure 20.3B). The conformation of ordered nanopit substrates may also dictate parallel or 
perpendicular adhesion formation and perturb the radial peripheral focal adhesion forma-
tion observed during early cell spreading.

This has been demonstrated in numerous studies, whereby arrays possessing a pit edge–
edge spacing of <73 nm reduce cellular adhesion. A study by Lim et al. concluded that 
greater cell adhesion and increased integrin expression occur when topographic features 
have approximately 10–20 nm z-axis dimension (height or depth), and that this occurs 
despite topographic shapes (protrusion or pit) (Lim et al. 2007). Also, this effect deterio-
rated when nanofeature z-dimensions exceed this value, again indicating the perturbing 
effects of nanopits and pores on cell adhesion when >34 nm (Krasteva et al. 2004; Lim 
et al. 2007). Similarly, the effects of pit diameter on focal adhesion formation were recently 
demonstrated in a study by Park and colleagues with hollow TiO2 nanotubes. It was shown 

TABLE 20.2

In�uence of Nanoscale Pits on Cellular Adhesion

Study Cell Type Chemistry Pitch Width Depth
Adhesion 

Modulation

Park et al. (2009) Rat hematopoietic 
stem cells

TiO2 15 nm 15 nm 1.5 μm Increased 
adhesion and 
viability

Karuri et al. 
(2006)

Corneal epithelial 
cells

Silicone 400 nm Variable 350 nm Increased 
adhesion

Hart et al. (2007) Osteoprogenitor 
cells

Poly(carbonate) 300 nm 
Hexagonal 
array

120 nm 100 nm Decreased FA 
formation

Dalby et al. 
(2006a)

h-TERT �broblast 
cells

Poly(methyl 
methacrylate)

300 nm 
Hexagonal 
array

120 nm 100 nm Decreased focal 
and �brillar 
adhesion 
formation

Hajicharalambous 
et al. (2009)

Corneal epithelial 
cells

Poly(acrylic acid) Variable 100 50 nm Increased 
adhesion

Lim et al. (2007) Human fetal 
osteoblastic cells

Poly(l-lactic 
acid)/pS blend

Variable 400 nm 45 nm No 
modi�cation

Lim et al. (2007) Human fetal 
osteoblastic cells

Poly(l-lactic 
acid)/pS blend

Variable 90 nm 14 nm Increased 
adhesion

Curtis et al. (2004) h-TERT �broblast 
cells

Poly(caprolactone) 200 nm 75 nm — Decreased FA 
formation

Experimentally, cellular adhesion and focal adhesion formation are decreased on nanopit arrays with x–y dimen-
sions >73 nm and an edge–edge spacing of <73 nm. Conversely, adhesion is reported to increase when topo-
graphical pits do not meet or exceed these critical feature dimensions.
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experimentally that a central tube lumen of <30 nm with a maximum at 15 nm provided 
an effective length scale for accelerated integrin clustering and focal adhesion formation 
and that this length scale strongly enhanced cellular activities in mesenchymal stem cells 
(MSCs) compared with smooth TiO2 surfaces. Conversely, increasing the size of the inner 
diameter to >73 nm in these vertically aligned nanorods signi�cantly reduced cellular 
adhesion (Park et al. 2007). For a schematic explanation see Figure 20.6.

20.7 Effects of Nanoscale Grooves on Cell Adhesion

Nanogrooved topographies consisting of alternating grooves and ridge features differ 
from both nanoprotrusions and nanopits in that they produce very predictable effects on 
cellular morphology—which, it can be argued, are directly related to cellular alignment 
through contact guidance (Zhu et al. 2004). Common methods of nanogroove fabrication 
include EBL (Diehl et al. 2005), photolithography (Dalby et al. 2006b), and direct laser irra-
diation (Zhu et al. 2005), which may be employed to yield anisotropic substrates with vary-
ing feature widths and depths (Table 20.3).

A key fabrication tenet of nanogroove substrates for the study of cell-interface inter-
actions is that of biomimetic ECM design, an attempt to mimic the topographical cues 
imparted by the �brous components found in the ECM, including individual �bril 

(a) (b)

(c) (d)

FIGURE 20.6
(See companion CD for color �gure.) In�uence of nanoscale pits on focal adhesion formation and 
re-enforcement. (a) Integrin clustering and focal adhesion re-enforcement are unaffected on nanoscale pits 
with a diameter of <73 nm irrespective of pit depth. (b) Increasing the pit diameter to >73 perturbs integrin 
clustering when the z-dimension of the pits exceeds approximately 34 nm. (c) Conversely, focal adhesion 
reinforcement is not affected by nanoscale pits with an x–y dimension >73 provided that the pit depth is 
<34 nm. (d) Integrin clustering and cellular adhesion are greatly perturbed on nanoscale pits with a feature 
diameter >73 nm and an interpit separation of <73 nm.
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elements, which have been reported to measure ∼20 to 30 nm in diameter in vasculature 
basement membrane (Liliensiek et al. 2009), and �bril bundles, which range from 15 to 
400 μm in diameter in tendon tissue (Kannus 2000). Key to this is that nanogroove surfaces 
may induce enhanced tissue organization and facilitate active self-assembly of ECM mol-
ecules to further mediate cell attachment and orientation. Indeed, the elongated morphol-
ogy and alignment induced by grooved substrates may resemble the natural state of many 
cell populations in vivo and is observed to occur in a wide range of cell types, including 
�broblasts (Dalby et al. 2003b), osteoblasts (Lenhert et al. 2005), neurons (Yim et al. 2007), 
and MSCs (Dalby et al. 2006b), which respond profoundly to grooved substrates and have 
been shown to upregulate the expression of components of the ECM (Chou et al. 1995) 
as well as proteins key in cellular adhesion (Dalby et al. 2008b) and the transduction of 
mechanical forces (Jin et al. 2008).

As with the topographies discussed earlier, nanogroove features seem to in�uence 
directly the formation of focal adhesions in vitro, by simultaneously providing vertical 
ledges that disrupt integrin binding as well as topographically planar areas that facilitate 
integrin binding. These both modulate protein adsorption and integrin reinforcement and 
furthermore also in�uence the orientation of focal adhesion formation (denBraber et al. 
1998; Teixeira et al. 2004).

At present, no clear conclusions have been reached about the absolute dimensions 
required for cellular and focal adhesion alignment; most likely this process is cell-speci�c 
and dependent on whether the cell is isolated or has established contact with adjacent cells 
(Clark et al. 1990). It is probable that an interplay between groove pitch and groove depth 
regulates adhesion alignment, yet present studies indicated groove depth as being more 
in�uential in this process (Clark et al. 1990; Loesberg et al. 2007). A pivotal study by Crouch 
et al. investigated anisotropic cell behavior in human dermal �broblasts with respect to the 
aspect ratio (depth to width) of gratings. Human dermal �broblasts were found to increase 
their alignment and elongation with increasing aspect ratios. While aspect ratios as small 

TABLE 20.3

In�uence of Nanoscale Grooves on Cellular Adhesion

Study Cell Type Chemistry Pitch Depth/Height
Adhesion 

Modulation

Teixeira et al. 
(2006)

Human corneal 
epithelial cells

Silicon dioxide 400 and 
4000 nm

70 and 
1900 nm

Oblique FA 
formation

Teixeira et al. 
(2006)

Human corneal 
epithelial cells

Silicon dioxide 800–2000 nm 550–1150 nm Parallel FA 
formation

Biggs et al. 
(2008)

Human 
osteoblasts

Poly(methyl 
methacrylate)

10 μm 300 nm Reduced FA 
frequency

Karuri et al. 
(2004)

Human corneal 
epithelial cells

Silicon dioxide 400 nm 250 nm FA restricted to the 
tops of the ridges

Heydarkhan-
Hagvall et al. 
(2007)

Human foreskin 
�broblasts

Silicon dioxide 230 nm 200–300 nm Increased integrin 
β3, FA alignment

Lu et al. (2008) Rat aortic 
endothelial cells

Titanium 
oxide

750 nm 150 nm Increased adhesion

Loesberg et al. 
(2007)

Rat dermal 
�broblasts

Poly(styrene) 100 nm 35 nm Reduced alignment 
and adhesion

Nanogroove substrates modulate adhesion orientation as well as regulating adhesion density. Studies indicate 
that the cutoff value for the process of contact guidance is 100 nm groove width and 34 nm groove depth.
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as 0.01 induced signi�cant alignment (60%), the maximum aspect ratio required for 95% 
alignment was 0.16 (Crouch et al. 2009). Similarly, a complementary study by Lamers et al. 
(2010) identi�ed a ridge-to-groove ratio of 1:3 and a pitch of 400 nm as being optimal for 
maximum osteoblast motility.

Studies show that cellular cytoskeletal and adhesion complex alignment is generally 
more pronounced on patterns with ridge widths between 1 and 5 μm than on grooves 
and ridged topographies with larger lateral dimensions (denBraber et al. 1998; Matsuzaka 
et al. 2000; Teixeira et al. 2003; Karuri et al. 2004) and that cells cultured on grooves with 
nanoscale widths produce focal adhesions that are almost exclusively oriented obliquely to 
the topographic patterns (Teixeira et al. 2006). This occurs predominantly on topographi-
cal ridges as opposed to grooves, effectively limiting the length of focal adhesions formed 
perpendicular to the groove orientation. Thus, it arises that grooved nanoscale topogra-
phies can in�uence both adhesion direction as well as adhesion reinforcement.

Studies thus far suggest that as with protrusions and pits, a critical groove depth of 
34 nm is required for contact guidance to occur and that contact guidance is not initi-
ated on groove depths below ∼34 nm (Biela et al. 2009) or ridge widths less than 100 nm 
(Loesberg et al. 2007). Similarly, contact guidance or a modulation in focal adhesion 
formation is not initiated on anisotropic grooved topographies with feature widths 
are signi�cantly greater than that of the cellular diameter. Such topographies, it can be 
argued, are essentially planar areas separated by a topographical step that neither per-
turb integrin activation and clustering nor offer an increased surface area to facilitate 
focal adhesion formation. For a schematic explanation see Figure 20.7.

(a) (b)

(c) (d)

FIGURE 20.7
(See companion CD for color �gure.) In�uence of nanoscale grooves on focal adhesion formation and 
re-enforcement. (a) Integrin clustering and focal adhesion re-enforcement are unaffected on nanoscale grooves 
with a critical depth of <34 nm. (b) Increasing the feature height restricts integrin clustering and focal adhesion 
formation at the sites of nanoscale grooves. Focal adhesions are restricted to the ridge apexes. (c) Integrin clus-
tering and focal adhesion formation are greatly perturbed on nanoscale ridges with widths <73 nm, in a manner 
similar to nanoscale protrusions. (d) Low aspect ratio features (>100 nm width) do not initiate contact guidance 
alignment. However, focal adhesion reinforcement is perturbed by the groove width.
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20.8 Nanotopography and Cellular Function

It is becoming increasingly clear that epigenetic modulation of cellular function induced 
by mechanical and topographical cues has a central role in the regulation of differential 
behavior, a property that can be exploited in the fabrication of implantable materials to 
direct cellular differentiation and enhance construct biocompatibility. Cellular mechano-
transduction relies on the ability of proteins of the focal adhesion to change chemical activ-
ity state when physically distorted, converting mechanical energy into biochemical energy 
by modulating the kinetics of protein–protein or protein–ligand interactions within the 
cell. However, little is known on the effects of topographical modi�cation on cellular func-
tion or the role of nanoscale features on integrin-mediated activation of adhesion proteins 
and downstream signaling pathways (Mack et al. 2004). The ability of proteins to exist in 
both the activated and quiescent state and to shuttle between the cytoplasmic and nuclear 
compartments is a key tenet of mechanically mediated intracellular signaling and the cen-
tral mechanism behind mechanically altered gene expression (Pavalko et al. 2003).

The exact mechanisms involved in integrin clustering and focal adhesion formation are 
still being investigated; however, recent studies indicate that the focal adhesion protein 
talin makes a determining contribution to adhesion disruption through nanotopographi-
cal features. Although the structure of talin and its precise interactions at a focal adhe-
sion plaque are still unknown, it is accepted that this protein provides a link between the 
transmembrane integrin heterodimer and the contractile apparatus of the cell, and it is 
the conformation and number of integrin-binding domains of this molecule that dictate 
the critical spacing of bound integrins required for focal adhesion activation. Another pro-
posal is based on integrin clustering and the forces needed for protein reinforcement. It 
seems likely that focal adhesion growth is a function of intracellular force—a parameter 
governed by initial integrin clustering. Integrin clustering in cells cultured on disruptive 
nanofeatures can only occur at the interfeature areas, effectively limiting the cluster sizes 
and the early forces that may be generated, essentially perturbing focal adhesion forma-
tion and downstream signaling mechanisms.

The integrin-dependent signaling pathways are mediated by non-receptor tyrosine 
kinases (Schaller et al. 1992), most notably focal adhesion kinase (FAK), which is consti-
tutively associated with the β-integrin subunit. FAK localizes at focal adhesions or early 
focal complexes and can in�uence cellular transcriptional events through adhesion-
dependent phosphorylation of downstream signaling molecules, thus controlling essen-
tial cellular processes such as growth, survival, migration, and differentiation (Frisch et al. 
1996; Kurenova et al. 2004; Saleem et al. 2009). Extensive evidence has shown that FAK is 
activated in response to both ECM and soluble signaling factors, suggesting that the FAK 
family may be at the crossroads of multiple signaling pathways that affect cell and devel-
opment processes. Integrins are also important signal transduction molecules in their own 
right, activating multiple signaling cascades including Ras and p38 mitogen-activated pro-
tein kinase, calcium channels, and other mechanosensor molecules (Hynes 2002).

The extracellular signal-regulated kinases (ERK) 1 and 2 (Jaiswal et al. 2000; Klees et al. 
2005) are members of the mitogen-activated protein kinase pathways and are activated in 
adherent cells by FAK to act as mediators of both cellular differentiation (Ge et al. 2007) 
and survival (Saleem et al. 2009). Studies with MSC populations and primary human 
osteoblasts indicate that FAK-mediated ERK1/ERK2 signaling is an important modula-
tor of osteospeci�c and adipospeci�c differentiation (Salasznyk et al. 2007), implying that 
topographical modi�cation of an orthopedic construct may be a viable strategy to regulate 
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both cellular adhesion and subsequent osteospeci�c differentiation. Indeed, nanotopo-
graphical modi�cation that induces an increase in integrin–substratum interaction and 
cellular spreading has been shown to upregulate the expression of FAK and ERK1/ERK2 
in osteoprogenitor cells (Biggs et al. 2008; Sjostrom et al. 2009). Furthermore, both ERK1/
ERK2 signaling and focal adhesion formation are decreased in MSC populations cultured 
on topographical features that approach 100 nm in height (Park et al. 2007). One obvious 
advantage of this osteodifferential response in progenitor populations is that of increased 
implant stability and a reduction in repeat surgery.

As well as acting to promote differential function in adherent cells, it seems that surface 
features also induce a signi�cant response in non-adherent cell types. Although several 
studies have reported on the effects of nanotopographical structures on immune cell activa-
tion (Wojciak-Stothard et al. 1996; Jakobsen et al. 2009; Kim et al. 2009), the mode of signal 
transduction remains unclear. Emerging data suggest that the proteins involved in adhesive 
processes in cells of the immune system are analogous to those found in focal adhesions in 
adherent cells (Whitney et al. 1993; Torres et al. 2008; Hocde et al. 2009) and that leukocyte 
binding to ECM components and adsorbed complement proteins can induce FAK-mediated 
immune cell activation (Bhattacharyya et al. 1999), phagocytosis (Kasorn et al. 2009), and 
chemokine-mediated migration (Cohen-Hillel et al. 2009). Although the immune response 
is tightly regulated by the complex interplay of events and interactions between its constitu-
ent cells, preliminary studies suggest that implantable materials could be fabricated with 
nanoscale structures to modulate the immune response (Hulander et al. 2011), and as in 
adherent cell types, this may be through FAK-mediated activation of critical signaling path-
ways. Interestingly, a recent in vivo study showed that an aluminum substrate with 200 nm 
diameter pits induced a stronger in�ammatory response following implantation into a mouse 
model than an aluminum substrate with 20 nm diameter pits (Ferraz et al. 2011). Again, this 
study provides further evidence to the critical pit dimensions discussed in Section 20.6.

Recent work from several laboratories also points to the importance of FAK in in�uenc-
ing the angiogenic response by mediating the synthesis of vascular endothelial growth 
factor (Sheta et al. 2000; Zhu et al. 2009) and modulating the activity of FAK (Pezzatini et al. 
2007). In particular, the integrins αvβ3 and αvβ5 have been reported to speci�cally regu-
late the Ras-ERK pathway in endothelial cells, (Hood et al. 2003) and downstream ERK 1/2 
phosphorylation is important for the enhanced chemotactic response of vascular smooth 
muscle cells to �broblast growth factor (FGF) (Tanaka et al. 1999; Blaschke et al. 2002). 
Importantly, FGF synthesis and angiogenesis have also been shown to be upregulated on 
nanophase materials (Pezzatini et al. 2007).

Because a diverse variety of signals affect cellular differentiation, it seems very likely 
that no single signaling pathway is responsible for regulating adhesion-mediated cell func-
tion. Rather, a network of signaling pathways is probably at work, and FAK is at the helm 
of integrating these signaling activities. As well as differentiation through ERK signaling, 
autophosphorylation of FAK initiates the formation of dynamic molecular complexes that 
contain numerous signaling proteins (e.g., Src, p85 regulatory subunit of phosphatidylino-
sitol-3-kinase, phospholipase Cγ, Grb-7, and Shc). These pathways may be activated to dif-
fering degrees by different integrin–ECM interactions, in�uencing cellular function.

Thus, nanotopography can be considered an important mediator of both cellular 
adhesion as well as differential function, acting to impart changes in cellular behavior 
through the modulation of focal adhesion reinforcement and protein interaction kinetics. 
Furthermore, it may be feasible to enhance the in vivo response to a biomaterial construct by 
implementing nanoscale modi�cation to regulate cellular differentiation, immunological 
response, and angiogenesis (Table 20.4).
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TABLE 20.4

In�uence of Nanoscale Features on Cellular Function

Topography Study Cell Type Chemistry Width Pitch
Depth/ 
Height Functional Modi�cation

Sjostrom et al. (2009) Human mesenchymal 
stem cells

Ti 40 nm 28 nm 15 nm Upregulation of osteospeci�c 
markers

Nanoscale 
protrusions

Pezzatini et al. (2007) Bovine postcapillary 
venular endothelial cells

Hydroxyapatite 200 nm Variable 40 nm Increased synthesis of 
�broblast growth factor

Pan et al. (2012) Rat embryonic 
cardiomyoblast

Tantalum oxide 110 nm 100 nm 100 nm Upregulation of genes 
associated with 
�brosis—Hsp90

Migliorini et al. 
(2011)

Mouse neuroprogenitor 
cells

Poly(dimethylsiloxane) 250 500 360 Increased neuron 
differentiation—TAU 
expression

Park et al. (2009) Rat hematopoietic stem 
cells

TiO2 15 nm 15 nm 1.5 μm Upregulation of osteospeci�c 
markers

Nanoscale 
pits

Dalby et al. (2007) Human osteoprogenitor 
cells

Poly(methyl methacrylate) 120 nm 300 nm 100 Upregulation of osteospeci�c 
markers

Lim et al. (2007) Human fetal osteoblastic Poly(l-lactic acid)/
poly(styrene) blend

500 nm Variable 29 nm Increase in FAK 
phosphorylation

Ferraz et al. (2011) In vivo mouse 
phagocytes

Aluminum oxide 200 nm Variable Pores Increased in�ammatory 
response

Biggs et al. (2009a,b) Human osteoprogenitor 
cells

Poly(methyl methacrylate) 1000 nm 1000 nm 330 nm Upregulation of ERK 
signaling pathways

Nanoscale 
grooves

Yim et al. (2007) Human mesenchymal 
stem cells

Poly(dimethylsiloxane) 350 nm 700 nm 350 nm Upregulation of neuronal 
markers—MAP2 and GFAP

Jin et al. (2008) Canine kidney cells Poly(styrene) 350 nm 350 40 nm Upregulation of cyclin D1 and 
keratin 18

Lamers et al. (2011) Rat macrophage cells Poly(styrene) 77 nm 150 nm 32 nm Upregulation of in�ammatory 
cytokines—IL-1β and TNF-α

Nanotopographical modi�cation induces functional changes in a wide variety of cell types. Nanoprotrusions have shown to upregulate the synthesis of endothelial, 
cardio neural, and osteospeci�c proteins in vitro. Nanoscale pits have been shown experimentally to induce osteospeci�c function and FAK signaling in progenitor 
cell populations as well as an enhanced in�ammatory response in mouse phagocytes cells. Nanogrooves have been shown to induce neurospeci�c differentiation 
in mesenchymal stem cells (GFAP, glial �brillary acidic protein; MAP2, mitogen-activated protein 2), and the upregulation of proteins concerned with proliferation, 
differentiation, and the in�ammatory response.
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20.9 Conclusions and Perspectives

To summarize, nanostructures have been shown to induce signi�cant modulation of focal 
adhesion formation, cytoskeletal development and cellular spreading, changes that are sub-
sequently transduced to signaling pathways, affecting functional differentiation through 
integrin-speci�c signaling pathways. It seems that topographical disruption of focal adhe-
sion formation in cellular populations is mediated directly through the perturbation of 
integrin activation and clustering, a phenomenon that has been shown experimentally to 
be dependent on nanotopographical features of critical dimensions and density.

Nanoscale protrusions disrupt the lateral spacing of integrin clustering and activation 
of focal adhesion proteins when feature dimensions are less than 73 nm and feature spac-
ing is >73 nm. Integrin clustering and the anisotropic elongation of the adhesion plaque 
is restored as substrate features approach the micron scale. Conversely, the inverse is true 
on nanoscale pit topographies; here a pit diameter and depth <73 nm facilitates suf�cient 
integrin clustering for focal adhesion reinforcement.

Grooved substrates can be seen as an anisotropic collection of alternating nanopits 
(grooves) and nanoprotrusions (ridges) and, as such, provide alternating planes for focal 
adhesion formation. Although it has not been veri�ed experimentally, it seems sensible 
that reduction in the lateral dimensions of the ridge structures to <73 nm and increase in 
the groove widths to 73–300 nm will bring about perturbation of integrin clustering and 
disruption of focal adhesion formation.

As well as disrupting focal adhesion formation, nanofeatures are also reported to increase 
focal adhesion formation in adherent cells; the mechanisms responsible would seem to be 
based on interplay between three promoting mechanisms. Firstly, nanoscale features with 
subcritical dimensions provide no perturbation to focal adhesion formation, yet increase 
the total surface area over which an adherent cell can establish cell–substratum contacts, 
effectively increasing integrin–ligand interactions. Secondly, nanoprotrusion features 
with edge–edge spacing or vertical dimensions of <73 nm do not perturb focal adhesion 
formation but may act to trap proteins of the ECM that provide integrin-binding motifs, 
again increasing the interactions between transmembrane integrins and substratum-
bound proteins. Thirdly, nanotopographical features may initiate cellular spreading and 
focal adhesion formation through an upregulation in �lopodia activity.

Interestingly, it is known that directed cellular function can be induced by nanoto-
pographical modi�cation in the absence of modi�ed focal adhesion frequency, and that 
signaling pathways crucial for cellular differentiation can be initiated by a diverse range 
of nanoscale features. For example, it has previously been observed that the formation 
of elongated rather than numerous focal adhesions, a process that relies on increased 
integrin clustering, is important in osteospeci�c differentiation. With this focal adhe-
sion reinforcement, increased FAK is recruited and subsequently activated to initiate 
downstream signaling cascades. Conversely, when focal adhesion frequency is reduced 
to that of sparse focal complexes, such mechanosensitive signaling events are reduced. 
This balance between mature focal adhesion formation and related cell signaling seems 
to be critical in MSC differentiation.

With a growing number of studies indicating that topographical modi�cation of the 
cell–substrate interface is a signi�cant regulator of cellular adhesion and function, we 
may see modi�ed biomaterials in clinical use in the near future. In particular, biodegrad-
able devices may be functionally modi�ed to control cellular interactions, with an aim to 
enhance tissue regeneration. The next stage, then, in the evolution of biomaterial design 
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may rely on the topographical modi�cation of advanced materials that have been fabri-
cated to include a bioactive component, with an aim to regulate cellular adhesion and dif-
ferentiation followed by controlled construct resorption.

One important outcome of the mounting data relating cell adhesion to nanoscale fea-
tures is the development of hierarchial multiphase materials for a speci�c regenerative 
application. It can be proposed that optimal tissue regeneration can be induced by selec-
tive cell adhesion/activation—an ideal that may be achieved by the inclusion of discrete 
surface nanofeatures on implantable materials. Indeed, preliminary studies have noted 
that nanotopographical features may be employed to induce selective adhesion of endo-
thelial cells over �broblasts (Dalby et al. 2002a; Csaderova et al. 2012).

The fabrication of complex 3D biomedical devices to include nanoscale features, how-
ever, is a complicated process associated with low reproducibility and represents a major 
challenge for the development of next-generation biomaterials. However, sophisticated 
modeling and production methods of small devices, in particular replica and injection 
molding, are advancing the �eld of nanofabricated biomaterials. It follows, then, that new 
technologies arising particularly from the microelectronic and plastics industries will 
indirectly facilitate the production of next-generation biomedical devices.

The �ndings presented within this chapter identify the cellular response to topographi-
cal features in vitro and indicate that topographical modi�cation can be employed to reg-
ulate adhesion in vivo at the cell–device interface; furthermore, the critical dimensions 
required for integrin disruption have been outlined. It follows, then, that topographically 
modi�ed devices may enhance the differential function of endogenous cellular popula-
tions, have critical implications for tissue repair, and possess the potential for future clini-
cal translation.
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21
Micro- and Nanotechnologies in Integrative Biology

Xulang Zhang

21.1 Introduction

Integrative biology is a novel concept for the consideration of biological and biophysical 
processes and mechanisms with engineering, chemical, material, and even computer sci-
ence approaches. This new insight offers the rearrangement and combination of multi-
ple disciplines including biology, biochemistry, biophysics, mechanical engineering, and 
other biomedical subjects, etc. The major feature of integrative biology is the integration 
with multiple quantitative tools and technologies whose scale varies from nanometer to 
macrometer. Therefore, many strategies, especially various nano/microtechnologies, have 
been introduced to the integrative biological research �eld and offer a broad and deep 
avenue with quantitative insight to important biological systems for better fundamental 
investigation and biomedicine applications.

In this chapter, we will focus on introducing state-of-the-art and cutting-edge research 
in integrative biology, which utilizes nano/microtechnology. In a certain view, system biol-
ogy overlays with integrative biology with the characteristic of combining technologies 
and quantitative biological research together, especially for the modeling and discovery of 
emergent properties in biological systems.

Nano/microtechnology is de�ned by scale criterion for the design, characterization, pro-
duction, and application of structures and systems by controlled manipulation of size and 
shape. These structures or systems possess novel and unique properties comparing to 
large-scale devices and can be further applied to a wide research area. These techniques 
facilitate the reconstruction, interaction, and effect changes in the biochemical, mechani-
cal, and electrical environment between biological units such as molecular, cell, tissue, 
organ, or organelle (Figure 21.1).
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21.2  Integrative Biology Focusing on Cellular-Level 
Research with Nano/Microtechnologies

The activities of cellular system still remain a tremendous mystery, and even many 
biological phenomena and mechanisms have not been revealed till now. Cells, especially 
animal cells, are from a few micrometers to a few tens of micrometers in size and round or 
irregular shaped in morphology depending on cell type and growth pattern. The cell as a 
basic unit in the whole living system plays a pivotal role in the architecture of the speci�c 
structure and in exploiting the corresponding functions with the extracellular matrix 
(ECM) and molecules in a complex manner. In order to investigate biological processes 
and mechanisms related to cell components (including the cell membrane, cell plasma, 
and cell nuclei), essential tools and methods offer preconditions to guarantee that these 
research works go further.

Nanofabrication is an important strategy to provide the nanoscale structure or device 
for monitoring cell activity and validating biological events. Many scientists with mul-
tidisciplinary background have worked together to explore micro/nanotechnologies for 
biological-related studies.

The Lieber group at Harvard University �rstly developed a 3D nanoscale �eld-effect 
transistor (nanoFET) device with a highly localized bioprobe for extracelluar, both 
extracellular and intracellular, and fully intracellular signals including cellular potential 
and biological macromolecules detection. The nanoFET’s advantages are demonstrated 
in the simple design of an electrical recording with kinked nanowire probes. These 
nanoprobes offer less chemical invasion, small size, and biomimetic coating that minimizes 
mechanical invasiveness and provides high spatial and temporal recording resolution. The 
fabrication is completed via the synthetic integration of a nanoFET device at the tip of an 
acute-angle kinked silicon nanowire, where nanoscale connections are made by the arms 
of the kinked nanostructure and a remote multilayer interconnects allowing 3D probe 
formation (Tian et al. 2010). Scientists demonstrated the application of this 3D nanoFET 
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FIGURE 21.1
(See companion CD for color �gure.) Nano/microtechnology is applied into biological �eld for integrative 
biology research.
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probe in cardiomyocyte cells to test for potential change. The probe monitors the regularly 
spaced spikes with a frequency of ∼2.3 Hz. When the 3D probe makes contact with the 
spontaneously beating cardiomyocyte cell, the peaks rapidly reach a steady state with an 
average calibrated peak amplitude of ∼80 mV and a duration of ∼200 ms. Furthermore, the 
latter steady-state peaks show �ve characteristic phases of cardiac intracellular potential: 
resting state, rapid depolarization, plateau, rapid repolarization, and hyperpolarization. 
Based on related research works, this approach of the 3D nanoscale probe is a promising 
technique for cellular-level integrative biological research.

The development of nanotechnology has promoted the optimization investigation for 
the existing platform. Cell electroporation is a physical method for transfecting agents 
into cells, which is most widely used in fundamental and clinical applications with the 
characteristics of being technically simple, with fast gene delivery, and no limits in terms 
of cell type and size. After many years of application, the drawbacks of this method clearly 
include low cell viability post-electroporation, low transfection ef�ciency, and a random 
amount of agent introduced into the cell. The Lee group at the Ohio State University 
demonstrated modi�ed electroporation techniques for gene delivery applications (Figure 
21.2). They reported impressive results about using nanochannel electroporation (NEP) 
to deliver precise amounts of biomolecules into living cells (Boukany et al. 2011). The 
fabrication of the nanochannel was applied with the DNA combing imprinting (DCI) 
technique (Guan et al. 2010). The process is to stretch a DNA nanostrand as a template to 
be embedded into a PDMS stamp and then to create nanochannel by sacri�cing the DNA 
strand. In this kind of nanochannel, a needle shoots the cell with an electrical pulse and a 
speci�c large or small gene is transfected into the cell in a dose-control fashion. NEP allows 
us to investigate how drugs and other biomolecules affect cell biology and genetic pathways 
at a level not achieved by any existing techniques. This technique provides a tool of great 
potential for gene/drug delivery with quantitative agent introduction and minimum harm 
to cells due to the nanovolume solution �ux control and a small con�nement of the cell 
membrane facing the electrical �eld.

Molecular drugs, proteins, antibodies, and nucleic acids are important components of 
the cell body and are located in different sites. The traf�cking map of these biomolecules 
during a speci�c biological event is critical for investigating the cell behavior mechanism. 
Aided by novel nanotechnology, biomolecule manipulation and function development 
are highly desired. For gene therapy, nonviral vector construction and its ef�ciency have 
achieved increasing attention due to their potential application in the development of 
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FIGURE 21.2
(See companion CD for color �gure.) Nanoelectroporation schematic for gene transfection into a cell with the 
precise dose control.



490 The Nanobiotechnology Handbook

novel diagnostics and therapeutics. Many researchers have explored various strategies to 
prepare nanosized devices or particles for drug/gene delivery and imaging. Herein, we 
introduce engineering strategies to harvest nanostructures for cellular-level applications. 
The choice of nanotechnology methods matches the properties of the component materials 
including charge, molecular weight, hydrophobicity, architecture, functional domain, and 
toxicity. Polymer or polymer-lipid-based nanostructures were mostly used as drug/gene 
carriers, in cell imaging, or as biosensors with metal or magnetic material involvement.

The nanofabrication techniques are mainly classi�ed into top-down and bottom-up 
fabrication techniques. Top-down strategies include techniques such as photolithography, 
x-ray lithography, electron beam (e-beam) and focused ion beam (FIB) lithography, etc. 
These methods were originally used in semiconductive industrial and research �elds, 
and usually giant and expensive equipment was needed. Bottom-up approaches use 
the self-organization of molecules, lipids, or polymers to generate structured materials 
without external intervention, which broadly bene�ts inorganic and biological systems. 
The mechanism of self-assembly is usually based on electrostatic interaction between two 
components (a pair of oppositely charged colloids or macromolecules). These materials 
include lipids, polymers, and nuclei, and present nanosized structures when contacting 
with each other to form micelles, spheres, or irregular shapes in large size distribution 
(Discher and Ahmed 2006, Immordino et al. 2006). For achieving uniform shape structures 
at the microscale and the nanoscale, many advanced top-down particle fabrication 
techniques have been explored, including micro�uidic-based approaches, hard template 
methods, particle stretching methods, and photo- and e-beam lithography techniques 
(Merkel et al. 2010). For example, DeSimone and his colleagues developed a top-down 
fabrication technique termed particle replication in non-wetting templates (PRINT) 
technology, which enables independent control over particle size, shape, modulus, surface 
chemistry, and composition (Wang et al. 2011). The advantage of this technique is that the 
chemical composition of nanoparticles can be tailored without changing the size, shape, and 
dynamics of the particle. Several materials like biocompatible and biodegradable polymers, 
inorganic materials, and biologics can be applied to PRINT particle fabrication. To optimize 
the PRINT particle parameters for cell internalization, polyethylene glycol–based particles 
with rod-like shapes and cylindrical counterparts of similar volume (around 0.007 μm3) were 
used to investigate the rate and effect of Hela cell internalization. The results showed that 
the particle shape plays an important role in cell internalization, and the rod-like shaped 
nanoparticle presented the better process. For multipurpose applications, magnetic or 
�uorescent materials have been added into nanoparticles for gene delivery or cell imaging 
studies. Here, we demonstrate recent nanoparticle works from the integrative biological 
view for biomedical application. A magnetic mesoporous silica siRNA-PEI nanoparticle 
(M-MSN_siRNA@PEI) package was prepared with the characteristics of being 213 nm in 
size and 17.7 ± 1.7 mV in zeta potential value. This type of nanoparticle was internalized by 
A549 cells in 2 h into cytoplasm at 37°C and demonstrated a positive silencing effect for the 
target gene (Li et al. 2011). Another example is gold nanoparticles (AuNPs) incorporation 
into human red blood cells (RBC) to produce contrast-enhanced tracers designed for 
dynamic x-ray imaging of blood �ows. This approach offers great potential in obtaining 
valuable quantitative information from nontransparent blood �ows for clinical diagnosis 
and treatment of circulatory disorders. The AuNPs coated with hydrophobic functional 
groups seem to effectively disassemble cytoskeletal and adopter proteins, which can be 
considered an indicator of how the incorporation process operates (Ahn et al. 2011).

Nanoparticles made from biocompatible materials exhibit multiple functions, such as 
vector or carrier roles for gene or drug delivery and tracer effects for internal or external 
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cell imaging. Rodriguez-Lorenzo developed a star-shaped surface-enhanced Raman scat-
tering (SERS) encoded single nanoparticle with near infrared light excitation. It was dem-
onstrated that this type of nanoparticle was internalized by Hela cells and able to be 
monitored clearly with good biocompatibility. This approach provides a high-throughput 
screening for diagnosis and can be integrated with biochips or micro�uidic devices for 
further applications (Rodriguez-Lorenzo et al. 2011).

A nanoparticle array is an alternative strategy to demonstrate nanostructures and their 
further applications in the biomedical �eld. Block copolymer micelle nanolithography 
(BCMN) is a bottom-up approach for high-throughput nanoparticle synthesis in well-
organized patterns (Lohmueller et al. 2011). The advantage of this BCMN method is its 
ability to combine with conventional fabrication methods and promote nanopatterning 
sample-processing rates with an array approach. The application of gold nanoparticle 
arrays is a suitable platform for peptide or DNA molecular function development with 
speci�c orientation (Aydin et al. 2009).

Atomic force microscopy (AFM) is a powerful tool used to investigate the dynamic 
interactions between supported lipid bilayers (SLBs) and biomolecules at the nanoscale 
with its tip or a modi�ed tip. This technique is an excellent tool used to explore the 
relationship between the composition of biomolecules and membrane-related lipids and 
structure (Zhong 2011). The AFM strategy is also used in other biological phenomena 
exploration such as cell shape change. The phenomena and process of cell deformation 
and mechanical change are critical for cell migration and metastasis. The techniques of 
atomic force microscopy (AFM), acoustic microscopy, and magnetic twisting cytometry 
(MTC) can manipulate cell actively for measuring local mechanical properties of cells. The 
AFM technique with high resolution usually uses the tip to indent cells by assessing the 
indentation depth and the stress from the cantilever (Rotsch et al. 1997, Radmacher 2002). 
The elasticity of Kupffer cells was measured with an AFM cantilever and cell mechanical 
properties were evaluated (Rotsch et al. 1997). The alternative approach to AFM is combing 
the microsize bead to the tip or cantilever and monitoring the cell mechanical property 
(Lu et al. 2006). Acoustic microscopy is a potential technique for monitoring entire cell 
mechanical properties by sound wave response without cell contact and internal or 
external intervention. MTC, by the aid of magnetic beads with ligand coatings, works 
through the beads’ ligand and through speci�c receptor interactions and oscillations with 
magnetic forces for active records of cell mechanical behavior (Wang et al. 1993). The other 
microscale approaches for global cell mechanical analysis include microplate manipulation 
(Thoumine and Ott 1997), optical stretches (Lincoln et al. 2007), and micro�uidic �ow-
through systems (Lam et al. 2007).

21.3  Integrative Biology Focusing on Tissue-Level 
Research with Nano/Microtechnologies

Tissue microenvironment plays a pivotal role in developing normal organ functions and in 
causing pathological changes in the process of certain diseases. It includes cells, ECMs like 
collagen, �brin, laminin, and ligands of cells with many cues such as mechanical stimuli, 
chemical factors, nutrients, and oxygen, etc. The size of these components is usually pres-
ent at a micrometer or nanometer scale, and advanced nano/microtechnologies provide 
huge potential to facilitate tissue microenvironment and tissue engineering exploration. 
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In this section, multiple �eld researchers attribute speci�c works aided by nano/micro-
technologies. The major part of work in tissue engineering involves nanotechnological 
strategies for engineering complex tissues.

Extracellular microenvironment reconstruction is critical for cell growth and the integ-
rity of whole tissue. For mimicking natural organ structure, 3D scaffolding with micro-
sized cells are cocultured together in the presence of chemical, physical, and biological 
cues. The long-term goal of tissue engineering is to achieve a speci�c function, assisted 
by nano/microtechnologies. The size of most ECM components ranges from 10 to several 
hundreds of nanometers, and several techniques can be used to facilitate cell–ECM micro-
environment recreation.

Electrospinning is a common technique used to generate nano�bers with natural or syn-
thetic materials. The diameter of nano�bers using the electospinning technique is around 
50–500 nm in range. Another technique named molecular self-assembly is a nanofabrica-
tion approach with the characteristic of the spontaneous organization of individual com-
ponents into an ordered structure with noncovalent bonds. Due to the peptide amphiphile 
application, the �ber diameter can reach 10 nm and the pore size of the scaffold is around 
5–200 nm. The main properties of nano�bers include high porosity and high spatial inter-
connectivity, which provide friendly scaffolds for cells or other molecular loading. The 
orientation of nano�bers presents obvious guidance for neural cells, cardiac cells, or other 
skeletal sensitivity cells. The nanoscale topographies created by nano�bers with random 
order and a parallel manner induce multiple cell growth, migration, and differentiation 
properties. For investigating tumor cell motility in vitro with its native behavior, biocom-
patible scaffolds are formed by electrospinning submicron-sized �bers (Agudelo-Garcia 
et al. 2011). This presents a deformable substrate containing topography; the molecular 
mechanisms of cell migration were investigated. The experiment indicated that glioma 
cell migration was reduced by STAT3 inhibitors at subtoxic concentrations and revealed 
one of the cell migration mechanisms in vitro by this micro/nanotechnique.

