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1.1  Introduction

A biosensor is an integral part of science and technology from 
an analysis viewpoint. It is one of the products produced from 
combinations of the most important branches of science and 
technology, which then emerges as the branch of bioelec-
tronics. According to the physical, chemical, and analytical 
chemistry division of IUPAC (International Union of Pure and 
Applied Chemistry), a biosensor is “a self-contained integrated 
device that uses a biological recognition element (biochem-
ical receptor) which is in direct spatial contact with a trans-
duction element and capable of providing specific quantitative 
or semi-quantitative analytical information” (Thevenot et al., 
1999). A biosensor is generally composed of a biological 
material such as an enzyme, antibodies, organelles, transducer, 
or analyte, which is highly selective due to the possibility of 
tailoring the specific interaction of the analyte by a biological 
recognition element on the sensor substrate that has specific 
binding affinity to the molecule of interest. Thus, as the bio-
logical material is in contact with an appropriate transducer 
in which the biochemical signal is converted into an electrical 
signal, either continuous or discontinuous, and then quantified. 
The choice of biological component and transducer is depend-
ing on the analyte or the substance that one wish to analyze or 
quantify. Biosensors have wide application in various fields of 
food and agriculture, food adulteration, food preservation and 
processing, medicine, etc. Biosensor development is a multi 
and interdisciplinary field and is one of the promising fields 

of study in analytical chemistry because biosensors elimi-
nate sample preparation, unlike conventional techniques that 
involves tedious and time-consuming steps involved in sample 
preparation and skilled manpower (Kissinger, 2005).

1.1.1  History

As found in the literature, birds called canaries were the first 
biosensors, used in coal mines to detect toxic gases (Bora et al., 
2011). The tolerance level of the bird against carbon monox-
ides and methane is comparatively lower than that of a human 
being. Thus, death of the birds confirmed the presence of toxic 
gases in the coal mines.

Leland C. Clark Jr. (known as the father of biosensing 
devices) developed an oxygen electrode in 1956 but could not 
expand the idea of its use as a sensor to measure more ana-
lytes in the human body. Eventually, based on immobilization 
of urease on an ammonium-selective electrode, the first poten-
tiometric enzyme electrode was developed by Guilbault and 
Montalvo (1969). In 1975, the first amperometric-based bio-
sensor was developed to analyze glucose. In 1987, using elec-
trochemical mediators, immobilized enzymes (screen printed) 
were prepared in the form of a pen for personal monitoring of 
blood glucose, which established new routes for the develop-
ment of different biosensors (Palmisano et al., 2000).

1.1.2  Key Elements and Characteristics of Biosensors

There are three basic elements on which biosensors are com-
posed, i.e.: (i) recognition of a particular element or material, 
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(ii) transduction of signal from a biological target to receptors, 
and (iii) amplification of a transduced signal. A typical biosen-
sor consists of the following components.

1.1.2.1  Analyte

An analyte is a substance that must be detected; for example, 
if one uses a biosensor to detect glucose, then glucose will be 
an analyte.

1.1.2.2  Bioreceptors

A bioreceptor of a biological element is a specific molecule 
that recognizes a specific analyte, thus is the basis of the 
specificity of biosensor technologies. A bioreceptor is the sig-
nificant element of any biosensor, which comprises the recog-
nition system towards a particular analyte and is accountable 
for the binding of a specific element to the surface of the 
biosensor to take a measurement (Karunakaran et al., 2015). 
Bioreceptors are generally classified into five major catego-
ries, as follows:

 a. Enzyme sensor
 b. Immunosensor
 c. Nucleic acid interaction
 d. Microbial sensor
 e. Interaction using biomimetic materials

(Karunakaran et al., 2015).

1.1.2.3  Transducer

A transducer has a vital role in signal detection; it converts 
the bio-recognition signal into a measurable signal. The meas-
urable signals can be of optical signal (colorimetric, interfer-
ometry, luminescence, fluorescence), electrochemical (i.e., 
potentiometry, amperometry, conductometry, voltammetry, 
Impedimetry), calorimetric (thermistor), and mass change 
(acoustic wave/piezoelectric).

1.1.2.4  Electronics

Electronics is the part of a biosensor that contributes the process-
ing of a signal that is displayed for observation. It consists of a 
complex electronic circuit that amplifies and converts the signal.

1.1.2.5  Display

The display is an output system of the biosensor, which con-
sists of a user interpretation system like the display of a com-
puter that generates outputs in the form of curves, graphics, 
images, or is tabular.

1.1.3  Classification

Mungroo and Neethirajan (2014) classified the biosensors as 
the transducing element used for fabrication and the biorecog-
nition element used for sensing (Figure 1.2).

FIGURE 1.1 Basics of biosensor.

(adopted & modified from Karunakaran et al., 2015).
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1.1.3.1  Transducing Element

1.1.3.1.1  Mass Based Biosensor

Biosensors of this type detect the changes in the conductivity, 
elasticity, mass, and dielectric properties. It is also known as a 
resonant biosensor or an acoustic wave biosensor that utilizes 
the mechanical or acoustic waves to detect the various bio-ele-
ments (antigen, antibody, etc.) (Higson et al., 1994).

1.1.3.1.1.1 Magnetoelectric This is a rapid, non-contact 
method of detecting system with labelled magnetic particles 
which can measure magneto-electric torque. The detection 
limit of these sensors ranges from 100 ng/mL to 0.5 mg/mL 
(Yuan et al., 2018). Accuracy, precision, small volume require-
ment for the analysis, ease in handling, and suitability for the 
analysis of sensitive materials are the few major attractive fea-
tures of magnetoelectric-based sensors.

1.1.3.1.1.2 Piezoelectric Potential difference creation due 
to mechanical stress applied across certain material is known 
as piezoelectricity (the meaning of ‘piezo’ is ‘to squeeze or 
press’) on which piezoelectric sensors work (Drafts, 2001). 
Although the piezoelectric effect was invented by Parie and 
Curie in the year 1880, the concept of the piezoelectric effect 
for sensing applications for commercial purposes began to 
be utilized in 1950. The piezoelectric biosensor belongs to 

a class of micro electromechanical systems (MEMS). The 
working principle of MEMS is the assessment of changes 
in the oscillating resonance frequency of crystal, owing to 
the interaction between bioreceptors and analytes. The pie-
zoelectric material (quartz) and the biosensing material are 
coated with biosensing material (which vibrates at a natural 
frequency) for fabrication of a transducer in the piezoelectric 
biosensor. Piezoelectric transduction is suitable for label-free 
detection, for detection up to pictogram level, field analysis, 
etc. (Nicu et al., 2005). The piezoelectric based sensors can be 
classified as follows.

1.1.3.1.1.2.1 Quartz Crystal Microbalance (QCM) Quartz 
microbalance or quartz crystal nano-balance is used for the 
measurement of frequency change to measure a mass variation 
per unit area. The frequency of oscillation can be affected by 
the addition or removal of minute quantity of mass on the elec-
trodes. Piezoelectric crystals (lithium niobate, or lithium tan-
talite, quartz) are used for fabrication of QCM (Nanoscience.
com, n.d.).

1.1.3.1.1.2.2 Surface Acoustic Wave (SAW) This type of 
biosensor can be utilized for measuring various parameters 
like pressure, temperature, viscosity, and the concentration 
of chemical/biological entities. It consists of piezoelectric 
substrate, micro-metallization patterns (electrodes), IDT, and 

FIGURE 1.2 Classification of biosensor.
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active thin films. Being sensitive to the environment, SAW is 
based on signal-processing operations. The operative range 
of the device depends on IDT wavelength (MHz to the GHz 
range), and acoustic velocity (crystal substrate) (Milstein and 
Das, 1977). SAW devices can also be utilized as an electronic 
nose in the food sector to identify the aroma of food samples 
(Milstein and Das, 1977), and can operate at high frequency 
in a cost effective manner (Milstein and Das, 1977; Campbell, 
1984; Lange et al., 2003).

1.1.3.1.1.2.3 Capacitive Micro-Machined Ultrasonic 
Transducers (CMUTs) As a substitute for piezoelectric 
devices, CMUT is used for sound wave excitation and detection 
(Ergun et al., 2003). In CMUTs, a conductive silicon substrate 
is located beneath the suspended small and thin transducer 
membranes. Conventional techniques to fabricate CMUTs are 
the sacrificial release process or standard CMUT fabrication 
method and the wafer bonding method (Huang et al., 2003). 
As the wafer bonding method has increased the consistency, 
reliability, and reproducibility, and reduced device turn-around 
and number of process steps hence, it improves the CMUT’s 
performance.

1.1.3.1.1.2.4 Bulk Acoustic Wave (BAW) Piezoelectric 
Sensor Mechanical or acoustic waves are utilized as a sens-
ing mechanism in acoustic wave sensors. Any changes in the 
propagation path of an acoustic wave during passing through 
or on a surface of material affects the amplitude and veloc-
ity of the wave. By measuring the frequency (correlated with 
measured physical quality), velocity changes can be monitored 
(Karunakaran et al., 2015). This sensor employs either shear 
or longitudinal waves, although the former is usually pre-
ferred to decrease acoustic radiation in the medium of interest. 
Those are the simplest and the oldest acoustic wave devices, 
where, on both sides of a thin piece of crystal, a parallel elec-
trode is placed. Any piezoelectric element can be technically 
employed, but quartz is usually preferred as it is easily afforda-
ble and can also be produced in an abundant quantity. In addi-
tion, other piezoelectric elements are more unstable at elevated 
temperature than thin disks of quartz. Shear deformation of the 
crystal and a potential difference between the two electrodes 
has resulted in applied alternating electric fields (Durmus et al., 
2014). Quartz properties (like size, density, and phase in con-
tact with the crystal surface) are the regulating factors of vibra-
tional frequency (Kaspar, 2000). The most prevalent BAW 
sensors are shear horizontal acoustic plate mode (SH-APM) 
sensors and thickness-shear mode (TSM) resonators (Kaspar, 
2000).

1.1.3.1.1.2.4.1 Thickness Shear Mode (TSM) Resonator This 
resonator consists of a quartz plate with thin-film metal elec-
trodes deposited on the faces (Drafts, 2001; Eernisse and 
Wiggins, 2001). The inverse piezoelectric is used to create 
vibration in response to alternating current. In TSM crystallo-
graphic, the crystallographic orientation of the disc is used so 
that an electric field applied through the thickness of the disc 
may produce shear. The crystal’s resonance frequency depends 
upon the density, shear modulus, and thickness of the material 
(Lec and Lewin, 1999). The remaining crystal surface (where 

molecules in the liquid can bond to and be detected on the sur-
face) is then added with a chemical interface (Drafts, 2001).

1.1.3.1.1.2.4.2 Shear Horizontal Acoustic Plate Mode 
(SHAPM) In year 1980, SHAPM was introduced. SHAPM 
contains interdigital transducers (IDT) instead of electrode 
plates (Drafts, 2001). Basically, this plate is more complex, 
expensive, less sensitive than SAW (because of a minimum 
thickness of the piezoelectric plate and the wave energy does 
not reach to the maximum at the surface) and generates 100–
150 MHz frequency waves (Drafts, 2001). The fabrication 
technique for both SHAPM and TSM resonators are almost the 
same, except for IDTs of SHAPM. (Dahint et al., 1994).

1.1.3.1.2  Electrochemical Biosensor

Among all the various types of sensors, the electrochemical 
biosensor is one of the most commercially successful devices 
of bioelectronics (Fang et al., 2003; Dzyadevych et al., 2008; 
Wang, 2008). Electrochemical sensors are cost-effective, sim-
ple in construction, accurate, and précised. The sensor com-
bines the sensitivity of electrochemical transducers with the 
specific biorecognition process, to produce an electric signal as 
a function of the concentration of target analytes (Bhatt et al., 
2019). The reaction that is being monitored in electrochemical 
sensors typically generates a measurable potential (potentiom-
etric), measurable current (amperometry), or alters the conduc-
tive properties of the medium between the electrodes (Wang et 
al., 2008). The detection capability of electrochemical biosen-
sors may vary due to the dimension or modification of surface 
material. The performance of an electrochemical biosensor 
depends on many factors, like sensitivity range, accuracy, life-
time, selectivity, response time, recovery time, and solution 
conditions of the sensor.

1.1.3.1.2.1 Potentiometric Sensors This type of sensor 
is based on potential measurement of an electrochemical 
cell, while drawing an insignificant current. It contains a pH 
electrode and an ion-selective electrode (Na+, K+, Ca++, etc.) 
(Kissinger and Heineman, 1996; Wang, 2006; Bartlett, 2008; 
Grieshaber et al., 2008). In a potentiometric sensor, two refer-
ence electrodes with an electrochemical cell is used for meas-
urement of potential difference across a surface or membrane. 
For biosensing, sensors are coated with enzyme, aptamer, or 
antibody, etc., to catalyze a reaction to produce an ion that can 
be detected and quantified using a specific electrode (Bhatt et 
al., 2019). Application of these types of biosensors is very lim-
ited due to their high cost of construction, sometimes poor per-
formance, limited availability of an appropriate ion-selective 
electrode, etc.

1.1.3.1.2.2 Amperometric This technique is the most com-
mon, is sensitive, and utilizes the Clark Oxygen electrode for 
electrochemical detection. The chemical reaction of electroac-
tive materials produces the current change, while a constant 
potential and concentration of the substance or analyte in solu-
tion both are proportional to each other (Lazcka et al., 2007; 
Syam et al., 2012). Generally, glucose, urea, cholesterol, etc., 
and other types of non-electro-active biological compounds 
require an electroactive element for change of current intensity.
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1.1.3.1.2.3 Conductometric This type of biosensor measures 
the changes in conductivity or resistivity that occur or are pro-
duced due to electrochemical reactions in solution. This type of 
measurement has lower sensitivity than other electrochemical 
sensors (Lazcka et al., 2007).

1.1.3.1.3  Optical Biosensor

Optical biosensors work on optoelectronics; optoelectronics 
is the study of the interaction of electronic devices with light, 
which can also be regarded as a subfield of photonics. In opti-
cal fibre, detection is carried out based on absorption, fluores-
cence, or light scattering. Multiple analytes are easily detected 
using different monitoring wavelengths. Parameters like λmax 
shifting, time, wave propagation and intensity, spectrum dis-
tribution, etc., are used in optical biosensors for the determi-
nation of an analyte of interest. Optical transducers are widely 
accepted for the detection of pathogenic bacteria (label-free), 
heavy metals in water, fish spoilage, etc. Several optical bio-
sensor techniques are reported to detect pathogenic bacteria, 
including localized surface plasmon resonance (LSPR), sur-
face plasmon resonance (SPR), dielectric waveguides, ellip-
sometry, etc. (Lazcka et al., 2007; Syam et al., 2012). The light 
source, optical detection system, and an optical transmission 
medium (enzyme, microbes, and antibodies) are the key com-
ponents of optical biosensors. Based on the detection protocol 
that can be implemented in optical sensor, the sensors can be 
classified as follows:

1.1.3.1.3.1 Fluorescence-Based Biosensors In this biosen-
sor, either target molecules or bio-recognition molecules are 
tagged with fluorescent tags, produce fluorescence intensity 
that indicates the target molecules’ concentration, and confirm 
the interaction between bio-recognition molecules and the tar-
get molecule. The detection based on fluorescence is highly 
sensitive, which makes it suitable for the determination of 
extremely low concentrations (Karunakaran et al., 2015).

1.1.3.1.3.2 Surface Plasmon Resonance (SPR) SPR is a phe-
nomenon that depends on the excitation of the electron plasma 
of metal on the surface of the waveguide. In short, under the 
condition of internal reflection (TIR), when p-polarized light 
strikes a thin metallic surface (gold or silver), electrons of the 
metallic layer directly absorb the energy of photons and are 
converted into an evanescent field (Fang et al., 2003). The 
biorecognition elements are immobilized on the surface of the 
thin metallic layer, and minute changes in the refractive index 
during the analysis are captured and processed as an output 
signal (Lambam and Thangjam, 2016).

1.1.3.1.3.3 Raman and FTIR Rapid detection and identifi-
cation of many toxins at a low concentration level are one of 
the major challenges of biosensors. Cellular biochemistry can 
effectively be studied by Raman spectroscopy. Toxic chemi-
cals induce different time-dependent metabolic/biochemical 
changes related to the death mechanism of cells, like cyto-
plasmic shrinkage, membrane receptor signalling, nuclear 
fragmentation, etc., have several adverse effects on living cells 
(Notingher, 2007). Cell-based Raman spectroscopy sensors 

are not only mended to respond particularly to a single toxic 
substance but are also free to react with too many bioactive 
compounds. From time-dependent cellular change, addi-
tional information can be provided by Raman spectroscopy 
(Uzunbajakava et al., 2002), therefore the limitation of other 
available biosensors can be overcome by the Raman spectros-
copy biosensor regarding detection and determination of a 
massive range of toxic materials (Notingher, 2007).

1.1.3.1.3.4 Fiber Optics In fibre optics sensors, optical fibres 
are used either as a means of relaying signals from a remote 
sensor to the electronics to process the signals (extrinsic) or 
as sensing elements (intrinsic). In remote sensing, fiber optics 
have several applications due to small size, no requirement of 
electricity, or capacity to sense the time delay as light passes 
through each sensor along with the fibre. Fiber optics do not 
conduct electricity and are immune to electromagnetic inter-
ferences, therefore they can be effectively used in the presence 
of high voltage electricity or flammable materials.

Optical fields are used by Fiber-optic biosensors (FOBS) 
to detect/determine the biological species like cells, proteins, 
enzymes, DNA, etc. FOBS is a promising alternative to con-
ventional immunological methods because, FOBS are accu-
rate, efficient, less expensive, and easy to handle. Tapered 
fiber-optic biosensors (TFOBS) are one of the types of FOBS 
that depend on special geometries to interact with analytes by 
exposing the evanescent field. TFOBS are frequently used with 
numerous optical transduction mechanisms like absorption, 
changes in refractive index, Surface Plasmon Resonance, fluo-
rescence, etc., to improve sensitivity and selectivity.

1.1.3.2  Bio-Recognition Element

Antibody, Phage, DNA, Enzyme, Biomimetic, etc.
Classification based on bio-recognition elements are as 

follows:

1.1.3.2.1  Enzyme Based Biosensor

Enzymes are among the most widely used molecules in bio-
sensors for quantitative and qualitative analysis of several 
target analytes in food processing, food safety and monitor-
ing, agriculture, medicine, etc. ( Bhatt et al., 2019). Since 
substrate-specific biological molecule enzymes catalyze spe-
cific chemical reactions, the catalytic activity of an enzyme 
allows a comparatively lower limit of detection than with the 
other common binding techniques. The major reason for the 
widespread application of enzymes in the biosensor field is 
their selectivity, sensitivity, being a catalyzed product from 
a specific substrate molecule without being consumed in the 
reaction, no (or less) clean-up of sample, etc. Most conven-
tional electrochemical enzyme biosensors are developed with 
oxidoreductase enzyme, coupled with amperometric detection 
mediated by an electron transfer mechanism (Costa- Fernández 
et al., 2006; Algar et al., 2010; Bhatt et al., 2019). The blood 
glucose biosensor is one of the most successful commercially 
available biosensors (Karunakaran et al., 2015). Fabrication, 
mechanism, and application of different types of enzyme based 
biosensors are given in other chapters.
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1.1.3.2.2  Immuno Biosensors

This biosensor consists of a most specific analytical tech-
nique, where antibodies are used as a bioreceptor for detec-
tion of a specific antigen. Immunosensors are suitable for 
the extremely low levels of detection and are also used for 
detection and quantification of protein (Ghindilis et al., 1998; 
Warsinke et al., 2000; Karunakaran et al., 2015). Antibodies 
or immunoglobins are heavy globular plasma proteins that 
bind the target antigen with high affinity, so can detect the 
analytes effectively without the absence of other interfering 
substances. Two kinds of antibodies are used for the fabrica-
tion of an immunosensor, i.e., (i) monoclonal, and (ii) pol-
yclonal. Monoclonal antibodies are highly specific, as they 
bind only epitopes of their specific antigen; however, poly-
clonal antibodies are highly sensitive but less specific since 
they can recognize different epitopes on their target antigen. 
As the primary antibody, monoclonal antibodies are excellent 
for the execution of specific antigens.

1.1.3.2.3  Microbial Biosensors

In a microbial-based biosensor, for the detection of a target 
analyte, the microorganism is immobilized onto a transducer. 
To detect the surrounding environment’s overall condition and 
specific analyte, fungi and bacteria can be used in a biosen-
sor. No purification (a time-consuming and expensive step) is 
required in microbial-based sensors, hence microbial biosen-
sors are comparatively more economical than enzyme-based 
biosensors. Microorganisms contain several enzymes as bio-el-
ements, which can produce a response to the analytes selec-
tively and precisely. Proteins, present in living cells, can also 
be utilized as a bioreceptor. Microorganisms have been gener-
ally combined with a variety of transducers, like fluorimetric, 
potentio-calorimetric, luminometric, conductometric, color-
imetric, and amperometric, to construct biosensor devices. 
Immobilization of a microorganism not only determines the 
quality of signal transferred from microorganisms to the trans-
ducer but can also make the biosensors reusable (Karunakaran 
et al., 2015). Microbial biosensors are one of the most useful 
analytical tools to monitor food, pharma, and an environmen-
tal sample. Microbial sensors provide an accurate, rapid, and 
cost-effective way to a diagnosis of pathogens, hormones, and 
DNA, which are crucial parameters of living cells. Akyilmaz 
et al. used cross-linking agent glutaraldehyde on Pt. electrodes 
to immobilize white-rot fungi in gelatine and determined the 
epinephrine effectively, with a detection limit of 1.04 mM. 
Microorganisms in combination with an amperometric sensor 
was developed to determine the concentration of ethanol of fer-
mented food (Karunakaran et al., 2015).

1.1.3.3  Characteristics of a Biosensor

 i. Sensitivity: It is the response of the sensor toward per 
unit change in analyte concentration.

 ii. Selectivity: It is the specific respond of a specific sensor 
to a specific analyte.

 iii. Stability: It describes the change in its sensitivity or 
baseline over a fixed period.

 iv. Range: It can be defined as a range of concentration over 
which the sensor’s sensitivity works accurately.

 v. Detection limit: It is defined as the lowest measurable 
concentration of analyte for a measurable response.

 vi. Response time: It is defined as the time required by the 
sensor to indicate 63% of the final response, due to a 
change in analyte concentration.

 vii. Reproducibility: It is defined as the accuracy to obtain 
the sensor’s output.

 viii. Lifetime: It is the life span of the sensor in which 
period it can be used without significant deterioration in 
performance.

1.1.4  Food Analysis and Biosensors

Food analysis is a device to fulfill the broad range of require-
ments of government and food industries, which attempt 
to provide healthy and nutritious food to the consumer 
around the world. It is expected that in near future by 2050 
the world population will become 9 billion. So, there is a 
strong need for efficient and effective food chain manage-
ment (production, processing, packaging, transport). Foods 
are broadly classified into perishable, semi perishable, and 
stable foods. Perishability of food, microbial spoilage, low 
retention of nutrients due to excessive processing, and adul-
teration are the biggest challenges in the present scenario. 
Naturally, the diversity of food products is not only because 
of the varietal differences in plants and animals, due to the 
intrinsic complexity of their components, but also due to 
the demands of the sophisticated consumer for conveniently 
prepared food. During the whole life span of the products, 
food quality analysis encompasses a large range of meas-
urements, which include raw material selection, processing 
of raw materials, and shelf-life verification during distribu-
tion, storage, and retail to ensure that food is safe for con-
sumption (Scott, 2005). The major challenge of the analyst 
is to separate the compound from food before detection and 
analysis, which is tedious and difficult to monitor online. 
Biosensors will play an auspicious role in food quality anal-
ysis, food safety management (Nychas et al., 2016), and 
product quality oversight online. Using biosensors in food 
has some major advantages, in that analysis is rapid, easy, 
and specific without any extensive sample preparation. To 
obtain a quick result, a biological component is coupled 
with a transducer; hence, rapidity is achieved. Specificity is 
attained through binding to specific bioreceptors. The food 
industry may require sensors to evaluate the process param-
eter during the processing of food. Some applications of 
biosensors in food quality assurance/applications are shown 
in Table 1.1 and Figure 1.3.

1.1.5  Conclusion

Biosensors are currently exceedingly important in food analy-
sis, as well as in a wide range of other areas like food control, 
environmental monitoring, forensics, biomedical research, 
and drug discovery. Different disciplines interact and rely on 
distinct aspects of biosensors. For instance, the study of the 
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interactions of bio-recognition elements with biomolecu-
lar analytes is required in biosensor devices. This book can 
be broken into two parts. In the first part (Chapters 2–7), the 
authors focus on basic concepts of different types of biosen-
sors, like calorimetric sensors, optical biosensors, piezoelec-
tric sensors, electrochemical sensors, colorimetric sensors, 
and nano biosensors. However, this book describes the appli-
cation of biosensors in various fields of the food industry in 
Chapters 8–14. Chapter 8 describes the different types of 
biosensors involved in the fruits and vegetables processing 
industries. The chapter presents the working principle of the 
different biosensors involved in analysis of fruit and vegeta-
ble product quality and innovation related to quality analysis 

of the processed products of fruits/vegetables. The outlook of 
biosensors in the processed fruits and vegetables industry is 
also discussed in Chapter 8. Milk and milk products are impor-
tant food products, and adulteration is one of that industry’s 
major concerns. Therefore, rapid techniques for the detection 
of adulterants in dairy products have huge demands. Chapter 
9 focuses on the fabrication of these sensors, along with the 
working principle of biosensors that are involved in the analy-
sis of milk and milk-based fermented and non-fermented prod-
ucts. The future aspects of biosensors for dairy industries are 
also addressed. Fish and meat are the most perishable foods in 
nature, but there is huge demand for them to feed the people 
of the world. Chapter 10 discusses the working principle of 
different biosensors involved in the quality analysis of meat 
and fish products. Micro-sensors and metal oxide sensors are 
thoroughly discussed for the detection of the quality of these 
products. Selectivity for gases evaporated from the spoilage of 
meat and fish, such as NH4, H2S, and trimethylamine, is also 
mentioned. A brief discussion of Internet of Things (IoT) is 
in the chapter also. Tea, coffee, spices, etc., are valuable com-
modities, but adulteration in these commodities is common. 
Chapter 11 emphasizes the fabrication techniques and working 
principles of the different biosensors involved in diagnostics 
of toxicants/pesticide residue/adulteration plantation prod-
ucts, with special emphasis on tea power, coffee, and spices. 
Toxicity imposed on the food products by these biosensors is 
also discussed. The chapter also mentioned the future scope 
in biosensors for detection of pesticide residue/toxicants/adul-
teration in some valuable products. The fermentation process 
is an important step in the production of various value-added 
fermented products, for example during fermentation, moni-
toring of ethanol and glucose is very important to control the 
taste, quality, and flavour of wine. Productions of undesirable 

TABLE 1.1

Application of Different Biosensors in Food Systems

S. No. Biosensor Analyte for Detection Reference

1 Colorimetric Biosensor pH Askim et al., 2013

Fish spoilage Pacquit et al., 2006

E. Coli O157:H7 as a quality determination of Chinese green tea Luqing et al., 2017

Detection of 2,4-Dinitrophenol Sanghoon et al., 2010

2 Potentiometric Sensors Tartrazine Dye Shawish et al., 2012

3 Electrochemical biosensor Organophosphorus Raghu et al., 2014

Dopamine Sivakumar et al., 2007

Carbamate and organophosphate pesticides Del Carlo et al., 2004

4 Optical biosensor Heavy metals analysis Azmi and Low, 2017

5 Immunosensor E Coli detection Shen et al., 2011

6 Nanobiosensor Detection of Pb (II) Huang et al., 2010

Antibiotic detection in poultry Mungroo and Neethirajan, 2014

Glucose biosensors Antiochia and Gorton, 2007

Detection of mercuric ion (Hg2+) in aqueous media Lee et al., 2007

Protein, DNA, pathogen, heavy metal ions, toxic gases and 
organic compounds

Lee et al., 2018

7 Amperometric Biosensor Alcoholic Fermentation Compagnone et al., 1998

Polyphenols Mello et al., 2005

Monitoring of glucose and lactate Palmisano et al., 2000

FIGURE 1.3 Biosensors in different fields.
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microorganisms during fermentation degrade the quality and 
acceptability of the product. Chapter 12 mentioned the fabrica-
tion techniques and working principle of biosensors involved 
in monitoring certain parameters of some valuable fermented 
products. The merits and demerits of these types of biosen-
sors are also mentioned in Chapter 12. Water, a polar inorganic 
compound, plays a vital role in our entire lifestyle. Supplying 
safe drinking water is a big challenge for the whole world. 
Therefore, detection of toxic constituents, including heavy 
metals which affect adversely the lives of organisms, is gaining 
popularity. Chapter 13 mentioned the fabrication techniques 
and working principles of different biosensors involved in the 
analysis of water for heavy metals, and also the application 
of carbon dots in the detection of heavy metals in water. The 
use of fluorescence-based biosensors, microbial fuel cell-based 
biosensors, and smartphones, etc., to detect metals in water is 
also discussed in Chapter 13. To ensure food safety and to 
judge the quality of food an enormous amount of research is 
still required in biosensors. The technology of the food biosen-
sors involved in food safety analysis is given due emphasis in 
Chapter 14. Applications, limitations, and the future scope of 
the biosensors for food safety are thoroughly discussed. The 
major issues of marketability potential, feasibility, and money 
related to biosensors also affect the applicability of the use of 
biosensors in food industries, therefore they are addressed in 
Chapter 15.
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2.1  Introduction

Bioprocess monitoring using thermal biosensors is gain-
ing interest in that it involves the chemical or biochemical 
applications that are required to monitor an ongoing process 
(Ramanathan et al., 1999). Thermometric biosensors follow 
the biological reactions property, which involves absorption 
and evolution of heat where the temperature change occurs 
within the reaction medium (Ramanathan and Danielsson, 
2001). The calorimetric is monitored to find out the changes in 
heat and the structural dynamics of molecules (Grime, 1985). 
Now, biosensors are made based on calorimetric devices.

The calorimetric biosensors determined by the circulat-
ing fluid temperature change in a reaction with immobilized 
enzyme molecules (Lammers and Scheper, 1999). The device 
that is most used is a thermometer; however, a mercury-based 
thermometer has its limitations of temperature sensitivity and 
toxicity because of its metallic mercury.

Using principles similar to the thermometric devices, sensi-
tive thermistors are used to measure the heat (Xie et al., 2000). 
These devices are known as enzyme thermistors. Calorimetric 
devices have high operational cost with relatively lengthy 
experimental procedures, where flow injection analysis com-
bined with an immobilized biocatalyst and a heat-sensing 
element are two key elements of enzyme thermistor based 
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processes that can remove the shortcomings (Mosbach, 1991). 
Several instruments have been made over the past two years 
using the principles of enzyme catalysis, calorimetry, immo-
bilization on suitable matrices, and flow injection, as shown 
in Table 2.1.

Although calorimetry has extensive use specifically in repet-
itive analysis, it requires high cost with sophisticated instru-
ments and has a slow response (Glick, 2009). In the early 
1970s, calorimetry with enzyme catalysis was used by simple 
calorimetric devices (Turner et al., 1987). These instruments 
have advantages that include biocatalyst reusability, continuous 
flow rate operation, simple operating procedures, and inertness 
to optical and electrochemical interference. The technique of 
enzyme-thermistor (ET) draws sudden attention in the biosen-
sors area. The biosensing applications initially focused on the 
glucose and urea determination, and subsequently have been 
used for a wide variety of molecule determinations (Danielsson 
and Mosbach, 1988). Thermal enzyme probes (TEP), which 

were used by simple and low-cost calorimeters for determina-
tion of routine analysis, have been accepted by several groups 
that can fabricate these probes by adding enzymes directly to 
the thermistor (Weaver et al., 1976). Here, maximum heat eval-
uated in the enzyme reaction is released to the surroundings, 
resulting in lower sensitivity.

For batch operation, TEP was designed to be used on the 
surface of the Peltier elements; enzymes were deposited in 
aluminum foil placed on the surface, which acts as a temper-
ature sensor (Pennington, 1976). In later designs, TEP sen-
sitivity was improved and detection efficiency enhancement 
was created by using a small column (Minh and Vallin, 1978). 
The heat is transported through the column by the circulat-
ing liquid to a temperature sensor present at the top of the 
column. In the mid-1970s, many models with this configura-
tion were reported that had an immobilized enzyme flow-en-
thalpimetric analyzer and the enzyme thermistor (Bowers 
and Carr, 1976). Furthermore, new, advanced commercial 

TABLE 2.1

Various Enzyme-Based Thermistors

Clinical Analysis Biocatalyst/Microorganism Source

Ascorbic acid Ascorbic acid oxidase Danielsson, Mattiasson, and Mosbach, 1979

ATP Apyrase Hexokinase Mosbach and Danielsson, 1974

ATPIADP Hexokinase + pyruvate kinase (substrate recycling) Kirstein, Danielsson, Scheller, and Mosbach, 1989

Cholesterol Cholesterol oxidase Danielsson, Mattiasson, and Mosbach, 1981

Cholesterol esters Cholesterol esterase + cholesterol oxidase Danielsson, Rieke, Mattiasson, Winquist, and Mosbach, 1981

Glucose Glucose oxidase + catalase Hexokinase Broun, 2012; Kiba et al., 1984

Lactate Lactate-2-monoxygenase Danielsson, Rieke, et al., 1981

Lactate/Pyruvate Lactate oxidase + lactatedehydrogenase (substrate 
recycling)

Scheller, Siegbahn, Danielsson, and Mosbach, 1985

Oxalate Oxalate oxidase
Oxalate decarboxylase

Danielsson, et al., 1981

Triglycerides Lipoprotein lipase Satoh, Danielsson, and Mosbach, 1981

Urea Urease Danielsson and Mosbach, 1979

Uric acid Uricase Danielsson, et al., 1981

Bioprocess Control
Aromatic compounds 
(aminobenzoic acid, 
aminosalicyclic acid, 
anthranilic acid, toluene)

Pseudomonia cepacia in Ca alginate beads, grown 
on salicylate as carbcon source, packed in anET 
column

Thavarungkul, Håkanson, and Mattiasson, 1991

Cellobiose 8-Glucosidase + glucose oxidase + catalase Danielsson, et al., 1981

Cephalosporine Cephalosporinase Danielsson, et al., 1981

Ethanol Alcohol oxidase Guilbault, Danielsson, Mandenius, and Mosbach, 1983

Galactose Galactose oxidase Mattiasson and Danielsson, 1982

Lactose Lactase + glucose oxidase + catalase Mattiasson and Danielsson, 1982

Glycerol Gluconobacter oxydant in Ca alginate beads, packed 
in an ET column

Danielsson and Mosbach, 1988

Sucrose Invertase Mattiasson and Danielsson, 1982

Environment Control
Cu2+, Hg2+, Ag2+, Pb2+ Urease Danielsson and Mosbach, 1988

Parathion Acetylcholine esterase Mattiasson, Rieke, Munnecke, and Mosbach, 1979

Cyanide Rhodanase/injectase Bataillard, 1993

Zn2+ Alkaline phosphatase Satoh, 1992

TELISA
Gentamicin (antigen) Immobilized antibodies + enzyme-linked antigen Mattiasson, Svensson, Borrebaeck, Jonsson, and Kronvall, 1978

Insulin (antigen) Birnbaum, Bülow, Hardy, Danielsson, and Mosbach, 1986
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flow-enthalpimeters were reported with an immobilized 
enzyme column (Kiba et al., 1984).

Calorimetric devices and temperature sensors are widely 
used tools in pharmaceutical industries and biochemical and 
biomedical diagnostic areas (Newman and Setford, 2006). The 
energy released during a reaction is defined as the measure 
of performance of the tested molecules’ interaction. Thermal 
biosensors are reported with less attention. Moreover, compli-
cated thermostats showed non-specific heating effects and very 
weak sensitivity performances. Thermal biosensors have been 
influencing the whole of biosensor research to date (Zhang 
and Tadigadapa, 2004). Knowledge of mobilized coenzymes, 
immobilized multi-enzyme systems for signal amplification, 
and different immobilization techniques was specifically pro-
vided by the enzyme thermistor.

2.2  Thermal Biosensors: Working Principles

Generally biochemical reactions are exothermic, such as enzy-
matic conversion of a substrate (Qian et al., 2014; Birnbaum et 
al., 1986). The first law of thermodynamics provides the fol-
lowing relationship:

 Q n Hp� � ��  (2.1)

where Q is heat produced and ΔH is enthalpy.
Due to its heat generation capability, a limited temperature 

shift ΔT is noticed that specifically depends upon the heat 
capacity Cs of the surrounding:
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Generally, in the enzymatic reaction the enthalpies have the 
range between –10 to –100 kJ/mol and temperature changes 
to a few mK. Many experiments with use of thermistors are 
reported in literature for measuring in temperature in K range 
(Beyer et al., 2007; Greywall and Busch, 1989; Podlowski et 
al., 1992). Thermistors are known to be ceramic semiconduc-
tors with resistance and a strong negative temperature coef-
ficient (NTC). Therefore, thermistors have NTC-resistances 
(Feteira, 2009). A non-specific heat detection device has a spe-
cific enzymatic reaction with wide applications.

2.2.1  Transducer

The fabricated enzyme thermistor uses a thermistor as a tem-
perature transducer (Yakovleva et al., 2013). Thermistors are 
mixtures of some metal oxides, for example: manganese, cop-
per, nickel, cobalt, uranium, and iron (Bhatia et al., 2003). They 
are available in different shapes, with different sizes (down 
to 0.1–0.3 mm beads) having variable resistance values. The 
expression for best empirical obeys Steinhart-Hart equation:
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where, T is temperature (K); and A, B, and C are coefficients. 
For small temperature ranges, the Equation (2.3) can be 
approximated as
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where RT is zero-power resistance at T and RTo is the zero-
power resistance at T0, respectively, and b is known as a mate-
rial constant, depending on thermistor materials. In the enzyme 
thermistor, devices have resistances of 2–100 k ohm (Minh and 
Vallin, 1978). There are some other temperature transducers 
provided in enzyme calorimetric analyzers that have Peltier 
elements, thermopiles, and Darlington transistors.

2.2.2  Instrumentation

Various versions of instrumentations are reported based on the 
thermometric biosensor. The enzyme thermistor (ET) system 
has been obtained in the form of hybrid, micro, and mini ther-
mometric devices.

2.2.3  Conventional Device

The design follows the plexiglass construction which has 
immobilized enzyme columns (Urban et al., 1991). The devices 
are thermo-stated in a water bath, and the temperature at the 
exit point is controlled by a thermistor, which is connected to 
a Wheat stone bridge where there is, instead of a water bath, 
a metal block with a controlled temperature and an enzyme 
column (Figure 2.1) is used.

Simple plexiglass devices were employed for down to 
0.01 mM determinations (Figure 2.1). The column of the 

FIGURE 2.1 Schematic diagram of a calorimetric biosensor.
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immobilized enzyme holding upto 1 ml, was kept in a plexi 
glass as a holder, and has an air space around the column. The 
heat exchanger is comprised of acid-proof steel tubing that is 
coiled and placed in a water-filled cup. The device was put into 
the water bath with a specific temperature. The heat exchanger 
surrounded by a cap reduces the temperature fluctuations 
considerably.

The temperature was determined by the thermistor (2mm 
tip – OD) at the top of the column with acid-proof steel tube. 
At the temperature change to 0.01 °C, which is the most sen-
sitive setting, 100 mV was produced by the recorder output. 
The temperature probe present at the top of the column reduces 
the turbulence around the thermistor, providing a more stable 
temperature recording.

The sample of around 0.1–1 mL was pumped through a 
three-way valve with a peristaltic pump at a flow rate of 1 mL/
min. The substrate concentration was measure by the resultant 
temperature peak, which was found to be linear over a wide 
range, with substrate concentration. Typically the range was 
0.01–100 mM, if not limited by the deficiency in any of the 
reactants or the amount of enzyme. The determination of urea 
was adequately used by this type of instrument in the clinical 
samples. This also reduces the problem of nonspecific heat by 
permitting ten-fold dilution of the samples, with its high sensi-
tivity. There was a solution of measuring 30 samples of about 
0.1 mM per hour.

2.2.4  Mini Thermometric System

As the demand increased for the enzyme thermistor, a con-
densed version was developed that was referred to as the 
mini-system series (Xie et al., 1992). Thus, the improvement 
in design of integrated circuits was employed for mini ther-
mometric system design, where liquid filters, micro-machin-
ing, transducers, micropumps, and microvalves were used 
for its fabrication. The literature studied showed that a sensor 
was developed with dimensions of 36 mm × 46 mm, where 
the enzyme columns were maintained in an adiabatic condi-
tion by a cylindrical copper sink with an outer Delrin jacket. 
The dimension of 3 mm × 4 mm by enzyme columns which 
were strongly held against the inner copper core. The columns 
had the temperature sensitive elements alongside, consisting 
of gold capillaries along with micro-bead thermistors. Later, 
two different mini systems were developed that were referred 
to as the microcolumn sensor and the plastic chip sensor (Xie 
et al., 1992).

2.2.5  Micro Thermometric System

In fabrication of the system, a silicon wafer substrate was 
developed by using etching and the deposition processes. The 
microstructures are made up on the silicon surface, consisting 
of diaphragms, holes, cantilever beams, etc., with the help of 
Anisotropic etchants, which included ethylene diamine pyro-
catechol and potassium hydroxide. The silicon crystallographic 
orientations 100, 110, and 111 were utilised in this fabrication. 
Two micro systems are in use that are based on thermopile, and 
another on the micro-biosensor (Xie et al., 1995).

2.2.6  Thermopile-Based Microbiosensor

The thermopile-based microbiosensor is made on quartz. It 
is based on the principle of the Seebeck effect, i.e. vV = nvab 
ΔT, where vV is the voltage output of the thermopile; n is the 
number of thermocouples; ΔT is the temperature difference 
between the cold and hot. The vab is the relative Seebeck coef-
ficient depending on the working temperature and composition 
of the two materials joined. Thus, the voltage output is directly 
proportional to the temperature difference in a thermocouple. 
A thermopile was design by combining a number of thermo-
couples in series, which accordingly improves the voltage out-
put. A reaction by an exothermic enzyme at the hot and cold 
junction is proportional to the substrate concentration that 
gives output voltage.

2.2.7  Multisensing Thermometric System

Simultaneous determination of multiple analytes is a chal-
lenge in clinical diagnosis for preventing many disorders 
(Ramanathan et al., 1998). The concept is used for bioprocess 
control, personal healthcare, and sequential enzyme reactions. 
Each has a specific enzyme, measuring a specific analyte sub-
sequently by a sensitive thermistor in its vicinity. Along the 
channel, the various thermistors generated the response, which 
provides an integrated picture of various analytes, with con-
centration in the injected sample.

2.2.8  Hybrid Sensors

The sensing process in the hybrid sensors is an electrochemi-
cal process. Crushed glasslike carbon was used in the column 
that has the platinum contact, and change in the thermometric 
could be measured instantaneously with the help of an electro-
chemical detector. (Xie et al., 1997). The hybrid sensors were 
employed in the presence of ferrocene, with tyrosinase, glu-
cose oxidase, and polypyrrole as mediator.

2.3  Categories of Calorimeter Based 
on Design Principles

 1. Isoperibol Calorimeters: This is a very simple and 
commonly used calorimeter, which is also known as an 
isothermal jacket calorimeter or constant temperature 
environment calorimeter. It is usually characterized as 
being nearly an adiabatic calorimeter (Yu et al., 2003).

 2. Adiabatic-Shield Calorimeters: In an adiabatic calo-
rimeter, heat is confined by surroundings to the calorim-
eter making an adiabatic shield with the temperature of 
the calorimeter. During the experiment, the temperature 
gradients produced in the calorimeter and shield give a 
net heat exchange, and that heat exchange is commonly 
employed as a measurement during the experiment. In 
this process, the intermittent heating system, the heat 
corrections to the energy input during the experiment 
depend on the drift rates.

With zero energy input, the heat transfer coefficient 
was measured. Then later, the heat capacity of the empty 
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calorimeter was determined. The approximations and 
assumptions were implied in corrections, however, to 
ensure the validity of the possible sources of heat capac-
ity data the necessary experiment conducted (Sterrett et 
al., 1964; West, 1963).

 3. Thermopile Conduction Calorimeters: Most reactions 
and the solution for microcalorimeters in current use are 
of the heat conduction type (Bastos et al., 1991). In such 
instruments, the heat evolved in the reaction vessel is 
allowed to flow to a surrounding heat sink, which is kept 
in a constant temperature environment. The heat flow 
is usually registered by use of a thermopile positioned 
between the calorimetric vessel and the heat sink. The 
thermopile potential is proportional to the rate of the 
heat flow, and the potential-time integral is thus propor-
tional to an observed quantity of heat (Wadsö, 1997).

 4. Thermoelectric Heat-Pump Calorimeters: Endothermic 
process temperature changes can be compensated by 
supply of electrical energy, whereas it is considerably 
more difficult to compensate an exothermic process tem-
perature change (Handel, 1994). In term of its dimen-
sion, it is typically a few centimeters square and a few 
millimeters thick. An array of p- and n-type semiconduc-
tor elements combined made the normal TEC, but that 
is dissimilar as they can be optimized for heat pumping 
and also can control the charge carrier types. In the past, 
many different materials have been used in the place of 
semiconductors, but now in TECs the typical semicon-
ductors used were composed of bismuth telluride. In 
series electrically and parallel thermally, the array has 
been soldered between the ceramic plates. According to 
the Peltier Effect, the direct current (DC) passes through 
the p-type to n-type semiconductor, the temperature falls 
at the junction. The cold side production makes the cell 
absorb heat energy from the environment; thus, the heat 
released passed through the cell by electron chain trans-
fer and was liberated at the opposite hot side. The p-type 
and n-type pairs were directly proportional to the cell 
heating capacity (Yin et al., 2017).

 5. Labyrinth Flow Calorimeters: Heat may be transported 
out from a calorimetric vessel by using a cooling liquid. 
This principle is used in labyrinth flow calorimeters. In 
a heat-exchange system (a labyrinth) all heat evolved in 
the reaction vessel is absorbed by the liquid flow, and 
the heat quantity evolved in the calorimeter is propor-
tional to the temperature-time integral for the heat-trans-
porting liquid. Naturally, this principle can also be used 
for endothermic processes (De A. Simoni and Chagas, 
1987). Although this principle has not been widely used, 
sensitive labyrinth flow calorimeters suitable for very 
slow processes were developed by Swietoslawski and 
Zielenkiewicz (1959). These calorimeters were gener-
ally called microcalorimeters, but reaction volumes were 
rather large. Picker et al.(1969) have recently described 
a flow calorimeter where, in a similar manner, heat is 
transferred to a flow of thermo stated liquid.

 6. Closed and Open Calorimeters: A closed reaction 
vessel is usually in the form of a ‘bomb’ capable of 

withstanding pressures of several atmospheres. The 
most well-known example of the closed-type calorim-
eters are the bomb combustion calorimeters (Malliband 
et al., 1998). In a closed calorimeter vessel the vol-
ume is constant. Therefore, the measured heat change 
is recorded as a change in internal energy, ∆E = ∆H − 
P∆V. Most calorimeters are open; that is, the contents of 
the calorimeter vessel are at atmospheric pressure, and 
the calorimetric measurement is therefore performed 
under constant pressure. In an open calorimeter, heat 
changes are recorded as changes in enthalpy. The dif-
ference between ∆H and ∆E is only significant in pro-
cesses where gases are evolved or absorbed.

 7. Single and Twin Calorimeters: A calorimeter can be of 
a single or a twin arrangement. In a twin arrangement, 
the signals from the two detector units are in opposite 
directions, and a differential signal is thus recorded (van 
Herwaarden et al., 2011; Wadsö and Markova, 2000). 
The single arrangement is mechanically simpler, but 
the twin calorimeter has advantages that often make it 
attractive, in particular in microcalorimetry, where twin 
arrangements are very common. A process to be stud-
ied is carried out in one of the vessels, and the other is 
charged with a non-reacting system (reference system). 
If the two calorimetric vessels are arranged as perfect 
twins, it may be expected that disturbances from the sur-
roundings will affect both vessels to the same extent. 
Therefore, if the differential signal (resistance change, 
voltage, etc.) from the two vessels is recorded, the dis-
turbances cancel. This feature is naturally of particular 
importance in experiments of long duration. In a twin 
calorimeter, it is possible to carry out simultaneously an 
action in one of the vessels and, for instance, a dilution 
process in the other (Dickens et al., 1980).

 8. Batch and Flow Calorimeters: In a calorimetric exper-
iment, mixing of two or more different components or 
compartments is usually done by the burette or ampoule 
technique. Such a procedure is known as a batch opera-
tion. Generally the batch calorimeters are used for the 
microbial culture to determine the reproducible mea-
surements procedure and information of a microorgan-
ism’s physiological state (Winkelmann et al., 2004). By 
means of a stopped-flow or a continuous-flow technique, 
reaction components may be brought together. Thus, 
its latter procedures are conveniently used in the micro 
calorimetry. In recent years, to study the enthalpies of 
non-electrolytes mixing, there has been growing interest 
in the application of flow calorimetry.

With flow techniques, it is possible to avoid a number of dif-
ficulties that may arise in batch and dilution calorimeters of a 
more conventional design. In particular, it is unnecessary to 
use mercury to separate the component liquids before making 
them, and the mixing can readily take place in the absence 
of any vapor space. In addition, any desired composition is 
obtained directly by setting the relative flow-rates of the com-
ponents, so transient effects during the initial formation of the 
mixture are unimportant (Tanaka, D’Arcy, and Benson, 1975).
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2.4  Application of Calorimetric Based Biosensors

2.4.1  Enzyme Activity

Various metabolites through ethanol (Guilbault et al., 1983), 
glucose (Mandenius et al., 1985), lactate (Scheller et al., 1985), 
oxalate (Scheller et al., 1985), urea (Xie et al., 1994), and ascor-
bate (Mattiasson and Danielsson, 1982) are estimated by using 
immobilized alcohol oxidase, glucose oxidase, lactate oxidase, 
lipase, oxalate oxidase, urease, ascorbate oxidase, glucosidase 
(in combination with glucose oxidase/catalase), creatinine imi-
nohydrolase, lactamas, and peroxidase respectively, in various 
designs of the thermometric devices. Other metabolites, such 
as acetaldehyde, glycerol and glutamine also have been moni-
tored (Rank et al., 1995). A preservative known as NaF also has 
been removed (Xie et al,, 1993), in addition to hypoxanthine, 
xanthine (Satoh et al., 1997) and catechol (Xie* et al., 1997). 
Similarly, NAD+/NADH was known by co-enzyme recycling 
(Torabi et al., 1999) using glucose-6-phosphate and lactate 
dehydrogenase. By coupling hexokinase and pyruvate kinase, 
ATP/ADP (Kirstein et al., 1989) was estimated.

The enzyme thermistor is used for online monitoring of pro-
teins eluting out of a chromatographic column (Danielsson and 
Mosbach, 1979). The recovery of lactate dehydrogenase from 
solution using N6-(6-aminohexyl)-AMP-Sepharose gel as an 
affinity matrix. The signal from the enzyme thermistors (ET) 
optimizes the AMP-Sepharose suspension in the LDH solution.

2.4.2  Clinical Monitoring

Refloluxand Ektachem, a glucose biosensor which is commer-
cially available used to determine the glucose in blood can be 
compared with using the whole blood samples. These devices 
are used to make the good correlation between the measure-
ments (Harborn et al., 1997).

Recently, ET is used to analyze both cholesterol esters and 
cholesterol that is HDL, LDL, and total cholesterol. The cho-
lesterol esters have been converted by a pre-column of cho-
lesterol esterase into free cholesterol, then with the help of 
catalase and co-immobilized cholesterol oxidase, type was 
determined. Simultaneously, in clinical samples of cholesterol 
oxidase, co-immobilized cholesterol esterase and catalase 
were tested for determination of total cholesterol. For this pur-
pose the samples extracted from gall stones, bile, and serum 
were employed (Raghavan, Ramanathan, Sundaram, and 
Danielsson, 1999).

For the development and measurement of a retinol (vitamin 
A) biosensor, ET was used by retinol binding protein as spe-
cific retinol receptor (Ramanathan et al., 2000a).

Horseradish peroxidase was made based on the structural 
similarity between a conjugate of retinoic acid and retinol. The 
conjugate and retinol are in competition for binding to retinol 
binding protein. The conjugate bound amount in the retinol 
binding protein was determined by injecting butanone perox-
ide in the organic phase and hydrogen peroxide in the aqueous 
phase.

For monitoring glucose, a miniaturized thermal biosensor 
was designed that coupled with a micro-dialysis probe. The set 

up consisting of catalase and co-immobilized glucose oxidase. 
The micro-dialysis probe was connected with the sampling 
loop (Amine et al., 1995).

A set-up was developed at bedside for semi-continuous 
monitoring and measurement of the blood glucose level and 
blood-glucose requirement at one calibration point (Carlsson et 
al., 1996). The versatility property of the thermometric sensing 
technique combined with injection analysis allowed the result.

The ET was used to demonstrate the fluoride concentration 
in the cosmetic samples, which is useful for ascertaining flu-
oride content in numerous preparations (Salman et al., 1997).

The principle of sensing is based on the of molecule interac-
tion of fluoride ions with silica. These interactions were con-
trolled by silica-packed columns in the flow injection analysis 
mode and with injecting varying fluoride concentrations. This 
calibration was useful in cosmetic samples for measuring the 
fluoride content. For maintaining healthy teeth, this approach 
has been employed in clinically safe cosmetics preparations.

Recently, for binding immobilized glucose oxidase and 
catalase onto a reticulated vitreous carbon source, sol gels 
were used, as well as for thermometric sensing of glucose 
(Ramanathan et al., 2001).

In the flow injection analysis, the system performs well and 
carbon pores provide less flow resistance with high enzyme 
loading.

2.4.3  Process Monitoring

For offline fermentation monitoring, the enzyme thermistor 
is employed, which is of sucrose, penicillin G, lactate, and 
glucose in a 5-l fermenter (Mattiasson and Danielsson, 1982; 
Danielsson and Mosbach, 1979). Sucrose is monitored on-line 
to control feeding in Saccharomyces cerevisiae fermentation 
(Mandenius et al., 1981). The monitoring of penicillin V in 
industrial scale fermentation is done with the help of immobi-
lized -lactamase enzyme (Rank et al., 1992). And many other 
applications also have been reported (Ramanathan et al., 1999).

2.4.4  Multianalyte Determination

Four different analytes were supervised simultaneously, such 
as glucose, penicillin-V, lactate, and urea, by using a film 
thermistor (Xie et al., 1995). On a quartz chip, a single micro 
channel is developed, and five or more thin film thermistors 
are used.

2.4.5  In Non-Aqueous Media

In the non-aqueous media, thermometric biosensors are 
employed to monitor the reaction. The sensitivity of a calorim-
eter is much higher in the organic phase than in the aqueous 
phase. Many solvents, like benzene, acetone, carbon tetra-
chloride, carbon disulfide, 1,4-dichlorobenzene, chloroform, 
diethyl ether, n-hexane, toluene, methanol, ethanol and ethyl 
acetate, were used in various studies (Ramanathan et al., 
2000b), including cholesterol measurement (Raghavan et al., 
1999), peroxides (Ramanathan et al., 2000a), penicillin, and 
in peptide synthesis (Adlercreutz et al., 1988; Stasinska et al., 
1989) and triglycerides (Satoh, 1988).
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2.4.6  Other Applications

The thermometric technique is used for Trigonopsis variables 
strains selection for high transforming cephalosporin activity 
(Gemeiner et al., 1993). Similarly, D-amino acid oxidase, the 
cephalosporin-transforming activity isolated from yeast, has 
been identified. Thus, adaptation of the thermometric biosen-
sor with the enzyme-linked immunosorbent assay (TELISA) 
was also performed (Birnbaum et al., 1986) for the estimations 
of antibodies, hormones, and other biomolecules developed 
during the fermentation process. In addition, for the determi-
nation of insulin or proinsulin, genetically engineered enzyme 
conjugates were used, for example, conjugate of human proin-
sulin-alkaline phosphatase (Mecklenburg et al., 1993). These 
studies used the alkaline phosphatase as the enzyme label. This 
similar technique was used in supervising insulin separation 
(Danielsson and Larsson, 1990). The procedures are cost effi-
cient, adaptable to industries and semi-automatic. The intrin-
sic kinetics of immobilized biocatalysts is gaining interest in 
continuing this topic. The thermometric approach made kinetic 
constants determination possible in the direction of mathemat-
ical modeling. In the approach of differential reactor systems, 
immobilized invertase and saccharose were used. For the deter-
mination of kinetic constants, such as Ki, Km and Vm, a direct 
method has been offered by enzyme thermistor for immobilized 
enzymes (Štefuca et al., 1990). The thermometric approach 
helped to estimate the ADP and ATP by recycling multiple 
enzymes; and for this purpose, pyruvate kinase and hexokinase 
were co-immobilized. To increase the sensitivity from 6 × 10−5 
M to 2 × 10−6 M of measurement, column L-lactate dehydroge-
nase, catalase, and lactate oxidase are employed. The final sen-
sitivity could be achieved up to 1 × 10−8. Using such recycling 
systems, a 1,700-fold of an overall amplification in the signal 
was achieved (Kirstein et al., 1989).

2.4.7  Food

There are several metabolites present in the food samples that 
have been determined by the thermometric approach, which 
includes cellobiose, glucose, lactose, galactose, phopholipids, 
ascorbic acid, oxalate, urea, and ethanol (Danielsson et al., 
1976), hypoxanthine and xanthine (Danielsson, 1993; I. Satoh, 
1988). Glucose estimation was done by co-immobilizing cat-
alase and glucose oxidase (Danielsson et al., 1977). The ther-
mal response gets doubled because of the presence of catalase 
in the GOX reaction, as it restores half the oxygen in it and 
eliminates the formation of H2O2 in the GOX reaction. By this 
process, 0.7–1.0 mM linearity is obtained with ~1 mM limit 
of detection. Glucose present in serum and blood plasma were 
determined by using this method (Danielsson and Mosbach, 
1988). Extensionally, this system has been used in determin-
ing glucose in hydrolysates of lactose, cellobiose, and maltose. 
The disadvantage of this approach is that low enthalpy makes 
it difficult to directly monitor the hydrolysis (Danielsson et al., 
1981; Mattiasson and Danielsson, 1982).

In food samples, vitamin C (ascorbic acid) and L-ascorbate 
oxidase, were determined in the range between 0.05–0.6 
mM (Mattiasson and Danielsson, 1982). In blood samples or 
beverages in order to estimate ethanol, alcohol oxidase from 

Candida boidinii has been used; thus, linearity was found in 
between 0.01 and 1 mM. These measurements are also bene-
ficial in monitoring fermentation (Rank et al., 1992). Oxalate 
and L-lactate were tested together, and combined with oxa-
lated carboxylase and lactate-2-monoxygenase, proved to 
show a better result. In both instances the CPG columns were 
employed. For L-lactate between the 0.005 and 1 mM range, 
a good linearity was obtained (Danielsson and Mosbach, 
1988), and for oxalate the range was 0.1–3 mM (Winquist et 
al., 1985). The urea has been calculated with a linearity range 
of 0.01–200 mM, a precision better than 1%, using jack bean 
urease. In fermentation monitoring, ethylcarbamate was gen-
erated by the reaction of urea with ethanol. With the help of the 
lipoprotein lipase and phospholipase D, lipids such as triglyc-
erides and phospholipids were determined respectively. Good 
linearity in the case of triglycerides was between 0.05–10 
mM (tributyrin) and 0.1–5 mM (triolein), whereas for phos-
phor lipids between 0.03 and 0.19 mM linearity was achieved 
(Danielsson, 1993).

2.4.8  Environmental

Among the various concepts, two concepts are extremely use-
ful---substance-specific analysis using enzymes (substrate or 
inhibition) and more general measurements applying whole 
cells. ET is employed (Mattiasson et al., 1978) to monitor the 
heavy metal (Hg2+, Ag+, and Cu+2) toxicity in the surroundings 
by calculating the inhibition of urease activity down to ppb 
levels of the metal ions. Re-establishment of activity was also 
tried on the chelating activities of the metal ions, with the help 
of strong chelating agents.

Recently, using acid urease, Cu (II) determination was per-
formed (Preininger and Danielsson, 1996). In addition, Satoh 
(1992) reported the methods of flow injection microdetermi-
nations where enzyme thermistors were used with different 
immobilized enzymes for heavy metal ions detection. The 
detection of heavy metal ions was due to their reactivating 
behavior on apoenzymes. In another arrangements (Mattiasson 
et al., 1979) two different types of approaches were imple-
mented for pesticide analysis. By the use of the crude enzyme 
solution organophosphate, insecticide is made that is capable 
of hydrolyzing activities. With the help of glutaraldehyde, the 
enzyme is combined to controlled poreglass. The insecticides, 
e.g., cyanophos, diazinon, and parathion, were dissolved in a 
perfusion buffer (Tris pH 8.9, 1% Triton X-100) and injected as 
a 10 min pulse into an ET in split-flow mode. Heat output due 
to insecticide hydrolysis, as well as consecutive buffer protoni-
zation, was measured by the instruments. The detection limit in 
the case of parathion was ~10 ppm.