Nanopatterning technology as an effective tool can create nanoscale structure even 
using bimolecular or biomaterials on different substrates, which may regulate cellular and 
genomic level behaviors and function change. Cells can respond to surrounding micro-
environments by contact guidance with topographical feature presence, which in�uence 
cellular morphologies and behaviors. Nanopatterning techniques create a structure or 
length scale from a few nanometers to a micrometer scale for mimicking the native ECM 
that surrounds cells. Various geometries, including nanogrooves, nanopillars, or nanow-
ells, were demonstrated and investigated for integrative biology by different groups. The 
typical example of nanopatterning topographic substrates’ guidance of cell performance 
is the induction of epithelial cells’ elongation and alignment along grooves and ridges in 
a pattern with 70 nm dimensions (Teixeira et al. 2003). Another case of pattern topography 
in cell shape and migration is based on the integration of electrospun �ber pattern for 
cell guidance with micro�uidic channel con�nement. Both patterned surfaces and spatial 
factors were found to contribute to the complex cell orientation under the combined dual 
effects (Zhang et al. 2011a; Figure 21.3). Besides nanopatterns, micropatterns play a piv-
otal role in guiding cell behavior and differentiation. Many works are focusing on neuron 
development with surface patterning stimulation. Wissner-Gross presented the poly-D-
lysine (PDL) microlines from femtosecond laser beams on a poly(ethylene glycol) (PEG) 
monolayer surface. Then, high content screening was performed for elucidating neuri-
tis dynamics (Wissner-Gross et al. 2011). Many other researchers demonstrated neuron 
growth and development with the microfabrication technique. Withers et al. showed that 
the poly-D-lysine substrate geometry of circular nodes or crossed line plays a role in axon 
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growth paths and the formation of branches (Withers et al. 2006). Bryan Kaehr demon-
strated the guidance of neuron interconnection formation and neurite extension with the 
assistance of multiphoton cross-linking 3D protein line (Kaehr et al. 2004).

Due to the nanoscale size of peptides or protein molecules, the self-assembled nano�bers 
of peptide amphiphile can reach as small as 10 nm in diameter. This type of ECM recreation 
with hydrophobic and hydrophilic properties promotes cell proliferation, differentiation, 
migration, etc. (Xu et al. 2008, Rexeisen et al. 2010). Peptides conjugating with ECM can bind 
to integrin receptors as adhesion ligands, and this organized complex mediates several 
cell behaviors such as spreading and differentiation. Peptide like arginine–glycine–
aspartic acid (or RGD) forms a high-density complex with a matrix of a nanopatterned 
island of 30–70 nm in diameter. Besides experiments of osteoblast responses to ligand 
nanopatterns, a computational model of integrin binding to the ligand nanopattern and 
the generation of integrin organization in silico has been quanti�ed. The experiments 
demonstrated that engineering biomaterials at the nanometer scale correlates to MC3T3 
preosteoblast cell spreading and differentiating with integrin’s distribution status. These 
results indicated the complicated mechanisms linking integrin organization to cell 
response (Comisar et al. 2011).

A nanotube is a nanometer-scale tube-like structure with different material composition 
such as carbon nanotube, inorganic nanotube, and DNA nanotube. Nanotubes with cer-
tain sizes and modi�ed surface biocompatibility offer a suitable platform for cell structure 
and functional investigation. For example, TiO2 nanotube surfaces, which are formed by 
the modi�cation with the covalent immobilization of two bioactive molecules, epidermal 
growth factor (EGF) and bone morphogenetic protein-2 (BMP-2), have been demonstrated 
to affect the behavior of mesenchymal stem cells (MSCs) directly. MSCs show good cell 
viability and proliferation at the TiO2 nanotube of 100 nm in diameter with EGF or BMP-2, 
but strong apoptosis is apparent with no modi�cation in this size of TiO2 nanotube (Bauer 
et al. 2011).

Micro/nanotechnology facilitates the exploration of cell biophysical processes and 
mechanisms. Micro�uidics is a powerful platform to investigate chemical synthesis, 
biomaterial droplet control, and cell culture with precise spatial and temporal con�nement. 
According to the microscale fabrication, the match of cell size with 3D matrix culture exhibits 
benign microenvironments for the study of integrative biology. Beebe and colleagues 
presented a micro�uidic 3D in vitro model that exhibited breast cancer progression from 
noninvasive to invasive status, with the control of the microenvironment both temporal 
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and spatial. The results indicated that the initial soluble factor triggered the cell’s transition 
to invasion, and the direct contact between cancer cells and cancer-associated �broblasts 
made the process progress further (Sung et al. 2011). Another report was about osteogenic 
differentiation localized at the interface of speci�c factor stimulation precisely created by 
multiple �ow patterns in micro�uidic chips. The experiments indicated that inducible gene 
expression can be effectively applied with micro�uidic devices to form tissue boundaries 
and interfaces (Zhang et al. 2011b). Micro�uidic techniques also can be used in DNA 
damage analysis due to continuous UV-C exposure to cells and real-time monitors. This 
approach can achieve high-throughput DNA melting analysis and DNA damage kinetics 
(Pjescic et al. 2011). The unique advantage of the micro�uidic technique is the generation 
of molecular gradients in cell growth (2D or 3D microenvironments) due to the multiple 
channels and inlet introduction. Cell responses to molecular gradients like proliferation 
and migration are very signi�cant in cell immune response, wound healing development, 
and cancer metastasis (Kim et al. 2010).

Desai presented a microcontact printing strategy to spatially segregate multiple integrin 
ligands on the surface and interact them with cells. This technique suggested that cells 
can coordinate the simultaneous engagement of spatially segregated different integrins to 
guide cell adhesion and migration (Desai et al. 2011).

21.4  Integrative Biology Focusing on Organism-Level 
Research with Nano/Microtechnologies

Integrative biology focusing on organism systems is an important branch, especially for 
the potential application in biomedical �eld. The living organism represents systematic 
characteristics when used as an experimental model in comparison to the cell culture model 
in vitro. Multicellular organisms, such as Caenorhabditis elegans, Danio rerio, and Drosophila 
melanogaster, have received increasing attention in fundamental biology and human 
pathology �elds. Especially, C. elegans conserves many genes and biological mechanisms 
of humans and are the �rst multicellular organisms to have fully sequenced genes. This 
has been demonstrated as a suitable systematic model for investigating the pharmacology 
and neurochemistry of the human body. In order to challenge quantitative or individual 
analysis with multicellular organisms, micro/nanotechnologies such as micro�uidics 
with valve integration have been applied to control and manipulate worms effectively 
(Shi et al. 2010). The short generation time and ease of cultivation of the worm, combined 
with multifunctional micro�uidic techniques, open a new avenue for integrative biology 
development. Aging, neurological research and drug screening are currently popular 
research areas with multicellular organisms in integrative biology (Carr et al. 2011).

Yeast is another ideal example of an organism for integrative biology investigation. It 
demonstrates the gene structure and protein function of eukaryotic biology. Immobilization 
of yeast was achieved by the microencapsulation and microbubble template technique for 
quantitative assay of its growth and protein secretion, and many achievements have been 
applied to industrial products (Brandy et al. 2010, Yu et al. 2011, Keen et al. 2012).

Integrative biology in organisms with micro/nanotechniques platforms will attract more 
attention in the following years due to the size characteristic and the components and 
biological properties of organisms. The increasing biological mechanisms and processes 
will be revealed with the aid of micro/nanotechniques in whole systematic models.
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21.5 Conclusions and Perspectives

In summary, nano/microtechniques promote biological and medical fundamental investi-
gation with deep and wide approaches. Increasing biological processes and mechanisms 
were revealed by the aid of micro/nanotechnology in the integrative biology �eld. It pres-
ents great potential to integrate physical, chemical, and material �elds with the biological 
�eld for the advancement of life science.
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22
Micro- and Nanotechnology in Tissue Engineering

Jane Wang, Robert Langer, and Jeffrey T. Borenstein

22.1 Introduction

22.1.1 Importance of Tissue Engineering as a Therapeutic Strategy

One of the largest expenses in health care is devoted toward the treatment of loss of 
tissue and end-stage organ failure. Billions of dollars are spent on medical procedures 
and hospital resources every year, while advances are slow to emerge. Despite advances 
in organ transplant surgery, thousands of patients on waiting lists still die each year 
because of a severe and worsening shortage of cadaveric donor organs. In response to this 
challenge, tissue engineering has emerged as a promising therapeutic strategy (Langer 
and Vacanti 1993). The �eld is leveraging efforts by interdisciplinary researchers in 
�elds related to medicine, science, and engineering, spurring technology developments 
applicable to diagnosis, discovery, monitoring, and implantable medical devices (Ingber 
et al. 2006).

In response to escalating demands for organs for patients suffering from trauma, 
congenital malformations, and organ failure, arti�cial grafts and metallic devices have 
been developed and are in wide use. These devices have improved many patients’ lives, 
but some critical problems, regarding material selection, device design, and in vivo 
responses, remain unsolved. In particular, immunologic reactions, the shortage and high 
cost of supplies, and manufacturing challenges have all spurred researchers and funding 
agencies to seek more biocompatible alternatives (Lysaght and O’Loughlin 2000, Lysaght 
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and Reyes 2001). Toward the development of better, more effective, and safer devices, 
several aspects including material selection and device design have been examined. 
A wide variety of natural (Hofmann et al. 2006b) and synthetic polymers (Wang et al. 
2002, Vozzi et al. 2003, Chen et al. 2006, Bettinger et al. 2008, Bruggeman et al. 2008) have 
been investigated as biocompatible/biodegradable materials for building medical devices 
and scaffolds for tissue regeneration. These scaffolds have been utilized for applications 
involving the heart (Engelmayr et al. 2008), liver (Vacanti et al. 1988, Bettinger et al. 2009a), 
retina (Neeley et al. 2008), neural tissue, skin, bone, and cartilage. A general illustration is 
depicted in Figure 22.1, where cells are harvested, cultured, and seeded. Scaffolds serve 
both as mechanical supports and shape modi�ers, while the porous nature assists with 
high mass transfer and waste removal (Dvir et al. 2010).

With many advances in the aforementioned areas related to scaffolds for tissue engi-
neering over the past three decades, cell sources have emerged as a barrier to restoration of 
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FIGURE 22.1
(See companion CD for color �gure.) Illustration of a tissue engineering concept on cell seeding of ECM mim-
icking porous scaffolds. (a) Cells are harvested from patients and then cultivated. (b) Cell expansion done in 
vitro. (c) Cell seeding in porous scaffolds and cultured with growth factors, small molecules, and micro- and/or 
nanoparticles. (d) The seeded constructs are cultivated in bioreactors for optimal conditions in organizing cells 
into functioning tissues. (e) Transplant the functioning tissue into original hosts to help repair organs and 
restore function. (Reprinted by permission from Macmillan Publishers Ltd. Nature Nanotechnol, Dvir, T., Timko, 
B.P., Kohane, D.S., and Langer, R., Nanotechnological strategies for engineering complex tissues, 6, 13–22, 
Copyright 2010.)
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lost tissue structure and function. Traditional tissue engineering methods such as autolo-
gous chondrocyte transplantation (ACT) may involve complex procedures, and therefore 
the proliferation capabilities of stem cells render them a potentially ideal cell source.

22.1.2 Stem Cell Therapy

Stem cells exhibit long-term self-renewal ability and respond to differentiation cues toward 
speci�c lineages. Stem cells are being explored in research aimed at treatments for cancer, 
Parkinson’s disease, Alzheimer’s disease, loss of tissue, and many more conditions.

Two principal directions for stem cell therapies include isolated stem cell–based ther-
apies and scaffold-based cell therapies. Isolated stem cell–based therapies utilize direct 
stem cell injection into the target tissue/organ, for example, blood transfusion and bone 
marrow transplant for lymphoma treatment. These approaches have been successful in 
the treatment of those suffering from blood-related diseases. However, isolated stem 
cell–based therapies may be less effective for treatment of vascularized tissues and 
tissues with speci�c and potentially complex structure and function. To help tissue 
regenerate successfully, a blood supply is essential for providing the regenerating tissue 
with oxygen and nutrients, particularly with vessels spaced in the range of 100–200 μm 
(Muschler et al. 2004). One method to enable these vascularized tissues to regenerate 
has been to employ micro�uidic technology to scaffold development to form an engi-
neered vascular network comprising a viable blood supply. In addition to vasculature, 
another important factor to recapitulate is the function and mechanical structure of 
the targeted organ during tissue regeneration. Therefore, much work has been done on 
designing complex engraftment of scaffolds to allow stem cells to proliferate, differenti-
ate, and eventually to function fully with proper stimulations from growth hormone 
and peptides.

Stem cell therapy appears to be a promising route of therapy for many diseases. With 
advancing knowledge of stem cell behavior and optimization of culture conditions, con-
struction of the aforementioned scaffolds with appropriate features and functions is the 
next critical step toward translation of stem cell therapies to a clinical setting.

22.2 Fabrication Technologies in Synthetic Scaffolds

Scaffold material selection and fabrication techniques suited toward those materials have 
emerged as important targets for research in the �eld of regenerative medicine. In order to 
create specialized scaffolds for speci�c tissue regeneration, materials must provide certain 
critical functions: (1) providing temporary structural support while tissue regenerates; (2) 
allowing stem cells to attach, grow, proliferate, later on migrate, differentiate into special-
ized tissue cell, and �nally regain full function; and (3) ensuring/enabling nutrient deliv-
ery and waste removal from regenerating site (Muschler et al. 2004). These three functions 
are critical to the regenerating process and require the scaffolding material to have some 
speci�c characteristics.

In order to optimize the scaffold functionalities, important requirements of the scaf-
folds must be considered: biocompatibility, biodegradability, degradation rate, mechanical 
properties, and surface properties (Agrawal and Ray 2001, Hutmacher et al. 2001). These 
topics are covered in the following section.
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22.2.1 Functions and Requirements of Synthetic Scaffolds

One of the most essential requirements for a functional scaffold is its biocompatibility, and 
many factors are used to evaluate it:

• Does the scaffold interact naturally with the existing cells and tissues without 
triggering immune responses?

• Does the scaffold activate the blood clotting mechanism?
• Does the scaffold disturb tissue functions?

Besides the aforementioned points, the shape, size, chemical reactivity, and degradation 
by products are also considered evaluation factors in determining the biocompatibility 
of scaffolds (Velema and Kaplan 2006). Several examples of common scaffold materials 
are poly(dimethylsiloxane) (PDMS), poly(lactic acid) (PLA), and poly(lactic-co-glycolic 
acid) (PLGA); each is generally considered a biocompatible scaffolding material and is 
FDA-approved for some applications.

Another property of implants and scaffolds that may be important is that these medical 
devices would be completely replaced by differentiated and functional cells over time. In 
such cases, the biodegradation properties of scaffolds are very important factors in mate-
rial selection. It is generally best for the scaffolds to biodegrade into harmless fragments, or 
to be completely bioresorbed, meaning that all degradation residues are resorbable by the 
body through processes like metabolization. One major concern that often rises from bio-
degradable materials is the immune responses triggered from degradation residues. For 
example, poly(α-hydroxy acid) groups often degrade into acidic residues, causing severe 
local in�ammation. Therefore, much work had been put into designing new biodegradable 
polymers with more bioresorbable monomers, and �ller materials, which help control the 
production and release of in�ammation-inducing particles (Hutmacher et al. 2001).

Controlling the degradation rate of the polymer is considered both the most important 
as well as the most dif�cult factor in designing biodegradable medical devices. The 
degradation rate is to be timed perfectly so that as the scaffold degrades, the space, 
strength, and function of the scaffold would be replaced by newly generated tissue. 
Adverse effects may appear even if the degradation rate is only timed slightly off. With a 
scaffold that degrades too quickly, the growing tissue is likely to suffer from premature 
exposure to weight, and the growth may be seriously disturbed. If, on the other hand, 
the degradation rate is lower than the tissue regeneration rate, tissue growth would be 
restricted and suppressed by limited space and would suffer from stress shielding, leaving 
the tissue without the necessary mechanical stimulation during growth. Therefore, tuning 
the scaffolds with proper degradation rate via material selection, scaffold design, and 
triggered degradation mechanisms has been a major focus in implantable medical device 
design for the past decade.

Biodegradable scaffolds are designed and created for two main purposes: assisting 
cell seeding, migration, and differentiation, and serving as a structural support while 
regeneration takes place. The latter indicates that the mechanical properties of scaffolds 
and that of the designated tissue should be relatively similar. The stiffness of the 
scaffold is very important in the regenerating tissue for supporting and for assisting 
tissue regeneration. It is particularly important in assisting the proliferation and 
differentiation of cells (Androjna et al. 2007). The elasticity of the scaffolds is also critical 
to the activities and functions of the tissues. While a scaffold for bone regeneration is 
nonelastic and rigid, scaffolds for regeneration of tendon and muscle are more elastic. 
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This is to accommodate the mechanical stress bearing of tissue and the magnitude of 
exercise the tissue is accustomed to.

As mentioned earlier, scaffolds with high mechanical strength, �exibility and optical 
transparency, and optimal degradation properties and biocompatibility are critical to the 
success of tissue-engineered devices (Grif�th and Naughton 2002). Early attempts in tissue 
engineering focused on building microvascular networks that have been characterized with 
design rules and scaling laws (Jiang et al. 1994, Huang et al. 1996, Kaazempur-Mofrad et al. 
2001, Emerson et al. 2006, Janakiraman et al. 2006); several have fabricated PDMS scaffolds 
for seeding endothelial cells to realize synthetic capillary networks. These demonstrations 
are useful for in vitro models for drug discovery and safety testing and for arti�cial organ 
assist devices. However, as previously discussed, though PDMS is biocompatible, the 
fact that it is not degradable makes it unsuitable for implantable applications that require 
long-term resorption and host integration. In addition, many existing studies have shown 
(Hu et al. 2004, Chen et al. 2006, Sui et al. 2006) that the relative instability of surface 
properties and permeation and absorption of organic molecules make it challenging to use 
PDMS as a useful tissue engineering platform. Therefore, several biodegradable polymers, 
such as PLGA (King et al. 2004), and silk �broin have been explored for applications as 
scaffolding materials.

Most biodegradable polymers suffer from a short half-life resulting from rapid degra-
dation upon implantation, exceedingly high stiffness, and limited chemical moieties (Poirier 
et al. 1995). While some of the aforementioned polymers have been considered as potential 
tissue engineering materials, they share one or more of the aforementioned drawbacks. 
However, in addition to the classical materials, a few newly developed biodegradable 
elastomers have presented new options for material selection for scaffolding materials.

PGS is a biodegradable elastomer that is biocompatible, inexpensive, and can be easily 
polymerized from glycerol and sebacic acid. As glycerol and polymers containing sebacic 
acid have been approved for medical applications use, PGS is a desirable substrate for tissue 
engineering. Biocompatibility studies show superior cellular response and morphology of 
PGS compared to PLGA, which has been observed to cause in�ammatory responses when 
implanted in bulk form. Microfabrication studies demonstrate that PGS is easy to process 
(Duffy et al. 1998), and it has proven to be a suitable material for micro�uidic scaffolds for 
endothelialization and hepatocyte culture, as well as for numerous other applications.

Another newly developed class of elastomeric poly(ester amides) known as APS (Bettinger 
et al. 2008) has been introduced to address the rapid erosion of PGS during degradation 
process. The material provides a high degree of tunability based on physiologic processes 
for its mechanical and degradation properties. The balance of hydrolytic and enzymatic 
degradation rates can be adjusted across wide ranges based upon the speci�c composition 
of the APS polymer, and therefore it has been invoked as a potential scaffold for tissue 
engineering (Wang et al. 2010).

22.2.2 Micro- and Nanofabrication Technology

As tissues constantly receive internal and external stimuli from their surroundings, a 
dynamic 3D balance is maintained, and thus the surface properties of scaffolds and spatial 
arrangements are another topic of interest for research. It has been shown that the chemical 
and mechanical environment of the growth site control the adhesion and migration of 
cells, as well as the rate of regeneration. In Koegler and Grif�th (2004), by varying the 
patterning and the coating concentration on the surface of scaffolds, cell behavior was 
observed to change drastically.
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In light of recent studies of surface properties of scaffolds, the signi�cance of surface pat-
terning has become more evident, and has brought increased emphasis on its use as a tool. 
Recently, the in�uence of microscale and nanoscale topographic features on hepatocyte 
function in engineered scaffolds (Bettinger et al. 2009a) has been investigated. Together 
with substrate stiffness, the two features are known to govern cell behavior (Discher et al. 
2005). The need for new therapies based on engineered tissues and in vitro systems (Bhatia 
and Chen 1999, Desai 2000, Khademhosseini et al. 2006) has spurred dramatic advances in 
micro�uidics and fabrication technologies over the past decade (Jo and Beebe 1999, Quake 
and Scherer 2000, Whitesides and Strook 2001). Numerous methods have been developed 
and adapted into the fabrication process of micro- and nanopatterned scaffolds and have 
created patterned scaffolds that have demonstrated great potential in tissue engineering.

Microscale and nanoscale technologies present a powerful array of tools for addressing 
many of the challenges in tissue engineering (Andersson and van den Berg 2004). A core 
element of these advances is based upon microelectromechanical systems (MEMS), which 
are extensions of techniques used in the semiconductor industry, controlling features at 
length scales <1 μm to >1 cm (Whitesides et al. 2001). In addition, micro- and nanoscale 
technologies enable an unprecedented ability to control the cellular microenvironment 
in culture and to miniaturize assays for high-throughput applications. The emergence 
of techniques such as soft lithography to fabricate microscale devices without expensive 
“clean rooms” (Whitesides et al. 2001) has enabled the application in biomedical systems. 
Soft lithography is capable of controlling the topographic and spatial distribution of mole-
cules and thereby controls placement of cells on a patterned surface (Khademhosseini et al. 
2003, Suh et al. 2004). Soft lithographic and conventional photolithographic methods can be 
used to fabricate micro�uidic channels and scaffolds for tissue engineering conveniently, 
rapidly, and inexpensively (Whitesides et al. 2001, Walker et al. 2004). Microfabrication 
technology has been used for tissue engineering in part because of the superior spatial res-
olution for forming critical structures such as capillaries, in comparison with traditional 
scaffold fabrication techniques such as casting/porogen leaching (Murphy et al. 2002), gas 
foaming (Harris et al. 1998), and 3D printing (Giordano et al. 1996).

Pioneering work by the Grif�th, Bhatia, Toner laboratories �rst explored microscale 
technologies as a platform for tissue engineering. More recently, micro�uidic bioreac-
tors were seeded with endothelial cells (Kaihara et al. 2000, Borenstein et al. 2002, Leclerc 
et al. 2003, King et al. 2004) and hepatocytes (Powers et al. 2002, Leclerc et al. 2003, 2004), 
and microcontact printing was utilized to enable precise control over heterotypic cell–cell 
interactions governing hepatocyte function in the liver (Bhatia et al. 1999).

Others have also employed lasing techniques for microfabrication to help modify cell 
behavior, such as the work by Tiaw et al. on changing the water contact angle by vary-
ing the micropattern created using a different laser (Tiaw et al. 2005), and the work by 
Engelmayr et al. recapitulating the in vivo environment for heart tissue regenerating 
through laser micromachined biodegradable scaffolds that have mechanical properties 
comparable to physiological tissues (Engelmayr et al. 2008; see Figure 22.2).

22.2.3 Electrospun Nanofiber Scaffolds

Electrospinning is a technique that enables the production of nanometer-scale �bers to 
form continuous, nonwoven, interconnected nano�ber scaffolds that closely mimic the 
native extracellular matrix (ECM) composed of type I, II, and III collagen ranging from 50 
to 500 nm in diameter (Barnes et al. 2007). A wide variety of polymer blends ranging from 
completely natural to completely synthetic polymers may be electrospun to create scaffolds 
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FIGURE 22.2
SEM images of biodegradable nanotopographic scaffolds. (a, b) Nano�brous PLLA matrix that was created 
through phase separation with paraf�n spheres. (Reprinted from Chen, V.J. and Ma, P.X., Biomaterials, 25, 
2065, 2004. With permission.) (c, d) 500 nm nanogrooves created by print-molding APS from PDMS mold. (e) 
Nanopattern APS created by replica molding. (f) Accordion-like honeycomb PGS scaffolds created by laser 
carving. (Reprinted by permission from Macmillan Publishers Ltd. Nature Mater., Engelmayr, G.C., Cheng, M.Y., 
Bettinger, C.J., Borenstein, J.T., Langer, R., and Freed, L.E., Accordion-like honeycombs for tissue engineering of 
cardiac anisotropy, 7, 1003–1010, Copyright 2008.)
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mimicking the ECM, with high surface area, high aspect ratio pores, high porosity, small 
pore size, and low density. This scaffold manufacturing technique had introduced new 
processing options for the regeneration of many tissues, such as vascular (Boland et al. 
2004), neural (Li et al. 2006), and bone (Catledge et al. 2007).

For a basic electrospinning experiment, several elements are required: (1) the polymer 
solution or polymer melt delivery system, mostly consisting of a syringe or capillary tube 
together with a syringe pump for the delivery of continuous and calibrated amounts of 
polymer; (2) the power source providing the electron potential desired for polymer jet from 
pendent droplet; and (3) the grounded target from a distance collecting spun scaffolds. 
Due to the nature of the electrospinning process, randomly oriented �bers are produced. 
Recent efforts have focused on electrospinning aligned �bers. By varying the shape, size, 
rotation, and distance between the target and source, it is possible to create a wide range 
of spun material ranging from random nano�bers to highly aligned scaffolds, as well as to 
control the diameter of the �bers.

Both natural and synthetic materials have been electrospun into random and aligned 
meshes mimicking collagen, gelatin, and chitosan. Poly(glycolic acid) (PGA) was one of 
the �rst polymer solutions used in electrospinning; 0.2–1.2 μm PGA �bers were created 
by dissolving PGA in solvent (Boland 2001). Scaffolds created using PLA, which is very 
similar to PGA, exhibited differences in degradation and mechanical properties (Stitzel 
et al. 2001). This led to the idea of electrospinning a mixture of PGA and PLA (PLGA) 
in different concentrations to create intermediate scaffolds with tunable degradation 
and mechanical properties for tissue engineering (Katti et al. 2004, Xin et al. 2007). 
Electrospun polydioxanone was also explored for its �exibility comparing to that of 
PLGA. As electrospun PCL showed much slower degradation rate (1–2 years), it had been 
considered another class of biodegradable polymer that is suitable for tissue engineering 
(Reneker 2002). Several natural polymers have also been explored, such as collagen type 
I, II, III, and silk �broin (Bhattarai et al. 2005, 2006, Hofmann et al. 2006a, Bettinger et al. 
2007), for their biocompatibility. In addition to polymer solutions, there are many other 
sample options for electrospinning suitable scaffolds, for example, polymer–polymer 
blends, polymer–ceramic composites, and polymer melts.

With the superior ECM-mimicking capabilities in both topography and chemistry, many 
nanotopographically de�ned scaffolds are being used in tissue engineering applications 
(Pham et al. 2006). The tunable mechanical properties of electrospun scaffolds enable the cre-
ation of scaffolds suitable for numerous physiological targets, ranging from elastic to plastic 
(Kwon et al. 2005). The oriented �bers are particularly useful for applications requiring soft 
mechanical properties, for instance, in dermal, neural, and cartilage tissue regeneration.

22.3 Nanoscale Features for Tissue Regeneration

Nanoscale topography has been shown to be an important signaling interface with mam-
malian cells for the control of cell function. ECM naturally presents nanotopographic struc-
tures with mechanotransductive cues that dominate local cell migration, cell polarization, 
and other functions. Synthetically nanofabricated topographical surfaces have been shown 
to in�uence cell morphology, alignment, adhesion, migration, proliferation, and cytoskel-
eton organization in many speci�c tissues, such as bone (Zhang et al. 2009), liver (Bettinger 
et al. 2009a), and retina (Neeley et al. 2008). The in vitro synthetic cell–nanotopography 



509Micro- and Nanotechnology in Tissue Engineering

interactions control cell behavior and in�uence complex cellular processes, including 
stem-cell differentiation and tissue organization (Bettinger et al. 2009b).

22.3.1 Cell Response to Nanoscale Features

Cells naturally interact with topographical structures in their surroundings, often through 
contact guidance phenomena. Under the in�uence of contact guidance, cells respond to 
surrounding structures on the micrometer and sub-micrometer scale in vivo (Wolf et al. 
2003). It also plays an essential role in the migration of individual cells or groups of cells or 
tissue (Friedl 2004), and effects ef�cient organelle formation, such as axonal guidance and 
growth cone motility (Dent and Gertler 2003, Dent et al. 2003).

As mentioned earlier, nanoscale features provide mechanotransductive cues to cells, 
and in�uence them in many ways. One of the most prominent cell responses toward 
nanotopographic features are morphologic changes on cells, especially �broblasts, 
endothelial cells, epithelial cells, stem cells, and Schwann cells (Hsu et al. 2005). Cell 
morphology responds to nanogratings by simultaneously aligning and elongating along 
the direction of the grating as shown in Figure 22.3 (Teixeira et al. 2006). In addition to 

(a)
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FIGURE 22.3
(See companion CD for color �gure.) Epithelial cell responses toward nanograting in epithelial cells. Epithelial 
cells align and elongate along the grating axis, as evident from �uorescent (a) and SEM (b) micrographs. 
(Reprinted from J. Cell Sci., 116, Teixeira, A.I., Abrams, G.A., Bertics, P.J., Murphy, C.J., and Nealey, P.F., Epithelial 
contact guidance on well-de�ned micro- and nanostructured substrates, 1881–1892. Copyright 2003, with per-
mission from Elsevier.)
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modifying cell geometry, nanotopography affects cell proliferation and migration in 
various cell types. Nanoscale features slow down the proliferation rate, but increase 
migration velocities (Bettinger et al. 2009b). More recent work showed that nanotopography 
also enhances cell attachment and adhesion (Mahdavi et al. 2008).

22.3.2 Capillary Network Generation and Hepatocyte Behavior

Major efforts in tissue engineering have focused on the liver (Kulig and Vacanti 2004) for 
several decades. As opposed to chronic renal diseases, maintenance therapies for the liver 
have not been established for long-term use, and therapeutic avenues for the treatment of 
liver �brosis and a host of infectious diseases of the liver are not yet available. Therefore, 
the development of tissue-engineered livers for treatment of these diseases has been the 
subject of intense efforts for many years, with signi�cant focus on the need for an intrinsic 
microcirculation and for replication of the liver microenvironment to sustain liver-speci�c 
functions in engineered devices.

The liver comprises complex structures, an integrated microvasculature, and performs 
many critical functions. It is the largest gland of the body, normally weighing about 1.5 kg 
in adult. Primary hepatocytes constitute 60%–80% of the liver mass and play many impor-
tant functions in our body. The intercellular channels between adjacent hepatocytes form 
bile canaliculi, thin tubes that collect bile secreted by hepatocytes. The bile canaliculi 
merge and form bile ductules, which eventually become bile ducts. In between each row 
of hepatocytes are small cavities called sinusoids comprising a fenestrated monolayer of 
liver sinusoidal endothelial cells. Each sinusoid is lined with Kupffer cells, macrophages 
that remove amino acids, nutrients, sugar, old red blood cells, bacteria, and debris from the 
blood that �ows through the sinusoids. The main functions of the sinusoids are to destroy 
old or defective red blood cells, to remove bacteria and foreign particles from the blood, 
and to detoxify toxins and other harmful substances. ECM-producing stellate cells, biliary 
epithelial cells, hepatocyte precursor cells, and �broblasts are also present and perform 
important metabolic functions. The main functions played by the liver include (1) bile 
production and secretion; (2) excretion of bilirubin, cholesterol, hormones, and drugs; (3) 
metabolism of fats, proteins, and carbohydrates; (4) enzyme activation; (5) storage of glyco-
gen, vitamins, and minerals; (6) macromolecules and protein synthesis (i.e., albumin and 
bile acids); and (7) detoxi�cation (Kobori et al. 2007, Lal et al. 2007). Exogenous and endog-
enous substances are detoxi�ed in the liver, and hepatocyte-based hepatotoxicity testing 
is useful in rapid screening of chemicals and in mechanistic evaluation of toxicological 
phenomena.

Many natural and synthetic chemicals are hepatotoxins; often the toxicity is caused by 
metabolic conversion of the parent compound into highly reactive metabolites. Hepatocytes 
are usually the �rst cell types damaged upon hepatotoxic insult (DeLeve 2007). Loss of 
liver functions such as detoxi�cation, metabolism, and regulation cause life-threatening 
complications, including kidney failure, encephalopathy, cerebral edema, severe hypoten-
sion, susceptibility to infections, and multiple organ failure. Therefore, the ability to regen-
erate the function and viability of hepatocytes in response to compounds is important for 
drug discovery applications as well as trauma recovery.

Signi�cant efforts have been made to generate and maintain hepatic tissues in vitro 
(Buckpitt and Warren 1983, Rouleau et al. 1986, de Boer-van den Berg et al. 1988, Rudling 
et al. 1990, Liu and Wells 1995, Bossard et al. 1997, Finch et al. 2001, Yokoyama et al. 2006). 
Hepatocytes in vivo directly interact with ECM and each other by aligning in highly 
aligned cell sheets. ECMs provide both mechanical support and physical regulation for 
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hepatocyte functions and behaviors. It is made up of mostly collagen I, IV (Kent et al. 
1976), laminin (Friedman et al. 1985), �bronectin (Ramadori et al. 1987), and heparan sul-
fate proteoglycans (Bissell et al. 1987, Grant et al. 1989). Collagen and other ECM glyco-
proteins promote cell attachment of primary hepatocytes forming monolayers. For the 
regeneration of this specialized tissue, an aligned mesh of ECM is required. Three types 
of surfaces are in contact with these specialized and highly polarized epithelial tissues 
commonly found in organs such as liver, pancreas, and kidney: a basal surface contacting 
the ECM, a lateral surface for cell–cell interactions, and an apical surface that faces the 
lumen. It is found that designing the precise structure of the ECM and apical surfaces into 
the scaffolds is of critical importance to successful regeneration, in order to avoid having 
the cells undergo apoptosis or generate a lumen at a region of contact with other cells 
(Bryant and Mostov 2008).

To induce the interaction between the basal surface of the liver and ECM �bers, Bettinger 
et al. (2009a) used native collagen �lms as model for creating nanotopography on APS. 
Replica-molding of nanotopographic features was shown to have improved initial attach-
ment, spreading, and adhesion of primary rat hepatocytes (see Figure 22.4). Some result 
also indicated that the nanotopographic features helped reduce albumin secretion and 
urea synthesis, indicating strongly adherent hepatocytes. These results suggest that these 
engineered substrates can function as synthetic collagen analogues for in vitro cell culture.
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FIGURE 22.4
Cell–substrate interactions shown with hepatocytes cultured on APS substrates exhibited a rounded morphol-
ogy, compared to those cultured on PDMS and collagen substrates exhibiting a more �attened morphology. 
Hepatocytes appear to have extended �lopodia on nanotopographic 2DAHP-1G, �at 2DAHP-1T, and collagen 
substrates (see white arrows). Hepatocytes induced wrinkling of PDMS substrates (see white arrows and inset). 
(From Bettinger, C.J. et al., Tissue Eng. Part A, 15, 1321, 2009a.)
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Collagen �brils are capable of extending up to tens of micrometers in length and have a 
diameter between 260 and 410 nm. Nanofabricated APS substrates have been created with 
pillar geometries in this size scale. Primary hepatocytes were cultivated on the substrate, 
and showed enhanced cell attachment and spreading, and most importantly, maintained 
metabolic function.

Another important factor for successful in vivo applications is to pattern special geom-
etries between the polarized tissues that orients endothelial cell assembly to lumens. 
A different approach to providing hepatocytes with an ECM-like microenvironment is by 
culturing them on nano�brous galactosylated chitosan scaffolds. The embedded galac-
tose ligands enable the formation of �at aggregates by promoting interaction between the 
ligands and the nanoscale surface receptors on hepatocytes, and showed a higher level of 
liver function (Feng et al. 2009).

22.3.3 Biomimetic Scaffolds with Nanoscale Surface Modification

As more understanding is gained on how nanoscale surfaces are synthesized and how 
they in�uence cell responses, more of these techniques and knowledge are put to direct 
application in cutting-edge tissue engineering work. As mentioned in the previous sec-
tion, liver regeneration has been a very important area of interest, and nanotechnologic 
approaches have been applied to the liver. Nanotechnology has also shown great potential 
in neural tissue engineering, cardiovascular tissue regeneration, retina regeneration, and 
even medical adhesives.

Nanotechnology had been proven very useful in research on the complex nervous sys-
tem as its contact guidance phenomenon and the topographical cues generated enable the 
in vitro regeneration of highly sophisticated and densely packed neural cells (Bettinger 
et al. 2009b). Silk �bers had shown enhancement of Schwann cell regeneration by promot-
ing cell growth (Yang et al. 2007a,b). The high degree of alignment of conducting �bers 
created by electrospinning has enabled the studies in neural conductivity and regenera-
tion (Li et al. 2006).

Nanotechnology had also been applied in cardiovascular tissue engineering to accom-
modate the complex properties and features of myocardium and valvular tissues. The 
complexity of vasculature surrounding the heart tissue had presented particularly chal-
lenging to engineers, as the system requires maintenance of mechanical strength needed 
to withstand high pressure and the pulsatile environment. Nanotechnology is capable of 
signaling cells to control cell adhesion, movement, and morphology and therefore become 
a promising tool for the engineering of myocardial tissue, heart valve implants, and com-
plex vessel graft development (Choudhary et al. 2007, Wan et al. 2010).

In Neeley et al. (2008), ultrathin PGS scaffolds were fabricated with micropatterns to pro-
mote retinal progenitor cells (RPCs) regeneration by replacing photoreceptors, which has 
been considered a promising therapy for the treatment of retinal degeneration. The micro-
fabricated PGS scaffold showed strong RPCs adhesion and exhibited excellent mechani-
cal properties for delivering RPCs to the subretinal space. Cells grown on the scaffold 
for 7 days expressed a mixture of immature and mature markers, suggesting a tendency 
toward differentiation. As nanoscale features are known to guide cell growth, it is consid-
ered the next step for the alignment of retinal cells.

Nanoscale features are used not only in direct tissue applications, but also act as med-
ical biodegradable polymer adhesives capable of adapting to or recovering from vari-
ous mechanical deformations while retaining strong attachment to tissues. In Mahdavi 
et al. (2008), a polymer stemming from PGS, poly(glycerol-co-sebacate acrylate) (PGSA), 
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was used with nanosurface features similar to that of gecko feet, which allows geckos 
to climb vertical surfaces. Tissue adhesion was optimized by varying dimensions of 
the nanoscale pillars, including the ratio of tip diameter to pitch and the ratio of tip 
diameter to base diameter. It was also found that by coating these nanomolded pillars 
with a thin layer of oxidized dextran, the interfacial adhesion strength was signi�cantly 
increased when applied to porcine intestine tissue in vitro and to the rat abdominal 
subfascial in vivo environment. This gecko-inspired medical adhesive brings nanotech-
nology to a new spectrum of potential applications such as wound sealing and suture 
replacement.

22.4 Conclusions and Perspectives

Nanotechnology-based approaches toward scaffold fabrication continue to emerge as a 
powerful toolset in the development of tissue engineering. Numerous techniques have 
been developed for producing nanotopographically de�ned scaffolds, thereby creating 
more possibilities for replication of the architecture of natural basement membrane. With 
the advancement of these techniques for making scaffolds capable of mimicking the ECM, 
engineered constructs are brought one step closer to replication of the in vivo microen-
vironment. Cell responses toward nanotopographic features have also introduced new 
signaling mechanisms for the regeneration of speci�c tissues. These and other advances 
highlight the important role of nanotechnology in the enablement of tissue engineering of 
complex systems.
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23
Nanotechnology in Drug Delivery

Jungmin Cho, Sungwon Kim, and Kinam Park

23.1 Introduction

Nanotechnology has recently been considered an emerging mainstay in drug delivery sys-
tems. Introducing nanotechnology into the drug carrier architecture makes it more attrac-
tive in many different �elds based on its advantageous properties as compared with other 
conventional systems. When this technology is developed properly in the pharmaceutical 
�eld, it can provide patients with improved compliance and ef�cacy through enhanced 
ability of sustained release as well as targeted delivery. The investment in nanotechnology 
has been spearheaded by the U.S. National Nanotechnology Initiative (NNI) coordinating 
25 U.S. departments and other private agencies until 2015 (Roco 2011). They have suggested 
the potential research and development targets in drug delivery, such as no suffering and 
death from cancer when treated properly; control of nanoparticles in air, soil, and water; 
synthesis and delivery of new active pharmaceutical ingredients; and life-cycle manage-
ment (Hughes 2005). This national investment signi�es that nanotechnology in drug deliv-
ery and development is a valuable asset to the improvement of people’s health care now 
and in the future.

Nanotechnology refers to dealing with an object that has a submicron size, that is, less 
than 1 μm. In drug delivery, however, nanotechnology also refers to drug delivery vehicles 
in micron size, simply because many drug delivery systems are produced in micron size 
ranges. Naturally, in this chapter, nanosized drug delivery vehicles include microsized 
systems, unless speci�cally indicated otherwise. A nanosized drug carrier is designed 
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to have unique and superior properties than a microsized drug carrier. An active agent 
can be incorporated into nanoparticles by a variety of means ranging from simple mixing 
to covalent grafting (Bawa et al. 2005; Gelperina et al. 2005). Technically, nanosized drug 
carriers can signi�cantly improve formulation design, biodistribution, and bioavailabil-
ity through ef�cient delivery into the desired target site, reducing unwanted side effects 
(Dubin 2004). Abraxane, one of the clinical products available in 2005, is a good example 
demonstrating the use of a benign carrier, as compared with Cremophor® EL, in delivering 
paclitaxel to the tumor site (Vishnu and Roy 2011). Another promising application area of 
nanocarrier is to make the drug delivery system small enough to penetrate the blood brain 
barrier (BBB) and reach the lesion in the brain for treating various diseases (Devalapally 
et al. 2007; Rathbun et al. 2006; Sosnik et al. 2010).

This chapter describes improved ef�cacy of nanoparticulate drug delivery systems as 
compared with microsized drug delivery systems, current fabrication methods, and the 
prospective possibility of developing commercial products that can bene�t patients.

23.2 Nanotechnology-Based Drug Delivery Systems

23.2.1 Nanocrystals

One of the main physicochemical properties of a drug for successful development into 
clinical application is the water solubility. In many cases, the drug solubility in water is 
not high enough to lead to in vivo therapeutic ef�cacy. Many promising drugs have been 
abandoned due to their poor water solubility. More than half of all the newly developed 
drugs are known to have poor water solubility. Poor water solubility requires use of higher 
amount of the drug, and this in turn may result in higher incidents of side effects (Speiser 
1998). For this reason, poorly soluble drugs have been formulated by a variety of different 
approaches, ranging from simple salt formation to complicated drug delivery systems 
such as polymer micelles. Of these, the nanocrystal approach has received signi�cant 
attention. Drug nanocrystals dissolve faster than their microsized drug counterparts due 
to substantially increased surface area (Junghanns and Müller 2008). Several nanocrystal 
formulations have become clinically available. Sirolimus, an immunosuppressant, is a 
poorly water-soluble drug, and it was available as an oral solution and tablet (Rapamune®, 
P�zer). When it was made into a formulation of nanocrystals less than 200 nm (Rapamune), 
the solid oral formulation was equally effective as the solution formulation (Merisko-
Liversidge et al. 1996). Rapamune is a product generated by NanoCrystal® technology 
from Elan Pharmaceuticals. Another three examples of the NanoCrystal technology are 
Megace ES® (megestrol acetate, Par Pharm Co.), Tricor® (feno�brate, Abbott), and Emend® 
(aprepitant, Merk) (Adis 2007; Deschamps et al. 2009).

Nanocrystals can be fabricated by several methods. The precipitation method uses the 
principle in which the drug that has different solubilities to various solvents can have 
the possibility to create a drug nanocrystal. The drug in a solvent is directly added to 
another solvent that the drug is hardly or not dissolved into. Hydrophobic compounds 
such as DiO and perylene used for photodynamic therapy and image, for example, are 
dissolved in acetone, then the acetone solution is quickly injected into water with a 
microsyringe to rapidly form drug precipitates. Another interesting method, known as 
Nanomorph developed by Soliqus/Abbott, is to precipitate the nanosized drug particles in 
an amorphous form to drastically enhance the drug dissolution rate. Generally, amorphous 
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particles tend to show enhanced saturation solubility compared to crystals (Thies and 
Müller 1998; Violante and Fischer 1991). The precipitation approach is one of the bottom-up 
techniques, which are simple and cost-effective as well as relatively easy to scale-up, but 
fundamentally dif�cult to maintain and stabilize the particle size (Keck and Muller 2006).

As an alternative of the bottom-up system, milling techniques were used as a top-
down system. The milling techniques include the pearl/ball milling technique and the 
high pressure homogenization technique. A pearl milling system is the basis of the 
nanocrystal technique developed by Liversidge and coworkers (Suman et al. 2009). At 
�rst, macrosuspension, where the drug is dispersed to random sizes, is added inside of a 
container. The container, which has milling pearls and dispersed drug, starts to ground 
the drug by moving the pearl. Rapamune and Emend were the initial products made 
from this method. Even though this technology brings patients increased compliance, 
the milling process seems to have some dif�culties. In case of a physically hard drug, 
it needs much more time to be ground compared to a relatively less hard drug. Also, 
there is potential contamination of milling material eroded from the pearl (Keck 
and Muller 2006). In contrast to the milling process, high-pressure homogenization 
systems employ two kinds of techniques, which are micro�uidization technology 
(IDD-P™, SkyePharma Canada Inc.) and piston-gap homogenization technology. The 
micro�uidization technique generates nanocrystals by collision of two �uid streams at 
high pressure, which pass through collision chambers of two different shapes, Y- and 
Z-shapes. It requires 50–100 cycles to generate nanocrystals small in size suf�cient 
for increasing the solubility (Keck and Muller 2006). The piston-gap homogenization 
technology includes two major techniques, which are DissoCubes® (SkyePharma PLC) 
and Nanopure® (PharmaSol GmbH). In the DissoCubes technology, a drug suspension 
is placed inside of a container whose diameter is around 3 cm, then passes through 
the very narrow homogenization gap (3–15 μm) under the pressure of 150–1500 bar to 
generate considerably high velocity (Müller et al. 1999). While the DissoCubes technology 
uses pure water, Nanopure technology produces nanocrystals in nonaqueous media 
such as polyethylene glycol (PEG) or oils. Recently, combinations of precipitation and 
homogenization have been developed (e.g., Nanoedge®, Baxter). At present, there are 
several nanocrystal formulations under development, such as Semapimod®, PAXCEED™, 
and Theralux™.

23.2.2 Liposomes and Niosomes

Many types of nanoliposomes have been used clinically, such as liposomal amphotericin 
B to cure invasive fungal infections since 1995, daunorubicin citrate liposomes to treat 
Kaposi’s sarcoma since 1996, and sustained release of cytarabine liposomes for lympho-
matous meningitis since 1999 (Bawa 2008). Liposomes can encapsulate hydrophilic drugs 
in the aqueous core and embed lipophilic drug between lipid bilayers. Liposomes in the 
size range of 50–250 nm are usually made as unilamellar, while those larger than 500 nm 
are multilamellar. A unilamellar liposome is preferred to encapsulate hydrophilic drugs 
because of a large portion of aqueous core. On the other hand, multilamellar vesicles may 
be useful for incorporating lipophilic drugs due to its higher portion of the lipid structure 
(Fang et al. 2006; Mufamadi et al. 2011; Zucker et al. 2009).

Liposomes are usually prepared by �lm hydration, organic solvent injection, or reverse-
phase evaporation. Of these, the �lm hydration method is frequently used to make 
liposomes. Recently, the application of liposomes has progressed from conventional 
nanoliposomes to stealth nanoliposomes. These stealth liposomes can be fabricated 
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by modifying the surface with hydrophilic polymers including poly(ethylene glycol) 
(PEG), poly(vinyl alcohol) (PVA), and glycol chitosan. Stealth liposomes have a couple of 
advantages such as circumventing the reticuloendothelial system (RES) and extending the 
blood circulation time, and reducing toxicity originating from the charged vesicle (Allen 
et al. 2002; Harris 1992). Doxil/Caelyx, which is a PEGylated doxorubicin liposome to be 
applied to metastatic ovarian cancer and AIDS-related Kaposis’s sarcoma, is available for 
clinical applications.

Among the nanoliposomes, niosome has emerged as a new platform technology. 
Niosome, a nonionic surfactant vesicle, is similar to typical liposomes in structure, but 
different in bilayer composition. Surfactants commonly used in niosomes are derivatives 
of polysorbates. The advantages of niosomes over liposomes are increased stability, low 
cost of production, and no need to handle variable purity of phospholipids. Moreover, nio-
somes also show a slower drug release as a depot system as compared with conventional 
liposomes. Oral bioavailability of acyclovir has been known to be very poor (around 15%–
20%), so it needs a high dose of the drug or frequent dosing. To overcome this phenom-
enon, niosome and liposome systems were introduced to incorporate the acyclovir, and 
drug release pro�les were compared. In vitro cumulative drug release showed that 90% 
of the drug was detected from the media containing the liposome vesicle within 150 min; 
however, in the case of niosomal formulation, only 50% of the drug was released even after 
200 min (Mukherjee et al. 2007; Blazek-Welsh and Rhodes 2001).

23.2.3 Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) have many bene�ts as a drug delivery system. The 
production step of SLNs can avoid using organic solvents. Because of this fabrication 
process, SLNs could possibly prevent toxic effects from organic solvents commonly used 
for making other polymeric nanoparticles. In addition, it is much easier to scale up SLN 
production to meet the need of industrial scale. One of the methods of making SLNs is 
using high-pressure homogenization, which can fabricate a large amount of even-sized 
nanoparticles. SLNs combine important other pro�ts, such as protection of incorporated 
drugs from enzymatic degradation, sustained release, increased biocompatibility, and 
enhanced bioavailability (Barratt 2000, 2003; Gasco 1993).

SLNs are made by several methods (Table 23.1). As mentioned, the one shown is using 
a high-pressure homogenization technique, which includes hot and cold homogenization 
means. High pressure through a �ne pore pushes the lipids into shear stress and cavita-
tion, which can downsize the particle. Generally, the concentration of the lipid contents 
to be optimized ranges from 5% to 10% (Saupe and Rades 2006). Melted lipid solutions 
loaded with drugs should be prepared with an increased temperature around 60°C–70°C 
to prevent crystallization of the lipid. In the case of hot homogenization method, molten 
lipid loaded with drug is transferred to an aqueous solution that contains surfactant to 
attain pre-emulsion mix. Typically, SLNs can be stabilized and can maintain their particle 
size by a small portion of surfactant and/or co-surfactant. Then, high-pressure homog-
enization is applied to the pre-emulsion at the pressure of 100–200 bar while retaining 
the temperature high enough for the lipid to remain melted. The hot nanoemulsion is 
cooled down to around room temperature and then the lipid starts to solidify with drugs 
by crystallization. While doing this process, the drug can be located in the internal phase 
of the lipid, exposed to the surface of SLN or lost from the particles; basically, this phe-
nomenon comes from the physical property of the encapsulated drug. It is believed that 
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the hot homogenization method has a better capacity to incorporate a hydrophobic drug 
compared to a hydrophilic drug (Shegokar et al. 2011).

Cold homogenization method is introduced to apply hydrophilic drug to SLN. The 
cold homogenization method results in high encapsulation ef�ciency and prevention of 
the initial burst release of hydrophilic drug from the SLN when compared with the hot 
homogenization method. Drug-containing systems obtained from rapid cooling by dry 
ice or liquid nitrogen are ground to make particles of 50–100 μm. The particles are sus-
pended into chilled aqueous solution containing surfactant. This suspension then under-
goes a high-pressure homogenization process, which can break the microparticle to much 
smaller SLNs. Even though this process results in a relatively large particle size and het-
erogeneous size distribution as compared with the hot homogenization technique, it can 
be used to incorporate hydrophilic and thermally sensitive drugs (Dingler and Gohla 2002; 
Hou et al. 2003; Olbrich et al. 2004; Shegokar et al. 2011).

This nanoparticulate system has been used in cosmetic and drug delivery applications. 
Recently, SLNs doped with anticancer drugs including doxorubicin, paclitaxel, and cho-
lesteryl ester were manufactured by an oil-in-water microemulsion technique. An antican-
cer drug incorporated into a lipid matrix presents much higher therapeutic effects when 
compared with non-incorporated drugs (Serpe et al. 2004). It has also been shown that 

TABLE 23.1

Comparison of Solid Lipid Nanoparticle (SLN) Fabrication Method

Hot Homogenization

Method
Disperse the drug with

lipid at 65°C

Disperse the mixture in
the aqueous solution

Mill the solid lipid drug to
micron size and add to

aqueous phase

High pressure
homogenization around

65°C

Degradation of drug and
carrier due to temperature

Making small particle size

Limit to hydrophilic drug

Larger particle size and PDI

Minimizing the loss of
hydrophilic drugAdvantage

Disadvantage

Wash with water and filter
with membrane

High pressure
homogenization at RT or

below RT

Recrystallization of
nanoemulsion by cooling

down

Disperse the mixture in
excess cold water

Rapidly cool down in
nitrogen

Add drug to the mixture
of surfactant, co-

surfactant, and water

Disperse the drug with
lipid at 65°C

Disperse the drug with
lipid at 65°C

Cold Homogenization
Microemulsion

Technique

Attributing drug to be
dispersed in amorphous
state

Affecting particle size from
removal process of water
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SLNs induce the increase of cellular uptake, and thus comparable therapeutic effects can 
be achieved with less amounts of drug.

Several SLN formulations can also be prepared by using a hot homogenization method. 
For example, tamoxifen SLNs showed good physicochemical properties with sizes below 
200 nm and a constant zeta potential in the range of −10 to 20 mV. The SLNs can be stored 
with high stability and can be administered via intravenous routes. Furthermore, this 
system is able to encapsulate the highest amount of tamoxifen into SLNs reaching over 
90% encapsulation ef�ciency (ALHaj et al. 2008). Doxorubicin encapsulated into lipid 
nanospheres as a counter ion pair was evaluated in comparison with a commercial drug 
(Adriblastina®, P�zer) (Zara et al. 1999). A couple of SLN formulations were tested to 
analyze the blood concentration pro�les of doxorubicin. Interestingly, pharmacokinetic 
analysis indicated that the concentration of the drug was much more elevated than 
commercial solution at each time point. Speci�cally, the drug concentration was heightened 
in the spleen, lung, and brain; however, other organs such as the liver, heart, and kidneys 
showed lower levels of doxorubicin in comparison with the commercial drug (Saupe and 
Rades 2006). This result suggests that introducing an SLN carrier system can increase the 
bioavailability of doxorubicin and reduce the clearance rate of the drug from the body. 
Therefore, SLN systems resulted in maintaining the same therapeutic ef�cacy with less 
amount of doxorubicin without resulting in undesirable side effects.

23.2.4 Lipid Nanocapsules

Lipid nanocapsules are known to possess some advantages over other nanoparticle sys-
tems including other lipid-based nanoparticles. Lipid nanocapsules show particle sizes of 
25–100 nm with narrow size distributions (Anton et al. 2009; Lamprecht et al. 2004). Lipid 
nanocapsules are also prepared without using organic solvent and have long-term stabili-
ties of up to 18 months (Heurtault et al. 2002). This is a substantial improvement over the 
conventional liposomes that are known to be unstable during storage. Furthermore, the 
drug-loading ef�ciency was over 90% as shown in Table 23.2 (Garcion et al. 2006; Huynh 
et al. 2009; Khalid et al. 2006).

Lipid nanocapsules (LNC) are composed of three components including an oily phase, 
aqueous phase, and nonionic surfactant (Figure 23.1). Generally, triglycerides of capric acid 
are employed in the oily part to incorporate lipophilic drugs. Distilled water with sodium 
chloride salt is composed as the aqueous part. Lecithin, a phosphatidylcholine, is located 
on the outer surface of the lipid phase to make the structure of the capsule �rmer and to 
enhance the stability of the lipid nanocapsule. The procedure for making lipid nanocap-
sules employs the phase inversion technique called the PIT process, which represents the 
temperature range at which the hydrophilic and lipophilic properties of a nonionic surfac-
tant revert phase. The result of the PIT method is largely dependent on the change of the 
solubility of surfactant in accordance with the temperature. Below a certain temperature 

TABLE 23.2

Encapsulation Ef�ciency of Lipid Nanocapsule (LNC) Formulation

Drug LNC Formulation
Encapsulation 
Ef�ciency (%) References

Etoposide LNC coated with Solutol 89.9 ± 2.3 Lamprecht and Benoit (2006)
Paclitaxel LNC coated with Solutol 93.0 ± 3.1 Carcion et al. (2006)
Docetaxel Post-insertion of long chain PEG >98 Khalid et al. (2006)
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range, most of the surfactant monolayer is inclined to form an O/W emulsion with a high 
conductivity value around 35 mS/cm. On the other hand, it becomes more lipophilic as 
the temperature increases, so it shapes W/O emulsion that has a very low conductivity as 
close to 0 mS/cm. Based on the PIT principle, three components existing as a W/O status 
start to form O/W emulsion by rapid dilution in cold water. As the result of lowering the 
temperature in a short time with an optimized ingredients ratio, the particle size becomes 
less than 100 nm. Furthermore, it is reported that the repeated cooling process crossing 
the PIZ makes the LNPs more stable (Anton et al. 2008; Huynh et al. 2009; Moghimi and 
Szebeni 2003).

The lipid nanocapsules are thought to be internalized into the cell by employing 
the endogenous cholesterol, which is needed in both clathrin-dependent and clathrin-
independent pathways. Studies have indicated that the lipid nanocapsules of around 100 nm 
in size is in�uenced by the aforementioned mechanism, but lipid nanocapsules of smaller 
sizes are inclined to employ the clathrin- and caveolae-independent pathways (Figure 23.2).

This particulate system seems to inhibit the P-glycoprotein (PGP) function, which 
is known for an ATP-dependent drug ef�ux pump widely expressed in the intestinal 
epithelium, hepatocytes, renal proximal tubular cells, and BBB. PGP is one of the main 
factors that pump out the anticancer agents from the membrane of the cell, so this defense 
system makes cancer cells more resistant to anticancer drugs. The comparative study of 
Taxol and paclitaxel-loaded lipid nanocapsules showed that the latter was more effective 
against 9L and F98 cells. Single injections of paclitaxel-loaded lipid nanocapsules have 
shown remarkably reduced tumor volume and inhibited tumor growth (Coon et al. 1991; 
Lacoeuille et al. 2007; Lamprecht and Benoit 2006). The feasibility of oral administration was 
tested based on the hypothesis that overcoming the PGP of enterocytes could enhance the 
poor bioavailability of anticancer drugs. The paclitaxel-loaded lipid nanocapsules resulted 
in three times higher blood concentration as compared with Taxol (Peltier et al. 2006).

Aqueous phase

Nonionic surfactant

Hydrophilic head group

Hydrophobic bilayer

FIGURE 23.1
(See companion CD for color �gure.) Structure of lipid nanocapsule composed of an oily phase, aqueous 
phase, and nonionic surfactant.
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Lipid nanocapsules have several bene�cial properties for making them a good drug 
delivery vehicle for increased bioavailability. They include small particle size, narrow size 
distribution, high loading ef�ciency of lipophilic drugs, long-term stability, and higher 
chances of rapid cellular internalization with longer residence time.

23.2.5 PLGA Particles

For long-term delivery, ranging from weeks to months, drugs need to be incorporated 
into slowly biodegradable nanoparticles or microparticles. Since it is very inconvenient to 
remove the drug delivery system after the drug delivery is over, biodegradable polymers 
are usually used in long-term drug delivery systems. There are various biodegradable 
polymers, such as polyorthoesters, polyesters, polyphosphazenes, and polyalkylcyanoac-
rylates, which have labile linkages that can make the polymer decompose under physi-
ological conditions. Synthetic polymers have many bene�ts over natural biodegradable 
polymer systems. Synthetic polymers can be produced with controllable properties at high 
purity in large quantities, and they are usually free from immune responses by the body.

Of the many synthetic polymers, polymers made of lactic and glycolic acids are most 
widely used. Poly(lactic-co-glycolic acid) (PLGA) breaks down into lactic acid and glycolic 
acid, natural components of the body. Many formulations made of PLGA have been 
administered to the body through intravenous, subcutaneous, and intramuscular routes. 
The ester linkage of PLGA goes through random cleavage to produce carboxylic acid 
and hydroxyl groups. The generated carboxyl group lowers the pH of the environment, 
resulting in autoacceleration of the hydrolysis process. The degradation time depends on 
polymer properties, such as molecular weight, glass transition temperature, crystal form 
of the polymer, and the molar ratio of the lactic acid and glycolic acid (Gopferich 1996; 
vonBurkersroda et al. 1997). Sometimes PLGA polymers cause in�ammation due to the 

Late endosome

Lysosome Golgi

Recycling
endosome

LNPLNP

Clathrin-independent endocytosis Clathrin-dependent endocytosis

Nonionic surfactant

TriglycerideDrug

Lecithin

FIGURE 23.2
(See companion CD for color �gure.) Schematic representation of endocytosis mechanisms of lipid nanopar-
ticle prepared by phase-inversion method.
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lowering of the environmental pH, but still PLGA has been used most widely because of the 
fact that various formulations have been approved by the Food and Drug Administration 
(FDA). There may be other synthetic polymers that may possess better properties than 
PLGA, but if the polymers have not been used in formulations approved by FDA, they are 
not the prime candidate for making clinical formulations.

Nano/microparticles of PLGA have been prepared by different methods, such as solvent 
extraction and evaporation methods based on the double emulsion approach, salting-out 
method, and nanoprecipitation method. Of these, double emulsion methods have been 
used most widely. The solvent evaporation method follows two steps. First, emulsi�cation 
of the polymer and drug in a solvent, such as chloroform and ethyl acetate, followed by 
solvent removal during which polymer precipitates to form particles. Italia et al. carried 
out an experiment to obtain cyclosporine-loaded PLGA nanoparticles of around 150 nm 
by the emulsion evaporation method. Interestingly, this nanoparticle demonstrated much 
higher intestinal uptake than commercial products (SIM-Neoral) as well as cyclosporine 
suspension. Because of the ef�cient uptake, bioavailability of nanoparticles was 19.2% 
higher than SIM-Neoral. Surprisingly, a cyclosporine-loaded nanoparticle system showed 
longer pharmacokinetic pro�le after 5 days as compared with 3 days by the control (Italia 
et al. 2007).

One of the challenges in making nano/microparticles in large quantities for commercial 
applications is the dif�culty of scale-up production, especially particles with narrow 
size distributions. Emulsion methods inherently result in a wide size distribution, and 
many times the particles in the large size portion have to be removed, as they are too 
big for administration using a needle commonly used for intravenous or subcutaneous 
injection. Thus, making particles with a prede�ned size and narrow size distribution 
has become very important. Recent advances in nanotechnology have resulted in nano/
microfabrication methods of making particles with a prede�ned size and shape. One such 
approach is based on the hydrogel template method. Acharya et al. presented a hydrogel 
template method for making nano/microparticles using gelatin templates (Acharya et al. 
2010). Gelatin can be manipulated to attain a speci�c mechanical strength and have speci�c 
size of cavities by sol–gel transition phenomenon. Once the cavities are �lled with drug-
containing PLGA in an organic solvent, solid PLGA particles are obtained by removing the 
solvent, followed by simple dissolution of the gelatin template in water (Figure 23.3). Figure 
23.4 shows submicron-size particles are prepared by using the gelatin template method.

In an alternative approach, a �uidic nanoprecipitation system (Figure 23.5) was used to 
make particles of homogeneous sizes. The instrument is composed of a dispersing chan-
nel and inlet channel inserts, which can be situated in the center of a dispersing vessel. 
The advantage of this system is that they can let the PLGA droplets be exposed with con-
sistent condition from the inlet channel, so it is easy to fabricate particles of a certain size 
by adjusting the �ow rate in the dispersing channel (Xie and Smith 2010).

23.3 Administration of Nanocarriers

23.3.1 Injectable Nanocarrier Systems

Intravenous administration of nanocarriers requires speci�c size ranges. Human blood 
vessels get thinner and �nally convert to a narrow capillary with a diameter of about 
2 μm. Thus, particles of inappropriate sizes can hinder blood �ow, if they congregate and 
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FIGURE 23.4
(See companion CD for color �gure.) Fluorescence image of PLGA-drug particles prepared by the hydrogel 
template method.

(a)

(d)

(e)(f )

(b)

(c)

FIGURE 23.3
(See companion CD for color �gure.) Description of the hydrogel template technology to fabricate homoge-
neous PLGA particles. (a) Silicon master template, (b) hydrogel imprinting, (c) hydrogel mold, (d) collection of 
particles, (e) dissolving the hydrogel mold, and (f) �lling the cavities in the hydrogel mold.
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accumulate at a certain capillary after intravenous injection. Choosing the right particle 
size becomes even more important for targeted delivery to a tumor site. It is generally 
believed that the pore size of tumor is below 700 nm, and thus nanoparticles should be 
smaller than that for ef�cient delivery at tumor site. Another factor to consider is that the 
RES is activated following the opsonization process, emitting the signal to the receptor of 
the macrophage. This initiates the scavenger to engulf the nanoparticles to break down the 
particles to fragments. The most important thing is that nanoparticles should be able to 
escape from the lysosome in which the pH is value reduced to around 4 with the presence 
of digestive enzymes. If the particles are designed to be dissolved at low pH in lysosome, 
the drug could diffuse through cytoplasm (Gibaud et al. 1996; Mukherjee et al. 1997). 
Introduction of a hydrophilic coating to nanoparticles is one approach of avoiding RES. The 
hydrophilic part of the polymer has to be long enough to make a thick layer surrounding 
the nanoparticles, and the hydrophobic area needs to prevent shear detachment. So far, 
PEG has been frequently used to coat the outer layer of nanoparticles to prolong the blood 
circulation.

23.3.2 Oral Delivery of Nanoparticles

Drug delivery by oral route is still the most preferred method of administration. Nano/
microparticles are believed to be uptaken from the gastrointestinal (GI) tract through M 
cells of the Peyer’s patches, which are follicles of lymphoid tissue specially composed of 
epithelium (Brayden et al. 2005; Hans and Lowman 2002). Nanoparticles are found to 
employ several pathways, such as passive diffusion, active transportation by membrane, 
and aqueous channel by opening tight junction, to pass through the gastrointestinal bar-
rier. Thus, after transcellular absorption is successfully done by M cells, nanoparticles can 
be transported to lymphocytes by a lymphatic absorption mechanism and have a greater 
chance to enter systemic circulation.

An experiment on the effect of size on GI absorption showed that PLGA particles with 
sizes ranging from 2 to 5 μm remained in the Peyer’s patches. On the other hand, particles 
smaller than 2 μm translocated to mesenteric lymph nodes (Yeh et al. 1998). Permeability 
tests were done by using Caco-2 cells. Mathiowitz et al. demonstrated that nanoparticles 
around 100 nm showed considerable uptake that is 2.5 times greater than that of a 1 μm 
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Sheer force
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FIGURE 23.5
(See companion CD for color �gure.) Fluidic nanoprecipitation system (FNPS) employing PLGA sample inlet 
and dispersing channel.
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microparticle (Mathiowitz et al. 1997). Another factor to enhance the transportation of 
nanoparticles is to take advantage of bioadhesion. Additionally, adding surfactants such 
as Tween 80 can considerably improve the passing of nanocarriers through the GIT. It 
was shown that oil materials containing peanut oil and Poloxamer 188 and 407 had no 
in�uence of uptake or even reduced the translocating of nanoparticles (Araujo et al. 1999; 
Hillery and Florence 1996).

Recently, many attempts have been made to develop oral delivery systems for peptides 
and proteins. Most of the peptide and protein drugs are too hydrophilic to pass through 
the M cell and too sensitive to overcome enzyme degradation than lower molecular weight 
drugs. In this regard, nanoparticles composed of biocompatible ingredients need to be 
designed to increase hydrophobicity and protect protein drugs from enzyme digestion and 
reduce the size of particles small enough to enter systemic circulation (Borchardt et al. 1997; 
Mizuma et al. 2000). Desai et al. showed that the 100 nm PLGA particles could translocate 
from the GI tract to the lymphatic area, whereas the 10 μm particles still remained inside 
the intestinal cavity (Desai et al. 1997). It has also been demonstrated that nanoparticles 
linked with Vitamin B12 or lecithin showed enhanced absorption by receptor-mediated 
endocytosis (Russell-Jones 2004; Russell-Jones et al. 2004).

23.4 Conclusions and Perspectives

For more than a decade, nanotechnology has become an essential part of drug delivery. 
Many efforts to discover a new strategy and renovate the previous nanoplatform tech-
nology have facilitated the development of new, innovative nanosized drug delivery 
systems. For example, treating malaria has been considered dif�cult to fully cure the 
disease because resistance to antimalarial drugs such as chloroquine and sulphadoxine-
pyrimethamine unexpectedly showed up. One way to overcome the resistance to anti-
malarial drugs is by delivering a high concentration of nanoparticles incorporating the 
drugs into the most favorable desired lesion where intracellular parasitophorous vacuoles 
are located. Fortunately, these efforts seem to move forward to eradicate the plasmodium. 
Another advantage of nanoparticles is that nanotechnology can be applied to diversify 
the administration routes including oral, pulmonary, intravenous, and ocular routes. 
Applying nanoparticles to pulmonary route can attribute to reducing the systemic toxicity 
and enhancing the bioavailability of drug in the main disease area. Also when adminis-
trated as intravenous injection, it is possible for nanoparticles to pass through the narrow 
capillaries and increase the cellular uptake with rapid onset time.

Nanoparticles have issues to resolve, too. Nanocarrier systems are known to deliver 
the active agent ef�ciently and enhance the cellular uptake because their size is small 
enough for endocytosis. Sometimes such an ef�cient delivery could result in nanopar-
ticles penetrating to an unwanted area such as the deep dermis layer of the skin. When 
a nanoparticle is administrated orally or in inhalation form, it could enter the intesti-
nal barriers or translocate from the vascular lungs to the cardio vessel. Thereby, it may 
cause unexpected systemic circulation based on its excellent ability to pass through small 
compartments of the body.

Overall, the advantages of using nanocarriers for drug delivery outweigh the possi-
ble side effects. It has been frequently observed that nanoparticle formulations result 
in enhanced bioavailability and ef�cacy. While it is expected that nanocarriers will 
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continue to improve for better treatment of various diseases, it needs to be understood 
that nanocarriers are not a panacea. Many studies have shown that nanoparticles or nan-
otechnology-based drug delivery systems are not superior to the control, especially in 
in vivo experiments. The future of nanotechnology for drug delivery is bright, only if 
the formulation scientists understand the limitations of the nanotechnology, rather than 
placing a blind trust on the technology without careful examination of the factors affect-
ing the in vivo ef�cacy.
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24
Lipid-Based Nanoparticles for siRNA Delivery

Bo Yu, L. James Lee, and Robert J. Lee

24.1 Introduction

Nucleic acid-based therapeutics hold great promise for the treatment of human diseases 
such as cancer (McCormick 2001, Juliano et al. 2008, Yu et al. 2009, Pecot et al. 2011). Speci�c 
strategies include gene therapy, antisense therapy, and RNA interference (RNAi)-based 
therapy (Rayburn and Zhang 2008, Yu et al. 2009). Small interfering RNA (siRNA), since its 
discovery in the late 90s, has been recognized as potentially the most promising approach 
among these strategies. siRNAs, which are duplexes of 19–23 nts in length, can be custom 
designed to speci�cally and ef�ciently silence gene expression (Wagner 1994, Fire et al. 
1998). They have been implemented routinely as a tool to study gene function in laboratory 
research and in drug development for target validation. In contrast to traditional small 
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molecule drugs, siRNAs targeting disease-causing genes are easy to design, based 
on available bioinformatic data. Consequently, siRNA has generated a great deal of 
enthusiasm as an emerging therapeutic strategy (Novina and Sharp 2004, Aboul-Fadl 
2005, Dykxhoorn and Lieberman 2006, Haussecker 2008). It offers signi�cant advantages 
over plasmid-based gene therapy. As depicted in Figure 24.1, siRNA molecules function 
in the cytoplasm and therefore do not require translocation to the nucleus for biological 
function. The molecular weight of a double-stranded siRNA molecule is ∼13 kDa, whereas 
the molecular weight of a plasmid DNA is often several hundred times greater. Thus, the 
biological barriers for siRNAs delivery are substantially lower.

Due to the physicochemical characteristics of siRNA, i.e., high molecular weight, 
polyanionic charge, and hydrophilicity, it is dif�cult for siRNA to get across the plasma 
membrane of a cell. There is a broad consensus that the greatest challenge to clinical 
translation of siRNA therapeutics is the lack of an ef�cient and safe delivery system. 
Nanocarriers (10–400 nm) are desirable as drug carriers because they are capable of 
carrying a large amount of drugs, have prolonged circulation time, and can selectively 
accumulate in tumors via the enhanced permeability and retention (EPR) effect (Jain 
1999, Allen and Cullis 2004, Alexis et al. 2008, Soussan et al. 2009). Several classes of 
nanocarriers have been developed for siRNA delivery, including lipid nanoparticles, 
polymeric nanoparticles (e.g., dendrimers and biodegradable polymeric nanoparticles), 
and micelles (Kim and Rossi 2007).

Lipid nanoparticles (LNPs) can be produced easily and clinical trials have already shown 
the potential safety and effectiveness of this class of carriers in humans. To achieve even 
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FIGURE 24.1
(See companion CD for color �gure.) Schematic of nucleic acid-based therapy. For gene therapy, large plasmid 
DNA is only effective when delivered into the nucleus. Meanwhile, oligonucleotides such as antisense ODN 
and siRNA can function in the cytoplasm.
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higher speci�city, LNPs can be surface modi�ed with ligands that speci�cally recognize 
receptors on tumor cells. Combining passive and active targeting in a single platform may 
further improve the therapeutic index of LNP delivered siRNAs.

This chapter is focused on LNPs for systemic delivery of siRNA in vivo. Decades of pub-
lished work on delivery of plasmid DNA and antisense ODN (AS-ODN) has provided a 
framework for designing siRNA delivery vehicles. This chapter will provide an overview 
of the various types of LNPs for siRNA delivery, highlighting structure–function relation-
ship studies on cationic lipids for siRNA delivery, and the issue of vehicle-related toxicity.

24.2 Mechanism of RNAi

RNA interference (RNAi) is a potent and speci�c gene silencing mechanism. Endogenous 
small RNAs, called microRNAs (miRNA), which function at the translational level, have 
been shown to regulate important genes associated with cell development, differentia-
tion, and death (Aagaard and Rossi 2007, Kim and Rossi 2007, Pecot et al. 2011). In contrast, 
siRNAs are typically custom designed, synthetic molecules that mediate gene silencing 
at the transcription level. siRNA is double-stranded RNA chain 19–23 nt in length (Fire 
et al. 1998, Aagaard and Rossi 2007). In siRNA-mediated RNAi, siRNA �rst interacts 
with Argonaute-2 (Ago-2) to form RNA-induced silencing complexes (RISCs). The sense 
strand of the siRNAs is then cleaved and the antisense strand seeks out and selectively 
degrades mRNAs with the complementary sequence, thus preventing translation of the 
target mRNA into protein, i.e., “silencing” the gene (Whitehead et al. 2009). This RISC-
based mechanism is highly ef�cient. In theory, siRNAs can be designed to inhibit any 
gene target, including those that are dif�cult to modulate selectively with traditional 
small molecules or with antibodies. In addition, a relatively low dosage is required for 
siRNA-mediated gene silencing due to its high potency. For these reasons, siRNA-based 
RNAi has been widely utilized for gene-function analysis and drug-target validation in 
drug development (Kim and Rossi 2007, Pecot et al. 2011).

24.3 Barriers to Delivery of siRNA In Vivo

As polyanionic macromolecules, siRNAs face multiple obstacles in reaching their 
intracellular site of action. The therapeutic application of siRNAs is hindered by their 
limited chemical stability in serum, rapid blood clearance, and poor cellular uptake (Behlke 
2006, Juliano et al. 2008, de Martimprey et al. 2009, Whitehead et al. 2009, Yu et al. 2009). 
The chemical stability of siRNAs can be improved by backbone modi�cations (Kurreck 
2003, Aboul-Fadl 2005, De Paula et al. 2007, de Fougerolles et al. 2007). In the absence of 
a delivery vehicle, it is likely that free siRNAs can only be given by local administration. 
Local administration of siRNA appears effective for siRNA delivery to the eye and lung for 
age-related macular degeneration (AMD) and respiratory syncytial virus (RSV) infection 
(Juliano et al. 2008, Davis 2009, Whitehead et al. 2009).

For systemic administration of siRNA for delivery to solid tumors, there are four major 
barriers, as illustrated in Figure 24.2. First, the siRNAs must avoid rapid degradation 
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in serum, rapid excretion by renal �ltration, and clearance by the reticuloendothelial 
system (RES). Second, the siRNAs need to reach tumor cells following extravasation. 
Third, the siRNAs must be ef�ciently taken up by the target cells, typically via an endo-
cytic process. Finally, they must be released from the endosome to gain access to the RNAi 
machinery located in the cytoplasm (Juliano et al. 2009). An effective delivery strategy 
must take into account the need to overcome all of these barriers, as well as to avoid intro-
ducing toxicity and stimulating undesirable cytokine response.

24.4 Lipid Nanoparticles for siRNA Delivery

Lipid nanoparticles (LNPs) have been recognized as one of the most promising delivery 
systems mainly due to their biocompatibility and relatively ease of large-scale production. 
Moreover, early clinical trials have demonstrated the potential safety and ef�cacy of these 
systems.

Synthetic cationic lipids are the building blocks for LNPs. Cationic LNPs have been 
widely used as nonviral delivery systems for nucleic acids ever since the successful dem-
onstration of 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) for DNA 
transfection in vitro by Felgner et al. in 1987. Most cationic LNPs involve formulations 
composed of both cationic and neutral lipids. The role of the cationic lipid is to enable 
formation of complexes between the lipid components and the negatively charged siRNAs 
by electrostatic interaction. At an optimal lipid nitrogen to nucleic acid phosphate (N/P) 
ratio, the resulting complexes, known as lipoplexes, have a positively charged surface. 
This enables interaction with the negatively charged cell membrane, and therefore facili-
tates internalization by endocytosis. Furthermore, cationic lipids can form ion pairs with 
anionic phospholipids within the endosomal membrane, thus destabilizing the membrane 
by promoting bilayer transition to an inverted micelle or hexagonal (HII) phase, a trans-
formation expected to trigger endosomal escape and cytoplasmic localization of the cargo 
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FIGURE 24.2
(See companion CD for color �gure.) Schematic of delivery barriers to a tumor. After administration into blood 
circulation, the siRNA-loaded LNPs (siRNA-LNPs) must reach the tumor through an extravasation process (1), 
which can be facilitated by the enhanced permeability and retention (EPR) effect. Then, siRNA-LNPs need to 
further redistribute within tumor interstitium either by convection or by diffusion (2), followed by binding to 
the target cell membrane and uptake by endocytosis (3). Inside the cells, the siRNA has to escape from the endo-
some (4) to reach the cytoplasm to exert bioactivity.



539Lipid-Based Nanoparticles for siRNA Delivery

siRNA (Koynova and Tenchov 2010, Dominska and Dykxhoorn 2010, Huang and Liu 2011). 
According to the head group, cationic lipids can be divided into two classes: conditionally 
ionizable and permanently ionized cationic lipids, which are based on tertiary and quater-
nary amines, respectively (Heyes et al. 2005, Semple et al. 2010).

Generally speaking, simple electrostatic complexes of siRNA and cationic lipid are not 
suitable for systemic administration because of their poor serum stability and cytotoxicity. 
Therefore, sophisticated formulation strategies need to be developed. Typically, a lipophilic 
derivative of polyethylene glycol (PEG) is used to sterically stabilize LNPs. Neutral lipids, 
including egg phosphatidylcholine (Egg PC), cholesterol, and dioleoyl-phosphatidyletha-
nolamine (DOPE), are used to improve the stability of the LNPs or, in the case of DOPE, to 
promote endosomal escape. Some commonly used lipids are shown in Figure 24.3.

24.5 Synthesis of siRNA-LNPs

Lipid nanoparticles are formed via electrostatic interactions between the cationic lipids 
and the anionic siRNA. Due to similarities between AS-ODN and siRNA, the approaches 
designed for synthesis of ODN loaded LNPs can be adapted to synthesis of siRNA-LNPs. 
Several techniques have been reported for synthesis of ODN-based LNPs, including 
detergent dialysis (Wu and McMillan 2009), ethanol dilution/dialysis (Maurer et al. 2001), 
freeze-thaw (Yamada et al. 2005), and thin-�lm hydration (Podesta and Kostarelos 2009). 
Typically, lipids and ODNs spontaneously assemble into heterogeneous nanostructures in 
the bulk phase. Sometimes the complex formation is carried out in 40% ethanol to facilitate 
particle formation followed by dilution or removal of the ethanol by dialysis. Post-processing, 
such as sonication or extrusion, which reduces particle size and size distribution is often 
required. Consequently, novel one-step engineering approaches capable of achieving 
controlled mixing are desirable. Recently, our lab developed a micro�uidic hydrodynamic 
focusing (MHF) technology to synthesize ODN LNPs (Koh et al. 2010). The MHF synthesis 
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resulted in improved LNP size control and enhanced biological activity. Moreover, we have 
reported a novel single-step method for synthesis of ODN LNPs by rapid evaporation of 
ethanol using a coaxial electrospray device (Wu et al. 2009).