The second approach (Borrebaeck and Mattiasson, 1979) 
is accomplished by the inhibition of acetylcholine esterase. 
Acetylcholine esterase of one unit is immobilized reversibly 
through lectin binding to Con A-Sepharose, where it is washed 
out with a pulse of 0.2 M glycine-HCl at pH 2.2. Reversible 
enzyme immobilization, and whole cells found in the enzyme 
thermistor column, employ specific lectin-glucoprotein inter-
actions that are completed earlier and used for inhibition stud-
ies. The activity of the enzyme is estimated with a substrate 
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such as 10 mM butyrylcholine. A pesticide solution of 5–10 
min pulse was introduced into the flow buffer, followed by a 
second substrate pulse. The proportional ratio was calculated 
by the decrease in the activity to the amount of pesticide, with 
the help of a detection limit below 1ppm. Adaptation of the sys-
tem with respect to on-line monitoring, for instance in the case 
of wastewater control, the evidence of pesticide in a flow buffer 
was estimated. To quantify a reversible inhibitor, it is possible 
to differentiate between irreversible and reversible inhibition. 
Instead of commonly used thiocholines, it is possible to use the 
natural substrate acetylcholine with the help of a calorimetric 
method, which might be useful in medical research. To monitor 
the element, whole cell was employed (Thavarungkul et al., 
1991) in which Pseudomonas capacia is capable of metaboliz-
ing aromatic compounds that are immobilized in Ca+2-alginate 
beads. Then, their response to aromatic substances, e.g., salic-
ylate, is supervised with an enzyme thermistor.

2.5  Advantages and Disadvantage of 
Calorimetric Based Biosensors

2.5.1  Advantages

 • No chemical proximity between transducer and sample.

 • Most durable stability.

 • Cheap bulk products.

 • Small sample size.

 • Measurements disrupted by varying ionic or optical 
sample characteristics.

 • Ability to customize array for specific analytes.

 • Can be used for identification and quantification.

 • Devices can be fabricated with simple methods such as 
inkjet printing.

 • Potential to analyze vapor or liquid samples.

 • Flexible array sizes.

 • Integration with smart phone technology.

2.5.2  Limitations of Calorimetric Based Biosensors

 • Reproducibility of printing.

 • Difficult to determine individual components of a 
mixture.

 • Stability/shelf-life.

 • Large data sets of RGB values that need to be analyzed 
using chemometric methods.

 • Sample application may vary.

2.6  Future Developments

2.6.1  Telemedicine

The electronic communication facilities provide us several 
possibilities for upgrading lifestyle through telemedicine. 
The tele-medical field can be monitored through effective 

utilization of information technology. These systems can be 
useful for daily life activities like observing health, clinical 
analysis, and routine health check-ups while offering medi-
cal assistance. These approaches can play a significant part in 
the healthcare sector and is suitable for medical consultations 
for the prompt evaluation and treatment of diseases, because 
patients can simply connect to a central diagnostic facility 
through the networking process of telecommunication. This 
technology creates a more secure and healthy environment by 
reducing healthcare costs and improving the quality of life. In 
general, telemedicine is a broad concept including not only 
the provision of a medical database but, more significantly, a 
link between the patient and the medical specialist through a 
‘biomedical interface’ that gathers biomedical data from the 
patient’s body that was used for data processing and further 
communication process. In the case of home healthcare, the 
tele-medical procedure depends on an ‘interface’ between the 
communication facilities and the human body. As compared 
to optical and electrochemical biosensors, thermal biosen-
sors are inherently insensitive to electrochemical and optical 
properties, so regular standardization of the transducers is not 
needed. Recently, more advanced, sensitive, unified thermal 
biosensors have been evolved. As mentioned, they use semi-
conductor and micromachining technology, as well as control 
software for data interpretation for simultaneous dictation of 
multianalytes (up to four) in mixed samples (Xie, et al., 1999). 
Glucose, urea, and lactate in a blood sample could be directly 
measured with a miniaturized sensor without giving any pre-
treatment to samples. The demonstration potential for the fur-
ther process of a fully unified diagnostic system is based on a 
thermal biosensor array and microchannel fluid handling. This 
concept includes computer and telecommunication facilities to 
complete the telemedical diagnostic and monitoring system for 
home healthcare.

2.7  Conclusion

The calorimetric methods as well as instruments have been 
focused to be used on a large scale in various measurements of 
thermodynamic biochemical procedures. Intermittently, such 
experiments provide extensive analytical information with the 
help of thermodynamic data that was estimated. Calorimetric 
biosensors possess several applications due to their overall 
detection principles. In home monitoring of several metabo-
lites, biosensors are used to detect the glucose in diabetes con-
trol. The main advantages of using calorimetric biosensors in 
home monitoring are their easy operations and maintenance, as 
well as general acceptability. In the field of biotechnology, the 
demands are increasing for online analyzers in bioprocess con-
trol analysis as well as in down-stream analysis. Calorimetric 
flow analyzers emerge to be fascinating due to their ability to 
analyze turbid, coloured samples or particulates by the use 
of highly specific, continuous flow techniques, not only for 
an enzyme substrate but also for cells in metabolic activity, 
enzymes, and proteins (TELISA). In the area of environmental 
applications, a very delicate assessment is related to the biolog-
ical effects of pollutant.
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3.1  Introduction

Food quality monitoring is always one of the challenging issues 
for health safety. Food quality is mainly degraded during synthe-
sis, and storage in ways preventing food related illness. Quality 
monitoring plays an important role in international food trade 
also. Thus, the analytical techniques such as HPLC, GC, etc are 
reported to be used for the analysis of food impurity/pollutants. 

With these methods, sample preparation is a tedious job. But 
instrumental analytical techniques are standard protocols for 
control of food quality. So the techniques for rapid screening 
are required to avoid food contamination or food quality deg-
radation. The integration of micro-fluidics and optics provides 
bio-sensing integration with microprocessor/embedded tech-
nology and biotechnology for food quality analysis. In biosen-
sor development, transduction, signal generation design with 
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fluidics (such as sample injection and drainage, sample vol-
ume lowering, analyte transport, etc.), immobilization chem-
istry (analyte capture, elimination of non-specific binding, 
etc.), detection format (binding) and data analysis (extraction 
of analyte concentration, binding kinetics, etc.) are taken into 
consideration (Fan et al., 2008). Biosensors have measurement 
problems for food safety. However, biosensors are easy to han-
dle, are portable, and require no skills to use. The biosensor 
device and related instrumentation needs analyte-binding to 
qualitative and quantitative analyte concentration. The trans-
ducer is essential for instrumentation of electrochemical, piezo-
electric, and optical categories. In the biosensor, a bio-receptor 
molecule is immobilized to form a bio-recognition layer kept 
in the immediate vicinity of a transducer. Thus, optical biosen-
sors are attractive in food safety due to ability to detect analytes 
in complex matrices with a small sample requirement. Optical 
techniques used in development of chemical sensors enable the 
optical biosensors to have great promise in food quality evalu-
ation. Most of the optical biosensors sense the measurement of 
change in the sensor surface characteristics when the analyte 
is bound to a sensing layer on the device by absorption or a 
complex formation of affinity agent and analyte. Optical bio-
sensors can offer powerful new analytical tools, especially in 
the food processing industries. Optical biosensors have enor-
mous potential for the detection of pathogens, pesticide and 
drug residues, hygiene monitoring, heavy metals, and other 
toxic substances in the food. In spite of commercialization of 
RAPTOR ™ and other SPR bio-sensing platforms, the use of 
optical sensors for food quality analysis has enormous scope of 
application in present day life due to accuracy and selectivity.

Here, we discuss principles of different optical biosensors 
related to their instrumentation parts such as detector elements, 
fiber optic sensors, immobilization of biological molecules etc. 
Here, in optical fiber with surface plasmon resonance (SPR), 
the detection of analysts (pathogens, microbial load, hygiene 
monitoring, urea, toxic influents, phenol based compounds, 
toxic protein and heavy metals) is an important tool in food 
sample analysis.

3.2  Different Optical Biosensors

Different geometries for optical bio-sensing applications use 
optical fiber planar wave guides, surface plasmon resonance, 
and micro-arrays. The operations of optical biosensors are 
made on the basis of change in phase, frequency, amplitude, 
and polarization of light. The biosensors and methods for the 
detection of food borne pathogens using optical biosensors are 
already reported (Akdoğan and Mutlu, 2011; Bhunia, 2008).

Advantages of Optical Biosensors

 • High sensitivity.

 • More specificity.

 • More label free detection.

 • Segregation for interference of electromagnetic wave.

 • Miniature integrated design.

 • Remote monitoring for avoiding hazardous / inacces-
sible spots.

Issues of Optical Fiber Sensors:

 • Miniaturization and portability

 • Mass fabrication.

 • Background absorption.

 • Fluorescence.

 • Stability of immobilized bio-component.

 • Reduction of response time.

3.2.1  Fiber Optic Biosensors

Fiber-optic-biosensors consist of light source, optical transmis-
sion medium, and immobilized biological components (such 
as enzymes, anti-bodies or microbes, sensor flow chamber, and 
optical probes like fluorescent markers for an optical detec-
tion system (Prasad 2003)). The sensitivity and detection limit 
depends on these components. The flow chamber has a flow 
injection cell with pump and capillary tubing for the control 
of sensing samples. The light coming from an optical source 
passes through collimating lenses and optical filters toward a 
fiber optic bio-sensor. The accessories are used for calibrating 
the biosensors by measuring the absorbance, reflectance, phos-
phorescence, luminescence, fluorescence and transmission of 
signal from the fiber optic sensor (Haus, 2009).

The data acquisition system is employed to have an interfac-
ing of the detector with a processor for controlling all the acces-
sories in a synchronized manner through real time acquisition. 
Current developments in fiber optic biosensors are already 
reviewed (Orellana and Haigh, 2008). High performance in 
sensitivity, resolution and high throughput from the fiber optic 
bio-sensor are obtained by using a large number of sensing 
channels, while its miniaturization makes it portable for dif-
ferent applications requiring large-scale, inter disciplinary 
technology and a system-level approach to hybridize different 
sensing platforms having signal transductions. The approach 
optimizes the devices requiring collection of samples, sensing 
of elements, and signal processing to deliver a real time mon-
itoring. (Centre for Bioelectronics and Biosensors, 2011). The 
bio-sensing applications need the immobilization of bio-com-
ponents to increase performance of the biosensor. The analysis 
is made for remote field monitoring. The Exposing the eva-
nescent optical field interacts with samples. Along this line, 
common geometries of tapered fiber-optic biosensors were 
reported by Leung et al. (2007). The analytical characteristics 
with applications are reported (Marazuela and Moreno-Bondi, 
2002). The classification is made on the basis of the biological 
element (Monk and Walt, 2004).

3.2.1.1  Classification of Fiber Optic Biosensors

Fiber Optic biosensors have two categories – intrinsic sensors, 
where interaction with the analyte occurs in the optical fiber 
element, and extrinsic sensors, where the optical fiber couples 
the light for interaction by the measured samples. In extrinsic 
sensors, there are two fibers – the light from the light source 
transmits into the sample through one fiber and, after interac-
tion of the light with the biochemical medium, the reflected 
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light is transmitted to the detector through another fiber. The 
probe cell used for the interaction is presented in Figure 3.1.

One of the main advantages of optical biosensors using 
optical fibers is sample testing for field monitoring. In this 
direction, basic principles and common geometries of tapered 
fiber-optic biosensors were reported by Leung et al. (2007) for 
the detection of bio-molecules. Fiber optic biosensors are used 
in terms of the detection phenomena used, such as absorbance, 
reflectance, and fluorescence measurement (Bosch et al., 2007).

3.2.1.2  Enzyme Based

Enzymes are used for the reactions coupled with the target ana-
lyte. The pumpkin urease are immobilized in calcium alginate 
beads to sense mercuric ions by its inhibition (Prakash et al., 
2008). In this direction, the probe made with an alcohol dehy-
drogenase (pumpkin urease immobilized in calcium alginate 
beads) is employed for sensing mercuric ions inhibition. A 
probe using an alcohol dehydrogenase immobilized membrane 
with a fiber optic spectrometer is taken for measuring ethanol 
(Kudo et al., 2009). An enzymatic biosensor probe is also fab-
ricated using toluene orthomono oxygenase to detect toluene 
(Zhong et al., 2011). A biosensor based on urease encapsula-
tion calcium alginate microspheres, coated with polyelectrolyte 
nano-films (consisting of cresol red (CR) dye), in conjunction 
with a flow through cell is done by using a cuvette enclosed to 
a fiber optic spectrometer for measuring urea in the range of 
0.1–60 mg/dL in dialysate to control hemodialysis parameters 
(Swati et al., 2010). The fiber optic biosensor is fabricated with 
luminal in the presence of H2O2 with a flow injection analysis 
system for glucose and lactose (Marquette et al., 2000). The 
limit of detection (LOD) for glucose and lactate was ~150 and 
60 pmol, respectively. The tea quality using polyphenols con-
tents was estimated by biosensor (Sujith et al., 2011).

3.2.2  Immobilization Methods

Immobilization in biosensors intends to restrict the mobil-
ity to a fixed space. Biosensors operate while the biologi-
cal and physical components are kept close to each another. 
Their closeness is reserved while the analyte has access to the 
bio-component and the integrity is obtained. The immobili-
zation is made considering the nature of the bio-component 

to be immobilized. The type of transducer and the physical 
properties of the analyte in immobilization are also assisting in 
selecting the approach. The broad immobilization approaches 
are shown in Figure 3.2.

There are two binding methods – binding with the carrier 
(Figure 3.2a) and the other having the biomolecule itself act-
ing as a carrier (Figure 3.2b) having covalent linking with a 
cross-linking substrate.

3.2.2.1  Binding to Carrier

Immobilization is performed via covalent binding of the 
biological component with carrier matrices. Adsorption of a 
bio-molecule onto insoluble supports provides wide applica-
bility and high biomolecule loading. A non-specific interac-
tion, like hydrophobic effects and the formation of several such 
links per bio-molecule, is employed for binding (Figure 3.3).

3.2.2.2  Immobilization by Binding

Immobilization of bio-molecules is performed via interaction 
of covalent bonding to insoluble matrices. But a small amount 
of bio-molecules are immobilized (about 0.02 g/g of matrix) 
using this method. Advantages are strong binding with very 
little leakage of the biomolecule (Figure 3.4).

In optical biosensors these processes must be required for 
immobilization of biological components.

Absorption: Requirement of higher loading of biomolecule.
The biomolecule has the following characteristics:

 • bonded by weak Vander waals forces

 • susceptible to leaching/leakage

Mainly, the method is applied for short term investigation.
Covalent binding: It requires a smaller loading of the biomol-

ecule. It has strong covalent chemical bonds. Immobilization 
chemistries are amin-coupling, thiol-coupling used in SPR and 
fiber optic biosensors.

Cross-linking: Cross-linking is binding of the bio-molecule 
with bi-functional agents for solid supports. The cross-linking 
substances are glutaraldehyde, corbodi-amide, cyanogen bro-
mide, and ethyl cloroformate (Figure 3.4).

Immobilization: There are two Immobilizations using phys-
ical preservation – matrix entrapment and membrane enclo-
sure techniques. The adsorption is obtained by the formation 
of Vander Waals bonds/hydrogen bonds. The bio-molecule is 

FIGURE 3.1 Fiber optic probe cell for batch measurement.

(Narsaiah et al., 2012).
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FIGURE 3.2 (a) Biomolecules adsorbed by a carrier (b) Biomolecule 
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kept within alginate (matrix entrapment) and an ultra-filtration 
membrane reactor (membrane enclosure).

 • Matrix trap: Trapping of bio-molecules within gels or 
fibers is an approach involving low molecular weight 
substrates and products. The bio-molecule is detained 
in cellulose acetate fibers, for example, by making up an 
emulsion of bio-molecule and cellulose acetate mixed 
with methylene chloride, having extrusion through 
spinning into a solution. Immobilization of microbial, 
animal, and plant cells is accomplished by entrapment 
in gel.

 • Membrane enclosure: Membrane confinement is made 
by a semi-permeability property of the membrane. It 
absorbs the bio-molecule while permitting free flowing 
for the product and substrates (Figure 3.5).

Features of immobilization of biosensor applications:
The issues of immobilization are leakage of bio-molecules 

into solution, reduced bio-molecule activity, significant dif-
fusion limitations, and stability and lack of control of micro 
environmental conditions. Some of these can be avoided by 
adopting the following processes.

 • Leakage of bio-molecules is decreased by reducing 
molecular weight, with decreasing pore size of the 
capsules/matrices.

 • Control of micro environmental conditions using differ-
ent matrices, processing conditions, and reducing par-
ticle/capsule size

 • Decrease in nonspecific signal is made by functionaliza-
tion with a controlled way.

3.2.2.3  Immunoassay Based Immobilization

Here, antigen-antibody interaction is made with fluorescent 
optics. An evanescent wave, fiber-optic biosensor is employed 
for detecting a toxic protein by immobilizing antiricin immu-
noglobulin G (IgG) on the surface of an optical fiber (Narang 
et al., 1997). Binding kinetic parameters of IgG and antimouse 
IgG was measured by using a fluorescence fiber optic biosensor 
having a sandwich assay (Lin et al., 2009), whereas multiple 
analytes (microcystin-Lr and trinitrotoluene) are estimated with 
monoclonal antibodies on fiber optic cable (Long et al., 2010).

3.2.2.4  Nucleic Acid Based Immobilization

Here, hybridization of single-stranded DNA (ssDNA) is per-
formed to get double-stranded DNA (dsDNA), with com-
plementary sequences. An ssDNA is an optical indicator for 
detection. Oligonucleotides immobilized onto suitable gold 
substrates are employed as probes of SPR imaging by char-
acterization of the hybridization process of complementary 
sequence (Spadavecchia et al., 2005). A fiber optic biosensor 
with fluorescence enhancement of thiazole orange intercalated 
into dsDNA is mentioned (Wang and Krull, 2002).

3.2.2.5  Whole Cell Based Immobilization

The whole cells/organelles are used by considering the effects 
of an analyte on a whole cell organelle as the principle of 
detection. A portable biosensing with engineered biolumines-
cent (BL) yeast and bacterial cells and a CCD sensor is used to 
image and quantify the BL signals through a fiber optic taper 
(Roda et al., 2010). Whole cells of Flavobacterium sp. coated 
on glass fiber as a bio-component and USB spectrometer in a 
fiber optic biosensor were employed for the detection of methyl 
parathion (Kumar et al., 2006). The sol gel membranes immo-
bilized with micro-algae attached with bifurcated fiber optic 
cable, and here, spectro-fluorometer was employed for the 
detection of herbicide simazine (Peña-Vázquez et al., 2009). 
The Bacillus badius whole cells was employed with phenol red 
as an indicator, immobilized onto circular plastic discs with a 
sol-gel approach and a fiber optic system, to determine cad-
mium in milk by inhibition of urease produced by the bacteria.

3.2.2.6  Biomimetic Based

The non-biological materials are used for biological selectivity 
of the fiber optic sensor. The recombinant protein engineering 
and technologies are employed in a lectin imitate preparation. 
The biosensors are already capable of rapidly detecting glycan 
motifs at a low level (Gerlach et al., 2010). Using two-color 

FIGURE 3.3 Biomolecule entrapped within an insoluble particle (a) bead (b) fiber.

(Narsaiah et al., 2012).
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FIGURE 3.4 Bio-molecules immobilized by cross linking.

(Narsaiah et al., 2012).
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spectro-electrochemistry, oxidation state changes of flavin was 
estimated by Raman scattering and a biomimetic system imitat-
ing the active center of many flavor-protein enzymes with glu-
cose concentrations estimated in millimolar range using SERS 
biosensor. A biomimetic covalently made polymeric sensor for 
a target ligand and the delta-opioid G-protein coupled receptor 
against DPDPE are employed to detect sub-picomolar binding 
in an aqueous environment.

3.2.3  Types of Detectors in Biosensors

Different optical methods are employed in biosensors that 
have fluorescence spectroscopy, luminescence, scattering, 
interferometry spectroscopy of guided modes of optical wave-
guides (grating coupler and resonant mirror), photon correla-
tion spectroscopy, surface enhanced Raman scattering (SERS) 
and surface plasmon resonance (SPR). The detectors in optical 
biosensors are photo multiplier tube (PMT), charge coupled 
device (CCD), and avalanche photo diode (APD).

3.2.3.1  Photo Multiplier Tubes (PMT)

A photomultiplier senses UV-visible and near infrared ranges 
of light (200– 900 nm) of the electromagnetic spectrum. The 
current generated with incident light is multiplied by a hundred 
million times. Here photons of incident light are incident on 
photocathode that have a thin film deposit on the entry of the 
device and then photocathode discharging electrons (follow-
ing a photo electric effect in Figure 3.6). These electrons are 
focused to an electrode and passed through an electron multi-
plier for a secondary emission process ((Simpson et al., 1998)) 
to monitor biological activities.

The electron multipliers having electrodes are named as 
dynodes, where each dynode has a more positive voltage than 

the previous one. When the electrons are released from the 
photocathode and reached the first dynode, these are acceler-
ated by the electric field and incident with much greater energy 
to the next and so on. So more electrons are released due to 
the process of secondary emission towards the next dynode, 
then go on to next dynode, and again more secondary electrons 
emitted, and the process is repeated until the last dynode.

The bioluminescent bio-reporter makes whole-cell biosen-
sors that have a genetically engineered bio-reporter organism. 
In the set-up, the bio-reporter is used to luminance, while a 
targeted substance is encountered within the circuit, enabling 
detection of this luminescence, and finally, the results are sent 
to a central set up. Bio-reporter bioluminescence has been 
also determined by a number of different types of optical 
transducers, including photo-multiplier tubes, photodiodes, 
micro-channel plates, photographic films, and charge-coupled 
devices (Simpson et al., 1998).

3.2.3.2  Avalanche Photodiode (APD)

An Avalanche photodiode (APD) is a device capable of conver-
sion of light to electric current by the photovoltaic effect. The 
APDs have photo-generated electrons multiplied by applying 
a reverse voltage. The ‘gain’ in the output signal is obtained so 
that low light levels are detected. The incident photons make 
electron – hole (e-h) pairs in the depletion layer of a silicon 
photodiode structure. A whole-cell biosensor with single-pho-
ton avalanche diode (SPAD) detection is reported for the kinet-
ics of the bioluminescence process (Daniela et al., 2008).

A precise detector of environmental toxins is employed 
(Hakkila et al., 2004). The bio-reporters give detectable signal 
response correlated with the toxin dose. The high sensitivity 
of an avalanche photodiode in Geiger mode is employed for 
controlling luciferase production in Escherichia coli with a 

FIGURE 3.5 Biological component encapsulated within the semi-permeable membrane.

(Narsaiah et al., 2012).
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FIGURE 3.6 Working principle of Photo Multiplier Tube (PMT) (The figure of the photomultiplier tube was redrawn from Wikipedia.

(http://en.wikipedia.org/wiki/File:Photomultipliertube.svg).

http://en.wikipedia.org
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luciferase gene reporter molecule detection system by detect-
ing luminescence (Lin et al., 2005). In-vivo fluorescence detec-
tion, a vertical cavity surface laser, provides the excitation and 
a filtered solid state Geiger mode APD to get the detection and 
the emitted fluorescence required for biomedical applications 
and the food industry (Bellis et al., 2006).

3.2.3.3  Charge Coupled Device (CCD)

A Charge Coupled Device operates on the principle of the 
movement of electrical charge within the device area where 
the charges are manipulated by using conversion into a sig-
nal value. This is done by “shifting” the signal between stages 
inside the device through the movement of charge between 
capacitive bins in the device, with the shift allowing for the 
transfer of charge. It has an image sensor producing the charge 
and thus making the CCD a major technology for imaging.

CCD has high signal-to-noise ratio in comparison to a 
complementary metal oxide semiconductor (CMOS) and 
photodiode systems, but it is more costly and easier to use in 
comparison to the CMOS and photodiode systems.

3.2.3.4  Light sources and Signal Delivery 
Systems/Fiber Optic Cables

The light source is chosen as an incident light on sample to 
find optical properties in optical biosensors. The light source 
should have stable intensity of emission, having low noise and 
alignment with fiber optic components. A pulsed xenon light 
source is used for temperature/photo sensitive bio-recognition 
elements/samples to keep away from photo bleaching/inactiva-
tion of the bio-component. The optical fibers consist of a core 
of silica material surrounded by cladding. Other fiber cores 
are made of special glass or plastics. The cladding is of lower 
index fluoride glass. The buffer used as protection material is 
mainly polyamide. Other materials of buffers are aluminum, 
gold, and acrylate. For reflection and fluorescence, a large core 
diameter ranging from a few microns to a thousand microns is 
required to accommodate more light.

3.3  Surface Plasmon Resonance (SPR) Biosensors

In Surface Plasmon Resonance (SPR) biosensors, an electro-
magnetic wave is generated due to fluctuations in the electron 
density at the boundary of two materials –dielectric and metal. 
Surface plasmons are combined vibrations of an electron gas or 
plasma surrounding atomic lattice sites of a metal. When plas-
mons are interacted with a photon, particles generated travel 
along the metal surface till decayed, either by absorption or by 
radiative transition, into a photon.

The SPR instruments having an antibody layer detect 
changes in the refractive index on antigen binding. These 
changes depend on antigen size, as well as conformational 
change of the antibody-antigen complex, during binding. The 
latter occupy organization of a solvent and unfolding of a pro-
tein. The refractive index change is sensed as a shift in total 
absorption of incident light on a metal layer (usually gold or 
silver) having the antibodies. SPR systems operated by the 
Kretschmann configuration (Figure 3.7), shows more applica-
tions (Prasad, 2003). SPR sensors provide high sensitivity and 
resolution. A light beam coming from the side of the higher 
refractive index is partially reflected and refracted. When the 
angle of incidence goes beyond the critical angle, total internal 
reflection is obtained. As a result, the evanescent wave flows 
toward the medium with the lower refractive index. If the inter-
face is deposited with a metal film, e.g., gold, the evanescent 
wave interacts with free electrons. The intensity of the reflected 
light will decrease. It is referred to as surface Plasmon reso-
nance (SPR) which takes place at a sharply defined angle of 
incidence, the SPR angle. By plotting the measured angular 
shift against time, a sensor-gram is illustrating the interaction 
at the sensor surface in real time. A signal of 50 RU is neces-
sary for reliable measurement.

In a SPR biosensor, the surface plasmon resonance occurs 
and flows along the metal surface of 100 nm thickness. As a 
result, an evanescent wave is generated. The molecules inter-
act with the surface within the evanescent field (antibodies 
are about 10 nm in diameter), and hence the surface plasmon 
resonance, altering the angle of the light where SPR occurs. 

FIGURE 3.7 SPR based Kretschmann configuration, Wikipedia.

(http://en.wikipedia.org/wiki/File:SPR-schema.png).

http://en.wikipedia.org


Optical Biosensors 29

Various optical biosensing platforms – surface plasmon reso-
nance, interferometers, waveguides, fiber gratings, ring resona-
tors, and photonic crystals are reported (Fan et al., 2008). Main 
SPR biosensors have applications in detection of biological 
analytes and analysis of biomolecular interactions (Homola, 
2003). SPR increases the surface sensitivity of several spec-
troscopic measurements that have fluorescence, Raman scat-
tering, and second harmonic generation, and detects DNA 
or proteins by the changes in the local index of refraction 
upon adsorption of the target molecule to the metal surface. 
The developments of SPR in drug discovery (Cooper, 2002) 
and probing (Fang, 2007) are also employed for food safety. 
Measurement of index variation with mixtures of glycerine/
water and real time monitoring of binding of BSA and BSA 
antigens having phase polarization with SPR shows greater 
potential for affinity biosensors (Ho et al., 2006). Various tech-
niques enhance the sensitivity of SPR by using a network of 
antibodies yielding a higher number of receptors accessible to 
the antigens and better binding properties of antibodies that are 
not immobilized directly on the sensor surface (Brynda et al., 
1999). A film having gold nanoparticles and poly-electrolytes 
is made by an ionic self-assembled multilayers approach and 
coated on optical fiber cores to get localized surface plasmon 
resonance fiber probes (Wan et al., 2010).

Prism -waveguide couplings are employed to excite the sur-
face plasmon resonance. The LOD is ~10−5 to 10−8 refractive 
index change. The restrictions are small depth of penetration 
(~ 100 nm), making it difficult to detect large cells and bac-
teria, and the inability of these methods to distinguish surface 
refractive index (RI) changes from bulk solution RI change 
(Fan et al., 2008). The dual mode SPR is considered a long 
range surface plasmon (LRSP) and a short range surface 
Plasmon (SRSP), where both metal–dielectric interfaces are 
employed to discriminate the back-ground RI change and sur-
face bound RI change (Guo et al., 2008). The techniques have 
sensor chips (e.g., sensor chips having regenerated a trisNTA 
surface for capturing his-tag protein to handle crude extracts 
without sample preparation), SPR imaging, and SPR coupling 
with other sensing platforms for high throughput screening 
(Krishnamoorthy et al., 2010).

3.3.1  Advantages of SPR

 • Real time detection.

 • Label free needed for additional reagents.

 • Reusability of sensor.

 • High sensitivity.

 • Detection of molecules in order of fento-molar order.

 • Kinetics of binding (affinity) between two molecules.

3.4  Application of Optical Biosensors 
for Food Quality and Safety

Optical biosensors are used in different applications (Mehrvar 
et al., 2000). The different optical biosensors are also consid-
ered for maintaining food safety:

3.4.1  Pathogens Detection Method

The harmful microbes have infected food and water, causing 
many infectious diseases. The approaches for microbial con-
tamination detection are time-consuming, having biochemical 
identification with assay time of ~1 week in certain cases. The 
prototype needs rapid detection of microbial contaminated 
food, and industrial wastewater. In this direction, the spec-
tral and cell techniques have faster detection of multiple and 
unknown pathogens in pre-harvest and post-harvest products, 
as reported by Bhunia (2011). The detection methods, includ-
ing optical, electrochemical, and biochemical techniques, are 
used by considering the physical properties of microorgan-
isms. For commercial applications, cost effective, rapid, and 
high throughput screening tools are needed for pathogens. The 
majority of pathogens detected are related to Salmonella and 
E. coli. The detection limits, working range, and analysis time 
of traditional methods, such as colony count and ELISA, are 
obtained with sensors such as electrochemical, optical, and 
acoustic biosensors for detection of pathogens (Arora et al., 
2006; Lazcka et al., 2007). The detection of pathogens in food 
and water are made with surface plasmon resonance (SPR), 
amperometric, potentiometric, and acoustic wave sensors 
(Alocilja and Radke, 2003; Hobson et al., 1996; Leonard et 
al., 2003). Optical biosensors for pathogen detection in meat 
products are reported (Narsaiah and Jha, 2011).

The multianalyte array biosensor (MAAB) can detect mul-
tiple analytes simultaneously. It takes 15 minutes (Taitt et al., 
2004) for Salmonella enterica serovar detection of a limit of 8 
× 104 CFU/ml. A low cost multi-analyte array biosensor is used 
for the diagnosis of asymptomatic Salmonella infection of poul-
try---chicken excretal samples from a private farm has a detec-
tion limit of 8× 103 CFU/g. The Array Biosensor measuring 
large pathogens, such as the bacteria Campylobacter jejuni and 
small toxins, including the mycotoxins, ochratoxin A, fumoni-
sin B, aflatoxin B1 and deoxynivalenol are reported. Sandwich 
immunoassays determine C. jejuni in buffer with food matrices 
The immunoassays make simultaneous detection of multiple 
mycotoxins separately. The combination of both makes simul-
taneous detection of both large (C. jejuni) and small (aflatoxin 
B1) food contaminants. The immunoassays also do simultane-
ous detection of Staphylococcal enterotoxin B and botulinum 
toxoid A in buffer, with a LOD (limit of detection) of 0.1 ng/
mL and 20 ng/mL, respectively, in a variety of food samples, 
(Sapsford et al., 2005). A magnetoelastic resonator platform 
coated with filamentous E2 phage bind with Salmonella typhi-
murium directly to sense spiked S. Typhimurium on tomato sur-
faces has a detection limit of 5×102 CFU/mL (Li et al., 2010).

Antibody coupled fluorescence waveguide-based biosensors 
give higher LOD (Bhunia et al., 2007; Orellana and Haigh, 
2008). The fiber optic biosensors sandwich immunoassay with 
fluorescent tagging E. coli O157:H7 cells in ground beef rap-
idly with LOD of 3 to 30 CFU/mL (Demarco et al., 1999), 
5.2×102 CFU/g (Demarco and Lim, 2002) and 103 CFU/mL 
(Geng et al., 2006). The commercial biosensor, such as Analyte 
2000 of Research International, that has no false positives, is 
employed for field application.

An immnofiber-optic-sensor was employed for Listeria 
monocytogenes sensing in food quality. Both blocking with 
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bio-tinylated bovine serum albumin (b-BSA) and bovine-se-
rum albumin (BSA) are used to decrease non-specific bind-
ing. In sandwich immunoassay, the immobilization of capture 
antibodies influences the detection limit of assay. The disas-
sociation constant (Kd) and the binding valences for antibody 
immobilization in spiked PBS samples are ~4×105 CFU / mL 
and 4.9 respectively. These can be decreased to 7×104 CFU/
mL and 3.9, due to having antibody immobilization. In test 
food samples, it has 5×105 CFU/mL of L. monocytogenes in a 
frankfurter sample (Nanduri et al., 2006). A SPR based immu-
no-sensor shows rapid, sensitive, and selective detection of 
generic E. coli in water samples (Dudak and Boyac, 2007).

The ability of a fabricated sensor in detecting E. coli in real 
water is same as that obtained from the plate counting method. 
A photo immobilization based on a photo-active electro-gen-
erated poly (pyrrole-benzo-phenone) film on indium tin oxide 
(ITO) coated conductive surface fiber-optic is employed for the 
detection of Ebola virus strains in Zaire and Sudan. An immu-
no-sensor used for the detection of antibodies against the Ebola 
virus with photo-chemically modified optical fibers was made 
for sensitivity, specificity, and compared to standard chemilu-
minescent ELISA (Petrosova et al., 2007).

A tapered optical fiber is made with coating antigliadin anti-
bodies sensitive nano-film, using the self-assembled (ESA) 
monolayer (Corres et al., 2008) for the diagnosis of celiac dis-
ease. Optical fibers are coated with the specific antigen on a 
tapered portion (after tapering) using the ESA method, allow-
ing the construction of nano-metric scale recognition surfaces 
on the fiber optic and helping to create fast response sensors 
for real time observation of the binding process. The contin-
uous monitoring and high sensitivity of the proposed scheme 
requires the reduction of the time and serum volume required 
for celiac disease tests. Surface plasmon resonance based 
immuno-sensor using optical fiber is made for the detection of 
Legionella pneumophila. The sensing area was made by bind-
ing a self-assembly monolayer (SAM) of 11-mercaptoundeca-
noic acid (MUA) on gold surface. The formation of antibody 
immobilization on an MUA treated surface and the binding 
of antigen, L. pneumophila, in series, were confirmed by SPR 
response. The intensity of light reduces linearly by SPR effect 
with increasing antigen, L. pneumophila. An immuno-sensor 
based on SPR with two measurement systems, spectrometer 
with halogen light and power meter with 850 nm-LED for the 
detection of L. pneumophila gave the same result.

For direct sandwich assays over the immobilized antibodies, 
specificity of anti S. aureus sensed by S. aureus in a E.coli 
O157:H7 mixture is also needed. Both the surfaces sense S. 
aureus up to105 CFU/mL, with good specificity against E. coli 
O157:H7 (Subramanian et al., 2006). The mono and dithiol 
self-assembled mono-layers are found for rapid detection of 
S. aureus. An optical SPR biosensor was operated well in the 
presence of Salmonella typhimurium (a common food borne 
pathogen) in a chicken carcass. The electronic tongue basically 
detects the object, differentiating one object from the other with 
different taste signatures. SPR biosensor detects Salmonella 
typhimurium up to 1× 106 CFU/mL (Lan et al., 2008) through 
potential measurement.

Fiber-optic biosensors with DNA coating in principle of 
total internal reflection fluorescence to estimate Tm from the 

dissociation of duplexes in fluorescein-labeled dA20:dT20. 
Thermodynamic stability of duplexes immobilized on a surface 
depends on the density of immobilized DNA and hybridization 
of DNA. Thermodynamic stability of immobilized ds-DNA is 
not similar to that of ds-DNA in bulk solution because of the 
variation of enthalpy at different ionic strengths, asymmetry 
in the melt curves, and the possibility of a reduced dielectric 
constant within a DNA layer, relative to that in bulk solution 
(Piunno et al., 1999). Self-assembling of mixed DNA/alkan-
ethiol films is employed to couple DNA probes covalently to 
the sensor surface. The different detection techniques of path-
ogens using optical biosensors with reliable measurement are 
reported as having the detection limit of 10 to 100 CFU/mL.

3.4.2  Pesticide Residues Detection Method

Residues of chemicals are applied for crops protection from 
insects/pests during growth. These chemicals are taken up by the 
plant, animal, and cells of people, thus harming human health. 
Enzyme based fiber optic biosensors, immunoassay-based 
fiber optic biosensors, and a surface plasmon resonance-based 
fiber-optic sensor (portable or non-portable) are employed for 
the detection and determination of pesticide chemicals like 
carbaryl, dichlorvos, chlorphyrifos, and aldicarb, and herbi-
cide molecules like 2,4-dichlorophenoxyacetic acid (2,4-D) 
and atrazine for the detection of these pesticides. In enzyme 
based fiber optic biosensors, single enzyme (immobilized by 
three-layer sandwich way) or multilayer enzyme assembly (by 
chemical cross linking) are employed to detect the pesticides. 
Andreou and Clonis (2002) studied three layer sandwich immo-
bilization of enzymes (choline esterase). The pesticides in the 
sample decrease the rate of enzyme reaction due to having to 
bind to enzyme, and the rate of the inhibited reaction served 
as an analytical signal. The method reproducibility was in the 
range of ±3–5%. Surface plasmon resonance and a chemilumi-
nescence-based fiber optic biosensor with a multilayer enzyme 
assembly are employed in the detection of pesticides (Chen et 
al., 1996). A fiber optic biosensor using chemiluminescence of 
luminol in the presence of H2O2 with flow injection analysis is 
considered for chlorophenol (Marquette et al., 2000).

The fiber optic biosensor based on Immunoassay immobi-
lizes active antibodies without any loss of antigen binding. An 
oriented active immuno-biosensor surface immobilizes anti-
bodies on the gold surface against two herbicide molecules 
2,4-dichlorophenoxyacetic acid and atrazine. The force spec-
troscopy, using hapten carrier protein functionalized atomic 
force microscope (AFM) cantilevers, does immobilization 
compromised the reactivity of the surface immobilized anti-
body molecules for antigen. Homola (2003) shows the applica-
tion of SPR for small molecules (pesticide residues) analysis. 
Farré et al. (2007) made a portable biosensor platform based on 
SPR technology for continuous monitoring.

The covalent immobilization using an alkanethiol self-as-
sembled monolayer on the gold coated sensor permits sensor 
surface reuse for ~250 regeneration cycles. The new immuno-
assay was genuine in solid-phase extraction with gas chroma-
tography with mass spectrometric detection.

It is estimated that organophosphate pesticide chlorpy-
rifos is enabled, by the surface plasmon resonance (SPR) 
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immune-sensor and by the surface plasmon resonance based 
fiber-optic sensor immobilization method of alkanethiol 
to reuse the sensor surface for more than 250 regenerations 
(Mauriz et al., 2006).

The fiber-optic sensors that have surface plasmon resonance 
are reported for the sensing of chlorphyrifos by immobilizing 
acetylcholinesterase (AChE) enzyme on the silver coated core 
(Rajan and Gupta, 2007). The spectral interrogation authenti-
cates the sensor. Both the sensitivity and detection accuracy 
are required to reduce the concentration of the pesticides. The 
LOD for Co-phthalocyanine and Prussian blue is 5×10−7 and 
5×10−6 M, respectively. Acetylcholinesterase (AChE) and 
butyryl cholinesterase (BChE) enzymes are employed, and the 
inhibition effect of different pesticides is observed with both 
the enzymes. Biosensors based on AChE provide a higher 
sensitivity toward aldicarb (50% inhibition with 50 ppb) and 
carbaryl (50% inhibition with 85 ppb. Multianalyte biosensors 
(electrochemical) using AChE sense 11 out of 12 insecticides 
prevalent in Brazil (Roepcke et al., 2011). Also, reports are that 
whole cells are adsorbed on glass fiber filters as a bio-compo-
nent and on USB spectrometer as a detector in a fiber optic 
biosensor (Kumar et al., 2006).

3.4.3  Veterinary Drug Residues Detection 
in Animal Derived Products

The vet drugs provide residue in meat and milk, contributing acute 
food poison allergic reactions or antibiotic resistant microor-
ganisms. Optical biosensors based on optical fiber and SPR are 
employed to measure such contaminants in animal-based foods. 
Various rapid detection methods are reported for the detec-
tion of medicine remaining in meat (Reig and Toldra, 2008). 
These methods are SPR biosensors for antibiotics, β-agonists, 
and antiparasitic drugs (Haughey and Baxter, 2006). The elec-
tro-chemical and quartz crystal microbalance techniques have 
applied for food quality analysis (Ricci et al., 2007).

Broad spectrum screenings are reported (McGrath et al., 
2005) for sulfonamides, with binding protein having cross-re-
activity within the sulfonamide group in combination with a 
sulfonamide specific sensor chip. Intra-assay precision (n=10 
and n=3) was determined at 9.7% CV for a sample spiked at 
50 ng/g with sulfamethazine, 3.8% CV for a sample spiked 
at 100 ng/g with sulfamethazine, 3.5% CV for a sample spiked 
at 50 ng/g with sulfadiazine, and 2.8% CV for a sample spiked at 
100 ng/g with sulfadiazine. Large gold nanoparticles on mixed 
self-assembled monolayer sensor surfaces are used (Yuan 
et al., 2008) to enhance the detection in SPR assay.

SPR sensor chips based on an antibody are reported for 
testing of chloramphenicol and chloramphenicol glucuronide 
remains in poultry muscle, honey, prawn, and milk (Ferguson 
et al., 2005). The decision limits (CCα) for each assay was 
found as: poultry (0.005 μg/kg), honey (0.02 μg/kg), prawn 
(0.04 μg/kg) and milk (0.04 μg/kg), and the detection capabili-
ties (CCβ) were 0.02, 0.02, 0.07, and 0.05 μg/kg, respectively. 
A flow injection analysis type chemiluminescent biosensor was 
made by using the competition between CAP as an analyte and 
CAP–horseradish peroxidase conjugate as a tracer for binding 
to an anti-CAP antibody on Biodyne B membrane, with a pho-
tomultiplier tube as a light detector (Park and Kim, 2006). The 

LOD of CAP is ~ 10−8 M. A CAP–amine derivative was made 
by a polyethylene glycol chain through a carbamate linkage 
immobilized onto a dextran surface. This chemically modified 
surface creates the binding between antibody and CAP, gener-
ating a rapid and sensitive SPR immunoassay of the CAP with-
out any regeneration. The LOD for CAP are of ~ 32.2 pg/mL 
in aqueous buffer and 42.4 pg/mL in honey (Yuan et al., 2009).

3.4.4  Microbial Pollution and Hygiene

Luminescence with a detection system is realized by enzyme 
mediated reactions representing fast assays and used for 
the detection of microbial contaminants in food industry. 
Bioluminescence methods are employed in the food processing 
industry as a tool to screen the sanitation. The hygiene mon-
itoring based on adenosine triphosphate (ATP) is employed 
in a variety of processes – breweries, dairy plants, meat pro-
cessing plants, and fruit juice operations. Commercial ATP 
hygiene monitoring kits are available from several suppliers. 
To assess microbial load, all living cells require ATP as the uni-
versal energy donor of metabolic reactions. An enzyme-sub-
strate complex, luciferase–luciferin, provides conversion of 
the chemical energy with ATP into light via a stoichio-metric 
reaction. The ATP within a cell remains normally constant. A 
bacterial cell has one fentogram (1×10−15 g) of ATP.

Modifications of the technology based on a coupled cycle 
reaction of myokinase and pyruvate kinase senses slightly 
fewer than 100 cells. Cellular adenylate kinase interacts with 
adenosine diphosphate (ADP) to form an ATP measure using 
the luciferase reaction. The luciferase is essential molecule in 
bioluminescence, having an anion binding site that monitors 
the conformation of the enzyme. The light generation by firefly 
luciferase in a given quantity of ATP is greater in the N-tris-
(hydroxymethyl) methylglycine (Tricine) buffer than that in 
other buffers, without significant alteration in the kinetics of 
light emission or in the wavelength of light emitted (Webster 
et al., 1980). Tris buffer solutions maintain a pH value of 7.75 
for enzyme activity. So, Tris-acetate buffers were considered to 
obtain greater sensitivity of ATP assays with firefly luciferase 
(Nichols et al., 1981).

Bacterial infectivity is an issue in food process lines. ATP 
in swabs from contamination areas are considered indicating a 
hygiene issue. ATP is generated to adenosine mono phosphate 
(AMP) in food remains sticking to surfaces during process-
ing. AMP assays are fabricated by using polyphosphate-de-
pendent ATP regeneration and bioluminescence reactions with 
detection sensitivity ranging from 0.3 to 300 per mol per assay 
(Tanaka et al., 2001). Microbial infection in home refrigera-
tors was assessed using ATP bioluminescence assay. Between 
microbial ATP and psychrotrophic, plate count (PPC; incu-
bated at 7 °C 10 days) on agar is 0.895 (Fur-Chi and Sandria, 
2006). The fibre optic biosensor was employed for the con-
tinuous-flow bioluminescent assay of NADH over the range 2 
pM-1 nM with an R.S.D. of 3.4% at 0.1 nM. A multifunction 
biosensor for the determination of either ATP or NADH using 
a single bioluminescence-based fibre optic probe is made with 
co-immobilizing between luciferase and the bacterial system 
on a preactivated polyamide membrane (Blum et al., 1991). 
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For ATP determination, rapid detection exhibits early sensing 
of pathogens. Peroxidase-labeled peptide nucleic acid (PNA) 
probes are used for targeting species-specific rRNA sequences 
and are already used for bacterial species such as P. aeruginosa 
and E. coli (Stender et al., 2001). The assay was even sensitive 
to low values because it was not affected by adenylate kinase, 
generating ATP from 2 mol of ADP (Ito et al., 2000).

The detection of bacteria from food matrices by integrated 
management system (IMS) is already reported by Bhunia 
(2008), whereas a chemiluminescence biosensor using an 
integrated management system (IMS) for Salmonella typhimu-
rium is also mentioned (Varshney et al., 2003). Pourima et al. 
(2002) uses an IMS technique for fast separation of Naegleria 
fowleri. Ryumae et al. (2010) reported a method for sensing 
of Flavobacterium psychrophilumis using magnetic separation 
with flow cytometry. The immunomagnetic bead method pro-
vides stringent specificity. A combination of the two techniques 
exhibits the benefits of both in terms of specificity, allowing 
sensitive identification of viable bacteria in a mixed sample. 
The LOD using these methods for E. coli is of ~102 cells/mL 
(Squirrel et al., 2002).

The bioluminescent ATP performs monitoring of total 
microbial populations after storage for quality control pur-
poses to set up specific consume-by dates. Fresh-cut canta-
loupe gave an ATP value of 5.40 log fg/g (Ukuku et al., 2005). 
Positive linear correlations for ATP concentrations and micro-
bial populations are obtained for fresh-cut cantaloupe during 
storage. The ATP bioluminescence assay with different pre-
incubation procedures in the presence of an inhibitor system 
to resist Gram-positive bacterial growth yielded good correla-
tion between the ATP method and plate count for milks with 
counts above 1×104 CFU/mL (Bautista et al., 1992). The assay 
was performed producing an acceptable correlation with plate 
counts (r=0.85, p<0.001) above 5×104 CFU/mL (Bautista et 
al., 1995). Viable counts on surface tissue indicate good cor-
relation (r>0.90) with an ATP bioluminescence measurement 
(Siragusa and Cutter, 1995).

ATP bioluminescence is considered to find out bacteriocin to 
inhibit growth. Total adenylic-nucleotides in a cell indicate cell 
growth. The adenylic-nucleotides are rehabilitated to ATP, and 
then bioluminescence is used for estimation of ATP. The effec-
tiveness threshold, corresponding to a 100% inhibition of L. 
cremoris growth, is estimated for a null concentration of intra-
cellular nucleotides. For an initial concentration of 1.4×107 
bacteria/mL, the nisin bacteria effectiveness is 3.4±0.01 mg 
nisin/L (Valat et al., 2003). In comparison to a traditional assay, 
ATP bioluminescence is rapid (Hawronskyj et al., 1993).

3.4.5  Monitoring of Heavy Metals, Adulterants, and 
Other Toxic Compounds Content in Food Items

The toxic compounds, including toxins, urea, toxic influents, 
phenolic compounds, and toxic protein, cause food contami-
nations. Fractal analysis with dissociation kinetics is employed 
for toxin and pollutant sensing (Sadana and Sadana, 2011). 
Rapid monitoring of these pollutants/impurities in processing is 
needed to obtain food safety. These toxic substances constrain 
vital metabolic functions in cells. The toxicity harms during 
exposure to these toxic substances, showing the importance of 

their detection. A microbial biosensor interacts with a micro-
organism/whole cell, enabling rapid, accurate, and sensitive 
detection of the target analyte in environmental monitoring, 
defense, food processing, and safety.

A biosensor having mammalian metallothionein (MT) is 
reported for the detection of metal ions (Wu and Lin, 2004). 
MT was made immobilized over a carboxymethylated dex-
tran matrix. The MT sensor chip interacts with and binds cad-
mium (Cd), zinc (Zn) or nickel (Ni), where magnesium (Mg), 
manganese (Mn) and calcium (Ca) do not have an interaction. 
Calibration curves for metal ions are linear. The sensitivity 
for metal detection is at the micromolar level. The interaction 
between the metal ions and the sensor chip is made in the pres-
ence of NaCl, and pH of the reaction buffer. The binding affin-
ity is between the metal ions. The immobilized MT cadmium > 
zinc > nickel, is the same as that determined for MT in solution. 
Alpat et al. (2008) reported a new biosorption based micro-
bial biosensor for determination of Cu2+. The Cu2+ are pre-con-
centrated on the electrode surface at an open circuit and. The 
microbial biosensor has decent sensitivity and reproducibility.

The microorganisms that have fusion of the lux, gfp or lacZ 
gene have been affected by the toxicity and bioavailability. The 
recent trends in the development and application of micro-
bial biosensors are reported for detection of microorganisms 
(D’Souza, 2001; Lei et al., 2006). The biosensors contribute 
on-line toxicity detection for water quality analysis. Horsburgh 
et al. (2002) reported a novel biosensor for on-line detection of 
relevant bacteria in toxicity testing and more complex toxic-
ity fingerprinting. A hand-held luminometer was designed for 
laboratory or field use to find the containment of genetically 
modified bacteria and the maximization of the bio-availability 
of the wastewater to the biosensor. The performance is made 
for the comparison with Vibrio fischeri in liquid culture and 
after immobilization in thin films of PVA gels. The biosen-
sors test against pure phenol and 3-chlorophenol, since a ref-
erence toxic chemical is more toxic to bacteria than phenol. 
The immobilization system operates predictably with pure tox-
icants, and distinguishes toxicity levels of various zones within 
the wastewater treatment plant (Philp et al., 2003).

A microbial biosensor was made to determine phenolic com-
pounds. The testing uses oxygen consumption for analyte oxi-
dation. Induced cells of Pseudomonas putida DSM 50026 are 
immobilized on the surface of SPG electrodes with a cellulose 
acetate membrane by means of gelatin cross linked with glu-
taraldehyde. The systems are calibrated for different phenolic 
sub-stances. An optical biosensor with 3-methyl-2-benzothi-
azolinone hydrazone (MBTH) immobilized in a hybrid sol-gel 
silicate film and laccase in a chitosan film are employed for 
the detection of phenolic compounds like catechol, guaicol, 
o-cresol, and m-cresol (Abdullah et al., 2007).

The test for enzyme inhibition is employed for mercury 
detection in an aqueous solution by urease immobilized in 
alginate beads. Hg2+ exhibited a concentration-dependent inhi-
bition. The alginate immobilized enzyme provides less inhibi-
tion. No leaching in enzyme is taken over a period of 15 days 
at 4°C. The time-dependent interaction of urease with Hg2+ 
shows a biphasic inhibition behavior. Binding of Hg2+ with the 
enzyme was largely irreversible, as the activity is made with 
dialysis (Prakash et al., 2008). A fiber-optic biosensor of urea 
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based on the immobilization of urease is rapid (Rhines and 
Arnold, 1989) determining urea in diluted serum samples. In 
order to increase the enzyme loading, the sol-gel films were set 
to immobilize the indicator Nile blue chromoionophore (ETH 
5294) (Alquasaimeh et al., 2007). Analysis of urea in urine 
samples using an optical urea biosensor provides same perfor-
mance as that measured by a spectrophotometric method.

An evanescent wave fiber-optic biosensor using a sandwich 
immunoassay scheme was reported (Narang et al., 1997) for 
detecting a potently toxic protein. There are two methods of 
immobilization – anti-ricin IgG antibodies and cross linking 
of an antibody to the silanized fiber used. The performance of 
the fluorescent dye Alexa Fluor 647 (AF647) as an alternative 
to Cy5 was determined for immunoassays on the RAPTOR 
(Anderson and Nerurkar, 2002) by using a fiber optic biosensor 
based sandwich fluoro-immunoassays (Figure 3.8).

The SPR is used for testing of toxins, along with other meth-
ods (Hodnik and Anderluh, 2009). SPR was employed for the 
testing of bacterial, plant toxins, and other toxins. The muted 
organisms in food supply chains, for the rapid and automata-
ble approach (Pollet et al., 2011) is sensed by fiber optic SPR 
biosensors.

3.4.6  Evanescent Wave Fluorescence Biosensors

Figure 3.8 shows an optical bio-sensing system in which the 
light is fully reflected during incidence at the interface of the 
waveguide and a lower index surrounding area. An electromag-
netic evanescent wave propagates from the interface into the 
lower index medium, penetrating generally over the distance 
of 100 nm.

A variety of biosensors was made with this principle and 
has wide applications to food testing. These sensors have been 
used for healthcare applications. The performance of this plat-
form was estimated by previous researchers. The evanescent 
wave propagation through fluorescence biosensors is consid-
ered for the rapid, sensitive, and highly selective detection of 
17þ-oestradiol.

3.4.7  Detection of Hygiene and Microbial  
Contamination

One of the fast methods for food hygiene conditions analysis 
of sensing microbial contaminants is a luminescence-based 
technique focused on capturing the light generated by enzyme 

reactions. The food leftover is a source of nutrients and profuse 
bacterial contamination causing the threats in food processing. 
Degeneration of ATP to adenosine mono phosphate (AMP) in 
the remnants of food lines is a source of contamination.

3.4.8  Development of Optical Biosensors Apart  
from Food Industry

Optical biosensors are considered to be an approach for the 
future. In this direction, optical biosensors detect various tar-
gets, in various matrices, at different conditions. Optical bio-
sensors are also employed in the field of food safety and also in 
healthcare, biomedical and biopharmaceutical. Optical based 
sensors provide more specificity, accuracy, and enhancements. 
Optical techniques such as SPR and LSPR are not focused, 
due to having complicated instrumentation and mass sensitive 
sensing To remove these restrictions, some optical sensing 
techniques such as fiber optics, integration with nanotechnol-
ogy (nano-particles, nano-rods, nano-wires, nano-tubes), and 
quantum dots are considered.

3.5  Future Scope in Optical Fiber

Use of the optical fiber biosensor has been the preferred tech-
nology over the conventional techniques for food quality anal-
ysis due to its excellent accuracy and requirement of very small 
sample amount. In the future, it may be used as an on-site and 
online measurement of food quality, due to its high speed and 
light weight. Further, optical biosensing technology detects at 
very low levels of analytes (pico-molar to femto-molar of num-
ber), not only in the areas of food quality measurement, but 
also in environmental monitoring, health care, clinical analy-
sis, etc.

3.6  Conclusion

Food quality and safety has been focused for the health, as well 
as an economic point of view. Optical biosensors based on SPR 
and optical fiber detects normal pathogens, pesticide and drug 
residues, hygiene monitoring, heavy metal ions, and other 
toxic substances. The sensitivity, specificity, and selectivity are 
enhanced by combining fiber optic biosensors with immuno-
magnetic separation, bacterio-phases, and chemi-luminescent 

FIGURE 3.8 Optical waveguide based Evanescent wave biosensor for pesticides.

(Narsaiah et al., 2012).
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in situ hybridization. The integration of optics and microflu-
idics makes broad use of these sensors in food security and 
safety. These techniques can also be used for evaluation of its 
performance.
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4.1  Introduction

Piezoelectric arises from the Greek word piezein that repre-
sents press or squeeze. This type of sensor is relying on the 
piezoelectric effect. Such types of devices are used to measure 
the change in electrical potential triggered by the application of 
mechanical force to a piezoelectric material. The piezoelectric 
effect can be understood in the following two steps as follows: 
In the first step, the piezoelectric crystal (in a perfect balance 
with no tendency to conduct electric current) is usually placed 
between metal plates. Following this step, the generation or 
conduction of electric charges within the crystal become out 
of balance upon the application of external mechanical stress. 

The opposite sides of the crystal’s face exert an excess amount 
of positive and negative charges. The metal plates placed on 
the crystal start to collect the excess amount of charge from 
the crystal's face, such that a voltage is produced, and an elec-
trical current is sent through the circuit, transforming to piezo-
electricity. It is thought that the piezoelectric behaviour of the 
crystal is a chief factor in the determination of the piezoelectric 
effect, and the sensors exhibiting such an effect operate from 
transverse, longitudinal, or shear forces, so they are insensitive 
to electric fields and electromagnetic radiation. The response 
obtained from the sensor follows the linear trend corresponding 
to the different ranges of temperature, which makes the piezo-
electric sensor a potential candidate for rugged environments.
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Most commonly, a piezoelectric biosensor is fabricated 
using the biological material that is used in close conjunction 
with a device which performs the transformation of biochemi-
cal signal into a measurable electrical signal. Piezo-sensors are 
widely used due to their cost-effective nature; straight forward 
instrumentation; rapid, low sample pre-treatment time; and 
high sample output (Ho, 1984; Guilbault and Jordan, 1988).

The attempts to develop the antibody-based chemical bio-
sensors (immunosensors) are increasing due to the interaction 
between antibodies and their corresponding antigens. As per 
theory, an immunosensor could be developed if an antibody 
could be bound against a particular analyte for its recognition. 
Despite the reason that antibodies have high affinity and spec-
ificity towards their complementary ligand molecules, most of 
the antibody-antigen interactions do not bring out any electron-
ically quantifiable change. Yet, the exceptional selectivity of 
antibodies has resulted in fuelled research that could overcome 
the inherent problem. The piezoelectric effect of various crys-
talline substances is a helpful property that results in the iden-
tification of analytes (Ngeh-Ngwainbi et al., 1986; Muramatsu 
et al., 1987; Guilbault et al., 1988).

The piezoelectric immunosensor is considered one of the 
most sensitive analytical instruments developed to date, as it 
can detect antigens in the picogram range. Additionally, such 
types of devices are capable of detecting antigens in the liquid 
phase, as well as in the gas phase.

Thus, the present chapter is devoted to the various types of 
piezoelectric sensor, the working principle, and materials used 
in the development of the piezoelectric sensor or device. In 
addition, this chapter further details the fabrication process of 
the commonly used piezoelectric sensors. Besides these, the 
potential application of sensors in the food industry for various 
purposes has been discussed. The commentary section deals 
with the pros and cons of the sensor and what further changes 
can be incorporated to produce a simple and low-cost piezoe-
lectric sensor for future application.

4.2  Principle

Since the 19th century, the piezoelectric effect has been known 
to have wide technical applications. Renowned physicists, 
namely Jacques Curie and Pierre Curie, discovered the piezoe-
lectric effect after recognizing that the anisotropic crystals, i.e., 
the crystals without a centre of symmetry, can generate electric 
dipole on mechanical squeezing. The electric dipole generated 
is also known as piezoelectric. The described effect can work 
in an opposite way if the anisotropic crystal deforms because 
of imposition of voltage on it (Wang, 2012). The above-men-
tioned phenomenon is depicted in Figure 4.1. However, the 
mechanical deformation is a simple condition, and in common 
applications oscillation is chosen like the analytical devices 
mentioned here. In oscillation, initially an alternating voltage is 
imposed on the crystal, then, the mechanical oscillation occurs.