The resulting LNP particles generally have onion-like multilamellar structures based 
on results from cryo-transmission electron microscope (cryo-TEM) (Weisman et al. 2004, 
Koh et al. 2010, Yang et al. 2009) images. The mechanism of formation of these “onion”-like 
nanostructures is illustrated by a “zipper” effect model (Weisman et al. 2004). According to 
this model, the negatively charged oligonucleotides act as bridges between adjacent lipid 
bilayers containing a cationic lipid. Although our newly developed MHF method has been 
shown to produce more uniform and smaller nanoparticles, the onion-like nanostructures 
still remained (Koh et al. 2010).

24.6 Rational Design of Cationic Lipids

siRNA-based therapeutics require delivery of siRNAs into the cytoplasm. siRNA-LNPs 
need to be capable of cellular binding, transport to the endosome, escape of siRNAs from 
the endosome, and loading into RISC. To achieve the highest cellular uptake, slightly posi-
tively charged LNPs are desirable. Endocytosis is the most common pathway for the cel-
lular entry of LNPs (Hillaireau and Couvreur 2009, Sahay et al. 2010). siRNA-LNPs, upon 
internalization, become entrapped in early endosomes (pH 6.5), followed by late endo-
somes (pH 5.5) and lysosomes (pH 4.5) where they can be degraded. In order to avoid deg-
radation, it is important for the siRNA molecules to escape from the early/late endosomes.

24.7 Endocytosis Pathway for LNPs

The endocytosis route is considered the predominant pathway for the uptake of siRNA-
LNPs into cells. Endocytosis is further sub-classi�ed into clathrin-dependent endocytosis 
(also known as clathrin-mediated endocytosis [CME]), caveolae-mediated endocytosis, and 
macropinosome-mediated endocytosis (i.e., macropinocytosis) (Sahay et al. 2010). Generally, 
most siRNA-LNPs are internalized through clathrin-mediated endocytosis. In addition, 
cell type, particle size, shape, composition, and surface chemistry/charge may determine 
the speci�c route of endocytosis. It should be noted, however, that some LNPs do not enter 
cells via CME. For example, Anderson et al. reported that the best-performing lipidoid, 
C12-200, did not enter cells through the classical endocytic pathway—CME—but rather by 
macropinocytosis (Love et al. 2010). It is believed that in certain cell types, the �uid content 
of macropinosomes is not transported to lysosomes, thereby avoiding the lysosomal degra-
dation characteristic of the regular CME pathway (Love et al. 2010, Sahay et al. 2010).

24.8 Mechanism of Endosomal Escape

Upon endocytosis, the cationic lipids interact with the anionic phospholipids in the 
endosomal membrane. The process of endosomal membrane destabilization is associated 
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with the structural evolution of lipoplexes/anionic lipids from a stable bilayer phase to 
an unstable phase. Although the precise mechanisms of endosomal escape may vary, 
three models have been proposed: the charge–charge destabilization model, the ion–pair 
formation model, and the proton sponge model.

24.8.1 Charge–Charge Destabilization Model

During endocytosis, the cationic LNPs adhere to and undergo fusion with the anionic 
membrane of the early endosome, enabling their internalization into the cell. In this model, 
the negatively charged endosomal membrane lipids destabilize the interaction between the 
cationic lipids and the negatively charged siRNAs. This facilitates the release of siRNA out 
of the endosome (Tseng et al. 2009). Sa�nya et al. de�ned the membrane charge density in 
terms of σM (charge per unit area) (Leal et al. 2010). They found that siRNA-LNPs with low 
σM are unable to escape the endosome, resulting in low transfection ef�ciency. According 
to this theory, the higher the σM, the greater the siRNA transfection ef�ciency.

24.8.2 Ion–Pair Formation Model

In this model, after endocytosis, cationic lipids interact with anionic phospholipids within 
the endosome membrane, forming ion pairs that adopt non-bilayer structures. These interac-
tions result in destabilization of both the LNP and endosome membranes. Electrostatic inter-
action between cationic lipid and anionic lipid further promotes the formation of an inverted 
hexagonal HII phase, which is a destabilizing structure. Molecular shape is used to describe 
the lipid polymorphism (Hafez and Cullis 2001). Lipids with a large head group and a small 
hydrocarbon tail can self-assemble into micelles (Figure 24.4a). Lipids with nearly equal head 
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FIGURE 24.4
(See companion CD for color �gure.) Molecular shape of lipids and the predicted self-assembled structures: (a) 
micelle, (b) bilayer (Lα), and (c) inverted hexagonal (HII).
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group and hydrocarbon cross-sectional areas, i.e., of cylindrical shape, prefer to form bilayers 
(Figure 24.4b). Meanwhile, lipids with a small head group and bulky cis-unsaturated hydro-
carbon groups favor the HII phase (Figure 24.4c; Hafez and Cullis 2001, Hafez et al. 2001). 
Poly-cis-unsaturated lipids are the most effective in this regard. For instance, cationic lipids 
with C18:2 alkyl chains have been shown to have higher transfection ef�ciency than compa-
rable cationic lipids with C18:1 chains (Heyes et al. 2005, Huang and Liu 2011).

As shown by cryo-TEM and small-angle x-ray scattering (SAXS), the siRNA LNPs exhibit 
a lamellar liquid crystalline phase Lα (Pozzi et al. 2009). The Lα structure is required for sta-
bility during in vitro culture and in vivo systemic administration, while the HII structure is 
required for escaping the endosome. Therefore, the key for designing new cationic lipids is to 
enable ef�cient transition from Lα to HII inside the endosome in response to the change in pH.

Parameters that determine the structure and stability of siRNA-LNPs include the 
selection of the cationic and helper lipids as well as the lipid-to-siRNA ratio (Niculescu-
Duvaz et al. 2003, Pozzi et al. 2009). For example, formulations containing the helper lipid 
DOPE usually give high transfection ef�ciency because DOPE is able to promote the 
transformation to the inverted hexagonal structure, HII (Ma et al. 2007, Pozzi et al. 2009). 
The transfection ef�ciency of LNPs usually increases with the increase in weight fraction 
of DOPE in the formulation. However, high DOPE content reduces particle stability.

Furthermore, controlling the number of layers of multilamellar structure is an alternative 
strategy to improve transfection ef�ciency. For endosome escape or membrane fusion of 
the LNP with multilamellar layers, it may be necessary to “peel off” each layer to release 
the entire payload of siRNAs, which is an inef�cient process. A great deal of siRNA 
payload may remain trapped within the interior lamellar layers of the lipoplex, leading to 
lysosomal degradation. To reduce lamellarity, LNPs with a “core-shell” structure may be 
used instead of LNPs with an “onion-like” structure.

24.8.3 Proton Sponge Model

After internalization by endocytosis, the endosome acidi�es and amine groups on LNPs 
that have a pKa in this range (typically between 5 and 7) become protonated. The in�ux 
of additional protons as well as chloride ions follows. The uptake of ions results in 
osmotic swelling and rupture of the endosome membrane and the release of its content 
in the cytoplasm (Dominska and Dykxhoorn 2010, Huang and Liu 2011). There are many 
materials that have amines with pKa values in the range of 5–7, such as polyethylenimine 
(PEI) and β-amino esters. The tertiary amines found on ionizable cationic lipids also have 
a pKa in this range (Heyes et al. 2005, Semple et al. 2010).

In fact, the cationic siRNA-LNPs may utilize two or three endosomal escape mechanisms 
to facilitate release of siRNA. The concept of incorporating an ionizable cationic lipid 
with a tertiary amine head group is highlighted in SNALP technology (Heyes et al. 2005, 
Zimmermann et al. 2006). In this case, the positive charge density of the LNP is minimal at 
the pH of the culture medium or blood circulation, but increases substantially in the acidic 
environment once the LNP enters the endosome. The membrane-destabilizing property 
of the LNP is signi�cantly increased via protonation of tertiary amines and associated 
increases in charge intensity.

24.8.4 Structure–Function Relationship Study

Signi�cant efforts are being made to better understand the structure–activity relationship 
(SAR) of the cationic lipids. Surface charge can be characterized via zeta (ζ) potential 
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measurement. Particle size is typically measured through dynamic light scattering (DLS). 
The morphology can be determined by cryo-TEM. Physical properties are also measured 
by small-angle x-ray scattering (SAXS), differential scanning calorimetry (DSC), and 
isothermal calorimetry (ITC).

Cryo-TEM is an electron microscopy technique that uses vitri�ed sample �lm obtained 
by rapidly freezing the sample �lm (−196°C) on a carbon-coated grid. It is an invaluable tool 
for the study of nanostructures formed by lipids/siRNAs in aqueous solutions. Lamellar 
complexes (bi- or multi-) account for the majority of nanostructures of siRNA-based LNPs 
reported in the literature. The lamellarity is mainly dependent on the nucleic acid-to-lipid 
ratio (Semple et al. 2001). Furthermore, there are substantial similarities between LNP 
structures incorporating ODN, siRNA, or DNA (Thierry et al. 2009). The process of particle 
formation for the “onion”-like multilamellar nanostructures by the “zipper” effect model 
is illustrated by Dr. Yeshayahu Talmon’s group (Weisman et al. 2004).

The roles of head group design and pKa, hydrocarbon length, degree of unsaturation, 
and asymmetry in bilayer disruption activity have been studied systematically to establish 
SARs. Overall, biological data have correlated well with predictions from the molecular 
“shape” analysis (Hafez and Cullis 2001). Further studies are necessary to establish the SAR 
between the nanostructure of siRNA-LNPs and transfection. Several novel technologies 
for characterizing intracellular traf�cking pathways, such as Q-dot/FRET, may provide 
new insights to this important problem (Wu et al. 2011).

24.8.5 Advances in Novel Cationic Lipids

A cationic lipid may be separated into three functional moieties: long hydrocarbon chains, 
a linker, and an amine-based head group. The overall property of a cationic lipid arises 
from the design of these three moieties. Due to the complexity of the delivery pathway, no 
precise schemes can be deduced to correlate the cationic lipid chemistry with transfection 
ef�cacy. Therefore, the optimization of molecular structures for cationic lipids is still largely 
an empirical exercise. A large number of cationic lipids have been synthesized for nucleic 
acid delivery systems (Bhattacharya and Bajaj 2009, Montier et al. 2008). A typical in vivo 
delivery system consists of cationic lipids, neutral lipids (e.g., cholesterol) and PEG–lipids. 
For example, the “stable nucleic acid lipid particles” (SNALP) formulation is composed of 
ionizable cationic lipids such as 1,2-dioleyloxy-N,N-dimethyl-3-aminopropane (DODMA) 
and 1,2-dilinoleyloxy-3-dimethyl aminopropane (DLinDMA), a diffusible PEG–lipid and 
cholesterol. Ionizable cationic lipids with pKa < 7.0 are able to ef�ciently encapsulate nucleic 
acids at low pH during LNP synthesis, and yield LNPs with neutral or low zeta potential 
at pH 7.4, i.e., the physiological pH (Heyes et al. 2005). The degree of saturation of cationic 
lipids affects lipid pKa, fusogenicity, cellular uptake, and gene silencing activity. It was 
found that a lipid with linoleyl moieties containing two cis double bonds per hydrocarbon 
chain (DLinDMA) was very active for transfection. Cationic lipids with a high fusogenic 
activity generally lead to LNPs with a higher siRNA transfection ef�ciency (Heyes et al. 
2005, Semple et al. 2010).

Semple et al. (2010) synthesized a series of cationic lipids based on DLinDMA, with 
the aim of �nding the optimal linker between head groups and two hydrophobic lipid 
chains. Keeping the linoleyl chains constant, they found that the introduction of a ketal 
ring linker signi�cantly increased activity in vivo. The best-performing lipid, DLin-KC2-
DMA, remarkably reduced the half-maximal effective dose (ED50) of siRNA from ∼1.0 to 
∼0.03 mg/kg in rodents (Semple et al. 2010). Meanwhile, Anderson et al. took a differ-
ent approach to screen novel lipid-like materials termed “lipidoids” (Akinc et al. 2008, 
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Love et al. 2010). Based on a high-throughput screening approach, they developed a very 
potent molecule, lipidoid C12-200, for liver targeted delivery of siRNA in vivo (Love et al. 
2010). Using this novel lipidoid, in vivo ED50 of 0.03 mg/kg was achieved in nonhuman pri-
mates. In addition, it was found that in vitro and in vivo delivery ef�ciencies could not be 
directly correlated. According to these studies, at least two design features were generally 
deemed favorable: one or more tertiary amines containing head groups and polyunsatu-
rated lipid chains consisting of 16–18 carbon tails.

24.9 In Vivo Application of siRNA

The feasibility of selective and ef�cient delivery of siRNA therapeutics using LNPs has 
been demonstrated in numerous studies. There are two major mechanisms behind tissue 
selective delivery in vivo: passive targeting and active targeting.

24.9.1 Passive versus Active Targeting

In contrast to normal tissues, many solid tumors possess certain structural features 
including hyperpermeable vasculature and impaired lymphatic drainage (Matsumura 
and Maeda 1986, Hobbs et al. 1998). Passive targeting refers to the selective extravasation 
and retention of long-circulating nanoparticles at tumor sites due to the EPR effect. In con-
trast, active targeting is based on speci�c interactions with receptors on target cells, which 
often mediate endocytosis. In general, LNPs with a particle size between 10 and 200 nm are 
favorable for tumor delivery. Zeta potential is another important parameter. Both highly 
positive and highly negative charged LNPs are susceptible to rapid clearance by the RES. 
Thus, it is important to design LNPs with either neutral or slight anionic charge. Passive 
targeting only facilitates the ef�cient localization of LNPs in the tumor interstitium. It can-
not further promote their intratumoral distribution and uptake by cancerous cells. For this 
reason, receptor-based active targeting strategies are being investigated for nanoparticles.

24.9.2 PEGylation of LNPs

A common method for reducing the recognition of nanoparticles by the RES is to coat their 
surfaces with polyethylene glycol (PEG) (Caliceti and Veronese 2003, Alexis et al. 2008). 
Due to the steric effect of the hydrophilic PEG, the binding of LNPs to opsonins, which 
promote RES clearance, is signi�cantly reduced, resulting in prolonged circulation time 
and increased accumulation at the tumor sites via EPR effect. However, once the siRNA-
LNPs localize in the pathological site, LNPs are expected to disassemble and release their 
genomic payload in an ef�cient manner. The PEG coating can reduce the interactions 
between the LNPs and the cells and hinder siRNA release from the endosome. According 
to the ion pair formation mechanism for endosomal release, HII phase formation requires 
close contact between the head groups of the lipids of the LNP and those of the endosomal 
membrane. PEGylation of LNPs may signi�cantly reduce the interactions between the 
cationic lipids and the endosomal lipids due to steric hindrance (Tseng et al. 2009). Hence, 
de-PEGylation of the LNPs is very important for high transfection activity. This presents a 
dilemma, which can be addressed by a reversible PEGylation strategy. It has been found that 
PEG–lipid conjugates with longer PEG chain(s) and/or shorter hydrocarbon chains tend to 
diffuse away from the lipid bilayer at a faster rate. The diffusion rate is dependent on the 
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hydrocarbon chain length (C14 > C20) and the degree of saturation (unsaturated > saturated). 
For example, inclusion of 10 mol% PEG-CerC14 in SNALP results in approximately 10-fold 
higher gene expression compared with the PEG-CerC20-containing formulation (Cullis 
2002). Alternatively, an acid cleavable linker between PEG and lipid can be used to address 
this problem (Romberg et al. 2008).

24.9.3 Active Targeting in Delivery of siRNA

Receptor-mediated delivery can provide added speci�city (Qian et al. 2002, Yu et al. 
2009). Targeting ligands may consist of folate, transferrin, antibodies, peptides, or 
polysaccharides (Yu et al. 2010). For example, cyclin D1 targeted siRNAs were systemically 
delivered selectively to activated leukocytes by LNPs conjugated to antibodies to β7 
integrin (Peer et al. 2008). These nanoparticles were used to selectively deliver cyclin D1 
siRNA to β7-positive leukocytes both in vitro and in vivo. With siRNA-mediated silencing 
of cyclin D1 expression, leukocyte proliferation was suppressed in a mouse model 
of colitis, which validated CyD1 as a potential anti-in�ammatory target. Transferrin-
associated LNPs have been used extensively for siRNA delivery as well. Using a single-
chain anti-Tf antibody fragment as the targeting ligand, Chang et al. (Xu et al. 2001, 2002, 
Yu et al. 2004, Hu-Lieskovan et al. 2005, Pirollo et al. 2006, 2007) developed a nano-sized 
immunoliposome-based delivery complex (scL) to deliver nucleic acids, including plasmid 
DNA, antisense ODN, and siRNA, to both primary and metastatic diseases. To enhance the 
ef�ciency of this complex, a pH-sensitive histidine-lysine peptide (scL-HoKC) was added. 
In the delivery of anti-HER-2 siRNA by scL-HoKC, human tumor cells were sensitized 
toward chemo-therapeutics and the target gene was effectively silenced, signi�cantly 
inhibiting tumor growth in a pancreatic cancer model (Pirollo et al. 2006, 2007).

24.10 Safety and Efficacy of siRNA-LNPs in the Clinic

In terms of ef�cacy, there are many successful examples of the in vivo delivery of siRNA 
using LNPs in mice and nonhuman primates. In addition, there have been a few early 
stage clinical trials on siRNA therapeutics. Davis et al. developed a polymer-based delivery 
system, which consists of a cyclodextrin-containing cationic polymer (CDP), a polyethylene 
glycol (PEG) steric stabilization agent, and human transferrin (Tf) (Hu-Lieskovan et al. 2005, 
Heidel et al. 2007a,b, Davis 2009). They employed their Tf-CDP nanoparticles for delivery 
of siRNA targeting RRM2, which is a M2 subunit of ribonucleotide reductase (Heidel et al. 
2007a,b). Compared to the nontargeted nanoparticles, the Tf-CDP nanoparticles containing 
RRM2 siRNA showed signi�cant antitumor effect for the treatment of solid tumors. 
Subsequently, this delivery system formed the basis of the �rst clinical trial on systemic 
targeted delivery of siRNA. The siRNA-mediated mRNA cleavage was observed from a 
patient who received the highest dose of nanoparticles. These data con�rmed that siRNA 
administered systemically to a human could produce speci�c gene inhibition by a RNAi 
mechanism of action (Davis 2009).

Several companies currently have Phase I programs to study the safety and tolerability 
of systemic delivery of siRNA. Alnylam is studying the delivery of two siRNAs, KSP and 
VEGF (ALN-VSP- 02), using the SNALP formulation for therapy of hepatocellular carcinoma 
(HCC). In addition, Tekmira has used the SNALP delivery technology in a Phase I study to 
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determine the safety and tolerability of an ApoB targeting siRNA (PRO-040201) delivery 
to the liver. In addition, Tekmira has initiated a Phase I human clinical trial on a PLK1 
targeting siRNA (TKM-PLK1) in relapsed or refractory cancer patients. Another Phase I 
clinical trial on Atu027 has been announced by Silence Therapeutics to treat a broad range 
of solid tumors. Atu027 is based on a chemically modi�ed siRNA formulated in liposomes 
against PKN3 (protein kinase N3) (Stanton and Colletti 2010, Vaishnaw et al. 2010).

24.10.1 siRNA and Vehicle-Related Side Effects

Unwanted side effects, such as off-target gene silencing and immunostimulation, have 
been major concerns for siRNA-based therapeutics (Agrawal and Kandimalla 2004, Judge 
and MacLachlan 2008, Robbins et al. 2009). For instance, siRNAs are known to induce 
silencing of multiple genes via a miRNA-like mechanism (Dykxhoorn and Lieberman 
2006, Aagaard and Rossi 2007). The off-target effects can be ameliorated by incorporating 
advanced bioinformatic guidance in the designs of sequences and by introducing chemi-
cal modi�cations to the siRNA molecule. For example, a single 2′-O-methyl substitution 
was found to signi�cantly reduce off-target effects without compromising gene silencing 
activity (Judge et al. 2005, Robbins et al. 2007, Judge and MacLachlan 2008).

siRNAs may potentially cause problems by triggering a cytokine response, which stems 
from the recognition by toll-like receptors (TLRs) in cells of the innate immune system 
(Agrawal and Kandimalla 2004, Judge and MacLachlan 2008, Robbins et al. 2009). It is well-
established that unmethylated CpG motifs are able to stimulate the immune system by 
the TLR9-driven pathway (Klinman 2004). Similarly, siRNAs can be recognized by TLR3 
or TLR7/8 (Judge and MacLachlan 2008, Robbins et al. 2009). In addition to the TLRs, the 
helicases RIG-1 and Mda5 as well as protein kinase R play an important role in the rec-
ognition of siRNAs by the immune system. The majority of innate immune activation by 
siRNAs in vivo is mediated through TLR7/8 in immune cells. It was revealed that TLR7/8 
binding is sequence speci�c, favoring GU-rich sequences (Judge et al. 2005, Judge and 
MacLachlan 2008, Robbins et al. 2009). Therefore, the recognition of siRNAs by TLR7/8 can 
be avoided by choosing sequences that are not recognized by these receptors. Additionally, 
TLR7/8-mediated recognition and immune stimulation by siRNA can be reduced by the 
2′-O-methyl modi�cation on the siRNA. In contrast, 2′-O-methylation of siRNA does not 
block TLR3 activation (Kleinman et al. 2008). Unlike TLR7/8, TLR3 is localized in both 
the cell surface and the endosome (Sioud 2008, Robbins et al. 2009, Semple et al. 2010). 
In a recent clinical trial of siRNA targeting vascular endothelial growth factor (VEGF), it 
was demonstrated that the observed decrease in vascularization was not a sequence- and 
target-dependent effect on angiogenesis, but rather a result of nonspeci�c activation of 
TLR3 (Kleinman et al. 2008). This �nding highlighted another concern for the safe use of 
siRNAs-based therapeutics in clinic (Judge and MacLachlan 2008, Robbins et al. 2009).

Furthermore, siRNAs may compete or interfere with endogenous RNAi pathways by 
microRNAs, leading to additional off-target effects of siRNA (Dykxhoorn and Lieberman 
2006, Kurreck 2009, Whitehead et al. 2009).

24.10.2 Lipid-Mediated Side Effect

Synthetic siRNAs formulated in cationic LNPs can potentially induce interferons and 
in�ammatory cytokines. It has been demonstrated that cationic lipids can modify cellular 
signaling pathways and stimulate speci�c immune or anti-in�ammatory responses. Due 
to their charge, cationic lipids are responsible for nonspeci�c interaction with negatively 
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charged cellular components such as opsonins, serum proteins, and enzymes. This leads 
to interference with the activity of ion channels, which causes the cellular toxicity (Lonez 
et al. 2008). Recent studies by Kedmi et al. (2010) using siRNA-LNPs revealed that cationic 
LNPs caused hepatotoxicity as well as signi�cant weight loss in mice when compared 
to neutral and negatively charged LNPs. Tekmira Pharmaceuticals recently terminated 
a clinical trial of a SNALP formulation of siRNA for hypercholesterolemia because the 
cytokine response interfered with dose escalation. Although the underlying reasons have 
not been clearly identi�ed, the immunostimulatory activity of cationic lipid should be 
considered carefully.

24.11 Conclusions and Perspectives

According to the aforementioned discussion, siRNA-based therapeutics have yet to be 
developed as an effective therapeutic modality. A safe, ef�cient and cell-type speci�c 
delivery system is prerequisite for successful clinic applications of siRNAs. Due to the 
overall similarity in the nucleic acid backbone, the �eld of siRNA formulation development 
has also experienced similar development and delivery hurdles that have impacted the 
commercial product development of other nucleic acid therapeutics such as plasmid DNA 
and AS-ODN. LNPs are one of the most promising delivery systems for siRNAs. When 
designing cationic LNPs, both the molecular and meta-molecular scale factors must be 
taken into consideration. The fate of siRNA-LNPs in vivo is affected by various factors 
such as particle size, morphology, and surface chemistry. Sophisticated structures of the 
particles and preparation methods also in�uence the in vivo effect considerably. Better 
understanding of the morphology and mechanism of endosomal escape is important for 
rational development of siRNA-LNPs. Other strategies, such as attaching a targeting ligand 
to the LNPs, could further enhance the delivery ef�ciency. The safety issues associated 
with siRNA and LNP carriers need to be fully addressed. We believe that development of a 
rational strategy for designing siRNA-LNPs that is based on interdisciplinary collaboration 
is needed to advance siRNA therapeutics toward eventual clinical success.
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25
Nanodiamonds for Bioimaging and 
Therapeutic Applications

V. Vaijayanthimala, Yuen Yung Hui, and Huan-Cheng Chang

25.1 Introduction

Nanobiotechnology, a burgeoning scienti�c and technological �eld, represents a multi-
disciplinary branch of sciences. The main objective of the technology is to design and 
synthesize materials and structures on the nanometer scale that mimic biomolecular 
architectures and functions (Niemeyer 2001). Such synthesized nanoscale building 
blocks can be endowed with novel and extraordinary properties not found in biological 
systems. Over the years, nanoparticles made of polymers, lipids, and their hybrids have 
been examined thoroughly for many biological and medical applications (Peer et al. 2007). 
Recent researches on carbon-based nanomaterials tremendously advance the �eld with 
the discoveries of new members of carbon family including fullerenes (Kroto et al. 1985), 
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nanotubes (Iijima 1991), nano-onions (Ugarte 1992), nanohorns (Iijima et al. 1999), graphenes 
(Novoselov et al. 2004), and ultra-nanocrystalline diamonds (Greiner et al. 1988). Among 
these nanocarbon materials investigated, nanodiamonds (NDs) have gained increasingly 
more attention of life scientists due to their potential and promising applications in various 
domains of biology and medicine (Ho 2009).

Diamond is one of the best known allotropes of carbon, comprised solely of sp3 bonds. 
It has several superlative physical properties including (1) the hardest material known, (2) 
the highest thermal conductivity of any bulk material, and (3) the largest refractive index 
of all dielectric materials (Field 1992). These properties, in combination with its remark-
able chemical inertness, make it a prevailing material in jewelry and industrial applica-
tions. However, diamond also possesses other characteristics favorable for biological use. 
For example, the material is highly biocompatible, non-toxic, and environmentally benign 
(Dion et al. 1993). The surface of diamond is amenable to derivatization with a variety of 
organic functional groups for subsequent conjugation with bioactive molecules (Yang et al. 
2002, Hartl et al. 2004, Nebel et al. 2007). Additionally, diamond has a wide optical trans-
parency range and often contains atomic defects or impurities as color centers (Zaitsev 
2001). These centers can emit bright photoluminescence in the near-infrared window suit-
able for bioimaging (Hui et al. 2010a). All these unique characteristics are preserved even 
for diamond at the nanoscale, suggesting that nanodiamond (ND) can provide a unique 
carbon-based platform for versatile biological and biotechnological applications (Holt 2007, 
Krueger 2008, Barnard 2009, Vaijayanthimala and Chang 2009a, Xing and Dai 2009). It is 
anticipated that the employment of NDs as diagnostic, imaging, and therapeutic agents 
will lead to better understanding of living processes from cellular to whole animal levels.

In this chapter, we �rst discuss the color centers of ND in Section 25.2 and the biocom-
patibility of ND in Section 25.3. Then we outline the bioimaging applications of ND in 
Section 25.4 and the therapeutic applications in Section 25.5. The subjects about the devel-
opment and use of single color centers in diamond for quantum computing and informa-
tion are beyond the scope of this chapter and can be found elsewhere (Santori et al. 2010, 
Aharonovich et al. 2011b). Also, the design and fabrication of ND-based drug delivery 
patches or �lms for therapeutic applications has been comprehensively reviewed by Liu 
et al. (2009a) and will not be discussed.

25.2 Color Centers in ND

Prevailing commercial NDs can be roughly classi�ed into three groups according to their 
particle size: diamondoids (∼1 nm), ultra-nanocrystalline particles (within few nanometer), 
and nanocrystalline particles (tens of nanometer). Diamondoids are a new class of com-
pounds, consisting of one up to ten adamantane cages terminated with H atoms, typically 
sub-nanometer in size. They are discovered in and extracted from natural petroleum and 
have potential uses in biomedicine (Dahl et al. 2003). Nanoscale diamond particles, on the 
other hand, can be synthesized by a number of methods including high-pressure-high-
temperature (HPHT) (Field 1992), chemical vapor deposition (CVD) (Spear and Dismukes 
1994), and detonation (Shenderova and Gruen 2006) processes. These NDs can emit vis-
ible �uorescence from intrinsic defects and impurities (i.e., color centers) when excited 
optically. Alternatively, they can �uoresce from color centers produced extrinsically by 
radiation damages (Zaitsev 2001). The wavelength of the emission depends on the type of 
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color centers embedded in the diamond matrix and the brightness of the emission scales 
with the number of the color centers in the particles. In the following section, to simplify 
the presentation, we will focus our discussion on the nitrogen-vacancy color centers only. 
The NDs that contain a high concentration of color centers are called �uorescent nanodia-
monds (FNDs) (Yu et al. 2005).

25.2.1 Nitrogen-Vacancy Color Centers

Nitrogen is the most common impurity in natural and synthetic diamonds (Davies 1994). 
The impurities are incorporated into the crystal lattice as atomically dispersed entities 
or aggregates to form C-centers (isolated substitutional nitrogen atoms), A-centers (two 
nearest-neighbor substitutional nitrogen atoms), or B-centers (four substitutional nitrogen 
atoms surrounding a vacancy). These centers alone do not �uoresce but can become 
brightly �uorescent when forming stable complexes with vacancies. Table 25.1 lists the 
photophysical properties of some vacancy-related defect centers in diamond. Among 
these centers, the ones of particular interest for optical bioimaging applications are (N–V)−, 
(N–V)0, and H3 (Hui 2010a). These three centers are all atom-like and sit deep within the 
inert crystal lattice, and therefore are exceptionally photostable.

The negatively charged nitrogen-vacancy center, (N–V)−, is perhaps the best character-
ized color center in diamond (Santori et al. 2010, Aharonovich et al. 2011b). It is a point 
defect consisting of a substitutional nitrogen atom adjacent to a carbon atom vacancy 
with C3v symmetry (Figure 25.1). The center exhibits a zero-phonon line (ZPL) at 638 nm, 
accompanied with a broad phonon sideband peaking at ∼560 nm (Davies and Hamer 
1976). The absorption cross section of the center at 532 nm is 0.95 × 10−16 cm2 (Chapman and 
Plakhotnik 2011). When excited by green yellow light, the center emits far-red �uorescence 
at ∼700 nm with a near-unity quantum yield (Rand 1994). Moreover, the �uorescence is 
perfectly stable, showing no sign of photoblinking and photobleaching even under con-
tinuous high-power laser excitation at room temperature (Gruber et al. 1997). Because of 
these outstanding features, the (N–V)− center has been employed as a single-photon source 
for quantum information application (Aharonovich 2011a). Fu et al. have performed pho-
tostability tests for the (N–V)− centers in FNDs (Fu et al. 2007). The �uorescence intensities 
of the individual FND particles of size of 35 and 100 nm stay nearly the same over a time 
period of 300 s (Figure 25.2). In contrast, organic dye molecules such as Alexa Fluor 546 
photobleach in 12 s.

Apart from (N–V)−, another type of N–V defect frequently encountered in ND is the 
neutral defect center, (N–V)0. Both the centers can be readily found in HPHT-synthesized 
type Ib ND, which typically contains 100 ppm of atomically isolated nitrogen as impurity. 

TABLE 25.1

Properties of Some Vacancy-Related Defect Centers in Diamonda

Defect Center Point Group ZPL (nm) λem (nm) τ (ns) φ

V0 (GR1) Td 741.2 898 2.55 0.014
(N–V)− C3v 637.6 685 11.6 0.99
(N–V)0 C3v 575.4 600 — —
N–V–N (H3) C2v 503.5 531 16 0.95
N3 + V (N3) C3v 415.4 445 41 0.29

a Zero-phonon lines (ZPL), emission maxima (λem), emission lifetime (τ), and quantum 
ef�ciency (φ). (Details can be found in Davies 1994.)
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The center is characterized by its distinct ZPL at 576 nm (Zaitsev 2001), which can be easily 
distinguished from the ZPL = 638 nm of (N–V)− (Table 25.1). Depending on the particle 
size and surface treatment, the (N–V)0 center can prevail over (N–V)− as ND becomes 
smaller than 20 nm (Rondin et al. 2010). Although the neutral center has not been so well-
characterized as its negatively charged counterpart (primarily because of the dif�culty of 
producing it in pure form), photochromism between these two centers has been reported 
(Iakoubovskii et al. 2000, Gaebel et al. 2006).

V

N

FIGURE 25.1
(See companion CD for color insert.) Structure of an N–V center in diamond. The carbon atoms, nitrogen atom, 
and vacancy are denoted by black spheres, a dark red sphere, and a blue dashed circle, respectively.
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(See companion CD for color insert.) Typical time traces of the �uorescence from a single 100 nm FND (green), 
a single 35 nm FND (red), and a single Alexa Fluor 546 dye molecule attached to a single DNA molecule (blue). 
No sign of photobleaching for the FNDs is detected under continuous excitation for 300 s. (Reprinted by permis-
sion from Fu, C.-C., Lee, H.-Y., Chen, K., Lim, T.-S., Wu, H.-Y., Lin, P.-K., Wei, P.-K., Tsao, P.-H., Chang, H.-C., and 
Fann, W., Characterization and application of single �uorescent nanodiamonds as cellular biomarkers, Proc. 
Natl. Acad. Sci. USA, 104, 727–732, Copyright 2007 National Academy of Sciences, USA.)
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The third type of color center that has been produced in ND with high concentration is 
H3 (Wee et al. 2009). The center consists of a nitrogen-vacancy-nitrogen complex, N–V–N, 
originating from the A aggregate in natural diamond (or type Ia diamond), which typi-
cally contains 1000 ppm of nitrogen as impurity (Davies 1994). When excited by blue light 
at its absorption maximum (470 nm), the H3 center emits green �uorescence at 530 nm 
with a �uorescence quantum yield close to 1 (Table 25.1). Similar to (N–V)−, the center 
emits exceptionally stable �uorescence with neither photobleaching nor blinking, as dem-
onstrated very recently for single H3 in 52 nm ND (Hsu et al. 2011).

25.2.2 Mass Production of FND

Vacancies in diamond can be created by radiation damage with high-energy electrons, 
neutrons, protons, alpha particles, or gamma rays (Campbell et al. 2002). Upon thermal 
annealing at 600°C or above, the vacancies become mobile and are subsequently trapped 
by nitrogen atoms to form N–V or N–V–N centers. Presently, the most commonly used 
damaging agents are ∼2 MeV electrons generated from a van der Graaff accelerator 
and ∼3 MeV protons generated from a tandem particle accelerator (Acosta et al. 2009). 
However, both accelerators are very sophisticated, costly, and not easily accessible, which 
hampers the availability of FNDs. To overcome this hurdle, Chang et al. have explored 
the feasibility of using a medium-energy helium ion beam to create vacancies in NDs 
(Chang et al. 2008b). Figure 25.3 illustrates the experimental setup of the ion beam appa-
ratus for scale-up production of FNDs (Chang et al. 2008b, Wee et al. 2009). The helium 
ions are generated by a discharge of pure helium in a radio-frequency ion source, and 
then accelerated to 40 keV by using a high-voltage acceleration tube. The typical current 
of the unfocused ion beam is 7 × 1012 He+/cm2, which are two orders of magnitude higher 
than that of the 3 MeV proton beam. The bombarded NDs are subsequently annealed 
at 800°C and �nally oxidized in air at 450°C to remove surface graphitic structures to 
become brightly �uorescent.

RF
ion source

HV
acceleration tube

Ion beam
Nanodiamond-coated

copper ribbon
Supply reel

Take-up reel
PumpPumpPump

FIGURE 25.3
(See companion CD for color insert.) Schematic of the experimental setup for mass production of FNDs with 
a medium energy ion beam. The RF ion source produces helium ion, and then the high-voltage acceleration 
tube accelerates the ion to bombard the ND on the copper tape. (Reprinted from Diamond. Relat. Mater., 18, 
Wee, T.-L., Mau, Y.-W., Fang, C.-Y., Hsu, H.-L., Han, C.-C., and Chang, H.-C., Preparation and characterization 
of green �uorescent nanodiamonds for biological applications, 567–573, 2009. Copyright 2009, with permission 
from Elsevier.)
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For the sake of bioimaging applications, the FNDs produced should be small and each 
particle should contain as many color centers as possible. Morita et al. have separated ND 
particles of smaller sizes by ultracentrifugation, a method commonly used for particle 
size sorting (Morita et al. 2008). The median size of the separated NDs can be tuned 
from 4 to 25 nm by controlling the conditions of the centrifugation. Several research 
groups have employed similar techniques to select smaller ND particles and then 
convert them to FNDs by electron or ion bombardment (Faklaris et al. 2008, Mohan et al. 
2010b, Rondin et al. 2010, Hui et al. 2011). The smallest size of FND is reported to be near 
10 nm. Boudou et al., on the other hand, have taken a very different approach to produce 
FNDs (Boudou et al. 2009). Microdiamond powders are �rst irradiated by a proton 
beam of 2.5 MeV. The irradiated particles are then annealed at 750°C to form �uorescent 
microdiamonds. To further convert �uorescent microdiamonds into smaller particles, 
the authors apply nitrogen jet milling to decrease the particle size. The size of the milled 
FNDs becomes smaller than 10 nm and these particles show good photostability (Tisler 
et al. 2009). Finally, Rabeau et al. have made an attempt to produce (N–V)− centers in 
NDs synthesized by CVD (Rabeau et al. 2007). These NDs are grown directly on quartz 
cover slips in a microwave plasma CVD reactor. Single (N–V)− centers are observable in 
the resultant nanocrystals.

25.3 Biocompatibility of ND

Recent advances in nanotechnology have led to widespread applications of nanoparticles 
in life sciences. With the rapid development of the �eld, there have been serious disputes 
about the safety evaluation of nanomaterials (Kuzma 2007). In vitro studies have sug-
gested that the key factors responsible for nanoparticle toxicity include the disintegra-
tion and release of toxic material from nanoparticles, the reactive oxygen species (ROS) 
generation, and the surface properties of nanoparticles (Derfus et al. 2003, Hardman et al. 
2006). These factors should also be taken into account when studying the biocompatibility 
of NDs.

25.3.1 In Vitro Toxicity Studies

A large number of research groups have addressed the in vitro toxicity of NDs (Yu et al. 2005, 
Schrand et al. 2006, 2007, Huang et al. 2007, Liu et al. 2007, 2010, Vial et al. 2008, Xing et al. 
2011). For example, Schrand et al. have studied in detail the differential biocompatibility 
of carbon-based materials with two different cell lines, alveolar macrophage and 
neuroblastoma cells (Schrand et al. 2007). Their results show that ND has a greater 
biocompatibility than carbon black (CB), multi-walled carbon nanotubes (MWNTs), and 
single-walled carbon nanotubes (SWNTs) (Figure 25.4). Cells internalized with NDs retain 
intact mitochondrial membranes and also a very low level of ROS. Additionally, cells that 
are grown on ND-coated substrate display good viability without altering their cellular 
function. Similarly, Liu et al. have observed no signi�cant apoptosis and cell death for 
both detonation and HPHT NDs in lung cells (Liu et al. 2010). The non-cytotoxicity of 
detonation NDs (size ranging between 2 and 8 nm) has further been con�rmed by Huang 
et al. with MTT assays, reverse transcription polymerase chain reaction (RT-PCR), and 
DNA fragmentation assays (Huang et al. 2007).
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Recently, a study on the long-term effect of endocytic NDs on cell division and 
differentiation has been performed (Liu et al. 2009b). Cell survival rate measurements for 
A549 human lung epithelial cells, treated by either 5 or 100 nm NDs and then evaluated by 
MTT assays, do not show any signi�cant cytotoxicity (Chao et al. 2007). Furthermore, it is 
reported that the ND particles do not alter the cell growth ability and cell cycle progression 
in a long-term cell culture for up to 10 days. The authors have further investigated the 
distribution of NDs during cell division with �uorescence microscopes. It is observed 
that the number of ND particles is separated nearly equally into two daughter cells 
during cell division. The NDs are retained as aggregates in cytoplasm after several cell 
generations (Liu et al. 2009b). In a separate study, Vaijayanthimala et al. have investigated 
the biocompatibility and the cellular uptake mechanism of FNDs in cervical cancer cells 
(HeLa) and pre-adipocytes (3T3-L1) (Vaijayanthimala et al. 2009b). By using a series of 
metabolic and cytoskeletal inhibitors, they have concluded that FNDs enter into the cells 
by energy-dependent clathrin-mediated endocytosis. Additional biocompatibility studies 
indicate that the in vitro differentiation of the 3T3-L1 pre-adipocytes is not affected by the 
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FND treatment, even with the FND concentration as high as 100 μg/mL. These promising 
results highlight that FNDs are biocompatible and can serve as ideal candidates for 
potential applications in human stem cell research.