Sauerbrey (1959) and Stockbridge (1996) acquired the basic 
equations that define the correlation between the resonant 
frequency of an oscillating piezoelectric crystal and the mass 
deposited on the crystal surface. Among these equation for 

piezoelectric crystals, the Sauerbrey equation has been widely 
accepted to express the relation of resonant frequency and crys-
tal surface. An empirical equation was developed by Sauerbrey 
for AT-cut quartz crystals that vibrate in the thickness-shear 
mode, describing the relationship between the corresponding 
change in the resonant frequency and the mass of the thin metal 
films deposited on the quartz crystals:
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where, ΔF is the frequency change in oscillating crystal in Hz, 
F is the frequency of piezoelectric quartz crystal in MHz, ΔM 
is the mass of deposited film in g, and A is the area of electrode 
surface in cm2.

These applied to the relationships of the deposition partic-
ulate, as well as the film. When vibration takes place in the 
thickness-shear mode, the oscillating frequency of an AT-cut 
quartz crystal is given by:
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Where, F is the frequency of the crystal, N is the material con-
stant (N = 1.66 MHz-mm for AT-cut quartz crystal), a is the 
thickness of the crystal plate.

Thus,
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For finite amount of change, we may write:
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FIGURE 4.1 Piezoelectric effect (voltage generation due to application 
of mechanical deformation; Mechanical deformation due to application of 
voltage).

(Source: Pohanka, 2017).
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Dividing Equation (4.4) by Equation (4.2) gives:
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If the thickness is defined as:

 
a

M

A
�

.�  
(4.6)

Where, M is the mass of the electrically driven portion of the 
crystal, A is the area of the electrically driven portion of the 
crystal, and r is the density of the crystal.

Assuming constant density, we have:
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If the changes are finite,
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Using Equation (4.6) yields:
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Thus,
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Since, F and M are constants, we may say:

 � �F k M� �  (4.11)

With the change in the crystal mass, the crystal oscillating fre-
quency changes linearly. The change in mass occurs due to the 
deposition of materials on the surface of the crystal. Since the 
density would change, this relationship would be invalid for 
large mass changes, and it is valid only for changes in small 
mass.

Equation (4.10) may also be stated as:
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This shows that the term:
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would increase if the base oscillating frequency of the crystal is 
increased. The term itself is the sensitivity of the crystal sensor, 
and Equation (4.12) shows that sensitivity is directly propor-
tional to the base frequency of the crystal.

If a gas stream is sent flowing over the surface of the piezo-
electric crystal and if it contains an analyte with concentration 
C, then
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where C is the concentration of the analyte in the gas stream, 
ΔM is the mass of analyte in the gas stream, and V is the vol-
ume of the gas in the stream. The volume of the gas stream is 
related to the sampling time by the following relationship:

 V q t= .  (4.15)

where q is the flow rate of the gas stream, and t is the sampling 
time. Equation (4.14) can be rewritten as:
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where E is the collection efficiency of the coating material. If E 
is assumed to be equal to one and substituting Equation (4.16) 
into Equation (4.12), we may say
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or
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Thus, the change in the oscillating frequency of the crystal is 
related to both the sampling time and the concentration of the 
particles in the carrier gas. If we keep the sampling time, career 
gas flow rate and the mass of the analyte in the gas stream con-
stant, we may restate Equation (4.18) as

 �F KC�  (4.19)

Equation (4.19) shows that the change in frequency of the crys-
tal is directly proportional to the concentration of the analyte in 
the gas stream flowing over it.

The crystal detector used in the piezoelectric biosensor is 
believed to be an important analytical tool, which designates 
the relationship between the frequency change and con-
centration of analyte with high sensitivity. Contrarily, this 
above-mentioned expression depicts the rapid change in fre-
quency by the crystal detector due to the deposition of the mass 
of any material on its surface.
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Therefore, the selection of coating for substrate binding 
entirely depends on the chemical or physical binding with 
the substance and should be of high selectivity. The higher 
selectivity thus may turn into a sensor with higher selectivity 
towards the analyte.

4.3  Materials Used for Piezoelectric Assay

There are lots of anisotropic materials present that show pie-
zoelectric effect. For example, inorganic, organic, and a few 
biomolecules like nucleic corrosive give a piezoelectric effect. 
Thus, the development of a piezoelectric biosensor is not 
related to the number of materials; therefore, the commonly 
used material is the quartz crystal due to its good quality and 
outstanding accessibility (Pohanka, 2017). Henceforth, the pro-
duction of modern materials and nanomaterials construction 
both help with changes that can be anticipated in the future. 
Several authors have reported the broad range of materials 
used in the piezoelectric sensor that include aluminum nitride, 
lead titanate, barium titanate, crystalized tourmaline, crystal-
ized toutraline, etc. Gallium orthophosphate and quartz SiO2 
are some of the inorganic anisotropic materials. Sometimes 
organic materials having piezoelectric impacts can be consid-
ered as an appropriate source for the development of piezoe-
lectric biosensors (Struth et al., 1999; Wang and Wereszczak, 
2008; Ferreira et al., 2012; Hees et al., 2012; Meyers et al., 
2013; Zu et al., 2016).

The piezoelectric impact is known for organic particles, 
which welcomes the development of advanced biosensors. 
Protein particle channels with anisotropic properties are a 
promising group of natural atoms meriting advance exami-
nation. With 2,547 amino acids, a murine protein Piezo chan-
nel was made up having 900 kDa molecular weight which is 
a macromolecule with piezoelectric properties (Coste et al., 
2012; Ge et al., 2015). The Piezo channels included in the 
mechanosensory of nociception is portrayed in Drosophila 
(Kim et al., 2012). Collagen, a protein-based biomolecule also 
presents piezoelectric properties (Ravi et al., 2012; Yang et 
al., 2007). Cellulose is an accessible carbohydrate for which 
piezoelectric properties were uncovered as a stage for biosen-
sor development; quartz crystal microbalances (QCM) are an 
exceptionally well-known instrument since this sort of sensor 
is mass delivered for the electronic industry, thus costs less. 
The sensor can be effectively acquired from any of the pro-
ducers. Right now, they are utilized as attenuators in electronic 
gadgets, and they have regularly essential mode recurrence 
1–20 MHz (Pohanka 2017). The common method of quartz 
preparation is to make an AT-cut which allows the functioning 
of frequencies between 0.5 and 300 MHz, but other cuts are 
accessible (Cheek and O'Grady, 1994; Raicheva et al., 2012).

There is a shown increment of the elemental recurrence that 
10 times will cause 100 times higher affectability to a mass 
bound of the sensor surface. Even though the higher frequen-
cies give great openings for a delicate measure, the QCM with 
the high frequencies have disadvantages, like breakability and 
innovatively requesting gear to be manufactured. To achieve 
oscillation, voltage ought to be laid on the opposite terminals 

on the QCM. The common materials innovatively utilized for 
the terminals are gold and silver, but other respectable met-
als can be chosen for development purposes. A mass-sensitive 
detector based on an oscillating piezoelectric quartz crystal is 
involved in the QCM technique that resonates at a basic fre-
quency with the application of an external alternating electric 
field. QCMs are piezoelectric devices made up of a thin plate 
of quartz, with gold electrodes affixed to each side of the plate 
(Wallace et al., 1999; Coulibaly and Youan, 2014; Pohanka, 
2017).

4.4  Fabrication of Piezoelectric Sensor

4.4.1  Antigen Antibody-Based

Piezoelectric biosensors can effectively work in a few modes 
that are coordinate, name free, interact with analyte, etc., and 
give the maximum utilization of points of interest advertised 
for the piezoelectric stage. Antibodies and antigens have come 
up as potential biomolecules and are consistent with a piezo-
electric sensor. We will clarify that thought with two exam-
ples where the interaction of an antibody-antigen could be an 
essential portion of the test. To start, suppose we have a bio-
sensor with an immobilized counteracting agent, which would 
be reasonable for the assurance of entire bacterial cells. In 
this test, a polyclonal antibody against Francisella tularensis 
was arranged by immunization of white BALB/c mice (lab-
oratory bred strain of the house mouse), and the counteract-
ing agent was immobilized on the QCM surface of 10 MHz. 
When F. tularensis was displayed in the inspected test, at that 
point antigen-antibody interaction emerged, and the bacterium 
was joined to the surface, followed with change of frequency 
up to 40 Hz. The application, including 10 MHz QCMs, was 
utilized for a quick and label-free assurance of tularemia, an 
irresistible illness caused by F. tularensis. QCM was utilized 
to immobilize antigen on its surface and antibodies against F. 
tularensis and were measured as a symptomatic marker for 
tularemia illness. Serum from tainted rabbits was used for 
analysis. The fabricated biosensor was well connected with the 
standard enzyme-linked immunosorbent test and displayed a 
primary device for reagent-less illness. A model sensor based 
on (K,Na)NbO3 microstructured strands was fabricated like a 
stage promising for explanatory and demonstrative purposes 
(Pohanka and Skládal, 2007; Lusiola et al., 2016).

König and Grätzel (1993) in their study represented a QCM 
biosensor with immobilized DNA for identification of geneti-
cally modified organisms via hybridization that resulted in a 
mass increase on the biosensor surface. The macromolecules 
can be assayed by the direct interaction of His-tagged proteins 
with the sensor surface. The His-tag interaction with metals 
was used by Song and co-workers (2016) to assay the proteins 
on a QCM biosensor.

In a similar study by Karaseva et al., (2016), 10 MHz AT-cut 
based QCM linked with antibodies against okadaic acid, an 
immunosensor, was introduced to determine the levels of oka-
daic acid in food products. It was observed that, the sensor 
exhibits direct interaction with analyte and continues interac-
tion results in a decrease of oscillations up to 900 Hz.
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4.4.2  Poly (Vinylidene Fluoride-Trifluoroethylene) 
(P(VDF-TrFE))-Zinc Oxide Based Sensor

Recently, Karumuthil et al. (2020) reported the fabrication 
process for a pressure sensing device where the sensing active 
layer was piezoelectric polymer nanocomposite. They also 
introduced P(VDF-TrFE)/1% Zinc oxide (ZnO) piezoelec-
tric polymer nanocomposite as a sensing material. The final 
standardized nanocomposite was effectively used for sensing 
of pressure in real conditions. The developed sensor has a sen-
sitivity of 0.175 μV/psi.

4.4.3  Sb-Doped p-ZnO NW Films for Self-
Powered Piezoelectric Strain Sensors

In the wake of increasing the application in optoelectronic 
devices, medical monitoring devices, and wearable devices, 
a novel sensor based on wurtzite structure has been designed 
where wide-bandgap semiconductors were used. In brief, 
silicon doping was performed on the substrate, followed by 
deposition of dopant solution. The prepared substrate was mag-
netically sputtered by radiofrequency. In addition, the of p-ZnO 
NW film’s effect under strain was determined. The developed 
films were characterized for crystallinity, surface morpholo-
gies, and elemental composition. Results revealed that piezoe-
lectric charges varied under different strains, depending on the 
different designs of devices, and affecting the charge’s carrier 
separation. It was observed that Schottky behaviour is signif-
icantly affected by negatively charged piezoelectric, whereas 
the opposite is the result for positive charges. From this study, 
it can be concluded that these fabricated designs can be suc-
cessfully used in interfacing between man-machine interac-
tions (Huo et al., 2020).

4.4.4  Zinc-Oxide Based Micro Electromechanical 
System (MEMS) Acoustic Sensor

An acoustic sensor is designed and fabricated based on MEMS 
technology which involves RF sputtered zinc oxide that is 
grown along the suitable C-axis orientation. The process of 
fabrication begins with cleaning the silicon wafer with stand-
ard methods (RCA-I and RCA-II), followed by deposition of 
thermal silicon dioxide on it. A thick layer of zinc oxide is sput-
tered using RF sputtering, followed by lithography. The pattern 
of the piezoelectric zinc oxide layer was rendered by etching 
the silicon wafer using Al metal. The process was continuously 
performed until the thick PECVD silicon dioxide layer covered 
the top electrode. The fabrication of the sensor was completed 
after the plasma stripping of the resist. The finished chip was 
bonded to a Pyrex glass base with glass to silicon anodic bond-
ing. The connections to a DC power supply and output signal 
were given through wire bonding on the chip to the respective 
pins. The sensor frequency response was in the range of higher 
sensitivity and reasonable linearity (Saleh et al., 2006).

A piezoelectric material interlinked with an acoustic sensor 
was proposed by Kumar et al. (2019) for a high sound pressure 
level (SPL) with wide band width for audio and aero acoustic 
applications. The sensor was fabricated on ZnO, and simulation 

was also carried out using the finite element method (FEM), 
with the help of a MEMS-CAD tool called Coventor Ware 
(Figure 4.2). The sensor was developed using the optimized 
structural dimensions. The wet etching process was utilized to 
release the diaphragm structure, whereas the radio frequency 
sputtering technique was adopted for ZnO thin film. The fabri-
cated sensing film was characterized by X-ray powder diffrac-
tion and atomic force microscopy. Further, the laser doppler 
vibrometer measured the resonant frequency of the fabricated 
sensor. During a performance assay, it was found that 2.69 A 
current can be passed across aluminum (Al) and deposited on 
the ZnO edge without causing any damage to other counter 
parts. The authors concluded that the sensor displayed a good 
agreement between the analytical and simulated values.

4.4.5  Disposable Piezoelectric Vibration Sensors 
with PDMS/ZnO Transducers on Printed 
Graphene-Cellulose Electrodes

In a recent study, an issue related to the environment, dis-
posal after use, and the fabrication process were addressed by 
Sinar and Knopf (2020), who reported a novel piezoelectric 
sensor based on ZnO transducers. The sensor was printed on 
graphene-cellulose electrodes and was eco-friendly in nature 
(Figure 4.3). The sensor fabrication involves the printing of 
interdigitated electrodes on polymer-coated papers. The non-
toxic materials, such as graphene nanoparticles and carbox-
yethyl cellulose electroconductive ink, were applied to coat 
the papers for sensors. Initially, a thin piezoelectric layer was 
created using a PDMS/ZnO mixture by means of the spin 
coat, along with interdigitated electrodes. The fabricated sen-
sor was characterized by internal structure and crystallinity. 
Besides, the sensor was also characterized in the absence of 
signal amplification, amplitude vibrations, and direct force. 
It was observed from the result that, at a low frequency, the 
voltage output of 541 mVp-p was generated under the 6.3 N 
force. Further, the repeated study was performed at low ampli-
tude and frequency in the range of 50 Hz–2.5 kHz, resulting 
in voltage output ranging from 25 to 452 mVp-p. The authors 
inferred that a developed sensor could be used for temporary 
environmental monitoring, disposable wearable techniques, 
and for intelligent packaging.

FIGURE 4.2 (a) Optical image of wire bonded chip (b) optical image of 
packaged device.

(Reprint with the permission).
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4.5  Immobilization Procedures of Bioreceptors

There are different methods reported in the literature that 
immobilize a molecular bioreceptor on the crystal surface. The 
immobilized compound present in the protein-sensing devices 
calculates the specificity of the device and the parameters, such 
as sensitivity, lower detection limit, reusability, or accounta-
bility for unspecific binding, are greatly influenced by the 
immobilization method. The physical or chemical methods of 
immobilization strategies are mostly employed. The selection 
of the immobilization method is based on detection principles 
and assay format.

The Self-Assembled Monolayer (SAM) formation is one 
of the most used immobilization techniques in the fabrica-
tion of piezoelectric sensors. The ligands are immobilized to 
gold surfaces based on covalent bond formation between the 
sulphur-containing ligands and the metal atoms on the solid 
surfaces. Generally, the monolayers formed by the organothiol 
ligands on the metal surfaces are well-ordered and crystalline. 
The quality of the monolayer is dependent on chain length. 
The organothiols having more than ten methylene groups pro-
vide better protection to the sulphur-gold bond and prevent 
oxidation, which results in stable and reproducible monolay-
ers. Furthermore, the synthetic bioreceptors (like molecular 
imprinted polymer) are being discovered as tools for affinity 
biosensor applications and as substitutes to traditionally used 
monoclonal or polyclonal antibodies (Pohanka, 2017).

4.6  Applications of Piezoelectric Assay

4.6.1  Detection of TB

The methods available for diagnosing tuberculosis (TB) have 
certain limitations, including that the tests are nonspecific in 
nature, are time-consuming, and have technical limitations. 

One of the major drawbacks of pulmonary and extrapulmo-
nary TB, is that the culturing of mycobacterium requires 
nearly four to eight weeks for incubation and detection. The 
development of more rapid and easier diagnostic methods 
for TB has been given a lot of attention, but due to lacking of 
proper sensitivity and selectivity in most of the methods, new 
approaches are required to overcome the drawbacks (Huang et 
al., 1987; Harries, 1990; Sada et al., 1990; Barnes et al., 1991; 
Goldsmith, 1992; Murray et al., 1992; Weissler, 1993). There is 
a requirement for advanced techniques in the biological sample 
that could detect the mycobacterial antigen rapidly. For exam-
ple, antigen detection in saliva could be a non-invasive method 
of screening perilous populations. Recently, one rapid piezo-
electric crystal sensor was found to detect the antigen after 
exposing the electrode to biological fluid. To achieve the rapid 
diagnosis of TB, the piezoelectric sensor would require higher 
selectivity and sensitivity toward the analyte and would need to 
overcome the problems caused by potentially interfering sub-
stances in biological fluids ( Zhou et al., 2002; Kaewphinit et 
al., 2010; Sheikh et al., 2011). Kaewphinit et al. (2010) worked 
with a gold electrode in order to develop a piezoelectric sensor 
for the determination of Mycobacterium tuberculosis with a 12 
MHz AT-cut of a quartz crystal. The modification procedure 
was adopted so the gold electrode would form a monolayer of 
self-assembled nature, exhibiting the oligonucleotide specific 
to the M. tuberculosis. With proved accuracy the sensitive sur-
face interacts with the real samples when compared to a poly-
merase chain reaction.

4.6.2  Detection of Salmonella typhimurium

Babacan et al. (2000) introduced a method based on immobili-
zation methods, using antibodies against Salmonella typhimu-
rium via protein A on a QCM, with the surface pre-coated with 
polyethylenimine for the determination of S. typhimurium. 
The interaction with the analyte (1.5×109 CFU/ml) resulted 

FIGURE 4.3 Fabrication steps for piezoelectric vibration sensors.

(Source: Sinar and Knopf, 2020).
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in a change of oscillations equal to approximately 50 Hz. In 
another study, a biosensor based on QCM material was devel-
oped for estimation of a hepatitis B virus on a base of AT-cut 
having basic frequency of 9 MHz with gold electrodes (Zhou 
et al., 2002).

The interaction between the DNA and the sensor with hep-
atitis in the sample was helpful for detecting hepatitis DNA 
from 0.02 μg/ml. Piezoelectric biosensors are even applied for 
the rapid detection of HIV in biological fluids (Aberl et al., 
1994). An immunosensor was constructed using quartz cut as 
a component for a thickness-shear mode resonator having 50 
MH basic frequency, which is suitable for determining the sur-
face glycoprotein gp120 of HIV (Rozmyslowicz et al., 2015). 
The immunosensor contained an antibody against gp120 
immobilized on the gold electrode of the quartz cut. The bio-
sensor could be used for analysis of a sample as low as 6.5×104 
viruses/mL for a biological fluid sample sized 5 μL. In another 
application, wafers from silicon dioxide were produced by 
lithography, and subsequently, antibodies against gp24 from 
HIV-1, and then gp39 from HIV-2, were deposited on the sur-
face of the wafer (Bisoffi et al., 2013). In a serum sample, the 
biosensor detected 3,000 viral particles, and the assay corre-
lated with a standard polymerase chain reaction. Piezoelectric 
biosensors used for HIV can work in opposite mode also (i.e., 
with immobilized antigen) and is preferable for the diagnosis 
of disease by detection of antibodies specific to HIV (Sheikh 
et al., 2011).

A biosensor based on QCM was built for determining organ-
ophosphorus and carbamate pesticides (Pohanka 2017). The 
immobilized enzyme acetylcholinesterase that was contained 
in the sensor converted 3-indolyl-acetate to insoluble indigo 
pigment that created alteration in the oscillations. The bio-
sensor was involved in the assay of pesticides which inhibit 
the enzyme acetylcholinesterase. There was no formation of 
precipitate due to the enzyme inhibition. The detection limit 
as low as 5×10-8 mol/l and 1×10-7 mol/L of paraoxon and 
carbaryl were assayed respectively. Piezoelectric biosensors 

do act as a promising device for revealing protein mark-
ers. Metalloproteinase-9 is a zinc-dependent hydrolase that 
releases due to cellular matrix degradation and, when released, 
cardiovascular dysfunctions appear. Scarano, along with his 
co-workers, developed a biosensor with aptamer as a biorecog-
nition element (Scarano et al., 2015). The biosensor was based 
on an AT cut of 9.5 MHz QCM, with gold electrodes covered 
with the aptamer. The detection limit of the biosensor was 
equal to 1.2 pmol/L of metalloproteinase-9 and was calculated 
from calibration. Survey of the assays, as mentioned above by 
biosensors, is provided in Table 4.1.

4.6.3  Quality Control of Modified 
Atmosphere Packages

Using the chromogen and proteins (liquor oxidase and per-
oxidase), a commercial ethanol biosensor was composed. 
Oxidation of ethanol into acetaldehyde and H2O2 was cata-
lyzed by liquor oxidase within the oxidation of the chromogen 
by the catalysis of O2 and peroxidase (an H2O2 breaking down 
protein) resulting the change in color.

The biosensor recognizes ethanol at the threshold levels of 
the human olfactory edge (l0 μl/L) in gas stage at 50 °C, within 
15 s of introduction (Smyth 1996). The biosensor reaction was 
somewhat comparative to the one measured by gas chromatog-
raphy, which is costly and requires specialized ability.

4.6.4  Quality Control of Fish and Meat

Trimethyleamine (TMA) is a common chemical released 
from fish by the decay of trimethylamine N-oxide (TMAO). 
Mitsubayashi et al. (2004) fabricated a TMA biosensor by 
means of flavone containing mono oxygenase sort 3 (FMO3) 
onto a touchy region of a broken-up oxygen anode. The fab-
ricated sensor was calibrated against standard TMA arrange-
ments (coefficient of variation = 4.39%) and was a self-evident 
gadget to monitor the freshness quality of fish.

TABLE 4.1

Assays by Piezoelectric Biosensors

Piezoelectric Platform Analyte Principle of the Assay Reported Limit of Detection References

9 MHz QCM with gold 
electrodes

Hepatitis B virus Hybridization of hepatitis DNA with 
DNA immobilized on the QCM

0.02 μg/mL Zhou et al., 2002

50 MHz quartz with 
gold electrodes

Antigen gp120 from 
HIV

Interactions of immobilized antibody 
with the gp120 located on surface 
of HIV

6.5×104 viruses/mL Rozmyslowicz et 
al., 2015

silicon wafer 
manufactured by 
lithography

gp24 from HIV-1 and 
gp39 from HIV-2

Interaction of an Antibody 
immobilized on sensor surface with 
antigen on surface of HIV

3000 viruses Bisoffi et al., 2013

An QCM Organophosphorus and 
carbamate pesticides

Immobilized acetylcholinesterase 
provided precipitate, which was 
piezoelectrically visible, in presence 
of the pesticides, the enzyme was 
inhibited, and no precipitate formed

5×10-8 mol/L of paraoxon, 
1×10-7 mol/L of carbaryl

Abad et al., 1998

9.5 MHz QCM – AT 
cut

Metalloproteinase-9 Interaction between aptamer on the 
biosensor and analyte

1.2 pmol/L Scarano et al., 2015
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4.6.5  Adulteration of Bovine Milk

Adulteration of milk with water, urea, sodium hydroxide, and 
sodium bicarbonate is common and more predominant than 
with any other food commodity. To control the level of adulter-
ation and/or detect the adulteration, certain guidelines, meth-
odologies, and analytical methods, including sensors, have 
been laid down. But due to the cost of analysis and time of 
experiment, time becomes a crucial factor which is a major 
issue to be addressed. To address these facts and to overcome 
the barriers of current methods, Junior and co-worker have 
designed a cost-effective piezoelectric diaphragm transducer 
to identify milk adulteration, based on propagation of mechan-
ical waves. They used the two piezoelectric diaphragms, 
where the first was the excitation of the signal by the chirp 
signal, and two additional piezoelectric diaphragms where 
the first was excited by a chirp signal and, concurrently, the 
response signal was acquired by the second sensor, which was 
installed on the opposite side of the actuator. After the data 
were acquired, the diaphragms were processed by using the 
chromatic technique, which holds three features: equivalent 
bandwidth, average band, and energy that could be used to cat-
egorize the raw and the contaminated milk through clustering. 
The experimental results indicated that the methodology can 
differentiate between raw and contaminated milk with the use 
of 1% of sodium hydroxide. Therefore, the results stated in this 
study show that low-cost piezoelectric diaphragms are prom-
ising sensors for the quality control of liquid food (Junior et 
al., 2018).

4.6.6  Recognition of Eating Habits and  
Nutrition Intake

Kalantarian and co-worker introduced a piezoelectric sen-
sor-based necklace that recognizes the eating habits and mon-
itors the daily nutritional status of the wearer. This sensor 
consists of a microcontroller, Bluetooth LE transceiver, and 
battery. The motion in the throat is captured and transmitted to 
a mobile application for processing, using the user guidance. 
The sensor-based necklace can detect food consumption. The 
data are transmitted to a mobile phone for analysis (Figure 4.4). 
The results collected from 30 subjects have shown the possi-
bility of detecting solid and liquid foods within F-measure of 
0.0837 and 0.864 respectively, using a naive Bayes classifier. 
Additionally, identification of extraneous motions, such as 
turning the head and walking, shows significant reduction of 
the false positive rate of swallow detection. With this approach, 
foods can be classified between solid and liquid categories with 
high accuracy, and the necklace correctly identifies most swal-
lows with the proposed algorithm (Kalantarian et al., 2015).

4.7  Merits and Demerits of Piezoelectric  
Biosensor

Piezoelectric sensors offer various advantages that mainly 
include very high-frequency response, which indicates that 
rapid change in a parameter can be sensed easily. This sensor 
exhibits a high transient response, as detection of the events 

FIGURE 4.4 Scheme of architectural components present in the piezoelectric neckband design and features to classify solids and liquids.

(Kalantarian et al., 2015).
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is performed in microseconds and a linear output is provided. 
They offer a high output that is measured in the electronic cir-
cuit. They are easy to handle as they have small dimensions 
and rugged construction.

Piezoelectric sensors or crystals also possess some demer-
its concerning the efficiency of the transducer. The output 
obtained from the transducer is very low, and an external elec-
tronic circuit is also required. In addition, the transducer is only 
used for dynamic measurement. The piezoelectric crystals are 
sensitive to high temperatures. The crystals are water-soluble 
and require a high humidity environment.

4.8  Commentary and Future Scope 
in Piezoelectric Sensors

Piezoelectric materials are well-known substrates that work on 
the principle of oscillation change and have been commonly 
used in the preparation of certain analytical devices. The piezo-
electric devices or sensors offer numerous applications, includ-
ing label-free detection, sensing of a biological response, and 
other analytes. Recently, many sensors based on piezoelectric 
material have been reported on, owing to the eco-friendly, easy 
to use, and preparation features. The piezoelectric sensor has 
been proven as a promising device in terms of reliable exper-
imental data, though for commercial applications, still more 
promising and efficient approaches are required. Piezoelectric 
materials must be selected based on the end application and 
the transformation into useful analytical or biomedical devices. 
Fabrication of the piezoelectric sensor faces some of the typi-
cal challenges, such as production of highly efficient and bio-
compatible sensors, enhancement in the piezoelectric constant 
of organic materials, and biodegradable piezoelectric sensors. 
These challenges, as mentioned above, need to be overcome 
by including encapsulations of a biocompatible nature. The 
piezoelectric constant for organic materials could be improved 
by designing composites, and adoption of different process-
ing conditions like temperature, or stretching ratio can signif-
icantly enhance the degradable properties. These properties 
need to be incorporated to overcome the challenges faced by 
researchers soon to hasten the utility of these biosensors on 
a broader scale. Such modification may foster fabrication and 
introduction of new piezoelectric materials at a fast pace, with 
advanced applications in medicine, biomedicine, agriculture, 
and defense. The transformation of technologies to a wider 
scale requires specific features and materials, along with the 
adoption and production of low-cost piezoelectric materials. 
In this chapter, the fundamentals of piezoelectric materials and 
developed sensors have been presented, along with emphasis 
on a few fabrications and applications of this technology.
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5.1  Introduction

The concept of electrochemical sensors was introduced from 
the electrochemical cell. In the 18th century, Luigi Galvani and 
Alessandro Volta did different experiments on electrochemical 
reaction and on the electric current, to establish the relation-
ship between electric current and electrochemical sensing. The 
schematic representation of the basic electrochemical cell is 
shown in Figure 5.1, where the primary requirements are cath-
ode, anode, electrolyte, and supply.

In principle, due to the reduction in oxidation reaction, the 
electron starts to flow inside the electrolyte and through the 
conducting wire to complete the electric circuit, which results 
in electric current. The oxidation states depend on the electron 
accepting or donating. If the atom accepts the electron, then the 
oxidation state decreases, and if the atom donates an electron, 
then the oxidation state decreases, as stated by Dorothee et al. 
(also from Wikipedia) [1–2]. There are several common sensing 

techniques, such as the following: cyclic voltammetry, the pro-
cess to measure the current which is generated in the electro-
chemical cell; chronoamperometry, the faradaic process where 
the current can be measured; chronopotentiometry, the galva-
nostatic process where current and voltage can be measured and 
which is time dependent measurement; impedance spectroscopy, 
the method where the AC signal is applied to measure the resist-
ance and capacitance; and also FET (field effect transistor) based 
sensing method, depending on the nano particle and nanotube. 
These are several of the bio sensing methodologies to predict a 
number of chemical and biological changes.

As reported by Lowe et al., [3] some important construc-
tion parameters are required for a successful construction of 
a biosensor:

 1. Specific (Highly specific) biocatalyst requires iden-
tifying, and which will be superior for the purpose of 
detection, analysis, and treatment. Also, another factor 
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is stability. Under normal environmental conditions, the 
stability of a biocatalyst should be high so that there will 
be no significance variation.

 2. pH, temperature, physical temperature, and stirring will 
be independent parameters at the time of reaction. These 
physical parameters may affect the ability to control the 
reaction. So, pretreatment of sample required for the acti-
vation. The enzyme immobilization will be performed 
through the reaction, which is related to the cofactors.

 3. Other important factors about the reaction must be con-
sidered. The reaction should be accurate, precise, and 
reproducible in terms of response. For the fixed con-
centration range (where observation is required) the 
measured output behavior should be linearly variable 
because the output characteristics must be without other 
noise related parameters.

 4. It is also required to maintain the probe and other electri-
cal components for the bio sensor; it is used to monitor 
the medical environment. The micro robotics concept 
can be adopted, and the sensor must be biocompatible; 
there should not be any antigenic effect, and there should 
not be any toxic effect.

 5. The real time analysis is another important factor for the 
biosensor because of rapid measurement and because 
the characters are changed with the environment for the 
different human-related samples. It is essential that the 
biosensor is measured in real time, as it will be applied 
to the human sample.

 6. The cost of the biosensor is another important parameter 
because the biosensor must be easy and low cost for the 
general community use to investigate different diseases. 
Size of the biosensor should be small to integrate into 
the different electronics environments (as a portable). 
The design should be simple enough that a semi-skilled 
person can use the device.

Generally, the selectivity of a biosensor should be of the high-
est importance since the primary requirement of the biosensor 
is because the immobilization of biological molecules is the 
primary concern of the test. As stated by Thevenot et al. and 

Eggins et al., [4–5] the binding of antigen and antibody should 
be element specific. As per Thevenot et al., there are some 
common types of elements in biomedical detection. Enzymes 
among whole cells, receptors, and other elements is common. 
The main concept of the sensor is architecture design, where 
nonspecific interaction can be avoidable. Surface modifica-
tion or research on surface parameters is another dimension to 
improve the performance of a biosensor. As per Chaubey et al., 
[6] there are different nano technologies with surface modifica-
tion to impact the efficiency of measuring the biological data 
within a continuous and constant time period. There are several 
research studies and implementations on biosensor instruments 
and sensing materials [7]. Day to day technologies improve the 
device performance on the micron scale, which has resulted in 
the handheld device. A popular instrument in this field is the 
glucose sensor. Here, the newly introduced testing technol-
ogy is point of care testing. Among all the advantages, there 
are some disadvantages in the point of care system, namely, 
that cost effectiveness may mean less ability to reduce in size. 
Consequently, results in the application of the point of care sys-
tem is restricted to the laboratory environment, not in the filed 
application. In 1962, the first generation glucose oxidase (GOx) 
biosensor was the first introduction of a biosensor in the field 
of research and application [8]. Glucose oxidase (GOx) is also 
a hot research field and application field, with different dimen-
sions and improvements, but which started in 1960 [9]. For 
the purpose of sensing of glucose oxidase (GOx), an electro-
chemical sensor does not create complexity. The drawback of 
complexity and cost effectiveness in a high sensor setup is only 
possible due to less circuit and construction complexity and 
similar technological advancements in the field of research with 
normal electronic read-outs and processing. Although there are 
several positive sites of electrochemical biosensors, such as, a 
very small amount of analyte is required for detection, it is easy 
to go to small device structure, where a large and robust detec-
tion range is available. Also, more research and development is 
continuing on the low cost electrochemical biosensor as a future 
scope of study. The surface architecture is very much related 
to desired high sensitivity identification and sensibility to the 
desired biochemical events. So surface modification is related 
to improving the efficiency of the biosensor. The ionic strength 
in bio-fluids can differ significantly with the pH, which affects 
the response of important classes of biosensors, such as immu-
nosensors [10–11]. So, to improve the performances of elec-
trochemical biosensor, nanotechnology plays an important role. 
Nano technology increases the surface to volume ratio. Due 
to the decrease in size of the nano particles, electrochemical 
band gap increases, which increases the probability of detec-
tion by using surface electrons. Also, due to increase of the 
surface to volume ratio, the device size compressed drastically, 
which translates to compact size. There are other advantages of 
nano technology, such as reduction of the electric consumption, 
with a result of low power loss. So, for the advancement of the 
electrochemical biosensor, several dimensions of research are 
required, including the thorough understanding of chemistry, 
materials, and reactions; a required understanding of device 
operation principles; and a solid understanding of physics mate-
rial. Also, a major part of the sensor is its circuit architecture, 
along with computer output so the data can be accessed easily. 

FIGURE 5.1 Schematic of basic electro chemical setup.

(main requirements: Cathode, Anode, Electrolyte, and Supply).
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Even still, selectivity is the issue where an array of sensing lay-
ers plays an important role [12].

In the year 1950, electrochemical sensors were used for oxy-
gen monitoring. Then, in 1980, the reduced electrode size had 
an important role in detection. If we go to the reduced size of 
an electrode, then the sensing material should have high sur-
face to volume ratio. So, nano technology plays an important 
role in the detection of bio molecules and promises noticea-
ble improvements in selectivity and detectivity. Based on the 
structure, material, circuit, and electrodes, the electrochemical 
biosensor can be classified in several ways.

In principle and application, there are several types, includ-
ing: potentiometric sensors, voltammetric sensors, electro-
chemical biosensors, enzyme amplified immunosensors, 
enzyme labeled DNA sensors, and label-free electrochemical 
DNA detection [13–14].

There is a main technological difference between a biosens-
ing component and bioelectrochemical components. For the 
measurement of a biosensor, the extracted information in terms 
of electrical signal in the biological system is quite related to 
the electrochemical nature. On the other hand, in biochemical 
sensing the main transduction element is the bioelectrochemical 
component. There are a variety of recognition elements, elec-
tro-chemical detection techniques predominantly use enzymes 
related to the biochemical sensor. The varieties of sensing tech-
niques are most specific, due to different molecular-biological 
properties such as their specific binding capabilities and bio-
catalytic activity. There are also some biorecognition elements, 
such as antibodies, nucleic acids, cells, and micro-organisms. 
To monitor the different binding events in bioelectrochemical 
reactions in an immune sensor, several compounds are used, 
such as antibodies, antibody fragments, or antigens. There are 
three main measurement parameters, such as current, voltage, 
and resistance, in electrochemical based biosensors. When the 
experiment is carried out and the suitable results are observed 
in the form of current, then the sensor is called amperometric 
biosensor, when the results are observed in the form of voltage 
(as charge accumulation) then the sensing is called potentiom-
etric biosensor, if we measure the result in form of resistance 
or conductance then the sensor is called conductometric bio-
sensor. If both the resistance and reactance [15–17] are meas-
ured, then the sensor is ipedimetric based biosensor. Also there 
are some sensors which are based on the field effect transistor, 
where the gate potential changes with the sensing materials, 
causing an observable variation of current. Another important 
component in electrochemical sensing is electrode surface. 
Electrode surface plays an important role in enhancing the per-
formances of electrochemical biosensors. The detection ability 
mostly depends on not only electrode material but the different 
modified structure of the electrode on the chosen function of 
the biomedical application. Discussed later in this chapter, are 
the required three main parts of electrochemical sensors, such 
as a reference electrode, a counter or auxiliary electrode, and 
a working electrode, also known as the sensing or redox elec-
trode. The common material for the reference electrode is Ag/
AgCl, which is maintained with a known and stable potential 
by keeping a distance from the reaction site. The transduction 
element in the biochemical reaction in the bio electrochemi-
cal sensing arrangement is the working electrode. Whereas to 

connect with the electrolyte solution with the working elec-
trode, the counter electrode plays an important role. Both the 
working and reference electrode should be highly conductive 
and more chemically stable for getting more lifetime in the 
electrochemical sensor. Based on the chemical reaction and 
efficiency of sensing devices, several electrodes are being 
considered, such as conducting gold, platinum, and the recent 
trends to the use of graphite, deposited graphene, and carbon 
nanotube [18–19]. The detailed, electrochemical sensor review 
is published by Mehrval et al., which is very much helpful in 
carrying forward the research work. Different challenging and 
efficient nano technologies are being introduced to the field of 
bioelectrochemical sensing to improve the surface to volume 
ration and decrease the size of the device with same perfor-
mance or better performance, because the nano particle itself 
shows several interesting sensing behaviors. The nano struc-
ture is very much useful in terms of selectivity and an efficient 
sensing property as there is a change of band gap, change of 
chemical property, and change of electric property. The sens-
ing material with the nano structures are compatible to the size 
of the target biomolecules, the sensitivity of the sensor due to 
high surface to volume ratio, and the higher capture efficiency 
[21]. It is already seen that the nanostructures represent the 
efficient, developed electrochemical biosensor which may help 
in using as electrochemical labels for DNA sensing [22–23]. 
Several types of nano structures are investigated in the field of 
nano technology, in bio electrochemical sensing performance 
such as, nano tube, nano wire, nano pyramid, and nano particle. 
These structures may be aligned vertically or horizontally with 
the sensing surface. Nanowires, carbon nanotubes, nanoparti-
cles, and nanorods are merely some of the familiar objects that 
are emerging as candidates to become crucial elements of future 
bioelectronic devices and biosensors. In the bioelectrochemi-
cal sensor for the amperometric used to measure the current 
from the oxidation or reduction of an electroactive species in a 
biochemical reaction, the suitable electro chemical is required 
to do the active measurement. So for the amperometric elec-
trochemical biosensor, a current is produced with the correct 
proportion to the oxygen concentration. This is measured by 
the reduction of oxygen at a platinum working electrode in ref-
erence to a Ag/AgCl reference electrode at a given potential. 
In the amperometry and voltammetry method, current is meas-
ured at a constant potential, and on the other hand, the current 
is measured with a controlled variation of the potential used 
for the biomedical electrochemical sensing performances and 
for the electroactive species. The sufficient concentration of the 
solution is measured, considering the peak value using linear 
scale, which is directly proportional to the solution concentra-
tion [26]. The intrinsic nature of analytes behaves as the redox 
parameters of the electrochemical reaction; the technique works 
efficiently at the working electrodes. It may not always be the 
suitable voltage change, which is related to the performance of 
electrochemical sensors. It is said that an aerometric device is 
more suitable than the potentiometric device. The more accu-
rate amperometric device is the glucose sensor. A combination 
of immunosensing in an amperometric device is very useful for 
pregnancy testing by sensing the levels of the human chorionic 
gonadotropin β-subunit (β-HCG) [27–28]. Magnetic micropar-
ticles are used to increase the biocomponent attachment and 
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surface binding through the increased surface to volume ratio 
[29]. Also, by using this technique, Kueng et al. [30]. devel-
oped an essential biosensor to detect adenosine-5’-triphosphate 
(ATP) at physiological pH values, as demonstrated in the Figure 
5.2. The immobilization of glucose oxidase (GOD) and hex-
okinase (HEX) is carried out at the surface of the sensor. A 
sample curve for their amperometric measurements is shown 
in Figure 5.2.

This chapter is mainly focused on applications and the related 
fabrication procedure. A small example of electrochemical 
sensors is discussed for basic understanding. Electrochemical 
sensors, also known as fuel cells (specific application) with 
two electrodes (working or sensing electrode and a counter 
electrode).

5.2  Working Principle of Electrochemical Sensor

Placed in between two electrodes, a conducting medium is 
required to move an ion particle. Suppose the purpose of this 
type of sensor to detect toxic gas, such as carbon monoxide 
(CO). At the working electrode, the following reaction will 
occur:

 CO H O CO H e� � � �� �
2 2 2 2  (5.1)

Generated protons (H+) move toward the counter electrode, 
and generated electrons move to the counter electrode through 
the external wiring. The following reaction will occur in the 
counter electrode.

 

1
2

2 22 2O H e H O� � �� �

 
(5.2)

By measuring the current between the two electrodes, this elec-
trochemical cell can be utilized as a gas sensor.

Theory: With the gas flowing toward the working electrode 
with diffusion film, an output current will flow across the 

external circuit. The linear relationship of gas concentration to 
sensor output is shown in Equation (5.3) [32].
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(5.3)

Where,
I: Sensor output
F: Faraday constant
A: Surface area of diffusion film
σ: Thickness of diffusion film
D: Gas diffusion coefficient
C: Gas concentration
n: Number of reaction electrons

5.3  Major Components of Electrochemical Sensor

An electrochemical sensor consists of the following major 
components:

 (a) Hydrophobic membrane

 (b) Electrode

 (c) Electrolyte

 (d) Filter

 (a) Hydrophobic membrane: This is used to cover the sen-
sor’s sensing (catalyst) electrode and, in some instances, 
to cont rol the amount of gas molecules reaching the 
electrode surface. These are also two types (1) mem-
brane clad sensors, (2) capillary-type sensors.

 (b) Electrode: Material selection is very important for the 
electrode performance. In general, noble metal, such as 
platinum or gold, and catalyzed is used for an effective 
reaction. Also shape and size of the electrode with dif-
ferent surface treatment is important to analyze different 
sensing performances.

 (c) Electrolyte: The electrolyte must facilitate the cell reac-
tion and carry the ionic charge across the electrodes effi-
ciently [31].

 (d) Filter: By properly selecting the filter medium, an elec-
trochemical sensor can be made more selective to its tar-
get gases.

Several parameters are required to investigate to see the sensor 
characteristics and sensor output, such as, (a) sensor lifetime, 
(b) pressure effects, (c) temperature effects, (d) linearity, (e) 
stability and drift.

 (a) Sensor lifetime: Electrochemical reaction results in the 
oxidation of the lead anode, so, periodic calibration is 
needed as the electrical/chemical properties of the cell 
change with time. When all the available electrode sur-
face has been oxidized, then the cell will no longer pro-
duce an output. So, change of the electrode is required. 
The cell life also depends on the humidity level of the 
sample gas [33].

FIGURE 5.2 Kueng et al. develop essential biosensor to detect adenosine- 
5'-triphosphate (ATP) at physiological pH values.
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 (b) Pressure Effects: The current generated by the cell is 
proportional to the volume fraction of oxygen, and this 
is independent of the pressure of the gas. But transient 
current can be generated, which will be seen as a change 
in the oxygen reading on the analyzer due to a small 
change of pressure.

 (c) Temperature Effects: The electrochemical cells are sen-
sitive to temperature, although the effect is relatively 
small. To minimize the effects of temperature change e 
temperature compensation can be fitted.

 (d) Linearity: The linearity in output characteristics is 
required for better sensing performance. Due to the non-
linearity and due to reduced lifetime, the device per-
formance is not constant. Output of the sensor can be 
expressed as an Equation (5.4).
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Where C is the fractional concentration of oxygen.

 (e) Stability and Drift: The design of the cell requires that 
the cell’s speed of reaction should be sufficient for dif-
fusion through the capillary, and all other stages in the 
process should be significantly faster [34–35].

5.4  Technological Aspect and Fabrication

In recent years, development of nano material has become 
important. The properties of the nano material change the elec-
trochemical sensor. Having different types of nano material is 
extremely important to amplify the signal in electrochemical 
sensor. There are several approaches of the nano technology in 
the electro chemical sensor. If the nano technology is imple-
mented on the working electrodes, then active surface area 
will be increased, and as a result the sensitivity and detectivity 
will also be enhanced. The result signifies that specific chem-
ical analytes incorporate with increasing numbers of binding 
sites, which is confirmed through the different characterization 
techniques [36]. There are several researchers working on the 
different materials. Very recently, carbon nanotubes (CNTs) act 
as the promising material for the unique chemical, mechanical, 
conductivity, geometrical, and surface characteristics. The dif-
ferent attractive properties of carbon nanotubes (CNTs) make 
them very suitable for efficient detection in the electrochemi-
cal sensor [37–38]. CNTs have large surface area. Due to the 
huge surface to volume ratio, CNT shows efficient catalytic 
activities. CNT increases the charge transfer reaction, and as 
a result these materials are very useful for fabrication of elec-
trochemical sensors. As the way to improve the performance 
(electron-transfer reactions and sensitivity) of electrochemical 
sensors, CNT is the attractive component [47–49]. Integrated 
platform is another essential step to get local to global data dis-
tribution for real time sensing applications. So, fabrication and 
optimization of a sensor with an integrated circuit is another 
dimension of research. It is crucial to understand the principles 
of sensor efficiency and circuit efficiency with the integration. 

Micro/nanoscale patterning of small area electrochemical sen-
sor surfaces enhances the sensor performance to overcome the 
limitations resulting from their small surface area, and thus is 
the key to the successful miniaturization of integrated platforms 
[50]. Another dimension of electrochemical sensing technology 
in health monitoring and in terms of sensing and diagnosis of 
different disease, the application of nano technology is crucial 
to integrate the sensor with electrochemical circuits with device 
electronics on a comparatively small size scale [51]. To reduce 
the impedance of the sensor or to enhance the device perfor-
mance, more attractive and useful microscale and nanoscale 
patterning of the sensor surfaces are handled [52]. This micros-
cale and nanoscale patterning is feasible for the large scale of 
printing by using the screen printing technique [53]. But there 
is a small disadvantage, that for every different nano structure, 
different screens are required. So, this technique may be use-
ful for industrial application but not for research application. 
Another challenging and attractive method is three-dimensional 
(3D) printing technology, which enhances the performance of 
the device in terms of the surface to volume ratio and device 
property. This technique is useful to make complex devices and 
microfluidic channels, which can be used as platforms to house 
sensors made by conventional methods [54–59]. However, 
exploiting the capabilities of 3D printing technology to fabri-
cate materials that can function as electroanalytical sensors has 
been a recent development, due to the availability of conductive 
materials that can be used in printing [60–63].

5.5  Different Electrochemical Sensors

The important electrochemical sensor and sensing techniques are:

 (a) Cyclic Voltammetry (CV)

 (b) Electrochemical Impedance Spectroscopy (EIS)

 (c) Field-Effect Transistor (FET)

 (d)  Electrochemical Surface-Plasmon Resonance (EC-SPR)

 (e)  Waveguide-Based Techniques and Electrochemistry

 (f) Magnetic Biosensors

 (g) Electrochemical Signal Transduction

5.5.1  Cyclic Voltammetry (CV)

CV is the electrochemical technique to measure the current 
that is generated in the working cell, where the excess voltage 
is predicted by the Nernst equation.

The oxidation occurs from initial potential (capacitive cur-
rent) to the switching potential (faradaic current), and scan 
potential is used for the oxidation process. Resulting anodic 
peak current is denoted as ipa, and corresponding potential is 
called anodic potential (Epa). Then switching occurs at the 
maximum point. The cathodic reduction takes place with the 
negative cathodic current ipc (as mentioned in Figure 5.3). In 
electrochemical sensing, one of the most important procedures 
is to measure the signal of electroanalytical methods, where 
the signal is captured by varying potential and measuring cur-
rent, through which information about an analyte can be gen-
erated. The technique is known as voltammetric technique. 
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In the electrochemical system, potential can be varied in the 
different variable potentials, for practical purposes, several 
types of voltammetry are investigated, such as: polarography 
(DC Voltage, Kissinger, P.T. et al., 1983) [64], linear sweep, 
differential staircase, normal pulse, reverse pulse, differential 
pulse, and more [65]. The information about Redox potential 
and electrochemical reaction rates (e.g., the chemical rate con-
stant) of analyte solutions cyclic voltammetry is the superior 
and widely used measurement technique. In this measurement 
technique, fixed voltage sweep is used between two values 
with a fixed rate. In this case, if we consider the two voltage 
value is V1 and V2, then the voltage sweep occurs to V1 when 
it reaches the other value, V2. The scan rate, (V2 − V1)/ (t2 − t1), 
is a critical factor, since the duration of a scan must provide 
sufficient time to allow for a meaningful chemical reaction to 
occur. Varying the scan rate, therefore, yields correspondingly 
varied results [66]. The voltage is measured between the ref-
erence electrode and the working electrode, while the current 
is measured between the working electrode and the counter 
electrode. The terminology voltammogram is known from the 
measurement of cyclic voltammetry (CV) which is plotted cur-
rent vs voltage. Change of current is related to the change of 
voltage. When due to electrochemical reduction of analyte, the 
voltage increases and as a result the current increases. When 
the reduction potential increases and is more than the voltage 
V2, then the current starts to decrease and forms a peak as the 
analyte concentration near the electrode surface reduces. This 
reaction is because the oxidation potential has exceeded the 
final value, V2. The scan will be completed when the voltage 
swept from V2 to the final value V1, then it begins to reoxidize 
the product from the initial reaction. As a result, the reduced 
current started to increase with the opposite polarity, which is 
known as the forward scanning. But again decreases, having 
formed a second peak as the voltage scan continues toward V1. 
The reversibility of a reaction at a given scan rate is known 
from the information provided by the voltammogram [67]. The 
I-V shape, which is known as the voltammogram for a given 
compound depends on the two parameters, i.e., a.) the scan 
rate, and b.) the electrode surface. The shape of the voltammo-
gram changes after each adsorption step. On the other hand, 
the voltammogram depends on the catalyst concentration. 
For example, increasing the concentration of reaction specific 
enzymes at a given scan rate will result in a higher current 

compared to the non-catalyzed reaction [68–69]. The research-
ers describe the entrapment of cholesterol oxidase in a silicic 
sol-gel matrix (which is known as cholesterol biosensor), This 
action occurred using a Prussian-Blue-modified electrode. The 
selectivity and the sensitivity deeply depends on the modifica-
tion of the surface of the electrode, which is related to the com-
plete biosensor. By means of CV, they were able to determine 
a 3¾ detection limit of nearly 1.2x10−7 M compared to other 
reported detection limits on the order of 10−5 M, from literature 
at the time. Further the characterized system was carried out 
using chronoamperometry and obtained a 3¾ detection limit 
of 5.4x10−7 M. So, It can be stated that cyclic voltammetry 
(CV) technology is very useful for sensing and to character-
ize the processes that take place on the sensing electrode. The 
electrochemical characteristics research and implementation 
is done with the modified process of a biosensor. The group 
uses CV technology to detect the concentration of the H2O2, 
and the fabricated device shows very high sensitivity. To get 
better sensitivity, the horseradish peroxidase (HRP) was immo-
bilized on a platinum disk electrode, modified with a gold col-
loid-cysteine-nafion film, in an approach to enhance the direct 
electron transfer between enzymes and electrodes without 
chemical mediators [69–73].

5.5.2  Biosensing Using Electrochemical 
Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is the elec-
trochemical measurement technique based on different AC 
frequencies to measure electrical impedance of the interface 
between metal and electrochemical solutions over a wide range 
of frequencies (from 1 mHz to 10 kHz). Another technological 
advancement in electrochemical biosensors is electrochem-
ical impedance spectroscopy. In 1975, the first research and 
implementation was carried out on electrochemical impedance 
spectroscopy (EIS) [74]. For the process, the input signal is 
considered as the sinusoidal signal, where the potential U is 
the variable potential. When the small varying potential U is 
applied to observe, the current changes, denoted as I [75]. To 
calculate the complex impedance, the output frequency varies 
with the excitation frequency f, and as a function frequency 
(which is known as angular frequency W). By varying the 
excitation frequency f of the applied potential over a range of 
frequencies, one can calculate the complex impedance, sum 
of the real and imaginary impedance components of the sys-
tem, as a function of the frequency (i.e., angular frequency w). 
Therefore, EIS combines the analysis of both real and imag-
inary components of impedance, namely the electrical resist-
ance and reactance, as shown in Equation (5.5) [76].
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Z(jw), U(jw), I(jw), Zr(W), Zi(W) are the total impedance, 
potential, current, real part of impedance, and imaginary part 
of impedance, respectively. Knowing the property of the intrin-
sic material EIS possesses is very useful technique. Also, for 

FIGURE 5.3 Cyclic voltammetry (CV) of a single electron 
oxidation-reduction.
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the method, the conductivity/resistivity/capacitivity of an elec-
trochemical system will be influenced by the EIS process. For 
the biosensor transduction process, the development and anal-
ysis of materials, EIS is a very useful tool. EIS process is also 
useful in studying the polymer degradation process. Suppose 
in the case of insulating, polymer coating on the conductive 
electrodes, one of the most important factors is degradation 
of coated polymer, which can be observed by the introduction 
of enzymatic reaction. The nature of the polymer can be stud-
ied through modification of impedance characteristics. In the 
enzymatic reaction, free mobile ions can penetrate the coated 
polymer material, then the insulating nature of polymer will 
be changed, which results in change of impedance character-
istics of the trans-conducting element [77–78]. An example 
of the electrochemical EIS fabrication and characterization is 
the hydrogen peroxide (HRP) biosensor [79]. Impedance tech-
niques are very interesting in observing the changes in electri-
cal properties, which occurs in the bio recognition event at the 
surface of a proposed different electrode of the electrochemical 
sensing process. This can be measured in the changes in the 
conductance of the electrode. As a result, it will be the meas-
ured value of protein immobilization, and the reaction will 
occur at the surface of the antigen and antibody [80–85]. On the 
other hand, it is also possible to measure the capacitance value 
with the EIS technique. This capacitance measurement to see 
performance is also known as Faradaic impedance spectros-
copy. Ketz, Willner et al. proposed a technique where an array 
of inter digited electrodes are constructed to observe the reac-
tion between antibodies at the surface of all electrodes. At the 
time of observation, it is seen that the binding event occurs in 
between the antibody/antigen components. Now if we alter the 
electrical properties at the space between two electrodes, then 
the gap plays an important role. Capacitance and inductance 
is changes with the gaps. Now the measurement conductivity 
corresponds to a real part, which is the impedance components 
Zr(w) and an imaginary part, which is capacitance component, 
or refers to the imaginary impedance component Zi(w).

5.5.3   Biosensing Using Field-Effect Transistor (FET)

A semiconducting material based or solid-state based biomed-
ical sensor is the Field Effect Transistor (FET) based sensor. 
In the FET based sensor there are three main components, i.e., 
gate, source, and drain. When two types of FETs are pres-
ent, one is the enhancement type and the other is the deple-
tion type. An electric field is used to flow the current between 
drain and source through a channel. When the gate potential 
is changed, then the conductivity of the device will change. 
Change of gate potential plays a very important role in con-
trolling the current between the source and the drain and in 
sensing. In the channel, the inverted layer is created based 
on the substrate doping. The substrate doping may be posi-
tive or negative, so gate potential either attracts or repels the 
charge carriers in the conducting channels. There may be by 
default an accumulation region, or based on the electric field, 
there may be a depletion region. Finally, based on the applied 
potential, an inversion layer will be created, which is known 
as the channel. As earlier discussed, this applied potential at 
gate may control the conductance between sources and drain 

electrodes. There are three modes of operations in the FET 
device. In the linear mode, much less gate voltage is applied 
where gate to source voltage is less than the drain to source 
voltage. Behavior becomes a variable resistance mode of oper-
ation, although the FET is operable in the saturation mode. 
This mode is also applicable for the constant current source 
mode. The saturation mode varies with the pinch off condition 
or pinch off voltage. From the gate to source voltage, the level 
of constant signal can be determined. There is no such use 
of breakdown mode in biomedical applications. For the very 
weak signal or for the high sensitivity behavior, the FET based 
electrochemical sensor is useful [86].

5.5.4    Electrochemical Surface-Plasmon 
Resonance (EC-SPR) Based Sensor

This Surface Plasmon Resonance (SPR) is another very effec-
tive sensing mechanism. With it, low signal can be detected 
with very high quantum efficiency. Noble metal such as Ag, 
AU, and Cu plays an important role in the surface plasmon 
polariton, where two different dielectric materials are required 
to be coated with the noble material. If we apply a specific 
incident angle with a specific wavelength of light that is irra-
diated on the surface of noble material, then the evanescent 
field wave is generated in the evanescent field, from where the 
total internal reflection (TIR) exited as an electron wave. This 
surface electron wave is known as surface plasmon, and the 
incident angle is known as SPR angle. The electron wave, or 
surface plasmon polaris at the surface of the noble material, is 
due to availability of the free electrons. After the coupling of 
the electromagnetic evanescent field, the wavelength extends 
longer than 250 nm at the conducting surface where the plas-
monic effect takes place. As an example, the excitation of Ag 
is approximate 700 nm. The intensity of the plasmon decays 
exponentially. If the refractive index of SPR spectroscopy 
changes for the deposition of biosensing molecules due to 
changes in the conductive thin film, the sensing behavior will 
change. If the concentration of the biomolecules changes at the 
surface [87–93], then the vicinity of the thin film will change. 
As a result, the signal behavior will change, which is refer to as 
sensing behavior. By using the Feijter formula the surface con-
centration with the mass coverage will be calculated [94–96]. 
SPR biosensors can be used for the determination of a num-
ber of surface binding interactions, such as: small molecule 
adsorption, protein adsorption on self-assembled monolay-
ers, antibody-antigen binding, DNA and RNA hybridization 
[97–98], protein-DNA interactions, binding kinetics, affinity 
constants, equilibrium constants, and receptor-ligand interac-
tions in immunosensing, etc [99]. It is observed that the metal 
is the main part for sensing mechanism. It plays an important 
role to excite the surface plasmon. On the other hand, it acts 
for the working electrode to conduct the current and to get the 
signal. So, in EC-SPR, which is the combination of electro-
chemistry and SPR, the metal plays an important role to con-
trol the biosensing mechanism [100–101]. For the plasmonic 
electrochemical biosensing devices, the thin metal plays an 
important role or dual role. In the nanometer range metal film, 
one can obtain the information for both the electrochemical 
and optical properties. So, this is useful in detecting the thin 
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deposition of biomolecules where EC-SPR plays an important 
role for high sensitivity. This deposition of the biosensing layer 
may be mono or multilayer. Two popular detection methods are 
self-assembly and electro polarization methods [102–103]. To 
measure the reaction kinetics of biomolecules in the presence 
of electric fields, the combination of SPR with electro chemi-
cal configuration is very much useful. Georgiadis and Heaton 
et al. perform an experiment to monitor the in situ hybridiza-
tion of DNA where the electrochemical potential field is varies 
[104–105]. A multilayer assembly process with gold particles 
is one of the advancements in the EC-SPR characterization and 
detection technique [106]. A proposal by Kang et al. suggests 
using the EC-SPR technique in the presence of hydrogen per-
oxide (H2O2) on the gold (Au) film as a biosensor. Sensing con-
ductivity in the gold electrode surface is observed for the large 
sensing area (as the surface volume ratio is high) through the 
combination of SPR and the electrochemical oxidation reduc-
tion process.

5.5.5  Biosensing Waveguide-Based Techniques  
and Electrochemistry

If the sensitivity is required for the small numbers of adsorbed 
analyses (which is very few as compared to other most 
effective biosensors) then waveguide based technique with 
electrochemistry is the most dominant method. In the fabri-
cation process, optically transparent material making is dif-
ficult, so there is a probability to do the combination method, 
where waveguide spectroscopy (with electrochemistry) with 
SPR technique is considered. This combination is due to the 
requirement of both optically transparent material and an inter-
face electrode. Optical Waveguide Light Mode Spectroscopy 
(OWLS) is a label-free technique that allows for in situ meas-
uring of adsorption, desorption, adhesion, and bio specific 
binding processes. There, the different optical polarization 
techniques to the application of biosensing, in the Optical 
Waveguide Light Mode Spectroscopy (OWLS) method, line-
arly polarized laser light is considered where the light will be 
coupled with waveguide with a different incident angle. But, 
there are two defined incident angles, known as the coupling 
angle. Above the surface of the wave guide within the eva-
nescent field, the refractive index can be modified through the 
coupling angle. The determination of the adsorbed mass and 
the adsorbed molecules can be observed through the technique 
in coupling. Feijter’s formula can be considered for the calcu-
lation. To get the control over the surface, adsorption electro-
chemical OWLS (EC-OWLS) and the evanescent field may be 
combined in the optical sensing method. Mass adsorption with 
the function of potential that is applied can be helpful to cal-
culate the directly observed value. According to the scheme, 
above mentioned electrodes are connected. In this process, the 
very popular transparent conducting electrode is Indium tin 
oxide (ITO).

5.5.6  Magnetic Field Based Electrochemical  
Biosensors

Magneto resonance imaging (MRI) is the widely used tech-
nique in the presence of a magnetic field for highly efficient 

biomedical applications. Also, several techniques exist where 
electrochemistry is combined with the magnetic field for 
biosensing application. Several researchers introduced dif-
ferent works on the magnetic resonance method, such as: 
use of magnetic remanence and/or relaxation, mixed excita-
tion frequency response, cantilever movements (e.g., force 
amplified biological sensor, FABS), inductance, induced cur-
rent or magneto resistance, such as giant magnetoresistance 
(GMR) [108–120]. All the above mentioned techniques are 
due to combinations of magnetic field and electrochemistry 
in the biosensing application. In the year 1856, Thomson dis-
covered that the magnetoresistive effect is the change of the 
resistivity of a material in response to a magnetic field. For 
the detection of pre hybridized biotinylated DNA, the mag-
neto resistive effect in the presence of a magnetic field and 
electro chemistry is very suitable [121–122]. The changes in 
the voltage with the changes of resistance can be measured in 
the presence of an applied magnetic field. Magnetic fringing 
field plays an important role in the change of resistance. The 
fringing field has an important role in the change of voltage 
(which is created from the magnetic moment) of the function-
alized magnetic field. Magnetic nano particles bonded with 
the complementary molecules of the food sample, useful in 
food sensing. There are several applications using magnetic 
particles, such as food science and technology, the drug deliv-
ery system, biomedical image sensing, different biomedical 
treatments, medicine, diagnosis, etc [123].

5.5.7  Electrochemical Signal Transduction for  
the Biosensing

Direct transduction of a electrochemical reaction to the electri-
cal current is the basic operating principle for electrochemical 
biosensors. The basic principle of the electrochemical sen-
sor has been introduced long ago, better known as the useful 
biosensor.

First generation sensors: The oxygen based electrochem-
ical sensor is the first generation sensor, used when 
glucose oxidase (GOx) glucose oxygen reacts, and as a 
result gluconic acid and hydrogen peroxide are formed. 
But there is a problem. It is necessary to maintain the 
oxygen concentration, but that is very difficult to main-
tain. Constant oxygen supply is required for these types 
of setups.

Second generation sensor: The oxygen was replaced by 
other, reversible, oxidizing reagents, also known as 
mediators. They are often based on iron, e.g., ferro/
ferricyanide.

Third generation sensor: Denaturation of the enzymes 
was taken into account. In order to prevent unfolding and 
inactivation, they were directly coupled to the electrode. 
In such a configuration, no more mediators are required.

As the products are spread in all directions, it is necessary 
to continue this reaction very near to the electrodes. Another 
problem is that the reaction takes place away from the surface 
of the electrode. When the reaction takes place away from the 
surface, then the signal received in the electrode will be less. 
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So, a required mediator between the electrode and electrochem-
ical reaction location. There is a direct or indirect relationship 
with mediator. Redox enzyme acts as an electrocatalyst for 
the biosensor where electron transfer is directly contact based, 
which is also popular in the third generation biosensor. In the 
previous sensor, the mediator plays an important role, but in the 
third generation biosensor technique, a mediator is not required 
for the specific substrate selectively catalyzed to immobilize 
the surface of the enzyme. The direct transformation of a free 
electron is occurring from the electrode to substrate or sub-
strate to electrode. An enzymatic reaction is required where 
the efficiency of the reaction will be very high [124–125]. To 
maintain the reduced distance between the enzyme and the elec-
trode surface, the direct transaction or transfer of electron plays 
an important role. While the mediator requires fewer sensors, 
these types of problems reduce the sensitivity of the biosens-
ing devices. Kuznetsov et al. [125] estimated the decrease upon 
increasing distance by having a hemoglobin layer between the 
electrode surface and the laccase molecule or conjugating the 
laccase with an antibody. It is found that if we increase the dis-
tance from the surface then the signal strength will decrease 
exponentially or drastically. This may be due to less charge 
accumulation in the range 1nm where the signal is slightly 
detectable. In the indirect transduction, the electron transfer 
mediator shuttles the electrons between the redox center of the 
enzyme and the electrodes. This type of low oxidation potential 
of the acceptor electrode is known as artificial electron accep-
tors, where the electron can easily be dissolved and can transmit 
in the electrochemical solution. Where there is a possibility of 
co immobilization with the enzyme. As the mediator is small 
and mobile due to high surface to volume, then they are very 
much active to react with the enzyme. The mediator is oxidized 
at the side of the electrode so again reduction is occurring at 
the site of the reaction, or both may be possible. As a result, 
heterogeneous kinetics is situated in the reaction or in the bio-
sensing process. And the mediator doesn’t react with oxygen, so 
the level of pH is maintained constant. Most used are ferrocene 
and its derivates, ferrocyanide, methyleneblue, benzoquinone, 
and N-methyl phenazine. Also, there is a possibility that the car-
bon nanotubes (CNTs) act as the mediator instead of different 
chemicals. Patolsky et al. [126–127] used CNTs to guide elec-
trons between the enzyme and the surface. They immobilized 
CNTs in an upright position. On the upper end, they covalently 
bound GOx. In this setup, the special separation prevents tun-
neling effects.

5.6  Application of Electrochemical Sensor

5.6.1  Electrochemical Sensors for Environmental  
Monitoring

To know the chemical composition of the surrounding environ-
ment, several types of sensors are required. The chemical sen-
sor is usable to provide the information that is in the real-time. 
For the environmental sensor, another key parameter is life-
time, where the device can respond continuously and revers-
ibly and does not perturb the sample. For the electrochemical 

device, the trans conductance element is covered with a chem-
ical layer for biological recognition. When the interaction 
between target analyte and recognition layer occurs, the chemi-
cal information is converted to the electrical signal. As a result, 
the analytical information is obtained from the electrical sig-
nal. Depending on the nature of the analyte, the character of 
the sample matrix, and sensitivity or selectivity requirements, a 
different electrochemical based device is used to do the sensing 
performance for the environmental monitoring. Considering 
electrical signal and performances, these sensor-based devices 
are categorized into two major categories (1. amperometric and 
2. potentiometric) although, different types of sensors are men-
tioned in the first section of the chapter. Electro-active species 
involved in the chemical or biological recognition process are 
detected through the sensor, which is the amperometric type. 
By changing and controlling the potential of the working elec-
trode with averaged value relative to a reference electrode, the 
signal transduction process is a function of time to do the elec-
tron transfer, and the reaction served as the potential act or the 
driving force. The driving force helps to detect electroactive 
species. The electron transfer reaction is represented in the 
form of current. Thus, the expected result reflects through the 
proportional to the concentration of the target analyte.

5.6.2 Electrochemical Sensors in Analytical Chemistry

Different classes of chemical sensor are related to the electro 
chemical sensors, and the principle of the electrochemical sen-
sor depends on the performance of the analytical sensor. An 
overview of analytical chemistry development demonstrates 
that electrochemical sensors represent different properties of 
sensing material. Due to the physical and chemical property, 
these types of sensors provide continuous information about 
the environment quality. They also provide the information 
about the specific chemical quantity, which is directly related 
to the response of the sensor. Ideally, a chemical sensor pro-
vides a certain type of response. The modern instrumentation 
technique helps to transform all the responses into a detectable 
signal through the component named transducer. So, the trans-
ducer is another important component for electrochemical sen-
sors in analytical chemistry. The property of electrochemical 
sensor as the form of electrical, mass, electrical, and thermal 
sensor is to sense the analyte in the form of gaseous, solid-state, 
and liquid. If we compare other sensors, like optical, mass, and 
thermal, with the electrochemical sensor, in all aspects, elec-
trochemical sensor shows better performance and is more suit-
able for its low cost, ease of fabrication, and implementation. 
The presently available sensors are in the commercial stage. 
The sensor has a vast range of applications in the field of agri-
culture, medical (clinical), industrial, and environmental, and 
these sensors are commercialized. Electrochemical sensors in 
analytical chemistry are classified as potentiometric, ampero-
metric, and conductometric. A local equilibrium is considered 
at the surface of the sensing material for the potential sensor, 
where potential is measured in terms of electrode or mem-
brane. The information about the composition of a sample is 
obtained from the potential difference between two electrodes. 
Conductivity is measured for the conductometric sensor at 
a different applied frequency. There are several researchers 
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working on the electrochemical sensor and sensing material. 
The rate of research is to fast and diverse to begin to track all 
the information in the field of analytical chemistry.

5.6.3 Electrochemical Sensors in Clinic Analysis

Currently, another direction of electrochemical sensors is the 
use of clinical analysis. But the laboratory cost in terms of fab-
rication characterization is increased day by day [128–139]. 
Also, the laboratory process is time consuming. Another issue 
is reliability and the repeatability issue in sensing devices. 
Also, due to the technical upgradation and for the justifia-
ble results, measurements are carried out in different places 
such as hospitals, health centres, non-hospital infrastructure, 
and by the patient in the home environment. The main chal-
lenges are in the existing world to perform these cases in situ 
analysis. However, these processes must be accurate, and the 
device should be highly efficient at taking different real life 
samples. So, the option of an electrochemical sensor for meas-
urement plays a very important role in analyzing the samples 
with respect to clinical chemistry, and must be suitable. The 
higher sensitivity and selectivity are important for sample 
analysis for the biomedical applications. Deferent researchers 
are working on the portable field-based size, rapid response 
time, and low-cost. In the field of medical application, elec-
trochemical sensors have improved the performance of the 
conventional analytical tools. It also eliminates slow prepara-
tion and the use of expensive reagents. As a result, the elec-
trochemical sensor has provided low cost analytical tools. To 
implement the electrochemical sensor, it must have simple 
instrumental infrastructure to be an effective sensing device. 
But there are some limitations in the use of electro chemical 
sensors in the biomedical application, such as the interfaces 
that are electrochemically activated, have long term stability, 
etc. Nevertheless, the electrochemical sensors offer numerous 
applications in clinical diagnosis, environmental monitoring, 
and food analysis.

5.6.4  Nanomaterial-Based No-Wash 
Electrochemical Biosensors

On the other hand, the use of nano material is another expo-
nentially improved and exposed area in different sensing appli-
cations. There are unexpected developments in the field of 
nano technology and the electro chemical based sensor. For 
clinical diagnosis, food analysis, and environmental monitor-
ing, nano technology and nano material plays very important 
role. Nowadays, the single-handed pursuit of sensitivity and 
accuracy cannot meet the demands of detection in many in situ 
and point-of-care (POC) circumstances. The issues of updated 
nanotechnology and nanomaterial, in-depth analysis of the 
obstacles in the detection process, and various methods for 
fabricating ECBs, have been largely resolved [140].

5.6.5 Electrochemical Sensors in Food Analysis

Electrochemical sensors also are largely used for monitor-
ing and safety. Detection of viruses and bacteria (these are 

examples of Microbial pathogens) is one of the main issues 
of food safety for people. In 2017, Guner et al. produced a 
graphite based electrochemical sensor to detect E. coli. Cheng 
et al. demonstrated electrochemical sensors for the detection 
of Listeria monocytogenes based on mouse monoclonal anti-
bodies. The technique is very cost effective and user friendly 
because sample preparation is not required to detect Listeria 
monocytogenes in the milk sample. Also in 2014, Freits et al. 
showed that it is possible to detect S. typhimurium in the milk 
directly, even though the pathogen was available in a very small 
amount. Secondary fungal metabolites are toxic for humans 
and animals. Nano material based sensors are very useful in 
detecting such toxic compounds. Different veterinary drugs 
offer another aspect for the growth and prevention of disease, 
etc. A CNT electrode based electrochemical sensor was devel-
oped by Lin et al. [142–143] for in pork samples to detect toxic 
ractopamine and salbutamol.

5.7  Limitation and Future Scope of 
Electrochemical Sensors

There are several disadvantages of electrochemical sensors. 
The sensor performance depends on the temperature range, 
which is quite narrow or limited, and as a result there is a 
requirement of a stable temperature. Also, depending on the 
chemicals, gases, environment, and interfaces, the electro-
chemical sensor has less life. There is another problem of a 
cross sensitivity effect, in which it is necessary to have the 
exact sensing agent. Due to cross-sensitivity there is a proba-
bility of inaccurate detection.

5.8  Conclusion

A tiny amount of electrical power is essential to operate the 
electrochemical sensor. There are several types of gas sens-
ing devices available; among them the power consumption of 
the electrochemical sensor is less. So, for the portable instru-
ment with multiple sensors, the electrochemical technique is 
suitable. In space applications, the electrochemical sensor is 
a powerful sensor with less power consumption. The cost of 
the biosensor is another important parameter. When devel-
oped, the biosensor must be easily accessible and low cost 
for ordinary people to diagnose different diseases. The size of 
the biosensor should be small to integrate with the changing 
electronics environment (as portable). The design should be 
uncomplicated so a semi-skilled person can use the device. 
There is a main technological difference between a biosens-
ing component and bioelectrochemical components. For the 
measurement of biosensors, the extracted information in terms 
of electrical signals in the biological system is related to the 
electrochemical nature of the substance tested. On the other 
hand, in biochemical sensing, the main transduction element 
is the bioelectrochemical component. There are a variety of 
recognition elements. Electro-chemical detection techniques 
use predominantly enzymes that are related to the biochemical 
sensor (A sensor’s life expectancy is predicted by its manufac-
turer under conditions that are considered normal). Also, the 
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stability of the sensor is the other important concern since the 
sensor is exposed to contaminants, humidity, temperature, etc. 
In this chapter, “Electrochemical Sensors: Core Principle, New 
Fabrication Trends and Their Applications,” several aspects, 
theory, different fabrication techniques, and types of electro-
chemical sensors have been discussed.
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6.1  Introduction

The characteristic of human visual perception is colour derived 
from stimulation by electromagnetic radiation of the visible 
spectrum of cone cells of the eyes. The coloured compound 
estimation technique is called colorimetry, which is the simple 
and easy way of analyte detection. In comparison to other sen-
sory parameters, color observation is the simplest way of the 
assessment of food quality and safety by naked eyes, without 
the involvement of sophisticated equipment. The first colori-
metric biosensor, for the colorimetric detection of H2O2 pro-
duced during the oxidation of glucose by glucose oxidase by 
Dextrostix in 1965, was introduced as a blood glucose sensing 
strip. Yellow Spring Instruments has reported the first commer-
cial biosensor in 1975 (Yoo and Lee, 2010). Further, fiber-op-
tic biosensor (glucose detection), surface plasmon resonance 
(SPR) immunosensor, SPR-based biosensors, and handheld 
blood biosensors have come into existence (Schultz, 1982; 
Liedberg et al., 1983; Vestergaard et al., 2015). Apart from 
selectivity, sensitivity the colorimetric assays are insensitive 
to the local light conditions which showed great potential for 
detecting the different types of analytes of the food system.

The colorimetric sensor has gained more attention for detect-
ing the different types of analyte due to the simple, effective 
and practical approach of quantitative analysis by UV spectro-
photometry. Generally, the analyte may absorb UV or visible 
light when monochromatic radiation is passed in a spectrom-
eter. The absorbance is directly proportional to other parame-
ters when the Beer–Lambert law complied with the following 
relationship:

 A I Io= log /10  

where A = Absorbance,
I0 = Intensity of the beam passed through the analyte,
I= Intensity of the beam leaving the sample.

6.2  Fabrication of Colorimetric Biosensor

The analytical performance of a colorimetric biosensor is 
dependent on its commercial utilization. The following charac-
teristics are included under analytical performance: reproduc-
ibility, specificity, sensitivity, repeatability, time of response, 
selectivity, and detection limits. Sensitivity is also called the 
slope of the calibration curve, which may be defined as the 
output signal change divided by analyte change. Specificity 
denotes the particularity of the biocatalyst for the analysis 
and stability after performing various assays. Selectivity is 
defined similarly as sensitivity, with the addition of interfering 

species in the change of analyte. Response time denotes the 
time required to attain the output signal up to 90% steady-state 
value. Limit of detection is the amount of the smallest output 
signal, which can be detected from the given analytical pro-
cedure. Repeatability is the capacity within a short period of 
duplicating with precision the outcome obtained by the output 
signal. Reproducibility is almost the same as repeatability, but 
in reproducibility, a longer time interval is taken into consider-
ation. The signal-to-noise ratio is defined as statistical fluctua-
tions in a blank signal measurement or the ratio of the valuable 
analytical signal to the noise in the background (Gymama, 
2018).

The traditional methods of quality testing of food contamina-
tion detection were time consuming and tedious but can now be 
overcome by different types of biosensors that have character-
istics like a rapid response, on-site application, low cost, porta-
bility, less time consuming, specific, and more convenient than 
other assays. There are various biosensors that are developed in 
the research institutes of India for the detection of acrylamide 
(potato chips), benzene (soft drinks), nitrosamine (processed 
food), polycyclic aromatic hydrocarbon (cereal), hypoxanthine 
(fish), inosine (fish), pesticide (fish), and octopine and amines 
(fish) in different food items. Based on the above concept, var-
ious colorimetric biosensors are fabricated for the detection of 
analytes as enlisted in Table 6.1.

6.2.1  Fabrication of Nanomaterial Based  
Colorimetric Sensors

The basic principle of colorimetric sensors is colorimetry, 
which is a simple, selective, sensitive, non-expensive, and 
rapid analytical technique based on change in colour, without 
specialized equipment, with the help of digital imaging. The 
involvement of universal digital imaging gave the colorimetric 
a new and exciting explorable possibility. Some new trends in 
material selection have come for the preparation of colorimet-
ric biosensors like the following materials.

6.2.1.1  Nanomaterial

6.2.1.1.1  Gold Nanoparticle

The gold nanoparticles have a high extinction coefficient 
and an adjustable plasmon band, which is the best for use as 
it may provide any extent of colour changes in aggregate as 
well as in dispersed form with analytes. Table 6.1 showed that 
initially different types of gold nanoparticle and silver nano-
particle-based colorimetric biosensors were fabricated for the 
identification of various analyte types.

6.2.1.1.2  Quantum Dots

Cadmium chalcogenides (Te, S, Se) are the most popular 
quantum dots (luminescent and semiconducting nanocrystals) 
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TABLE 6.1

List of Analyte and Fabrication of Various Colorimetric Biosensor

S.N Analyte Fabrication Reference

1 pH Fiber Optic pH Probe Chaudhari and Shaligram 
(2002)

2 Strawberry quality Glucose oxidase immobilized onto Meldolas Blue 
mediated screen printed electrodes

Bordonaba and Terry (2009)

3 E. Coli O157:H7 Gold Nanoparticles Su et al. (2012)

4 Melamine in dairy products Gold Nanoparticle without Label Liangqia et al. (2010)

5 Tartrazine in food samples Silver nanoparticle (AgNPs) Sahraei et al. (2013)

6 2,4-Dinitrophenol Gold nanoparticles containing attachment of 
2,4-dinitrophenol–bovine serum albumin

Sanghoon et al. (2010)

7 Pb2+ detection Gold nanoparticles Liu and Lu (2004)

8 Packed minced beef and poultry Spoiled with 
bacterial contaminants

Nano-biosensor based enzyme and oxygen sensor Ashraf Mahdy Sharoba et al. 
(2014)

9 Glucose in white grape wine Prussian blue nanoparticles Jordao et al. (2015)

10 Phenolic compounds Paper Bioassay Alkasir et al. (2012)

11 Drinking water and beverages containing 
Bisphenol A

Modified electrode by chitosan-graphene composite 
film

Deng et al. (2014)

12 Insecticides (Organophosphorus and carbamate) Methyl parathion hydrolase enzyme immobilized on 
agarose

Hildebrandt et al. (2008)

13 Carbamate pesticides Polyaniline-carbon nanotubes Cesarino et al. (2012)

14 Organophosphorus insecticides Acetylcholinesterase Immobilization on screen-
printed electrodes

Andreescu et al. (2002)

15 Food antioxidants (Nanocerac) Immobilized ceria nanoparticles Sharpe et al., 2013

16 Phenolic complexes in food Nanomaterial-based sensing and biosensing Pelle and Compagnone (2018)

17 Vegetable Oils Modified Carbon Paste Electrodes Apetrei et al. (2005)

18 Glucose in alcoholic beverages Biosensor with carbon nanotube electrode having 
osmium polymer

Antiochia and Gorton (2007)

19 Glucose and lactate Pt dual electrode Palmisano et al. (2000)

20 Alcohol oxidase of beer Alcohol oxidase coated electrode Boujtita et al. (2000)

21 Melamine based on the peroxidase Bare gold nanoparticles Ni et al. (2014)

22 Active food packaging Silver nano particles Demoura et al. (2012)

23 Protein Gold nanoparticles Chen et al. (2015)

24 Fish freshness Reverse Phase Silica Gel Plate Xingyi Huang et al. (2011)

25 Fish freshness by amines with A Ph sensitive 
lay

Porphyrins, a silicon-phthalocyanine, a corrole, 
biladiene

Dini et al. (2010)

26 Aflatoxin B1 in foods samples Gold nanoparticles (Aunps) with the aptamer Hosseini et al. (2015)

27 Acrylamide Modified Carbon-paste electrode Agata et al. (2007)

28 Lactate Lactate Analyser La 640 Geyssant et al. (1985)

29 Urea Immobilizing urease enzyme Guilbault and Montalvo (1970)

30 Sulfite Enzyme electrode Mulchandani et al. (1991)

31 Fish freshness Optical immunosensors Shen et al. (1996)

32 Food analysis Platinum nanoparticle-doped chitosan Thakur and Karanth (2003)

33 Bacteria in apple juice Polydiacetylene sensor Ana et al. (2011)

34 Bacteria in chicken 0,12-pentacosadyinoic acid (PCDA) + N-[(2-
tetradecanamide)-ethyl]-ribonamide (TDER) vesicles

Pires et al. (2015)

35 Food Sanitizer/Surfactant Polydiacetylene Sensor Zhanga et al. (2017)

36 Pb, Cd, Hg ions Colorimetric and Fluorescent Sensors Kim et al. (2012)

37 Ochratoxin A Amplified fluorescent aptasensor Wei et al. (2015)

38 Maize Aflatoxin B-1 Quantum Dot Beads with high luminescent Ren et al. (2014)

39 Escherichia Coli Gold nanorods (AuNRs) Chen et al. (2016)

40 Fresh pork sausages spoilage Optoelectronic nose Salinas et al. (2014)

41 Fish Freshness Reverse phase silica gel plate Huang et al. (2011)

42 Pork spoilage Natural pigments Huang et al. (2014)

43 Fish spoilage Aluminium oxide and silica gel Kuswandi et al. (2012)

44 Fish freshness Metalloporphyrin as Sensor Gu et al. (2015)

45 Soft drink analysis C2 reverse silica-gel flat plate Zhang and Suslick (2007)
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having a large range of absorption spectrum, with a narrow 
size-dependent emission spectrum (Murray et al., 1993). The 
different sizes of quantum dots provide a large range of emission 
wavelengths, which ultimately provides multiplexed analysis.

6.2.1.1.3  Magnetic Nanoparticle

This particle is an alternative to fluorescent labels and shows 
different magnetic behaviours with variations in particle 
size and changes in magnetic domains or superparamagnetic 
behaviour (parallel oriented magnetic moments are related to 
the interaction of unpaired electrons). An ultra-highly sensitive 
magneto resistant biosensor was developed for Escherichia coli 
and Salmonella detection in skim milk (Mujika et al., 2009).

6.2.1.1.4  Carbon Nanoparticle

The carbon nanotubes or graphene-based electronic transduc-
ers of biosensor devices have the best biocompatibility of nano-
wire morphology, with electronic properties which ultimately 
enhanced the carbon nanotube interfaces to clearly reach redox 
enzyme active sites. Owing to the normal formation of highly 
porous 3D networks, carbon nanotube films have high elec-
troactive surface areas, which are ideal for connecting large 
quantities of bioreceptor units and have good sensitivity (Le 
Goff et al., 2011; Battigelli et al., 2013).

6.2.2  Fabrication Technique of Nanomaterial 
Based Colorimetric Biosensor

The fabrication of colorimetric biosensors is like the common 
biosensor containing all the sensor elements and bio-elements. 
The main objectives of the fabrication of colorimetric biosen-
sors are economical, portable, multitasking, small or nano-
sized, with less energy expenditure.

Four major sensor element and bio-element coupling mecha-
nisms, which are widely accepted for effective incorporation of 
a bioelement in the sensor, are discussed below.

6.2.2.1  Physical Adsorption

In this use of Van Der Waals forces, hydrophilic/hydrophobic 
forces, ionic forces, etc., attach bioelements with the sensor, 
like carbon nanotube/polypyrrole electrodes-based glucose 
biosensors in which the carbon nano tube was physically 
entrapped within the growing film. The incorporation of a 
carbon nano tube in the growing film was chosen to maintain 
electrical neutrality. This method of carbon nano tube capture 
facilitates fast and efficient preparation of the amperometric 

enzyme for the glucose biosensor (Wang and Musameh, 2005; 
Jazib et al., 2017).

6.2.2.2  Membrane Entrapment

In this process, an organic element is imbedded into a 
semi-permeable membrane that is directly positioned over the 
element of the sensor. It is a mild immobilization method that 
may entrap the enzyme molecules in polymeric membranes 
that can retain high activity with no covalent chemical bond 
formation. For example, the development of a reliable acetyl-
choline sensor with co-immobilization of acetylcholine and 
choline oxidase into the biocompatible membrane to identify 
acetylcholine (neurotransmitter for the central nervous system) 
(Doretti, 2000; Jazib et al., 2017).

6.2.2.3  Covalent Amalgamation

Bioelements are directly attached to the sensor in this type of 
phase through covalent interactions such as preparation for 
urea determination by an amperometric biosensor. In this, 
the urease enzyme is covalently immobilized on a conducting 
copolymer poly (N-3-aminopropyl pyrrole-co-pyrrole) film 
electrochemically prepared on an indium-tin-oxide coated 
glass plate (Bisht et al., 2005; Jazib et al., 2017).

6.2.2.4  Matrix Entrapment

The process of matrix entrapment is used for a porous sub-
stance like sol or gel matrix, which forms a direct link with 
the sensor elements. In recent year, biosensors based on sol–
gel-derived platforms have gained attention to understand the 
biorecognition elements (antibodies, proteins, enzymes) and 
evolving sol–gel matrix (Gupta and Chaudhury, 2007).

There are certain enlisted factors that are important while 
designing biosensors, i.e., bioelement and sensor element cou-
pling in the above said four methods (Marx, 2007; Kahn and 
Plaxco, 2010).

 1) Bio-analyte immobilization

 2) Proper accessibility to the species of interest at reception 
sites

 3) Effective analyte adsorption.

A significant and crucial step for the electroanalytical per-
formance of biosensors is nano-material deposition on the 
conductive electrode surface by enhancing the surface area 
through improving biosensor electroanalytical performance. 

S.N Analyte Fabrication Reference

46 Beers Analysis Dye array with digital imaging Zhang et al. (2006)

47 Red wine and fruit juice anthocyanins Differential pulse voltammetry Wang, and Sporns (1999)

48 Galactose Gold Nanoparticles Functionalized with Aminooxy/ 
Hydrazine

Zhang et al. (2015)

49 Mercury (II) Ions Paper-Based Analytical Devices with Gold 
Nanoparticles

Chen et al. (2014)

TABLE 6.1 (Continued)

List of Analyte and Fabrication of Various Colorimetric Biosensor
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There are various techniques for creating a proper nano-mate-
rial matrix that provide efficient contact between the surface of 
the material and the electrode.

The conventional methods of coating are dip, spin, drop-cast-
ing, and blade coating. The drop casting method is also called 
manual deposition, which is the most commonly utilized for 
glucose sensing with different types of homogenous binder 
slurry with nanomaterials (glutaraldehyde, butyl carbitol ace-
tate, Nafion, dimethylformamide, polyvinyl alcohol, and cellu-
lose) to deposit nanomaterials on electrode surfaces to prepare 
colorimetric biosensors, as it is easy, simple, and able to detect 

many analytes, like proteins, glucose, urea, cholesterol, lysine, 
lactate, dopamine, ascorbic acid, hydrogen viruses, bacteria, 
toxins, and other pathogenic organisms and minerals. This 
method is used to deposit nanomaterials, metal or metal oxide 
(manganese oxide, nickel hydroxide, nickel oxide, cuprous 
oxide, ZnO, iron oxide, TiO2, ruthenium oxide, boron nitride, 
manganese dioxide, copper oxide, etc.), carbon nanomaterials 
(graphite, graphene oxide, carbon nanotube, carbon nitride) 
(Barrow et al., 2013; Bitsch et al., 2014; Chan et al., 2015; 
Ibrahim et al., 2017; Mokhtarzadeh et al., 2017; Ahmad et al., 
2018) (Figure 6.1a).

FIGURE 6.1 Conventional methods of coating a) drop casting b) spin c) dip d) blade.

(Adopted from Rafiq Ahmad et al. (2018) Materials Today Communications 17, 289–321).
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Nanomaterials are mounted on the surface of the electrode in 
the spin coating process, which is effectively used to assemble 
polymer films. The spin-coating process is better than falling, 
a dip-coating method for producing multilayer films of con-
trolled, uniform thickness, but it is not successful as waste can 
be produced and the necessary planar surface area is necessary 
(Sardesai et al., 2015; Wu et al., 2016a, 2016b) (Figure 6.1b).

Dip coating is another basic thin layer preparation method in 
which the electrode is submerged for some time in the nano-
material solution and removed at a fixed pace. The film's uni-
formity and thickness depend on the time of dipping, the speed 
of withdrawal, and the balance of forces. It is not ideal for 
high immobilization of enzymes, produces waste, consumes 
time, and coats unwanted areas, i.e., the electrode's back side. 
Dip coating can prepare a uniformly thin layer compared to 
drop-casting because it has superior power, e.g., a urea biosen-
sor, cholesterol biosensor, and lactate biosensor (Mikani et al., 
2017; Wu et al., 2016a, 2016b) (Figure 6.1c).

The blade coating-based deposition method is simple, fast, 
economical, and requires the low temperature to use on a large 
area with no wastage. This method is mostly used for non-food 
industry items like fuel cells, printing, photographic films, bat-
teries, paper, solar cells, and ceramic industries (Yang et al., 
2010; Luo et al., 2015; Rahmanian et al., 2018) (Figure 6.1d).

These conventional preparation methods for nano biosen-
sors, i.e., mixing, coating (spin, blade, drop-casting, dip), and 
drying, are complicated due to low stability, less reproducibil-
ity, and creation of blockage on active sites because of the for-
mation of non-homogenous and dense films, which ultimately 
reduce the surface area. So, keeping these drawbacks in mind, 
the direct deposition methods (electrospray, nozzle jet print-
ing, laser scribing, electrospinning, electrochemical, inkjet 
printing,) are more useful as they provide suitable attachment, 
excellent stability, and fast electron transfer without binders 
(Rafiq et al., 2018).

Earlier, direct deposition methods of nanomaterials, i.e., 
electrochemical, electrospinning, electrospray, sputtering, and 
vapor deposition types of methods were used. Electrochemical 
deposition (potentiostatic, cyclic voltammetric, pulse-potenti-
ostatic, chronoamperometric deposition methods) is an inex-
pensive and simple process that is used for thin-film coating of 
nanomaterial on an electrode (working, reference, and counter) 
surface at room temperature without using high vacuum. To 
control the nanostructure morphology, various electrochemical 
parameters (i.e., pH, current, potential, additive, temperature) 
are taken into consideration to prepare the facile, less time con-
suming, and economical, coating on a biosensor. Nanotube is 
the superior glucose-sensing response, rather than nanosphere 
or nanorose (Panda et al., 2018).

Electrospinning is a flexible, easy-to-use method for the 
manufacture of different nanomaterials, such as carbon nano-
materials (i.e., graphene and CNTs), inorganic nanoparticles 
(i.e., silver, gold, ZnO, Fe2O3 and TiO2), conjugated polymers 
(i.e., PPy, PANI, PPV, PtH, and their derivatives), etc.

Nath and Chilkoti (2004) stated a wet method for the synthe-
sis of spherical nanoparticles of gold or silver in three stages. 
In the first step (determining the size and shape of the nanopar-
ticle), the metal ions were converted into metal atoms (icosahe-
dral nuclei 1–2 nm) within a few seconds. The ratio variation of 

the reducing agent to metal salt may change the shape and size 
of the nanoparticle. The increase of the molar ratio of reductant 
to metal salt results in the fast formation of many nuclei, then 
leads to smaller, monodispersed metal nanoparticles, and vice 
versa. The second stage includes the growth of the nanopar-
ticles by reducing metal ions on the nuclei surface. The final 
stage prevents nanoparticle aggregation, by the addition of sta-
bilizing agents. For example, sodium citrate is used as a reduct-
ant to form a spherical gold nanoparticle (diameter of 12–100 
nm) in the presence of Polyvinyl pyrollidone, bis(p-sulfona-
tophenyl) phenyl phosphine as stabilizing agents. In contrast 
Ag-nanoparticles were prepared by AgNO3 by NaBH4 in the 
presence of bis(p-sulfonatophenyl) phenyl phosphine (BSPP) 
while in the presence of Polyvinyl pyrollidone (reducing and 
protective agent) gave a large particle (diameter 15–36 nm) 
(Silvert et al., 1996; Cao et al., 2001).

The main functions of nanomaterial in various nano-biosens-
ing based methods are a carrier, enhancer, catalyst, reporter, 
and quencher. The carrier property of nanomaterial is because 
of its porous nature and big surface area, which gives an ease 
of loading multifarious substances (Lin et al., 2014; Tang et 
al., 2014; Intae et al., 2015). The enhancer property (enhance 
physical signal) of the nanoparticle contributed due to the high 
surface-to-volume ratio and conductivity (Saha et al., 2012). 
A few nanoparticles exhibit peroxidase activity to detect food 
contaminants, like modified gold nanoparticles for cysteamine 
(Zhao et al., 2015), enzyme-like Au-nanoparticles for Pb and 
Hg (Lien et al., 2014) and Platinum-gold bimetal nanoparticles 
for Escherichia coli (Jiang et al., 2016). Many metal nanopar-
ticles, quantum dots, and metallic oxide may serve as an elec-
trochemical reporter. Some nanoparticles showed quenching 
properties in the presence of fluorescence substances to detect 
organophosphorus pesticides, hydrogen peroxide, cholesterol, 
and the Hg2+ ion (Chang et al., 2015; Long et al., 2015; Tao et 
al., 2016; Wu et al., 2016a, 2016b).

6.2.3  Nanomaterial Based Colorimetric Sensors

Electrospun nanomaterials have been widely discovered for 
purification of water due to their huge surface area, porosity, 
simplicity, specific modifications, and direct electrospinning 
on the conductive electrode surface (Zhang and Yu, 2013; 
Xue et al., 2017). Mercante et al. (2017) stated that electro-
spinning-based biosensors are used for agrarian harvests. The 
melamine improves the peroxidase-like activity of gold nan-
oparticles in the presence of 3,30,5,50-tetramethlybenzidine 
and hydrogen peroxide, which can generate blue colour for 
identification (Ni et al., 2014). Another type of colorimetric 
sensor was developed by entrapping poly(vinylalcohol) in sil-
ver nanoparticles for the detection and quantification of gal-
lic acid (antioxidant) (Teerasong et al., 2017). Zhitao Chen et 
al., (2017) prepared a simple, economical, visual multicolour 
sensor using gold nanorods for identification of the fish fresh-
ness with bare eyes. The hypoxanthine reacts with oxygen to 
form H2O2 in the presence of xanthine oxidase. In the pres-
ence of Fe+2, hydrogen peroxide etched the gold nanoparticles 
and changed the colour, which can be easily observed by the 
bare eye. Xanthine can be detected by using a copper nano-
cluster with high peroxidase-like activity. This peroxidase-like 
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activity was enhanced by 3, 30, 5, 50-tetramethylbenzidine 
dye oxidation in the presence of hydroperoxide (formed by 
xanthine oxidation) in a colorimetric sensor (Yan et al., 2017) 
(Figure 6.2).

The olfactory system based colorimetric sensor is prepared 
for fish freshness estimation using nine chemo-responsive 
dyes on a reverse-phase silica gel plate. The cleaned, gutted 
stored (4 °C) fish (Hypophthalmichthys molitrix) samples’ 
olfaction measurement was tested for every 24 h, begin-
ning 2 h after the death of the chubs and lasting for 7 days, 
by using an artificial olfactory system. This artificial olfac-
tory system consists of a sampling chamber, reaction cham-
ber (contain colorimetric sensor array), an image capturing 
system, an analyzing system (computer with software) and 
auxiliary components (valves, controller for gas flow rate 
adjustment). The colorimetric sensor array required chemo-
responsive dye {(Zn-2,3,9,10,16,17,23,24-octakis (octyloxy) 
29H, 31H-phthalocyanine, 5,10,15, 20-Tetraphenyl-21H, 
23H-porphine Cu(II), 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-
porphine MgCl3, 5,10,15,20-Tetraphenyl-221H,23H-porphine 
Zn, synthetic, low chlorine, 5,10,15,20-Tetraphenyl-21H, 
23H-porphine, and 5, 10, 15, 20-Tetraphenyl-21H,23H-
porphine MgCl3)} center and chromophore (Bromocresol 
Green, Cresol Red, Bromocresol Purple) which strongly 
coupled for the interaction with analytes. The colorimetric 
arrays of chemoresponsive dyes were created by printing the 
dyes on C2 reverse-phase Si-gel plates using microcapillary 
pipettes. The image of the sensor array was captured by an HP 
Scanjet4890 flatbed scanner which can produce red, green, and 
blue values ranging from 0 to 255. The color change (before 
and after exposure) profile (for 24 h within 07 days) gave 
digital data that represent the freshness of fish samples using 
principal component analysis. The nine dyes’ response was 
characterized by red, green, and blue values, i.e., 27-dimen-
sional vector (9 dyes x 3 colour components) (Xingyi et al., 
2011).

6.3  Fabrication of Colorimetric Sensors 
Based on Chemoresponsive Dye

6.3.1  Chemoresponsive Dye

The primary design of different types of colorimetric sen-
sors was based on chemoresponsive dyes with solid supports. 
Generally, chemoresponsive dyes (changes their colour due 

to interaction with the analyte) strongly interact with analytes 
with the coupling of the intense chromophore (Suslick and 
Neal Rakow, 2004) and change their colour. The selection of 
chemoresponsive dyes depends on (i) high absorption coeffi-
cients, (ii) emission quantum yields in solution, (iii) long emis-
sion lifetimes, (iv) solvatochromism, and (v) large Stokes' shift 
(Orellana et al., 2005).

The basic requirements of chemo-dyes are as follows (Askim 
et al., 2013):

 1) Good interaction center for strong interaction with vari-
ous types of analytes

 2) There should be strong coupling with the interaction 
center of dye and chromophore

 3) There should be a diverse group of chemo-responsive 
dyes

 4) The detection results should be reproducible and reliable.

There are other materials called smart colorimetric materi-
als (i.e., compounds which can change their properties due 
to external stimulus) that may be used to sense the concen-
tration difference of analytes by colour change and can lead 
to the visible output signal. In the dye-doping method, smart 
colorimetric (fibrous and non-fibrous) materials can be pre-
pared by adding a dye into the feed-mixture, but this doping 
method has been replaced by a plasma dye coating procedure, 
due to the leaching of dye and the poor sensor signal. In this 
method, dye is covalently immobilized to the surface of the 
uncolored material so that quick and easy coloring takes place 
on a wide variety of existing polymeric materials (fibrous PA6 
and non-fibrous PE and PTFE) (Lieselot et al., 2019). The col-
orimetric sensor array design requires two fundamental things, 
(i) Chemo-responsive dye-containing centre to interact with 
analyte (it should be chemical bonding, not physical adsorp-
tion) and (ii) strong coupling between the interact centre and 
analyte.

Based on the above-mentioned requirements, there are vari-
ous classes of dyes that are frequently used for the fabrication 
of chemo sensitive biosensors (Askim et al., 2013):

 1) Basic dyes or Bronsted acidic (i.e., pH indicators)

 2) Lewis acid or base dyes (i.e., metal ion containing dyes)

 3) Zwitterionic solvatochromic dyes having large perma-
nent dipoles

Chemo-responsive dyes are of porphyrins, metallo-porphyrins 
and pH indicator types (methyl violet, methyl green, bromo-
cresol purple, etc.) of dyes that are commonly used. The fabri-
cation of a colorimetric biosensor requires a platform that can 
easily function and display the different colours according to 
the size, shape, and aggregation state. The selection of solid 
supports and immobilization procedure play a significant role 
in the final presentation (response time, selectivity, sensitivity, 
dynamic range, calibration, and stability) of the colorimetric 
sensors. So, immobilization on a solid support by adsorption, 
entrapment, ion exchange, or covalent binding procedures of 
dyes is a primary step in the fabrication of colorimetric sensor 
arrays (Askim et al., 2013).

FIGURE 6.2 Diagrammatic representation of colorimetric biosensor for 
fish freshness.

(Adopted from Fatima Mustafa and Silvana Andreescu, Foods 2018, 
7, 168).
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6.3.2  Fabrication Techniques of Chemoresponsive 
Dye-Based Colorimetric Biosensor

The colorimetric sensor fabricated with pH-sensitive dye (bro-
mocresol green, methyl red, etc.) for detection of total volatile 
basic nitrogen (ammonia and dimethylamine), which is pro-
duced during storage of fish, was developed by Pacquit et al. 
(2006) where the dye was deposited on a solid support. The 
support should have the following properties:

 1) Non-reactive with the dyes.

 2) It should have suitable properties of uniform dyes 
surface.

 3) It should provide an even white background.

 4) It should be a hydrophobic substrate to decrease the 
humidity effect.

 5) It should have an accessible microstructure.

 6) It should have a high surface area to enhance analytes 
diffusion into the chromophore.

There are two groups of solid support, i.e., inorganic (silica 
gel plate, Quartz, Aluminium oxide/silica gel, Aluminium 
oxide, etc.) and organic (Cyclodextrins, Polystyrene, Nylon 
6, Cellulose, etc.). The inorganic one is dimensionally stable, 
chemically inert, and commonly used for colorimetric sensor 
arrays such as fused silica, glass, and silica gel. At the same 
time, organic supports (polyvinylidene difluoride or cellulose 
derivatives) have a prolonged lifetime because of the retention 
of the ionophore and is commercially available with many 
micro-structure types (Orellana et al., 2005; Askim et al., 2013; 
Quansheng et al., 2014). Toole et al. (2009) optimized the sub-
strate temperature (40 °C) and droplet spacing (30 μm) to cre-
ate a colorimetric pH sensitive polymer film, which was printed 
between a diode and a photodetector using a Fuji film Dimatix 
model DMP-2822 inkjet printer. The bromophenol blue (pH 
indicator), a buffering agent (C24H52BrN), and ethyl cellulose 
(matrix) in 1-C2H5OH were used as the sensing material.

6.3.3  Data Analysis of Nanomaterial 
Based and Chemo Responsive Dye-
Based Colorimetric Biosensor

The characteristic fingerprint is obtained by a colour change 
profile from subtracting the baseline image to the final image 
(difference image). This difference image or RGB colour image 
mainly consists of three colour component (RGB) images of 8 
bit/each, and each dye can provide R, G, B grey value. To get 
the response profile, each sample sensor array was analyzed in 
the form of ‘time stacked’ vectors after 30, 60, 180, 300, 420 
min capturing of pictures and taking a 30 min image as a base-
line. The equation represented as (Quansheng et al., 2014): X = 
(Rij, Bij, Gij) Where I = time points (30, 60, 180, 300, 420 min)

 j dyes spots� �1 2 12,  

The digital colour information correlates analyte concen-
tration. The human eye perception and colour display on the 
computer may be defined as the Red Green Blue colour model 

with different intensities and expressed as RGB triplet (range 
depends on application and capability of the device).

Jean et al. (2017) reported that 8 bit-byte denotes 28 (256) 
possible intensity for all primary color (RGB), which is rep-
resented by 0–255. So, each triplet combination represents 
a unique color, e.g., brightest blue (0, 0, 255), brightest red 
(255,0,0), brightest green (0,255,0), white (255,255,255), black 
(0,0,0). One more color parameter is hue, which is expressed as 
degrees ranging from 0° to 360°. There are commonly six main 
hues, like red, yellow, green, cyan, blue, and magenta, starting 
from 0°, 60°, 120°, 180°, 240°, 300°, respectively. Basically, 
RGB triplets present in digital 8, 10, 16 bit-bytes format, 
in which r, g, b is denoted as (255,0,0), (0,255,0), (0,0,255) 
which represents brightest red, brightest green, and brightest 
blue respectively in 8 bit-byte, while (1023,0,0), (0,1023,0), 
(0,0,1023) is for brightest red, brightest green, and brightest 
blue respectively in 10-bit byte. On the other hand, brightest 
red, brightest green, brightest blue in 16-bit byte format is pre-
sented as (65535,0,0), (0,65535,0), (0,0,65535) respectively. 
The arithmetic format of the RGB colour model is represented 
as (1,0,0), (0,1,0), (0,0,1) for brightest red, brightest green, and 
brightest blue respectively.

6.3.4  Chemoresponsive Dye-Based 
Colorimetric Sensors

The compounds which are accumulated in closed containers 
or the packages of fruits and vegetables are called ‘volatile 
organic compounds’. The indicators of volatile organic com-
pounds are sulfur compounds, NH3, -COOH, -OH, -CHO, 
sulfur compounds, terpenes, etc. (Toivonen, 1997). The color-
imetric biosensor based on a pH indicator was established by 
using immobilized bromophenol blue on a cellulose membrane 
that can detect volatile organic compounds (acetic acid) in the 
headspace of packaging material for identifying the freshness 
of guava (Kuswandi et al., 2013). Esser et al. (2012) explained 
that the smart ripeness indicator label is used in New Zealand 
to provide the degree of ripeness of fruits by detecting the 
evolved ethylene gas. Huang et al. (2014) prepared a colori-
metric gas-sensor array from four types of Spinacia oleracea, 
Raphanus sativus L., Jasminum nudiflorum, Oryzasativa L. 
indica of naturally extracted pigments.

The listeriosis (30% fatality) serious foodborne infections, 
associated with L. monocytogenes generate fever, nausea, mus-
cles ache, diarrhea (non-invasive), and meningitis, etc. (Mead 
et al., 2006; Robert et al., 2010). The L. monocytogenes may 
be detected in milk and meat samples with simple, economical 
colorimetric biosensor strips made up of immobilized peptide 
on a gold chip. The listeria released protease was detected by 
D-amino acid substrates (linked to carboxylic acid on magnetic 
nanoparticles) through the colour change (black to golden). 
The colour change (black to golden) concentration was pro-
portional to the bacterial concentration (Alhogail et al., 2016).

Melamine (1,3,5-triazine-2,4,6-triamine), a chemical com-
pound containing high protein content and obtained as a 
by-product of the coal industry, is generally utilized for the 
preparation of kitchenware, laminates, dishware, and plastics, 
due to its high protein content. It is illegally utilized in food 



Colorimetric Biosensors 71

and feed. Melamine is not metabolized in the body, but after 
consumption of high doses for the long term, it shows renal 
toxicity due to the accumulation of uric acid, phosphate, pro-
tein, and melamine in the urine bladder. So, a label-free gold 
nanoparticle-based colorimetric sensor was developed for mel-
amine detection in milk (Ping et al., 2012).

Hypoxanthine, formed by ATP degradation, in fish is com-
monly used as a freshness indicator for the same (Ashie et al., 
1996). The xanthine oxidase enzyme-based biosensor in com-
bination with colorimetric or electrochemical detection was 
developed for identification and quantification of hypoxan-
thine during storage (Nakatani et al., 2005; Lin et al., 2008). A 
colorimetric biosensor was developed to detect trimethylamine 
using immobilized pH indicator dye on cellulose microparti-
cles. The colour change (green to red) showed the level of food 
spoilage (Park et al., 2013; Schaude et al., 2017).

Schaude et al. (2017) developed a colorimetric sensor to 
detect ammonia and biogenic amine (cadaverine, tyramine, 
methylamine, histamine, dimethylamine, putrescine,) by 
using immobilized pH indicator dye (2-fluoro-4-[4(2-hydrox-
yethanesulfonyl)-phenylazo]-6-methoxyphenol) with H2SO4, 
NaOH, Na2CO3 on a cellulose microparticle (20 μm) which 
is embedded into silicone water (food grade). The compara-
tive study of colour change profiles (by principal component 
analysis) and conventional methods (Biogenic amine index and 
total viable count) reported the freshness of meat, which was 
determined by the sum of putrescine and cadaverine.

6.4  Latest Trends in Colorimetric Biosensor

6.4.1  One-Dimensional Photonic Crystal

To increase the reflectivity at the photonic stop band of colori-
metric biosensor, a multilayer stack of low and high refractive 
index material having a material-specific response profile to 
external stimuli is called One-dimensional photonic crystals. 
The photonic crystals-based sensing platforms have certain 
pros and cons, i.e., economical, easy portability and readabil-
ity, complicated synthesis, and poor stability process. Yibo et 
al. (2012) has prepared a porous mixed metal oxide (MMO)–
TiO2 photonic crystal based colorimetric biosensor by an eco-
nomical spin-coating technique with calcination, which can 
measure the organic volatile compounds and relative humid-
ity. Until now, a photonic crystal based colorimetric biosensor 
was utilized for the detection of particles, chemical, viruses, 
biological molecules, proteins, and water salinity. However, its 
reported application in the food world is still minimal.

6.4.2  Smartphone

The revolution of the smart phone gives an innovative theme 
for the manufacturing and versatility of portable colorimetric 
biosensors that have wireless data transfer mode. These sen-
sors provide details of crop maturity, contaminants, pesticide, 
drugs, and foodborne pathogens at the site itself. Smartphone-
based colorimetric assays may diagnose the E. coli in meat, 
fluoride, and catechols in water (Zhu et al., 2012); lactose 
and galactose (Mora et al., 2015); peanut allergen (Coskun 

et al., 2013); aflatoxin B1 in maize (Lee et al., 2013); red wine 
(Park et al., 2014); antibiotic residues in milk (Masawat et al., 
2015); glutamate in wines, instant soup, and food compounds 
(Monosik et al., 2015); urea in saliva, and V. parahaemolyti-
cus in fish samples by the use of internet-of-things (IoT) tech-
nique (Seo et al., 2016). The smartphone spectroscopy systems 
include the detection of glucose and ethanol in alcoholic bev-
erages by FTIR, chlorophyll in apple samples by UV fluores-
cence spectroscopy, sugar in pears by NIR spectrometry, and 
food quality testing by diffractive interference refractometry. 
Shen et al. (2012) explained the point-of-care related to a sim-
ple and convenient way of colorimetric detection with a smart-
phone by their experimental result. The outcome of the study 
was that a 3–8 mega-pixel smartphone or any cell phone can be 
used for imaging colorimetric sensors. Zhan et al. (2015) pre-
sented snap-n-eat (mobile food recognition system) which can 
identify nutritive content and calorific value of different food 
materials (e.g., salads, fruits, vegetables, etc.). The system has 
two gradient features, like dense HOG (histogram of oriented 
gradients) and dense SIFT (scale-invariant feature transform). 
The HOG is densely extracted on a regular grid at steps of 8 
pixels, while SIFT descriptors are densely extracted using a 
flat rather than a Gaussian window on a regular grid, at steps 
of five pixels.

There are various types of smartphone-based colorimetric 
biosensors that are framed thus:

 a) Lab-on smartphone

 b) Smartphone-based Fluorescence imaging

 c) Smartphone-based electro-analytical

 d) Smartphone spectroscopy

6.4.2.1  Lab-on Smartphone

The noninvasive smartphone based optical biosensor has been 
prepared to determine the saliva urea levels. This type of smart-
phone-based sensor has been fabricated by urease enzyme 
direct immobilization, along with a pH indicator mounted on 
a strip (filter paper) that shows the presence of urea concentra-
tion in saliva by changing the color. The smartphone biosen-
sor was prepared from a supporting material strip (8.9 × 5 cm, 
thickness 0.35 μm) with a thin-film laminated hole (4.5 mm) 
that was covered by circular filter paper (5 mm diameter) and 
again by lamination film (4.5 mm) so that filter paper is sand-
wiched between the two films, where enzyme immobilization 
and detection takes place. This detection zone is covered in 
nylon mesh (1.2 cm × 0.8 cm, 500 μm pore size) by adhesive 
tape (double-sided). Urease Immobilization (13.5 mg in 200 
μL phenol red dye) is done with a phosphate buffer (1 mM, 
200 μL pH 7.0) and polyvinyl alcohol (100 μL, 0.25%) solu-
tion on the strips (5 μL/per strip) by the mesh with a pipette 
(10 U enzyme/strip). Then, dried strips are stored in desicca-
tor at 4 °C until use. The protein content and activity of the 
enzyme strips were estimated by the Lowry’s and phenol 
hypochlorite methods respectively. By the application of the 
smartphone (android) camera, the urea levels were estimated 
by obtaining red, green, and blue color profiles concerning 
pixel intensity using the slope method (response change/ time 
unit with no baseline correction requirement). For the increase 
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in sensitivity and interference elimination of the biosensor in 
place of response change per unit time, the sensor response 
difference between 02-time intervals has been utilized. The test 
sample saliva has been applied on the strip (placed in three 
cm height cardboard box) and the flash of the camera passed 
through the hole in the cardboard box. Keeping the test strip in 
the platform, the app initiated the adjusted time interval (10–20 
s) to get the slope of response. After the app initiation, the first 
image was captured at 0 s then in 10 s. The calibration equa-
tion has been calculated by the slope of urea-concentration 
response curve that was framed with the two intervals of aver-
age G values difference. The biosensor calibration was com-
pleted with the saliva of healthy individuals spiked with 5% 
synthetic urea in a phosphate buffer (1 mM, pH 7.0) (Anuradha 
and Sandeep, 2018) (Figure 6.3). The calibration curve within 
broad (10–1000 mgdL−1) and linear range (10–260 mgdL−1) for 
green pixels were denoted as below:

 Y e X� � ��� �1 42 1 464137 33. ./ .
 

 Y X� � � �0 005 0 09. .  

X = Urea concentration unknown
Y = Slope (G)

Chen et al. (2017) developed a low-cost solution to provide 
an accurate indicator for the shelf life of meat, dairy, and sea 
food based packed products by the food’s barcode. To check 
the quality of food, a smartphone camera is used to read color 
information from the barcode sensor. These sensors were pre-
pared by impregnation of encapsulated cross-reactive vapor 

sensitive dyes (Nile red, Zinc Tetraphenylporphyrin, Methyl 
red) in resin microbeads onto low-cost paper.

6.4.2.2  Smartphone-Based on Fluorescence Imaging

Hossain et al. (2017) has investigated fluorescence analysis 
using a smartphone for quality evaluation of olive oil. Bueno et 
al. (2016) developed a smartphone fluorescence analyzer for the 
detection of the ochratoxin A in beer samples that were kept in 
a plastic cuvette for irradiation (UV LED ʎ 360–380 nm). The 
fluorescent produced by ochratoxin A (460 nm) was detected 
and analyzed by using the rear of a smart phone. To distinguish 
the extra virgin olive oil from edible oils, a lower grade fluores-
cent-based smartphone system has been developed. In this type 
of sensor, initially olive oil samples irradiate at 405 nm UV 
LED, and fluorescence detects what is produced at a 90° angle 
performed by the phone camera (Hakonen and Beves, 2018). 
McCracken et al. (2017) prepared a smartphone-based sensor 
system for bisphenol A concentration detection in water. In 
this system 8- hydroxypyrene-1, 3, 6-trisulfonic acid mixed in 
water was irradiated with a 460 nm LED inside cuvette, and 
fluorescence radiation (at 512 nm) measured and analyzed with 
a picture in RGB colour space by phone camera.

6.4.2.3  Smartphone-Based Electro-Analytical

The Smartphone-Based Electro-Analytical Platforms is uti-
lized for on-site food diagnostics with high-performance as 
well as detection in remote areas. The detection of clenbuterol 
(illegally utilized for livestock protein deposit, growth rate, 
less fat deposition) at 0.076 ng/ml in six min can be done by 
smartphone-based immunosensor (Dou et al., 2016).

FIGURE 6.3 Schematic representation of biosensor display stages of urea detection.

(Copyright permission Order Number: 4791881473839; dated 18.03.2020).
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6.4.2.4  Smartphone Spectroscopy

The amount of E. coli in water and bacteria in meat samples 
can be identified by scattered light intensity detection through 
a phone camera at different angles within 90 s of response time 
(P.S. Liang et al., 2014; Park et al., 2015).

6.4.3  Lab-on-Chip (LOC) and Lab-on-Paper (LOP)

A new platform of sensor technology, lab-on-chip, is currently 
gaining a lot of popularity in food analysis. It is a simple, 
portable, made of polydimethylsiloxane, and a less chemical 
usage-based biosensor system. Currently, lab-on-paper tech-
nology is low cost, rapid, self-sustainable, easily disposable 
cellulose paper for entrapping molecules on target sites for 
detection (Whitesides, 2006; Maxwell, 2013).

Bisphenol A (BPA) is commonly utilize with polycarbonate 
and epoxy resin for the preparation of various types of food 
packaging materials, i.e., feeding bottles, water bottles, coat-
ing for processed food cans (Goodson et al., 2004; Lim et al., 
2009), etc. Due to many controversies related to the BPA usage 
in baby bottles and spill-proof cups, an emerging research field 
in the sensor world is to detect BPA in food samples. The col-
orimetric sensor based on paper was developed for BPA and 
phenolic compound detection (Alkasir et al., 2012).

The portable paper-based assay giving a colorimetric 
response (ranging 20–400 μM) has been developed with nano-
particle modified paper to determine antioxidant capacity (epi-
gallocatechin gallate, vanillic acid, ascorbic acid, gallic acid, 
quercetin, caffeic acid) (Sharpe et al., 2013).

In 2007, Harvard University introduced a novel research area 
of low-priced, portable microfluidic platform patterning paper 
for colorimetric biochemical assays. The photolithography 
technique utilized the hydrophobic barrier with photoresist in 
filter paper. The transportation of aqueous solutions in hydro-
philic paper channels (demarcated by hydrophobic photoresist 
walls) performed by capillary action without external pump-
ing in a porous paper matrix. The ink jet printing and plasma 
treatment was used to produce microfluidic platform pattern-
ing paper with hydrophobization agents. The above said 02 
means ‘retain the paper flexibility with no requirement of paper 
sheet polymer barriers’. Further, this treatment followed the 
2nd printing step in that the colorimetric NO2

− indicator (cit-
ric acid, sulfanilamide, and N-(1-naphthyl)-ethylenediamine) 
was reproduced in a detection zone for quantification (Li et al., 
2010b). There are versatile applications of microfluidic plat-
form patterning paper, for example, glucose and protein in the 
urine.

6.4.4  Biomimetics

Biomimetics means the transfer or implementation of princi-
ples or concepts to fulfil the requirements for better materi-
als or efficient machinery. There is utilization of natural color 
mimicking in biosensor fabrication, like the iridescent color 
of butterfly wings and the structural color forming system 
by LB films that have polypeptide. There are various biomi-
metic strategies for highly selective biochemical sensors, like 

molecularly imprinted polymers (for the detection of a fully 
artificial macromolecular mold) and creating polymer coatings 
(alteration in a surface’s biocompatibility to immobilized nat-
ural receptors or ligands) (Takatoshi et al., 2001; Pete Vukusic, 
2003; Munawar et al., 2013).

6.4.5  Artificial Intelligence

The quality evaluation of food may be done by an electronic 
nose or electronic tongue, and the computer Vision System. 
The electronic nose and electronic tongue can imitate the 
olfactory and taste systems of mammals by producing elec-
tronic signals after interaction with flavour molecules, while 
the computer vision system may mimic human vision by image 
analysis to analyze the colour. All these systems are rapid, eco-
nomical, non-destructive, and consistent for food quality eval-
uation techniques (Sajad et al., 2016).

Artificial intelligence (artificial olfactory system) has been 
joined with economical colorimetric sensor for sensing the 
quality of wine (Ouyang et al., 2013), vinegar (Chen et al., 
2014a; 2014b), strawberries (Liu et al., 2017), chicken (Chen 
et al., 2014a; 2014b), pork (Salinas et al., 2014), and fish 
(Morsy et al., 2015). The processing of digital image and odour 
information by combining computer vision and the colorimet-
ric sensor array is used for quick and precise mango quality 
assessment (Xingyi et al., 2018). So, chemo-responsive dyes 
based colorimetric sensor array technology has great potential 
in odour visualization (Rakow and Suslick, 2000). The novel 
and economic colorimetric biosensor array-based artificial 
olfactory systems have been developed by using twelve chem-
ically responsive dyes (Nine porphyrins, metallo-porphyrins, 
and three pH indicators) on a silica-gel flat plate for the estima-
tion of Chinese green tea quality (Li et al., 2017).