25.3.2 Biodistribution and In Vivo Toxicity Studies

Although several in vitro studies have proved ND to be non-toxic, the in vivo toxicity of 
the nanomaterial is still under question. Recently, there has been an increasing concern 
about the biocompatibility of ND at the animal level (Yuan et al. 2009, 2010, Marcon et al. 
2010, Mohan et al. 2010a). Yuan et al. have studied the biodistribution and fate of NDs in 
vivo (Yuan et al. 2009). By using NDs labeled with 125I radioisotopes, they �nd that the 
particles with a size of 50 nm predominantly accumulate in liver after intravenous injec-
tion to mice. Spleen and lung are also target organs for NDs. About 37% of initial NDs 
are entrapped in liver and 6% in lung after 0.5 h post-dose (Figure 25.5). High-resolution 
transmission electron microscopy and Raman spectroscopy of digested organ solutions 
con�rm the long-term entrapment of NDs in the liver and lung. However, no mice showed 
any symptoms of abnormality, such as weight loss, lethargy, anorexia, vomiting, and diar-
rhea during the treatment. So far, the reported results of the biocompatibility are in favor 
of ND, compared with other carbon-based nanomaterials.

As with many other nanoparticles, NDs can easily diffuse in air during manufacturing 
and processing. It is possible for these nanoparticles to enter lungs and cause serious side 
effects. Therefore, it is important to examine the effect of these particles in lungs upon 
administration. Yuan et al. have investigated the pulmonary toxicity and translocation 
of NDs with the average diameter of 4 and 50 nm, respectively, in mice after intratracheal 
instillation (Yuan et al. 2010). Their studies show that there is no signi�cant difference in 
weight gain and lung indices (de�ned as the ratio of the wet weight of the lung to the whole 
body weight) between control and ND-treated mice. Additionally, biochemical assays 
reveal no substantial increase in alkaline phosphatase (ALP) values of both ND-treated 
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Biodistribution of 125I-labeled NDs in mice at 30 min after intravenous injection. (Reprinted from Diamond. Relat. 
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and control mice over 28 days of the post-exposure period. Similarly, there is no consider-
able enhancement in lactate dehydrogenase (LDH) activity between phosphate-buffered-
saline-treated and ND-treated mice from day 1 to day 14. Further histopathological and 
ultra-structural analysis also indicates no considerable pulmonary toxicity. Microscopic 
imaging authenticates a translocation and clearance pathway of NDs through mucociliary 
escalator, suggesting that NDs have great potential to be used as a pulmonary drug deliv-
ery vehicle with low toxicity.

Using a different model organism, Mohan et al. have performed in vivo imaging and 
toxicity studies of FNDs in Caenorhabditis elegans (Mohan et al. 2010a). Wild-type C. elegans 
are �rst fed with FND solution in the absence of food, by which the FND particles are 
incorporated into the worm. In preliminary observations by epi�uorescence microscopy, 
FND particles are found to remain in the intestinal lumen without absorption, allowing 
the organism’s whole digestive system to be imaged for hours. Later, when the worms 
are fed with FNDs surface-conjugated with biomolecules such as bovine serum albumin 
(BSA) and dextran, the particles are taken up by intestinal cells through endocytosis. The 
internalization enables easy observation of the bioconjugated FNDs in the intestinal cells 
under the microscope (Figure 25.6). Further toxicity studies show that the life span, brood 

(a) (b)

(c) (d)

FIGURE 25.6
(See companion CD for color insert.) Epi�uorescence/DIC-merged images of C. elegans fed with bioconjugated 
FNDs. (a, b) Worms fed with dextran-coated FNDs (a) and BSA-coated FNDs (b) for 3 h. FNDs can be seen to be 
localized within the intestinal cells (blue solid arrows) and a few stay in the lumen (yellow dash arrow). (c, d) 
Worms fed with dextran-coated (c) and BSA-coated (d) FNDs for 3 h and recovered on to E. coli bacterial lawns 
for 1 h. Insets: 100 × magni�ed images of the FNDs within the intestinal cells. Scale bars are 50 μm. (Reprinted 
by permission from Mohan, N., Chen, C.-S., Hsieh, H.-H., Wu, Y.-C., and Chang, H.-C., In vivo imaging and 
toxicity assessments of �uorescent nanodiamonds in Caenorhabditis elegans, Nano. Lett., 10, 3692–3699. Copyright 
2010 American Chemical Society.)
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size, and ROS level of the FND-treated organism are not affected, indicating that FND is 
an excellent, non-toxic cellular marker at the whole animal level.

25.4 Bioimaging of NDs

25.4.1 Cellular Labeling and Tracking

The excellent photostability and biocompatibility of FND suggest that it is well suited for 
probing temporal and spatial events in live cells by �uorescence imaging. Particularly for 
the (N–V)− center, its �uorescence band peaks at ∼700 nm (Figure 25.7), which is well sepa-
rated from the cell auto�uorescence derived from endogenous �uorophores such as �avin 
(Fu et al. 2007). Since the surface of FND can be readily derivatized with various func-
tional groups for covalent conjugation with bioactive molecules for targeted bioimaging 
(Krueger 2008, Mkandawire et al. 2009, Weng et al. 2009), the nanoparticle can be applied 
as a long-term, three-dimensional (3D) tracking device in a live cell.

Zhang et al. have illustrated the application of FND for receptor-mediated targeting of 
cancer cells (Zhang et al. 2009b). The authors covalently conjugate FNDs with folic acid by 
using a biocompatible polymer, polyethylene glycol (PEG), as the cross-linked buffer layer. 
Real-time, 3D tracking of single 35 nm FNDs during endocytosis is then performed with a 
wide-�eld �uorescence microscope. The trajectory of a single FND inside a HeLa cell for a 
time-span of more than 300 s is illustrated in Figure 25.8. By analyzing the mean square dis-
placement of the 3D trajectory as shown in panel (c) of the �gure, they �nd that the particle 
exhibits two distinctly different dynamic behaviors: (1) con�ned diffusion and (2) enhanced  
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ers, Proc. Natl. Acad. Sci. USA, 104, 727–732, 2007. Copyright 2007, National Academy of Sciences, USA.)
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diffusion. In the �rst regime, the particle’s movement is restricted, which can be associated 
with particle engulfment. In the second regime, the particle’s enhanced movement is inter-
preted as a result of the directed motion with the engulfed particle pinched off from the cell 
membrane and enclosed within an endosome, which is then actively transported to the cell 
interior along a network of tubulovesicular structures.

Faklaris et al. (2009) have also studied the internalization and diffusion of acid-treated 
FNDs in HeLa cells with a 2D dynamic tracking technique. The diffusion coef�cient of the 
acid-treated particles in HeLa cells is determined to be smaller than 0.01 μm2/s. Similarly, 
Neugart et al. have investigated the diffusion of FNDs in HeLa cells and found that FND 
particles coated with sodium dodecyl sulfate, as a surfactant, are internalized into the cells 
after 3 h of incubation (Neugart et al. 2007). Most of the FNDs are immobilized inside the 
cells after a short time with few freely diffusing single particles. More recently, Hui et al. 
have reported that the encapsulation of FND within a lipid layer enhances the dynamics 
of the particle in the cytoplasm by more than one order of magnitude, which is further 
con�rmed by �uorescence correlation spectroscopy (Hui et al. 2010b). The potential 
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Verlag GmbH & Co. KGaA, Reprinted with permission.)
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applications of FNDs as delivery vehicles for transporting drugs, genes, and vaccines into 
cells have been clearly illustrated by these single particle tracking experiments.

25.4.2 Two-Photon Fluorescence Imaging and Fluorescence Lifetime Imaging

The �uorescence image contrast of FNDs in biological cells can be improved by two-
photon �uorescence imaging and �uorescence lifetime imaging. It has been demonstrated 
by Chang et al. that two-photon excitation provides better image contrast than its one-
photon counterpart, because the former can diminish most of the cell auto�uorescence 
(Chang et al. 2008b, Hui et al. 2010b). Additionally, the excited volume is smaller due to the 
quadratic dependence of the �uorescence intensity on the light intensity and, thereby, the 
photodamage to cells is signi�cantly reduced. Furthermore, the infrared photons used in 
two-photon excitation have a longer penetration through cells and tissue (Weissleder and 
Ntziachristos 2003). Hence, two-photon microscopy can provide better optical sectioning 
of FNDs in thick tissue, especially in living organisms.

On the other hand, Faklaris et al. have enhanced the �uorescence image contrast by 
�uorescence lifetime imaging and investigated the uptake of FNDs by HeLa cells (Faklaris 
et al. 2008). The average �uorescence decay lifetime of (N–V)− in bulk diamond is 12 ns 
(Batalov et al. 2008), whereas the lifetime of the same defects in nanocrystals is substan-
tially lengthened to 20 ns (Beveratos et al. 2001). This is due to the large change in refractive 
index of the surrounding medium when going from bulk diamond to nanocrystals (Tisler 
et al. 2009). The lifetime of the defect center, either in the bulk or in ND, is much longer 
than that of dye molecules and cell auto�uorescence. So, one can isolate the FND emission 
from the auto�uorescence background of cells and tissue using various time-gating tech-
niques to improve the image contrast.

25.4.3 Super-Resolution Optical Imaging

The excellent photostablity of the (N–V)− center furnishes an opportunity to perform super-
resolution bioimaging with stimulated emission depletion (STED) microscopy (Rittweger 
et al. 2009a). The technique involves the application of two laser beams at different wave-
lengths. The main laser beam (typically a blue or green laser) brings the �uorophore of 
interest to its excited state, while the second laser beam (typically, a red laser), i.e., the STED 
beam, depletes this excited state via stimulated emission. The STED beam has a shape 
of a doughnut at the focus of the microscope objective, which excites the outer region 
around the focus. During imaging, the �uorescence of the emitter excited by the main 
laser (with a regular Gaussian beam pro�le) stays unaffected in the center of the doughnut 
spot but diminishes at the outer ring. So, the excited spot at the focus becomes apparently 
smaller than the diffraction limit. Compared to other super-resolution techniques, STED 
is straightforward and does not require any mathematical post-processing. Therefore, it is 
most suitable for high-resolution imaging of living cells in real time and three dimensions. 
However, the major hurdle of this technique is that it requires the use of highly photo-
stable �uorophores to avoid rapid photobleaching when irradiated by the STED laser.

STED has been applied to the detection of single (N–V)− centers in bulk diamond 
(Rittweger et al. 2009a). A remarkably high resolution, down to 8 nm, has been achieved. 
In a separate work, Hell and coworkers have also successfully acquired high-resolution 
images of 35 nm FNDs spin-coated on a glass plate using the same technique (Han et al. 
2009). They obtain a resolution of ∼40 nm, essentially limited by the size of the particles. No 
photobleaching is found even under the intensive STED laser irradiation (up to 160 mW). 
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Most recently, Tzeng et al. have applied the STED technique to study the homogenous 
labeling of HeLa cells with 30 nm FNDs (Tzeng et al. 2011). The FND particles are �rst 
coated with BSA non-covalently to prevent agglomeration in cell medium and then 
delivered to the cell cytoplasm by endocytosis. With STED, the authors have been able to 
identify individual FND particles in cells and distinguish them from particle aggregates 
trapped in endosomes (Figure 25.9).

Another super-resolution imaging technique applicable to FND is known as ground 
state depletion (GSD) microscopy. The technique takes advantage of the intermediate 
state, 1A, of the (N–V)− center (Rittweger et al. 2009b). The idea is that when the excitation 
laser power is high enough to saturate the transition 3A → 3E, the accumulation of the 
populations in the intermediate state will switch off the �uorescence from 3E→ 3A. Similar 
to STED, the GSD microscopy utilizes a doughnut-shaped high-power laser beam and a 
co-aligned excitation laser beam. The doughnut-shaped beam excites the (N–V)− center to 
the intermediate state, resulting in depletion of the ground state populations and therefore 
the 3E → 3A �uorescence. Rittweger et al. have applied the technique to improve the spatial 
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GmbH & Co. KGaA, Reprinted with permission.)



566 The Nanobiotechnology Handbook

resolution of the (N–V)− centers in bulk diamond. The width of the image is reported as 
small as 7.6 nm, which is far below the diffraction limit.

Han et al. have explored other long-lived dark states of the (N–V)− center for the GSD 
microscopy (Han et al. 2010). A red doughnut-shaped laser beam at the wavelength of 
638 nm is applied on the bulk diamond sample to excite the (N–V)− center from 3A to 3E 
and then ef�ciently transfer the populations to a metastable dark state, thereby depleting 
the ground state. An additional blue excitation laser beam is then co-aligned with the 
green Gaussian laser beam, with the wavelength of 592 nm, to improve the �uorescence 
intensity. Compared with that of the STED, the laser power of the doughnut beam used is 
much reduced (down to 10 mW). The resolution can be as high as 12 nm under low-power 
laser excitation, which is applicable to live cell imaging.

A unique feature of the (N–V)− center is that it has a magnetically sensitive ground state 
with a spin-zero level and two degenerate spin-one levels, as illustrated in Figure 25.10. Due 
to the presence of diamond crystal �eld, the spin-zero and spin-one levels are separated 
by a microwave transition of 2.87 GHz, which can be manipulated by an electron spin 
resonance (ESR) microwave source (McGuinness et al. 2011). Similar to GSD, a low-power 
doughnut-shaped laser beam in combination with an ESR technique has been applied 
to achieve super-resolution imaging of the (N–V)− center in bulk diamond (McGuinness 
et al. 2011). Optical cycling of the population between the ground state and the excited 
state are spin-conserving, but the intersystem crossing rates to an intermediate singlet 
state are strongly spin-dependent. The intersystem crossing from the ms = ±1 excited states 
to the intermediate singlet state is much higher than the ms = 0 excited state. Moreover, 
when trapped in the intermediate singlet state, the (N–V)− center cannot undergo optical 
cycles and remains dark for 250 ns. Hence, the �uorescence due to excitation of the 
ms = ±1 ground state is weaker than that of the ms = 0 ground state. Finally, the population 
returns from the intermediate singlet state to the ground state by nonradiative decay and 
preferentially ends up in the ms = 0 ground state, leading to a strong polarization of the 
electron spin under optical excitation (Jelezko and Wrachtrup 2006). Taking advantage 
of this spin property, Maurer et al. �rst polarize all (N–V)− centers into the ms = 0 ground 
state by using a focused Gaussian laser beam and drive the ESR spin transitions to the 
ms = ±1 ground state (McGuinness et al. 2011). Then an optical doughnut beam is applied 
to selectively re-polarize the spins of the nearby region. Hence, the (N–V)− centers located 
at the doughnut region of high intensity are optically pumped to the ms = 0 ground state, 
whereas an (N–V)− center located at the zero-intensity region remains unaffected and 
maintains its original level. The spin state is �nally determined by conventional optical 
readout of the �uorescence. Since the (N–V)− centers that are not re-polarized are darker 
than those re-polarized, scanning the sample with respect to the beams and repeating the 
earlier procedure allows sub-diffraction imaging of the centers in the bulk diamond. This 
technique can be further applied for high-resolution imaging of FNDs in biological cells.

25.4.4 Optically Detected Magnetic Resonance Imaging

Having the spin states, the (N–V)− center is amenable to ultrasensitive detection under ambient 
conditions with optically detected magnetic resonance (ODMR) (Balasubramanian et al. 2008, 
Maze et al. 2008). As the spins of the center are very sensitive to their magnetic environment, 
even a slight variation in the magnetic �eld leads to a shift in the spin resonance frequency, 
which can be detected based on the �uorescence signal. Balasubramanian et al. have scanned 
a nanoscale magnetic tip over an immobilized ND, hosting a single (N–V)− center, and 
located the position of the particle with nanometric precision (Balasubramanian et al. 2008). 
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They have further demonstrated that two FND particles, separated by 100 nm, can be imaged 
and resolved with an accuracy of 20 nm, which is well below the diffraction limit of optical 
microscopy. Additionally, the technique can be applied to monitor how a single ion-channel 
on a cell membrane functions (Hall et al. 2010), and even to detect the chemical shift of a 
compound in microscopic �ow by magnetic resonance (Bajaj et al. 2010).

As aforementioned, the diamond crystal �eld separates the spin-zero ground state 
and the degenerate spin-one ground state of the (N–V)− center by 2.87 GHz. This energy 
splitting de�nes a quantization axis along the 〈111〉 crystallographic axis and provides an 
intrinsic compass that exhibits an ODMR spectrum. By applying microwave spectroscopy 
to control the (N–V)− state, one can monitor the �uorescence intensity of the FND and 
identify the orientation of the (N–V)− axis. McGuinness et al. have demonstrated the 
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principle by monitoring the peak positions of the ODMR spectra and resolving the 
rotational motion of FNDs in a live cell in millisecond timescales (McGuinness et al. 
2011). They apply a uniform magnetic �eld to the FND-labeled HeLa cells to produce an 
orientation-dependent Zeeman shift on the higher levels of the ground state in a single 
(N–V)− center and determine the orientation of the (N–V)− quantization axis with respect 
to the external magnetic �eld from the ODMR peak positions (Figure 25.11). The rotational 
motion of the (N–V)− center is continuously monitored over 16 h, with the position and 
orientation plotted in four dimensions. The restricted translational motion is in agreement 
with previous studies on the internalization of similar FNDs in the same cell types 
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(Chang et al. 2008b, Faklaris et al. 2008). The application of FNDs as a magnetic probe 
opens up new possibilities in spintronics, bioimaging, and material sciences.

25.4.5 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a non-invasive technique which can obtain 
tomographic images of opaque organisms. FNDs linked with magnetic nanoparticles can 
serve as an MRI contrast agent to study the biodistribution of nanoparticles in animals. 
Chang et al. have reported a method to prepare magnetic NDs (MNDs) by microwave 
arcing of ND-ferrocene mixed powders in a focused microwave oven (Chang et al. 2008a). 
The MNDs are composed of iron nanoparticles chemically bound onto the surface of NDs 
through graphene layers. The hybrid particle has a saturation magnetization of ∼10 emu/g 
and a coercivity �eld of 155 G. They can be further converted into �uorescent MNDs by 
attaching organic �uorescent molecules. The resultant MND particles have greater water 
solubility without any change in their intrinsic magnetic property. Fluorescence microscopy 
studies indicate that these water-soluble MND particles can be ingested readily by HeLa 
cells, likely via non-receptor-mediated endocytosis.

More recently, Manus et al. have demonstrated that Gd(III)–ND conjugates can work as 
an MRI contrast enhancer (Manus et al. 2010). An amine-functionalized Gd(III) compound 
is conjugated with the –COOH groups on NDs through amide linkage. They determine 
a relaxivity of 58.82 mM−1 s−1 for the Gd(III)–ND particles and this value is at least 10-fold 
higher than that of commercially available Gd(III) contrast agents. MRI studies clearly 
reveal that the Gd(III)–ND provides enhanced contrast compared to the unmodi�ed 
species. Furthermore, it is con�rmed that the attachment of the Gd(III)-based contrast 
agent to the ND’s surface does not have a signi�cant effect on the overall cell viability. This 
paves the road for in vivo MRI application of the Gd(III)–ND conjugates.

25.4.6 Near-Field Optical Microscopy

Near-�eld optical microscopy applies near-�eld interactions to achieve a spatial resolution 
better than the diffraction limit of light (Kuehn et al. 2001, Sonnefraud et al. 2008). The spatial 
resolution can, in principle, diminish down to the dimension of the emitter. Cuche et al. have 
developed techniques to graft a single FND particle at the apex of an optical probe for near-
�eld optical microscopy (Cuche et al. 2009). The resultant tip can work as a point-like scanning 
single-photon source, which operates at room temperature with excellent photostability. The 
spatial resolution ranges from 70 to 150 nm. The (N–V)− center in ND can also be applied 
as a nanoscopic light source for scanning near-�eld optical microscopy (Kuehn et al. 2001). 
Additionally, the tip is applicable to study Förster resonance energy transfer (FRET) between 
the (N–V)− center and the second emitter (Cuche et al. 2009, Chen et al. 2011, Tisler et al. 2011). 
Furthermore, the tip can investigate in detail the propagation of surface plasmon polariton 
for quantum plasmonics (Koselov et al. 2009, Cuche et al. 2011, Mollet et al. 2011).

25.5 Therapeutic Applications of NDs

25.5.1 ND as a Gene Delivery Vehicle

The main aim of gene therapy is to introduce foreign genetic materials into the cells to 
replace the gene with abnormal functions or to enable some additional functions. There are 
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two different methods of gene delivery, i.e., the viral and non-viral methods. The former 
is most widely accepted in the �eld. Despite being widely accepted, the virus-mediated 
gene delivery has several disadvantages including lack of safety (such as the possibility of 
chromosomal insertion and proto-oncogene activation), gene size limitation, and strong 
immune reactions against viral proteins, which hinder repeated administration. Because 
of these disadvantages, the non-viral gene delivery methods have become attractive alter-
natives. Non-viral vectors are relatively easy to prepare, less immunogenic and onco-
genic, and also do not limit the gene size (Jin et al. 2009). Among various nanoconstructs, 
nanoparticles have recently received increasing attention in the gene therapy community. 
Compared with other nanoparticles, ND has several unique features to serve as a gene 
delivery vehicle. It includes inherent biocompatibility, water solubility, scalability, high 
surface-area-to-volume ratio, and numerous functional groups for easy functionalization 
with a wide range of therapeutics and targeting molecules (Zhang et al. 2009a).

Zhang et al. have demonstrated that NDs either covalently or non-covalently functional-
ized with low-molecular-weight (LMW) polyethyleneimine-800 (PEI800) can serve as ef�-
cient plasmid DNA delivery vehicles (Zhang et al. 2009a). More signi�cantly, the composite 
material, i.e., ND-PEI800, shows low cytotoxicity and its transfection ef�ciency is similar 
to that of high-molecular-weight (HMW) PEI (PEI25k). Neither ND nor PEI800 possesses 
this ideal property when used alone. The cross-linked ND-PEI800 binds to plasmid DNA 
through electrostatic interactions and protects the plasmid from deterioration. It exhibits 70 
times more transfection ef�ciency than PEI800 alone. The transfection ef�ciency declines 
in the following order, ND-PEI800 > PEI800 > ND-NH2 > ND > naked DNA. The authors 
explain that the higher transfection ef�ciency of ND-PEI800, compared to ND-NH2, is due 
to the proton sponge effect which helps in the destabilization and rupture of endosomes.

Martin et al. (2010) have studied the Fenton treatment of detonation NDs and showed that 
these nanoparticles can cross cell membrane and reach cell nucleus after functionalization. 
The Fenton treatment helps in the removal of graphitic matter on ND and, at the same time, 
derivatize the surface with more hydroxyl groups (–OH), which are useful for further 
conjugation with various biomolecules. The dense –OH groups on the Fenton-treated NDs 
possess weighty advantages over other nanoparticles in bioconjugation as well as in water 
solubility. With �uorescently labeled, Fenton-treated NDs, the authors demonstrate that 
these particles can enter nucleus and act as a gene carrier for enhanced green �uorescent 
proteins (GFPs) in HeLa cells with good biocompatibility even after 72 h of incubation. The 
demonstration of using ND as a gene delivery vehicle opens up exciting horizons for these 
functionalized NDs in gene therapy.

Very recently, Chen et al. have further demonstrated the use of ND as a delivery vehicle 
for siRNA (Chen et al. 2010). ND–PEI–siRNA complexes are �rst prepared by coating NDs 
with PEI800 followed by incubation with siRNA. The electrostatic interactions between 
oppositely charged ND, PEI, and siRNA result in the complex formation. Knockdown of 
GFP at the ratio of 1:3 SiRNA:ND–PEI shows the next highest knocking down ef�ciency 
in cells, compared to the gold standard transfection reagent, Lipofectamine. In addition, 
signi�cant decreases of 75.6% and 62.2% in GFP expression are found with Lipofectamine 
and ND–PEI as compared to the control. ND–PEI outperforms Lipofectamine when the 
transfection is carried out in medium with 10% serum, which closely resembles in vivo 
systems. The biocompatibility of the ND–PEI–SiRNA complexes is further con�rmed 
by MTT assays. By combining ND and the LMW PEI, the authors have successfully con-
structed a vector without cytotoxicity but with the same transfection ef�ciency of HMW 
PEI. This work justi�es the broad applicability of ND not only as a promising platform for 
DNA delivery but also as an effective vector for RNA delivery.
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25.5.2 ND as a Protein Delivery Vehicle

NDs are of special interest for the delivery of protein-based therapeutics. Dahoumane et al. 
have combined diazonium salt chemistry and atom transfer radical polymerization (ATRP) 
in the prospect of preparing hairy diamond nanoparticles (Dahoumane et al. 2009). They 
showed that by using an electroless chemical method, the diazonium salt can be reduced 
at the ND’s surface. The reduced diazonium salts at the ND surface act as macro-initiators 
for ATRP and tert-butyl methacrylate. The hairy NDs after hydrolysis and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling are 
readily functionalized with peptides or proteins. The simple and easy method of surface 
modi�cation by using diazonium salts, to which various functional groups can be attached, 
has laid way for the employment of NDs in numerous domains of science.

Shimkunas et al. (2009) have explored the feasibility of using ND as protein delivery 
vehicles. In this study, the authors demonstrate the ef�cient, non-covalent adsorption 
of insulin onto ND’s surface through physical adsorption. The insulin is released from 
the ND–insulin complex when exposed to alkaline environment. Effective binding 
and release of insulin from NDs is further con�rmed by using imaging methods and 
adsorption/desorption assays. In addition, both MTT assay and RT-PCR analysis reveal 
that the protein’s function is preserved after desorption whereas the adsorbed proteins 
persist inactive. It indicates that ND plays an effective role in insulin delivery. Nguyen 
et al. have similarly studied the biological activity of ND-conjugated protein molecules 
(Nguyen et al. 2007). They observed that lysozyme preserves its hydrolytic activity after 
its adsorption onto 100 nm NDs. The relative hydrolytic activity of ND adsorbed lysozyme 
is 60% at pH 5. Liu et al. have also shown that alpha-bungarotoxin, a neurotoxin from 
Bungarus Multicinctus, retains its bioactivity by blocking membrane protein α-7-nicotinic 
acetylcholine (α-7-nAchR) after ND conjugation (Liu et al. 2008). The aforementioned 
studies clearly indicate that ND can serve as an ideal vehicle for protein delivery without 
modifying the bioactivity of conjugated protein or peptides.

25.5.3 ND as a Drug Delivery Vehicle

NDs hold several momentous properties like large surface-area-to-volume ratios, good 
biocompatibility, and high drug-loading capacity, which make them an ideal choice for 
drug delivery. Huang et al. have developed a method of functionalizing NDs (2–8 nm) with 
doxorubicin (DOX), a potent anti-cancer drug (Huang et al. 2007). The interaction between 
the negatively charged –COO− group on ND and the cationic DOX ion (DOX-NH )3+  are 
direct. Their results show that the precipitation of DOX on ND is facilitated by the addi-
tion of salts, such as NaCl. Addition of NaCl leads to the increased Cl− ion concentration 
in solution, which helps in the formation of the ND–DOX complexes. Desalination, on the 
other hand, facilitates the effective release of DOX from ND. The complexes are ef�cient in 
causing cellular apoptosis and DNA fragmentation. In addition, the ND hydrogels loaded 
with DOX are extremely capable of delivering the drugs into living cells (Figure 25.12). 
Furthermore, bioassays performed at cellular and genetic levels (MTT assays, RT-PCR, 
DNA fragmentation assays) prove the innate biocompatibility of NDs and con�rm that 
the ND–DOX conjugates induce cell death. The genes associated with in�ammation such 
as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-alpha), inducible nitric oxide 
synthases (NOS), and Bcl X interacting domain do not show any signi�cant difference 
between ND-treated and control cells. These potential qualities make ND a therapeuti-
cally signi�cant drug delivery vehicle for both systemic and localized drug delivery.
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Recent work by Liu et al. shows that ND covalently linked with Paclitaxel can signi�cantly 
reduce the cell viability of A549 human lung carcinoma cells (Liu et al. 2010). Additionally, 
the ND–Paclitaxel complex induces apoptosis and mitotic arrest in A549 cells. Moreover, 
ND–Paclitaxel inhibits tumorigenesis and lung cancer cell formation in Xenograft severe 
combined immunode�ciency mice. As a whole, the adsorbed chemotherapeutic drug 
still retains its anticancer activity, which results in mitotic blockage and apoptosis and 
inhibits tumorigenesis in human lung carcinoma cells. In a separate study, Li et al. have 
also investigated the application of ND as an anticancer drug delivery vehicle (Li et al. 
2010). The authors demonstrate that the adsorption of 10-hydroxycamptothecin (HCPT) 
onto ND surface is facilitated by physical attraction in diluted NaOH solution. Sustained 
release of HCPT from ND is observed in low pH media. Further experiments have shown 
that the chemotherapeutic effect of the HCPT–ND complexes is much higher than that of 
the standalone HCPT, suggesting that NDs are a promising multifunctional drug delivery 
platform for cancer therapy.

In cancer treatment, chemotherapy resistance is the major obstruction. This often 
contributes to the recurrence of tumors and cross-resistance against other chemotherapeutic 
drugs. As a result, it leads to treatment failure in more than 90% of cancer patients. Thus, 
it is important to �nd methods to overcome the drug resistance or to improve the ef�cacy 
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FIGURE 25.12
(See companion CD for color insert.) Nanodiamonds internalized into macrophage cells. (a–e) Confocal images 
of FITC-conjugated nanodiamonds incubated with RAW 264.7 murine macrophages. (f) TEM image showing 
intracellular presence of ND–DOX complexes in macrophage cells. Scale bar represents 20 μm. (Reprinted by 
permission from Huang, H., Pierstorff, E., Osawa, E., and Ho, D., Active nanodiamond hydrogels for chemo-
therapeutic delivery, Nano. Lett., 7, 3305–3314. Copyright 2007 American Chemical Society.)
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of chemotherapeutic drugs in order to increase the overall survival rate of the cancer 
patients. Similar to their previous studies (Huang et al. 2007), Chow et al. have recently 
shown that ND–DOX can overcome drug ef�ux and signi�cantly increases apoptosis in 
both murine liver and mammary carcinoma cell models (Chow et al. 2011). Apart from the 
tumor growth inhibition, ND–DOX exhibits decreased toxicity in vivo compared to their 
standard DOX treatment. The major problem of DOX is that the drug is actively ef�uxed 
from the tumor cells by various transporter proteins. Reversibly binding of DOX to ND 
with the NaOH treatment suggests that the drug can be slowly released both in vitro and 
in vivo. In addition, the new ND–DOX system shows improved drug retention in tumor 
cells with improved safety and ef�cacy when compared to the DOX treatment alone. It 
indicates that ND-conjugated chemotherapeutics is a promising platform for overcoming 
chemoresistance with better biocompatibility and ef�cacy.

25.5.4 ND for Dispersion of Water-Insoluble Drugs

Poor water solubility is the major limitation in systemic administration of some drugs 
(Myrdal and Yalkowsky 2006). To address this issue, Chen et al. have reported the water 
solubilization of water-insoluble drugs after being combined with NDs (Chen et al. 2009). 
They chose purvalanol A and 4-hydroxytamoxifen (4-OHT) as model drugs, which are 
most commonly used drugs for liver and breast cancer treatment but with poor water 
solubility. It is shown that these drugs, when complexed with ND aggregates, possess 
increasing water solubility. Both purvalanol A and 4-OHT, after complexing with NDs, 
show apparent increase in zeta potential and a particle size reduction by three orders of 
magnitude (∼100 nm). The increase in positive charges, accompanied with a decrease in 
size, enhances the cellular uptake of these drug-loaded nanoparticles (Bettinger et al. 1999, 
Kircheis et al. 2001). Similar effects have been demonstrated with the anti-in�ammatory 
drug, Dexamethasone (Chen et al. 2009). The drug, when complexed with ND, greatly 
increases its water solubility and makes the complex more stable in aqueous and biological 
solution.

25.6 Conclusions and Future Perspectives

ND is a new member of the nanocarbon family, holding great potential and promises 
for applications in various areas of science and technology. This chapter provides a 
critical review on the unique features of ND, including good biocompatibility, multicolor 
emission capability, high physical and chemical stability, and excellent photostability. 
These features add distinct advantages to novel applications of this nanomaterial in life 
sciences. The sp3-carbon-based nanomaterial can not only serve as a perfect candidate for 
biolabeling and long-term cell tracking with high photostability, but also can be applied 
as a biocompatible vehicle to carry and deliver drugs, proteins, and genes to cells or whole 
animals. It has met most of the requirements for real-world biological applications.

A multitude of limitations still need to be overcome before subjecting ND for clinical 
applications. For example, in order to increase the dispersibility of bioconjugated NDs in 
physiological media, methods to properly control the particle size and surface function-
alization need to be developed. As the interaction of NDs with biological systems greatly 
depends on cell type, animal model, and route of administration, a close comparison of 
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their roles and functions in vitro and in vivo is critical before fully realizing the biomedical 
potential of NDs. Further considerable problems include immunogenicity, diffusivity, and 
metabolism of NDs such as the non-speci�c accumulation of the nanoparticles in reticu-
loendothelial systems. Another important issue is the development of multimodal imag-
ing methods to allow facile detection and monitoring of the particles in vivo. Developing 
simpler and safer technologies to meet the demands of regulatory concern will greatly 
help in future diagnosis and disease treatments. Successfully addressing the aforestated 
challenges will accelerate further development of this novel nanomaterial for numerous 
other exciting and bene�cial applications.
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26
Biomedical Micro Probe for Super 
Resolved Image Extraction

Asaf Shahmoon, Shiran Aharon, Dror Fixler, Hamutal Slovin, and Zeev Zalevsky

26.1 Introduction

Endoscopes are the common medical instrumentation used to perform medical inspection 
as well as treatment of internal organs. There are two main types of endoscopes: �exible and 
rigid. The �exible endoscopes are being constructed out of a bundle of single mode �bers 
where each �ber in the bundle transmits backward spatial information corresponding to 
a single spatial point, i.e., a single pixel (Tsepelev and Fineev 1979, Miller 1986, Seibel et al. 
2001, Unfried et al. 2001, Midulla et al. 2003). The �ber bundle goes into the body while 
the imaging camera is located outside. Interface optics adapts the photonic information 
coming out of the bundle to the detection camera. The reason for using a single mode �ber 
for each �ber in the bundle rather than multi-mode �bers (capable of transmitting spatial 
information that is corresponding to plurality of pixels) is related to the fact that when 
inserting the endoscope and while navigating it inside the body it may be bent. When 
multi-mode �bers are bent, the spatial modes are coupled to each other and the image is 
strongly distorted. The typical diameter of a single mode �ber in the bundle is about 30 μm 
(this is the diameter of its cladding, the core has diameter of about 8–9 μm). The typical 
number of �bers in the bundle is about 10,000–30,000. Typical overall diameter (of the 
entire bundle) is about 3–5 mm.

Another type of endoscope is called a rigid endoscope. In this case, the camera goes 
inside the body of the patient rather than staying outside while it is located on the edge of a 
rigid stick (Gardner 1983, Barbato et al. 1997). Although image quality of rigid endoscopes 
is usually better and they allow not only backward transmission of images but also other 
medical treatment procedures, their main disadvantage is related to the fact that they are 
indeed rigid and thus less �exible and less adapted for in-body navigation procedures.

There are many medical related applications and mechanical modi�cations applied over 
the basic con�guration of conventional endoscopes (Giniūnas et al. 1993, Tumlinson et al. 2004, 
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Komachi et al. 2005, Albertazzi et al. 2008, Harzic et al. 2009). In general, the two main 
disadvantages of currently available endoscopes are related �rst to the fact that their external 
diameter is relatively large and thus in many cases their usage requires invasive medical 
intervention. Second, usually the endoscopes are not multifunctional, i.e., one endoscope is 
used to obtain medical images of the internal organ and another endoscope goes inside to 
perform the medical treatment procedure. This splitting of functionality and the fact that 
the device needs �rst to be inserted into the body of the patient, then to be pulled out, and 
inserted again, causes inaccuracy in the applied medical treatment.

Note that there are competitive solutions to endoscopy that, for instance, involve a pill 
swallowed by the patient, which is capable of capturing images of internal organs while 
passing through the stomach and then the intestine (Panescu 2005).

In this chapter we present the development of special multi-functional micro probe that 
is created by combining hollow regions (capillaries) of a holey structure together with 
non-hollow regions to form multiple cores, some of which are made of appropriate elec-
trically conductive material. Some are non-hollow cores (rods) that are used for photonic 
transmission.

The probe can penetrate into brain tissue or go inside blood vessels with minimal invasive 
damage due to its small diameter (100–200 μm). When inside, it can be used for high reso-
lution imaging—e.g., from deep cortical layers or deep brain structures (while the high 
resolution image from inside the tissue is transmitted backward using the multiple cores 
of the �ber-based probe)—as well as for various medical-related inspection purposes, or 
for performing medical treatment.

Note that multi-core �bers were previously proven to be suitable to perform high qual-
ity imaging tasks (Tang and Zhao 1992). An overview of the state of the art of in vivo 
�uorescence imaging with high resolution micro lenses is presented (Flusberg et al. 2005, 
Llewellyn et al. 2008, Barretto et al. 2009). A demonstration of this micro endoscope for in 
vivo brain �uorescence imaging application is depicted (Flusberg et al. 2005, Deisseroth 
et al. 2006, Piyawattanametha et al. 2009).

In order to validate the theory, we have fabricated multi-core �bers having a total external 
diameters of 100 and 200 μm. Both of them have the same number of pixels (i.e., different 
core to cladding ratio). The multi-core �ber may provide several medical related function-
alities applied with high spatial localization. Some selective functionalities include local-
ized thermo cooler/heater to be applied for blocking of blood vessels, e.g., against “cold 
womb” or for treating prostate cancer or for thermotherapy (by realizing a thermo electric 
cooler or a Peltier junction by interlacing between the photonic cores and two electrically 
conductive wires made out of different metallic materials or by sputtering metallic materi-
als on the two faces of the rectangular shape of the micro probe), high resolution imaging 
containing up to a few tens of thousands of spatial pixels transmitted from the tip of the 
probe backward toward back-positioned imaging camera, injection of light through some 
of its non-hollow photonic cores, and injection of chemicals through the hollow cores or 
sucking them out by using the chemo-capillarity effect.

The high resolution imaging capability and the fact that the edge of the micro probe 
is very thin allow localized biomedical inspection, visualization, and treatment with 
minimal invasive damage. In this chapter we intend to present preliminary experimental 
results containing the capturing of a high resolution image that is transmitted backward 
through the proposed probe.

Note that the proposed probe being realized is tens of times smaller in comparison to a 
commonly used endoscope (Dumortier et al. 1999). It does not provide only spatial resolu-
tion that is as good, but it also enables multifunctionalities of medical treatment obtained 
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with the same probe. In the experimental results obtained with one of our prototypes we 
were able to obtain biomedical images with resolutions of about 5000 pixels (10,000 pixels 
is typical high resolution endoscope), while the used probe had external diameter of less 
than 200 μm. In our experiments the captured high resolution images were transmitted 
backward through the proposed probe to a camera positioned at its other end.

26.2 Experimental Results

In Figure 26.1 we schematically describe the operation principle related to imaging capa-
bility of the proposed multifunctional multi-core probe.

In respect to its imaging related property, the probe is actually a transmission medium 
that transfers the optical wave front arriving from the object at its input edge to its output 
edge, from which it continues to propagate toward the resulted image plane. In a sense, the 
input and output edges of the probe act similarly to principle planes of an imaging lens.

The optical cores of the proposed probe act to transmit backward the wave front and 
to generate the image; however, one of the cores can also be used to illuminate the object 
itself or even to heat it if illuminated with high photonic power density. The obtained 
imaging relation is

 

1 1 1

1 2U U V F+
+ =  (26.1)

while the input and output planes of the multi-core probe act as principle planes of an 
imaging lens in the sense that they transmit the wave front distribution from the input 
to the output plane. U1, U2, and V are the distances between the object and the end of the 
probe, the end of the probe and the imaging lens, and the imaging lens and the image 
detection array, respectively. F is the focal length of the imaging lens.