Among all the alcoholic beverages, the most popular are the 
different types of wine. The colorimetric sensor array-based 
taste prediction arrangement was prepared for the characteriza-
tion and quantification of white wine by analyzing RGB colour 
components from captured images through a charge-coupled 
device camera. The recent reports established that colorime-
try taste sensors are more sensitive and have lower cost than 
potentiometry sensors (Chung et al., 2015a). The 18 commer-
cial beers (liquid and gas phase) and 14 commercial soft drinks 
are analyzed by chemical dyes that were printed on a hydro-
phobic membrane-based colorimetric biosensor. The digital 
imaging of the dye array provided the colour change profile 
for the above said analyte (Zhang et al., 2006, 2007). The qual-
ity of Chinese rice wine was reported based on the artificial 
olfactory technique of colorimetric sensor array with 09-por-
phyrin or metallo-porphyrin materials (Ouyang et al., 2013). 
A colorimetric sensor to molecular recognition by cross- 
responsive array (i.e., a powerful vapor-sensing device for vol-
atile organic compounds) has various chemo-responsive dyes 
(hydrophobic dyes) developed on the hydrophobic membrane, 
which was not affected by salt concentration, ionic strength, 
or highly hydrophilic compounds, is successfully utilized for 
organics detection in water at very low concentrations (1 μM) 
(Zhang et al., 2005). The architecture of the sensor is built 
on stronger dye-analyte relations, rather than simple physi-
cal adsorption. Christopher et al. (2009) has developed long 
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shelf life, excellent reproducibility, low cost, and a disposable 
colorimetric sensor array by the pin-printing on a hydrophilic 
membrane of sixteen chemically responsive nano-porous pig-
ments to detect fourteen different natural and artificial sweet-
eners (Christopher et al., 2009). Dai et al. (2018) developed 
a colorimetric biosensor with Prussian blue nanoparticles for 
glucose detection in wine. The mechanism for Prussian blue 
nanoparticles formation is based on catalysis of glucose oxi-
dase, as explained by the equation:
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The colorimetric sensor array-based gustatory and olfactory 
sensors are developed using a combination of Au, Cu, Pt, and 
glassy carbon, with three electrodes to classify the vinegar of 
different ages (Chen et al., 2014a; 2014b). The artificial olfac-
tory system is commonly used to examine the food flavour. 
The freshness of strawberry, and Pseudosciaena crocea may be 
forecasted by the artificial olfactory system (Liu et al., 2017). 
Han et al. (2015) prepared a colorimetric assay using thiol-la-
beled primers (chicken-specific mitochondrial D-loop gene 
based) and unmodified gold nanoparticles to sense the tissues 
of chicken in meat products.

Salinas et al. (2014) prepared a colorimetric sensor array 
containing seven different types of combined pH indica-
tors (Bis(4-dibutylaminophenyl) squaraine, malachite green, 
m-cresol purple, bromo cresol purple) and chromogenic 
reagent (2, 6-diphenyl-4-(2-(4N,N-dimethylaminophenyl) 
vinyl)-pyrilium tetrafluoroborate, bis (4-dibutylamino-phenyl) 
squaraine) as sensing materials to check the ageing of fresh 
pork sausage.

The bio-nanomaterials (gold silver nanoparticles) or nucleic 
acids (aptamers and DNAzymes) are used as different probes 
for identifying hazardous chemicals (pesticide, insecticide, 
heavy metal, toxins, veterinary drugs like antibiotics, mel-
amine, nitrite) in food safety, allowing sensitivity, rapidity, 
specificity, portability, selectivity, and simplicity in the iden-
tification and screening of chemical toxins in the food indus-
try (Wang and Zhou, 2014). Morsy et al. (2015) developed a 
colorimetric detection array from 16 chemo-sensitive com-
pounds for identification and characterization of the spoil-
age compounds (putrescine, dimethylamine, trimethylamine, 
cadaverine,) present in raw foodstuffs (1-octane-3-ol, hexanal). 
Inmaculada Campos et al. (2013) prepared an electronic tongue 
by using eight metallic electrodes and analyzed the different 
varieties (Cabernet Sauvignon, Pinot Noir, Shyrah, Macabeo, 
Chardonnay, Merlot, and Bobal) of grape ripeness collected 
from the vineyards of Requena and Utiel.

6.5  Advantages of Colorimetry Biosensors

6.5.1  Specificity for Analyte

In the beverage industry, identification of carbohydrates, 
amides, amino acid, amine, and phenol is accomplished by 
the usage of enzymes in a biosensor. Various types of carbo-
hydrates, like glucose, fructose, sucrose, and lactose, can be 
identified by using enzymes (glucose oxidase, fructose-5-de-
hydrogenase and galactose oxidase). Other components, like 
glutamate, malate, glycerol, cholesterol, essential fatty acids 
and choline identification, may be done with lipoxygenase, 
glutamate oxidase, glycerol dehydrogenase, cholesterol oxi-
dase, alcohol dehydrogenase and choline oxidase-based bio-
sensors, respectively. Whole food products need identification 
of microorganisms, like E. coli detection, for the shelf stabil-
ity of products, (Yazgan et al. 2014), Clostridium perfringens 
(Keyburn et al., 2008), Staphylococcus aureus (Braiek et al., 
2012), Salmonella Typhimurium (Lee et al., 2013), virus (Reid, 
2001), Campylobacter (Manzano et al., 2015) and histamine 
(fish freshness quality indicator) (Hamada-Sato et al., 2005).

6.5.2  Large Number of Samples Analyzed

For the last hundred years the detection of Salmonella (the pri-
mary cause of food poisoning) is based on old methods which 
are not only time consuming but also consist of a large quan-
tity of samples that cannot be analyzed simultaneously. Now 
a days, biosensor-based technique, i.e., aptasensors, immu-
nosensors, genosensors, and phagosensors make testing eas-
ier, so large numbers of samples can be processed in less time 
(Stefano et al., 2017).

6.5.3  Less Time Consuming

The colorimetric biosensors have been constructed to reduce 
the analyte identification time, e.g., cholesterol biosensors 
work within 1–300 s, E. coli and bacteria quantification 
within <5 min, and 10 min are required for influenza virus, 
Salmonella, O157:H7 bacteria, lactose, glucose (Sharma et al., 
2004; Radke and Alocilja, 2005; Cho et al., 2013; Kim et al., 
2015; Eltzov and Marks, 2016, 2017; Huang Dai et al., 2018).

6.5.4  Simple and Economical

Colorimetry biosensors are easy to use due to change in col-
our and cost less to fabricate. For example, glucose biosen-
sors need one step execution for glucose (Yan Liu et al., 2014), 
pesticide residue verification needs a simple one-shot only test 
(Terry et al., 2005), and also speedy lead estimation in milk 
samples is imperative (Kaur et al., 2014).

6.5.5  Low Chemical Reagent Usage

The modified smartphone-based colorimeter biosensors in the 
form of smart phone imaging for the E. coli O157:H7 detection 
in chicken samples (blue to red) decreased the usage of chemi-
cals in the analysis (Lingyan Zheng et al., 2019).
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6.5.6  Reusage

Another advantage of the colorimetric biosensor is reusabil-
ity, i.e., a cholesterol-based biosensor can be reused 200 times 
within 15–50 days (4°C stored) in sera, beverages, fruit juices, 
and urine samples (Vinay et al., 2019).

6.5.7  Online Measurements and Continuous  
Recording

Glucose biosensors modified with Prussian blue electrodes 
have a property allowing detection of glucose on a continu-
ous flow mode for clinical purposes (Ricci et al., 2004). In 
different environmental conditions, the bactosensor chip has 
a wide application for automatic monitoring devices (Nina et 
al., 2016).

6.5.8  Ultra-Sensitive

The highly selective and sensitive response for several analytes 
(like protein, DNA, pathogens, heavy metal ions, toxic gases, 
etc.), the colorimetric sensors are widely accepted (Ajay et 
al., 2017). The detection of glucose in wine by sensitive and 
selective colorimetric sensors was developed with Prussian 
blue nanoparticles ( Dai et al., 2018). Online raw milk lactose 
concentrations were estimated by using immobilized β-galac-
tosidase, glucose oxidase, and horseradish peroxidase on a col-
orimetric biosensor-based glass carbon electrode (Eshkenazi et 
al., 2000).

6.6  Disadvantages of Colorimetry Biosensors

6.6.1  Specificity of pH, Temperature

The colorimetric biosensors are highly specific for analyte 
(such as an enzyme, bacterial cell, antibody, tissue, protein, 
metal ion, etc.), pH, and temperature or ions concentration. Its 
working, activation, and stability are completely dependent on 
the above-mentioned factors. The colorimetric biosensors can 
lose their working capacity due to inactivation, even after a 
relatively short time if stored under unsuitable conditions.

6.6.2  Waste Generation

Colorimetric biosensors have a very powerful binding reaction. 
Because it is difficult to reverse the reaction, these sensors can 
usually be used once. The shelf life of disposable glucose test 
strips is around six months, but only if sealed properly in alu-
minum foil (Strehlitz et al., 2008).

6.7  Applications of Colorimetry Biosensor

6.7.1  Detection of Food Borne Microorganism  
and Toxins

Now a days, biosensors support novel food packaging 
techniques, i.e., robotics, nanotechnology, active, intelli-
gent packaging (cradle to cradle, cradle to grave) for food 

pathogens detection. Ana Clarissa et al. (2011) developed 
TDER/PCDA vesicles (10, 12-pentacosadyinoic acid+ N-[(2-
tetradecanamide)-ethyl]-ribonamide) based colorimetric bio-
sensor to identify the colour change induced by S. aureus and 
E. coli in apple juice.

Titanium oxide (non-toxic), cellulose nanofibers (econom-
ical, biodegradable, biorenewable), nanodiamonds (antibac-
terial, anti-inflammatory, flexible, durable, temperature, and 
humidity resistance) are used to protect food from micro-
bial spoilage and toxins within the packaging system. Anti-
counterfeiting and anti-contaminant sensors are added to food 
packaging, which gives more reliability on packaging by add-
ing reminder or warning labels in food and beverage packaging 
systems by consumer demand. Currently, dots, labels, tags, and 
inks are the various forms of intelligent devices utilized as bio-
sensors (Ghaani et al., 2016). Hao et al. (2018) prepared a pH 
resolved multi-target detection biosensor to identify ochratoxin, 
aflatoxin B1, fumonisin, and microcystin, which is a simple 
and economical strategy. Gallic acid-capped Au-nanoparticles 
were used for the detection of Pb2+ ions in drinking water 
(Huang et al., 2009). Ochratoxin A is a naturally occurring 
mycotoxin in cereals, beans, dried fruits, beer, and wine and 
generally produced by A. ochraceus, A. carbonarius, and P. 
verrucosum (Monaci and Palmisano, 2004). Prieto-Simon et 
al. (2008) developed the detection of Ochratoxin A using a 
gold nano-particles-based colorimetric aptamer. Cheng Yang et 
al. (2011) announced that the same unmodified gold nanopar-
ticles that worked on conformation change in the ochratoxin A 
aptamer (range 20–625 nM: detection limit 20 nM) contain the 
magnesium ion in phosphate buffered saline.

Sanghoon et al. (2010) reported a chromogenic effect based 
colorimetric nanobiosensor prepared by the toxin equivalent 
(2,4-dinitrophenol–bovine serum albumin) involved with 
Au-nanoparticles and permit antigen–antibody association via 
latex microspheres for color change (pink to red) due to a toxin 
displacement of gold nanoparticles from latex microspheres. 
This colorimetric sensor is feasible for the food safety of the 
consumer as well as bio-terrorism attack.

6.7.2  Detection of Sugar

During the fermentation process, complex polysaccharides 
and oligosaccharides converted into monosaccharides sugar 
molecules. Generally, all biosensors that are sugar analyte 
estimation property were utilized for medical purposes; how-
ever, the similar fabrication pattern of glutamate enzyme 
electrode-based glucose biosensors prepared a path for sugar 
estimation in fermented food. It’s easy to prepare rare met-
al-based, cost-effective, renewable type (platinum-based 
glucose oxidase electrode) enzyme glucose biosensors. 
Commercially, in certain places, glucose concentration in 
froth can be estimated by a blood glucose biosensor, which is 
the alternative to HPLC and reducing sugar essay (Thornton 
and Brown, 1991). To study real-time fermentation, control 
the glucose detector-based glucose oxidase electrode utilized 
by White et al. (1996). Phelps et al. (1995) developed auto-
clavable glucose-sensing biosensors to increase the usage 
versatility and avoid the previously available non high-tem-
perature tolerant biosensors.
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6.7.3  Detection of Alcohol

Fermented products have become a huge consumer’s market, 
generating wealth in India. Fermentation results in the gener-
ation of alcohol that can be estimated by hydrometry and gas 
chromatography, conventional and tedious methods. Kuswandi 
et al. (2014) proposed the type of biosensor which was devel-
oping under colorimetric biosensors for the estimation of alco-
hol. This type of sensor is prepared by using polyaniline film 
immobilized alcohol oxidase, which turned from green to blue 
with alcohol. This quantitative change in color between 0.01 
and 0.8% was detected because of the polyaniline oxidation by 
the enzyme reaction. Another researcher, Gotoh et al. (1994) 
prepared the co-immobilized alcohol dehydrogenase and 
NAD+ coenzyme-based amperometric alcohol sensor, where 
an enzyme electrode is shown in linear response to an ethanol 
solution (0.05–10%). It can tolerate continuous detections for 
at least weeks without the addition of the coenzyme as it is a 
reagentless enzyme sensor.

6.7.4  Detection of Amino Acid

Amino acids are elementary construction blocks of proteins 
that are crucial for the survival of life. Among these 22 amino 
acids, eight essential and two semi-essential amino acids are 
important for humans. Generally, enzyme-based biosensors 
are utilized for amino acid detection in the form of amino acid 
oxidases (Nieh et al., 2013), glutamate oxidase (Zhang et al., 
2006; Rita et al., 2007; Batra and Pundir, 2013), leucine dehy-
drogenase (Labroo and Cui, 2014), tyrosinase (Mangombo et 
al., 2013; Kanchana et al., 2014) and L-phenylalanine dehy-
drogenase (Villalonga et al., 2007).

The most widely utilized biosensor is amperometric enzyme 
electrodes for glutamate enzyme detection, based on platinum 
electrodes (with Nafion), NAD+ dependent electrode, L-amino 
acid, enzyme electrode. Ni nanoporous-modified boron doped 
diamond electrode utilized for L-alanine, and a potentiometric 
detector with microbial cells for tryptophan, while also an elec-
trochemical detector via immobilizing DAAO for D-serine. The 
islet amyloid polypeptides (IAPP) fibrils and resveratrol-based 
gold nanoparticles were utilized for colorimetric determination 
(Zhang et al., 2016).

6.8  Colorimetric Sensor and Food Safety  
and Security

Food safety is the primary aspect of the food field for human 
beings and is established by performing food analysis. All the 
conventional analytical methods are time-consuming, labori-
ous, and demand skilled technical workers. There is a need for 
certain rapid detection-based simple techniques at ground level 
for the identification of different chemicals, toxic compound, 
pathogens, and heavy metals (Weng and Neethirajan, 2017).

In the food industry, the sanitation process is the daily routine 
for minimization of a pathogen. So, sanitizers and surfactants 
are an essential part of the food monitoring system. The most 
utilized sanitizers in the food industry are iodophors, chlorine, 
and quaternary ammonium at a concentration of 25 ppm, 200 

ppm, and 200 ppm respectively. Apart from these chlorine diox-
ides, peracetic acid and ozone are also considered to be sanitiz-
ers of the food industry (Cramer, 2006). So, it is necessary to 
identify the residues of these sanitizers and cleaning agents as 
contaminants in the food industry The polydiacetylenes vesicle 
based colorimetric biosensor is utilized. The polydiacetylenes 
vesicle is a liposome (bilayer walled hollow spheres) like con-
jugated polymers having a backbone of the alternate double 
and triple bond chain, which gives chromatic properties, i.e., 
change in color from blue to red (Yueyuan et al., 2017). Further, 
there are many detergents, like Triton X-100, that are utilized 
as cleaning agents in laboratories. Polydiacetylenes vesicle is 
highly sensitive to Vigilquat and Triton X-100 because it gives 
visible colour change (Berman and Charych, 1999). The color-
imetric sensors developed by the polydiacetylenes vesicle are 
also able to detect proteins, bacteria in apple juice, and chicken 
(Jung et al., 2010; Pires et al., 2011; De Oliveira et al., 2015).

6.9  Challenges and Future of Colorimetric  
Biosensor

The upcoming advancement in colorimetric bio-sensing tech-
niques is based on rapid detection, thus onsite application may 
allow point of care (POC) techniques. The utilization of strips/
pads to perform assays is a promising way of colorimetric bio-
sensor fabrication and application. There are many challenges 
for colorimetric biosensor, like real time analysis, portability, 
label-free, single step detection, and cost (Piriya et al., 2017). 
A common problem associated with colorimetric biosensors 
is limited lifetime or one-shot measurement of biomolecules 
that are used as a receptor. Slowly, nanotechnology is going 
to solve these problems of the usage of metal nanoparticles to 
offer fast detection while interacting with an analyte, which 
avoids radiological labelling and fluorescent (Suresh et al., 
2018). Another futuristic thought for the colorimetric biosen-
sor is the multiplex working model (i.e., 2D and 3D detection, 
which need a highly sophisticated transducer to target and 
quantify analyte) and regenerative colorimetric biosensors for 
the long-term (Dias et al., 2014).

A general problem of all biosensors, i.e., limited lifetime, is 
also associated with the colorimetric biosensor. Another chal-
lenge is that bio- sensor systems can only be used for a one-
shot measurement (disposable use) (Bergveld, 1996).

6.10  Conclusion

The colorimetric sensors have a bright future for identifying 
nutrients, allergens, and pathogens present in food by the rapid, 
simple, easy, selective detection technique. The colorimetric 
sensors can detect the various food quality-based parameters, 
like pH, melamine, tartrazine, glucose, phenolic compounds, 
pesticide, insecticide, hydrogen peroxide, antioxidants, 
polyphenols, protein, lactate, and lysozyme. The latest trend in 
colorimetric biosensors, i.e., usage of smartphone, lab-on-pa-
per and lab-on-chip, involves artificial intelligence which gives 
new directions and opportunities to the food industry for food 
quality maintenance and consumer satisfaction.



Colorimetric Biosensors 77

BIBLIOGRAPHY
Agata, S., Hanna, R., and Jerzy, R. (2007). Novel voltammetric 

biosensor for determining acrylamide in food samples. Bio-
sensors & Bioelectronics 22(9–10):2165–2170.

Ahmad, R., Tripathy, N., Ahn, M.S., Yoo, J.Y., and Hahn, Y.B. 
(2018). Preparation of a highly conductive seed layer for 
calcium sensor fabrication with enhanced sensing perfor-
mance. ACS Sensors 3: 772–778.

Ajay, P., Printo, V.S., Joseph, K., Daniel, S.C.G., Susithr, L., Taka-
toshi, K., and Sivakumar, M. (2017). Colorimetric sensors 
for rapid detection of various analytes. Materials Science 
and Engineering 78(1): 1231–1245.

Alhogail, S., Suaifan, G.A., and Zourob, M. (2016). Rapid colori-
metric sensing platform for the detection of Listeria mono-
cytogenes foodborne pathogen. Biosensors & Bioelectronics 
86: 1061–1066.

Alkasir, R.S. (2012). Colorimetric paper bioassay for the detec-
tion of phenolic compounds. Analytical Chemistry 84(22) 
9729–9737.

Alkasir, R.S., Ornatska, M., and Andreescu, S. (2012). Colorimet-
ric paper bioassay for the detection of phenolic compounds. 
Analytical Chemistry 84: 9729–9737

Ana Clarissa, de S.P., Nilda de Fatima, F.S., Luis Henrique, M. da 
S., Maria do Carmo, H. da S., Mauro Vieira, D.A., Mireille, 
L.H., Nelio, J. de A., Remili, F.S., Aparecida, B.M., and 
Samira, G.R. (2011). A colorimetric biosensor for the detec-
tion of foodborne bacteria. Sensors and Actuators B Chemi-
cal 153: 17–23.

Andreescu, S., Avramescu, A., Bala, C., Magearu, V., and Jean-
Louis, M. (2002). Detection of organophosphorus insecti-
cides with immobilized acetylcholinesterase – comparative 
study of two enzyme sensors. Analytical and Bioanalytical 
Chemistry 374: 39–45.

Antiochia, R., and Gorton, L. (2007). Development of a carbon 
nanotube paste electrode osmium polymer-mediated bio-
sensor for determination of glucose in alcoholic beverages. 
Biosensors & Bioelectronics, 22: 2611–2617.

Anuradha, S., and Sandeep, K.J. (2018). Smartphone based optical 
biosensor for the detection of urea in saliva. Sensors and Actu-
ators Chemical https://doi.org/10.1016/j.snb.2018.04.108.

Apetrei, C., María Luz, R.-M. and De Saja, J.A. (2005). Modified 
carbon paste electrodes for discrimination of vegetable oils. 
Sensors and Actuators B Chemical 111: 403–409.

Aron, Hakonen and Beves Jonathon, E. (2018). Hue parameter 
fluorescence identification of edible oils with a smartphone. 
https://pubs.acs.org/doi/suppl/10.1021/acssensors.8b00409/
suppl_file/se8b00409_si_001.pdf

Ashie, I., Smith, J., Simpson, B., and Haard, N.F. (1996). Spoilage 
and shelf-life extension of fresh fish and shell fish. Critical 
Reviews in Food Science and Nutrition 36: 87–121

Ashraf, M.S., Mohamed, M., and Khalaf, H.H. (2014). Applica-
bility of biosensor and oxygen sensor for monitoring spoil-
age and bacterial contaminants of packed minced beef and 
poultry. 2nd International Conference On Biotechnology 
Applications In Agriculture (ICBAA), Benha University, 
Moshtohor and Hurghada, 8–12, Egypt.

Askim, J. R., Mahmoudi, M., and Suslick, K.S. 2013. Optical sen-
sor arrays for chemical sensing: The optoelectronic nose. 
Chemical Society Reviews 42: 8649–8682.

Barrow, S.J., Funston, A.M., Wei, X., and Mulvaney, P. (2013). 
DNA-directed self-assembly and optical properties of dis-

crete 1D, 2D and 3D plasmonic structures. Nano Today 8: 
138–167.

Batra, B., and Pundir, C.S. (2013). An amperometric glutamate 
biosensor based on immobilization of glutamate oxidase 
onto carboxylated multiwalled carbon nanotubes/gold 
nanoparticles/chitosan composite film modified Au elec-
trode. Biosensors & Bioelectronics, 47(18): 496–501.

Battigelli, A., Menard-Moyon, C., Da Ros, T., Prato, M., and 
Bianco, A. (2013). Endowing carbon nanotubes with biolog-
ical and biomedical properties by chemical modifications. 
Advanced Drug Delivery Reviews 65: 1899–1920. https://
doi.org/10.1016/j.addr.2013.07.006.

Bergveld, P. (1996). The future of biosensors. Sensors and Actua-
tors A 56: 65–73

Berman, A., and Charych, D.H. (1999). Oriented nucleation of 
inorganic salts on polymeric long chain acid monolayers. 
Journal of Crystal Growth 198(199): 796–801.

Biao, Zhang, Yu, Yang, Xu, Zheng-Long, Abouali, Sara, Akbari, 
Mohammad, He, Yan-Bing, Kang, Feiyu and Kim, Jang-
Kyo (2013). Correlation between atomic structure and 
electrochemical performance of anodes made from elec-
trospun carbon nanofiber films. Advanced Energy Materi-
als 4: 7.

Bisht, V., Takashima, W., and Kaneto, K. (2005). An ampero-
metric urea biosensor based on covalent immobilization of 
urease onto an electrochemically prepared copolymer poly 
(N-3-aminopropyl pyrrole-co-pyrrole) film. Biomaterials 
26: 3683–3690.

Bitsch, B., Dittmann, J., Schmitt, M., Scharfer, P., Schabel, W., 
and Willenbacher, N. (2014). A novel slurry concept for the 
fabrication of Lithium-Ion battery electrodes with beneficial 
properties. Journal of Power Sources 265: 81–90.

Boujtita, M., Hart, J.P., and Pittson, R. (2000). Development of a 
disposable ethanol biosensor based on a chemically modi-
fied screen-printed electrode coated with alcohol oxidase for 
the analysis of beer. Biosensors & Bioelectronics 15(5–6): 
257–263.

Braiek, M., Rokbani, K.B., Chrouda, A., Mrabet, B., Bakhrouf, 
A., Maaref, A., and Jaffrezic-Renault, N. (2012). An elec-
trochemical immunosensor for detection of Staphylococcus 
aureus bacteria based on immobilization of antibodies on 
self-assembled monolayers-functionalized gold electrode. 
Biosensors 2: 417–426.

Buenoa, R.D., Jean, M., and Marty, L. (2016). Fluorescence ana-
lyzer based on smartphone camera and wireless for detec-
tion of Ochratoxin A. Sensors and Actuators B: Chemical 
232: 462–468.

Cao, Y., Jin, R., and Mirkin, C.A. (2001). DNA-modified core-
shell Ag/Au nanoparticles. Journal of the American Chemi-
cal Society 123(32): 7961–7962.

Cesarino, I., Fernando, C.M., Marcos, R.V.L., and Sergio, A.S.M. 
(2012). Electrochemical detection of carbamate pesticides 
in fruit and vegetables with a biosensor based on acetylcho-
linesterase immobilised on a composite of polyaniline-car-
bon nanotubes. Food Chemistry 135(3):873–879.

Chan, Y.Y., Eng, A.Y.S., Pumera, M., and Webster, R.D. (2015). 
Electrochemical modeling of biological processes. Ham-
merich, O.; Speiser, B. Eds. Organic Electrochemistry, 5th 
Edition, ChemElectroChem 2: 1003–1009.

Chang, H.C., and Ho, J.A.A. (2015). Gold nanocluster-assisted 
fluorescent detection for hydrogen peroxide and cholesterol 

https://doi.org/10.1016/j.snb.2018.04.108
https://pubs.acs.org
https://pubs.acs.org
https://doi.org/10.1016/j.addr.2013.07.006
https://doi.org/10.1016/j.addr.2013.07.006


78 Biosensors in Food Safety and Quality

based on the inner filter effect of gold nanoparticles. Ana-
lytical Chemistry 87: 10362–10367.

Chen, C., Luo, M., Ye, T., Li, N., Ji, X., and He, Z. (2015). 
Sensitive colorimetric detection of protein by gold 
nanoparticles and rolling circle amplification. Analyst, 
140:4515–4520.

Chen, G.-H., Chen, W.-Y., Yen, Y.-C., Wang, C.-W., Chang, H.-
T., and Chen, C.-F. (2014a). Detection of mercury (II) ions 
using colorimetric gold nanoparticles on paper-based ana-
lytical devices. Analytical Chemistry 86(14): 6843–6849.

Chen, Q., Hui, Z., Zhao, J., and Ouyang, Q. (2014b). Evaluation of 
chicken freshness using a low-cost colorimetric sensor array 
with AdaBoost-OLDA classification algorithm. LWT Food 
Science and Technology 57(2): 502–507.

Chen, Q., Sun, C., Ouyang, Q., Liu, A., Li, H., and Zhao, J. 
(2014c). Classification of vinegar with different marked 
ages using olfactory sensors and gustatory sensors. Analyti-
cal Methods 6: 9783–9790.

Chen, X., Zhang, W., Yin, J., Zhang, N., Geng, S., and Zhou, X. 
(2014d). Escherichia coli isolates from sick chickens in 
China: changes in antimicrobial resistance between 1993 
and 2013. The Veterinary Journal, 202: 112–115.

Chen, Y., Guoqing, F., Zilberman, Y., Ruan, W., Ameri, S.K., 
Zhang, Y.S., Miller, E., and Sonkusale, S.R. (2017). Low 
cost smart phone diagnostics for food using paper-based 
colorimetric sensor arrays. Food Control 82: 227–232.

Chen, Z., Bailey, D.P., and Suslick, K.S. (2006). Colorimetric 
sensor arrays for the analysis of beers: a feasibility study. 
Journal of Agricultural and Food Chemistry 54: 4925–4931.

Cheng, Y., Wanga, Y., Marty, J.-L., and Yang, X. (2011). Aptamer-
based colorimetric biosensing of Ochratoxin A using 
unmodified gold nanoparticles indicator. Biosensors & Bio-
electronics 26: 2724–2727.

Cho, C.H., Woo, M.K., Kim, J.Y., Cheong, S., Lee, C.K., An, S.A., 
Lim, C.S., and Kim, W.J. (2013). Evaluation of five rapid 
diagnostic kits for influenza A/B virus. Journal of Virologi-
cal Methods 187:51–56

Christopher, J.M., Lim, S.H., and Suslick, K.S. (2009). Colori-
metric detection and identification of natural and artificial 
sweeteners. Analytical Chemistry 81: 6526–6533.

Chung Soo, Tu Park, San, Park, Soo Hyun, Kim, Joon Yong, 
Park, Seongmin, Son, Daesik, Bae, Young Min, and In Cho, 
Seong (2015). Colorimetric sensor array for white wine tast-
ing. Sensors 15: 18197–18208.

Coskun, A.F., Wong, J., Khodadadi, D., Nagi, R., Tey, A., and 
Ozcan, A. (2013). A personalized food allergen testing plat-
form on a cellphone. Lab Chip 13: 636–640.

Cramer, M.M. (2006). Food plant sanitation: design, mainte-
nance, and good manufacturing practices. In: Cramer, 
Michael M. (Ed.), Chapter 7, Sanitation Best Practices 
(pp. 149). CRC Press, Boca Raton, 1st Edition, eBook 
ISBN9780429127229.

Dai, H., Li, Y., Zhang, Q., Yingchun, F., and Li, Y. (2018). A colo-
rimetric biosensor based on enzyme-catalysis-induced pro-
duction of inorganic nanoparticles for sensitive detection of 
glucose in white grape wine. RCS Advances 59, 2018.

De Moura, M.R., Mattoso, L.H.C., and Zucolotto, V. (2012). 
Development of cellulose-based bactericidal nanocom-
posites containing silver nanoparticles and their use as 
active food packaging. Journal of Food Engineering 109: 
520–524.

De Oliveira, T.V., Soares, N. de F.F., de Andrade, N.J., Silva, D.J., 
Medeiros, E.A.A., and Badaro, A.T. (2015). Application of 
PCDA/SPH/CHO/Lysine vesicles to detect pathogenic bac-
teria in chicken. Food Chemistry 172: 428–432.

Della Pelle, F., and Compagnone, D. (2018). Nanomaterial-based 
sensing and biosensing of phenolic compounds and related 
antioxidant capacity in food. Sensors 18(2): 462.

Deng, P., Zhifeng Xu, and Kuang Yunfei (2014). Electrochemi-
cal determination of bisphenol A in plastic bottled drinking 
water and canned beverages using a molecularly imprinted 
chitosan-graphene composite film modified electrode. Food 
Chemistry 157C:490–497.

Diana, Buenoa Roberto, Jean, Munoz and Marty, Louis (2016). 
Fluorescence analyzer based on smartphone camera and 
wireless for detection of Ochratoxin A. Sensors and Actua-
tors B: Chemical 232: 462–468.

Dias, A.D., Kingsley, D.M., and Corr, D.T. (2014). Recent 
advances in bioprinting and applications for biosensing. 
Biosensors 4: 111–136.

Dini, F., Paolesse, R., Filippini, D., Amico, A.D., Lundström, I., 
and Di, N.C. (2010). Fish freshness decay measurement 
with a colorimetric artificial olfactory system. Proc. Euro-
sensors XXIV, September 5–8, 2010, Linz, Austria. Proce-
dia Engineering, 5: 1228–1231.

do Ana Paula, E.S. Development Of Fruit Juices Fermented By 
Probiotic bacteria. INRA-PACA, Universitè d’Avignon. 
https://www.agreenskills.eu/index.php/content/down-
load/466/2308/fil…

Doretti, L. 2000. Acetylcholine biosensor involving entrapment 
of acetylcholinesterase and poly (ethylene glycol)-modified 
choline oxidase in a poly (vinyl alcohol) cryogel membrane. 
Enzyme and Microbial Technology 27: 279–285.

Dou, Y., Jiang, Z., Deng, W., Su, J., Chen, S., Song, H., Aldalbahi, 
A., Zuo, X., Song, S., Shi, J., and Fan, C. (2016). Portable 
detection of clenbuterol using a smartphone-based electro-
chemical biosensor with electric field-driven acceleration. 
Journal of Electroanalytical Chemistry 781: 339–344

Eltzov, E., and Marks, R.S. (2016). Miniaturized flow stacked 
immunoassay detects E. coli in a single step. Analytical 
Chemistry 88(21): 6441–6449.

Eltzov, E., and Marks, R.S. (2017). Colorimetric stack pad immu-
noassay for bacterial identification. Biosensors & Bioelec-
tronics 87: 572–578

Eshkenazi, I., Maltz, E., Zion, B., and Rishpon, J. (2000). Three-
cascaded-enzymes biosensor to determine lactose concen-
tration in raw milk. Journal of Dairy Science 83:1939–1945.

Esser, B., Schnorr, J.M., and Swager, T.M. (2012). Selective detec-
tion of ethylene gas using carbon nanotube-based devices: 
utility in determination of fruit ripeness. Angewandte Che-
mie International Edition 51: 5752–5756

Mustafa, F., and Andreescu, S. (2018). Chemical and biological 
sensors for food-quality monitoring and smart packaging. 
Foods 7(10): 168. https://doi.org/10.3390/foods7100168.

Geyssant, A., Dormois, D., Barthrlrmy, J.C., and Lacour, J.R. 
(1985). Lactate determination with the lactate analyser L.A. 
640: a critical study. Scandinavian Journal of Clinical and 
Laboratory Investigation 45: 145–149.

Ghaani, M., Cozzolino, C.A., Castelli, G., and Farris, S. (2016). 
An overview of the intelligent packaging technologies in 
the food sector. Trends in Food Science and Technology 51: 
1–11.

https://www.agreenskills.eu
https://www.agreenskills.eu
https://doi.org/10.3390/foods7100168


Colorimetric Biosensors 79

Goodson, A., Robin, H., Summerfield, W., and Cooper, I. (2004). 
Migration of bisphenol a from can coatings effects of dam-
age, storage conditions and heating. Food Additives & Con-
taminants 21: 1015–1026.

Gotoh, M., and Karube, I. (1994). Ethanol biosensor using immo-
bilized coenzyme. Analytical Letters 27(2): 273–284.

Guan-Hua, Chen, Chen, Wei-Yu, Yen, Yu-Chun, Wang, Chia-Wei, 
Chang, Huan-Tsung, and Chen, Chien-Fu (2014). Detection 
of mercury(II) ions using colorimetric gold nanoparticles 
on paper-based analytical devices. Analytical Chemistry 
86(14): 6843–6849. doi: 10.1021/ac5008688. Epub 2014 
Jun 25

Guilbault, G.G., and Montalvo Jr, J.G. (1969). A urea-specific 
enzyme electrode. Journal of the American Chemical Soci-
ety, 91(8):2164–2165.

Gupta, R., and Chaudhury, N. (2007). Entrapment of biomolecules 
in sol–gel matrix for applications in biosensors: Problems 
and future prospects. Biosensors & Bioelectronics 22: 
2387–2399.

Gymama, S. (2018). Current Advances in Biosensor Design and 
Fabrication. Encyclopedia of Analytical Chemistry, Online 
© 2006–2018 John Wiley & Sons, Ltd. This article is © 
2018 John Wiley & Sons, Ltd. This article was published in 
the Encyclopedia of Analytical Chemistry in 2018 by John 
Wiley & Sons, Ltd. https://doi.org/10.1002/9780470027318.
a0505.pub2

Hakonen, A., and Beves Jonathon, E. (2018). Hue parameter fluo-
rescence identification of edible oils with a smartphone. 
https://pubs.acs.org/doi/suppl/10.1021/acssensors.8b00409/
suppl_file/se8b00409_si_001.pdf

Hamada-Sato, N., Usui, K., Kobayashi, T., Imada, C., and Wata-
nabe, E. (2005). Quality assurance of raw fish based on 
HACCP concept. Food Control, 16(4): 301–307.

Han, H., Yi, W., Hou, D., Huang, T., and Hao, Z. (2015). AuNPs-
based colorimetric assay for identification of chicken tis-
sues in meat and meat products. Journal of Nanomaterial, 
469–267: 1–6.

Hao, N., Jinwen, L., Zhou, Z., Hua, R., and Wang, K. (2018). A 
pH-resolved colorimetric biosensor for simultaneous mul-
tiple target detection. ACS Sensors 3(10): 2159–2165.

Hildebrandt, A., Lacorte, S., and Barcelo, D. (2007). Assessment 
of priority pesticides, degradation products, and pesticide 
adjuvants in groundwaters and top soils from agricultural 
areas of the Ebro river basin. Analytical and Bioanalytical 
Chemistry, 387: 1459–1468.

Hossain, M.A., Canning, J., Cook, K., Ast, S., and Jamalipour, A. 
(2017). Photo-and thermal degradation of olive oil measured 
using an optical fibre smartphone spectrofluorimeter. In: 
IEEE 25th Optical Fiber Sensors Conference (OFS), 1–4.

Huang, K.W., Yu, C.J., and Tseng, W.L. (2009). Sensitivity 
enhancement in the colorimetric detection of lead (II) ion 
using gallic acid-capped gold nanoparticles: improving size 
distribution and minimizing interparticle repulsion. Biosen-
sors & Bioelectronics, 25(5): 984–989

Huang, X., Xin, J., and Zhao, J.A. (2011). Novel technique for 
rapid evaluation of fish freshness using colorimetric sensor 
array. Journal of Food Engineering 105: 632–637.

Huang, X.-W., Zou, X.-B., Shi, J.-Y., Guo, Y., Zhao, J.-W., Zhang, 
J., and Hao, L. (2014). Determination of pork spoilage by 
colorimetric gas sensor array based on natural pigments. 
Food Chemistry 145: 549–554.

Huang, X.-W., Zou, X.-B., Shi, J.-Y., Li, Z.-H., and Zhao, J.-W. 
(2018). Colorimetric sensor arrays based on chemo-respon-
sive dyes for food odor visualization. Trends in Food Sci-
ence and Technology 81: 90–107.

Ibrahim, A.A., Ahmad, R., Umar, A., Al-Assiri, M.S., Al-Salami, 
A.E., Kumar, R., Ansari, S.G., and Baskoutas, S. (2017). 
Two-dimensional ytterbium oxide nanodisks based biosen-
sor for selective detection of urea. Biosensors & Bioelec-
tronics 98: 254–260.

Inmaculada, C., Bataller, R., Armeroc, R., Gandiaa, J.M., Sotoa, 
J., Martinez-Maneza, R., and Gil-Sancheza, L. (2013). 
Monitoring grape ripeness using a voltammetric electronic 
tongue. Food Research International 54: 1369–1375.

Intae, K., Geon Hwee, K., Chang Sup, K., Hyung Joon, C., and 
Geunbae, L. (2015). Optical detection of paraoxon using 
single-walled carbon nanotube films with attached organo-
phosphorus hydrolase-expressed Escherichia coli. Sensors, 
15: 12513–12525.

Jane Maxwell, M.E., Mazzeo, A.D., and Whitesides, G.M. (2013). 
Paper-based electroanalytical devices for accessible diag-
nostic testing. Material Research Society Bulletin 38: 309–
314.

Jazib, A., Jawayria, N., Muhammad, A.A., Muhammad, F.A., and 
Ali, R. (2017). Biosensors: their fundamentals, designs, 
types and most recent impactful applications: a review. 
Journal of Biosensors & Bioelectronics 8 (1), 1–9.

Jean, L.Z.Y., Lee Hoon, L., Aminul Huq, M.Z., Norha, Y.A., Ibra-
him, A.B.D., Rahmana, I., and Minha, Z.U.A. (2017). Bion-
anotechnology based colorimetric sensors for food analysis. 
In: Chapter 5, Food Biosensors (pp. 104–130). The Royal 
Society of Chemistry.

Jiang, T., Song, Y., Wei, T.X., Li, H., Du, D., Zhu, M.J., and Lin, 
Y.H. 2016. Sensitive detection of Escherichia coli O157:H7 
using Pt-Au bimetal nanoparticles with peroxidase-like 
amplification. Biosensors & Bioelectronics 77: 687–694.

Jung, Y. K., Kim, T. W., Park, H. G., and Soh, H. T. 2010. Specific 
colorimetric detection of proteins using bidentate aptamer-
conjugated polydiacetylene (PDA) liposomes. Advanced 
Functional Materials 20(18): 3092–3097.

Kahn, K., and Plaxco, K.W. (2010). Principles of biomolecular 
recognition. In: Zourob, M., (Ed.), Recognition Receptors in 
Biosensors (pp. 3–45), Springer, New York, NY. ).

Kanchana, P., Lavanya, N., and Sekar, C. (2014). Development 
of amperometric L-tyrosine sensor based on Fe-doped 
hydroxyapatite nanoparticles. Materials Science & Engi-
neering C, 35(2): 85–91.

Kaur, H., Kumar, S., and Verma, N. (2014). Enzyme-based colo-
rimetric and potentiometric biosensor for detecting Pb (II) 
ions in milk. Brazilian Archives of Biology and Technology, 
57(4): 613–619.

Keyburn, A.L., Boyce, J.D., Vaz, P., Bannam, T.L., Ford, M.E., 
Parker, D., Di Rubbo, A., Rood, J.I., and Moore, R.J. (2008). 
NetB, a new toxin that is associated with avian necrotic 
enteritis caused by Clostridium perfringens. PLoS Patho-
gens 4: e26

Kiani, Sajad, Minaei, Saeid and Mahdi, Ghasemi-V. (2016). 
Fusion of artificial senses as a robust approach to food 
quality assessment. Journal of Food Engineering 171: 
230–239.

Kim, H.N., Wen, X.R., Jong, S.K., and Juyoung, Y. (2012). Fluo-
rescent and colorimetric sensors for detection of lead, cad-

http://dx.doi.org/10.1021/ac5008688
https://doi.org/10.1002/9780470027318.a0505.pub2
https://doi.org/10.1002/9780470027318.a0505.pub2
https://pubs.acs.org
https://pubs.acs.org


80 Biosensors in Food Safety and Quality

mium, and mercury ions. Chemical Society Reviews 41: 
3210–3244.

Kim, H.Y., Lee, E.S., Jeong, J.Y., Choi, J.H., Choi, Y.S., Han, D.J., 
Lee, M.A., Kim, S.Y., and Kim, C.J. (2010). Effect of bam-
boo salt on the physicochemical properties of meat emulsion 
systems. Meat Science 86: 960–965.

Kuswandi, B., Irmawati, T., and Hidayat, M.A. (2014). A simple 
visual ethanol biosensor based on alcohol oxidase immo-
bilized onto polyaniline film for Halal verification of fer-
mented beverage samples. Sensors 14(2): 2135–2149.

Kuswandi, B., Maryska, C., Abdullah, A., and Heng, L.Y. (2013). 
Real time on-package freshness indicator for guavas pack-
aging. Journal of Food Measurement and Characterization 
7: 29–39

Labroo, P., and Cui, Y. (2014). Amperometric bienzyme screen-
printed biosensor for the determination of leucine. Analyti-
cal & Bioanalytical Chemistry 406(1): 367–372.

Le Goff, A., Holzinger, M., and Cosnier, S. (2011). Enzymatic 
biosensors based on SWCNT-conducting polymer elec-
trodes. Analyst 136: 1279–1287. https://doi.org/10.1039/
C0AN00904K

Lee, S., Kim, G., and Moon, J. (2013). Performance improvement 
of the one-dot lateral flow immunoassay for aflatoxin B1 
by using a smartphone-based reading system. Sensors 13: 
5109–5116.

Li, S., Joshua, A.H., and Ian, P. (2012). Point-of-care colorimetric 
detection with a smartphone. The Royal Society of Chemis-
try, https://doi.org/10.1039/c2lc40741h.

Li, X., Tian, J., Garnier, G., and Shen, W. (2010a). Fabrication of 
paper-based microfl uidic sensors by printing. Colloids and 
Surfaces. B, Biointerfaces 76: 564–570.

Li, X., Tian, J., and Shen, W. (2010b). Quantitative biomarker 
assay with microfl uidic paper-based analytical devices. 
Analytical and Bioanalytical Chemistry, 396 (1): 495–501.

Liang, P.S., San, P.T., and Yoon, J.Y. (2014). Rapid and reagentless 
detection of microbial contamination within meat utilizing 
a smartphone-based biosensor. Scientific Reports, 4: 5953.

Liangqia, G., Jianhai, Z., Jinmei, W., Feng, F.F., Guonan, C., 
Xiaoyan, Z., and Song, L. (2010). Visual detection of 
melamine in milk products by label-free gold nanoparticles. 
Talanta, 82(5): 1654–1658.

Liedberg, B., Nylander, C., and Lunstrom, I. (1983). Surface plas-
mon resonance for gas detection and biosensing. Sensors & 
Actuators 4: 299–304.

Lien, C.W., Tseng, Y.T., Huang, C. C., and Chang, H.T. (2014). 
Logic control of enzyme-like gold nanoparticles for selec-
tive detection of lead and mercury ions. Analytical Chemis-
try, 86: 2065–2072.

Lieselot, De S., Gertjan, V., Kathleen, L., Iline, S., Karen, De C., 
and Richard, H. (2019). Fabrication Of Smart Colorimetric 
Hard And Soft Materials By Plasma Dye Coating. APME 
2019: The 13th International Conference on Advanced Poly-
mers via Macromolecular Engineering, 15–18 April 2019, 
Stellenbosch, SA.

Lim, D. S., Kwack, S. J., Kim, K.B., Kim, H.S., and Lee, B.M. 
(2009). Potential risk of bisphenol a migration from poly-
carbonate containers after heating, boiling, and microwav-
ing. Journal of Toxicology and Environmental Health, Part 
A 72: 1285–1291.

Lin, Z., Sun, J., Chen, J., Guo, L., Chen, Y., and Chen, G. (2008). 
Electro chemiluminescent biosensor for hypoxanthine based 

on the electrically heated carbon paste electrode modified 
with xanthine oxidase. Analytical Chemistry, 80: 2826–2831.

Lin, Z., Xiao, Y., Yin, Y.Q., Hu, W.L., Liu, W., and Yang, H.H. 
(2014). Facile synthesis of enzyme-inorganic hybrid nano-
flowers and its application as a colorimetric platform for 
visual detection of hydrogen peroxide and phenol. ACS 
Applied Material Interfaces, 6: 10775–10782.

Lingyan, Z., Gaozhe, C., Siyuan, W.M.L., Yanbin, L., and Jianhan, 
L. (2019). A microfluidic colorimetric biosensor for rapid 
detection of Escherichia coli O157:H7 using gold nanopar-
ticle aggregation and smart phone imaging. Biosensors & 
Bioelectronics, 124–125: 143–149.

Liu, F., Chen, H., and Tang, X. (2017). Investigation on straw-
berry freshness by rapid determination using artificial olfac-
tory system. International Journal of Food Properties 20: 
S910–S920.

Liu, J., and Lu, Y. (2004). Accelerated color change of gold 
nanoparticles assembled by DNAzymes for simple and fast 
colorimetric Pb2+ detection. Journal of the American Chemi-
cal Society 126(39): 12298–12305.

Long, Q., Li, H.T., Zhang, Y.Y., and Yao, S.Z. (2015). Upcon-
version nanoparticle-based fluorescence resonance energy 
transfer assay for organophosphorus pesticides. Biosensors 
& Bioelectronics 68, 168–174.

Luo, C., Wang, J., Fan, X., Zhu, Y., Han, F., Suo, L., and Wang, 
C. (2015). Roll-to-roll fabrication of organic nanorod elec-
trodes for sodium ion batteries. Nano Energy 13: 537–545.

Luo, J., Liu, X., Tian, Q., Yue, W., Zeng, J., Chen, G., and Cai, 
X. (2009). Disposable bioluminescence-based biosensor for 
detection of bacterial count in food. Analytical Biochemistry 
394(1):1–6. 10.1016/j.ab.2009.05.021.

Mangombo, Z.A., Key, D.. and Iwuoha, E. I. (2013). Development 
of L-phenylalanine biosensor and its application in the real 
samples. Inscience Journal 03(01): 1–23.

Manzano, M., Cecchini, F., Fontanot, M., Iacumin, L., Comi, G., 
and Melpignano, P. (2015). OLED-based DNA biochip for 
Campylobacter spp. detection in poultry meat samples. Bio-
sensors & Bioelectronics 66:271–276.

Marx, K. (2007). Toward understanding the intelligent properties 
of biological macromolecules-implications for their design 
into biosensors. In: Hubbard, Arthur (Ed.),  Smart Biosensor 
Technology (pp. 3–82). Marcel Dekker, New York.

Masawat, P., Harfield, A., and Namwong, A. (2015). Ani Phone-
based digital image colorimeter for detecting tetracycline in 
milk. Food Chemistry 184: 23–29.

McCracken, K.E., and Yoon, J.Y. (2016). Recent approaches for 
optical smartphone sensing in resource limited settings: a 
brief review. Analytical Methods 8(36): 6591–6601.

Mead, P.S., Dunne, E.F., Graves, L., Wiedmann, M., Patrick, M., 
Hunter, S., Salehi, E., Mostashari, F., Craig, A., Mshar, P., 
Bannerman, T., Sauders, B.D., Hayes, P., Dewitt, W., Sparling, 
P., Griffin, P., Morse, D., Slutsker, L., and Swaminathan, B. 
(2006). Outbreak of listeriosis in South Africa associated with 
processed meat. Epidemiology and Infection 134: 744–751.

Mercante, L.A., Scagion, V.P., Migliorini, F.L., Mattoso, L.H.C., 
and Correa, D.S. (2017). Electro spinning-based (bio) sen-
sors for food and agricultural applications: a review. Trends 
in Analytical Chemistry 91: 91–103.

Mikani, M., Rahmanian, R., Karimni, M., and Sadeghic, A. (2017). 
Novel I–V Disposable Urea Biosensor Based on a Dip-
coated Hierarchical Magnetic Nanocomposite (Fe3O4@

https://doi.org/10.1039/C0AN00904K
https://doi.org/10.1039/C0AN00904K
https://doi.org/10.1039/c2lc40741h
http://dx.doi.org/10.1016/j.ab.2009.05.021


Colorimetric Biosensors 81

SiO2@NH2) on SnO2:F Layer. Journal of the Chinese 
Chemical Society 64: 1446–1459.

Mokhtarzadeh, A., Eivazzadeh-Keihan, R., Pashazadeh, P., Hejazi, 
M., Gharaatifar, N., Hasanzadeh, M., Baradaran, B., and 
Guardia, M. de la (2017). Nanomaterial-based biosen-
sors for detection of pathogenic virus. Trends in Analytical 
Chemistry 97: 445–457.

Monaci, L., and Palmisano, F. (2004). Determination of ochra-
toxin A in foods: state-of-the-art and analytical challenges. 
Analytical and Bioanalytical Chemistry 378: 96–103.

Monosik, R., dos Santos, V.B., and Angnes, L. (2015). A simple 
paper-strip colorimetric method utilizing dehydrogenase 
enzymes for analysis of food components. Analytical Meth-
ods 7: 8177–8184.

Mora, C.A., Herzog, A.F., Raso, R.A., and Stark, W. J. (2015). 
Programmable living material containing reporter micro-
organisms permits quantitative detection of oligosaccha-
rides. Biomaterials, 61:1–9.

Morsy, M.K., Zor, K., Kostesha, N., Alstrøm, T.S., Heiskanen, A., 
El-Tanahi, H., Sharoba, A., Papkovsky, D., Larsen, J., and 
Khalaf, H. (2015). Development and validation of a colori-
metric sensor array for fish spoilage monitoring. Food Con-
trol, 60: 346–352.

Mujika, M., Arana, S., Castaño, E., Tijero, M., Vilares, R., and 
Ruano-López, J.M. 2009. Magnetoresistive immunosen-
sor for the detection of Escherichia coli O157:H7 includ-
ing a microfluidicnetwork. Biosensors & Bioelectronics 24: 
1253–1258. https://doi.org/10.1016/j.bios.2008.07.024.

Mulchandani, A., Groom, C.A., and Luong, J.H.T. (1991). Deter-
mination of sulfite in food products by an enzyme electrode. 
Journal of Biotechnology 18(1–2): 93–102.

Munawar, H., Wackerlig, J., and Peter, A. (2013). Lieberzeit bio-
mimetic strategies for sensing biological species. Biosen-
sors, 3(1): 89–107.

Murray, C.B., Norris, D.J., and Bawendi, M.G. (1993). Synthe-
sis and characterization of nearly monodisperse CdE (E = 
sulfur, selenium, tellurium) semiconductor nanocrystallites. 
Journal of the American Chemical Society 115: 8706–8715.

Nakatani, H.S., dos Santos, L.V., Pelegrine, C.P., Gomes, S., Mat-
sushita, M., de Souza, N.E., and Visentainer, J.V. (2005). 
Biosensor based on xanthine oxidase for monitoring hypo-
xanthine in fish meat. American Journal of Biochemistry 
and Biotechnology 1: 85–89.

Nath, N., and Chilkoti, A. (2004). Label free colorimetric biosensing 
using nanoparticles. Journal of Fluorescence, 14(4): 377–389.

Ni, P., Dai, H., Wang, Y., Sun, Y., Shi, Y., Hu, J., and Li, Z (2014). 
Visual detection of melamine based on the peroxidase-like 
activity enhancement of bare gold nanoparticles. Biosensors 
& Bioelectronics 60: 286–291.

Nieh, C.H., Yuki, K., and Osamu, S. (2013). Sensitive D-amino 
acid biosensor based on oxidase/ peroxidase system medi-
ated by pentacyano ferrate-bound polymer. Biosensors & 
Bioelectronics 47(28): 350–355.

Nina, B., Siham, B., Frederic, T., Martial, G., Harald, van L., 
Philippe, R., and Jan Roelof, van der M. (2016). An auto-
mated microreactor for semi-continuous biosensor measure-
ments. Lab Chip 16: 1383–1392

Orellana, G., Moreno-Bondi, M.C., Garcia-Fresnadillo, D., and 
Marazuela, M.D. (2005). The interplay of indicator, support 
and analyte in optical sensor layers. Frontiers in Chemical 
Sensors 3:189–225.

Ouyang, Q., Zhao, J., Chen, Q., and Hao, L. (2013). Classifica-
tion of rice wine according to different marked ages using 
a novel artificial olfactory technique based on colorimetric 
sensor array. Food Chemistry, 138: 1320–1324.

Pacquit, A., Lau, K.T., McLaughlin, H., Frisby, J., Quilty, B., and 
Diamond, D. (2006). Development of a volatile amine sen-
sor for the monitoring of fish spoilage. Talanta 69: 515–520.

Palmisano, F., Rizzi, R., and Centonze, D. (2000). Simultaneous 
monitoring of glucose and lactate by an interference and 
cross-talk free dual electrode amperometric biosensor based 
on electropolymerized thin films. Biosensors & Bioelectron-
ics 15(9–10):531–539.

Panda, S.S., Katz, H.E., and Tovar, J.D. (2018). Correction: Solid-
state electrical applications of protein and peptide based 
nanomaterials. Chemical Society Reviews 47: 3640–3658.

Park San, T., and Yoon, J.Y. (2015). Smartphone detection of Esch-
erichia coli from field water samples on paper microfluidics. 
IEEE Sensors Journal 15(3): 1902–1907.

Park, T.S., Baynes, C., Cho, S.I., and Yoon, J.Y. (2014). Paper 
microfluidics for red wine tasting. RSC Advances, 4: 24356–
24362.

Park, Y.H., Choi, K.J., Bae, J.Y., Yoon, S.K., Jang, H.I., and Lee, 
C.S. (2013). Development of a detection sensor for mixed 
trimethylamine and ammonia gas. Journal of Industrial and 
Engineering Chemistry 19: 1703–1707.

Pete, V., and Roy Sambles, J. (2003). Photonic structures in biol-
ogy. Nature 424 (6950): 852–855.

Phelps, M.R., Hobbs, J.B., and Kilburn, D.G. (1995). An autoclav-
able glucose biosensor for microbial fermentation monitor-
ing and control. Biotechnology & Bioengineering 46(6): 
514–524.

Ping, H., Zhang, M., Li, H., Li, S., Chen, Q., Sun, C., and Zhang, 
T. (2012). Visual detection of melamine in raw milk by 
label-free silver nanoparticles. Food Control 23: 191–197.

Pires, A. C. D. S., Soares, N., Silva, L., Silva, H. M. D., Almeida, 
M. V., Hyaric M. L., Andrade N. J., Soares R. F., Mageste A. 
B., and Reis S. G. (2011). A colorimetric biosensor for the 
detection of foodborne bacteria. Sensors and Actuators B: 
Chemical 153(1): 17–23.

Piriya, V.S.A., Joseph, P., Daniel, S.C.G.K., Lakshmanan, S., 
Kinoshita, T., and Muthusamy, S (2017). Colorimetric sen-
sors for rapid detection of various analytes. Material Sci-
ence Engineering C, 78: 1231–1245.

Prieto-Simon, B., Campas, M., Marty, J.L., and Noguer, T. (2008). 
Novel highly-performing immunosensor-based strategy for 
ochratoxin a detection in wine samples. Biosensors & Bio-
electronics 23: 995–1002.

Quansheng, C., Huanhuan, L., Qin, O., and Jiewen, Z. (2014). 
Identification of spoilage bacteria using a simple colorimet-
ric sensor array. Sensors and Actuators B: Chemical 205: 
1–8.

Radke, S.M., and Alocilja, E.C. (2005). A high density microelec-
trode array biosensor for detection of E. Coil O157:H7. Bio-
sensors & Bioelectronics 20: 1662–1667.

Rafiq, A., Wolfbeisb, O.S., Hahnc, Y.-B., Alshareefd, H.N., Torsie, 
L., and Salama, K.N. (2018). Deposition of nanomaterials: a 
crucial step in biosensor fabrication. Materials Today Com-
munications 17: 289–321.

Rahmanian, R., Mozaffari, S.A., Amoli, H.S., and Abedi, M. 
(2018). Sensors and actuators B: chemical development of 
sensitive impedimetric urea biosensor using DC sputtered 

https://doi.org/10.1016/j.bios.2008.07.024


82 Biosensors in Food Safety and Quality

Nano-ZnO on TiO2 thin film as a novel hierarchical nano-
structure transducer. Sensors and Actuators B: Chemical 
256: 760–774.

Rakow, N.A., and Suslick, K.S. 2000. A colorimetric sensor array 
for odour visualization. Nature 17406(6797): 710–713.

Reid, T.M.S. (2001). A case study of cheese associated E. coli 
O157 outbreaks in Scotland. In: Duffy, G., Garvey, P. and 
McDowell, D. (Eds.), Verocytotoxigenic Escherichia coli 
(pp. 201–212). Food and Nutrition Press Inc., Trumbull, CT.

Ren, M., Hengyi, X., Xiaolin, H., Min, K., Yonghua, X., Hong, X., 
Yang, X., Hongyu, C., and Andrew, W. (2014). Immunochro-
matographic Assay for Ultrasensitive Detection of Aflatoxin 
B1 in Maize by Highly Luminescent Quantum Dot Beads. 
ACS Applied Materials & Interfaces 6: 14215–14222.

Ricci, F., Moscone, D., Tuta, C.S., Palleschi, G., Amine, A., Pos-
cia, A., Valgimigli, F., and Messeri, D. (2004). Novel planar 
glucose biosensors for continuous monitoring use. Biosen-
sors & Bioelectronics, 20: 1993–2000.

Rita, M., Hanna, C., and Youssef, S. (2007). Amperometric and 
impedimetric characterization of a glutamate biosensor 
based on Nafion and a methyl viologen modified glassy 
carbon electrode. Biosensors & Bioelectronics, 22(11): 
2682–2688.

Roberts, T., Kowalcyk, B., Buck, P., Blaser, M.J., Frenke, J.K., 
Lorber, B., Smith, J., and Tarr, P.I. (2009). http://www. 
foodborneillness.org/images/stories/cfi_ (Accessed on 
August 31, 2010).

Saha, K., Agasti, S.S., Kim, C., Li, X.N., and Rotello, V.M. (2012). 
Gold nanoparticles in chemical and biological sensing. 
Chemical Reviews 112: 2739–2779.

Sahraei, R., Farmany, A., and Mortazavi, S. S. (2013). A nanosil-
ver-based spectrophotometry method for sensitive deter-
mination of tartrazine in food samples. Food Chemistry 
138(2–3): 1239–1242.

Sajad, K., Saeid, M., and Mahdi, G.-V. (2016). Fusion of artifi-
cial senses as a robust approach to food quality assessment. 
Journal of Food Engineering 171: 230–239.