As previously mentioned, the micro probe is not only thin but also multifunctional. The 
multifunctionality is obtained by fabricating a multi-core �ber with metallic nanowires 
interlaced between its optical cores or by sputtering metallic materials on the two faces 
of the rectangular shape of the micro probe. Those wires can be used to realize thermo-
electric cooling (for heating and cooling related medical treatments) if the wires are 

Input plane
Multi-core probe

Output plane
ImageF

VU2U1

Object

FIGURE 26.1
Schematic description of the imaging operation principle of the probe. (Reproduced by permission from Springer 
Science+Business Media: BioNanoSci., Biomedical super resolved imaging using special micro probe, 1(3), 2011, 
103–109, Shahmoon, A., Slovin, H., and Zalevsky, Z. Copyright 2011.)
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made out of two different types of metals. The metals can also be used to transmit radio 
frequency (RF) radiation for radiating the treated tissue.

Figure 26.2 presents a microscope image of a preliminary fabrication attempt of a multi-
functional probe, that is, following the multifunctional concept previously described in 
Zalevsky et al. (2005). Note that the preliminary fabrication attempt of Figure 26.2 aims to 
demonstrate mainly the capability of multifunctionality by fabricating �bers with optical 
cores interlaced with metallic nanowires. Yet, in that speci�c example, the number of opti-
cal cores is very low and thus it is not suf�cient for realizing high quality imaging.

In order to be able to fabricate a �ber incorporating both photonic cores made out of silica 
together with metallic wires, one needs to realize a pre-form from materials having rela-
tively close melting temperature so that when the pre-form is being drawn into a �ber, the 
melting for all materials involved occurs with similar timing. This is important for realizing 
uniform and axially continuous electrical wires as well as for keeping uniform and identical 
dimensions of the structures/components appearing in the cross section of the �ber.

The left image of Figure 26.2 shows a multi-core �ber with seven optical cores (with red 
light coupled to them at the upper right corner of that image), while the right image shows 
a �ber with several golden wires integrated along its cross section. This probe was made 
out of silica and its metallic wires were made from gold.

The second fabrication attempt on which we focus in this chapter is related to the fab-
rication of a multi-core �ber without interlaced metallic wires but with a large number 
of optical cores to allow high resolution imaging functionality where the high resolution 
imaging is performed through the described endoscope. The number of fabricated cores 
in this �ber was about 5,000–10,000. This micro probe was made out of polymers, while 
the core was made out of PS (polystyrene) and the cladding was made out of poly(methyl 
methacrylate) (PMMA). The refractive indexes of the PS and the PMMA at a wavelength of 
632 nm are 1.59 and 1.49, respectively.

Figure 26.3 presents the realized micro probe which was 15 cm long. In order to polish 
the edge of the micro probe �ber and to achieve better roughness, we used special hold-
ers (shown on the right side of Figure 26.3). The special holders are temporarily attached 
to both sides of the micro probe only for the polishing phase and are removed afterward 
(shown on the left side of Figure 26.3).

Multi-core PCF In PCF golden wires

10 μm

FIGURE 26.2
(See companion CD for color �gure.) Fabrication examples of the proposed multifunctional probe. (Reproduced 
by permission from Springer Science+Business Media: BioNanoSci., Biomedical super resolved imaging using 
special micro-probe, 1(3), 2011, 103–109, Shahmoon, A., Slovin, H., and Zalevsky, Z. Copyright 2011.)
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Figure 26.4 presents a microscope image of the edge of the multi-core �ber that is being 
illuminated at a wavelength of 632 nm. The probe presented in Figure 26.4 has about 5000 
cores, but the actual spatial resolution even with this number of cores might be larger due 
to super resolution processing, which is to be elaborated in the next section. Thousands 
of individual light channels transmitting spatial information at wavelength of 632 nm are 
shown in Figure 26.4. Each channel is basically a different pixel in the constructed image.

As previously mentioned, the fact that each pixel is transmitted individually and 
that the endoscope is basically a multi-core �ber rather than a multi-mode �ber allows 
the generation of an image that is insensitive to the bending of the �ber. This is a very 
important property since in endoscopy, the device will go into the body and it might often 
be bent during the medical procedure.

50 μm
2 μm

FIGURE 26.4
(See companion CD for color �gure.) Fabricated micro probe. The edge of the fabricated micro probe with 
approximately 5000 cores. Each one of them is being used as a light transmitting channel (each core is a 
single pixel in the formed image). In this image, each core transmits a red channel of light at a wavelength of 
632 nm. (Reproduced by permission from Springer Science+Business Media: BioNanoSci., Biomedical super 
resolved imaging using special micro-probe, 1(3), 2011, 103–109, Shahmoon, A., Slovin, H., and Zalevsky, Z. 
Copyright 2011.)

FIGURE 26.3
(See companion CD for color �gure.) Polished micro probe. One of the special holders is removed after the 
polishing phase.
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In Figure 26.5 we present high resolution target imaging with the micro probe of Figure 
26.4. The presented experimental results include images that were transmitted backward 
by the proposed micro probe and imaged by a CCD camera. Figure 26.5a presents different 
resolution targets imaged with the micro probe. The presented resolution targets in the 
upper line from left to right are as follows: object with rotated black vertical lines and the 
same object rotated at 90° with respect to the previous one. In the second row from left to 
right we have an object with small black rectangles and then an object with large black lines 

(a)

(b)

FIGURE 26.5
(See companion CD for color �gure.) Experimental results of images transmitted backward by the proposed 
micro probe. (a) Various resolution targets. The scanned objects are as follows. From left to right: black vertical 
lines, black horizontal lines, black small rectangles, and black large lines and black rectangle appearing in the 
left side of the backward transmitted image. (Reproduced by permission from Springer Science+Business Media: 
BioNanoSci., Biomedical super resolved imaging using special micro-probe, 1(3), 2011, 103–109, Shahmoon, A., 
Slovin, H., and Zalevsky, Z. Copyright 2011.) (b) Imaging of square-like shaped resolution target at different 
locations, gathered to an image with a large �eld of view.
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and rectangles appearing in the left side of the backward transmitted image. Figure 26.5b 
shows a square-like shaped resolution target at different locations. This �gure demonstrates 
that although the micro probe is very thin in its diameter, a large �eld of view is obtained by 
proper cascading of the collected images.

In order to further demonstrate the high spatial discrimination, we repeated the experi-
ment depicted in Figure 26.6. There we performed imaging of Fe micro beads through 
agar solution. The purpose of this experiment is to show that imaging through biological 
medium is possible and also to demonstrate the high spatial resolution of the fabricated 
prototype that allows spatial separation between sub-micron features.

Figure 26.7 presents imaging of rat heart muscle growth on a slide. Figure 26.7a shows 
a top view microscope image of the rat heart muscle, while Figure 26.7b shows these cells 
(shown in the inset image of Figure 26.7a) imaged with the special micro probe. Cell cul-
ture and sample preparation for measurements was as follows: Rat cardiac myocytes were 

(a) (b)

FIGURE 26.7
(See companion CD for color �gure.) Imaging of rat heart muscle. (a) Top view microscope image. (b) Image of 
the rat heart muscle shown in the inset of the left image by the micro probe.

5 μm

2 μm

FIGURE 26.6
Experimental results of images with Fe beads with diameters of 1 μm, imaged through an agar solu-
tion. (Reproduced by permission from Springer Science+Business Media: BioNanoSci., Biomedical super 
resolved imaging using special micro-probe, 1(3), 2011, 103–109, Shahmoon, A., Slovin, H., and Zalevsky, Z. 
Copyright 2011.)
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isolated as described in Fixler et al. (2002). Brie�y, hearts from newborn rats were rinsed 
in phosphate buffered saline (PBS), cut into small pieces and incubated with a solution of 
proteolytic enzymes-RDB (Biological Institute, Ness-Ziona, Israel). Separated cells were 
suspended in Dulbecco’s Modi�ed Eagle’s Medium (DMEM) containing 10% inactivated 
horse serum (Biological Industries, Kibbutz Beit Haemek, Israel) and 2% chick embryo 
extract, and centrifuged at 300 × g for 5 min. Precipitant (cell pellet) was resuspended in the 
growth medium and placed in culture dishes on collagen/gelatin coated cover-glasses. On 
day 4, cells were treated with 0.5–5 μM of DOX for 18 h and then with drug-free growth 
medium for an additional 24 h. Cell samples were grown on microscope cover slips and 
imaged by the micro probe.

Figures 26.8 and 26.9 present imaging of blood veins inside a chicken wing. Figure 26.8a 
shows top view microscope image of the veins of the chicken wing area, while Figure 
26.8b through d show these veins (indicated by the solid arrows) imaged with the special 
micro probe.

20 μm 

4 μm 

Blood vein

(a) (b)

(c) (d)

Blood vein

Blood vein

6 μm6 μm

FIGURE 26.8
(See companion CD for color �gure.) Blood veins inside a chicken tissue. (a) Top view microscope image. (b–d) 
Imaging of the chicken wing veins using the special micro probe.
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Figure 26.9 shows imaging along a blood vein of a chicken wing. Although the micro 
probe diameter is equal to 200 μm, a construction of a larger image can be easily obtained 
with real-time processing. This can be done by calculating the relative movement of the 
multi-axis platform where the micro probe is located and converting it to the image move-
ment. Each one of the presented images shows a different location of the micro probe along 
the imaged blood vein. In fact, from the visualization point of view, the images are indi-
vidually shown instead of being cascaded into a single image. The solid arrows indicate 
the blood vein, while the dashed arrows as well as the labeling letter indicate the cascad-
ing point between the sub-images presented in Figure 26.9 (similar to the process shown in 
Figure 26.5b). By proper cascading, images of a full length of the examined area of interest 
(e.g., blood vein) can be easily obtained.

Figure 26.10 shows the experimental setup used for imaging from the inside of a rat 
brain. The setup includes two main modules. The �rst module is a special rat holder that 
is used to hold the rat during the surgery and the experiment’s processes, and the second 
module is related to a platform that enables the accurate navigation of the micro probe 
inside the examined area.

(a)

(c) (d)

(b)

20 μm20 μm

20 μm 20 μm

Blood veinBlood vein

Blood vein

B

D

B

C

A

Blood vein

FIGURE 26.9
(See companion CD for color �gure.) Imaging along a blood vein of a chicken wing. (a)–(d) imaging of the 
chicken wing blood veins at different locations. The solid arrows indicate the blood vein, while the dashed 
arrows as well as the labeling letter indicate the cascading point between the images for constructing an image 
with a larger �eld of view.
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Figure 26.11 shows blood veins of a rat brain imaged by the micro probe. Figure 26.11 
shows different blood vessels (indicated by the solid arrows) imaged from the rat’s brain 
using the micro probe. Imaging is performed by penetrating the micro probe inside the 
brain tissue. Navigating the micro probe inside the brain tissue has been done using a �ve 
axis positioning stage (XYZ plus tilt and rotation platform).

On top of the multi-axis stage we positioned a V-groove bare �ber holder which allows 
us to locate the micro probe at the examined area.

The methods for the surgical procedure of the rat have been preformed (Haidarliu et al. 
1999, Brecht and Sakmann 2002). Brie�y, the rat is placed in a cage where iso�eurane is 
injected through a vaporizer. Right after, the rat is anesthetized using the injection of ure-
thane and positioned in a special rat head holder. Then an approximately 7 mm diameter 
hole is drilled above the barrel cortex of the rat, which is identi�ed by the anatomical coor-
dinates. The dura is gently removed to perform the experiment’s procedure. Note that the 
proposed probe is very thin in its diameter in comparison to commonly used endoscopes. 

Blood
vessel Blood

vessel

20 μm 20 μm

FIGURE 26.11
(See companion CD for color �gure.) Blood vessels inside the brain of a rat imaged by the micro probe.

XYZ stage

Micro
probe

V-groove
Rat

holder
Tilt and
rotation
platform

FIGURE 26.10
(See companion CD for color �gure.) Experimental setup. Rat holder and micro probe navigation platform.
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It does not provide only spatial resolution that is as good, but also enables both penetra-
tions inside the examined area with minimal invasive damage and multiple functional-
ities in medical treatment.

Please note that the presented experimental results were performed by applying the fab-
ricated optical hardware, but without using various super resolving approaches capable of 
increasing the resolution as well as the obtainable �eld of view. In the next section we brie�y 
discuss relevant super resolving techniques and their related signal processing procedures.

26.3 Super Resolution and Signal Processing

Any imaging system has limited capability to discriminate between two spatially adjacent 
features. The physical factors that limit this capability can be divided into two types. The 
�rst is related to the effect of the diffraction of light being propagated from the object 
toward the imaging sensor (Shemer et al. 1999, Zalevsky and Mendlovic 2004). The resolu-
tion limit due to diffraction as it is obtained in the image plane is equal to

 δ λx F= 1 22. #  (26.2)

where
λ is the optical wavelength
F# denotes the F number, which is the ratio between the focal length and the diameter of 

the imaging lens

The second type is related to the geometry of the detection array (Zalevsky and Mendlovic 
2004, Borkowski et al. 2009, Zalevsky and Javidi 2009). The geometrical limitations can be 
divided into two kinds of limitations. The �rst type is related to the pitch of the sampling 
pixels (i.e., the distance between two adjacent pixels). This distance determines, according 
to the Nyquist sampling theorem, the maximal spatial frequency that can be recovered 
due to spectral aliasing (generated when signals are under sampled in the space domain):

 
δ

νpitch = =1
2

1

max BW
 (26.3)

where
δpitch is the pitch between adjacent pixels
νmax is the maximal spatial frequency that may be recovered
BW is the bandwidth of the spectrum of the sampled image

The second kind is related to the shape of each pixel and to the fact that each pixel is not a 
delta function and thus they realize non-ideal spatial sampling.

Super resolution is a �eld of research that attempts to overcome the diffraction-based 
(Shemer et al. 1999) and the geometrical (Fortin et al. 1994, Borkowski et al. 2009) limi-
tations. The type of resolution reduction that is being imposed by the multi-core probe 
depends on the distance between the edge of the probe and the object (the distance denoted 
as U1 in Figure 26.1).
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Diffraction resolution reduction is obtained when the input plane of the probe is rel-
atively far from the object (far �eld approximation), and then the light distribution on 
this plane resembles the light distribution over the imaging lens aperture. In that case the 
diameter of the �ber D sets the maximal spatial frequency transmitted by the �ber and 
therefore also sets the spatial resolution obtainable in the image plane:

 
δ λ
x

V
D

=  (26.4)

The fact that there are multiple cores makes this equivalent to sampling in the Fourier 
plane, which means replication in the image plane yields limiting restriction over the 
obtainable �eld of view:

 
∆x V

d
= λ  (26.5)

where
Δx is the obtainable �eld of view in the image plane
d is the pitch between two adjacent cores in the multi-core probe
V can be evaluated by the imaging condition of Equation 26.1

The resolution in microns per pixels equals the obtainable �eld of view divided by the 
number of pixels.

The geometrical limitation is obtained when the distance between the �ber and the 
object (U1) is relatively small (near �eld approximation), and the �eld of view is limited by 
the diameter of the �ber (D) while the pitch between two cores (d) determines the spatial 
sampling resolution:

 ∆x MD x Md =   = δ  (26.6)

where M is the demagni�cation factor of the proposed imaging system and it equals to

 
M

V
U U

=
+1 2

 (26.7)

For the fabricated prototype with a diameter of 200 μm (and for near �eld approximation), 
the obtainable resolution in microns per pixels depends upon the distance between the 
two adjacent cores and equals 3.6 μm.

In super resolution the idea is to encode the spatial information that could not be imaged 
with the optical system into some other domain. We want to transmit it through the system 
and to decode it (Zalevsky and Mendlovic 2004). The most common domain in which to 
do so is the time domain.

Therefore, the simplest way for obtaining resolution improvement in the proposed 
con�guration is as follows: In the case of far �eld arrangement (when the limiting factor is 
related to diffraction), the �ber itself can be shifted in time. This time scanning operation 
will be equivalent to generation of a synthetically increased aperture, similar to what 
happens in synthetic aperture radars (SAR) (Fransceschetti and Lanari 1999).
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In this scanning operation the resolution improvement factor is proportional to the ratio 
between the scanned region and the diameter of the probe, D. If, instead of super resolu-
tion, one wishes to increase the imaging �eld of view, the probe needs to be shifted at 
amplitude of less than d to generate over-sampling of the spectrum domain by its multiple 
cores. In this case, a set of images are captured and each is obtained after performing a shift 
of sub-core distance. Then, all the images are interlaced together accordingly to generate 
effective sub-core sampling.

In the case of near �eld approximation, temporal scanning once again can improve the 
resolving capability as described in literatures (Fortin et al. 1994, Borkowski et al. 2009). In 
this case the shift is limited by the size of d. Once again, a set of images is captured while 
each image is obtained after performing a shift of sub-core distance. Then, all the images are 
interlaced together accordingly to generate effective sub-core sampling. If instead of resolu-
tion improvement, one wishes to obtain an increase in the imaging �eld of view, the probe 
can again perform scanning but this time at larger amplitude. The �eld of view enlargement 
is proportional to the ratio between the shift amplitude and the diameter of the probe D.

26.4 Conclusions and Perspectives

In this chapter we have presented a new type of multifunctional micro probe with a sub-
millimeter diameter. The sub-millimeter diameter of the proposed micro probe makes it 
suitable to perform non-invasive medical treatments, such as going into veins and other 
internal organs. The combination of its sub-millimeter diameter and its multifunctional 
capabilities allows realization of localized bio medical inspection as well as treatment.

In the capabilities demonstrated in this chapter we showed preliminary results of a 
micro probe with a diameter of 100–200 μm, which produced images of 5,000–10,000 pixels 
before applying super resolving techniques. After using super resolution, the obtainable 
resolution limit and the �eld of view improved and exceeded the state-of-the-art resolu-
tion and �eld of view available nowadays from conventional endoscopes.

Experimental results showing the construction of various resolution targets as well as 
different biological tissues have been presented. We believe that generating a one-piece 
tool that enables not only monitoring of internal organs but also treatment using the same 
probe will improve the medical examination procedure from both the doctor’s and the 
patient’s point of view. In addition, the micro probe can not only be integrated in any 
existing endoscopy examination, but also can also open a window for new medical exami-
nation that is still not reachable due to the relatively large size of the currently existing 
endoscopes compared to the suggested one.
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27
Nanotoxicity

Rui Chen and Chunying Chen

27.1 Introduction

Nanobiotechnology focuses on the biological effects and applications of nanoparticles that 
include drug encapsulation, nanotherapeutics, vaccine development, biocatalysis, materials 
science, and synthetic biology. Nano-sized materials (generally de�ned as having at least 
one dimension less than 100 nm) provide unique and desirable properties, which have led 
to the formation of nanomedicine and nanobiotechology. For instance, nanoparticles have 
great promise for advanced drug delivery applications, which can be attributed to their 
signi�cant advantages. These advantages include improved bioavailability, increased blood 
circulation time, and selective distribution in the organs or tissues, all of which can be further 
optimized by engineering the design of the physicochemical characteristics of nanoparticles 
in nanobiotechology. The study of undesirable or adverse effects caused by nanomaterials 
has formed another research branch: nanotoxicology. Compared to their large bulk 
counterparts, the nanomaterials possess quite different physicochemical properties, such 
as ultrahigh reactivity, high surface area to mass ratio, quantum effects, etc. These unique 
properties have also raised concerns about the potential for unintended consequences 
of these materials on human health and the environment. Various nanomaterials with 
unique optical and physical properties, such as quantum dots (QDs), gold nanoparticles, 
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magnetic nanoparticles, carbon nanotubes, nanowires, and nanocantilevers, have already 
been applied in nanobiotechnology. Biomedical applications, diagnostics or therapeutics 
may be of primary interest, but intended exposures of nanoparticles in these areas might 
lead to unintended toxic side effects. At present, the knowledge of potential implications 
of nanomaterials is currently lagging behind in their development and application in 
nanobiotechnology. Nano-safety, the object of nanotoxicology, will lay a �rm foundation 
for the sustainable development of nanobiotechnology.

It is not the purpose of this chapter to directly cover all issues for safety evaluation of 
nanomaterials. Here, we will only review the studies on the elucidation of potential and 
impact of nanotoxicity associated with nanomaterials in nanobiotechnology.

27.2  Physicochemical Characteristics of Nanoparticles 
Determine Their Toxic Potential

In conventional toxicology, the safety evaluation of bulk materials can be approximately 
determined by only three factors, including dose, chemical composition, and exposure 
route. However, many factors, especially the physicochemical characteristics of nanoparti-
cles, should be considered when we do the same work. This makes nanotoxicity much more 
complex and dif�cult than conventional toxicology. Those physicochemical characteristics 
of nanoparticles that dominate the biological effects are summarized in Table 27.1. From its 
introduction, signi�cant concerns regarding nanotoxicology have led to ongoing research 
of nanoparticle features that could potentially cause adverse effects to human health or 
the ecosystem. If these features can be identi�ed early, then material engineers can design 
products to avoid or minimize risk. In the meantime, scientists in nanobiotechnology might 
actively seek special features of nanomaterials to enlarge their applications, such as for 
enhanced drug penetration into “tough tissues” such as the brain, eyes, or embryo.

TABLE 27.1

Comparison of the Physicochemical Characters That Dominate the 
Toxic Responses of Nanomaterials and the Bulk Materials

Bulk Material or Nanomaterials Nanomaterials

Chemical composition Nanostructure/shape/internal structure
Particle concentration Particle size/distribution
Reactivity Particle number
Conductivity Aggregation/agglomeration
Morphology (crystalline, 
amorphous, shape, etc.)

Degree and state of dispersion
Zeta potential

Physical form (solid, aerosol, 
suspension, liquid, etc.)

Surface area
Surface charge

Purity/impurities Surface coating and chemistry
Surface modi�cation Surface structure
Solubility Surface adsorbability

Self-assembly
…



601Nanotoxicity

27.2.1 Particle Size and Surface Areas and Solubility

Particle size is a critical parameter in particle-induced biological responses that play a 
key role in determining the �nal properties of nanomaterials. The size usually refers to 
the individual particle, not to the potential aggregates that can be formed during syn-
thesis, storage, and application. With the reduction of size to the nanoscale level, nano-
materials cause a steady increase of the surface/mass ratio. The decreased particle size 
and increased surface areas exponentially boost the biological activity of nanomaterials. 
Recently, the acute toxic effects of nano-sized copper (nano-Cu) particles in mice have 
been evaluated in our lab. Based on animal experiments, LD50 values determined for 
23.5 nm and 17 μm copper particles and cupric ions were 413, >5000 and 110 mg/kg body 
weight, respectively. It showed pathological changes and severe injuries to the kidneys 
and liver in mice exposed to 23.5 nm copper particles by oral gavage. However, these 
phenomena did not appear in the mice exposed to 17 μm copper particles (Chen et al. 
2006, Liu et al. 2009a). In the evaluation of TiO2 particles on neurotoxicity, we intrana-
sally instilled four types of rutile TiO2 particles with different sizes and surface modi-
�cations (Figure 27.1A and B: hydrophobic particles in micro- and nano-size without 
coating, C and D: two types of water-soluble hydrophilic nano-sized particles with sur-
face coating). The concentrations of titanium in different brain regions were analyzed 
by inductively coupled plasma mass spectrometry (ICP-MS) in order to �nd the regions 
where nanoparticles accumulate. The results showed that micrometer-sized particles did 
not induce any lesions to neurons of the cerebral cortex or hippocampus where Ti could 
not be detected by ICP-MS compared with controls. Nanometer-sized Ti particles did 
induce obvious damage to the neurons of the cerebral cortex. A signi�cant decrease of 
the normal neuron density was found in the cerebral cortex by nanometer-sized particles 
and in the CA1 layer of the hippocampus only by water-soluble modi�ed particles after 
intranasal instillation of the TiO2 nanoparticles. The micrometer-sized TiO2 particles did 
not in�uence the neuron density in the cerebral cortex or hippocampus. The reason for 
this may be that the translocation ability of nanoparticles is partially dependent on the 
particle size and solubility. The hydrophilic and/or nano-sized particles can easily reach 
places where other particles are not accessible (Zhang et al. 2011).

27.2.2 Nanostructure and Shape

Nanomaterials can exhibit various shapes and structures, such as spheres, needles, tubes, 
rods, etc. Carbon nanotubes (CNTs), long and thin cylinders of carbon, have always attracted 
great scienti�c and applied interest because of their unique physical, mechanical, and chemi-
cal properties. For example, CNTs have the potential to be used in a number of areas of medi-
cine, particularly in cancer therapeutics. However, it is essential to pay much attention to 
their toxicity before this goal can be reached (Zhao et al. 2008, Bonner 2011). Nanotubes exist 
as either single-walled CNTs (SWCNTs), consisting of graphite sheets rolled to form a seam-
less cylinder, or multiple-walled CNTs (MWCNTs), composed of many cylinders stacked 
one inside the other. Fullerenes are in a family of large carbon-cage molecules available in 
various geometrical shapes such as spherical and ellipsoidal, and can be categorized by their 
carbon number as C20, C30, C36, C60, C70, and C78. By far, the most studied fullerene is C60. CNTs 
and fullerenes provide novel opportunities for various applications in the biomedical �elds, 
such as bioimaging and therapy with high performance and ef�cacy (Beg et al. 2011).

Carbon nanotubes and fullerenes are characterized by poor solubility and dif�cult 
manipulation in solvents or physiological solutions like serum, which has greatly 
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in�uenced their toxicity, metabolism kinetics, and biomedical functions. In an in vitro 
study, the SWCNTs, MWCNT, and C60 exhibited quite different cytotoxicities to alveolar 
macrophages, although they are associated with carbon materials. CNT exposure 
results in a loss of the phagocytic ability and in ultrastructural injury of alveolar 
macrophages. The comparative toxicities exhibited the following sequence order on a 

Cerebral cortex

Control

A A A

B B B

C C C

D D D

Control Control

Hippocampus CA1 Hippocampus DG

FIGURE 27.1
(See companion CD for color �gure.) Physicochemical characteristics of TiO2 determine its neurotoxicity 
in vivo. Morphological changes of neurons in the HE stained brain tissue sections of the cerebral cortex and 
hippocampus (CA1 and DG) in the mice after intranasal instillation of different TiO2 particles (sample A are 
hydrophobic, micrometer-sized particles; sample B are hydrophobic, nanometer-sized particles; C and D are 
hydrophilic, nanometer-sized particles, and the structure of C is needle like, D is rod like). Normal pyramidal 
cells showed round and pale stained nuclei, whereas dying or dead cells showed pyknotic nuclei. The normal 
structure of pyramidal cells has round/oval and pale stained nuclei as well as a clear nucleolus. Damaged neu-
rons have shrunken cell bodies, deeply stained pyknotic nuclei with a triangular or elongated pro�le, a nucleo-
lus that disappeared, as well as the widened gap between the nuclei and the cell membrane. Arrows indicate the 
damaged neurons. Magni�cation: ×200. (Reproduced with modi�cation by Toxicol Lett, 207, Zhang, L., Bai, R., 
Li, B., Ge, C., Du, J., Liu, Y., Le Guyader, L. et al., Rutile TiO2 particles exert size and surface coating dependent 
retention and lesions on the murine brain, 73–81, 2011. Copyright 2011, with permission from Elsevier.)
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mass basis: SWCNTs > MWCNT (with diameters ranging from 10 to 20 nm) > quartz >C60 
(Jia et al. 2005). It has been shown that exposing the mesothelial lining of the body 
cavity of mice to long CNTs (longer than 15 μm) will result in asbestos-like, length-
dependent, pathogenic behavior including in�ammation and granulomas. In attempting 
to phagocytose or engulf a �ber longer than the length they can completely enclose, the 
macrophages may resort to “frustrated phagocytosis” and giant cell formation caused by 
macrophage fusion in in�ammatory conditions (Figure 27.2). These pathogenic outcomes 
have the possibility to further develop mesothelioma, which is normally observed in 
asbestos exposure (Poland et al. 2008). These results suggest that the cytotoxicity of 
carbon nanomaterials in vitro is highly dependent on their nanostructure. In our lab, we 
found the crystal structure of TiO2 had a subtle different in�uence on neurotoxicity after 
30 days exposure by nasal instillation on mice. The anatase TiO2 particles had a much 
greater risk potential for producing adverse effects than the rutile ones on the central 
nervous system (Wang et al. 2008b). The shape of the nanoparticles is another important 
factor that directly affects cellular uptake. We studied the in�uence of the geometrical 
aspect of Au nanorods on their cellular uptake, and found that the cellular uptake of Au 
nanorods was highly shape-dependent (Qiu et al. 2010, Zhao et al. 2011). This showed 
that much fewer longer nanorods were internalized as compared with shorter nanorods, 
although the two kinds of nanoparticles had similar surface charges (Figure 27.3). The 
spherical nanoparticles of similar sizes entered cells more easily than rod-shaped Au 
nanoparticles, which can be attributed to the longer membrane wrapping time required 
for the rod-shaped particles.

EC

FBGC

LC

PMN

(a)

(b) (c)

(d)

(f)(e)

FIGURE 27.2
(See companion CD for color �gure.) Length determine the phagocytosis of asbestos and CNTs by peritoneal 
macrophages. (a, b) Histological sections show incorporation of long-�ber amosite (a, arrow) leading to “frus-
trated phagocytosis,” but short-�ber amosite (b, see inset) is successfully phagocytosed. (c) Representative 
image of foreign body giant cells after injection of long-�ber amosite containing short fragments of �ber 
(see inset). (d) Like long-�ber amosite, long CNTs (>15 μm) also lead to frustrated phagocytosis (EC, eryth-
rocytes). (e) In contrast, short CNTs (<5 μm) can be readily phagocytosed (see inset). (f) Foreign body giant 
cells (FBGC) are also present after injection of long CNTs (see inset for internalized �bers) (PMN, polymor-
phonuclear leukocyte; LC, lymphocyte). All images are shown at ×1000 magni�cation with a 5 mm scale 
bar. (Reproduced by permission from Nature Publishing Group, Nat. Nanotechnol., Poland, C. A., Duf�n, 
R., Kinloch, I., Maynard, A., Wallace, W. A., Seaton, A., Stone, V., Brown, S., Macnee, W., and Donaldson, K., 
Carbon nanotubes introduced into the abdominal cavity of mice show asbestos-like pathogenicity in a pilot 
study, 3, 423–428, 2008.)
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27.2.3 Agglomeration and Aggregation

Nanoparticles show greater biological activity than larger-sized particles of the same 
chemical composition, due to their increased surface area per mass. The signi�cant surface 
size also allows for a strong tendency to agglomerate/aggregate. An agglomeration is a 
collection of particles that are loosely bound together by relatively weak forces, including 
van der Waals forces, electrostatic forces, simple physical entanglement, and surface 
tension, with a resulting external surface area similar to the sum of the surface area of 
the individual components. Aggregation is different from agglomeration. Aggregated 
particles are a cohesive mass consisting of particulate subunits tightly bound by covalent or 
metallic bonds due to a surface reconstruction. This is often accomplished through melting 
or annealing on surface impact, and is typically a result of having an external surface 
area signi�cantly smaller than the sum of the individual components. Agglomerates may 
be reversible under certain chemical/biological conditions whereas an aggregate will 
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FIGURE 27.3
Shape and surface coating determine cellular uptake of Au nanoparticles in MCF-7 cells. Transmission elec-
tron microscope images of CTAB-coated Au nanorods with different aspect ratios: (a) CTAB-1, (b) CTAB-2, (c) 
CTAB-3, and (d) CTAB-4. (e) shape- and surface-coating-dependent cellular uptake of Au nanorods coated 
by CTAB. (f) Transmission electron microscopy (TEM) images showing the process of cellular uptake. The 
Au nanorods form aggregates, enter into vesicles in this form, and get into lysosome. (Reproduced with 
Biomaterials, 31, Qiu, Y., Liu, Y., Wang, L., Xu, L., Bai, R., Ji, Y., Wu, X., Zhao, Y., Li, Y., and Chen, C., Surface 
chemistry and aspect ratio mediated cellular uptake of Au nanorods. 7606–7619, 2010. Copyright 2010, by per-
mission from Elsevier.)
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not easily release primary particles under normal conditions (Yokel and Macphail 2011). 
Some reports of �eld measurements show that the airborne nanomaterials in occupational 
settings are most commonly 200–400 and 2000–3000 nm in diameter (Seipenbusch et al. 
2008, Brouwer 2010). The agglomeration of nanomaterials may in�uence the absorption of 
an organism, while the agglomeration situation within the body will usually dominate any 
toxic effects. Temporary organ injury in the lungs and liver has been reported due to delayed 
clearance of agglomerated MWCNTs in mice, while the well-dispersed ones formed fewer 
aggregates in the lungs and liver, and seemed to be easily eliminated (Methner et al. 2007). 
Persistent accumulation of agglomerated MWCNTs in the lungs caused in�ammatory 
responses while the well suspended ones did not. Highly agglomerated SWCNTs caused 
more serious toxic effects on glial cells in both the peripheral and central nervous system 
derived cultures as compared with better-dispersed SWCNTs (Belyanskaya et al. 2009). 
In estimation of the toxicology of nanomaterials, the extent of agglomeration/aggregation 
should be taken into account in the characterization process.

27.2.4 Chemical Composition and Purity and Impurities

The chemical composition, in terms of elemental composition and chemical structure, 
is an intrinsic property of all materials. With the development of nanotechnology, 
there are an abundant amount of different chemical compositions of nanomaterials. 
Nanoparticles relevant to nanobiotechnology may roughly comprise four categories by 
their chemical composition: (1) carbon nanomaterials (e.g., carbon nanotubes, nanowires, 
nanocantilevers, graphene, and fullerenes), (2) metallic and metallic oxide materials (e.g., 
gold or silver nanoparticles, magnetic nanoparticles, QDs, titanium dioxide, iron oxide), 
(3) silicon nanomaterials (silicon or silica nanoparticles), and (4) organic nanomaterials 
(e.g., DNA, polymers, polymeric micelles, liposomes, or nanoparticles prepared from 
polymers or lipids). Some nanomaterials can exhibit a hybrid, “core-shell” structure such 
as the semiconductor nanocrystal QDs, with biomolecular-immobilized nanomaterials 
as the nanobiotechnology products. At present, there is a lack of delicate data reports 
and well-designed screen techniques for the nanotoxicological comparison of widely 
used and variously composed nanomaterials. Raw nanotubes, especially commercial 
products, usually contain signi�cant impurities such as inert synthesis support (silica, 
alumina) and metal catalysts (iron, cobalt, nickel), which come from the large-scale 
production procedures, post-fabrication and post-puri�cation treatments. There is a 
great deal of evidence showing that the impurities in CNT materials will substantially 
contribute to increased toxicity through induction of oxidative stress (Pulskamp et al. 
2007, Ge et al. 2011b).

27.2.5 Surface Modification and Surface Charges

Surface modi�cation of nanoparticles also plays an essential role in changing the 
physicochemical and surface properties of nanomaterials. Surface modi�cations can be 
utilized to reduce the material toxicity, increase the solubility, enhance biocompatibility, 
and to prevent their aggregation in solutions (Yan et al. 2011). The most noticeable example 
is probably that of fullerenes. It has been shown that signi�cant differences in toxicity and 
biological function exist between the conventional hydrophobic fullerenes and the surface 
modi�ed hydrophilic ones (Yin et al. 2009, Liu et al. 2009b). We investigated the in�uence 
of surface coatings on the cellular uptake and the cytotoxicity of gold nanorods (Au NRs), 
and found that the cellular uptake of these Au NRs is highly dependent on their surface 
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chemistry. This is evidenced by poly (diallyldimethyl ammonium chloride) (PPDDAC)-
coated Au NRs exhibiting a much greater ability to be internalized by the cells compared 
to PSS- (Poly-sodium-p-styrenesulfate) and CTAB (cetyltrimethylammonium bromide)-
coated samples (Figure 27.3e; Qiu et al. 2010, Wang et al. 2010a). In nanobiotechnology, 
various nanosynthesis and nanofabrication methods have been applied to nanomaterials 
with the intent to obtain specialized and much needed characteristics. However, the posi-
tive aim on nanomaterial modi�cations may result in unintended side effects, which raises 
alarms about potentially damaging health effects including biocompatibility and acute 
and chronic toxicity.

Surface charge, which can be changed by surface modi�cation, is one of the most essen-
tial factors that directly relates to the biological functions of nanoparticles. In contrast 
to neutral and negatively charged nanoparticles, positively charged particles can lead to 
the most ef�cient cell membrane penetration and cellular internalization because of their 
effective binding to the negatively charged groups on the cell surface. In regards to the Au 
nanoparticles, it was shown that only positively charged particles could induce cellular 
membrane depolarization among all tested cell types. The extent of membrane depolariza-
tion was found to be dependent on the concentration of positively charged nanoparticles. 
In comparison, membrane depolarization induced by negative, neutral, or zwitterionic 
Au nanoparticles was negligible. Therefore, the intracellular uptake of positively charged 
nanoparticles proved to be signi�cantly higher than the other conditions (Arvizo et al. 
2010). It also forms the primary platform as synthetic carriers for drug and gene deliver-
ies in nanobiotechnology. Following the application, there are requirements to investigate 
the destiny and functions after intercellular uptake of charged nanoparticles. Fluorescent 
polystyrene (PS) particles are good research objects to study the intercellular dynamics of 
allogenic materials in a cell model. We have recently investigated the negatively charged 
carboxylated polystyrene (COOH-PS) and positively charged amino-modi�ed polystyrene 
(NH2-PS) nanoparticles of three different diameters (50, 100, and 500 nm) on cancer HeLa 
cells and normal NIH 3T3 cells during the cell cycles. We found that the PS nanoparticles 
keep a distance from the spindle and the chromosomes during the entire process of mito-
sis. They were never found to be associated with any components of the mitotic appara-
tus and no abnormal cell division was detected after their internalization. No abnormal 
daughter cells were detected as well. The data showed that the PS nanoparticles cannot 
in�uence mitosis, which is highly conserved in mammal cells, in both normal and cancer 
cells (Liu et al. 2011).

At present, the data available on the toxicity of nanomaterials are fragmentary, and 
sometimes contradictory, which is also accompanied by their complicated physicochemi-
cal characteristics. Scientists have to face this current dif�culty that a safe borderline of 
application dose cannot be set or a predetermined recommendation in the use of nanoma-
terials can be given. There are many factors that must be considered during the application 
of these materials in nanobiotechnology.

27.3 Absorption, Translocation, and Distribution of Nanoparticles In Vivo

People within nanotechnology-related research, production, and application have the 
potential to be exposed to nanomaterials. Absorption and penetration occurs mainly 
through the skin, gastrointestinal (GI) tract, lung, nasal cavity, eyes, and intravenous 
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injection. Figure 27.4 summarizes these predominant routes and potential translocation 
pathways of nanoparticles in vivo.

Intravenous injection has been widely used in biomedical �elds with the development of 
nanobiotechnology. The nature and intensity of biological effects of nanoparticles depend 
on their physicochemical characters such as size, chemical composition, surface structure, 
solubility, shape, and how the individual nanoparticles accumulate together. Once the 
nanoparticles enter the body, they can travel freely in the blood throughout the body 
and may cross the blood–brain barrier, which is one of the promising target applications 
of nanotechnology in clinical neuroscience. Non-coating nanoparticles (usually with 
hydrophobic surfaces) are recognized as strange bodies and captured by macrophages, 
which causes accumulated particles in the macrophages located in organs such as liver, 
spleen, lungs, and bone marrow. It has been described that nanoparticles with hydrophilic 
surfaces have a longer circulation time in the bloodstream. Until now, surface coatings 
and modi�cations were simply hot topics in biotechnology as they both directly link to the 
toxicity and blood circulation retention ability of nanoparticles in the body. In addition, the 
circulating blood contains more than 2000 proteins, which have been shown to opsonize 
entered nanomaterials. The opsonization is an important metabolism or biotransformation 
process to nanomaterials within the organism. It is thought that the nanoparticles’ surface 
coating is extremely important because this will greatly in�uence their function when they 
contact cells (Walczyk et al. 2010, Monopoli et al. 2011). Opsonization is believed to occur 
within seconds and usually is in�uenced by the composition and shape of nanomaterials 
(Cherukuri et al. 2006, Monopoli et al. 2011). Recently, we have compared the interaction 
processes between SWCNTs and human blood proteins, �brinogen, immunoglobulin, 
albumin, transferrin, and ferritin, using both experimental and theoretical approaches. 
It has been found that there is competitive binding of different blood proteins onto the 
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FIGURE 27.4
(See companion CD for color �gure.) Predominant translocation and distribution routes of nanoparticles in 
vivo. The �ve gray shaded boxes indicate the primary routes of nanoparticle entry. The arrows down from 
these uptake sites show potential translocation pathways. (Reproduced with modi�cation by permission from 
BioMed Central, Yokel, R.A. and Macphail, R.C., Engineered nanomaterials: Exposures, hazards, and risk 
prevention, J. Occup. Med. Toxicol., 6, 7, 2011.)
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surface of SWCNTs, which is governed by each protein’s unique structure and amount 
of hydrophobic residues (Figure 27.5). Atomic force microscopy (AFM) images indicated 
that the adsorption of transferrin (Tf) and bovine serum albumin (BSA) quickly reached 
thermodynamic equilibrium in only about 10 min, while �brinogen (BFg) and gamma-
globulin (γ-Ig) gradually packed onto the SWCNT surface over a much longer period of 
about 5 h. Both �uorescence spectroscopy and Sodium dodecyl sulfate polyacrylamide 
gel electrophoresis SDS-PAGE have shown surprising competitive adsorptions among all 
the blood proteins examined, with a competitive order: BFg > γ-Ig > Tf > BSA. The far-UV 
CD spectra observation also shows that the protein secondary structure has changed 
signi�cantly for BFg and γ-Ig, with a decrease in the α-helical content and an increase 
in the β-sheet structure (Figure 27.5g). In addition, our molecular dynamics simulations 
on SWCNTs binding with BFg, BSA, γ-Ig, and Tf complexes showed that both the contact 
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FIGURE 27.5
(See companion CD for color �gure.) Interactions between human blood proteins (BFg, γ-Ig, Tf, BSA) and 
SWCNTs. AFM images of proteins after incubation with SWCNTs for 10 min (a) and 5 h (b). Molecular modeling 
illustrations for proteins (in beads representation) binding to SWCNTs after incubation for 10 min (c) and 5 h 
(d). (e) Locations of the most preferred binding sites on proteins for SWCNTs. Residues highlighted in Van der 
Waals representation corresponding to tyrosine colored in red and phenylalanine colored in green. Other parts 
of protein are represented in transparent pink with the new cartoon drawing method. (f) The detailed orienta-
tions of aromatic rings of tyrosine and phenylalanine residues interacted with six-member rings of SWCNTs, 
colored in silver. The tyrosine residues are rendered as a Licorice representation and colored in red, with phenyl-
alanine residues in green. (g) The far-UV CD spectra of proteins after incubation with SWCNTs and the insets 
are near-UV CD spectra of proteins incubated with SWCNTs. (Reproduced by permission from Ge, C., Du, J., 
Zhao, L., Wang, L., Liu, Y., Li, D., Yang, Y. et al., Binding of blood proteins to carbon nanotubes reduces cyto-
toxicity. Proc. Natl. Acad. Sci. USA, 108, 16968–16973, 2011a. Copyright 2011 National Academy of Sciences, USA.)
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residue numbers and binding surface areas exhibited the same order: BFg > γ-Ig > Tf > BSA, 
in agreement with the experimental �ndings. Further analysis showed that the π–π stacking 
interactions between SWCNTs and aromatic residues (Trp, Phe, Tyr) play a critical role in 
their binding capabilities. These different protein-coated SWCNTs will then have different 
cytotoxic affects by in�uencing the subsequent cellular responses (Ge et al. 2011a).

Human skin is the largest organ of the body and functions as a strict barrier with respect 
to the external environment. The skin is constructed of three layers: the epidermis, the 
dermis, and the subcutaneous layers. It does not appear to be easy for nanoparticle exposure 
to result in penetration of intact skin. Sporadically, penetration into the dermis is reported 
for QD nanoparticles (Ryman-Rasmussen et al. 2006, Zhang and Monteiro-Riviere 2008, 
Jeong et al. 2010, Li and Chen 2011). Especially in damaged skins, the interactions between 
nanoparticles with epidermal and dermal cells may cause cytotoxicity and undesired 
immune responses, which will further promote the entering of nanoparticles to deeper 
sites or even lymphatic or blood circulation (Romoser et al. 2011, Unnithan et al. 2011).

The gastrointestinal and respiratory tracts are the most important portals of entry for 
exogenetic toxicants. Nanomaterials are now widely produced and used in various com-
modities, industrial products, agricultural products, and biomedical applications, etc. 
They will enter the human body by intended use or by unintended exposure. There is 
much evidence to con�rm that nanoparticles could be taken up via these tracts and enter 
both lymphatic and blood circulation systems. After entering the circulation systems, the 
nanoparticles can reach and cause effects on different organs in vivo.

27.4 Target Organs and Toxicological Effects of Nanoparticles

The special physicochemical characteristics of nanoparticles present the possibilities of 
cellular uptake as well as the blood and lymph circulation, reaching organs and physi-
ological structures such as the lungs, liver, spleen, heart, bone marrow, and even brain. 
This may cause negative effects such as undesired accumulation and toxicity in various 
body tissues.

27.4.1 Respiratory System

The respiratory system is a principal interface between the organism and outer 
environment. As a dominant part of the respiratory system, the lungs have the largest 
epithelial surface area of the human body in direct contact with outside atmosphere. 
The lungs contain two different parts: airways and alveolar structure. The alveolar 
surface area is connected in parallel, where the structural barrier between air and blood 
is reduced to about a 1 or 2 μm thin layer. Although this structure is required for ef�cient 
gas exchange, it also makes alveoli less well protected against possible environmental 
damage. The effect of nanoparticles on the respiratory system has been mainly studied 
in view of the health risks posed by ambient airborne particulate material (PM; Li et al. 
2007). The particle size can be de�ned as aerodynamic diameter, which is the diameter of a 
spherical particle with a density of 1 g/cm3 with the same settling velocity as the particle. 
PM with an aerodynamic diameter of <10 μm (PM10) is categorized into coarse, �ne, and 
ultra�ne particles with aerodynamic diameters between 2.5 and 10 μm, <2.5 μm (PM2.5), 
and <0.1 μm (PM0.1), respectively (Hinds 1999). With respect to the size, the smaller the 
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particulates, the deeper they can travel into a lung. It has been proven that PM2.5 particles 
can reach the alveoli, and PM0.1 particles mainly deposit in the alveolar region (Fahmy 
et al. 2010, Yacobi et al. 2007).

Many epidemiologic and clinical studies have linked elevated concentrations of ambient 
ultra�ne particles (nanoparticles) to adverse health effects. A well-known accident 
reported by Lee et al. (1997) showed that three polytetra�uoroethylene (PTFE) exposed 
workers exhibited acute pulmonary edema resulting in one fatality, and two survivals after 
medical treatment. It has been shown that the fumes they experienced can be generated 
by heating PTFE in a tube furnace to 486°C. The fumes at ultra�ne particle (particle size 
approximately 16 nm) concentrations of 50 μg/m3 were extremely toxic to rats when inhaled 
for only 15 min, but aging of the fresh fumes for 3.5 min led to a predicted coagulation 
of particles 100 nm or greater that no longer caused toxicity in the exposed animals 
(Johnston et al. 2000). Another accident case describes seven women, aged 18–47 years, 
who worked in a printing factory in China and had various exposures to nanoparticles for 
5–13 months. This resulted in two of the women dying later on. Pathological examinations 
of the patients’ lung tissue displayed nonspeci�c pulmonary in�ammation, pulmonary 
�brosis, and foreign-body granulomas of pleura. Many particles around 30 nm in diameter 
were found in lung �uid and tissue. An associated study showed that the symptoms were 
caused by inhaling the fumes produced when the workers heated polystyrene boards to 
75°C–100°C. The boards had previously been sprayed with a paste material made from a 
plastic identi�ed as a polyacrylate ester. Although there are some doubts on the proof of the 
direct cause, it arouses concerns that long-term exposure to some nanoparticles without 
protective measures may be related to serious damage to human health (Song et al. 2009).

As a stable and odorless powder, TiO2 is an important material widely used in various 
�elds. Some inhalation studies have been conducted to examine the relationship between 
pulmonary responses and particle size. Following a 12 week inhalation study of rats exposed 
to nano-size (20 nm) and submicron-size (250 nm) TiO2 particles, pulmonary in�ammation 
was observed only with the group exposed to the nano-size TiO2 particles (Duf�n et al. 
2007, Renwick et al. 2004). Besides the particle size, the aggregation and crystal structure 
make a big difference with respect to the toxicity on the respiratory system (Wang et al. 
2008b). The inhalation of carbon nanotubes was found to cause injuries to the pulmonary 
system. In our recent study, SWCNTs were used to test the pulmonary toxicity by being 
intranasally instilled into lungs of spontaneously hypertensive rats (Ge et al. 2011c). 
Biomarkers of in�ammation, oxidative stress, and cell damage in the bronchoalveolar 
lavage �uid (BALF) were increased signi�cantly after 24 h post-exposure of SWCNTs. The 
increased endothelin-1 levels in BALF and plasma and angiotensin I converting enzyme 
in plasma suggested endothelial dysfunction in the pulmonary circulation and peripheral 
vascular thrombosis. It suggests that respiratory exposure to SWCNTs can induce acute 
pulmonary and cardiovascular responses. Thus, humans with existing cardiovascular 
diseases are very susceptible to SWCNTs exposure. From the results of histological 
evaluations on lung tissues, it can be found that SWCNTs-laden macrophages move to 
centrilobular locations and form multifocal pulmonary granulomas. The formation of 
pulmonary granuloma lesions appears to be the result of the lung’s immune response to 
remove foreign substances that are not easily eliminated (Chou et al. 2008, Huizar et al. 
2011).

It has been found that nanoparticles are expected to induce in�ammatory responses 
through reactive oxygen species (ROS) and lead to the occurrence of acute respiratory 
infections, lung cancer, chronic obstructive pulmonary diseases, and cardiovascular 
diseases. ROS are chemically reactive molecules containing oxygen such as oxygen ions 
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and peroxides. Many in vivo and in vitro toxicology studies con�rm that for low solubility, 
low toxicity materials such as SiO2, TiO2, and carbon black, ultra�ne particles are more toxic 
and in�ammogenic than �ne particles. The nanoparticles generate ROS to a greater extent 
than larger particles leading to increased transcription of pro-in�ammatory mediators via 
intracellular oxidative stress. ROS can be generated from the surface of particles such as iron, 
lead, cadmium, silver, nickel, vanadium, chromium, manganese, and copper nanoparticles 
that are capable of catalyzing Fenton’s reaction (Li et al. 2003, He et al. 2011). This means 
that ROS can be generated where nanoparticles reside and exist by the direct interactions 
between nanoparticles and biomolecules in the cells. Following the induction of ROS, cellular 
antioxidants will be greatly decreased. The DNA, protein, and cellular organelles are easily 
damaged consequently. The ROS may also activate the MAPK or NF-κB signal transduction 
pathway and trigger the high expression of in�ammation related markers such as IL-1, 
IL-6, IL-8, TNF-a (Park et al. 2008, Muller et al. 2010, Moon et al. 2010). Over production of 
ROS induces mitochondrial membrane permeability, damages the respiratory chain, and 
triggers the apoptotic process. Oxidant stress broadly de�nes the redox state achieved when 
there is an imbalance between antioxidant capacity and ROS. Cell-speci�c cytotoxicity of 
nanomaterials has been found in various nanobiotechnology applications. In our lab, we 
have observed that Au nanorods have distinct effects on cell viability by killing cancer cells 
while posing negligible impact on normal cells and mesenchymal stem cells. The basic 
mechanism may come from intracellular localization, not via an uptake pathway, which 
determines the �nal fate of both Au nanorods and cells. Due to the enhanced permeation 
of the lysosomal membrane after Au nanorod uptake, Au nanorods are released into the 
cytoplasm of cancer cells and translocated from endosomes/lysosomes to mitochondria, 
inducing decreased mitochondrial membrane potentials, increased ROS levels, oxidative 
stress and �nally, reduced cell viability. However, Au nanorods show almost no toxicity in 
normal cells and mesenchymal stem cells since their lysosomal membranes remain more 
intact (Qiu et al. 2010, Wang et al. 2011). On the other hand, some nanomaterials will show 
absolute acceptable characteristics in vivo. For example, various water soluble fullerenes 
and its derivatives are potent antioxidants and help to prevent the overproduction of 
mitochondrial ROS (Lao et al. 2009, Yin et al. 2009, Jiao et al. 2010). Recently, we found a bis-
adduct malonic acid derivative of fullerene, C60(C(COOH)2)2, which inhibits tumor necrosis 
factor alpha-initiated cellular apoptosis by stabilizing lysosomes and up-regulating the 
expression of Hsp 70 (Li et al. 2011). Metallofullerene nanoparticles [Gd@C82(OH)22]n did not 
show signi�cant side effects in vivo; they can overcome tumor resistance to cisplatin by 
increasing its intracellular accumulation through the restoration of defective endocytosis. 
This �nding can be extended to other challenges related to multidrug resistance often found 
in cancer treatments (Liang et al. 2010).

The molecular mechanisms of the adverse effects of nanoparticles including SWCNTs, 
semiconductor QDs, nano-copper, and cerium oxide have been reported, and the proposed 
in�ammatory mechanism is summarized in Figure 27.6 (Chan et al. 2006, Long et al. 2006, 
Li et al. 2007, Park et al. 2008, Zhang et al. 2012). Overall, the results imply that the special 
physicochemical characteristics of nanoparticles not only produce more serious biological 
effects to the lungs, but also show different cytokinetic behaviors that cause a prolonged clear-
ance at a level below the volumetric particle overload and increase in�ammatory responses.

27.4.2 Cardiovascular System

Epidemiologic evidence shows that the presence of ultra�ne particulate air pollution is 
associated with cardiovascular diseases and myocardial infarction. It could likely be 
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explained by translocation of nanoparticles (or ultra�ne particles) from the respiratory 
epithelium toward circulation and subsequent toxicity to vascular endothelium; alteration 
of blood coagulation; and triggering of autonomic nervous system re�exes eventually 
altering the cardiac frequency and function. Further experimental results indicate that 
the adverse cardiovascular events mainly come from in�ammation, which is caused 
by nanoparticles accumulation. Recent direct evidence comes from an isolated beating 
heart model system. This model enables observation and analysis of electrophysiological 
parameters over a minimal time period of 4 h without in�uence by systemic effects and 
allows the determination of the stimulated release of substances under the in�uence of 
nanoparticles. It has been found that a signi�cant dose and material dependence causes 
an increase in heart rate accompanied by arrhythmia, elevation of ST segment, and 
atrioventricular block evoked by engineered nanoparticles made of �ame soot (Printex 
90), spark discharge generated soot, anatas TiO2, and SiO2. However, �ame derived SiO2 
(aerosil) and monodispersed polystyrene lattices exhibited no effects. The increase in heart 
rate could be assigned to a catecholamine release from adrenergic nerve endings within 
the heart (Stamp� et al. 2011). Atherosclerosis and its attendant morbidity and mortality 
remain a big threat to global health. The importance of oxidant stress in atherothrombotic 
cardiovascular disease is demonstrated by the observation that increased markers of 
oxidant stress have been shown to predict coronary heart disease. F2-isoprostanes are 
lipid peroxidation products of arachidonic acid in the cell membrane and are reliable 
biomarkers for oxidative stress and cell membrane damage. The levels of F2-isoprostane 
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Hypothetical molecular mechanism of in�ammation triggered by nanoparticles.
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isomers in the cells increased after the treatment with nanoparticles of SiO2 (15 nm), Fe2O3 
(30 nm), Al2O3 (13 nm), TiO2 (40 nm), and ZnO (70 nm) (Liu et al. 2010). It has been veri�ed 
that the F2-isoprostane level in urinary and plasma correlates with the disease incidence of 
the coronary artery (Davies and Roberts 2011).

QDs have been developed for a broad range of applications in bioimaging and drug 
delivery based on various research of in vivo physiological behavior of these nanoparticles 
(Qu et al. 2011). QDs are generally introduced into blood circulation by injection, and 
thus directly exposed to vascular endothelial cells. The mercaptosuccinic acid capped 
CdTe QDs were proven to have potential vascular endothelial toxicity in an in vitro 
study, which not only impaired cell mitochondria but also exerted endothelial toxicity 
through the activation of the mitochondrial death pathway and induction of endothelial 
apoptosis (Wang et al. 2010b, Umezawa et al. 2011). Our recent work on SWCNTs showed 
endothelial dysfunction in pulmonary circulation and peripheral vascular thrombosis 
after intratracheal instillation of SWCNTs (Ge et al. 2011c). An in vitro study using human 
umbilical vein endothelial cells showed that MWCNTs enter cells rapidly, distribute in the 
cytoplasm and intracellular vesicles, thereby inducing morphological changes. Exposure 
to MWCNTs could reduce viability by inducing apoptosis and causing DNA damage. 
MWCNTs also affected cellular redox status, e.g., increasing ROS and malondialdehyde 
(MDA) levels, as well as altering superoxide dismutase (SOD) activity and glutathione 
peroxidase (GSH-Px) levels. This demonstrated that MWCNTs could induce cytotoxic and 
genotoxic effects probably through oxidative damage pathways in cells (Guo et al. 2011). 
In vivo, MWCNTs have been reported to be able to transport through blood circulation 
and cause extra pulmonary toxicities on other organs including the liver and kidney after 
pulmonary exposure (Reddy et al. 2010).

The preliminary results imply that all nanoparticles should be considered to have the poten-
tial to induce adverse impacts on cardiovascular events such as thromboembolic disease; 
many further studies on diverse manufactured nanoparticles are needed to clarify how the 
nanoparticles in the blood would induce cardiovascular diseases. We also should pay much 
attention to the altered properties of the nanosurface and nano-size, which may greatly alter 
the ways and consequences of interactions between nanoparticles and bio-interfaces in vivo.

27.4.3 Central Nervous System

The blood–brain barrier (BBB) is a specialized system that separates blood from cerebrospinal 
�uid. It consists of endothelial cells connected by complex tight junctions, which restrict 
the access of outer compounds to the brain. It has been shown in most exposure detections 
that insoluble nanomaterials either poorly entered the brain or were not detected. In 
contrast to the accumulation in other tissues, the concentration of nanomaterials in the 
brain was orders of magnitude lower. When a molecule tries to enter the nervous system, 
it usually must pass through cell membrane of endothelial cells rather than the complex 
tight junctions between endothelial cells. It has been shown that nanoparticles without 
a surfactant coating are mainly swallowed by phagocytes and are thus unable to reach 
the brain; therefore, surface modi�cations of nanoparticles are currently being intensely 
studied for nanomedical applications in diagnosis and therapy. Some surface modi�cation 
using either poly-d,l-lactide (PDLLA), poly-d,l-lactide-co-glycoside (PLGA), polyethylene 
glycol (PEG), special peptide, antibodies or even combinations of them seem to offer 
possibilities for drug delivery to the brain. It seems that the mechanism of nanoparticle 
transportation is receptor-mediated endocytosis in brain endothelial cells and the 
modi�cation of the nanoparticle surface enables the adsorption of speci�c plasma proteins 
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necessary for this receptor-mediated uptake. Recent results showed that the biocompatible 
PLGA functionalized with the peptide NH2-Gly-l-Phe-d-Thr-Gly-l-Phe-l-Leu-l-Ser 
(O-β-d-Glucose)-CO-NH2 [g7] is a useful starting material for the preparation of g7-Np 
polymeric nanoparticles in drug delivery to the central nervous system. It has been veri�ed 
that these nanoparticles can cross the BBB and are able to reach all of the examined brain areas 
including the cerebellum parenchyma, right encephalon, left encephalon, and the frontal 
encephalon (Tosi et al. 2007). Overcoating the nanoparticles with polysorbates, especially 
polysorbate 80, can promote the drug transport to the brain areas. It has been demonstrated 
that polysorbate 80-coated polybutylcyanoacrylate (P80-PBCA) nanoparticles can deliver 
the peptide into the central nervous system to induce its analgesic effects; however, coating 
with alternative surfactants did not produce the expected effects (Kreuter et al. 2002). It is 
proposed that overcoating with these materials leads to the adsorption of apolipoprotein, 
especially ApoE, from the blood plasma onto the surface of nanoparticles. The particles 
then behave like low density lipoprotein in the sense of mimicking LDL receptor-mediated 
transcytosis, which enhances the uptake by the brain endothelial cells with nanoparticles 
and carries drugs across the BBB. Subsequently, the drugs may be released into the cells 
and transported to the brain interior by passive diffusion.

It has been accepted that nanoparticles can induce oxidative stress, leading to the gen-
eration of ROS that could disrupt the BBB and cause access to the central nervous sys-
tem (Chen et al. 2008). The biodistribution of intravenously administrated gold particles 
showed that, contrary to the 100 and 200 nm particles, the 15 and 50 nm nanoparticles can 
cross the BBB and enter the brain (Sonavane et al. 2008). Intravenous ceria administra-
tion into rats altered oxidative stress indicators and antioxidant enzymes in brain tissues 
(Hardas et al. 2010). On the other hand, many researchers found that the nose-to-brain 
transport of exogenous materials is a potential route for bypassing the BBB (Illum 2000, 
Oberdorster et al. 2009). For instance, 13C nanoparticles can transport directly from olfac-
tory epithelium to the olfactory bulb via the olfactory nerves (Oberdörster et al. 2004). 
Other nanoparticles including gold (De Lorenzo and Darin 1970), manganese oxide (Elder 
et al. 2006), iridium-192 (Semmler et al. 2004), ferric oxide (Wang et al. 2007), copper (Zhang 
et al. 2012), and titanium dioxide (Wang et al. 2008a,b, Zhang et al. 2011) have also been 
reported to accumulate in the olfactory bulb or even to penetrate deeply into the brain 
and induce damage. It has been shown that copper content increased gradually in the 
olfactory bulb with the increased dose of intranasal instillation of nano-copper; however, 
no obvious changes were found in the other brain regions. The signi�cant change in neu-
rotransmitter secretion and turnover ratio level showed that the normal function of the 
whole brain was disturbed after intranasal instillation of nano-copper (Zhang et al. 2012). 
The olfactory bulb, as the �rst target site, will receive the earliest and highest dose follow-
ing nasal exposure. It is proposed that a unique relationship between the anatomy and 
physiology of the mammalian nasal and cranial cavity tissues leads to the direct delivery 
of nanoparticles into the brain.

The retina is a unique neural tissue that is exposed to light throughout its life and is quite 
fragile when considering the possible ocular exposure to nanomaterials. Ocular exposure 
might occur from nanoparticles that are airborne, intentionally placed near the eye when 
using cosmetics, accidently splashed onto the eyes, or by transfer from the hands during 
rubbing of the eyes. This route of exposure could result in nanoparticles being retained in 
the eyes or in drainage from the eye socket into the nasal cavity and entering brain by nose-
to-brain transport. Recently, several preliminary in vitro tests showed that materials that 
are prone to induce phototoxicity have a potential to be photo-neurotoxic in the retina and 
surrounding tissues. TiO2 particles were phototoxic in vitro following ultraviolet A (UVA) 
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exposure (Zucker et al. 2010, Boyes et al. 2011). Fullerol is a water-soluble hydroxylated fuller-
ene that proved to be phototoxic following either UVA or visible light exposure (Roberts 
et al. 2008, Wielgus et al. 2010). These ocular exposures and potential damages have been 
ignored in many nanotoxicological researches.

27.4.4 Reproductive System

The reproductive system contains delicately controlled mechanisms for maintaining its 
physiological functions in vivo. In the male and female reproductive systems, many of 
the interdependent functions are vulnerable to interruption by exogenous nanomateri-
als. In 1996, Tsuchiya et al. (1996) found that fullerenes intraperitoneally administrated to 
pregnant mice at 50 mg/kg would have a harmful effect on both conceptuses by micro-
scopic evaluation. Intranasal chronic exposure to carbon black nanoparticles showed 
some adverse effects on the male reproductive function in mice (Yoshida et al. 2009). In 
addition, soluble carbon nanotubes have potential applications in nanobiotechnology and 
nanomedicines. It has been shown that repeated intravenous injections of water-soluble 
MWCNTs into male mice could cause the nanotubes to accumulate in the testes, which 
generated oxidative stress and decreased the thickness of the seminiferous epithelium 
in the testis. However, the nanotubes’ accumulation led to reversible testis damage with-
out affecting fertility. The pregnancy rate and delivery success of female mice that mated 
with the treated male mice did not differ from those controls (Bai et al. 2010). Although 
it seems that the nanotubes have minor effects on the male reproductive system in mice, 
oxidative stress and the alterations in the testes raise concerns because it is possible that 
these materials may accumulate at higher quantities over a longer period of time and may 
have more serious adverse effects on male fertility. There is direct evidence that particles 
can cross the placental barrier and affect the fetus (Wick et al. 2010, Yamashita et al. 2011). 
Furthermore, some studies have shown transplacental transport of nanomaterials in preg-
nant animals and nanomaterial-induced neurotoxicity in their offspring after birth. Mice 
were maternally exposed to TiO2 nanoparticles during pregnancy. The results showed that 
nanoparticles were detected in the brain and testis, and that damaged cells and disrupted 
normal function of the brain and male genitals were observed after dissecting the samples 
of offspring taken 6 weeks after birth (Takeda et al. 2011).

Until now, only minimal research papers have been published in evaluating the toxic-
ity of nanomaterials on the reproductive system. Considering the highly diverse physico-
chemical characteristics of nanomaterials and the multiple exposure routes in humans, 
further studies on the reproductive toxicity of nanomaterials, particularly following long-
term progestational or prenatal exposure, are urgently needed.

27.5 Conclusions and Perspectives

This chapter provides an overview of the properties of nanomaterials and the associated 
adverse effects in vivo. One of the essential steps in the �eld of nanotechnology is to know 
and identify the hazardous potential of nanomaterials. The following improvement of 
our understanding of the nanotoxicity mechanisms will enable a safer development of 
nanotechnology in the future. However, there are many challenges ahead that must be 
overcome. The complexities of nanoparticle properties require more delicate analysis and 
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design, high ef�ciency, and even high-throughput techniques. At the same time, given the 
potentially harmful effects on humans, it would be important to select suitable in vitro 
and in vivo models in the exposure assessment. To date, the physiological destination and 
biological responses of nanoparticles in vivo is still far from being fully understood. In 
particular, we still lack systematical knowledge of the mechanism underlying the interac-
tion between nanoparticles and biological systems. Facing the unprecedented growth of 
nanotechnology in this century, it is clear that we must focus more attention to nanotoxic-
ity potentials to minimize the risk and maximize the bene�t. It is also extremely crucial 
to seek solutions beyond the state of the art for a sustainable and effective development in 
nanobiotechnology.
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28
Responsible Nanotechnology: Controlling Exposure 
and Environmental Release via Rational Design

Nathaniel C. Cady and Aaron D. Strickland

28.1 Introduction

Metallic and metal-oxide-based nanomaterials have emerged on the commercial market 
en masse. Products ranging from sunscreen to stockings have been doped, coated, or oth-
erwise adulterated with nanoparticles intended to improve product functionality, increase 
activity, or in the case of textiles, prevent or inhibit microbial growth (Anyaogu et al. 2008, 
Mahapatra et al. 2008, Gao, et al. 2009, Ren et al. 2009, Raf� et al. 2010). Unfortunately, the 
very attributes that make nanomaterials bene�cial to such products also have the poten-
tial to be harmful to the environment (namely soil, air, and water). For instance, little is 
known about the long-term environmental impact of metal-oxide nanoparticle release 
from cosmetics, sunscreens, and other lotions (Tiede et al. 2009, Brar et al. 2010, Pautler 
and Brenner 2010, Scown et al. 2010, Wiechers and Musee 2010, Bhatt and Tripathi 2011, 
Makarucha et al. 2011, Teow et al. 2011). While these materials may eventually be natu-
rally degraded or decomposed, their catalytic activity could linger in the environment. 
Metallic nanomaterials, which have become pervasive in antimicrobial textiles and mate-
rials, have the potential to leach metal ions into the environment, or even contaminate the 
user during product use (Marini et al. 2007, Hwang et al. 2008, Smetana et al. 2008, Chae 
et al. 2009, Kaegi et al. 2010, Miao et al. 2010). Since the effects of nanomaterial release into 
the environment are not well understood, alternative approaches to apply and immobi-
lize these materials should be sought. Here, we describe approaches that we and others 
have taken to develop nanomaterial-derived products that resist nanomaterial release or 
component leaching.
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28.2 Antimicrobial Nanomaterials

Product-enhancing nanomaterials function through a wide variety of mechanisms. Many 
metal-oxide nanomaterials have unique light absorption properties, making them amenable 
to photocatalytic applications and/or absorption of harmful spectral components, typically 
ultraviolet light (Frederix et al. 2003, Han et al. 2007, Karunakaran et al. 2010, Yuan et al. 
2010, Nair et al. 2011). These properties have been well exploited in sunscreen lotions, most 
often using titanium or zinc oxide nanoparticles. In the realm of antimicrobial textiles, metal 
nanoparticles (including silver, gold, copper, and others) have been shown to render a high 
degree of resistance to bacterial and fungal growth (Anyaogu et al. 2008, Mahapatra et al. 
2008, Gao et al. 2009, Ren et al. 2009, Dastjerdi and Montazer 2010, Raf� et al. 2010). The mode 
of microbial killing for these particles includes the production of reactive oxide species (Kim 
et al. 2007, Hwang et al. 2008) and possible cell membrane damage (Sondi and Salopek-Sondi 
2004, Choi et al. 2008, Smetana et al. 2008). Of the commonly used metals, silver has been 
the most widely used, in the form of nanoparticles, silver threads, and even woven silver 
meshes. One way of measuring antimicrobial activity is to perform “zone of clearing” tests, 
in which a sample of material is placed on a petri dish coated with bacteria or fungus. If 
the material has antimicrobial activity, one typically observes a circular area around the 
material in which the bacteria/fungus cannot grow. By contrast, the bacteria/fungus in the 
remainder of the petri dish has grown into a thick mat. Most zone of clearing tests measure 
the radial size of the zone, which is an indicator of the material’s antimicrobial activity, and 
its ability to diffuse outward. An example of zone of clearing results is shown in Figure 28.1.

In the case of pharmaceutical antibiotics, diffusion is necessary to deliver the antimi-
crobial components to the target fungi/bacteria. For instance, nanoscale textiles, such as 
those produced from electrospinning techniques, can be loaded with traditional antibiotic 
compounds to inhibit bacterial growth (Soscia et al. 2010). An example of bacterial growth 
inhibition by antibiotic-loaded nano�bers is shown in Figure 28.2.

For antimicrobial textiles and materials, diffusion and leaching has a twofold effect. 
First, leaching eventually results in depletion of the antimicrobial activity, and second, it 
presents a signi�cant route of environmental exposure.

Antimicrobial nanomaterials are typically grouped into two main categories, inorganic 
antimicrobial nanomaterials and nanomaterials used as antimicrobial agent delivery vehi-
cles. Although there is growing interest in the development of novel antimicrobial nanoma-
terials, silver-based nanomaterials are still considered the “gold standard” and are typically 

FIGURE 28.1
Antimicrobial zone of clearing test results for 4 mm diameter disks loaded with various nanomaterials 
(scale bar in last panel = 5 mm). Lighter colored areas around the disks are areas where bacteria are not 
growing, while darker areas in the background indicate areas where bacteria are growing. Materials that 
have higher ef�cacy and/or diffuse farther into the agar plate will have larger zones of clearing, as seen in 
the �rst two panels.
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used as comparative controls (Sondi and Salopek-Sondi 2004, Kim et al. 2007, Choi et al. 
2008). Silver is by far the most commonly used inorganic material (including nanomate-
rial) used in antimicrobial consumer products (Rejeski 2009). Other inorganic antimicrobial 
nanomaterials and their composites have been identi�ed including titanium dioxide (TiO2; 
Fu et al. 2005), zinc oxide (ZnO), copper and its oxides (CuO and Cu2O; Kasemets et al. 2009), 
metal-carbon nanotube composites (Kang et al. 2007), and nanoclays (Wilson 2003). With 
silver and similar metal/metal-oxide-based nanomaterial agents, the general mechanism 
of action is largely unknown; however, enhanced metal-ion release, and speci�c action at 
the organism–nanomaterial interface (e.g., reactive oxide species) and combinations thereof 
have been studied (Marambio-Jones and Hoek 2010). The antimicrobial properties of cer-
tain metals have been known for centuries, and unlike traditional antibiotic drugs, there are 
little data to suggest that bacterial pathogens (for example) have effective active or adaptive 
mechanisms for developing metal tolerance or resistance. This is also true for metal-based 
nanomaterials that exhibit an apparent enhanced antimicrobial property from bulk met-
als (and even metal ions) due to a marked increase in surface area-to-volume ratio—a key 
differential when considering the enhancement in catalytic activities that typically occurs 
at nanoparticle surfaces. This last point is important considering the unique challenge in 
nanoscience of protecting the surface of nanomaterials to prevent or control their tendency 
to aggregate into larger bodies (often rendering them ineffective). Controlling the surface 
chemistry of nanomaterials is also important for controlling their environmental fate, and 
anchoring these materials to solid supports is an effective approach.

28.3 Rational Design to Control Exposure and Environmental Release

One of the goals of our research has been to develop model metal nanoparticle composite 
materials using a simple, scalable, highly controlled deposition process. Our focus is to 

Cm control
(in PBS)

Cm-loaded
nanofibers

Unmodified
fibers

FIGURE 28.2
(See companion CD for color �gure.) Chloramphenicol (Cm)-loaded polylactic co-glycolic acid (PLGA) nano-
�bers were tested against Bacillus cereus using a zone of clearing test. Both the Cm-loaded nano�bers and a 
control spot containing Cm alone were effective inhibitors of bacterial growth. Unmodi�ed PLGA nano�bers 
had no visible effect on bacterial growth.
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build a stable nanoparticle–�ber surface interface that does not follow the standard para-
digm of leaching antimicrobial agents from a solid support (as with marketed silver-based 
dressings or antibiotic loaded nanomaterials). As we have alluded to earlier, metal agent 
leaching is dif�cult to control and often leads to overloading the target matrix with the 
agent. Such overloading can contribute to the overuse and indiscriminant release of metals 
into the environment. To this end, we have chemically transformed natural cellulose sub-
strates and deposited a conformal surface coating of metallic nanoparticles using an in situ 
process whereby cupric ions are grafted onto the cellulose �ber surface through chelating 
groups, and subsequently reduced to zero-valent metal particles (Cady et al. 2011). This 
approach is supported by recent demonstrations of copper-based nanomaterials for anti-
microbial activity (Esteban-Cubillo et al. 2006, Moya 2009, Stanic et al. 2010). An example 
of our metallic nanoparticle-modi�ed textile is shown in Figure 28.3.

Initial bacterial growth inhibition studies have shown that our surface-anchored 
Cu-based nanomaterials are highly effective against a wide range of Gram-positive and 
Gram-negative bacteria. Interestingly, our results show no signi�cant growth inhibition 
in zone of clearing tests, but highly effective growth inhibition when bacteria are in direct 
contact with the nanomaterials. These results and several studies on copper leaching sug-
gest that the copper nanomaterials remain intact and do not signi�cantly dissolve or dif-
fuse into the test media or the environment.

In comparison to our materials, commercial dressings such as Acticoat® (Smith & 
Nephew Co. Ltd., United Kingdom), which is touted as a 7 day wound dressing containing 
nanocrystalline silver, are prepared using a vapor-phase sputtering process of silver onto 
high-density polyethylene mesh. This type of process provides little control over the silver-
polyethylene interface, and thus, silver leaches from the composite dressing. Further, Acticoat 
and other commercial antimicrobial silver containing dressings (using either metallic or 
ionic silver) typically compensate for this rapid loss by overloading the composite with silver. 
We have focused on fabrication processes that provide tunable and robust chemistry at the 
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FIGURE 28.3
iFyber chemically modi�ed cotton textile containing a surface coating of 50 nm metallic nanoparticles.
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metal–textile interface. Our established methodology allows for the deposition of metal 
nanoparticles onto textile �bers to give coatings that are very stable, uniform throughout the 
�ber, and represent a very small amount of highly antimicrobial material (e.g., <50 nm coating). 
With the enormous surface area to volume ratio offered by nanomaterials, the adage of “less 
is more” emphatically applies, and we have observed excellent bacterial growth inhibition 
for these composite substrates (e.g., 8-log reduction in growth for multidrug-resistant bacteria 
in as little as 10 min). Compared to Acticoat and similar marketed wound care products, our 
nanocoated substrates can eliminate more organisms (e.g., >106 more) using 75%–95% less 
metal antimicrobial agent. The fact that our matrices resist metal leaching (due to speci�c 
control of nanoparticle binding and the extremely active nanoparticle surfaces) provides 
a path toward responsible nanotechnology by reducing the overuse and indiscriminant 
release of metals (especially metal nanomaterials) into the environment.

28.4 Conclusions and Perspectives

While there has been limited work to determine the effects of silver nanomaterials on 
human health (Chen and Schluesener 2008, Panyala et al. 2008, Marambio-Jones and Hoek 
2010), there has been even less research on the effects of other metal and metal-oxide 
nanoparticles. Further, we know little about the additional effects of diffusion and dissipa-
tion of nanoparticles or their composite materials. While potentially problematic, overload-
ing, diffusion, and dissipation of material from antimicrobials is common for applications 
in which bacterial growth must be inhibited in a large area or far away from the applica-
tion site. This is the case for deep tissue wounds and/or subcutaneous infections. In these 
cases, antimicrobial agents must be diffused away from the wound dressing to reach their 
targets (Chervinets et al. 2011, Percival et al. 2011, Zhou et al. 2011). In these cases, prevent-
ing the environmental release of antimicrobial agents (including nanomaterials) may not 
be a priority, since the health of the patient is at stake. For other applications, such as bacte-
rial growth inhibition on surface wounds (burns, scrapes, etc.), on suturing materials, or 
even on medically relevant textiles, long-range diffusion of antimicrobials is not a priority. 
Therefore, we suggest that overloading of antimicrobials (including nanomaterials) and 
the use of highly diffusive materials should be avoided.

In summary, nanomaterial-based antimicrobial agents are an exciting new avenue of 
defense against the ever-increasing number of antibiotic-resistant microbes and a potential 
alternative to traditional antibiotics. As multiple groups, including our own, have demon-
strated, metallic and metal-oxide nanomaterials can have incredible ef�cacy against com-
mon bacterial pathogens. To prevent negative environmental impact, however, care should 
be taken to prevent the release of nanomaterials or their constituents into the environment.
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29.1 Introduction

Everybody has DNA.
Dr. Moira Gunn, June 2011

Host, TechNation and BioTechNation

This simple, direct aphorism and the molecule it cites provides a powerful unifying theme 
for two converging �elds of scienti�c research and discovery: nanotechnology and bio-
technology. The convergence of genetics, molecular biology, and biochemistry with the 
tools and techniques for manipulating atomic-scale structures is revolutionizing our 
understanding of human biology, disease, pharmacology, diagnosis, and treatment. In 
fact, advancements in biology at the nanoscale will lead to breakthroughs in our knowl-
edge of topics such as deoxyribonucleic acid (DNA), the blueprint of life, which is shared 
by all living creatures. These advancements create a potential that goes far beyond human 
biology, extending to agriculture, ecology, environmental studies, and more. Educating 
the next generation of nanobiotechnology-savvy students should be a major goal for insti-
tutions of higher learning and science and technology policy makers.

Scienti�cally, nanobiotechnology is located at the intersection of the physical sciences 
(i.e., physics, chemistry, and engineering) and the life sciences (i.e., biology, medicine, phar-
macology, etc.). In order to differentiate nanobiotechnology from other interdisciplinary 
�elds such as bioengineering or biophysics, it is desirable to provide a formal de�nition 
of the �eld. One such de�nition comes from Vogel and Baird in a 2005 U.S. government 
report entitled Nanobiotechnology. The authors note that projects are considered “nanobio-
technology” by the National Institutes of Health (NIH) if they

(a) use nanotechnology tools and concepts to study biology or develop medical inter-
ventions, (b) propose to engineer biological molecules toward functions very different 
from those they have in nature, or (c) manipulate biological systems using nanotechnol-
ogy tools rather than synthetic chemical or biochemical approaches that have been used 
for years in the biology research community (Vogel and Baird 2005: p. 4).

The interdisciplinary nature of nanobiotechnology is revealed in this de�nition. 
Nanobiotechnologists must be versed in biological, chemical, mathematical, physical, and 
engineering principles to work effectively in this emerging �eld.