Salinas, Y., Ros-Lis, J. V., Vivancos, J. L., Martínez-Máñez, R., 
Marcos, M. D., Aucejo, S., Herranz, N., Lorente, I., and 
Garcia, E (2014). A novel colorimetric sensor array for mon-
itoring fresh pork sausages spoilage. Food Control 35(1): 
166–176.

Sanghoon, K., Gunasekaran, S., and Jaehyuck, Y. (2010). Self-
indicating nanobiosensor for detection of 2,4-dinitrophenol. 
Food Control 21: 155–161.

Sardesai, N.P., Ganesana, M., Karimi, A., Leiter, J.C., and 
Andreescu, S. (2015). Platinum-doped ceria based biosen-
sor for in vitro and in vivo monitoring of lactate during 
hypoxia. Analytical Chemistry 87: 2996–3003.

Schaude, C., Meindl, C., Frohlich, E., Attard, J., and Mohr, G.J. 
2017. Developing a sensor layer for the optical detection of 
amines during food spoilage. Talanta 170: 481–487.

Schultz, J.S. (1982). Optical sensor of plasma constituents. U.S. 
Pat. 4, 344, 438 A

Seo, S.M., Kim, S.W., Jeon, J.W., Kim, J.H., Kim, H.S., Cho, J.H., 
Lee, W.H., and Paek, S.H. (2016). Food contamination mon-
itoring via internet of things, exemplified by using pocket-
sized immunosensor as terminal unit. Sensors and Actuators 
B: Chemical 233: 148–156.

Sharma, S.K., Singhal, R., Malhotra, B.D., Seghal, N., and Kumar, 
A. (2004). Lactose biosensor based on Langmuir – Blodgett 

films of poly (3-hexyl thiophene). Biosensors & Bioelec-
tronics 20: 651–657.

Sharpe, E., Frasco, T., Andreescu, D., and Andreescu, S. (2013). 
Portable ceria nanoparticle-based assay for rapiddetection 
of food antioxidants (NanoCerac). Analyst 138: 249–262.

Shen, Li, Hagenb, Joshua A., and Papautsky, Ian (2012). Point-of-
care colorimetric detection with a smartphone. The Royal 
Society of Chemistry. doi: 10.1039/c2lc40741h.

Silvert, P.Y., Herrera Urbina, R., Duvauchelle, N., Vijayakrishnan, 
V., and Elhsissen, K.T. (1996). Preparation of colloidal sil-
ver dispersions by the polyol process. Synthesis and charac-
terization. Journal of Materials Chemistry 6(4): 573–577.

Stefano, C., Giulia, V., Silvia, P., Elisabetta, D., and Giuseppe, P. 
(2017). Electrochemical biosensors for rapid detection of 
foodborne salmonella: a critical overview. Sensors 17: 2–22.

Strehlitz, B., Nikolaus, N., and Stoltenburg, R. (2008). Protein 
detection with aptamer biosensors. Sensors 8(7): 4296–
4307.

Suresh, N., Vasanth, R., Xuan, W., and Rohit, C. (2018). Bio-
sensors for sustainable food engineering: challenges and 
perspectives. Biosensors 8(1): 23; https://doi.org/10.3390/
bios8010023

Suslick, K.S., Rakow, N.A., and Sen, A. (2004). Colorimetric sen-
sor arrays for molecular recognition. Tetrahedron 60: 49.

Takatoshi, K., Shujiro, H., and Yoshiyuki, Y. (2001). Preparation 
of a structural color forming system by polypeptide–based 
LB films. Journal of Photochemistry and Photobiology 
A145: 101–106.

Tang, D.P., Lin, Y.X., Zhou, Q., Lin, Y.P., Li, P.W., Niessner, R., and 
Knopp, D. (2014). Low-cost and highly sensitive lmmuno 
sensing platform for aflatoxins using one-step competitive 
displacement reaction mode and portable glucometer-based 
detection. Analytical Chemistry 86: 11451–11458.

Tao, Y., Huifen, H., Fang, Z., Qinlu, L., Lin, Z., and Junwen, 
L. (2016). Recent progresses in nano biosensing for food 
safety analysis. Sensors 16: 11–18.

Teerasong, S., Jinnarak, A., Chaneam, S., Wilairat, P., and Naca-
pricha, D. (2017). Poly (vinyl alcohol) capped silver 
nanoparticles for antioxidant assay based on seed-mediated 
nanoparticle growth. Talanta 170: 193–198.

Terry, L.A., Ilkenhans, T., Poulston, S., Rowsell, L., and Smith, 
A.W.J. (2007). Development of new palladium-promoted 
ethylene scavenger. Postharvest Biology and Technology 
45(2):214–220.

Terry, L.A., White, S.F., and Tigwell, L.J. (2005). The application 
of biosensors to fresh produce and the wider food industry. 
Journal of Agricultural and Food Chemistry 53(5):1309–
1316.

Thakur, M.S., and Karanth, N.G. (2003). Research and develop-
ment on biosensors for food analysis in India. Advances in 
Biosensors 5: 131–160.

Thornton, A.J., and Brown, D.E. (1991). Fermentation glucose 
assay using the Exactech blood glucose biosensor. Biotech-
nology Techniques, 5(5): 363–366.

Toivonen, P.M. (1997). Non-ethylene, non-respiratory volatiles in 
harvested fruits and vegetables: their occurrence, biological 
activity and control. Postharvest Biology and Technology 
12:109–125.

Toole, M. Shepherd, R., Wallace, G.G., and Diamond, D. (2009). 
Inkjet printed LED based pH chemical sensor for gas sens-
ing. Analytica Chimica Acta 652: 308–314.

http://www.foodborneillness.org
http://www.foodborneillness.org
http://dx.doi.org/10.1039/c2lc40741h
https://doi.org/10.3390/bios8010023
https://doi.org/10.3390/bios8010023


Colorimetric Biosensors 83

Vestergaard, M.C., Kerman, K., Hsing, I.M., and Tamiya, E. (eds). 
(2015). Nano-biosensors and Nano-bioanalyses. Springer, 
Tokyo

Villalonga, R., Fujii, A., Shinohara, H., Tachibana, S., and Asano, 
Y. (2008). Covalent immobilization of phenylalanine dehy-
drogenase on cellulose membrane for biosensor construc-
tion. Sensors and Actuators B: Chemical 129(1): 195–199.

Vinay, N., Ritu, D., Bhawna, B., Vijay, K., Ritu, H., Minakshi, 
S., and Rana, J.S. (2019). Cholesterol biosensors: a review. 
Steroids, 143: 6–17.

Vukusic, Pete, and Roy Sambles, J. (2003). Photonic structures in 
biology. Nature 424(6950): 852–855.

Wang, J., and Musameh, M. (2005). Carbon-nanotubes doped polypyr-
role glucose biosensor. Analytica Chimica Acta 539: 209–213.

Wei, Y., Zhang, J., Xu, W., and Duan, Y. (2015). Amplified fluores-
cent aptasensor through catalytic recycling for highly sensi-
tive detection of ochratoxin A. Biosensors & Bioelectronics 
65: 16–22.

Weng, X., and Neethirajan, S. (2017). Ensuring food safety: qual-
ity monitoring using microfluidics. Trends in Food Science 
and Technology 65: 10–22.

White, S.F., Tothill, I.E., and Newman, J.D. (1996). Development 
of a mass-producible glucose biosensor and flow-injection 
analysis system suitable for on-line monitoring during fer-
mentations. Analytica Chimica Acta 321(2–3): 165–172.

Whitesides, G.M. (2006). The origins and the future of microfluid-
ics. Nature 442(7101): 368–373.

Wu, L.L., Wang, Z., Zhao, S.N., Meng, X., Song, X.Z., Feng, J., 
Song, S.Y., and Zhang, H.J. (2016a). A metal-organic frame-
work/DNA hybrid system as a novel fluorescent biosensor 
for mercury (II) ion detection. Chemistry—A European 
Journal 22: 477–480.

Wu, Q., Hou, Y., Zhang, M., Hou, X., Xu, L., Wang, N., Wang, J., 
and Huang, W. (2016b). Amperometric cholesterol biosen-
sor based on zinc oxide films on a silver nanowire–graphene 
oxide modified electrode. Analytical Methods 8: 1806–1812.

Xingyi, H., Junwei, X., and Jiewen, Z. (2011). A novel technique 
for rapid evaluation of fish freshness using colorimetric sen-
sor array. Journal of Food Engineering 105: 632–637.

Xingyi, H., Riqin, L.V., Sun Wang, J.H., and Aheto, C.D. (2018). 
Integration of computer vision and colorimetric sensor array 
for nondestructive detection of mango quality. Journal of 
Food Process Engineering 41: 8.

Xue, J., Xie, J., Liu, W., and Xia, Y. (2017). Electrospun nanofi-
bers: new concepts, materials, and applications. Accounts of 
Chemical Research 50: 1976–1987.

Yan, L., Min, Y., Longjiao, Q., and Rong, G. (2014). An efficient 
colorimetric biosensor for glucose based on peroxidase-like 
protein-Fe3O4 and glucose oxidase nanocomposites. Biosen-
sors & Bioelectronics 52:391–396.

Yan, Z., Niu, Q., Mou, M., Wu, Y., Liu, X., and Liao, S. (2017). 
A novel colorimetric method based on copper nano clus-

ters with intrinsic peroxidase-like for detecting xanthine in 
serum samples. Journal of Nanoparticle Research 19: 235.

Yang, H., and Jiang, P. (2010). Large-scale colloidal self-assembly 
by doctor blade coating. Langmuir 26: 13173–13182.

Yazgan, I., Noah, N.M., Toure, O., Zhang, S., and Sadik, O.A. 
(2014). Biosensor for selective detection of E. coli in 
spinach using the strong affinity of derivatized man-
nose with fimbrial lectin. Biosensors & Bioelectronics 
61:266–273.

Yibo, D., Jingbin, H., Tengli, W., Min, W., David, G.E., and Xue, 
D. (2012). Fabrication of MMO–TiO2 one-dimensional 
photonic crystal and its application as a colorimetric sensor. 
Journal of Materials Chemistry 22: 14001.

Yoo, E.H., and Lee, S.Y. (2010). Glucose biosensors: an overview 
of use in clinical practice. Sensors 10: 4558–4576

Yueyuan, Z., Julie, N., Tim, H., Ian, M., Bill, P., Raz, J., Inyee, H., 
and Paul, D. (2017). Polydiacetylene sensor interaction with 
food sanitizers and surfactants. Food Chemistry 15(221): 
515–520.

Zhang, C., and Suslick, K.S. (2005). A colorimetric sensor array 
for organics in water. Journal of the American Chemical 
Society 127: 11548–11549.

Zhang, C., and Suslick, K.S. (2007). Colorimetric sensor array for 
soft drink analysis. Journal of Agricultural and Food Chem-
istry 55(2): 237–242.

Zhang, Juan, Jun, L.V., Wang, Xiaonan, Li, Defeng, Wang, Zha-
oxia, and Li, Genxi (2015). Integration of chemoselective 
ligation with enzymespecific catalysis: Saccharic colorimet-
ric analysis using aminooxy/hydrazine-functionalized gold 
nanoparticles. Nano Research 8: 3853–3863.

Zhang, D., and Liu, Q. (2016). Biosensors and bioelectronics on 
smartphone for portable biochemical detection. Biosensors 
& Bioelectronics 75: 273.

Zhang, M., Mullens, C., and Gorski, W. (2006). Amperometric 
glutamate biosensor based on chitosan enzyme film. Elec-
trochimica Acta 51(21): 4528–4532.

Zhang, W., Qian, Y., Behjat, S., Ajay, D., and Harpreet, S. (2015). 
“Snap-n-Eat”: food recognition and nutrition estimation on 
a smartphone. Journal of Diabetes Science and Technology 
9(3): 525–533.

Zhao, D., Chen, C.X., Lu, L.X., Yang, F., and Yang, X.R. (2015). A 
label-free colorimetric sensor for sulfate based on the inhi-
bition of peroxidase-like activity of cysteamine-modified 
gold nanoparticles. Sensors and Actuators B: Chemical 215: 
437–444

Zhitao, C., Yue, L., Xiaoming, M., Longhua, G., Bin, Q., Guonan, 
C., and Zhenyu, L. (2017). Multicolor biosensor for fish 
freshness assessment with the naked eye. Sensors and Actu-
ators B: Chemical 252: 201–208.

Zhu, H., Sikora, U., and Ozcan, A. (2012). Quantum dot enabled 
detection of Escherichia coli using a cell-phone. Analyst 
137: 2541–2544.



https://taylorandfrancis.com


85DOI: 10.1201/9780429259890-7

7
Nanobiosensors: Principles, Techniques, 
and Innovation in Nanobiosensors

M. Bhattacharya
University of California Davis, Davis, USA

I. Dey Paul
Haldia Institute of Technology (HIT), Haldia, India

L. Jayachandran
Indian Institute of Technology Kharagpur, Kharagpur, India

S. Halder and S. Banerjee
Jyothy Institute of Technology, Bangalore, India

CONTENTS
7.1 Introduction .......................................................................................................................................................................... 86
7.2 Role of Nanomaterials in Food Analysis .............................................................................................................................. 87

 7.2.1 Pathogens ................................................................................................................................................................. 87
 7.2.2 Food Contaminants .................................................................................................................................................. 88
 7.2.3 Sugars ...................................................................................................................................................................... 88

7.3 How Nanobiosensors Work .................................................................................................................................................. 90
 7.3.1 Properties/Characteristics/Types/Classification/Material Used ............................................................................... 90

 7.3.1.1 Nanoparticle Based Sensors ..................................................................................................................... 90
 7.3.1.2 Nanotube Based Sensors .......................................................................................................................... 95
 7.3.1.3 Nanowire Based Sensors .......................................................................................................................... 96

 7.3.2 Working Principle of Nanobiosensors ..................................................................................................................... 98
 7.3.2.1 Localized Surface Plasmon Resonance (LSPR) Based Nanobiosensors ................................................. 98
 7.3.2.2 Electrochemical Biosensors ..................................................................................................................... 98
 7.3.2.3 Optical Biosensors/Optodes ..................................................................................................................... 98
 7.3.2.4 Fluorescent Nanobiosensors .................................................................................................................... 99

 7.3.3 Scope of Nanobiosensors ......................................................................................................................................... 99
 7.3.4 Properties, Advantage, and Disadvantage ................................................................................................................ 99

7.4 Different Fabrication Techniques of Nanobiosensor .......................................................................................................... 100
 7.4.1 Enabling Technology ............................................................................................................................................. 100
 7.4.2 Micro-Fabrication Technology .............................................................................................................................. 100
 7.4.3 SERS (Surface Enhanced Raman Spectroscopy) Technique ................................................................................. 100

7.5 Application of Nanobiosensor ............................................................................................................................................ 100
 7.5.1 Enzyme Biosensors ................................................................................................................................................ 100
 7.5.2 Detection of Pathogens .......................................................................................................................................... 100
 7.5.3 Detection of Food Additives .................................................................................................................................. 101
 7.5.4 Detection of Pesticides .......................................................................................................................................... 101
 7.5.5 Detection of Drug Residues ................................................................................................................................... 101
 7.5.6 Detection of Bisphenol A ...................................................................................................................................... 102

7.6 Different Innovation and Trends in Nanobiosensor and Its Limitations ............................................................................ 102
 7.6.1 Limitations in the Use of Nanobiosensors ............................................................................................................. 102

7.7 Future Scope of Nanobiosensor ......................................................................................................................................... 102
7.8 Conclusion .......................................................................................................................................................................... 103
Bibliography ................................................................................................................................................................................ 103



86 Biosensors in Food Safety and Quality

7.1  Introduction

A biosensor is defined as an analytical device used for the quan-
titative detection of an analyte with a biologically active ele-
ment such as an antibody, enzyme, oligonucleotide, or receptor 
attached to a transducer surface (Srivastava et al., 2018). It is 
a probe which fuses a biological component with an electronic 
component to convert chemical information, ranging from the 
concentration of a particular sample component to complete 
composition analysis, into an analytical useful signal. These 
devices are the potential alternative to traditional analytical 
methods by providing simple, fast, repetitive, and cheap mul-
ti-detection ability (Goriushkina et al., 2009).

To improve the performance of existing and potential bio-
sensors, researchers have attempted to integrate NPs into the 
biosensor materials. Nanotechnology is a branch of science 
dealing with the systematic way for the study and ‘fine-tun-
ing’ of material properties in the size range of nanometer (10−9 
m). It is a broad term representing a conglomeration of pro-
cesses, materials, and applications that span physical, chem-
ical, biological, and electronic science and engineering fields. 
A ‘material having one or more external dimensions in the 
nanoscale, or which is nanostructured (Specification, 2007)’ is 
defined as a nanomaterial. The class of nanomaterials having 
all three external dimensions in the nanoscale are termed as 
nanoparticles (NPs). The other existing forms of nanomaterials 
are nanorods (NRs) or nanotubes (NTs) (two dimensions in the 
nanoscale) and nanolayers (coatings or sheets with only one 
dimension in the nanoscale). The properties of different types 
of nanomaterials have been analyzed to check their suitabil-
ity in biosensor applications. A constant rise in the research in 
biosensor technology in relation to the various nanomaterials 

has been noticed. The target was to enhance the multi-detection 
capability and sensitivity of the biosensors by implementing 
the nanomaterials into either tranducers or receptors operation 
parts. The nanomaterials of interest include NPs, NTs, nano-
wires (NWs), quantum dots (QDs), or other biological nano-
materials. When fabricated with the transducer of a biosensor, 
the nanomaterials enhance the transducing capability through 
nanoconfinement, flexible morphology, enhanced optical, 
mechanical, electrical, and thermal properties, and highly spe-
cific areas of the nanomaterials (Srivastava et al., 2018). In the 
last few years, various NPs with different characteristics, such 
as small size, high speeds, smaller distances for electrons to 
travel, lower power, and lower voltages, have found a wide 
scope of utilization in biosensors (Guo and Wang, 2007).

The basic action mechanism of a typical nanobiosensor 
(Figure 7.1) can be categorized into five different levels:

 i. Bioreceptors binding the specific form or analyte to the 
sample.

 ii. An electrochemical interface which is a site of specific 
biological processes yielding a signal.

 iii. A transducer fabricated with nanomaterials serves as a 
sensor that transforms the specific biochemical reaction 
in an electrical signal.

 iv. A signal processor which converts the electronic signal 
into a definable physical parameter.

 v. A unit to display the results to the operator.

Based on the transduction mechanism for output generation, 
the nanobiosensors can be categorized as: a) electrochemical 
nanobiosensors, b) optical nanobiosensors, or c) nanobiosen-
sors relying on the mechanical and piezoelectric properties of 

FIGURE 7.1 Basic components and mechanism of action of nanobiosenors.
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microcantilever and crystals. This chapter discusses the major 
aspects of the nanobiosensors, their role in food analysis, the 
working principle, applications, and future scope.

7.2  Role of Nanomaterials in Food Analysis

One of the key fields for the application of novel sensors/bio-
sensors is the food industry. Biosensors, originating from the 
integration of molecular biology and information technology, 
can equip the food processing operators and food safety author-
ities with the capability of the rapid detection of pathogens and 
potential contaminants (both chemical and biological agents). 
Hence, the biosensors help in reducing the health hazards asso-
ciated with food poisoning/intoxication. In recent years, ‘nano-
sized’ and nanomaterials-based biosensors, popularly termed 
as nanobiosensors, have been rapidly gaining importance as a 
modern and efficient class of detection systems (Delmulle et 
al., 2005; Lin et al., 2008; Sanvicens et al., 2009). An immense 
improvement can be expected in food quality control, safety, 
and traceability with the use of nanobiosensors. These cost- 
effective devices can be effectively used for the preparation 
of raw materials and controlling and monitoring of storage 
conditions.

Technologies for the detection of food pathogens need to 
be constantly updated, simplified, and made versatile to face 
various known and unknown challenges. Recently, the use of 
nanomaterials, such as metallic and magnetic NPs, carbon NTs 
(CNTs), NRs, QDs, NWs, nanochannels, etc., have improved 
the sensing capacity of the detection systems. The metallic 
NPs, owing to their desirable optical, mechanical, chemical, 
antimicrobial, and electronic properties, can conjugate with 
enzymes, antibodies, ligands, drugs, colorimetric and fluoro-
metric agents, and other biomolecules. This property makes 
NPs useful for sensitive diagnostic assays, radiotherapy, ther-
mal ablation, gene and drug delivery, optical imaging, label-
ling of biological systems, effective antimicrobial activities, 
and detoxification of hazardous compounds (O’Neal et al., 
2004). When used in electrical biosensors, these nanomaterials 
exhibit a very high capacity for charge transfer, which enables 
them to reach lower detection limits and higher sensitivity val-
ues. Nanomaterials enhance the performance of the biosensor 
by contributing as label or transducer modifiers. The highly 
stable nanobiosensors can detect even a single molecule or cell 
and facilitate multidetection ability. The stability of NPs such 
as QDs are even greater than enzymes or fluorescence dyes. 
Besides reducing reagent volumes, detection time, and main-
tenance of uniform sensitivity, the nanobiosensors do not need 
professional users, i.e., they are highly user friendly. Some of 
the important nanomaterials-based biosensors applied for food 
analysis are discussed here.

To achieve faster electron transfer of biomolecules and 
higher specificity, the modification of electron surfaces with 
novel nanomaterials has been attempted by many researchers. 
This experiment enabled the coupling of nanomaterial-based 
biosensors with biomolecules, which have been used in dif-
ferent areas, like food quality, clinical analysis, and environ-
mental control. Hybrid detection systems have been applied 

for food analysis by integrating enzymes (Deo et al., 2005; Li 
et al., 2009; Ozdemir et al., 2010), antibodies (Vinayaka et al., 
2009; Yang et al., 2009; Zhang et al., 2009) or DNA sequences 
(Vishwanathan et al., 2009) with nanomaterials (e.g., gold), 
single wall carbon nanotubes (SWCNTs), multi-walled carbon 
nanotubes (MWCNTs), cadmium telluride, QDs, etc. The con-
ductive or semi-conductive properties of the nanomaterials are 
combined with the recognition or catalytic properties of the 
biomaterials. The application of nanomaterial-based biosen-
sors in food analysis can be broadly divided into two catego-
ries: electrochemical and optical.

The nanosized particles exhibit chemical behavior like small 
molecules, thereby can be used as specific electrochemical 
labels (Merkoçi et al., 2006; de la Escosura-Muniz et al., 2008; 
Ambrosi et al., 2009; de la Escosura and Merkoçi, 2010). The 
inclusion of nanomaterials into electrochemical sensors and 
biosensors helped in decreasing over-potentials of many ana-
lytically important electrochemical reactions, ensuring reversi-
bility of some redox reactions, and multidetection capabilities. 
Electrochemical biosensors, particularly the amperometric 
ones, maintain a superior sensitivity and better linear range 
than the potentiometric devices (Wang, 2006). These classes 
of electrochemical biosensors have established themselves 
as widespread commercialized devices based on biomolecu-
lar electronics (Dzyadevych et al., 2008; Goriushkina et al., 
2009).

Optical biosensors can be applied as significant detection 
tools in food industry, biomedicine, healthcare, pharmaceu-
ticals, and environmental monitoring (Narayanaswamy and 
Wolfbeis, 2004). The nanomaterials with good optical proper-
ties include gold nanoparticles (AuNPs), gold NRs (AuNRs), 
Fe3O4 MNPs and QDs; this property make them excellent opti-
cal labels for enhancing the sensitivity of the optical transducer 
surfaces of biosensors. Development of easy to use, portable, 
and robust devices with an inexpensive analytical system 
is possible with the use of optical transducers. However, the 
electrochemical biosensors are more advantageous than the 
optical biosensors. The former type of biosensor is of smaller 
size and lower cost, needs simpler operation, is disposable, and 
can incorporate multiple sensing elements in a single chip like 
device.

In the food industry, the nanobiosensors have a diverse 
role in food production, packaging, ability to respond rapidly 
against pathogens, food contaminants, toxic residues (preserv-
atives and pesticides), and sugars.

7.2.1  Pathogens

Consumption of foods and beverages contaminated with bac-
teria, viruses, and parasites, is the principal cause of food-
borne illnesses. Five pathogens, which resulted in death in the 
United States due to domestically acquired foodborne illness, 
have been reported by the Centers for Disease Control and 
Prevention, viz., Salmonella nontyphoidal (28%), Toxoplasma 
gondii (24%), Listeria monocytogenes (19%), Norovirus (11%) 
and Campylobactor spp. (6%) (Pérez-López et al., 2011). 
Regarding detection and quantification in food, Salmonella, 
E. coli, and L. monocytogenes are among the most studied 
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microorganisms. Apart from these, respiratory syncytial virus, 
and protozoan parasites, such as Cryptosporidium and Giardia, 
can also contaminate food. Hence, the necessity of detection of 
these microbial contaminants using rapid, sensitive, specific, 
and inexpensive analytical methods have fast gained impor-
tance; qualitative and/or quantitative information of the tested 
microorganisms can also be obtained via these methods. The 
analysis of pathogens has been accomplished by using biosen-
sor platforms based on various nanomaterials, such as metal 
NPs, NRs, NWs, CNTs, etc. The recognition element in the 
biosensing platform is usually bound to the nanomaterial sur-
face. The interaction of a pathogen with this hybrid is moni-
tored through a signal transduction mechanism. The sensitivity 
of the analysis is improved by the explicit detection of the 
interaction between the pathogen and the recognition element.

7.2.2  Food Contaminants

Food production has witnessed tremendous growth because of 
rapid globalization; however, this has also increased the poten-
tial of food contamination. Serious health risks occur when 
trace amounts of these toxicants enter the food chain.

Most of the pesticides used in agriculture are highly water 
soluble, and hence, can leave high levels of toxic residues in 
the harvested crops. Pesticides like organophosphates have 
been widely detected by biosensors, based on the inhibition of 
acetylcholine esterase (AChE) enzyme. One of the demanding 
prospects in food technology is the estimation of the residual 
amount of antibiotics in milk, dairy products, and meat. Gold 
nanoparticles (AuNP) synthesized using pyrocatechol violet as 
a reducing agent have been used in the quantification of anti-
biotics like kanamycin, neomycin, streptomycin, and bleomy-
cin (Srivastava et al., 2018). Silver nanoparticle (AgNP)-based 
biosensors comprised of hyper-branched polyethyleneimine 
can detect carcinogenic nitrile pollutant (Chen et al., 2016). 
Ochratoxin A, a mycotoxin produced by filamentous fungi 
Aspergillus and Penicillium in foodstuffs like cereals, beans, 
coffee, cocoa, grapes, and spices, has been successfully 
detected by AuNPs enhanced surface plasmon resonance 
(Evtugyn et al., 2013). Natural honey often gets contaminated 
with residues of sulphonamides, an antibacterial drug, which 
gives toxicological risks and allergenic effects. In this case, 
the polyclonal antiserum against sulfathiazole conjugated with 
AuNPs served as detection agent for a lateral flow immuno-
chromatographic assay (Guillén et al., 2011).

7.2.3  Sugars

Excessive sugar uptake is harmful for health. Therefore, it 
became an analyte of great interest among clinical diagnosti-
cians and food technologists. Monitoring the level of carbohy-
drates is also necessary to control fermentation processes. Low 
concentrations of sugars in a bioreactor may reduce the produc-
tivity of the bioreactor, whereas this is desirable in fed batch 
cultures. Chromatography, spectrophotometry, electrophore-
sis, and titration are among the conventional methods for sugar 
analysis. However, these methods require expensive instrumen-
tation, well trained operators, and often complex sample pre-
treatment with a lengthy duration of analysis, thereby hindering 

easy and rapid monitoring. Numerous attempts have been 
made, among which the use of amperometric electrochemical 
biosensors are notable. Ozdemir et al. (2010) have developed 
a novel biosensor based on AuNPs with pyranose oxidase that 
has a high affinity for D-glucose; the sensor has been applied 
on fruit juices such as pomegranate, peach, orange, and mixed 
fruit. A microbial biosensor based on a carbon-nanotube epoxy 
composite platform was developed by Kirgoz et al. (2007) for 
glucose detection. Antiochia et al. (2004) utilized an amper-
ometric biosensor for fructose determination in honey, using 
carbon nanotubes as the transducer. Sugar detection has also 
been attempted with different types of optical biosensors. Li et 
al. (2009) integrated the photoluminescent QDs and biospecific 
glucose oxidase into the composite film to develop a glucose 
biosensor. An optical biosensor for glucose based on the cata-
lytic reaction of magnetic nanoparticles (MNPs) and hydrogen 
peroxide produced by the oxidation of glucose (with glucose 
oxidase) was fabricated by Wei and Wang (2008). Sandros et 
al. (2006) developed a maltose biosensing system based on the 
electron transfer quenching of unimolecular protein-CdSe@
ZnS NP assemblies. The nanomaterial based electrochemical 
and optical biosensors used for various aspects of food analysis 
have been summarized in Table 7.1.

Continuous innovations in the field of nanotechnology 
have resulted in development of many other types of nanobi-
osensors, which have proved to be highly useful in the food 
industries. One of them is based on nanobarcode technol-
ogy, which follows the principle of symbology and has been 
used for several food applications in the last decade. These 
applications include monitoring the physiological condition 
of Saccharomyces cerevisiae in food processing and fermen-
tation technology (Delneri, 2010), fish species identification 
(Chang et al., 2016), the distinction between mixed meat 
specimens (Colombo et al., 2011), research on Lathyrus cly-
menum adulterants (Ganopoulos et al., 2012), food associated 
insect pests identification (Cho et al., 2013), and observing 
food and vegetable safety and quality control (Jones et al., 
2013; Qiao et al., 2013). The electronic nose (e-nose) and 
electronic tongue (e-tongue) are other popular products of 
nanobiosensing; they are functionally analogous to the human 
sensory perception of odour and taste. These two devices are 
fast replacing the human sensory expert panel and consumer 
panel established for the quality assessment and quality con-
trol of various foods and beverages. The plant cell, pesticides, 
microbes, and various food products contain volatile organic 
compounds like pyruvic acid, glyphosate, acetic acid, and 
citrinin (Wilson and Baietto, 2009). The release of volatile 
organic compounds from food components allows the e-nose 
and e-tongue to monitor raw and manufactured products, the 
cooking and fermentation process, product packaging, and 
quality assessment during long term storage (Concina et al., 
2012; Peris and Escuder-Gilabert, 2013). Recently, evaluation 
of aroma transfer from food plastic bags (Torri and Piochi, 
2016), quality check of beef fillets (Mohareb et al., 2016), 
detection of Alicyclobacillus acidoterrestris which is respon-
sible for apple juice spoilage (Huang et al., 2015), detection 
of mixed edible oil (Men et al., 2014), and identification adul-
terated milk (Yu et al., 2007) have been done using e-nose 
and e-tongue.
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TABLE 7.1

Application of Different Types of Nanomaterial-Based Biosensors in Food Analysis

Type of 
Nanobiosensor Analyte to Be Detected

Food/Biological 
Sources Used Nanomaterial Used Method of Detection Limit of Detection

Reproducibility of the 
Biosensor

Recovery of 
the Analyte References

Electrochemical Clenbuterol Beef AuNP-modified graphene oxide 
nanosheets (GR/Au)

Amperometric 7.6 pg/mL For 1 ng/mL: 
Intra-assay-3.6%, 
Inter-assay-4.1%

For 0.1 ng/mL: 
Intra-assay-4.2%, 
Inter-assay-2.6%

95.1-100.7% Deng et al. 
(2017)

Organophosphate 
(pesticide)

Various fruits and 
vegetables

Multi walled carbon nanotubes 
(along with chitosan and acetyl 
choline estearase liposomes 
bioreactor)

Amperometric 0.68 μg/L 5.4% (intra assay), 7.2% 
(inter-assay)

88-103% Yan et al. 
(2013)

Fructose Honey, fruit 
juices, soft and 
energy drinks

Fructose dehydrogenase 
immobilised into SWCNT paste 
electrode

Amperometric 1 μM 2.1% for 0.5 mM 
fructose solution

– Antiochia et 
al. (2013)

Carbosulfan Rice Zinc oxide (ZnO) nanocuboids 
modified platinum (Pt) electrode

Cyclic voltammetric 0.24 nM 0.02-0.28% (intra-assay)
0.15-0.67% (inter-assay) 
for

99.06-
100.96%

Nesakumar et 
al. (2016)

Lead (Pb2+) and Cadmium 
(Cd2+)

Rice, soya, milk 
and tap water

Graphene oxide modified glassy 
carbon electrode

Cyclic voltammetric 0.25 pM (Pb2+), 0.28 pM 
(Cd2+)

– 98% Yavuz et al. 
(2016)

Optical Lactic acid Milk Cysteine modified AgNPs Colorimetric 5 mL/L – – Lakade et al. 
(2017)

Nitrite (preservative) Lake water, tap 
water, seawater

Hyperbranched polyethyleneimine 
protected silver nanoclusters 
(hPEI-Ag NC)

Fluorescence 100 nM 2.12-4.56% 94.6-103% Chen et al. 
(2016)

Staphylococcus aureus, 
Vibrio parahemolyticus 
and Salmonella 
typhimurium

Milk and shrimp Multicolor upconversion NPs-
Fe3O4 MNPs -aptamers

Fluorescence 25 CFU/mL (S. aureus), 
10 CFU/mL (V. 
parahemolyticus), 
15 CFU/mL (S. 
typhimurium)

4.7% (S. aureus), 5.3% 
(V. parahemolyticus), 
4.9% (S. typhimurium)

– Wu et al. 
(2014)

Dicyandiamide Dairy products CdSe/ZnS QDs modified with 
silica-labeled on a molecularly 
imprinted polymer surface

Fluorescence 2.7 μmol/L 2.6-4.5% 95-106% Liu et al. 
(2016)

Ochratoxin A Light and dark 
beer

AgNPs Enhanced Surface 
plasmon resonance

60 pg/mL 4.5-7.5% 70% (light 
beer), 78% 
(dark beer)

Evtugyn et al. 
(2013)

Concanavalin A – Graphene oxide and dextran 
capped AuNPs

Surface plasmon 
resonance

0.39 μg/mL 3.5% – Huang et al. 
(2013)

Escherichia coli, 
Salmonella spp. and 
Listeria

Milk, apple juice 
and ground beef

Cysteine-loaded nanoliposomes 
and AuNPs

Liposome-amplified 
plasmonic 
immunoassay (LAPIA)

6.7 attamolar – – Bui et al. 
(2015)

Neomycin (NE), 
kanamycin (KA) and 
streptomycin (ST)

Milk Bis-aniline-crosslinked AuNPs Surface plasmon 
resonance

2 pM (NE), 1 pM (KA) 
and 200 fM (ST)

Frasconi et al. 
(2010)
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7.3  How Nanobiosensors Work

7.3.1  Properties/Characteristics/Types/
Classification/Material Used

The ongoing research in the development of nanobiosensors 
has led to a rise in the implementation of various nanomate-
rials, either as the transducers or receptors of the biosensors. 
The aim was the enhancement of the multidetection capa-
bility and sensitivity of the biosensors. As mentioned ear-
lier, the nanomaterials can be classified as NPs, NTs, NWs, 
QDs, etc. The demand of these nanomaterials for biosensors 
is due to their modifiable sizes, large surface-volume ratio, 
shape dependent properties, lower energy consumption, and 
low cost. To achieve a sensitive response to biomolecular 
binding events, the nanobiosensors make use of the optical 
and electronic properties of nanomaterials. Such biosensors 
generate signals in the form of intensity change or change in 
the peak position of optical absorption, fluorescence emis-
sion, reflection, surface-enhanced Raman scattering (SERS), 
surface plasmon resonance (SPR), and electrochemical 
potential/current under different conditions (Jaiswal et al., 
2003; Xu et al., 2009; Yun et al., 2009; Aguilar et al., 2010; 
Li et al., 2011b; Li et al., 2012). Prior to the application of 
nanomaterials in biosensing systems, they are coated with 
polymer or biological coating materials that act as bioactive 
and selective interface for functionalization. The various 
strategies applied for the attachment of functional groups to 
the nanomaterials are physical adsorption, electrostatic inter-
action, covalent linkage, or self-assembly. The term nanobio-
sensor is coined since both the nanomaterial and the suitable 
functional groups are in nanoscale. The properties of nano-
materials, the biomolecules to be detected, and the type of 
sample to be analysed decide the potential application of any 
nanobiosensor.

The brief description of biosensors based on NPs, NTs and 
NWs is given below.

7.3.1.1  Nanoparticle Based Sensors

The NPs present a much higher specific surface area because 
of their smaller size, which also enhances their administration 
capability. The size range of the NPs are like the entities con-
trolling basic cellular functions (Ratner et al., 2014). Some 
properties, such as optical response and magnetism, can only 
be found in nanoscale. Hence, NPs can be used as diagnosis/
imaging devices. The NP based biosensors are widely popular, 
as they can be easily synthesized in bulk using standard chem-
ical techniques, without the requirement of advanced fabrica-
tion approaches. According to Guo and Wang (2007), the small 
size, high speeds, smaller distances for travelling of electrons, 
and lesser power and voltages of NPs have greatly increased 
their applicability in biosensors.

 A. Types of NPs
Different types of NPs have been proposed based on their 
applications. As documented by Cartaxo (2010), NPs can 
be broadly divided into two main categories, viz., organic, 
and inorganic NPs (Figure 7.2).

 a) Metallic NPs
Based on their size and morphology, the metallic NPs 
are very interesting materials, with unique electronic and 
electrocatalytic properties. The physical and chemical 
properties of metallic NPs are quite different from those 
of bulk metals. The NPs exhibit lower melting points, 
higher specific surface areas, specific optical properties, 
mechanical strengths, and specific magnetizations; these 
unique properties increase their applicability towards 
industrial processes (Horikoshi and Serpone, 2013). The 
metallic NPs can be made of gold (Au), silver (Ag), plat-
inum (Pt), palladium (Pd), copper (Cu), cobalt (Co), etc.

The AuNPs are one of the most stable and widely 
applied plasmonic metal structures. Owing to their 
unique size-based characteristics (such as high 
absorption coefficient, scattering flux, luminescence, 

TABLE 7.2

Role of LSPR Nano Biosensors in Various Food Applications

Food Material Analyte Nanomaterial Principle Reaction Reference

Brown rice White 
rice

Vitamins B1 and B6 Sucrose capped Au NP
Sucrose used as stabilizing 
agent

Color change of the NP solution from 
pink to blue due the addition of Vit B1 
and B6.

Shrivas et al., 2018

Milk Lysozyme Glutamic acid capped Ag NPs Color change from yellow to red
Red-shift from 400 to 440 nm

Shrivas et al., 2019

Ascorbic acid Papain stabilized silver 
nanoclusters

Colorless to yellow
Red shift from 360 to 420 nm

Peng et al., 2015

Milk, Casein AuNPs Hiep et al., 2007

Wine Brettanomyces 
bruxellensis

AuNPs Red-shift -15 nm Manzano et al., 2016

Refractive index 
sensors

Fruit juices Sucrose SiN coated AuNPs RI sensitivity 25.1ΔA/RI Chauhan et al., 2016

Grape juice Ochratoxin A Aptamer modified Au NRs Lee et al., 2018
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conductivity, capacity to enhance electromagnetic fields, 
quench fluorescence, and have catalytic effects on vari-
ous reactions), AuNPs have been widely explored in the 
fabrication of sensors. Gold nanoparticles (AuNPs) are 
used as transducers in biosensors to generate a meas-
urable signal on biological recognition of a nearby pri-
mary event (Hutter and Maysinger, 2013). The AuNPs 
are capable of adsorbing biomolecules, such as sin-
gle-stranded DNA (ssDNA) and double-stranded DNA 
(dsDNA) (Aguilar, 2013).

In an AuNP based biosensor, when a biological com-
ponent is in direct contact with the nanostructured sur-
face, the AuNPs exhibit the ability to increase electronic 
signal (Liu et al., 2004). The first attempt to use AuNPs 
as immunochemical markers in transmission electron 
microscopy was done by Faulk and Taylor in 1971 
(Hayat, 2012).

Development of enzymatic biosensors was one of the 
vital outcomes of the exploration of AuNPs; the enzyme 
activities can be measured with high accuracy and preci-
sion. The transfer of electrons across the self-assembled 
monolayer molecules on the electrodes’ surface can be 
significantly improved by AuNPs, thereby facilitating 
the development of electroluminescence-based biosen-
sors (Hutter and Maysinger, 2013). Two of the many 
AuNP properties, viz., their surface plasmon absorption 
and ability to enhance fluorescence, have been exploited 
in most AuNP-based enzyme assays. Hence, AuNPs 
have been utilized in colorimetric- and Förster resonance 
energy transfer (FRET)-based enzyme assays. The col-
orimetric methods are simpler, robust, do not require 
high-end instrumentation, and have potential for high 
throughput. However, the colorimetric assays can pro-
duce erroneous data due to the presence of interfering 
molecules in the target sample, which absorb visible 
light at the same spectral wavelength. The energy trans-
fer between two chromophores (a donor and receptor) 
through a nonradiative mechanism without involving 
absorption or emission of photons is the working prin-
ciple of FRET-based assays. The donor and receptor 
should be at close proximity (< 10 nm) for FRET to 
occur; larger distances between the donor and recep-
tor can lead to a huge decrease in energy transfer. The 

overlap between the donor emission and acceptor excita-
tion spectra is another important criterion for FRET. The 
efficiency of FRET is linked with the relative orienta-
tion of the dipole moments of the chromophores, the 
most favourable being the parallel dipole orientation. 
Apart from these two methods, the electrochemical and 
light-scattering modes of measurements have also been 
attempted for determination of enzyme activities.

Wang et al. (2008) determined that DNA adsorp-
tion on AuNP is a simple, fast, and convenient pro-
cess. Microcantilever-based DNA biosensors have been 
developed using AuNP modified DNA to detect DNA 
at very low concentrations. The said detection was done 
through a hybridization reaction (Su et al., 2003). The 
AuNPs possess a strong surface plasmon resonance 
absorption (based on size) property. When the dispersed 
NPs are aggregated, they can detect colour change from 
red to purple/blue. The interparticle plasmon coupling is 
responsible for the change in colour, owing to the gener-
ation of a significant band shift in the visible range of the 
electromagnetic spectrum (Sharma et al., 2015).

According to Rai et al. (2009) and Gong et al. (2007), 
AgNPs possess antimicrobial properties (effective 
against bacteria, viruses, and other eukaryotic microor-
ganisms). Hence, they are highly popular in the textile 
industries, food industries, pharmaceuticals, etc. The 
AgNPs have been successfully synthesized by plants, 
namely Jatropa curcas (Bar et al., 2009) and Cycas 
leaves (Jha and Prasad, 2010). AgNPs have been used 
for construction of an optical nanosensor for analysis of 
Pb2+, Cd2+, and Hg2+ ions in water (Kumar and Anthony, 
2014).

The characteristic colour of a 20 nm AuNP is wine 
red, whereas it is yellowish grey for AgNP. The PtNPs 
and PdNPs are black in colour. These NPs have been 
extensively investigated and applied in the fabrication of 
various biosensors.

Another powerful and versatile diagnostic tool used in 
the field of biology and medicine is MNP. Biocompatible 
MNPs like Fe3O4 (magnetitie) and Fe2O3 (maghemite) 
have been widely studied and applied for treatment of 
targeted cancer, sorting and manipulation of stem cells, 
guided drug delivery, DNA analysis, gene therapy, and 

FIGURE 7.2 Classification of nanoparticles (NPs).
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magnetic resonance imaging (MRI) (Fan et al., 2009). 
Based on a high temperature DC Superconducting 
Quantum Interference Device (SQUID), a method using 
paramagnetic nanoparticles has been developed for the 
rapid detection of biological targets (Sagadevan and 
Periasamy, 2014).

Metalloids such as porous silicon can be used for 
manufacturing microcavity resonators possessing the 
unique properties of line narrowing and luminescence; 
hence, these resonators can be used in biosensors. Small 
organic molecules such as biotin and digoxigenin, 
16-nucleotide DNA oligomers, and proteins (streptavi-
din and antibodies) can be detected at pico- and femto-
molar level concentrations by using porous silicon as an 
optical interferometric transducer (Singh, 2011).

 b) Quantum dots (QDs)
One of the important inorganic NPs is multifunctional 
fluorophore, named as quantum dots (QDs). Quantum 
dots are luminescent semiconductor crystals used 
mainly for imaging, detection, and targeting. The struc-
ture of QDs is generally composed of cadmium sulphide 
(CdS) and cadmium selenide (CdSe). Owing to their size 
and compact structure, QDs possess unique physical and 
chemical properties; they possess high photostability 
and resistance to photobleaching (Dubertret et al., 2002; 
Bailey and Nie, 2003; Ghasemi et al., 2009). Quantum 
dots are 20 times brighter, 100 times more stable against 
photobleaching, and one-third times wider in spectral 
line width in comparison with an organic dye such as 
rhodamine (Chan and Nie, 1998), indicating a signifi-
cant application of QDs in biosensors for detection of 
fluorescence. A very small quantity of QDs is required 
for producing a signal; a phenomenon of flickering of 
some specimens has been reported by Chan and Nie 
(1998) and Xiao and Barker (2004) due to the blinking 
of a small number of QDs. Additionally, the unlimited 
number of well-separated colours of available QDs can 
be excited using a single wavelength. The surfaces of 
hydrophobic QDs can be modified for enabling hydro-
philicity and biocompatibility. The biocompatibility 
of QDs can be enhanced through application of bio-
friendly coatings, including 3-mercaptopropanoic acid, 
dihydrolipoic acid, HS-poly (ethylene glycol)-carboxyl 
acid (HS-PEG-COOH), dextran, chitosan, etc. (Aguilar, 
2013).

 c) Fullerenes
Fullerenes are made up of carbon molecules with differ-
ent highly stable and symmetric forms. The most notable 
fullerene is Buckminsterfullerene (C60), a rigid icosahe-
dron containing 60 carbon atoms (Cartaxo, 2010). The 
unique optic, electric, and magnetic properties (e.g., 
superconductivity) of fullerenes made them highly via-
ble for various biomedical applications (Chakravarty 
and Kivelson, 1991; Bosi et al., 2003).

An example of an environment friendly NP is tita-
nium dioxide. These NPs are hydrophilic, possess good 
mechanical strength, and are chemically benign in phys-
iological fluids.

 d) Michelles
These NPs are made of amphiphilic molecules such as 
polymers or lipids. Michelles hide their hydrophobic 
groups inside the structure under aqueous environment, 
exposing their hydrophilic groups. The organization of 
their structure follows a reverse pattern under a lipid-
rich environment. These NPs help in loading both poorly 
water-soluble and amphiphilic drugs.

 e) Dendrimers
These NPs have branched structures, and their sizes can 
be easily controlled. Since their synthesis is laborious, 
incorporation and release of drugs is difficult.

 f) Liposomes
These NPs are essentially lipidic vesicles, the most com-
mon being the unilamellar liposomes, with sizes ranging 
from 100 to 800 nm (Ratner et al., 2004). Liposomes 
are completely biodegradable, compatible, non-immu-
nogenic, as well as non-toxic. However, the production 
cost of these amphiphilic NPs is high.

 g) Compact and hybrid polymeric NPs
Natural or synthetic polymers are used for manufactur-
ing compact polymeric NPs. These NPs allow sustained 
localized drug delivery for weeks and help in reducing 
drug leakage. The core-shell polymer-lipid hybrid NPs 
are an intermediate type of NPs; their structures consist 
of a biodegradable hydrophobic core and a lipidic outer 
monolayer. The hybrid NPs exhibit higher stability, 
enhanced yield of drug encapsulation, and better in vivo 
cellular delivery efficacy.

 B. Detection methods used in NP-based biosensors
Nanoparticle (NP) based biosensors can be applied for 
detection and quantification of proteins, bacteria, virus, 
DNA, etc., utilising various properties of NPs.

 a) Optical detection methods
The optical detection methods adopted by NP based sen-
sors has been mainly divided into five types:

 i) Methods of absorption and emission
The NPs, especially AuNPs, have been widely 
exploited in optical absorption methods. These 
optical biosensors have been used for various clin-
ical applications, such as pregnancy tests and HIV. 
Storhoff et al. (1998) reported about a biosensor 
based on chemically modified AuNPs (via 5’ and 
3’ capped oligonucleotides), which showed excep-
tional selectivity for DNA detection; based on the 
difference of one nucleotide, the target oligonucle-
otide was detected among a mixture of oligonucle-
otides. A highly selective and sensitive colorimetric 
assay for cysteine detection was also developed 
by Lee et al. (2008) using the same AuNP based 
biosensor.

 ii) Fluorescence
Various studies on fluorescence-based NP biosen-
sors are well documented. A fluorescence whole-
cell imaging sensor based on QD was reported by 
Xu et al. (2011), which enabled a rapid, reproduc-
ible, accurate, and long-term cell staining system; 



Nanobiosensors 93

here, only 1 pmol of QD was used for detection of as 
low as 5000 cells in an unoptimized system.

The fluorescent QD was combined with a 
total internal reflection fluorescence microscopy 
(TIRFM) by Li et al., (2011a); for development of 
an ultrasensitive single-molecule detection method 
for quantifying DNA; the LOD was found to be 10 
pM. This method was also for the quantification of 
messenger RNA in cells.

Wu et al. (2010) incorporated fluorescent CdS  
QDs into the glucose sensitive poly (N-  
isopropylacrylamide-acrylamide-2-acrylmidomethyl- 
5-fluorophenylboronic acid) copolymer microgels 
for constructing an optical glucose nanobiosensor; 
the developed biosensor exhibited high sensitiv-
ity and selectivity at physiological pH. Within the 
physiologically important range of glucose concen-
tration, this biosensor was able to exhibit selectivity 
to glucose over the potential primary interferents, 
human serum albumin and lactate.

The biosensing based on FRET is possible 
with size-tunable QDs, which act as both optical 
acceptors and donors (Dennis and Bao, 2008; Roy 
et al., 2008). Gill et al. (2005) reported hybrid-
ization detection and cleavage of DNA based 
on QD. Hybridization of DNA/QD conjugates 
was conducted initially with the complimentary 
Texas Red-labeled DNA. The DNA cleavage and 
partial recovery of QD fluorescence emission 
were brought about by DNase I addition. The 
QD emission was quenched by AuNPs, which 
proved to be better quenchers than conventional 
organic dyes. The quenching efficiency of AuNPs 
is directly proportional to their particle sizes, as 
the main parameter affecting the efficiency of 
energy transfer is the absorption cross-section of 
AuNPs. Hence, the combination of QD (as donor) 
and AuNP (as acceptor) is highly favourable for 
bioassays.

 iii) Light scattering
Metal NPs may differ in size and composition; the 
light scattering properties of these NPs can be real-
ized based on their distinct SPRs.

The biocompatible and non-toxic pegylated 
AuNPs have been applied for SERS based in vivo 
targeting and detection of a tumor (Qian et al., 2008). 
Based on the distance-dependent optical properties 
of AuNPs, Storhoff et al. (2004) developed a colori-
metric detection method for identifying nucleic acid 
sequences. In this scatter-based method, the DNA 
modified AuNP probes detected zeptomole quan-
tities nucleic acid targets without additional signal 
amplification. Bonham et al. (2007) used a sil-
ver-plated DNA and AuNP assemblies for detecting 
sequence-specific protein-DNA interactions. Owing 
to the plasmon resonance scattering and Brownian 
motion of AuNPs, a single AuNP was used in this 
study for photon bursting in a highly focused laser 
beam.

 iv) Surface plasmon resonance (SPR)
The cumulative oscillations of conduction band 
electrons in resonance with an incident radiation 
field induced by molecular adsorption at a film 
of noble metal leads to the development of a sur-
face-sensitive analytical method termed as Surface 
plasmon resonance (SPR). In this method, the posi-
tion of the plasmon resonance peak is shifted by 
the aggregation of particles. The refractive index 
of the surrounding medium is related to plasmon 
resonance peak; the targets of interest can be 
detected through changes in the refractive index. 
The highly sensitive SPR method is suitable to be 
fabricated into commercially available instruments 
and offers a longer range of sensing through the 
exponential decay of the evanescent electromag-
netic field, multiple modes of detection (viz., 
image, angle shift, and wavelength shift), real-time 
detection at a timescale between 0.1 and 0.001 s 
for measuring binding kinetics, and lateral spatial 
resolution around 10 μm enabling multiplexing and 
miniaturization.

The frequency of SPR resonance is dependent 
upon particle size, shape, refractive index/dielec-
tric constant of medium, composition and pH of the 
material, etc. According to Liz-Marzán (2006), the 
SPR bands of noble metals such as Au and Ag lies 
in the visible light region. However, ultrasensitive 
detection is not possible through conventional SPR. 
This drawback can be solved by using metallic NPs 
that have increased surface area and high dielectric 
constant, which in turn enhances the angle shift in 
SPR reflectivity (Herr et al., 2006).

The sensitivity of transmission SPR spectros-
copy can be improved by attaching AuNPs to DNA 
(Hutter and Pilani, 2003). This highly sensitive bio-
sensor was able to detect unmodified DNA at a con-
centration as low as 10 fM.

 v) Surface-Enhanced Raman Scattering (SERS)
The inelastic scattering of monochromatic light 
from a laser source, i.e., changes in the frequency 
of the photons of monochromatic light due to inter-
action with a sample and their re-emission, led to 
development of the Raman spectroscopy method. 
In this technique, the frequency of the re-emitted 
photons is shifted higher or lower in comparison 
with the frequency of the original monochromatic 
light photons. The information about vibrational, 
rotational, and other low-frequency transitions in 
molecules can be obtained through this process of 
shifting frequency.

It was found that Raman scattering is very weak, 
hence this scattering is difficult to separate from the 
strong Rayleigh scattered light. Fleischmann et al. 
(1974) discovered surface-enhanced Raman scat-
tering (SERS) to overcome this limitation. Noble 
metals (such as Ag, Au and Cu) have high optical 
reflectivity, and are suitable for SERS. Since the 
transition metals (Fe, Ni, Pd and Pt) have low optical 
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reflectivity, they cannot produce efficient effect of 
SERS (Aguilar, 2013). As per Rayleigh approxima-
tion, the size of the metal particles must be much 
smaller than the exciting radiation wavelength for 
a significant SERS effect. Hence, nano-sized met-
als gained importance for SERS. Moreover, the NPs 
with sharp or rough junctions are preferable for bio-
sensors based on SERS.

Compared to fluorescent, SPR, and electrochem-
ical biosensors, the SERS based nanobiosensors 
offer many advantages, such as label-free detection, 
excellent reproducibility, more reliable multiplexing 
capability owing to finger-printing Raman spectra, 
greater sensitivity, and higher flexibility.

Bell and Sirimuthu (2006) determined the DNA/
RNA mononucleotides sequence in the presence of 
MgSO4 using citrate-coated AgNPs as SERS sub-
strate, where the unmodified AgNPs were directly 
added to the solution containing mononucleotides. 
The cation Mg2+ induced the aggregation of the 
AgNPs. The biomacromolecules were detected in 
situ at ppm level by the mononucleotides existing at 
the gap of the AgNPs. Raman signal was enhanced 
by those mononucleotides. Doering et al. (2007) 
and Nie and Emory (1997) detected chemical and 
biological species at the single molecule level by 
utilizing SERS. Owing to their optical properties, 
the AuNPs and AgNPs have been used in SERS as 
nanotags for a lateral flow immunoassay kit. Fabris 
et al. (2010) developed a SERS-active platform 
using Ag micropad on a silicon surface for simulta-
neous detection of multianalytes in a single bio-as-
say; the yielded LOD was 100 pM.

Another type of optical detection method has also 
been attempted, namely, inductively coupled plasma 
mass spectrometry. This is one of the most effective 
methods for qualitative and quantitative detection 
of trace elements. However, this technique has not 
been properly utilized in the case of nanomaterials.

 b) Electronic detection methods
The NPs possess unique electronic properties because of 
their sizes and atomic assembly, which have been widely 
explored for fabricating nanobiosensors.

 i) Electromechanical mode of detection
The NP mediated biosensing reactions on the piezo-
electric crystals are transduced by microgravimetric 
quartz crystal microbalance. This is one example of 
electronic nanobiosensor.

 ii) Detection based on conductivity
Various researchers have worked on NP mediated 
DNA hybridization/immunosensing, which led to 
changes in conductivity. Park et al. (2002) reported a 
DNA array detection method where the conductivity 
associated with target-probe binding events changed 
due to binding of oligonucleotides functionalised 
with AuNPs. The measurable conductivity changes 
generated because of AuNPs deposition in an elec-
tron gap resulted in detection of target DNA (LOD: 
500 fM).

 iii) Detection based on potentiometric analysis
The protein and other biomolecules can be detected 
by using a process based on another NP-based 
electronic technique, potentiometric analysis. The 
polymer membrane electron based nanosensors 
are useful for small volume measurements. Thürer 
et al. (2007) detected cadmium ions (LOD: 6 nM) 
through potentiometric analysis utilizing Na+ -selec-
tive electrode as pseudoreference, which allowed 
measurements of 150 μL samples. In this study, 
CdSe QDs were used and LOD was lower than 
10 fmol in 150 μL samples. Chumbimuni-Torres 
et al. (2006) reported ultrasensitive NP based bio-
sensing of protein interactions using potentiometric 
analysis. In this sandwich immunoassay, the silver 
enlarged AuNP labels oxidatively released silver 
ions, which were detected by a silver ion-selective 
microelectrode.

 iv) Electrocatalytic methods of detection
Polsky et al. (2007) studied on a reagentless electro-
chemical immunoassay in which an electrocatalytic 
antibody, sensitive to the oxygen reduction reaction, 
was created by loading Au/Pd NPs onto anti-tumor 
necrosis factor-α antibodies. The antibodies were 
first linked with AuNPs, which acted as a seed for 
the growth of Pd shell. Oxygen reduction through 
an Au/Pd modified antibody has been successfully 
catalysed by electrochemical methods such as lin-
ear sweep voltammetry. Earlier, Lee et al. (2005) 
successfully applied AuNP catalysed silver electro-
deposition on indium tin oxide-based electrodes for 
signal amplification of the DNA hybridization assay.

An AuNP induced electrocatalytic method has 
been reported by de la Escosura-Muñiz et al. (2009) 
for in situ specific identification of tumor cells; the 
LOD was observed to be 4000 cells per 700 μL of 
suspension. The reaction between the cell surface 
proteins with AuNP-conjugated antibodies formed 
the basis of this novel and selective cell-sensing 
device. The catalytic properties of AuNPs on evo-
lution of hydrogen allowed for rapid final detection 
and eliminated the requirement of any chemical 
agents. This immunosensor is much cheaper than 
other existing tumor cell detection methods.

 c) Magnetic detection methods
In various protein and DNA detection sensors, MNPs are 
used as immobilization platforms for isolation, purifica-
tion, and detection processes. The physical effects due 
to direct electrical resistance to an external magnetic 
field (giant magnetoresistive; GMR) and tunnelling 
magnetoresistance effect in ultrathin multi-layered film 
stacks is the working principle of these sensors (Reiss 
et al., 2005). The portability, low cost, rapid assay, easy 
integration into a disposable lab-on-a-chip are the major 
advantages of magnetic sensors.

According to Hall et al. (2010), these biosensors are 
based on the change in the local magnetic field inducing 
a resistance change, which can be attributed to spin-de-
pendent scattering in engineered magnetic multilayer 
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or sandwich films. Magnetic nanobiosensors have been 
reported to use iron oxide NPs as well as superpara-
magnetic/ferromagnetic Co and FePt NPs for separation 
and therapeutics (Puntes et al., 2001; Sun et al., 2000; 
Murray et al., 2001). These NPs can be moved under 
a magnetic field gradient, hence, magnetic nanobiosen-
sors have been widely used for detecting various bio-
molecules (Brzeska et al., 2004). Magnetic nanosensors 
can rapidly and selectively detect important disease bio-
markers. The MNPs should be chosen carefully to avoid 
clustering, which may result in irreproducible data. The 
smaller sized NPs enhance the sensitivity and range of 
the magnetic nanosensors; however, the generation of 
magnetic responses is reduced owing to their lower mag-
netization. Hence, the size of the chosen MNPs should 
be optimized properly for better performance.

Wu et al. (2011) developed a sensitive and rapid 
immunological method for simultaneous detection of 
AFB1 and ochratoxin A (OTA) in food materials. Here 
antigen-modified magnetic NPs were used as immu-
nosensing probes, whereas antibody-functionalized 
rare-earth-doped NaYF4 (sodium yttrium fluoride) 
upconversion NPs worked as multicolour signal probes. 
The fluorescent signals intensified with the decrease in 
mycotoxin concentration, and vice versa. The use of 
MNPs helped in reducing the overall assay time.

 d) Lateral flow devices
The integration of NPs with lateral flow immunoassay 
devices or strip tests have been highly successful in the 
detection of various biomolecules.

Sharma et al. (2010) fabricated an immunosensor 
based on antibody-attached AuNPs for detecting AFB1; 
the LOD range and response time was 10-100 ng/dL and 
60 s, respectively. The AFB1 antibody was attached via 
covalent bond with cysteamine functionalised AuNPs 
and immobilized onto a 4-mercaptobenzoic acid based 
self-assembled monolayer on gold electrode. In the same 
year, Liao and Li reported lateral flow strip based AFB1 
detection in food, where the monoclonal antibody immo-
bilized on NPs with a silver core and a gold shell (AgAu) 
was used as the detection reagent (Liao and Li, 2010).

7.3.1.2  Nanotube Based Sensors

A nanometer-scale tube-like structure is termed as a nanotube. 
The different types of nanotubes are given in Figure 7.3.

The most common type of nanotubes is carbon nanotubes 
(CNTs), which consist of a two-dimensional hexagonal lattice 
of carbon atoms, bent and joined in unidirectional fashion to 
form a hollow cylinder. The two main types of CNTs with 
high structural perfections are single-walled carbon nanotubes 
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs). 
The SWCNT consists of a single graphene sheet (consisting 
of a hexagonal lattice of carbon atoms) of 1–1.5 nm diameter 
seamlessly wrapped into a cylindrical tube, whereas MWCNT 
comprise an array of SWCNTs that are concentrically nested 
like rings of a tree trunk (Baughman et al., 2002). The diam-
eter of MWCNTs range from 5 nm to hundreds of nanome-
ters, depending on the size of the catalyst particles used to 
build them (Siegal et al., 2002). The SWNTs are available 
in nature mainly in two types of configurations or paths: (i) 
Zigzag (path turning at 60°, alternating left and right, after 
stepping through each bond) and (ii) armchair (exhibiting two 
left turns of 60°, which are followed by two right turns after 
every four steps) configuration. The properties of CNTs are 
determined by its tube diameter and the rolling angle between 
the main directions of the graphene lattice and the axis of the 
cylinder.

The CNTs have exhibited great potential in the field of 
nanoelectromechanical systems (NEMS). These are devices 
integrating electrical and mechanical components with criti-
cal dimensions of ≤100 nm. Due to their impressive electrical 
properties, CNTs have been considered as possible replace-
ments for silicon-based circuits (Avouris, 2004). Transistors 
or connections between transistors (components of integrated 
circuit) can be constructed from individual nanotubes, as they 
can either act as metallic conductors or semiconductors. The 
main factor for the enhanced performance of integrated circuits 
can be attributed to the reduced dimensions of transistors due 
to implementation of CNT-based circuits. Alongwith electrical 
properties, CNTs also possess remarkable mechanical proper-
ties, having comparatively greater tensile strength and stiffness 
than any other known materials (Salvetat et al., 1999). The 
CNTs also show moderate chemical stability and extraordinary 
thermal conductivity. The electrical, mechanical, and electro-
chemical properties of CNTs make them useful for sensors, 
actuators, field-emitting flat panel displays, and energy and gas 
storage. In recent years, the functionalization of CNTs with 
antibodies has gained significant importance. The optical and 
electrical properties of NTs, as well as their surface sensitivity 
to their surroundings, can be modified with the aid of suitable 
antibodies.

FIGURE 7.3 Classification of nanotubes.
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 A. Optical sensors
As the researchers became aware about the optical prop-
erties of CNTs (Bachilo et al. 2002; O'Connell et al., 
2002; Hartschuh et al., 2003), there have been many 
successful attempts to use CNTs for developing solu-
tion phase sensors (McCartney et al., 2001; Salins et al., 
2001). These sensors modulate fluorescent emission for 
responding to adsorption of analyte.

The near-infrared light in the range of 0.9-1.3 eV can 
be used for molecular detection of different biomole-
cules, owing to its greater tissue penetration ability and 
reduced auto-fluorescent background in thick tissue. 
The near-infrared rays emitted by CNTs are tunable, as 
it is responsive to variation in the local dielectric func-
tion, but capable of maintaining stability against pho-
tobleaching. Barone et al. (2005) studied synthesis of 
the SWCNT based solution-phase near-infrared optical 
sensors; the sensing of β-D glucose was considered as 
the model system.

Using gel-cast technique, Sehrawat et al. (2018) fab-
ricated a nanocomposite of MWCNTs and alumina. A 
highly sensitive optical sensor was developed based on 
free-standing, thin films derived from this nanocom-
posite. The resistance/conductance change in the nano-
composite film, due to its interaction with the optical 
stimulus generated measurable signals. The 1.5 wt% 
loading and dispersion of MWCNTs in alumina host 
matrix, 3.5 mW/mm2 power density and 635 nm wave-
length of the laser beam resulted in the maximum sen-
sitivity (13.2%) of the sensor. The Vis-NIR region was 
observed to be highly sensitive for the developed sensor. 
The sensor displayed rapid signals, with response time 
and recovery time of 1.7 s and 2.1 s, respectively.

In analytical chemistry, it is a challenge to develop 
a method for high-throughput and label-free detection 
of biomolecules. Dong et al. (2018) developed optical 
nanosensor arrays based on NIR fluorescent SWCNTs/
chitosan ink. To tranduce the binding between a capture 
protein or an antibody with target analyte, a divalent ion-
based proximity quenching mechanism was followed. 
The detection of human IgG, mouse IgM, rat IgG2a, and 
human IgD was conducted by conjugating 5x6 arrays, 
200 μm NIR spots (approx. density: 300 spots/cm2) with 
immunoglobulin-binding proteins (proteins A, G and L).

Guo et al. (2011a) used SWCNTs (as quencher) to 
construct an aptasensor, which was applied as a sensitive 
and selective fluorescent assay for OTA detection in a 
real food sample (1% beer). The LOD of the aptasensor 
was 24.1 nM; the range of linear detection was 25-200 
nM.

The composite nanomaterials, such as QD-CNTs and 
QD-graphene oxides, have emerged as efficient fluo-
rescent biosensors. The high stability and mechanical 
strength of CNTs facilitate their application in a stringent 
detection environment. The superficial surface modifi-
cation, high mechanical strength, good water dispersi-
bility, and photoluminescence of graphene oxide have 
rendered it useful for biosensing (Jung et al., 2010); it 
also acts as an able support for NP loading. Jung et al. 

(2010) could achieve sensitive and selective detection of 
rotavirus (LOD: 105 pfu/mL) by using a graphene oxide 
based immunobiosensor; the rotavirus-specific antibody 
immobilized on the graphene oxide array was used 
for capturing the target cell. The photoluminescence 
of the graphene oxide array through an AuNP induced 
FRET process was the main working principle of this 
immunobiosensor.

 B. Electrical sensors
Guo et al. (2011b) reported a novel lead (II) carbon paste 
electrode based on derivatized MWCNT for determina-
tion of lead content in environmental samples, viz., soil, 
wastewater, lead accumulator waste, and black tea. At 25 
°C and with optimum composition, the electrode showed 
excellent Nernstian response to Pb2+ ion; the LOD and 
slope exhibited by the electrode were 3.2x10−10 M and 
29.5 mV dec−1, respectively, over a wide range of pH 
(2.5–6.5). The response time was 25 s. The selectivity of 
the developed electrode was high, with a lifetime more 
than 3 months.

The CNTs are also known for their ability to adsorb 
bacteria and concentrate various pathogens (Srivastava 
et al., 2004; Upadhyayula et al., 2009). Jain et al. (2012) 
detected Salmonella using a CNT-based biosensor. Using 
diimide-activated imidation as the coupling mechanism, 
the surface area of the CNTs was covalently attached 
to the monoclonal antibodies of Salmonella; the anti-
gen-antibody complex was immobilized onto a glassy 
carbon electrode. The pathogen detection was sensed 
through the variation in charge-transfer resistance and 
impedence, due to the formation of the antigen-antibody 
complex. This variation can be attributed to the fact that 
CNTs act as molecular wires. As a result, an electrical 
communication is shared between the complex and the 
underlying electrodes.

 C. Electrochemical sensors
Viswanathan et al. (2006) used an electrochemical 
immunosensor with liposomic and poly(3,4-ethylenedi-
oxythiophene)-coated CNTs for detecting cholera toxin 
(secreted by the bacterium Vibrio cholerae). Here, the 
toxin detection was brought about by a “sandwich type” 
assay on the electronic transducers; the toxin is succes-
sively bound to the antitoxin antibody and the GMI-
functionalized liposome. The released electroactive 
marker was measured by utilizing an adsorptive square-
wave stripping voltameter. The LOD of the developed 
nanobiosensor was 10−16 g of cholera toxin.

A reagentless electrochemical biosensor has been 
developed using titanate nanotubes (TNTs) for detection 
of lactate (Yang et al., 2008a, 2008b).

7.3.1.3  Nanowire Based Sensors

A nanowire (NW) is a nanostructure whose aspect ratio (length 
to width ratio) is greater than 1,000. In other words, the thick-
ness or diameter of the nanowires are restricted to tens of nano-
meters or less, whereas their length remains unconstrained. 
They are often referred as one-dimensional materials which 
possess several unique properties that are not seen in bulk or 
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three-dimensional materials. This can be attributed to the fact 
that the electrons in nanowires are quantum confined laterally, 
thereby occupying energy levels different from the traditional 
continuum of energy levels or bands found in bulk materials. 
The existing different types of NWs include superconducting 
(e.g., YBCO), metallic (e.g., Ni, Pt, Au), semiconducting (e.g., 
silicon nanowires, InP, GaN) and insulating (e.g., SiO2, TiO2) 
nanowires. The NWs composed of repeating organic (e.g., 
DNA) or inorganic (Mo6S9−xIx, Li2Mo6Se6) molecular units are 
termed as molecular nanowires.

Regarding development of novel biosensors, new and unique 
opportunities have been offered by NWs. The diameters of the 
biological/chemical species to be sensed and those of NWs 
are comparable. Hence, they can be used as excellent trans-
ducers to produce signals. Highly reproducible electrical and 
optical properties are exhibited by inorganic nanowires. The 
tunable conducting NWs, combined with their ability to bind 
analytes on their surface, produce direct, label-free electri-
cal output, which is greatly suitable for various applications. 
Semiconductor materials have been used to fabricate these 
nanowires (Cui et al., 2001). They can be made sensitive to 
chemical and biological species through their surface modifi-
cations (Seker et al., 2000; Taylor and Schultz, 1996). Unlike 
CNTs, the semiconductor NWs do not require an additional 
purification step during their synthesis (Cui et al., 2003). 
Moreover, the binding protocols of many biomolecules to 
nanotubes have not yet been properly formulated. Hence, NWs 
have gradually gained importance as an option for biomedical 
sensors, owing to their simple fabrication process, high sensi-
tivity, uniformity, reproducibility, and scalability (Ambhorkar 
et al., 2018).

 A. Nanowire Field-Effect Transistors
A standard planar field-effect transistor (FET) consists 
of a gate, source, drain, and the body. NW-field effect 
transistors (NW-FET) are the modified versions of the 
standard planar FETs (Figure 7.4).

The source and drain on the transistor are fabricated 
with a metallic material at the micro- or nanoscale. 
Between the source and the drain, a critically thin iso-
lation layer (e.g., SiO2), called the gate, is fabricated. In 
response to an external voltage, the gate generates var-
iations in electric potential to modify the conductivity 
between the drain and the source (Sze and Ng, 2006). 
The potential and conductivity can also be adjusted by 

binding chemically or biologically charges species to the 
gate. The use of a planar gate FET sensor was discontin-
ued for many applications due to its low sensitivity. The 
working principle of NW-FETs is same as that of planar 
gate FETs, but the former consists of NWs and receptors 
in place of doped channels and gates. The conductivity 
of nanowires is altered by external changes induced by 
chemically or biologically charged species. The silicon 
and silica NWs are highly compatible with the standard 
complementary metal-oxide-semiconductor (CMOS) 
technology, and the oxide layer grows naturally as the 
isolation layer on the silicon surface. Hence, silicon and 
silica nanowires are widely used for FETs. Since, the 
original silicon and silica surface is insensitive to bio-
molecules, the accumulation of charged biomolecules 
on the isolation layer cannot change the conductivity 
of nanowires. To make the surface sensible to specific 
charges of biomolecules (e.g., DNA, RNA, bacteria, 
etc.), it must be functionalized and bound by receptors. 
This helps in forming chemical connections between the 
biomolecules and the surface of the isolation layer coat-
ing of NWs. As a result, an electric field can be induced 
by the species bound receptors onto the nanowires, 
thereby altering the conductivity of the NWs. The recep-
tors act as a gate by converting the input signal (specific 
charged species) into changes in the conductivity of the 
devices. Binding of an aqueous solution of a negatively 
charged species to the receptor, induces positive charge 
on the surface of the Si NW-FET. The generation of pos-
itive charges can be either due to the disappearance of 
negatively charged electrons (in case of n-type NWs) or 
due appearance of positively charged holes (in case of 
p-type NWs) (Ambhorkar et al., 2018).

 B. Detection of various biomolecules
The p-type silicon NW sensors were first applied for 
electrical detection proteins in a solution (Cui et al., 
2001). This led to the development of various NW and 
NW array-based platforms for simultaneous detection of 
multiple disease marker proteins (Lieber, 2003; Zheng 
et al., 2005; Puppo et al., 2015; Lin et al., 2018). The 
continuous research on NW-based biosensing has ena-
bled detection of a wider variety of biomarkers, facil-
itating superior diagnose of pregnancy and diseases 
such as diabetes, Parkinson’s disease, atherothrombo-
sis, and auto inflammatory diseases (Luo and Davis, 

FIGURE 7.4 (a) Standard planar FET and (b) NW-FET.
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2013). Development of NW-on-a-chip platforms led 
to its rapid and practical clinical use by allowing the 
nanowires to carry out preconcentration, separation, fil-
tering, and detection operations (Janissen et al., 2017). 
Nanowire sensors are capable of detecting specific 
sequences of DNA and RNA (Zhang et al., 2008). The 
peptide nucleic acids (PNA) present on the surfaces of 
Si nanowires act as receptors of DNA (Wu et al., 2009). 
Hahm and Lieber (2004) have demonstrated the capa-
bility of Si nanowires for detecting DNA at 10 fM level. 
Based on the attachment of thiolated thrombin-binding 
aptamer on gold NWs, a DNA aptamer was assembled 
by Huang and Chen (2008) for detecting thrombin at a 
single-molecule level; the LOD was calculated to be 100 
fM. The DNA detection using NWs has been observed 
to be significantly better compared to the detection 
using quartz-crystal microbalance (Höök et al., 2001), 
SPR (Jensen et al., 1997) and NP-enhanced SPR (He 
et al., 2000). Functionalization of PNA or DNA enable 
the NW devices to act as RNA sensors (Lu et al., 2014) 
with LOD as low as 1 zeptomole. Nanowire-based sen-
sors are also effective in the detection of viruses such as 
dengue (Zhang et al., 2010), influenza A H3N2 (Shen 
et al., 2012), H1N1 (Kao et al., 2011), and HIV (Inci 
et al., 2013). In order to bind target viruses, the sensor 
surface of the NW is functionalized with specific anti-
bodies. The fast response time, accuracy, and portability 
of NW biosensors have enhanced its utility in combating 
epidemic diseases.

7.3.2  Working Principle of Nanobiosensors

Nanobiosensors were developed by the integration of the prin-
ciples of nanotechnology with that of biotechnology, resulting 
in the ultrasensitive detection of the analytes. The reasons for 
the gained sensitivity upon scaling down from biosensors to 
nano biosensors are still not understood by the scientific com-
munity. The basic principle behind the working of the nano-
biosensors is the phenomenon of transduction, which can be 
broadly classified into the electrochemical, piezoelectric, opti-
cal, thermometric, and field-effect transducer. The working 
principle of a few popular nanobiosensors has been discussed 
in this section.

7.3.2.1  Localized Surface Plasmon Resonance 
(LSPR) Based Nanobiosensors

Localized surface plasmon resonance (LSPR) can be defined 
as an optical phenomenon involving the generation of elec-
tron gas oscillations in metal nanostructures, surrounded by 
a dielectric medium. The zone of development of amplified 
electromagnetic oscillations are termed as “hot spots”, which 
tend to develop within nanoparticle aggregates/sharp edges 
of nanoparticles or particle tips. LSPR is an atypical property 
of noble metal (such as silver, gold, or copper) nanoparticles, 
which produces consistent oscillation of free electrons when 
the visible range of electromagnetic light falls on the metal sur-
face. When the nanoparticles interact with the light photons, a 
portion of the energy is absorbed, and the remaining portion 

scattered in different directions. When a target analyte is intro-
duced into the sensing system, a change is induced in the LSPR 
absorption band due to the aggregation of metal nanoparticles. 
The LSPR band shifts to a longer wavelength in comparison to 
pure state and this can be easily perceived as a color change, 
even with the naked eye. This shift is mainly due to changes 
in morphology and/surface reactions on respective nanopar-
ticles. The color transition due shift in LSPR bands can also 
be detected by techniques such as extinction (large number of 
nonparticles involved, nano colloids) and scattering (low den-
sity of the nanoparticles involved) measurements.

LSPR induces extremely intense and confined electromag-
netic fields, enhancing the sensitivity of the biosensor. These 
sensors are broadly classified as aggregation sensors and refrac-
tive sensors. The aggregation biosensors work on the princi-
ple of color changes induced due to nanoparticle aggregates 
because of near field electromagnetic coupling. For instance, 
when two nanoparticles are functionalized by complementary 
analyte molecules, the change in interaction between them is 
easily detected through spectral or color changes. On the other 
hand, the spectral changes due to the changes in local refractive 
indices because of biomolecular interactions forms the basic 
principle behind the working of refractive index biosensors.

7.3.2.2  Electrochemical Biosensors

The electrochemical biosensors work on the principal of redox 
reactions. Electrochemical biosensors are comprised of two 
basic components 1) chemical or biological recognition system 
and 2) transducer (electrode) which transduces the responses 
from the recognition system to an electric circuit. Biosensors 
based on nano materials tend to decrease the over potential 
generated by certain redox reactions, aid in the reversing of 
electrochemical reactions (at unmodified electrodes) and ena-
ble multi detection techniques to be integrated into the sensing 
system. The most common nano materials used in electro-
chemical biosensors include carbon materials, metals, titanium 
oxide nano tubes and dendrimers.

Carbon based nano materials include nano tubes, nano 
horns, fullerenes and graphenes. These materials demonstrate 
excellent electrocatalytic activities due to the presence of sur-
face reactive groups at the end of their structures or at defect 
sites. Metallic nanomaterials include elements such as plati-
num, gold, silver, and palladium.

Nano biosensors based on electrochemical reactions find 
application in a wide area of food safety and quality analysis. 
Sensors based on electrochemical reactions have been success-
fully employed for the detection of food additives and contam-
inants (microbial or chemical).

7.3.2.3  Optical Biosensors/Optodes

These biosensors work based on the principle of changes in 
light responses, such as luminescence, fluorescence, Raman 
scattering, Plasmon resonance, and spectral changes. These 
sensors comprise a bio recognition element, which interacts 
with the target analytes and produce responses in the form of 
optical signals. Incorporation of nanomaterial has improved the 
functionalities of the biosensors by facilitating ultra sensitivity 
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and label free strategies. Nanomaterial-based optical bio sen-
sors can be broadly classified into four types, viz., fluorescent, 
colorimetric, chemiluminiscent, and surface Plasmon reso-
nance biosensors.

 A. Colorimetric biosensors
Nanomaterial based colorimetric biosensors can be 
broadly classified into two groups, based on the inherent 
optical properties (e.g., plasmonic gold nanoparticles) 
and catalytic properties (ferric oxide; magnetic nanopar-
ticles) of the nanomaterials.

This group of sensors have several advantages, includ-
ing easy sample preparation, quick detection, and simple 
apparatus.

 B. Chemiluminescent biosensors
The chemiluminiscent biosensors work on the principle 
of light emission due to chemical reactions, character-
ized by rapid reaction kinetics. In addition to the inherent 
advantages of the optical biosensors, these ensure a wide 
dynamic range, low operational costs, no requirement of 
external light sources, and longer life compared to fluo-
rescent sensors. Recent studies report the effectiveness 
of combining the electrochemical reactions and chemi-
luminiscence for biosensor applications, resulting in the 
development of electro chemiluminiscent biosensors.

 C. Surface plasmon resonance biosensors
The phenomenon of surface plasmon resonance (SPR) 
can be defined as the oscillations (plasmon waves) 
induced by electrons/protons on the interface between 
two dielectric surfaces attached to metal surfaces. The 
amplitude of the oscillations is highly sensitive to the 
refractive indices of the dielectric surfaces. In this type 
of sensor, quantification of the target analyte is accom-
plished based on the SPR response to the reaction 
between the immobilized biological entity and the tar-
get analyte. Incorporation of nanoparticles resulted in 
enhancing the sensitivity of the localized SPR absorp-
tion by 2 to 10-fold. For instance, the integration of gold 
nanoparticles triggers off strong local SPR absorption 
and extremely high extinction coefficients within the 
visible wavelength range and culminate in the color 
transition from wine red (dispersed) to blue (aggregate). 
This approach has been employed in the detection of 
antibiotics in milk, dairy products, and meat (Srivastava 
et al., 2017).

7.3.2.4  Fluorescent Nanobiosensors

The fluorescent biosensors consist of a fluorogenic probe, 
which includes a Foster resonance energy transfer (FRET) 
pair (fluorophore and a nanomaterial-based quencher). Most 
widely used nanomaterials include graphene oxide, gold nan-
oparticles, up-conversion nanoparticles, as well as the mag-
netic nanoparticles. Recent studies explored the use of enzyme 
amplification strategies to enhance the fluorescence, thereby 
reducing the limit of detection. These sensors offer operational 
convenience and easy automation, as well as enabling rapid 
hybridization techniques.

Nanomaterial based fluorescent biosensors have been suc-
cessfully used for the detection of residual antibiotics in milk. 
For instance, Emrani et al. (2016) developed a fluorescent 
biosensor based on the gold nanoparticles and double-strand 
DNA as the label for the detection of streptomycin in milk, and 
the limit of detection of the sensor was around 26.72 ng/mL. 
Similarly, Li et al. (2014) developed a fluorescence quenching 
biosensor based on upconversion nanoparticles and magnetic 
nanoparticles, for the detection of chloramphenicol in milk, 
with a limit of detection of up to 0.01 ng/mL.

7.3.3  Scope of Nanobiosensors

Development of semisynthetic ligands as a substitute for natu-
ral molecules, which promises to deliver specificity and sensi-
tivity of biological systems, are of interest in the years to come; 
mainly aptamers, peptide arrays, and molecularly imprinted 
polymers are being explored to a great extent. These semisyn-
thetic ligands can potentially be employed as novel therapeu-
tic drugs, related clinical diagnosis, process control, and food 
analysis, which may drive investment prospects.

7.3.4  Properties, Advantage, and Disadvantage

Properties
An ideal nanobiosensor should:

 • Be accurate, precise, reproducible, and have linear 
responses over the useful analytical range.

 • Have high specificity.

 • Have stability under normal storage conditions.

 • Have specific interaction between analytes that is inde-
pendent of any physical parameters, such as stirring, pH, 
and temperature.

 • Have minimal reaction time.

 • Have minimal electrical noise.

 • Be of compact structure, be biocompatible, non-toxic, 
and non-antigenic.

 • Be cheap, portable, and capable of being used by semi-
skilled operators.

Advantages of nanobiosensors:

 1. Greater sensitivity

 2. Simple sample preparation

 3. Small quantity of test sample required

 4. Quicker detection rate

 5. Portable

 6. High throughput of samples

 7. Multianalyte sensing

 8. Increased surface to volume ratio

Disadvantages of nano biosensor

 1. Limitations in nanoscale quantification.

 2. Several aspects of nanoscale biosensors remain unex-
plored, including scale-up.
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7.4  Different Fabrication Techniques 
of Nanobiosensor

7.4.1  Enabling Technology

Various nanobiosensor innovations like electron-tunneling 
devices are solely feasible at nanoscale, while other related 
devices could exist at micro or macro-levels. These nanotech-
nological advancements enable the researchers to fabricate 
improved biosensors. To be precise, nanobiosensors can per-
form better than their microsensor counterpart and at times 
promise to be relatively economical.

7.4.2  Micro-Fabrication Technology

Basic micro-fabrication techniques include deposition, pat-
terning, doping, and etching. (i) Deposition- The substrate 
is coated with a thin layer of insulating silicon dioxide film. 
Silicon is most used for integrated chip fabrication and 
micro-fabrication. Glasses present another alternative option 
to silicon, as they exhibit remarkable optical and dielectric 
properties. In fact, isotropic wet etching or anisotropic dry 
etching are being extensively employed to structure glass. As 
far as microelectronics packaging is concerned, use of ceram-
ics has been widely acknowledged, Alumina (Al2O3) being the 
standard material used. (ii) Patterning- A spin- or spray coat-
ing of photoresist polymers is deposited and patterned using 
photolithography on top of the substrate. Chemical sensors 
are being coated in a similar manner, using sensitive polymer 
films. Alternatively, dispensing or microcontact printing is 
employed to deposit chemical or biological films on the sub-
strate. (iii) Etching- The etching process enables transferring 
of a pattern from the photoresist layer to the substrate. The 
next layer is deposited by removing the remaining photoresist. 
Etching is of two types, wet and dry using liquid chemicals 
and gas phase chemistry, respectively. Both wet and dry etch-
ing can be either isotropic or anisotropic, providing different 
etch rates in the same or different directions, respectively. 
(iv) Doping- Doping by ion implantation is generally done 
after patterning or photolithography. It is basically used to 
modify the electrical conductivity of semiconductor devices 
such as silicon or gallium arsenide. It serves as an important 
step in fabricating semiconductor devices such as diodes and 
transistors.

7.4.3  SERS (Surface Enhanced Raman 
Spectroscopy) Technique

The choice of SERS substrates depends on the cost, ease of pro-
cessing, oxidation or sulfidation, biocompatibility, and chemi-
cal stability. Gold and silver are the most used SERS substrates 
and are more stable than copper and aluminum (Sharma et al., 
2012). Gold has been widely used in medical and biological 
applications, owing to its low toxicity and superior chemical 
stability (Kunzmann et al., 2011). Silver, copper, and alumi-
num tend to oxidize and form a native oxide layer in air. This 
could lead to alteration in the affinity of the analyte towards the 
surface and could change the plasmonic performance. Thus, 

the use of semiconductor and dielectric non-metals are pro-
posed as an alternative to metal substrates.

Lithographic and bottom up assembly methods are com-
monly known methods employed for fabrication of SERS. 
While the lithographic method promises uniformity and repro-
ducibility, bottom up methods promise larger enhancements.

7.5  Application of Nanobiosensor

7.5.1  Enzyme Biosensors

Aflatoxins inhibit the action of acetylcholine esterase (AChE). 
AChE breaks down acetylcholine into choline and acetic acid. 
Aflatoxin reduces this activity of the enzyme and thereby 
lowers the product’s concentration depending upon the toxin 
concentration and reaction conditions. In such biosensors, 
aflatoxin is detected by monitoring the changes in acetic acid 
concentration. The signal can be recorded either spectropho-
tometrically, or with a pH sensitive field-effect transistor, or 
with a conductometric device with planar electrodes. Another 
biosensor that works on the principle of inhibition measure-
ment uses the enzyme neutrophil porcine elastase. Aflatoxins 
B1 and G1 inhibits the enzyme acting upon Succinyl-Ala-Ala-
Ala-4-nitroanilide (Cuccioloni et al., 2008). Nano biosensor 
uses multiwall CNTs attached with Aflatoxin oxidase to detect 
aflatoxin B1 (Li et al., 2011b).

Cell based biosensors measure the cytotoxic effects of mam-
malian or higher eukaryotic cells when exposed to toxicants 
(Su et al., 2011). The bioelectric recognition assay (BERA) 
measures these changes in cellular activities to detect myco-
toxins. Electric signals from membrane-engineered whole cells 
are recorded in the presence of aflatoxin M1. Monoclonal Ab 
are electro inserted into the membrane of Vero cells to produce 
membrane engineered cells (Larou et al., 2013). Up to 5 pg/mL 
of aflatoxin M1 can be detected within 3 min with the BERA 
cellular sensor.

Molecularly Imprinted Polymers (MIPs) are polymers pro-
duced from monomers via polymerization reaction. This reac-
tion occurs in the presence of target molecules called templates, 
which are then removed after polymerization. So, a part of the 
polymer is identical to the target molecules in size, shape, and 
charge distribution. MIPs are electrosynthesized on the trans-
ducer surface of the biosensor (Suryanarayanan et al., 2010). 
CNTs with polypyrrole matrix on a carbon electrode of elec-
trochemical nano biosensor was used to detect OTA (Pacheco 
et al., 2015). The sensor detected OTA concentration as low as 
0.05−1.0 μM (LOD 14 Nm).

7.5.2  Detection of Pathogens

In the last few decades, the incidences of foodborne diseases 
have sharply risen around the globe, causing significant health 
hazards (Law et al., 2015). When humans consume food or water 
contaminated with pathogens or their toxins, they are likely to 
develop health problems. The pathogens can be bacteria, viruses, 
fungi, and parasites. A significant number of deaths and hospi-
talization cases are mainly due to bacteria; however, viruses also 
play their part in causing illnesses (Scallan et al., 2011).
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Aptamers have been designed for all the food pathogens 
mentioned above. Compatibility of Ag and Au nanoparticles 
are high, with thiolated aptamers and transducers used in the 
biosensors (Yuan et al., 2014). The microorganisms, owing to 
their big size as compared to mycotoxins, do not require any 
labels for aptamer-target interactions.

7.5.3  Detection of Food Additives

Food additives are all substances added (intentionally or unin-
tentionally) to basic food products. They include anything 
added during the production, processing, treatment, packaging, 
transport, and storage of food. But many additives are closely 
monitored by strict regulations. Control of such chemical pre-
servatives is important and conventionally achieved by GC/
MS, LC/MS/MS. Various biosensors are cited in literature to 
detect these additives in food (Table). However, all the biosen-
sors are not addressed in this review. We will limit ourselves to 
only the nanobiosensors developed for this specific purpose.

The food and beverage industry uses sulphite as a preserva-
tive agent to inhibit growth of microorganisms and as an anti-
oxidant to reduce oxidation and enzymatic reactions (Zhao et 
al., 2006; Bahmani et al., 2010). An amperometric sulphite 
biosensor was developed by immobilizing sulphite oxidase 
enzyme on a gold (Au) electrode consisting of carboxylated 
gold-coated magnetic nanoparticles (Rawal et al., 2012). Limit 
of detection was 0.15μM. It was used to detect sulphite in 
wines.

The synthetic oxidant 2-Tert-butylhydroquinone (TBHQ) 
is used extensively in edible oils, margarines, spreads, etc., to 
increase the shelf life of fats and oils. A voltammetric nano-
biosensor was developed to detect TBHQ in foods (Du et al., 
2014). The sensor used a composite comprised of a metal, i.e., 
gold (Au), a semiconductor, i.e., SnO2, and a carbon mate-
rial, i.e., graphenes (GNs)-single-walled carbon nanotubes 
(SWCNTs). The electron transfer and reactive surface area 
both increased due to the use of nanomaterials in the sensor.

A multi detection sensor was developed which would detect 
both Amaranth and Ponceau 4R dyes (Wang et al., 2015). Dyes 
are isomers and synthetic polymers, and their uses are under 
strict regulations. The electrode was modified using carbon 
nano tubes, along with polyppyrrole (ppy) composite. The oxi-
dation signal was better with the composite in comparison to 
when only carbon nano tubes were used. The nanosensor was 
used in fruit drink samples, and it responded in the concen-
tration range of 5.0 × 10−9M – 5.0 × 10−7M, and 8 × 10−9M 
– 1 × 10−6M for Amaranth and Ponceau 4R, respectively. The 
sensor has lower limits of detection, as low as 5.0 × 10−10 M 
and 1.0 × 10−9 M for Amaranth and Ponceau 4R, respectively.

Work has been carried out by many researchers to develop 
electrochemical biosensors for the detection of glutamate, pro-
pyl gallate, benzoic acid, nitrite, sulphite, Sudan dyes (Sudan I, 
II, III, and IV), 2-Tert-butylhydroquinone (TBHQ), Amaranth 
and Ponceau 4R dyes, and phenyl acetic acid.

7.5.4  Detection of Pesticides

Farmers have increased the use of pesticides to meet the agri-
cultural needs of an ever-growing population. Pesticides are 

grouped into three categories, depending on the toxicity effect 
on the target organism; (i) insecticides, (ii) herbicides, and (iii) 
fungicides (Kumar et al., 2015). The most harmful among them 
are organophosphate (OP) and N-methyl carbamates. Many 
electrochemical biosensors have been developed to detect pes-
ticide residues in food, crops, and other agricultural products. 
Enzymes, whole cells, Abs, or DNA are used as the biolog-
ical recognition elements in these biosensors (Lagarde and 
Jaffrezic-Renault, 2011; Sassolas et al., 2012). Enzyme bio-
sensors work on the principle that the pesticides either inhibit 
or activate the enzymes. Commonly used enzymes for carba-
mate and organophosphate pesticide detection are cholinester-
ases (acetylcholine esterases AChE or butylcholinesterase) and 
choline oxidase. But these enzymes are also inhibited by heavy 
metals and aflatoxins, which creates loss in selectivity in the 
biosensor for the pesticides. To improve selectivity, nanomate-
rials such as AuNPs, MNPs, graphene, grapheme oxide (GO) 
and reduced grapheme oxide (rGO), and composites are inte-
grated with the biosensors (Zhang et al., 2014; Xia and Gao, 
2015; Kumar et al., 2015).

Carbon nanotubes with functionalized amino group are used 
for immobilization of AChE in the OP detection biosensors 
(Yu et al., 2015). This improved the affinity of the biosensor 
towards acetylthiocholine chloride (ATCh) and catalysed the 
breakdown of the same. The sensor could detect paraoxon, a 
model compound as low as 0.08 nM, and was employed to 
detect pesticides in vegetables.

Another biosensor developed for OP detection employed 
electrodeposition of rGO-AuNPs-β-cyclodextrin (β-CD) and 
Prussian blue-chitosan (PB-CS) on a glassy carbon electrode 
(GCE) followed by AChE fixation (Zhao et al., 2015). Both 
oxidation of thiocholine and reduction of oxidation potential 
(from 0.68 to 0.2) were achieved by PB-CS. Also, the rGO and 
AuNP synergistically improved the electron transfer between 
the electrode and PB. The limit of detections for malathion 
and carbaryl were as low as 4.14 and 1.15 pg/mL, respectively. 
Organophosphorus hydrolase (OPH) enzyme is also used as a 
bioreceptor for OPs in many nanobiosensors (Sassolas et al., 
2012; Zhang et al., 2014; Kumar et al., 2015).

A bi-enzyme biosensor using both OPH and AChE is devel-
oped to differentiate between organophosphorus and non-
organophosphorus pesticides (Zhang et al., 2015). The GCE 
was assembled by a layer by layer method to form a multilayer 
film of MWCNT–OPH, MWCNT–AChE, MWCNT–polyeth-
yleneimine and MWCNT–DNA. The biosensor showed linear 
correlation with a wide range of concentrations of both OP 
pesticide paraoxon and non-OP pesticide carbaryl. The limit of 
detection for paraoxon was found to be 0.5 μM and for carbaryl 
was 1 μM.

7.5.5  Detection of Drug Residues

Antibiotics are often given to animals for overall health and 
growth, treatment of diseases, and prophylactic purposes. 
However, an overdose of antibiotics causes drug resistance 
against the bacteria. The European Union has set the highest 
limit of mycotoxins in animal-based food products. Besides 
immunoassays and microbiological tests, biosensors have also 
emerged as a screening technique for residual drug detection 
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(Chafer-Pericas et al., 2010). Various nanomaterial-based bio-
sensors have been developed for the detection of seven classes 
of antibiotics, viz., aminoglycosides, quinolones, ß-lactams, 
macrolides, fenicols, tetracyclines, and sulphonamide (Huet et 
al., 2010).

In immunosensors with NMs signal amplification is achieved 
by attaching the antibodies with single nanomaterial or nano-
composites made of CNTs, MNPs, GO, CeO2, grapheme, Au 
NRs, and AuNPs. A differential pulse voltammetry aptasen-
sor is developed to detect tetracycline residues by integrating 
MWCNTs-CS and CS-PB-graphene NPs on a glassy carbon 
electrode. The limit of detection was 5.6 pM, which could be 
attained because of the increased stability and sensitivity due 
to the NPs of the sensor.

Another fast, inexpensive electrochemical immunosensor 
was developed on paper to detect antibiotic (neomycin) in 
milk samples (Wu et al., 2012). The antibody was attached 
with SWNTs to form a composite coating. Due to high elec-
trical conductivity of the sensor, chronoamperometric signals 
increased with the increased concentration of neomysin from 
a 0.2–125 ng/mL range in the sample. The biosensor was suc-
cessful in testing fortified milk samples, as the limit of detec-
tion was as low as 0.04 ng/mL.

7.5.6  Detection of Bisphenol A

Bisphenol A (BPA), a monomer, is found in epoxy resins and 
polycarbonate plastics. These resins and plastics are used to 
manufacture packaging bottles and cans. Over time, the BPA 
gradually leaches from the packaging material into the food 
and causes toxicity in humans, affecting the proper functioning 
of the human endocrine system. BPA detection in foodstuffs 
is conventionally done by GC/MS, LC/MS/MS and capillary 
electrophoresis. But they are lengthy, expensive tests, and can-
not be done on-site. With the development of electrochemical 
biosensors, these problems have been overcome since the tests 
are rapid, and on-site detection is possible.

Many researchers developed amperometric biosensors using 
tyrosinase enzyme as a bioreceptor. The underlying principle 
is that in the presence of tyrosinase, BPA is converted first to 
its corresponding phenol, and further to o-quinone. Lastly, 
o-quinone undergoes electrochemical reduction to form its 
equivalent polyhydric phenol (Wu et al., 2012a). Using this 
principle, many nanocomposites have been fabricated by var-
ious researchers. Yin et al. (2010) used multiwalled carbon 
nanotubes (MWNCTs)–cobalt phthalocyanine (CoPc)–silk 
fibroin (SF)-composite. Alkasir et al. (2010) compared three 
nanoparticles as an enzyme immobilization material, viz., 
nickel nanoparticles (NiNPs), AuNPs and Fe3O4. Pan et al. 
(2015) used graphene–gold nanocomposite. Wu et al. (2012a) 
used nanographene material on the electrode surface. Owing 
to the high electrical conductivities of all these nanocompos-
ites, it was possible to detect very low levels of BPA. Pan et 
al. (2015) combined the electro conductivities of graphene and 
AuNPs together to fabricate the nanocomposite.

Besides tyrosinase, laccase enzyme is also used as a biore-
ceptor for BPA detection (Portaccio et al., 2013). A modified 
screen-printed electrode coupled with a nanocomposite con-
sisting of laccase–thionine–nanostructured carbon black was 

used. In the reaction involving laccase and BPA, thionine 
showed electrocatalytic behaviour. The nanobiosensor was 
tested in canned tomato juice samples. The sensor responded 
linearly in the concentration range of 0.5–50 μM. The lim-
it-of-detection (LOD) was 0.2 μM and sensitivity was 5.0 ± 0.1 
nA/μM. Recovery rates were satisfactory between 92-120%.

7.6  Different Innovation and Trends in 
Nanobiosensor and Its Limitations

The integration of electronics and biosensors may be promis-
ing as far as low cost and efficient biosensors are concerned. 
This could influence the field of medical diagnostics, food 
analysis, and various other related fields. The current state of 
the art biosensor is based on either the enzyme-linked immu-
nosorbent assay (ELISA) or an amplification of a sample by 
polymerase chain reaction (PCR), using appropriate primers 
and detection methods. In turn, this testing saves us money 
and time, as opposed to the various conventional diagnostic 
methods. The application of biosensors is not restricted to field 
of medicine, it exists in the field of environmental pollution 
monitoring, food adulteration, and assessing potential dangers 
due to bioterrorism.

7.6.1  Limitations in the Use of Nanobiosensors

The nanobiosensors find applications across a wide area of 
food processing and preservation techniques. These devices 
use a biochemical/biological/physical entity to generate sig-
nals, which can be converted into indications of food safety 
or quality. The advantages associated with the nano biosensors 
often outweigh their disadvantages.

It needs to be mentioned that very few researchers have 
addressed the scale-up studies to a commercial level to ensure 
benefits for the downstream consumers. Often integrated into 
the smart packaging system, these indicators are liable to 
safety and legal challenges in view of their direct interaction 
with food products. Moreover, while employing these sen-
sors in the food sector, it is of utmost importance to ensure 
consumer awareness about the right approach of interpreting 
these sensors, as well as the effects of accidental or intentional 
ingestion.

7.7  Future Scope of Nanobiosensor

The intense research in the food processing sector is rapidly 
spreading its wings and developing new methods for produc-
tion of larger quantities of food with enhanced functionalities 
and shelf lives. This apparent positive wave in food research has 
also led to the emergence of new, unknown food contaminants, 
residues, and pathogenic microorganisms, thereby putting 
forward new challenges in the path of food safety. The future 
trends in the nanobiosensors might focus on the cross-linking of 
material science and nanoscience for detection of the emerging 
food contaminants and pathogens. New research areas will open 
up based on this cross-linking principle to satisfy the growing 
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need of different analyses. The further development of portable, 
rapid, and in situ detection technology promoting food safety 
surveillance from bench to market, might eventually bring the 
laboratory researches and industrial applications closer. The 
in-situ food safety inspection techniques should be emphasized 
to obtain the real-time information from food samples.

However, there are several scientific and technological 
obstacles, which must be overcome before the benefits of the 
nanobiosensors can be utilized effectively in the detection of 
contaminants in real food systems. Especially, the toxicity 
of the nanomaterials (i.e., nanoparticles, nanowires, carbon 
nanotubes, etc.) used in the biosensors have raised a serious 
concern. A more detailed study is needed to overcome the 
challenges of nanobiosensor technology related to interference 
of real sample analysis. The technological aspects regarding 
the final application need to be addressed properly. The appli-
cation of nanobiosensors in real samples is still limited due 
to their inconsistent reproducibility and interferences from 
other compounds in the matrix. The stability of the electro-
chemical nanobiosensors still pose a vital hurdle, and hence, 
more research is required to solve this issue and facilitate their 
commercialization. The recent advancements in nanomanufac-
turing, such as 3D printing, may furnish a new tool for fabri-
cating robust and reliable biosensors. All of these existing and 
impending developments will surely enhance the sustainable 
quality and safety of food products, which in turn will greatly 
improve human health.

7.8  Conclusion

The integration of nanotechnology and analytical chemistry 
has given an innovative turn to the existing analytical meth-
ods used in the food industry. The advanced functional nano-
materials have enhanced selectivity and sensitivity, increased 
robustness, accuracy, efficiency, and throughput, and delivered 
a superior performance regarding the analysis of the complex 
sample matrices. The technology of nanobiosensors complies 
well with the user-friendly and in-field application devices. 
These systems work based on different transduction modes 
(i.e., electrochemical or optical) and assay principles (immu-
noassay, enzymatic inhibition, etc.). The mode and effective-
ness of nanobiosensor applications depend on the analyte to 
be detected and frequency of measurements, as well as other 
factors which may affect their economic feasibility.

The integration of nanotechnology and analytical chemistry 
has given an innovative turn to the existing analytical meth-
ods used in the food industry. The advanced functional nano-
materials have enhanced selectivity and sensitivity, increased 
robustness, accuracy, efficiency, and throughput, and delivered 
a superior performance regarding the analysis of the complex 
sample matrices. The technology of nanobiosensors comply 
well with the user-friendly and in-field application devices. 
These systems work based on different transduction modes 
(i.e., electrochemical or optical) and assay principles (immu-
noassay, enzymatic inhibition, etc.). The mode and effective-
ness of nanobiosensor application depend on the analyte to be 
detected, frequency of measurements, as well as other factors 
which may affect their economic feasibility.

However, no matter how much effort and experimentation 
had gone into fabrication of nanobiosensors during the past 
decade for food analysis, there is still a lag in commercial 
production of these nanobiosensors to make them available in 
the market. This lag can be attributed to several factors. The 
ever-increasing desire to design sensors with increasing sensi-
tivity has pushed researchers to develop complex architectures 
with expensive components. The bioreceptors act differently in 
real sample environment conditions, which hinders their com-
mercialization. Nanobiosensors with artificial receptors like 
aptamers have suffered a setback because only a small number 
of aptamers have been developed for a very few numbers of tar-
get analytes. Adequate research on sample treatment and con-
verting a compact, portable platform (containing all the NM 
based biosensing arrays of electrodes) into low-cost automated 
formats needs to be strengthened.
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8.1  Introduction

Fruit and vegetables profoundly differ from one another, so the 
quality of individual produce items can vary from the average 
(Abbott, 1999). The quality of fruit and vegetables have a large 
biological variability, making grading of individual products 
vital to meet the expectations of consumers. The method of 
visual scrutiny has been used for grading for ages to separate 
products, using properties like color and size (Pathare et al., 
2013) but this method is inadequate for producing the desired 
results of quality or uniformity. Many health-promoting contents 
are present in fruit and vegetables, such as vitamins, minerals, 

carbohydrates, organic acids, phytochemicals, etc., which result 
in their increased consumption (Padayachee et al. 2017).

Some challenges for sustainable production are the food 
quality and diversity; an economical supply chain, the packag-
ing in the food system, environmental challenges that include 
food waste production, and the engineering challenge of the 
innovation of novel food (Specht et al., 2014; Baldwin, 2015; 
Neethirajan et al., 2018). The detection of biological activ-
ity should be efficient, so food microbiologists are contin-
uously searching for rapid and reliable automated systems. 
Biosensors have sensitive systems that help in detection of 
spoilage or pathogenic microbes or the presence of a chemical 
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or a pesticide in food. The advancement and development of 
biosensors in fabrication techniques have reduced production 
costs and improved food quality, along with consumer safety.

In the fruit and vegetable processing industry, the main 
types of biosensors include portable benchtop instruments, 
large multi analyzers, and one-shot disposable sensors and are 
primarily used for two objectives: the enzyme biosensor that 
is dominantly used in the liquor and beverage industry, which 
measures or detects carbohydrates from amino acids, alcohol, 
amides, amines and phenol, and the biosensor used for direct 
or indirect detection of quality attributes, including moisture, 
color, texture, water activity, pH, and microorganisms in the 
food industry.

Most of the techniques have emerged to determine the qual-
ity of fruit and vegetables, including changes during process-
ing, sensory attributes, nutritive value, chemical constituents, 
mechanical properties, functional properties (Abbott 1999), 
adulteration, spoilage, maturity determination, contaminants 
and so on. In general, these parameters can be evaluated by 
destructive and non-destructive methods. As the name sug-
gests, destructive methods require the disintegration of food 
commodities before the analysis, whereas non-destructive 
methods do not. To handle all these properties, numerous 
destructive methods are proposed, such as a moisture content 
calculator, a water activity meter, pH meter, glucometer, and 
total dissolved solids calculator. Even though these methods 
have commercial utility, they are innately destructive, cost-ef-
fective, time-consuming, inadequate, and require specific sam-
ple preparation (Arpaia et al. 2001).

Non-destructive techniques (NDTs) primarily rely on sens-
ing those physical properties that match well with certain qual-
ities of fruit and vegetables; thus, they are more effectual than 
traditional destructive methods. In the food industry, use of 
mechanization and automation has grown, as machines have 
more consistency than humans; they cut down the labor cost 
and are non-destructive. Acoustic, mechanical, and optical 
non-destructive methods are embraced in the fruit packaging 
industries to examine the fruit quality. Non-destructive meth-
ods are advantageous, as they overcome the limitations of the 
traditional destructive methods. A single NDT is not useful to 
study both physical and chemical parameters and also depends 
on variables such as chemical composition, physical structure, 
and parameters to be assessed (Sun et al., 2018). Therefore, 
different methods are applied for the evaluation of external and 
internal quality. The quality attributes of fresh commodities are 
either evaluated directly (such as in the detection of internal 
defects) or indirectly by relating to the outcome of other phys-
icochemical parameters. For the assessment of external quality 
attributes such as appearance, size, and color, the crop grow-
ers, production chain, cooperatives, and packaging houses are 
widely using sensors for an automatic and high-speed grading 
line in the food sector worldwide.

The emergence of NDT in the determination of internal 
quality attributes of fresh commodities opened exciting new 
marketing possibilities for horticultural products, provided, of 
course, that the properties they measure correspond to their 
human analogs. NDT is also useful for developing mathe-
matical models to predict changes in the quality attributes 
of fruit and vegetables during processing and storage, which 

will further help in the optimization of post-harvest processes. 
Also, the same fruit can be monitored over the time, and the 
variability in the fruits can be separated easily from the time 
effect variability (Ketelaere et al., 2006; Hertog et al., 2007).

8.2  Overview of Different Sensors and 
Techniques Used in Fruits and 
Vegetables Processing Industry

Electrochemical sensing is based on the chemical reaction 
between the hybridized biorecognition element and the tar-
get analyte, resulting in an actual or potential proportional to 
the amount of analyte present in a sample solution (Madufor, 
2019). Electrochemical sensing can be carried out via ampero-
metric, potentiometric, voltammetric, and impedimetric meas-
urements and be coupled with other detection techniques for 
enhanced performance. Therefore, electrochemical sensors 
are widely used for the determination of maturity, gases, and 
ripening components. The development of an advanced and 
simplified optical system for the rapid and continuous mon-
itoring of fruit and vegetable parameters directly in the field 
(for instance, maturity determination, detection of diseases 
and disorders, prediction of physicochemical properties, eval-
uation of freshness level or shelf-life analysis) could be based 
on light-emitting diode (LED) technology (Costa et al., 2010; 
Beghi et al., 2013; Giovenzana et al., 2014; Civelli et al., 2015; 
Beghi et al., 2017). Table 8.1 presents the various types of 
sensing instruments involved in the fruit and vegetables indus-
tries for different applications.

8.2.1  Techniques Involved

Recently, imaging techniques have been widely extended to 
assess and monitor the quality and safety of fresh produce 
(Sun, 2016; Ma et al., 2016). Advanced imaging techniques 
involve laser light backscattering (LBI), Raman imaging 
(RI), fluorescence imaging (FI), hyperspectral imaging (HSI). 
Besides, magnetic resonance imaging (MRI) and soft x-ray 
imaging are the few examples of nuclear magnetic techniques. 
Other imaging techniques such as infrared thermography 
(IRT), microwave imaging (MI), and thermal imaging (TI) 
(Sun, 2012; Rungpichayapichet et al., 2017). Table 8.2 sum-
marized the different techniques used for the quality control, 
quality determination and pathogen detection.

HSI clubs the principles of spectroscopy and conventional 
imaging together to efficiently obtain both spatial and spectral 
information of samples. Teerachaichayut and Ho (2017) uti-
lized HSI to measure the firmness, total soluble solids (TSS) 
and titratable acidity (TA) of mangoes in the spectral region 
of 450–998 nm, with partial least square regression (PLSR) 
approach.

LBI relies on the interaction of laser light with the sample. 
Absorption of laser light depends on chemical constituents of 
food, and the natural phenomenon of scattering is caused by 
microstructural composition and cellular matrices. Thus, LBI 
is considered as an optimum technique to monitor the fruit 
ripening (Williams and Norris 2001; Udomkun et al. 2014). 



Biosensors Involved in Fruit and Vegetable Processing Industries 113

TABLE 8.1

Sensor Based Instruments and Their Potential Applications in Horticulture

Potential 
Application Type of Sensor Analyte Electrode/Matrix Sample LOD Reference

Pesticides and 
heavy metals

Electrochemical 
biosensor

Paraxon
Parathion

ESM/QDs/ChOx/
AChE

Apple 4.30 x 10−12 mol/L 
for paraxon and 
2.47 x 10−12 mol/L 
for parathion

Xue et al. 2016

Carbamate GC/MWCNT/
PANI/AChE

Cabbage, 
Broccoli, 
apple

1.4 and 0.95 μmol/ 
L respectively 
for carbaryl and 
methomyl

Cesarino et al. 2012

Pirimicarb MWCNT paste 
electrode

Tomato and 
lettuce 
sample

1.8x 10−7 mol/L Oliveira et al. 2013

Photoelectrochemical 
biosensor

Paraoxon and
Dichlorvos

Nanocomposite of 
CdSe@ZnS

quantum dots 
(QDs) and 
graphene

Fruits LOD: 6.055×10−14 
M for paraoxon

and 2.5×10−12 M for 
dichlorvos

Li et al. 2015

Conductometric 
sensor

Organophosphate Screen-printed 
carbon electrode

Vegetables Sensitivity: 28.04 
μS/ppm

LOD: 0.18 ppm
Response time: 
45 s

Mulyasuryani and Dofir 
2014

Surface-enhanced 
Raman scattering 
(SERS)

Methyl parathion gold nanorod 
(Au NR) based 
casting-and-
sensing

Orange and 
apple

110–440 ng/cm Wu et al. 2019

Infestation and 
disease

Electronic nose Odor Metal oxide 
semiconductor 
type chemical 
sensor

‘Shangtangju’ 
mandarin

– Wu et al. 2019

Volatile compounds Metal oxide sensor Peaches – Liu et al. 2018

Ripening/ 
Maturity

Delta absorbance 
meter

Green pigment – – – Doerflinger et al. 2014

Electrochemical 
ethylene sensor

Ethylene Electrode and 
hydrophobic 
membrane

Apple 0.41 mg/L Ma et al. 2016

kiwi

Pear

Silicon carbide-FET 
(SiC-FET)

Ethylene Porous iridium-
platinum thin film

Ethylene 0.50 Hasegawa et al. 2017

Electrochemical 
ethylene sensor

Ethylene TiO2-WO3 
composite 
materials

Banana
Mango
Papaya

Sensitivity 0.22 mg/L Kathirvelan et al. 2017

IR based sensor Ethylene IR emitter 
and silicon 
temperature 
detector

Banana
Mango

Sensitivity 5 mg/L Kathirvelan and 
Vijayaraghavan 2017

Reversible 
chemoresistive 
ethylene sensor

Ethylene Multiwalled 
carbon nano 
tubes and kapton 
as substrate

Ethylene 0.37% Kathirvelan and 
Vijayaraghavan 2014

Mobile-based sensor Ethylene Image processing 
and MATLAB

Mango – Maheswaran et al., 2017

Reversible chemo-
resistive sensor

Ethylene Carbon nano-tubes Banana, 
avocado, 
apple, pear, 
orange

– Esser et al. 2012

Electrochemical 
sensor

Ethylene Gold electrode – – Zevenbergen et al. 2011
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TABLE 8.2

Quality Sensing Techniques Used in Fruits and Vegetables Processing

Application Techniques Sample Attribute Reference

Defect 
detection

HSI and MSI Apple Wind damage, insect damage, bruises, decay, hail, rusting, 
spot, scar, stem, calyx, as well as with sound surfaces

Zhang et al., 2018

Insect 
infestation

MSI Tomato Selection of effective band for detection of insect infestation Mireei et al., 2017

Distance based 
classifier and 
Neural network

Orange Disease detection and classification of flaws Lopez et al., 2011

Image acquisition, 
fractal analysis and 
SVM

Red bayberry Principal component-support vector machine (PC-SVM) 
and support vector machine (SVM) models combined 
with fractal analysis was developed and compared with 
classification models based on RGB intensity values

Lu et al., 2011

VNIR/SWIR His Strawberry fruit Hyperspectral imaging was analyzed for non-invasive and 
rapid determination of fungal infection and chemical 
composition of strawberry fruit

Siedliska et al., 2018

Contamination MSI Hazel nuts and 
ground chili flakes

Aflatoxin contamination was detected in hazel nuts and red 
chili

Kalkan et al., 2011

Image processing Plant chili Early detection of plant chili disease through leaf inspection Husin et al., 2012

Quality 
determination 
and control

MRI Pear Quality attributes during storage Suchanek et al., 2017

Soft-X-ray Pomegranate Internal quality Payel and Sunil, 2014

IRT Guava Mass loss, firmness, color, total sugar during storage Gonçalves et al., 2016

Tomato Freshness Xie et al., 2016

Apple Surface temperature Badia-Melis et al., 2016

RI Tomato Lycopene Ishigaki et al., 2017

HSI Apple Firmness and color parameters Ekramirad et al., 2017

Tomato Moisture, pH, and SSC Rahman et al., 2017

Persimmon Flesh firmness Munera et al., 2017

Melon Sugar content Sun et al., 2017

Lychee SSC and pH Pu and Sun, 2015

FI Apple Color firmness and SSC Noh et al., 2007

LBI Apple, tomato, and 
plums

Flesh freshness Mollazade et al., 2015

LBI Watermelon Firmness, SSC, pH during storage Ali et al., 2017

NIR-HSI Mango Moisture content of microwave-vacuum dried mango slices Pu and Sun, 2016

Cross-polarized 
VNIR hyperspectral 
reflectance imaging

Banana slices Monitoring of drying process of banana slices Do-Trong et al., 2018

HSI Port-wine grapes Prediction of sugar content Gomes et al., 2017

Vis/NIR 
spectroscopy

Valencia orange and 
Star Ruby grapefruit

Sweetness and flavor profiling Ncama et al., 2017

HSI Potato Cooking time of potato was determined using the image 
processing and chemometric tool

Do-Trong et al., 2011

Fresh cuts celeries Soluble and insoluble dietary fiber of fresh cuts of celery 
was determined for 28 days using hyperspectral imaging 
techniques

Yan et al., 2017

Vis/NIRS ‘Nules Clementine’ 
Mandarin

Robustness of Vis/NIRs and PLS models were evaluated for 
predicting post-harvest changes in two seasons of mandarin

Magwaza et al., 2014

HSI and 
Chemometric tool

‘Golden delicious’ 
Apple

Bruise on the apple was detected using sensitive bands of 
hyperspectral images and chemometric tools

Xing et al., 2007

Vis/NIRS-his Mulberry fruit Total anthocyanin content and antioxidant activity of 
mulberry fruit was determined

Huang et al., 2017

VIS-NIR Olive Prediction of the oil content in olive during milling process in 
online mode and predictive models produced the oil having 
maximum extraction with minimum oil loss

Giovenzana et al., 2018

Vis-NIRS Valencia orange and 
star ruby grapefruit

Accurate discrimination of the citrus variety based on flavour 
were made using Vis-NIRS and chemometric tools

Ncama et al., 2016

Optical properties Apple Optical properties of apple peel were evaluated using IAD 
strategy with fixed and variable anisotropy in the range of 
35–2200 nm of three cultivars

Saeys et al., 2008
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Mollazade et al. (2012) reported that the final images obtained 
from LBI carry information only in the considered wavelength, 
which is the common drawback.

Fruit and vegetables, like most other biological materials, 
are opaque to radiation in the Vis and NIR regions of the elec-
tromagnetic spectrum. Much research has been conducted suc-
cessfully on the potential use of NIR spectroscopy to measure 
the TSS of various fruit, including mandarin (Kawano et al., 
1993), peach (Slaughter, 1995) melon, pineapple (Guthrie 
and Walsh, 1999), kiwifruit (McGlone and Kawano, 1998), 
apple (Lammertyn et al., 1998), and cherry (Lu, 2001) without 
destroying the sample (Nicolaï et al., 2014).

RI is the function of Raman spectroscopy and digital imag-
ing to obtain characteristics pixel-based spectral and spatial 
information of samples, including mapping morphology and 
composition (Sun, 2004; Li, et al., 2017; Yaseen et al., 2017). 
To obtain the high quality of images (2-D/3-D) of commod-
ity, there MRI plays a significant role, which mainly works 
on the principles of nuclear magnetic resonance. In the past 
decades, the effective utilization of MRI has been done to 
measure quality parameters, including defects, blemishes, and 
chilling injuries of fresh fruit and vegetables (Barreiro et al., 
2000, Marigheto et al., 2008; Nicolaï et al., 2014). TI has been 
widely used to inspect the surface attributes of fresh commod-
ities (Lloyd, 2013; Doosti-Irani et al., 2016).

8.2.2  Microcontroller Based Devices

A microcontroller is used for sensor readout and computer 
interfacing. Arduino microcontrollers were launched in 2005, 
and since then, they became increasingly popular in the research 
community (Cressey, 2017). Arduino is an open-source elec-
tronic platform based on hardware and software that is easy to 
use (Arduino, 2019). Arduino microcontrollers have become 
increasingly popular in the research community and provide 
researchers key features that can translate into both economical 
and practical benefits (González-buesa and Salvador, 2019). 
There are numerous mentions of Arduino-based electronic 
control of biotechnology applications in research articles in 
recent years (Mathupala et al., 2016; Coronel-Reyes et al., 
2018; González-buesa and Salvador, 2019).

8.2.3  Bioelectric Nose (E-nose)

E-nose is a device that smell’s a specific element and analy-
ses its chemical composition to identify it. The electronic nose 
is an intelligent sensor that uses a range of gas sensors that 
selectively overlap with a component of pattern reorganization, 
thus, providing obvious benefits to a sector, such as agricul-
ture, food, water, biomedical, environmental, and various sci-
entific research fields (Electronic nose, 2019). The instrument 
provides new opportunities and ways to measure the chemical 
compounds through qualitative and quantitative (Baietto and 
Wilson, 2015). The development of electronic-nose (E-nose) 
devices has opened a new substitute for sorting fruits and other 
perishable foods with a more consistent measurement than a 
similar opinion of human graders. E-nose helps in the sorting, 
grading, selection of the timing of fruit harvests, transportation, 

storage operations (handling), and final selection by character-
izing aromatic compounds (Beghi et al., 2017).