29.1.1  Motivation for Investment in Nanobiotechnology 
Education and Workforce Development

Nanobiotechnology is an area of emphasis in the U.S. National Nanotechnology Initiative 
(NNI) (Kim 2007). In particular, the NNI focuses on the use of nanotechnology to under-
stand biological processes to design nanoscale materials and systems, to support sustain-
able development, and to contribute to a strong understanding of the environmental, 
health, and safety issues associated with nanoscale research, manufacturing, and products 
(Roco 2010). Scienti�c advancements that incorporate nanobiotechnology are currently 
being used to develop medical diagnostic tools such as biosensors (Fahrenkopf et al. 2010), 
pharmaceutical treatment innovations (Marcato and Durán 2008), and regenerative medi-
cal techniques (Tibbals 2010). Advancements in nanobiotechnology also have implications 
in agriculture and public health with the development of the food and nutrition enhancers, 
food safety packaging, water puri�cation, and crop management (Sozer and Kokini 2009).
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“The fusion of nanotechnology with biotechnology is a momentous connection com-
bining innovations from the entire sweep of human history with our radical new abil-
ity to understand and manipulate matter on the nanoscale (Bainbridge 2007: p. 81).” 
The ability to understand and manipulate the atomic scale building blocks of life will 
continue to transform the way that scientists study biology, health, nutrition, and the 
environment.

This chapter focuses on the development of educational and workforce capacity to 
satisfy the growing need for nanobiotechnology-savvy citizens. Section 29.2 tackles the 
issues surrounding workforce needs, projections, and challenges. Section 29.3 reviews the 
current state of nanobiotechnology education.

29.2 Workforce Development

29.2.1 Workforce Projections

There has been a great deal of interest in predicting the growth of the nanotechnology 
workforce over the past decade. The most frequently quoted statistic is a projection of 
2 million nanotechnology jobs by 2015 (Roco and Bainbridge 2001). In a more recent report, 
these authors showed that between 2000 and 2008, the number of nanotechnology jobs 
grew at a rate of 25% annually and that the 2,000,000 job prediction by 2015 was still accu-
rate (Roco 2010). Lux Research (2006) predicted 10 million nanotechnology-related manu-
facturing jobs by 2014.

Analysts track nanotechnology publication, patenting, and investment data to predict 
the future demand for a nanotechnology workforce. Publications in peer-reviewed jour-
nals are a measureable output of basic research. The “SciFinder” database of scienti�c 
publications was used to identify nanoscience and nanotechnology peer-reviewed articles 
between 2000 and 2010. Nanobiotechnology papers were identi�ed as those jointly classi-
�ed in the subject area of “Nanoscience and Nanotechnology” and a life science area such 
as biotechnology, biophysics, biochemical research methods, pharmacology, medicine, 
and toxicology. A review of nanobiotechnology publishing trends presented in Figure 29.1 
shows that the sub�eld has grown at the same rate as nanotechnology. Nanotechnology 
and nanobiotechnology publications grew at an average annual rate of 21% and 22%, 
respectively, over the same period. Nanobiotechnology currently represents 9% of all nan-
otechnology publications.

If 10% of all nanotechnology research output is related to nanobiotechnology, it is 
assumed that 10% of the nanotechnology workforce is also nanobiotechnology related. 
Based on Roco and Bainbridge’s most recent projections (2010), the worldwide nanobio-
technology workforce will require 200,000 workers by 2015 and 600,000 by 2020.

29.2.2 Nanotechnology Workforce Demand by Industry

Currently, half of all nanotechnology research is being performed by the private sector. 
In the near future, nanotechnology jobs will be created by industry to commercialize the 
technologies currently under development. The global forecasts for the nanotechnology-
enabled product market in 2015 range between $750 and $3100 billion (USD; Palmberg 
et al. 2009). The output of industrial nanotechnology research is measured using patents. 
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Between 1995 and 2005, nanobiotechnology accounted for 13% of all patented nanoscale 
technology developments (Palmberg et al. 2009).

The pharmaceutical industry will likely be the �rst to commercialize nanobiotechnology. 
The majority of all private sector nanobiotechnology patents are awarded to pharmaceuti-
cal �rms. To date, 145 companies including Sano� Aventis, Metronics, Procter & Gamble, 
Bayer, and Merck have been awarded patents for new nanostructures with pharmaceutical 
applications. Many of these �rms are already performing research and commercializing 
nanobiotechnologies. A recent nanotechnology report found that in 2010, nanobiotechnol-
ogy-enabled products created 15% (approximately $70 billion) of pharmaceutical market 
value. Nanotechnology-enabled products are expected to account for 50% of all pharma-
ceutical value by 2020 (Roco, 2010b).

Venture capital funding data are used to track the emergence of new �rms with nanobio-
technology products. The largest share of nanotechnology-related venture capital funding 
(51%) has gone to healthcare and life science-based companies. These early-stage nano-
technology healthcare investments have been the most successful, accounting for 65% of 
the total nanotechnology initial public offerings to date (Spinverse 2010). The nanobiotech-
nology-venture-funded technology development has been in the areas of drug discovery 
(54%), diagnostics (37%), drug delivery (5%), and biopharmaceuticals (4%; Paull et al. 2003).

While nanobiotechnology research seems to be a relatively small portion of nanotech-
nology publications, it has been disproportionally successful at establishing new commer-
cial products and enterprises. If this trend continues, expect to see signi�cant growth in 
nanobiotechnology research and development and employment in related industries such 
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as pharmaceuticals and medical devices in the short term. Other industries in which nano-
biotechnology-capable employees will be in demand are agriculture and food production. 
As the �elds of nanotechnology and nanobiotechnology grow and transition from the 
academic laboratories to industrial production, thousands of jobs will be created for work-
ers with an understanding of nanobiotechnology in the pharmaceuticals, medical devices, 
chemical, and agriculture industries.

29.2.3 Current Nanobiotechnology Workforce

The emerging nature of nanotechnology means that the bulk of the current nanotech-
nology workers are focusing on fundamental research at the nanoscale. An analysis of 
nanotechnology job postings found that 64% of nanotechnology job postings required a 
graduate level degree. A sector-based analysis showed 97% of employers were in academia, 
government, and nonpro�ts (Black 2007). The current demand for technicians with only 
vocational training is still very low (Yawson 2010). As the focus of nanotechnology moves 
from research to commercialization and production of nanotechnologies, the employment 
requirements will broaden. There will be increased demand for employees with technical 
training in nanotechnology-related production and for support employees with degrees in 
related, but nontechnical, areas such as business and communication (Trybula et al. 2009).

To date, no report has focused exclusively on the nanobiotechnology workforce. 
Nanobiotechnology as a distinct �eld is younger than nanotechnology and biotechnol-
ogy. The �eld of modern biotechnology began in the 1980s with the patenting of geneti-
cally modi�ed microorganisms that allowed for the commercialization of developments 
(McHughen 2008). Nanotechnology was enabled as a �eld with the development of 
nanoscale microscopy in the 1980s, but did not emerge as an independent �eld of research 
until the late 1990s. Nanobiotechnology publication and patenting did not begin until the 
past decade and has been listed as a sub�eld of nanotechnology in the policy thrusts such 
as the NNI since 2000. It was not until 2010 that nanobiotechnology became recognized as 
an independent �eld (Concept for a European Infrastructure in Nanobiotechnology 2010). These 
timelines suggest that nanobiotechnology is lagging at least 20 years behind biotechnol-
ogy and 10 years behind nanotechnology.

This lag suggests that the focus of nanobiotechnology over the next decade will be in 
fundamental research. Research and development performance will require the training 
and education of researchers to develop the methods and tools necessary for nanobiotech-
nology research and the discovery of nanobiotechnology principles. In the short term, the 
nanobiotechnology workforce will be made up of researchers with graduate degrees in 
�elds related to nanobiotechnology such has physics, chemistry, bioengineering, biotech-
nology, immunology, etc. It may be a decade before workers will be needed for the pro-
duction of nanobiotechnology-enabled products. Nanobiotechnology is now at a critical 
crossroads that will enable educators, industry leaders, and policy makers to think about 
the workforce needs of the future and what initiatives can be created in the near future to 
meet long-term demands.

29.2.4 Nanobiotechnology Careers

The immediate demand for nanobiotechnology workers is in the area of research and 
development. Nanobiotechnology is still emerging, and researchers must answer funda-
mental questions of science and engineering before nanobiotechnologies can be developed 
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and commercialized. In the next decade, the demand for nanobiotechnology workers in 
the manufacturing sector will increase as products enter the marketplace. These manu-
facturing employees will need nanobiotechnology-related expertise in the areas of pro-
duction, quality assurance, technical documentation, marketing, and distribution. These 
positions will require familiarity with the principles and methods of nanobiotechnology. 
Technicians on the production �oor will require training on nanobiotechnology fabrica-
tion equipment and clean room procedures. Workplace environmental, health, and safety 
managers will now be responsible for implementing both nanotechnology and biotech-
nology safety protocols. These protocols are still under development, and managers will 
need to constantly monitor documentation and implement new protocols as they expand 
(Gwinn and Tran 2010). Employees in marketing and communications must be able to 
explain the nanoscale properties and implications of new nanobiotechnology products 
(Donoval 2007).

All of these jobs will require a speci�c skill set that is still under development. It is 
dif�cult at these early stages to know what equipment technicians will need to have 
experience with or what methods will be needed for the engineering of nanobiotech-
nology structures. However, there is growing consensus in the literature about a set of 
high-level skills that will be critical for employee success in the �eld of nanobiotechnol-
ogy. These skills have been identi�ed by nonpro�ts, government agencies, and industrial 
leaders closely monitoring the development of nanotechnology (Van Horn et al. 2009a,b; 
Van Horn and Fichtner 2008). Following are the nanobiotechnology work skills identi�ed 
to date.

29.2.5 Educational Background

A number of studies have examined what skills will be important for the general sci-
ence and engineering, nanotechnology, and biotechnology workforce of the future. These 
workers will likely be primarily researchers with advanced degrees in physics, biology, 
and chemistry to start. As nanoscale science and engineering (NSE) programs develop, 
these types of degrees will be in higher demand. Researchers will require the in-depth 
knowledge offered by graduate programs that will serve as a strong foundation for later 
learning. Researchers trained in traditional doctoral programs that enter NSE-enabled 
industries will need to acquire a complementary and broad knowledge of other disciplines 
and applied sciences. This will be critical for the development of crucial interdisciplinary 
collaborations (Abicht and Schumann 2007; Inspired by Biology: From Molecules to Materials 
to Machines 2008; Board on Life Sciences 2003; Jackson 2003; Zukersteinova 2007).

29.2.6 Entrepreneurship

Entrepreneurship is the process of developing a product that meets a demand and then 
bringing that product to the marketplace. Training in entrepreneurship will introduce 
nanobiotechnologists to the technology transfer process. Scientists and engineers who 
understand customer needs and the markets for their technology will be better equipped 
to position their products. In addition, entrepreneurship training introduces researchers 
to sources of funding and development support that will assist the commercialization 
of technologies and the policies that are relevant to nanobiotechnology. While nanobio-
technologists may not wish to start their own companies, they should have an under-
standing of the process in order to help their �rms or licensees effectively launch their 
technologies.
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29.2.7 Interdisciplinary Studies and Nanobiotechnology

As noted earlier, nanobiotechnology occurs at the intersection of several scienti�c disci-
plines. Researchers in this �eld will likely specialize in one �eld in the life or physical sci-
ences but will need to collaborate with researchers in other disciplines. These researchers 
must have an understanding and appreciation of the tools, methods, and cultures of other 
�elds. The physical and life sciences have different cultures and expectations that may 
be challenging when establishing collaborations. Biological research is traditionally done 
in individual faculty laboratories with a handful of collaborators. Physics researchers are 
more likely to work in large centers producing papers with several coauthors. Expectations 
of mathematical rigor can also be dramatically different across the �elds (Bialek and 
Botstein 2004). A nanobiotechnologist will need a broader mathematical background than 
those required for a traditional biology program in order to understand the research from 
a physical scientist perspective.

29.2.8 Challenges in the Workforce

The development of a nanobiotechnology workforce is subject to all of the challenges that 
have been encountered in recent years in the development of a robust science and engi-
neering workforce. The growth of the science and engineering workforce in the United 
States is expected to slow as the labor force reaches traditional retirement age. The federal 
government has been particularly challenged over the past two decades (National Science 
Board 2010). The number of scientists and engineers working for the federal government 
fell from 45,000 in 1990 to 28,000 in 2000. This was caused, in part, by the large-scale 
retirement of the baby boomer science and engineering workforce. The potential problem 
of the stagnating workforce is caused, in part, by the waning interest of younger gen-
erations in science and technology studies (Fonash 2001; Jackson 2003). While this trend 
challenges all science and engineering �elds, its effects could be particularly strong for 
the nanobiotechnology industry in its infancy. Following are some areas of remedy that 
have been identi�ed.

29.2.9 Immigration Policy

A quarter of all college-educated workers and 40% of doctorate holders in science engi-
neering occupations were foreign born (National Science Board 2010). Immigration policy 
developments since 2001 have made it more challenging for this talent to remain work-
ing in the United States. In addition, many foreign students are beginning to receive 
increasingly attractive career opportunities in their home countries. India and China, in 
particular, have been proactive in offering faculty positions to scholars educated abroad 
(Cyranoski et al. 2011). Changes in immigration law will be required to make it easier to 
retain this portion of the science, engineering, and nanobiotechnology workforce.

29.2.10 Underrepresented Groups

Women and minorities make up 56% of the total American workforce but are underrepre-
sented in science and engineering (Bureau of Labor Statistics). Women accounted for 27% of 
the science and engineering labor force in 2007. African American and ethnic minorities rep-
resented only 10% of the science and engineering labor force (National Science Board 2010). 
Science and engineering talent in these groups is being  underutilized. Concerted efforts 
must be made to attract students from these groups into nanobiotechnology programs.
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Moving forward, the nanobiotechnology workforce needs a set of skills that will allow 
them to research, develop new technologies, and produce in interdisciplinary environ-
ments. The workforce must be resourceful and entrepreneurial, identifying new oppor-
tunities for nanobiotechnologies for a wide range of applications. The science and 
engineering workforce of the future must also cast a wide net for its talent. Programs that 
attract underrepresented minorities and foreign-born students are required to meet the 
nanobiotechnology labor demands of the future.

29.2.11 Motivating Future Scientists

Outreach programs that provide opportunities for young people, parents, and teachers to 
interact with scientists and their methods are one of the critical tools used to draw young 
scholars underrepresented groups into the STEM (science, technology, engineering and 
mathematics) �elds. National NanoDays (March 24–April 1, 2012) organized by the Nanoscale 
Informal Science Education Network brings NSE information to the public through activi-
ties and workshops nationwide led by museums, universities, and volunteers (http://www.
nisenet.org/). At the middle and high school level, long-term projects like the Girls Inc. 
Eureka!® program and NanoCareer Day at the College of Nanoscale Science and Engineering 
(CNSE) at the University at Albany prepares girls from urban communities to view STEM 
and college education as a realistic option. These programs are critical for developing an 
interest in nanobiotechnology among the next generation of scientists and engineers.

29.3 Nanobiotechnology Education in the United States

The hallmark and challenge of nanotechnology education is the need for scienti�c inter-
disciplinary interaction at an early stage in the formal educational process (Danielsen and 
Bjornholm 2008, Deppert et al. 2008, Sweeny and Seal 2008) and an exposure to state-
of-the-art NSE infrastructure (Murday et al. 2010). In order to develop the human infra-
structure to supply the needs of the NSE workforce, an integrated NSE curriculum and a 
physical infrastructure must be available for training. This section presents a number of 
ways that local, state, and federal investment have served to propel the educational and 
workforce development of NSE and nanobiotechnology.

29.3.1 Moving toward Interdisciplinary Curricula

Traditionally, postsecondary institutions in the United States have approached science 
training from a strong disciplinary perspective (Bialek and Botstein 2004). Biologists, 
chemists, engineers, mathematicians, and physicists are often trained in disciplinary silos 
requiring students to take courses from a variety of departments but providing little syn-
thesis to integrate their knowledge. In many cases, students in the biological or medical 
sciences take courses in physics and mathematics that would not satisfy a requirement 
for a traditional physics or mathematics major. These courses may not provide the depth 
of knowledge and techniques for solving challenging problems that a course for majors 
may provide. Nanotechnology, with its goal of manipulating and designing nanoscale 
structures and tools, has encouraged these �elds to work synergistically to provide stu-
dents with the skills to engineer a solution or develop an experiment to examine scienti�c 
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problems with nanoscale solutions. Nanobiotechnology, as a sub�eld of nanotechnology, 
requires the same strong interdisciplinary relationship between members of what are tra-
ditionally de�ned areas of science and engineering.

29.3.2 Existing U.S. Higher Education Nanotechnology Programs

In a 2009 study by the John J. Heldrich Center for Workforce Development, Van Horn 
et al. identi�ed 49 degree programs awarded by 38 institutions in the United States that 
used “nano” in the degree program title. (The authors did not consider minors, spe-
cializations, or concentrations in nanoscience in their analysis.) Of these 49 programs, 
32 were Associate’s degree level, 1 was at the Bachelor’s level, 8 were at the Master’s, 
and 8 were at the doctoral level. An examination of the geographic distribution of these 
programs revealed that 33 of the 49 degree programs are located in just four states: 
Pennsylvania, New York, Texas, and Minnesota. Pennsylvania alone had 18 Associate’s 
level programs in 2009.

Nanowerk.com maintains an online database of higher education programs relating to 
nanoscale science, technology, or engineering. In addition, the Nanowerk site provides 
news and information dedicated to nanotechnology. Although Nanowerk does not pub-
lish a methodology for listing programs in its database, recently added degree programs 
are represented on the site at the time of this analysis suggesting it is a good resource for 
students, faculty, administrators, and researchers interested in NSE degree programs.

The Nanowerk database shows that, worldwide, there are over 275 higher education 
programs that have some version of “nano” in their titles (http://www.nanowerk.com/
nanotechnology/nanotechnology_degrees.php, captured August 17, 2011). Many programs 
are engineering or material science programs with an emphasis in nanotechnology or 
nanoscience, but about 70% of the PhD programs listed are dedicated NSE programs. Three 
U.S. institutions introduced bachelor’s degree programs in nanoscale systems, nanoscale 
science, or nanoengineering in 2010, increasing the total number of U.S. baccalaureate 
programs to four. Four additional institutions have physics or engineering programs with 
concentrations/specializations in nanotechnology or nanoscale physics.

Currently, there are 12 universities with Master of Science programs in NSE �elds, up 
from eight programs in 2009. Three other universities have programs in engineering or 
material science with a concentration or emphasis on nanotechnology or nanomaterials. 
There are now 10 universities with PhD programs in nanoscience �elds (i.e., nanoscience, 
nanoengineering, nanophotonics, and nanomedicine). Five universities have engineer-
ing or other programs with concentrations or specializations in nanoscience. Finally, the 
CNSE at the University at Albany has recently announced a joint MD/PhD program with 
the State University of New York Downstate Medical College.

29.3.3 Postsecondary Education in Nanotechnology

This brief overview of NSE programs in the United States shows the growth in the 
number of total programs focusing on nanotechnology over the past 2 years. The total 
number of dedicated NSE programs is still small compared with long-established 
programs in biology, chemistry, engineering, and physics; but this investigation reveals 
that many of these graduate programs are adding NSE components and coursework to 
their curricula. Technical training programs (associate degree level) that have for the past 
5–10 years supplied high-skilled technicians to employers in the semiconductor and other 
nanotechnology-related industries are strongly represented (Figure 29.2).
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29.3.4 Associate’s Degree Level Programs in NSE Fields

The pioneers of technician-level workforce training for nanotechnology are the institu-
tions, faculty, and staff associated with the Pennsylvania Nanofabrication Manufacturing 
Technology Partnership (NMT; Fonash 2001; Fonash et al. 2006; Murday et al. 2010). The 
NMT was established in 1998 with the support of the Pennsylvania government to �ll the 
industrial need for skilled micro- and nanofabrication technical workers (Hallacher et al. 
2002). The hub of the NMT is Penn State University, which in 1994 gained prominence in 
nanofabrication as home to the center of the National Science Foundation (NSF)-supported 
National Nanofabrication Users Network (NNUN).

One of the driving forces behind the creation of the NNUN was the need for publically 
available nanoscale laboratory and fabrication facilities. The cost associated with nanoscale 
physical infrastructure is staggering making it unlikely that multiple institutions could 
possess all of the necessary tools to advance research and development (Schultz 2011). To 
overcome this obstacle, four advanced open access NSE infrastructural hubs were funded 
by NSF on university campuses across the United States. The NNUN was a precursor to 
the National Nanotechnology Infrastructure Network (NNIN; Schultz 2010).

A secondary goal of the NNUN and NNIN programs is to provide researchers with 
training in nanoscale research and fabrication techniques. The NNUN hub at Penn State 
provided the human and physical infrastructure to host a six-course capstone semester for 
associate’s degree nanofabrication training programs at 19 different community colleges 
and 4 year colleges. The capstone provides lecture and hands-on laboratory work that 
expose students to state-of-the-art tools that culminate in a degree. Hallacher et al. (2002) 
and the NMT web site provide a detailed description of the entire pedagogical process 
(http://www.nano4me.org/PaNMT/). Similar partnership arrangements have started to 
appear in New York at Hudson Valley Community College and the CNSE (http://www.
neatec.org/) as part of an NSF-funded Advanced Technology Education (ATE) center.

The NSF’s ATE program has existed since 1992. It has funded over 972 grants and has 
a budget of over $64 million (atecenters.org). There are currently �ve NSF ATE centers 

FIGURE 29.2
(See companion CD for color �gure.) Associate Professor Michael Carpenter (College of Nanoscale Science and 
Engineering) working on chemical sensors with an undergraduate summer intern.
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dedicated to electronics, micro- and nanotechnology; MATEC NetWorks (www.matec-
networks.org), NACK (www.nano4me.org), Nano-Link (www.nano-link.org), NEATEC 
(www.neatec.org), and SCME (www.scme-nm.org). The objective of these centers is to 
work collaboratively with industry and government to train and supply high-skilled 
technical workers for positions in the semiconductor industry and other nanotechnology-
enabled �elds.

The ATE program supports curriculum development; professional development of col-
lege faculty and secondary school teachers; career pathways to two-year colleges from 
secondary schools and from two-year colleges to four-year institutions; and other activ-
ities. Another goal is articulation between two-year and four-year programs for K-12 
prospective teachers that focus on technological education. The program also invites 
proposals focusing on research to advance the knowledge base related to technician 
education (www.atecenters.com, captured August 12, 2011).

29.3.5 Bachelor’s Degree Level Programs in NSE Fields

As noted earlier, baccalaureate programs are the rarest NSE programs numbering only 
four as of 2011. This small number of baccalaureate programs is in line with the work-
force development research that indicates that students trained at the doctoral or master’s 
level programs are currently most highly sought-after (Van Horn et al. 2009a,b; Murday 
et al. 2010). Employers who are asked about the types of graduates their companies recruit 
often gravitate toward traditional science degree recipients. At the same time, employers 
express a strong desire for the skills that NSE-trained students master early in their pro-
grams, including interdisciplinary depth and team-orientation (Deppert et al. 2008; Van 
Horn et al. 2009a).

The �rst cohorts of Bachelor’s level-trained students are now approaching graduation 
(in 2013) or have recently graduated. Graduates will be given the opportunity to pursue 
careers in industry or continue with graduate-level training. The choices that these stu-
dents make will further inform higher education institutions about the need and desire 
for more interdisciplinary NSE training. The challenge for these baccalaureate programs 
is the academic motivation to train students in advanced concepts in biology, chemistry, 
mathematics, physics, and engineering, while familiarizing them with the tools and tech-
niques of NSE, and providing them a well-rounded social, historical, and humanities cur-
riculum in an eight semester framework.

In the United States, the NSF (Directorate of Education and Human Resources—Division 
of Undergraduate Education) has recognized the special challenge that interdisciplinary 
NSE research poses and has responded with a robust grant program (Nanotechnology 
Undergraduate Education in Engineering) to aid faculty and administrators to develop 
these new curricula. A similar program called Transforming Undergraduate Education in 
Science, Technology, Engineering and Mathematics is also available to support the devel-
opment of cutting-edge teaching methods and resources to improve the dissemination of 
science, technology, engineering, and mathematics education.*

* A wide variety of programs, many funded by the NUE program, are presented in the edited book Nanoscale 
Science and Engineering Education (Sweeney and Seal 2008). Readers are encouraged to explore this book as a 
standard reference to best practices in program development. Among the 36 chapters, the reviews by Agarwal 
(2008), Meyyappan (2008), Hegab et al. (2008), and Deppert et al. (2008) are particularly useful for those inter-
ested in developing curricula, including nanobiotechnology curricula, at their institutions.
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A central theme in this chapter is the importance of cross-communication and cross-
fertilization of ideas and concepts among the NSE areas of concentration. Deppert et al. 
(2008) outline two basic models for delivering NSE content: the T model and the inverted 
T model. The T model is similar to the traditional silo approach where students start with 
basic courses in one main area of science and follow a straight-line progression to more 
advanced courses and content. In their �nal years, the T model students take NSE-focused 
advanced level courses and work on guided research projects that introduce them to NSE 
tools and techniques. The authors note that this method is the most common and easiest 
model to implement because it requires only minor administrative intervention.

The second model discussed in Deppert et al. (2008) is the inverted T (⊥) model that 
focuses much more attention on interdisciplinary instruction in the �rst 2 years with 
extension, specialization, or concerted action in the �nal years of the program. Extension 
refers to the continuation of basic science courses to the advanced level in each of the vari-
ous disciplines, specialization refers to students focusing on one or two areas of interest, 
and concerted action refers to advanced coursework that interacts extensively to avoid 
redundancy.

Deppert et al. (2008) among others caution that a poorly executed inverted T model could 
leave students with a broad but shallow education; “a kilometer wide but a nanometer 
deep (Matyi and Geer 2009).” One way to avoid this problem is to introduce internship 
and capstone experiences in the �nal semesters of an NSE bachelor’s program. Internships 
and capstone experiences allow students to propose, elaborate, and conduct experiments 
or design projects with the objective of integrating knowledge from across the curriculum 
(Matyi and Geer 2009). The NSF Research Experience for Undergraduates internship pro-
gram has been particularly helpful with exposing undergraduates to the tools and tech-
nology of nanoscale science (Murday 2009).

29.3.6 Graduate Degree Level Programs in NSE Fields

Early investment in NSE education took place at the graduate level and has expanded to 
undergraduate, K-12, and public education throughout the past decade (Murday et al. 2010). 
One of the original goals of the NNI in 2000 was to expand both the physical and intel-
lectual infrastructure to propel NSE know-how in the United States. “Since 2000, about 
100 national centers and networks and about 50 other research organizations focused on 
advanced R&D have been built or repurposed, together constituting a strong nanotechnol-
ogy experimental infrastructure in the United States (Murday et al. 2010).” Dedicated NSE 
PhD and Master’s programs have been instrumental in staf�ng these centers as well as the 
start-up businesses and established �rms utilizing nanotechnology.

Each graduate program has its own set of foundations and unique characteristics that 
make describing them a challenge. Instead, an example of a PhD program from the CNSE 
at the University at Albany in New York is presented to give the reader a sense of the basic 
framework.

The CNSE is located in Albany, New York and is built on the Albany NanoTech Complex 
which covers approximately 800,000 ft2 of territory and includes over 80,000 ft2 on indus-
trial scale clean room space. In addition to the college, the Albany NanoTech complex 
houses the most advanced infrastructure available in the world for the study and develop-
ment of nanotechnology, nanoengineering, and nanobioscience. The CNSE has corporate 
partners who include Applied Materials, ASML, IBM, Intel, International SEMATECH, 
and TEL. The entire complex employs approximately 2700 research and development 
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 professionals in addition to the faculty, staff, and students at the CNSE. Industrial partners 
are key sounding boards for curricular development.

The CNSE conferred its �rst PhD in Nanoscale Science in December 2004 and currently 
has 153 PhD and MS students working toward degrees in two tracks, Nanoscale Science 
and Nanoscale Engineering. These two programs provide students foundations in biol-
ogy, chemistry, economics, mathematics, and physics through an interdisciplinary frame-
work. The framework itself develops directly from the College’s academic structure, which 
is made up of four overlapping constellations; nanoscale science, nanoscale engineering, 
nanbioscience, and nanoeconomics.

Entering students are required to take foundation courses in areas that supplement their 
previous educational or professional experience and expand their breadth of knowledge. 
The four “Foundations of Nanotechnology” courses are made up of a series of 8 week 
modules that allow faculty advisors to tailor coursework to �ll crucial gaps in a student’s 
knowledge (http://cnse.albany.edu/PioneeringAcademics/GraduatePrograms/Found-
ationsofNanotechnology.aspx). Students complete 12 credits within the four foundation 
courses, nine credits of advanced level coursework in their area of specialization, nine 
credits of seminars or external work, and research credits to complete 60 credits total. 
Students also interact with scientists from many of our partner �rms while performing 
their research and completing internships.

29.3.7 Nanobiotechnology Education Programs

Kim (2007: p. 360) noted that “the structure of nanobiotechnology education in the United 
States remains for the most part a combination of broad-based coursework in the physi-
cal and biological sciences followed by focused laboratory training.” In large measure, 
this statement is still true today; however, a number of new educational programs have 
developed since 2007. In the following sections, the number of programs and the type of 
training that students receive in nanobiotechnology programs are discussed.

29.3.8 Nanobiotechnology Components in Existing U.S. NSE Programs

In order to get a sense of the impact that nanobiotechnology has on degree programs in 
the United States, the Nanowerk degree program database was utilized to explore col-
lege or university websites to obtain a rough estimate of the number of courses and more 
importantly, the number of faculty dedicated to nanobiotechnology �elds. Of the 15 PhD-
granting institutions that have “nano” programs, there were on average six or more fac-
ulty members dedicated to nanobiotechnology in one fashion or another. These programs 
offered approximately �ve or more courses during the graduate level training program. 
Many of the doctoral programs examined here were developed through NSF Integrative 
Graduate Education and Research Traineeship (IGERT) grants. Being heavily interdisci-
plinary, nanoscience and nanotechnology programs are a good �t with the IGERT goals 
(Vogel and Campbell 2002). These results indicate that nanobiotechnology faculty mem-
bers play an important role in the implementation and development of nanoscience, nano-
engineering, and nanotechnology degree programs in general.

As argued earlier, in this early stage in the history of nanobiotechnology, advanced 
level Master’s and doctoral programs will provide the research and development momen-
tum that drives downstream commercialization and manufacturing of nanobiotechnol-
ogy products. This review of the doctoral programs in nanoscience indicates that faculty 
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and researchers dedicated to pursing the intersection of nanotechnology and biological 
sciences are increasing in number.

To demonstrate the growth in nanobiotechnology, Kim (2007) in Nature Biotechnology, 
reported data from the NIH that revealed a clear trend of increased government expendi-
ture on grant funding and postdoctoral training from 1996 through 2006. Research grants 
awarded by NIH went from approximately 150 to over 550 from 2000 to 2006 almost qua-
drupling the number of awards in 6 years. Similarly, the rate of postdoctoral traineeships 
went from zero in 1996 to 18 in 2006. This trend represents signi�cant federal investment 
in nanobiotechnology research programs.

As noted, faculty members who work on nanobiotechnology are playing a signi�cant 
role in developing the curriculum for NSE programs. Like the federal investment by NIH, 
universities and colleges have made a signi�cant commitment by hiring faculty with 
nanobiotechnology research programs. If one considers the investment in start-up costs, 
long-term salary implications, and research support, hiring faculty members who special-
ize in nanobiotechnology demonstrates both an intellectual and �nancial commitment to 
this growing scienti�c �eld. For example, at the CNSE, 10 of the 55 faculty members are 
professors of nanobioscience. These nanobioscience faculty members have built a very 
strong research and student base.

29.3.9 Postsecondary Education in Nanobiotechnology

Our survey of the Nanowerk database concludes that there are mainly graduate-level and 
associate-level training programs dedicated to nanobiotechnology and related disciplines 
such as nanomedicine. There is also a plethora of federally funded centers located on 
university campuses that focus on nanobiotechnology (Kim 2007). Many of these centers 
have outreach and educational programs (such as IGERT) that train students from tradi-
tional disciplines in a collaborative environment. Two good examples of this method for 
conveying nanobiotechnology education are Cornell’s Nanobiotechnology Center (http://
www.nbtc.cornell.edu/) and Johns Hopkins Institute for NanoBioTechnology (http://inbt.
jhu.edu/).

29.3.10 Associate’s Programs in Nanobiotechnology

Currently, there are two Associate’s of Applied Science programs speci�cally dedicated 
to nanobiotechnology at community colleges located in Pennsylvania (Westmoreland 
Community College and Montgomery Community College). Both programs offer training 
in basic biology, chemistry, and nanoscale science. The Westmoreland Community College 
“bionanotechnology” degree program is speci�cally focused on training nanotechnology-
savvy technicians for work in pharmaceutical research and manufacturing. These students 
participate in the Penn State NMT capstone course in nanotechnology manufacturing.

Although still in its early stages, the existence of these �rst nanobiotechnician training 
programs is a harbinger for future growth. For example, one expects and hopes to see 
more nanotechnology in�ltration into the curricula offered by programs associated with 
the NSF ATE Bio-Link National Center (http://www.bio-link.org). Bio-Link is a very active 
and successful Center of Excellence for Biotechnology and Life Sciences in the heart of 
biotechnology-powered San Francisco. As the �eld expands, one also expects to see more 
institutions with undergraduate programs that include nanobiotechnology concentrations 
and majors.
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29.3.11 Graduate Training in Nanobiotechnology

The vast majority researchers working on nanobiotechnology innovations today were 
not trained in nanobiotechnology speci�cally. There are currently very few dedicated 
nanotechnology programs and even fewer dedicated nanobiotechnology programs. 
In order to better understand the training required to enter into this dynamic, 
interdisciplinary �eld, Kim (2007) explored the degrees obtained by researchers who 
earned prestigious NIH postdoctoral fellowships between 2000 and 2006. The leading 
doctoral program by far was the PhD in chemistry followed by biology/biomedicine, 
and more distantly by biochemistry/biophysics, physics, bioengineering, and chemical 
engineering.

To cross-check these results, information was obtained about the doctoral degrees 
earned by the nanobioscience faculty at the CNSE and the Northeastern IGERT 
Nanomedicine program. The degrees that overlap between Kim’s (2007) analysis and 
our faculty are in chemical engineering and biological sciences (microbiology, biomedi-
cine, and cancer biology). In addition, CNSE faculty members have degrees in biotech-
nology, medicine, pharmacology, public health, and plasma physics. The main faculty 
members in Northeastern University’s Nanomedicine IGERT program are drawn mainly 
from chemistry, chemical engineering, pharmacy, and physics. Northeastern IGERT stu-
dents earn graduate degrees from one of the participating traditional departments with 
a concentration in nanomedicine. Students of nanobiotechnology have equally diverse 
educational backgrounds. 

It is apparent from this brief analysis that institutions that aspire to confer degrees in 
both NSE and nanobiotechnology must take care to foster a widespread understanding of 
the learning outcomes and scienti�c skills of their students in both academia and industry 
(Van Horn et al. 2009a). Biotechnology �rms are clearly interested in the skill sets provided 
by nanobiotechnology training; however, potential employers may gravitate toward pro-
grams with which they are familiar. Faculty members and administrators associated with 
nanobiotechnology programs need to be vigilant and vocal about the value added by this 
special brand of interdisciplinary training.

The cross-pollination of ideas and techniques that develops between faculty members 
in interdisciplinary programs provides a good example for aspiring nanobiotechnology 
students. Students should take the opportunity to work in different laboratories early 
in their career. Internships or postdoctoral scientists in laboratories focused in another 
discipline may give the student an appreciation of the culture of another discipline and 
hands-on experience with new tools and methods. Nanobiotechnology students should 
also avail themselves of opportunities associated with cross-disciplinary research centers 
such as NSF Engineering Research Centers or Science and Technology centers that may 
allow them to participate in multidisciplinary research and teach them the skills required 
to lead collaborative research projects with researchers from other �elds (Box 29.1).

29.3.12 Communications Skills in Nanobiotechnology Education

The success of developing technologies requires the buy-in of multiple stakeholders. 
Effective nanobiotechnologists need to communicate effectively to support the develop-
ment of their research (Abicht and Schumann 2007). Nanobiotechnology is also team ori-
ented. The interdisciplinary nature means that people with different backgrounds need 
to work together effectively. Nanobiotechnologists must be able to communicate with 
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scientists in related but different �elds. At the CNSE, courses for nanobiotechnologists 
are taught that focus on the scienti�c language, scienti�c content, concerns, and culture of 
medical practitioners and public health specialists to enhance collaboration and commu-
nication between doctors and engineers.

In addition, the commercialization of nanobiotechnologies requires effective commu-
nication across sectors. Researchers from industry and academia must have an under-
standing of the cultures and requirements of the other sector to better communicate the 
importance of issues that arise in the technology transfer process. Finally, intercultural 
communication is critical for the advancement of the �eld. The development and manufac-
turing of nanobiotechnology is an international effort. Researchers need to be able to work 
with their peers in other countries.

Nanobiotechnology will likely be under intense regulatory scrutiny as products are 
developed (Busch and Lloyd 2008). Researchers commercializing technologies will need 
to be able to communicate their work to regulators and the public in a manner that shows 
that the bene�ts outweigh the potential risks (Berube 2006). They will need to be able to 
produce the quality assurance and documentation that will be required as nanobiotech-
nologies develop.

29.3.13 Social, Legal, and Ethical Issues

Nanobiotechnology products will be developed for medical, agricultural, environmental, 
and food production applications. These applications have the potential to affect human 
health and the environment. Researchers in nanobiotechnology will need to keep the 
social and ethical issues associated with this technology at the forefront of their mind as 
these technologies evolve. Nanobiotechnologists should be familiar with the larger scale 
implications of their work on biological systems. They must also be trained on the regula-
tory process associated with nanoscale biological technologies. An understanding of this 
process will help them achieve compliance and avoid regulatory pitfalls in the commer-
cialization of technologies.

BOX 29.1 A SPECIAL CASE OF NANOBIOTECHNOLOGY: NANOMEDICINE

One of the �elds associated closely with nanobiotechnology is the emerging �eld 
of nanomedicine. “The early genesis of the concept of nanomedicine sprang from 
the visionary idea that tiny nanorobots and related machines could be designed, 
manufactured, and introduced into the human body to perform cellular repairs at 
the molecular level. Nanomedicine today has branched out in hundreds of differ-
ent directions, each of them embodying the key insight that the ability to structure 
materials and devices at the molecular scale can bring enormous immediate bene�ts 
in the research and practice of medicine (Freitas 2005: p. 2).”

From antibiofouling surfaces to supercomputers that diagnose ailments faster than 
a team of specialists, nanomedicine is going to have wide-ranging in�uence on pub-
lic health and human disease prevention, diagnosis, and treatment (Weber 2011). The 
next generation of medical doctors will need to understand how nanoscale materials 
interact with the body’s tissues to understand teratogenic effects as well as therapeu-
tic bene�ts. Currently, Northeasten University and the CNSE have programs focused 
on nanomedicine.
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29.4 Future Directions

As the �eld of nanobiotechnology and complementary industries continue to develop, the 
skills required of workers will need to be better de�ned. During its advent, the biotechnol-
ogy industry worked to de�ne a skill set for technicians and college-educated workers. 
In the 1990s, the Bioscience Industry Skill Standards Project was established by the U.S. 
Departments of Education and Labor to establish a standard skill set for the emerging 
industry of biotechnology. Industrial managers, educators, and employees were inter-
viewed to better understand the skill and knowledge requirements for employment in 
biotechnology (Leff 1995; Dahms and Leff 2002). These standards eventually became a ref-
erence for the development of education and training programs for biotechnology work-
ers. To date, no comparable efforts have been made for the nanobiotechnology industry.

29.5 Conclusions and Perspectives

NSE has moved inexorably into our daily lives. Whether it is faster, smaller laptops, 
sunscreens that disappear when applied, or water puri�ers that �lter harmful bacteria, 
nanoscale materials are a part of our lives. Those who manage to understand and harness 
this world of smallness will enable innovations that improve our lives and our environment.

It is imperative that educators attract young people to science, technology, engineer-
ing, and math early. Community and public outreach provides an entry point to making 
science approachable and available. This is particularly important for those groups who 
are typically underrepresented in STEM �elds. Long-term relationships between research 
facilities and universities with organization such as the Girl and Boys Scouts of America, 
Girls Inc., and local school districts can improve the number of children and adolescents 
who consider nanotechnology as a career option.

The mix of engineering, physics, chemistry, and biology associated with nanobiotech-
nology has the ability to draw many more students than physics or chemistry alone. The 
results of nanobiotechnology research will attract students who have a desire to make con-
tributions to the major challenges in human health and well-being. Undoubtedly, nanobio-
technology will continue to grow as a distinct �eld under the NSE umbrella. “Everybody 
has DNA” and the ability to manipulate it, understand it, and repair it is something that 
everyone can value.
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