For the measurement of aromatic compounds, the number of 
gas sensor technologies are accessible, but only four technolo-
gies are commercially used, as follows:

 (i) Metal oxide semiconductors (MOS)

 (ii) Metal oxide semiconductor field-effect transistors 
(MOSFET)

 (iii) Conducting organic polymers (CP), and

 (iv) Piezoelectric crystals (quartz crystal microbalance-QCM)

Different components comprised of an electronic nose are as 
follows: a) a sample delivery system, b) sensor arrays, c) a 
signal processing unit, d) an information processing unit, e) 
software with analytical algorithms, and f) reference-library 
database. The sample is delivered either by an automated sys-
tem or through a flow-based system, which may include mod-
ulation of a sample concentration. The sensor arrays consist of 
a combination of sensors that respond chemical classes to an 
extensive range and discriminate various mixtures of possible 
analytes. These sensor arrays carry chemically sensitive layers 
that are selected per the sample used. The signal processing 
unit does various procedures, including offset subtraction, dif-
ferentiating concentration modulated sample delivery by time, 
signal rationing between sensors in the array, signal averaging 
for noise compensation, signal normalization to compensate 
for aging effects, range compression of sensory input, etc. The 
result outputs after processing are accumulatively gathered and 
integrated to produce a distinct digital response pattern, which 
is then identified and classified through recognizing its unique 
aroma signature. Before the analysis of the sample, aroma sig-
nature patterns for a known sample is constructed from a refer-
ence digital library. Identification of unknowns is based on its 
patterns of aroma attributes that are in common with patterns 
databases present in the reference library, which are then com-
pared, and the smell is detected (Beghi et al., 2017). Table 8.3 
presents various application of E-nose in the fresh produce.

8.2.4  Bioelectronic Tongue

The E-tongue is designed to mimic the human tongue by using 
an array of sensors that respond to taste qualities like salty, 
sweet, sour, bitter, umami, and then send signals to a computer 
for interpretation. The electrochemical, gravimetric, and opti-
cal sensors are applied in the E-tongue. Electronic tongue sys-
tems are usually built from few to dozens of sensors of a single 
type; the most commonly used are voltammetric and poten-
tiometric. Therefore, hybrid electronic tongues combine both 
techniques. E-tongue systems have found applications in the 
fields of science, food, and agricultural industry, like analysis 
for beer fermentation, milk fermentation classification, deter-
mination of the levels of NaCl, NaNO3, KNO3 in minced meat, 
etc. The electronic tongue, along with the results from correl-
ative analysis and predictive equations between the sensory 
evaluation of experts and degustation of consumers, has been 
used to track the sensory quality of apple juice. Also, various 
types of E-tongue based on polymeric membrane ion-selective 



116 Biosensors in Food Safety and Quality

(Continued)

TABLE 8.3

Application of E-nose in Fruits and Vegetables Processing

E-nose Application Commodity Species Specific Aim Sensors References

Ripeness Evaluation Apple Malus domestica 
Borkh.

Cultivar discrimination 
and prediction of the 
optimal harvest date

QMB (Libra Nose) Saevels et al., 2003

Quality indices
assessment and
maturity
evaluation

CPs (Cyranose 320) Pathange et al., 2006

Apple, pear and
Peach

– Fruit ripeness
monitoring

MOS (Prototype) Brezmes et al., 2000

Mandarin Citrus reticulata Maturity
Monitoring

MOS (PEN 2) Gómez et al., 2006b

Mandarin and
Orange

Citrus unshiu and
Citrus sinensis

Quality
Detection

MOS (PEN 2) Qiu and Wang, 2015

Peach and nectarine Prunus persica Sensorial
properties
investigation

QMB (Libra Nose) Di Natale et al., 
2001a, 2001b

Peach P. persica Cultivar
discrimination
and quality assessment

QMB (Libra Nose) Di Natale et al., 2002

Peach P. persica Quality indices
evaluation

MOS (Prototype) Zhang et al., 2008a

Peach and nectarine P. persica Cultivar
discrimination
and quality
evaluation

MOS (EOS 835) Infante et al., 2011

Peach P. persica Quality indices 
prediction

MOS (Prototype) Zhang et al., 2012

Mango Mangifera indica Maturity
assessment

MOS (FOX 4000) Lebrun et al., 2008

Maturity
assessment

CPs (Cyranose
320)

Zakaria et al., 2011

Apricot Prunus armeniaca Cultivar
discrimination

MOS (FOX 4000) Solis-Solis et al., 
2007

Cultivar
discrimination

MOS (PEN 2) Parpinello et al., 2007

Pear - Quality indices
prediction

QMB (Prototype) Zhang et al., 2008b

Cherry Prunus avium Cultivar
discrimination
and ripeness evaluation

MOS (PEN 2) Benedetti et al., 2010

Tomato Lycopersicum
esculentum

Maturity
assessment

MOS (PEN 2) Gómez et al., 2006a

Spring onion Allium spp. Quality evaluation CPs (AromaScan) Abbey et al., 2005

Garlic Allium sativum L. Cultivar
discrimination

MOS and QMB
(Prototype)

Trirongjitmoah et al., 
2015

Shelf-life assessment 
of fresh products

Apple M. domestica
Borkh.

Storage time
prediction

MOS (Prototype) Guohua et al., 2013

Apple Malus sylvestris Quality
assessment
during shelf life

QMB (Libra
Nose)

Saevels et al., 2004

Apple M. domesticaBorkh. Shelf life
evaluation

MOS (Prototype) Brezmes et al., 2001

Mandarin C. reticulata Shelf life
evaluation

MOS (PEN 2) Gómez et al., 2007

Banana Musa acuminata Quality
assessment

MOS (Prototype) Sanaeifar et al., 2014

Peach P. persica Quality changes
during cold
storage

MOS (PEN 3) Rizzolo et al., 2013
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electrodes (ISEs) (Ciosek et al., 2004), nonspecific all-solid-
state potentiometric sensors based E-tongue (Gallardo et al., 
2005), and E-tongue with partially selective and selective elec-
trodes (Ciosek and Wroblewski, 2007) have been used for the 
qualitative analysis of the orange juice of various brands.

8.3  Potential Applications

8.3.1  Determination of Maturity Indices

Predicting the phase of maturity in fruit and vegetables is essential. 
Various conventional and alternative techniques are implemented 
for measuring the external and internal quality attributes of fruits 
to directly evaluate changes during different stages of maturity 
(Magwaza et al., 2014). These attributes include color, TSS, TA, 
firmness, and texture, to name a few. Various techniques for deter-
mining or predicting the quality attributes of fruit and vegetables 

as a maturity index have been developed in recent years (Magwaza 
et al., 2014). These studies explored the use of photocell sensors, 
photodiodes sensors, light reflectance, and light transmission 
(Stephenson, 1974; O’Brien and Sarkar, 1974; Goddard et al., 
1975). The sections below highlight the various techniques used 
for determining maturity indices in fruit and vegetables.

8.3.1.1  Sensing Equipment

Hawari et al. (2012) fabricated the Molecularly Imprint 
Polymer (MIP) based sensor to determine the mango aroma 
volatiles. In the MIP technique, molecules possess the ability 
of molecular recognition at low interference level. For dec-
ades, MIP has been effectively used to produce the material 
having more selective adsorption towards a particular mole-
cule. Equation (8.1) illustrates the basic concept of MIP, where 
pre-arrangement of functional monomer and template followed 

TABLE 8.4

Examples of Some Disease Detection of Fruit and Vegetables

Fruit/Vegetable Pathogen/Disease Type Technique Reference

Tomato Lycopersicon esculentum Fungi RT-PCR Lievens et al., 2006

Olive Pseudomonas savastanoi pv. savastanoi Bacteria PCR Bertolini et al., 2003

Grapevine Xylella fastidiosa Bacteria PCR, ELISA Sankaran et al., 2010

Grapevine Aster yellows Bacteria Voltammetry Madufor, 2019

Pomegranate Coniella granati Fungi Voltammetry Madufor, 2019

Tomato Pepino mosaic virus Virus ELISA Sankaran et al., 2010

Tomato Late blight disease Fungus Hyperspectral Zhang et al., 2003

Sweet orange Blue mold browning rot Fungus Fluorescence Sighicelli et al., 2008

E-nose Application Commodity Species Specific Aim Sensors References

Shelf life
assessment of
ready to eat
products

Apple M. domestica
Borkh.

Quality and
shelf life of fresh
cut slices

MOS (Fox 4000) Bai et al., 2004

Malus communis Shelf life of fresh
cut slices

MOS (PEN 2) Siroli et al., 2014

– Shelf life
modelling of
fresh cut slices

MOS (PEN 3) Correa et al.,, 2015

Defects and
diseases
detection

Strawberry Fragaria x
ananassa

Fungal disease
detection and 
classification

MOS (PEN 3) Pan et al., 2014

Tomato L. esculentum Microbial
contamination detection

MOS (EOS 835) Concina et al., 2009

Process
Monitoring

Grape V. vinifera L. Post-harvest
dehydration study

QMB (Prototype Santonico et al., 2010

Off-vine
dehydration time

QMB (Prototype) Lopez de Lerma et 
al., 2012

Determination of
sun-drying time

QMB (Prototype) Lopez de Lerma et 
al., 2014

Strawberry Fragaria x
ananassa

Osmotic
dehydration treatment

MOS (PEN 2) Buratti et al., 2006

Tomato L. esculentum Osmotic
dehydration treatment

MOS (PEN 2) Pani et al., 2008

TABLE 8.3 (Continued)

Application of E-nose in Fruits and Vegetables Processing
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by polymerization by means of cross-linker at a certain tem-
perature once the template removed it, left the cavity that is 
selective to the target template only.

 

Functional monomer MAA Template

pinene Polymer matrix

 

 

� � �
�� ���� ��Cavity 

(8.1)

MIP was fabricated by pre-arranging the functional monomer 
(methacrylic acid) and template, followed by polymerization 
using a cross-linker, which will form the MIP complex at a cer-
tain temperature. The template used is the imprinting molecule, 
which forms a receptor site with binding features according to 
the morphology of the molecule and spatial orientation of the 
peripheral functionality. When the templates are removed, it 
forms a cavity having a selective nature. Computational aids 
such as computer software were employed for designing the 
MIP, which is both time and cost-effective. In the understand-
ing of the intermolecular interaction in the molecular system, 
HyperChem software simulation was used. It helps to retrieve 
essential information that leads to stable MIP, such as the 
Binding Energy (ΔE) between the template and the functional 
monomer (Equation 8.2).

 
E

E
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(8.2)

In this study, a different array MIPs template, including 
α-pinene, β-pinene, and limonene, were designed and fab-
ricated onto the surface of QCMs. Then, polymerizing the 
coated MIPs, followed by the removal of template molecules 
that would leave the cavity of selective templates. The syn-
thesized QCM arrays were able to make a clear distinction 
between different terpenes gases, due to its sensitivity and 
selectivity properties, and quickly identified the gases released 
from the mangoes during the ripening. The optimal plucking 
time of fruits may help in ensuring the quality and standards of 
the cultivar when using the MIP technology.

8.3.1.2  Bioelectric Tongue and Nose

For the quantification of sugars and phenols, a nanostruc-
ture-based bioelectronic tongue has been fabricated. The array 
of the nanostructured biosensor was combined with oxidases 
and dehydrogenases, using the Langmuir-Blodgett technique 
(in this technique, the transfer process from the air-water 
interface onto a solid substrate of a monomolecular layer of 
amphiphilic material adsorbed at the air-water interface). The 
amphiphilic material was allowed to dissolve in an organic sol-
vent. Then, an air-water interface was created which was used 
to examine grapes and to provide overall information about the 
samples, along with particular knowledge about their phyto-
chemical and sugar content (Velázquez et al., 2016). The array 
of voltammetric biosensors has been successfully used in the 
differentiation of musts prepared from various types of grapes, 
using Principal Component Analysis (PCA). Moreover, the 
grapes’ ripening could be monitored, along with the observed 
changes in their phenolic and sugar content from veraison 

(onset of ripening) to maturity. Thus, the developed bioelec-
tronic tongue has the potential to assess the sugar and phenolic 
content of grapes simultaneously. This developed technique 
can be easily used in the monitoring of fruit maturity (Medina-
Plaza et al., 2016).

Kinjo et al. (2015) reported a rapid detection method for 
the determination of fruit maturity using the odor sensor 
and neural network. The trained neural network efficiently 
predicted unripe, middle-ripened, and fully-ripened fruits. 
Similarly, Benedetti et al. (2010), have reported the appli-
cation of E-nose in the evaluation of the ripening stage, as 
well as measuring the differences among the four cultivars 
of sweet. In their work, based on their maturity level, cluster 
analysis was applied to maturity indices (TA, total soluble sol-
ids, and color) of cherries for characterization into three clus-
ters. On E-nose data, the linear discriminant analysis (LDA), 
with 95% accuracy, was performed to categorize fruit into the 
three ripeness stages.

8.3.1.3  Techniques Involved

The hyperspectral imaging technique was used to classify the 
background and growth stages of blueberry fruit. Four informa-
tion theory-based band selection methods, along with machine 
and deep learning, were applied to assess the performance of 
the selected bands by the four methods. The selected bands 
attain 88% and higher accuracies of classification. Therefore, 
the maturity stages of blueberry fruit can be detected using the 
band selection methods, which can reduce the volume of the 
hyperspectral data and constructing a multispectral imaging 
system (Yang et al., 2014).

A similar study was investigated by Munera et al. (2017), 
where the hyperspectral images of unripe, mid-ripe, and ripe 
strawberries were used to extract spectral data for evaluation 
of ripeness of a strawberry, using hyperspectral imaging. The 
optimal wavelengths were acquired between spectra of 441.1-
1013.97 and 941.46-1578.13 nm by loadings of PCA. The 
images obtained were used to extract optimal wavelengths 
and pattern texture features, such as contrast, correlation, 
homogeneity, and entropy. To build classification models on 
full spectral data, texture features, optimal wavelength, and 
the combined dataset of texture features, and optimal wave-
lengths, respectively, a support vector machine (SVM) was 
used. Among all datasets, SVM models using combined data-
sets performed the best. The SVM models, using datasets from 
hyperspectral images at 441.1-1013.97nm, gave a better per-
formance, with 85% or more classification accuracy.

Munera and a co-worker assessed the efficacy of hyper-
spectral reflectance imaging for the evaluation of internal 
quality and sensorial attributes, by means of a Ripening Index 
(RPI) and the Internal Quality Index (IQI) of ‘Big Top’ and 
‘Magique’ nectarines (Prunus persica L. Batsch var. nuciper-
sica). During the ripening of fruit under controlled conditions, 
the hyperspectral images of whole fruits were taken, and their 
physicochemical properties were also determined. The correla-
tion coefficient was found higher than 0.87 for the two cultivars 
and indices. The PLS models and quality attribute (IQI) have 
shown promising results for further monitoring of the nectarine 
maturity in industrial setups (Munera et al., 2017).
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In a similar study, HI was examined by Yan et al. (2017) in 
fresh cut celery to calculate soluble dietary fiber (SDF) and 
insoluble dietary fiber (IDF) contents and visualize their spa-
tial distribution during a 28-day sequence of storage periods. 
A superior technique, the genetic synergy interval partial least 
square (GA-Si-PLS) algorithm and Si-PLS were developed to 
establish a calibration model to achieve the highest prediction 
performance. The developed GA-Si-PLS models were then 
applied pixel-wise to successfully visualize the spatial dis-
tribution of IDF and SDF contents during storage. The study 
determines that HSI could be helpful in real-time IDF and SDF 
contents monitoring in industry and vegetable research.

Recently, the maturity and ripening stages of fruits has been 
productively examined by TI.

Fresh palm fruit was successfully classified into five stages, 
using two TI cameras, and different approaches were selected 
to designate the relationship between the stages of maturity of 
palm fruits (Zolfagharnassab et al., 2016).

Hongwiangjan et al. (2015) evaluated pomelo maturity 
using peel optical properties and characteristics. A multivariate 
classifying model with discriminant analysis has been devel-
oped using optical parameters and peel related variables. The 
accuracy of classifying all samples into mature, late-mature, 
early-mature, and immature groups was 83.3%. A variation of 
green color between the oil gland and the peel surface was the 
most distinctive difference between a group of the immature 
and the early-mature pomelos and a group of the late-mature 
and mature pomelos.

8.3.2  Detection of Gas Evolved during Ripening

Ripening is the most crucial stage of any type of fruit and 
makes them more palatable. The fruit becomes sweeter, less 
green (usually “redder”), and softer as it matures. Some of the 
characteristics, such as skin color, shape, size, taste, and firm-
ness, are the most widely used ripening indices for evaluating 
fruit ripening (Ma et al., 2016). However, these methods are 
too vague to distinguish the ripening stages of fruit (Barboni et 
al., 2010). Hence, the emission of gas ripening chemicals from 
fruit and vegetables, such as ethylene, and the use of calcium 
carbide as an artificial ripening agent, which produces acety-
lene when in contact with moisture, become important targets 
to detect their level during the ripening of fruits. Most fruits 
produce ethylene during the ripening process (Umaine, 2019). 
Ethylene is a hydrocarbon bearing the sweet-musky odor that 
channelizes a broad range of biological processes in plants, 
including the ripening of several fruits such as bananas, apples, 
pears, and tomatoes (Sun et al., 2018). Sensors and techniques 
that can be used to detect gas-emitting chemicals for fruit rip-
ening are described below.

8.3.2.1  Sensing Equipment

For the detection of ethylene, a laboratory-scale multiwalled 
carbon nanotubes (40 nm) prototype was developed to detect 
the ethylene in the ppm level (Figure 8.1). Thick film technol-
ogy was used to fabricate sensors with Kaptonas, the substrate 
onto which carbon nanotubes were coated. Ink-jet printing 

technology was adopted to fabricate the sensor element. The 
ethylene gas was generated from the ethylene generating 
chamber and was pumped to the test cell using a peristaltic 
pump. The ethylene generated from the fruits was also passed 
to a reference sensor for the estimation of the ethylene concen-
tration. The variation in electrical resistance of the sensor was 
measured, and the resistance of the sensor element increased by 
about 18.4% when exposed to 50 ppm of ethylene (Kathirvelan 
and Vijayaraghavan, 2014).

In another study, ethylene gas concentration released by 
fruits was measured using the metal organic framework base, 
equipped with an olefin detector. Using a C60/Zeolite semi-
conductor electrode, an electrochemical ethylene sensor was 
constructed to monitor the ethylene gas for a wide range of 
concentrations. To characterize the ripening of a banana, a 
novel gas sensor was introduced that examined the different 
patterns of signal by means of a graphite line-patterning tech-
nique. The developed sensor was a cost effective method to 
monitor the maturation of fruit. The ripening process of fruit 
was also monitored in a non-destructive manner, where E-nose 
was used to measure the ethylene evolution. A chemical sensor 
array was introduced, based on TiO2. The ethylene concentra-
tion was detected by photoacoustic technique. The fabricated 
sensor had the ability to detect the ethylene gas in parts per 
trillion (ppt) and was a reliable method (Ma et al., 2016).

In a similar study, a smart electrochemical ethylene sensor 
was developed equipped with a microcontroller and a micro-
pump. The sensor was designed to monitor the change in eth-
ylene concentration during fruit maturation. The generated 
ethylene gas concentration was linearly proportional to the cur-
rent. The current-potential relationship was obtained from the 
electrochemical reaction, where equilibrium is not established. 
The working electrode is commonly fabricated by fixing a 
precious gold anode with a high surface area onto a porous 
hydrophobic membrane, while the counter electrode and refer-
ence electrode are thin-film platinum electrodes, respectively. 
The ethylene oxidized on the working electrode is according to 
Equation (8.3):

 C H H O CO H e2 4 2 24 2 12 12� � � �� �
 (8.3)

The counter electrode acts to balance out the reaction at the 
sensing electrode by reducing oxygen present in the air to 
water, and Equation (8.4) illustrates the same.

 O H e H O2 24 4 2� � �� �
 (8.4)

The dip-coated polystyrene with a hydrophobic nature was 
used in the fabrication of an electrochemical sensor. The 
dimensions of the sensor were 31 mm long and about 33.5 
mm in diameter, while the circular glass plate was used for 
the fabrication of a gas chamber with a thickness of 5 mm and 
diameter of 20 mm. The temperature compensation circuit was 
also embedded, along with a microcontroller. A standard curve 
was obtained using the varied concentration of ethylene gases. 
The micropump and a novel signal conditioning circuit were 
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implemented in this measurement, resulting in rapid response 
in detecting ethylene concentrations down to 0.1 ppm in air and 
in under the 50 s. Three kinds of fruits: pears, apples, and kiwi-
fruits were studied in this experiment at a low concentration 
(under 0.8 ppm) of trace ethylene content in the air exhaled 
by fruits. From the study, it was concluded that, the fabricated 
device was a cost effective, precise measurement system and 
had a high sensitivity, with a theoretical detection limit of 
0.413 ppm (Ma et al., 2016).

Hasanuddin et al. (2016) simulated and characterized the 
ripeness detection using COMSOL Multiphysics. To begin 
with detection, a sensitive layer of metal oxides was fabricated 
on a Lithium Niobate (LiNbO3) piezoelectric substrate to dif-
ferentiate the stages of maturity on the basis of the ethylene 
gas produced. The optimum operational frequency for the Zinc 
Oxide (ZnO) sensing layer was found to be 867 MHz. This 
study demonstrated a 2D simulation of Surface Acoustic Wave 
(SAW) wave propagation. This study provides an understand-
ing of the behavior and the most efficient sensing layer mate-
rial to be used as the gas sensor, without having to perform the 
actual fabrication process.

Similarly, a field-effect transistor based on a silicon carbide 
(SiC-FET) gas sensor was developed. The selectivity and sen-
sitivity of SiC-FET sensors can be controlled toward a few 

target gases by changing the operating temperature, material 
structure, and gate material. The study was focused on plati-
num and iridium gated SiC-FET sensors and characterized the 
sensing of these for different ethylene concentrations as the tar-
get gas at different operating temperatures. The results showed 
that the iridium gated SiC-FET sensor has a high sensitivity 
to ethylene, and the highest response was achieved at 200 °C 
(Hasegawa et al., 2017).

The researcher, with the use of an infrared thermal emis-
sion technique, developed an ethylene sensing device. An IR 
thermal source tuned to the 10.6 μm wavelength was linked to 
a high-sensitivity silicon temperature detector. Ethylene was 
introduced into the wave path between the IR source and tem-
perature detector, which absorbed the 10.6 μm IR waves and 
decreased the surface temperature of the detector. The output 
was then converted to an electrical signal (in mV) that gave 
a direct measurement of the ethylene level. Devices employ-
ing a IR thermal source sensor may be used for fruit ripening 
applications on the site and in the field, and also for screen-
ing artificially ripened fruits (Kathirvelan and Vijayaraghavan, 
2017). Nanomaterials have also gain immense importance in 
the fabrication of sensors for the detection of ethylene and used 
in the determination of ethylene during ripening of fruit. The 
sensor was founded on the principle of resistance variation 

FIGURE 8.1 Schematic representation of ethylene detector.

(Adapted from Kathirvelan and Vijayaraghavan, 2014).
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based on the presence/absence of analyte (Figure 8.2). TiO2 
was prepared using titanium chloride (TiCl4), which was mixed 
with deionized (DI) water at pH of 8–9 followed by precip-
itation, washing, and drying, while tungsten trioxide (WO3) 
was synthesized using sodium tungstate in DI water, with 
the subsequent addition of HCl, then precipitated at 500 °C. 
Predicated on solvent-based techniques, the nan-sized powders 
were categorized into different ratios and mixed. Further, the 
different weight percentages (5–20%) of WO3 was mixed with 
TiO2. The sol-gel method was employed where the TiO2-WO3 
dispersion was converted to gel, and was applied to the sur-
face of the substrate and embedded with gold electrodes using 
the brush coating method. The ethylene is released when fruit 
interacts with the fabricated sensor, is oxidized into ethylene 
oxide, and then releases electrons back into the sensor element, 
causing a decrease in resistance. The developed sensor has a 
higher sensitivity and can be reused, as the reactions involved 
are reversible. The fabricated sensor was cost-effective and 
there was less change of baseline resistance of the sensor with 
time (Kathirvelan and Vijayaraghavan, 2017).

8.3.2.2  Bioelectric Nose

The E-nose has been effectively applied in monitoring aroma 
changes during ripening of climacteric fruits, such as apple 
(Brezmes et al., 2000; Saevels et al., 2003; Pathange et al., 
2006), peach (Brezmes et al., 2000; Di Natale et al., 2001a, 
2001b, 2002; Infante et al., 2011; Zhang et al., 2012), mango 
(Lebrun et al., 2008; Zakaria et al., 2011), pear (Brezmes et al., 
2000), apricot (Parpinello et al., 2007), and tomato (Gómez 
et al., 2006a), while there is minimum information about the 
application of the E-nose on non-climacteric fruits, such as 
cherry (Benedetti et al., 2010), mandarin (Gómez et al., 2006b; 
Qiu and Wang, 2015), and orange (Qiu and Wang, 2017). 
Additionally, in some of the literature, E-nose was also used 
for cultivar discrimination and classification (Beghi et al., 
2017). The selectivity and increase in the detection limits of 

target molecules can be enhanced by using different types of 
sensing elements in the sensor array.

Recently, Hu et al. (2013) have developed a method to incor-
porate an array of single nanowires (NWs); polyaniline (PANI), 
palladium (Pd), polypyrrole (PPy), and zinc oxide (ZnO) from 
three material types, namely metal, metal oxide, and conduct-
ing polymer on a single chip. A 4-inch wafer with patterned 
electrodes and nanochannels is cut into small slices, and 
four different single nanowires are grown into electrochemi-
cal-chips using different electrolyte solutions (Figure 8.3). A 
probe station with three probes was used to make direct contact 
with the electrodes. The growth of the Pd, PPy, and PANI sin-
gle nanowires was completed via electrochemical deposition, 
while the ZnO nanowire growth was completed via an elec-
trochemical deposition, followed by a hydrothermal treatment. 
The chip with four different single nanowires was rinsed in 
DI water and dried before they were stabilized. The presented 
nanowire array on a single chip has been used to detect and 
identify four target gases, including hydrogen, methanol, car-
bon monoxide, and nitrogen dioxide.

8.3.2.3  Techniques Involved

In a study, the image feature was used for ethylene and CO2 gas 
estimation. The study was based on the color that depicts the 
different stages of ripening, and in turn indicates the amount 
of ethylene gas required. The amount of ethylene gas is deter-
mined by observing the color changes, intensity variation, tex-
ture, mean, variance, and standard deviation extracted from the 
images. For ethylene gas assessment, the Feed-Forward Neural 
Network (FFNN) was used. This was made possible using the 
Back Propagation Algorithm (BPA) for training the FFNN. 
The novelty of the proposed method depends on the FFNN 
estimating the ethylene gas needed for the ripening process in 
a feed-forward fashion, which thereby provides the precision 
and recall values spontaneously for every instance (Srividhya 
et al., 2016).

FIGURE 8.2 Principle of detection of produced ethylene during ripening of fruit.

(Adapted from Kathirvelan and Vijayaraghavan, 2017).
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Khandarkar et al. (2018) developed an efficacious image 
processing technique that was employed to detect artificially 
ripened bananas. The image from the bananas was segmented 
using the threshold-based segmentation, and some discrimina-
tory features were extracted in the frequency domain, using 
the Haar filter. Discriminatory behaviours were analyzed by 
selecting the features up to the third level of decomposition 
in the wavelet. The variation in the features of the images was 
related to the difference between artificially ripened and nat-
urally ripened bananas. These statistical features were then 
analyzed and used for the identification of artificially ripened 

samples in the entire set of samples, using a support vector 
machine classifier. According to the experimental results, it can 
be concluded that the proposed method is successful for the 
identification of artificially ripened bananas (Figure 8.4).

A colorimetric sensor array is a high-dimensional chemical 
sensor that is cost effective, disposable, robust, and easy to 
operate (Lonsdale et al., 2013). Colorimetric gas sensors are 
used in all applications where there is only a limited amount of 
energy available, and low-cost sensors are required. These sen-
sors’ readout signals are frequently carried out using either a 
simple transmission signal or a waveguide-based layer covered 

FIGURE 8.4 Steps of image processing to detect artificial ripening of banana.

(Adapted from Khandarkar et al., 2018, with permission).

FIGURE 8.3 Setup for measurement of gas production.

(Adapted from Hu et al., 2013).
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on top of an optical waveguide with the gas-sensitive layer 
(Schmitt et al., 2016). Thus, they are able to detect gases such 
as carbon monoxide, nitrogen dioxide, or ethylene.

8.3.3  Detection of Pathogens and Microbial Diseases

Plant diseases cause significant damage to fresh produce, 
and the major sources are bacterial, fungal, and viral infec-
tions, along with infestations by insects (Madufor et al., 
2017). Diseases can be encountered during the growing stage, 
post-harvest storage, and at the point of retail, where the con-
sumer encounters the product (Hahn, 2009). Maximizing pro-
ductivity while decreasing crop damage, losses, and waste 
in nursery, harvesting, and post-harvest phases have boosted 
the need for rapid and reliable pathogen detection methods 
(Madufor et al., 2017). More reliable and precise detection of 
pathogen disease can help to reduce such losses from plant dis-
ease, stop disease spread, and maintain productivity. In recent 
years, several disease detection methods for various diseases 
created by pathogens have been developed.

8.3.3.1  Sensing Equipment and E-nose

Rapid, sensitive, and specific detection of diseases can be car-
ried out via optical detection biosensors. Optical biosensors 
can use numerous biological materials, including enzymes, 
antibodies, antigens, and nucleic acids, as bio-recognition ele-
ments. The technique can be carried out via SPR, fiber optic, 
and fluorescence microscopy biosensors.

The deteriorated fruit and vegetables are mostly distin-
guished by off-flavor, and they can have a negative effect on 
the consumer’s health. In recent studies, the E-nose can be a 

helpful tool for rapid and straightforward monitoring of the 
presence of internal defects and diseases in fruits, such as apple 
(Di Natale et al., 2001a; Li et al., 2007), orange (Di Natale 
et al., 2001b; Pallottino et al., 2012), blueberry (Demir et al., 
2011; Li et al., 2010), strawberry (Pan et al., 2014), and tomato 
(Concina et al., 2009) and vegetables such as onion (Li et 
al., 2011; Konduru et al., 2015a, 2015b) and potato (de Lacy 
Costello et al., 2000; Biondi et al., 2014; Rutolo et al., 2016).

E-nose was used for the detection of Penicillum digitatum 
in Valencia oranges (Pallottino et al., 2012). Similarly, Rutolo 
et al. (2016) applied E-nose for early detection and monitor-
ing of soft rot disease. Potato tubers were inoculated with 
Pectobacterium carotovorum, which causes soft root.

In another study, a sweeping electronic nose system (SENS) 
was designed to detect the early infestation by Bactrocera dor-
salis (Hendel) in citrus fruits. The fabricated device was based 
on measurements of semiconductor conductivity in the pres-
ence of redox reactions. During the invasion stage, the volatile 
odors are produced from the egg’s odor and juice from the fruit 
wound. As shown in Figure 8.5, when the volatile odors reach 
the sensitive material surface of the metal oxide sensor, redox 
reactions occur between the odors and the negative oxygen ion 
on the sensitive material surface, which releases electrons and 
changes the electrical conductivity of the material. The con-
ductivity change is related to the volatile difference of citrus 
fruits infested by B.dorsalis at different stages and absorbed by 
surface material. It was concluded that, E-nose can be success-
fully used in field detection of post-harvest pest infestation of 
citrus fruits under market conditions (Wen et al., 2021).

Pan et al. (2014) conducted a study in which an electronic 
nose was used to detect the early storage stage infection of 

FIGURE 8.5 Principle of Sweeping nose to detect the presence of early infestation by Bactrocera dorsalis (Hendel) in citrus fruits.

(Adapted from Wen et al., 2021, with permission).
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strawberry fruit caused by three common post-harvest fungi, 
Botrytis sp., Penicillium spp. and Rhizopus spp. This resulted 
in a successful discrimination between healthy and fungal 
inoculated fruit by the three species. The E-nose technique 
was also applied to determine the influence of Penicillium digi-
tatum colonies on the biodegradation of oranges; after 24 hours 
of incubation, some significant responses were observed.

The examination of quality and the fruit maturity index in 
orchards is usually evaluated by the farmer’s experience, which 
can cause errors, be time consuming, and also is expensive. 
Therefore, monitoring equipment is required that have a quick 
and error free response to the growth cycle of the fruits, while 
also being cost effective. The electronic nose stands out as one 
of the most appropriate pieces of equipment to fulfil this aim, as 
it is capable of online monitoring of the VOCs (Volatile Organic 
Compounds) generated by the crop. For the fulfilment of this 
objective, there was a development of a prototype to carry out 
the classifications of the fruit growth cycle (pre-harvest and 
post-harvest). A comparison study with the involvement of the 
Pearson’s Chi-square test was conducted between models made 
with a MOS, each having 13 gas sensors and a model with a 
reduction to seven sensors. The training and construction of 
the model used samples with four growth stages. The Random 
Forest method with linear discriminant analysis was used for 
the reduced data set of seven sensors, which resulted in 99.23% 
accuracy in the validation step and 98.08% in the sample test 
step. This depicts that the device is worthy for monitoring areas 
with an intense emission of VOCs (Voss et al., 2019).

In a study conducted to check the freshness of fruit and 
vegetables, this VOC concept was already used to detect com-
pounds such as terpenes, carboxylic acids, alcohols, aldehydes, 
sulfur compounds, ammonia, and jasmonates. A similar kind 
of study was done to observe the evolution of VOC (e.g., acetic 
acid) in the headspace of guava packaging, using a color-based 
pH indicator that was built utilizing bromophenol blue immo-
bilized on a cellulose membrane. This label informs the con-
sumer about the freshness status of guava; although a lot more 
testing is required to ensure the safety of using chemical dyes 
and to limit their chances of migration into the food.

8.3.4  Quality Determination and Quality Control

The external attributes of fruit and vegetables, such as appear-
ance, color, shape, and size, influences the initial decision of 
purchasing and plays a vital role in consumer evaluation of 
fruit and vegetable quality (Opara and Pathare, 2014). Yet, the 
final decision of purchases depends on consumer satisfaction 
based on flavor and internal quality, which are linked to TSS 
(mainly sugars), TA, TSS: TA and texture (Shewfelt, 2009; 
Chen and Opara, 2013a,b; Magwaza and Opara, 2015).

8.3.4.1  Sensing Equipment

An enzyme biosensor was developed based on flowerlike nano-
structures, α-Fe2O3, using urea dissolved in anhydrous ethanol. 
The urea provided OH− group in the reaction to form Fe(OH)3 
and this reaction solution was then transferred to an autoclave 
with a power rating of 6 KW and a digital temperature control-
ler (up to 1150°C). The autoclave was set at a temperature of 

150 °C for 40 minutes, which was then cooled down to room 
temperature. The precipitates then formed were collected by 
centrifugation and then constantly washed with ethanol and 
distilled water. After that, they were kept in the microwave 
oven at 80 °C for 4–5 hours for drying. The physical adsorp-
tion method was implied for immobilization of formaldehyde 
dehydrogenase onto α-Fe2O3/ITO electrodes. The analysis 
of formaldehyde was preceded using the standard addition 
method for the dilutions of the extracted and commercialized 
juices. The biosensor showed high sensitivity (744.15 μA/mg 
L/cm2) with a linear range of detection (0.01–0.3 mg/L) and 
a high shelf-life (9 weeks) and precision (0.73% RSD) with 
reasonably good reproducibility. The application of a biosensor 
in a real sample analysis was performed by applying the cyclic 
voltammetry technique. The developed biosensor displayed 
detection limits of 0.02 mg/L and 0.04 mg/L in extracted and 
commercial orange juice samples, respectively, while 0.03 
mg/L in extracted mango juice and 0.05 mg/L in commer-
cial mango juice were achieved. These detection limits are 
below the maximum daily dose reference set for formaldehyde 
by the Environmental Protection Agency (EPA), USA. The 
results provided by the biosensor are in accordance with those 
acquired with HPLC and emphasize the market acceptability of 
the suggested method, along with its functionality and efficacy 
for food quality and safety evaluation (Kundu et al., 2019).

There is a form of ubiquitous computing that provides flex-
ible and useful tools for users, known as wearable computing. 
The glove-based systems have mostly been in use in the last 
30 years in different forms of application that focuses mainly 
on sensing people’s characteristics such as finger bending and 
heart rate. A novel, flexible, and reconfigurable instrumenta-
tion platform in the form of a glove was proposed by Aroca 
et al. (2013) in which the glove can examine the fruit’s attrib-
utes by just pointing or touching them. A design along with 
the application for automatic fruit grading, including exper-
imental results for several fruits, has been created for this 
platform. Several sensors, including touch pressure, imaging, 
inertial measurements, localization, and a Radio Frequency 
Identification (RFID) reader, were combined to form a novel 
mobile sensing platform and then arranged on a glove for clas-
sification of fruit and its grading system. This system can be 
applied to helping workers in manual harvesting.

A study was performed to detect the freshness of vegeta-
bles, focusing on oxygen and carbon dioxide concentration, in 
which a monitoring system based on an RFID tag was devel-
oped. The criteria behind the development of the sensor was 
that the concentrations of these two gases are related to fresh-
ness and affect the food. The RFID system can be compar-
atively managed easily. The sensors used were programmed 
accordingly to the use, and the RFID tag was prepared. The 
prepared tags were kept inside the vegetable packets and the 
study was carried out over several days to check the concen-
tration of both the gases and to determine the freshness level. 
However, this research is still in the initial stages, where only 
two gases were detected. There is further motivation to develop 
the smart RFID tag and to produce more precise data on the 
freshness of fruit and vegetables (Eom et al., 2012).

To address the problem of fruit and vegetable freshness, 
a sensor was developed which works on the principle of 
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measurement of change in ion concentration in fruit and vege-
tables. The prototype was composed of four different circuits, 
such as processor supply circuit, liquid crystal display circuit, 
and the measurement circuit. These circuits were created with 
a circuit design program called Dip Trace after the test had 
been done manually with circuit test boards. Notably, the 
measurement circuit was designed using sensitive and low tol-
erance resistors to increase the sensitivity of performed meas-
urements. Three different critical intervals were chosen for 
each sample to determine their freshness. By stabbing these 
electrodes to sample freshness, measurement can be taken 
using information about the ion concentration of the sample. 
If the value is in the first interval, it means the sample is fresh; 
if the measurement result is in the second interval, it means 
the sample is about to lose its freshness; and in the third inter-
val, the result is written: ‘the sample is rotten and cannot be 
consumed’. This developed prototype was used for different 
fruit varieties, such as citrus, apple, pear, and strawberries to 
determine the freshness. The observation was made that as the 
fruit decays, the ion concentration of the fruit decreases. The 
prototype was successfully applied in the initial measurement, 
but still requires modification to improve it. (Kemiklioglu and 
Ozen, 2018). Recently, a polyvinyl alcohol and red cabbage 
(Brassica oleracea L.) extract based, electrospun nanofiber 
mat was fabricated to analyze the pH. The nanofibers were sub-
jected to a pH sensitivity test applying a sequence of different 
pH solutions, and using a colorimeter, the color spectrum of 
nanofiber mats were calibrated at different pH values. From 
the results found, it could be said that the designed mat can 
be convenient as a pH sensor and show pH values within the 
range of 2–12. The color changes of the mat were reversible 
with respect to the change in the pH value, and thus the mon-
itoring of transient changes could be performed efficaciously 
(Maftoonazad and Ramaswamy, 2019).

8.3.5  Determination of Rate of Respiration 
of Fresh Fruit and Vegetables

Respiration is the metabolic process defined as the oxidative 
conversion into carbon dioxide, water, and energy of complex 
materials such as sugars (Forcier et al., 1987). Respiratory 
activity is an essential parameter in post-harvest technology 
designer development. A commodity’s respiration rate depends 
on different variables related to the produce and the environ-
ment. Thus, determining the respiration rate of a product under 
specific conditions is often desirable (Forcier et al., 1987). 
Many techniques for quantitative measurement of respira-
tion rate are accessible and are based on direct measurement 
of CO2, O2, and heat or by indirect determination of different 
pressure differences or volume variations resulting from CO2 
and O2 absorption (Forcier et al., 1987). These techniques are 
described in the proceeding paragraphs.

The procedure used for the determination of the respiration 
rate has gone through remarkable changes during the recent 
years. The most commonly used method is the closed system 
method in comparison to the flushed or permeable systems, 
and the gas monitoring is executed by O2 and CO2 gas ana-
lyzers with the involvement of electrochemical sensors for O2 
and infrared sensors for CO2 rather than gas chromatographs 

(Bhande et al., 2008; Iqbal et al., 2009; Banda et al., 2015). The 
CO2 sensors used for the gaseous samples are mainly based on 
the non-dispersive infrared detection method, as it is economi-
cal, precise, and authentic technology. Various sensor technol-
ogies prevail for detection of oxygen, such as electrochemical, 
infrared, ultrasonic, optical, and laser methods (González-
Buesa and Salvador, 2019).

8.3.5.1  Sensing Equipment

The essential requirements for packaging and storage facili-
ties optimization for fresh fruit and vegetables are related to 
the information on the respiration rate and the low O2 limit 
(LOL). Mahajan et al. (2016) developed a small and flexible 
sensor-based respirometer for real-time calculation of param-
eters like respiration rate (RR), respiratory quotient (RQ), and 
LOL of fresh produce. The respirometer was made up of a 1-L 
wide mouthed glass jar with a screw-type metal lid and an elec-
trochemical and an infra-red sensor placed directly on the lid 
of the glass jar that took continuous and non-invasive meas-
urements of the O2 and CO2 contents. Fluorescence-based spot 
sensors (OpTech and PreSens) and a headspace gas analyzer 
(CheckMate) were used to compare the output of the fabricated 
device. From the result, it was observed that the respiration rate 
and O2 proportionally decreased with time, although, the RQ 
remained almost constant throughout storage till the LOL was 
reached. There is a little information on the RQ and the LOL 
value in the literature; but by the use of the respirometer, the 
values for RQ and LOL could be calculated effortlessly. The 
respiration rate can be determined in two ways; first by the 
slope method and second by real-time calculations. In the slope 
method, the respiration rate was calculated from the data in the 
changes of O2 and CO2 contents that was measured for over 
eight hours. The number of sampling points differed according 
to the instrument used (seven points for CheckMate, 96 points 
for sensors). For the real-time calculation method, the first 
derivative of a local, and second-order polynomial Savitzky–
Golay smoothing filter was applied to the O2 and CO2 data. 
A window size of 12 sensor data points corresponding to a 60 
minute measurement period was taken. The respiration rate 
was calculated using Equation (8.5).
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where dO2/dt and dCO2/dt are the first derivatives from the 
local second-order polynomial, t is the time, and O2 and CO2 
are the oxygen and carbon dioxide content obtained from the 
respirometer, Vr is the total volume of the respirometer, Mp is 
the mass of the produce and ρp is the density of the produce. 
The respiration rate (RRO2, RRCO2) is expressed in mL of O2 or 
CO2 per kg per h (Equation 8.6).
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The RQ value for the wild rocket, strawberry, and carrot was 
1.0, 1.0–1.5, and 0.5 respectively, when stored under an O2 
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content above >2.0 kPa. With the drop in the O2 content of 
wild rocket, strawberry, and carrot to 0.5, 1.0, and 2.0 kPa 
O2 respectively, the RQ values increased sharply. The above 
mentioned respirometer eased the analysis of the impact of a 
dynamic temperature and O2 content on the respiration rate, 
the RQ, and the LOL of the fresh fruit and vegetables, with 
handling as limited, and a real-time data was acquired.

A novel type of dynamic controlled atmosphere storage 
namely RQ-DCA was developed that modifies the storage 
condition for apples. The RQ measurements were taken of 
the stored fruit. Based on ‘Granny Smith’ apples being stored 
under RQ-DCA, an investigation was done on the effect of 
fruit quality immediately after storage, as well as during subse-
quent shelf life, which was later compared to the storage effect 
of regular CA and regular CA with 1-MCP (SmartFreshSM) 
treatment. The partial pressures of O2 and CO2 in the storage 
container were controlled by the RQ-DCA system in an auton-
omous way. The RQ breakpoint varied between 0.25 kPa and 
0.4 kPa O2 during RQ-DCA storage. Superficial scald was 
almost controlled throughout the storage with RQ-DCA, and 
the effect was up to 14 days of storage. RQ-DCA can provide 
dynamic storage conditions without significantly changing the 
firmness and color, and even the ethanol concentration of fruit 
was found to be very low, which narrates the efficiency of the 
RQ-DCA system. The fruits were successfully stored close 
to the anaerobic compensation point, but there was no shift 
of fruit metabolism from aerobic respiration to fermentation 
(Bessemans et al., 2016).

The wireless sensor network (WSN) is one of the widely 
used sensor systems in the food cold chain and can acquire and 
transmitting extensive sensor data with a wireless network in 

distribution areas (Xiao et al., 2017). This helps to send tem-
perature data acquired in the cold chain to the remote control 
center in real-time via the wireless sensor nodes.

A battery-free sensor with compressed sensing was devel-
oped for the cold chain of table grapes with the application of 
the wireless sensor. The developed sensor was built with ultra-
high-frequency radio frequency identification (UHF RFID) 
on-chip temperature sensor without a battery. Different varia-
bles, such as temperature fluctuation performance of the table 
grapes in the cold chain, the compressed sensing performance 
of the temperature reconstructed error with the original data, 
and the battery-free wireless sensor system with compressed 
sensing evaluation, were overall analyzed. It could also be used 
for other cold chain applications that will enhance their trans-
parency and the transmission efficiency of the wireless mon-
itoring. Some factors like the relative humidity, gas sensors, 
etc., could be integrated into the battery-free wireless sensor 
system to monitor more environment parameters in the cold 
chain (Xiao et al., 2019).

The respiration monitored in terms of rates of either O2 con-
sumption or CO2 production acts as a necessary tool for opti-
mization of design for packaging systems or for maintaining 
optimal conditions inside storage systems for fruit and vegeta-
bles. To perform a continuous real-time observation of gas con-
centrations and respiration rates of fresh produce, a compact 
(free volume of 3.3L) and modular respirometer was developed 
based on a respiration measuring sphere (RMS88), which was 
comprised of three sensors, such as one O2 (0–25%) and two CO2 
sensors (0–0.5% and 0–5%) (Keshri et al., 2019). Moreover, a 
modular respirator was fabricated to monitor the respiration 
rate of fresh products in a closed environment  (Figure 8.6). 

FIGURE 8.6 Diagrammatic representation of the model for monitoring of O2 and CO2 in fresh produce.

(Adapted from Keshri et al., 2019, with permission).
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The  developed system was tested under different conditions, 
varying the gaseous concentrations. The respiration rates of 
fresh strawberries were also measured.

At first, the system was tested with and without the flush-
ing of ambient air (every six hours at five L/min) inside the 
respirometer at 10 °C. The system was then further tested 
with strawberries stored under modified atmospheric condi-
tions and flushing (every five hours at five L/min) where O2 
was reduced from 21% to 1% (balanced by nitrogen). In addi-
tion, the developed system was tested under in-situ conditions 
for strawberries stored inside respirometers that were kept 
in two different controlled atmospheres (CA) metal cham-
bers at 10 °C and 20 °C, respectively. The ratio of respective 
O2 (Equation 8.7) and CO2 (Equation 8.8) based respiration 
rates were used for calculation of the RQ of strawberries at 
all storage conditions. The modular respirometer proved to be 
a helpful system for rapid, high accuracy, and real-time meas-
urement of respiration rates of fresh produce during time win-
dows of several days.
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Where ∆O2 = change in oxygen concentration in the cham-
ber (%)

∆CO2 = change in carbon dioxide concentration in the 
chamber (%)

Vnet = free volume of respirometer (mL)
Mp = Mass of the product (kg)

8.3.6  Sensors Applied in Packaging of Fruit  
and Vegetables

Intelligent packaging is applied in the packaging of fruits and 
vegetables for the monitoring of the changes in the internal 
and external environment of the food package to forecast the 
quality and shelf life of the food product better than best before 
date (De Jong et al., 2005). Elimination of certain biochemi-
cal, microbial, and enzymatic reactions are a few factors to be 
considered with the design of an intelligent packaging (Caiazza 
and Bigliardi, 2019). Packaging could be accompanied with bio-
sensors to track the internal or external conditions of food prod-
ucts throughout the supply chain. Nowadays, plastic packages 
are designed with nanosensors to detect the gases produced by 
fruit and vegetables during spoilage, and the packaging itself 
changes color to alert the staff to be able to respond to envi-
ronmental changes (e.g., temperature or humidity in storage 
rooms, levels of oxygen exposure), degradation of products, 
or microbial contamination. Mostly, active tags in packaging 
are radiofrequency identification. The tags are electronic infor-
mation-based systems that use radiofrequency to transfer data 
from a tag attached to an object to trace and identify the object 

automatically. Radiofrequency identification is an improved 
version to the previous manual tracking systems or barcodes. 
It is very strong, has a more extended reading range, can work 
under extreme temperatures and different pressures. It can be 
detected at distances of more than 100 m, and many tags can be 
read simultaneously (Abad et al., 2007, 2009). Nanotechnology 
is also enabling sensor packaging to incorporate less expensive 
radiofrequency identification tags. The nano-enabled radiofre-
quency identification tags are much smaller, flexible, and can 
be printed on thin labels. This increases the tag's versatility and 
thus enables economical production (Kuswandi, 2017).

8.4  Commentary and Future Scope

Fruit juices such as citrus are rich in electrolytes and various 
organic acids, which contribute a conductive nature to the fruit. 
As fruit maturity advances, most of the organic acids in the 
juice will be utilized during the respiration process, resulting 
in lower acid and electrolyte concentrations in the juice. This 
principle was used for the development of a conductivity based 
sensor. For maturity determination, a microcontroller-based 
sensor was developed based on the electrochemical principle. 
Small portable and cost-effective sensors were developed using 
amberlite as a sensing material and a silicon wafer to serve 
as a semiconductor. The wafer was fabricated using polyvinyl 
alcohol, calcium sulfate hemihydrate, and silica gel. For the 
continuous data recording in real-time, a parallex data acqui-
sition system was programmed and used with a microcontrol-
ler (Arduino UNO). The fabricated wafer was calibrated using 
different concentrations of standard solutions, and the relation-
ship between voltage drop and maturity was established. The 
developed sensor has a series circuit where the current flow 
was constant, but a small voltage drop was encountered, which 
is linearly proportional to the maturity or naringin concentra-
tion. Various essential parameters for sensors, such as load 
optimization, load to analyte ratio, the limit of detection, accu-
racy, and repeatability, were carried out.

The dimension of the fabricated wafer was 3 cm in diameter, 
and the weight was 2 g. However, the lab-scale conductivity 
electrode is 2–3 times bigger than the set-up and 5–6 times 
larger than the area of the fabricated wafer. The resistance was 
quantitatively linked to the concentration of electrolyte, which 
changes during maturity. The sensor was studied with pomelo 
fruit juice of various maturity days, starting from immature 
stages. The conductivity of juice was found in the range of 
5–18 mS. It was also observed that, as the fruit was maturing, 
the conductivity of juice was reduced exponentially. Also, fac-
tors such as naringin, pH, vitamin C, and organic acids, which 
contribute conductive nature to the juice, were also reduced 
significantly. Also, a correlation was made with all the factors 
mentioned above, and it was concluded that, through this study, 
we could quickly and effectively determine the maturity of cit-
rus fruit. This developed sensor is cost-effective and portable.

Bitterness in citrus fruits is caused mainly by a compound 
limonin in sweet orange juice and by naringin in grapefruit and 
sour orange juice. Naringin causes immediate bitterness, which 
is the primary bittering water-soluble component found in the 
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fruit membrane and albedo and becomes extracted into fruit 
juices (Fisher and Wheaton, 1976). The bitterness of mosambi 
juice may be a reason that restricts the acceptability among 
the consumer and commercialization. To reduce the bitterness 
and increase the commercialization of citrus juice, several 
treatments have been applied, including physical, chemical, 
enzymatic, and biotechnological (Gupta et al., 2020). The uses 
of a variety of adsorbents such as cellulose acetate, nylon-
based matrices, porous polymers, and ion exchange have been 
explored to reduce bitterness and acidity in grapefruit juice 
(Johnson and Chandler, 1988).

To quantify and remove the bitterness of citrus juice, a 
portable ion-exchange based sensor was developed using the 
amberlite IRA-400 Cl- and the silicon wafer. The sensor was 
fabricated by the method described by Kern (1990) and Jaeger 
(1987). The lithography technique was used to deposit a thin 
film on the fabricated wafer. The fabricated sensor was con-
nected with a microcontroller (Arduino UNO) and PLX-DAQ 
for data acquisition in real-time. The data analog system was 
developed using Ohm’s law, where the voltage was kept con-
stant throughout the analysis, and the resistance of standard 
naringin solution and the juice was calculated. The four-probe 
Keithley 2010 multimeter was used to measure the electrical 
conductivity of the sensor. The developed sensor was cali-
brated using the different concentrations of naringin solution, 
and the relation between resistance and naringin content was 
established. The developed sensor has the potential applica-
tions in field to assess maturity and can also be used in the 
debittering of citrus juice, with minimum loss of bioactive 
compounds.

8.5  Conclusions

Various challenges are prevailing in the food industry and one 
of them is the need for fast and low cost detection methods 
for allergenic components and pathogens in the food. Current 
chemical and microbiological analytical methods are expen-
sive, time-consuming, and labor-intensive. Advances in the 
development and application of biosensors have shown that 
these technologies may play a vital role in the food indus-
tries, working in the fields of contaminant detection, product 
content verification, product freshness monitoring, and so on. 
Specifically, they allow industries to overcome most of the 
disadvantages related to the traditional analysis methods, and 
they allow the application of rapid and affordable methods for 
quality control. Thus, their potential in the above mentioned 
areas is proliferating. In recent years, the development of bio-
sensor technology has also improved the safety and quality 
of fruit and vegetable products. This chapter has highlighted 
and discussed the wide range of sensing equipment and their 
applications to detect and characterise the quality and safety of 
fruit and vegetables along the value chain – from handling to 
processing. With continuing improvements in information and 
communication technologies for data capture, storage, analy-
sis, and transmission, combined with rapid advancements in 
digital electronics, including nanotechnology, it is expected 
that the prospects for biosensors in the horticulture industries 
remains considerable.
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9.1  Introduction

Milk and milk products play an important role in fulfilling 
daily nutritional requirements and have cultural significance 
in the daily life of people around the world. Dairy products 
provide many essential nutrients, like protein, various vitamins 
(vitamins A, B12, riboflavin, niacin, D, etc.), along with miner-
als like calcium, potassium, phosphorus, and magnesium. In 
the US diet, milk and cheese are the second largest source of 
vitamin D, calcium, and potassium in the diet of children and 
adults. Consumption of milk, cheese, and yogurts is consid-
ered a healthy eating habit and recommended worldwide. As 
milk and milk products are consumed by people of all different 
ages, from neonates to the aged, the safety and quality of dairy 

products is of the utmost importance for human health. Milk, 
being nutritious and perishable in nature, is a good medium 
for growth of both spoilage and pathogenic microorganisms. 
Currently, with the mandatory pasteurization of milk, good 
handling, and proper storage of milk, along with hygienic milk 
production practices, there is a decrease of milk borne diseases 
like tuberculosis, brucellosis, and typhoid fever. Still, various 
milk borne pathogenic microorganisms, like Bacillus cereus, 
Salmonella spp, Escherichia coli O157:H7, Listeria monocy-
togenes, Yersinia enterocolitica, Campylobacter jejuni, etc., 
are today’s concern, due to consumption of raw milk, improper 
pasteurization, or poor handling. Milk and milk products may 
also be contaminated with molds, like Aspergillus, Fusarium 
and Penicillium, which can cause health issues due to produc-
tion of mycotoxins, specifically aflatoxin.
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In addition to this, milk and milk products adulteration is con-
sidered as a global concern, due to its direct impact on consum-
er’s heath. After olive oil, milk powder has been the second most 
concerning food in respect to adulteration risks (Moore et al.,. 
2012). It is also reported that dairy products are one of the seven 
foods more vulnerable to fraudulent adulteration. The major 
economically driven adulteration in milk includes the addition 
of water, admixture of different specie’s milk, vegetable protein 
addition, and whey addition, but these are not considered as seri-
ous health risks. However, different components, like urea, deter-
gents, melamine, formalin, hydrogen peroxide, caustic soda, 
benzoic acid, ammonium sulphate, boric acid, salicylic acid, etc., 
as adulterants affect human health adversely (Nascimento et al., 
2017). Dairy products may also be contaminated with various 
heavy metals, pesticides, insecticides, etc. Milk and milk prod-
ucts may contain antibiotics excreted into milk from diseased 
milk animals treated with antibiotics under diseased conditions. 
The presence of antibiotics in milk has consequences like aller-
gic reactions to consumers, failed manufacture of certain milk 
products like fermented milk and cheese, and the generation of 
antibiotic resistant strains (Oliver et al., 2011).

Thus, continuous monitoring and analysis of the quality and 
safety parameters of the dairy products are a topmost prior-
ity in the dairy industry to deliver good quality, safe products. 
A great range of analytical techniques, like HPLC, GC, MS, 
PCR, etc., are available to assess the quality and safety param-
eters (contaminants, adulterations) with great precision in 
complex food matrices. But these sophisticated methods suffer 
from issues like high investment, operational and maintenance 
cost, requirement of specialized technical persons, time con-
suming and not applicable for use in the field. Biosensors, as 
next generation detection devices, are considered as suitable 
for fulfilling the requirements of the dairy industry with bene-
fits like sensitivity, low cost, ease of operation, minimum or no 
sample preparation with use in the field.

In the dairy industry, biosensors have been developed to 
analyze quality parameters like lactose, milk proteins, cho-
lesterol, triglyceride, enzymes, hormones, vitamins, etc. 
Also, biosensors have potential in the detection and quantifi-
cation of adulterants like urea, vegetable proteins, melamine, 
and the monitoring of contaminants like pathogens and their 
toxins, aflatoxins, antibiotics, pesticides, and heavy metals 
(Figure 9.1).

Summary of various types of biosensors developed to be 
applied in dairy have been presented in Table 9.1.

9.2  Types of Biosensors Described for 
Application in Dairy Industry

Biosensors are classified based on type of bioreceptor used or 
based on transducer used. Most of the biosensor developed to 
be applied for the dairy industry used enzymes, aptamer, and 
antibody as bioreceptor; still other studies have been done using 
whole cell, bacteriophage and their endolysin, and molecularly 
imprinted polymers (MIP). Various enzymes, such as β-galac-
tosidase, glucose oxidase, peroxidase, cellobiose dehydroge-
nase, catalase, urease, cholesterol oxidase, cholesterol esterase, 
acetylcholinesterase, choline oxidase, and β-lactamase have 
been used as the bioreceptor for detection of the analyte, like 
lactose, urea, cholesterol, choline, penicillin, pesticides, etc. 
Whole cells of Bacillus sphaericus, B. badius, and Shewanella 
oneidensis have been used for detection of lead, cadmium, and 
riboflavin. Different transducers, like optical (SPR, FT-IR, 
fiber optic, chemiluminescence, FRET, etc.), electrochemical 
such as amperometric (most frequently used), impedimetric, 
potentiometric, and mass based sensors using surface acous-
tic wave (SAW) and quartz crystal microbalance (QCM) have 
been reported. Different types of biosensor developed for the 
dairy industry have been presented in the Figure 9.2.

FIGURE 9.1 Biosensor applications in the dairy sector for quality purpose.



Biosensors Involved in Dairy Industries 137

(Continued)

TABLE 9.1

Summary of Biosensors for Application in Dairy

Analytes Transducer LOD
Linear Detection 

Range Sensitivity
Application in 
Dairy Products Reference

Lactose Amperometric 4.6 × 10−7 M 1.5 × 10−6–1.2 × 
10−4 M.

– Milk, chocolate, 
butter, margarine, 
yogurt, cheese, 
mayonnaise

Conzuelo et al., 2010

Lactose Electrochemical 14 mM – 111 nA/mM /
mm2

Milk Ammam and Fransaer, 
2010

Lactose Chemiluminescence 2.7 × 10−8 g /
mL

8 × 10−8–4 × 10−6 
g /mL.

– – Yang et al., 2010

Lactose Amperometric 250 nM 0.5–200 μM and 
0.5–100 μM

– Milk, lactose-free 
milk, and yogurt

Safina et al., 2010

Lactose Thermometric/
amperometric

– 0.05 mM and 30 
mM

– Milk and lactose 
free milk

Yakovleva et al., 2012

Lactose Amperometric 0.5 μM 1–150 μM 476.8 nA /
μM/ cm2

Milk and milk 
product

Tasca et al., 2013

Lactose Amperometric 1.13 mmol/ L – 0.31 μA /
mmol/ cm2

– Campos et al., 2014

Lactose Electrochemical 2.6 × 10−6 M upto 1.22 mM – – Gursoy et al., 2014

Lactose Electrochemical 1.3 μg/mL – 1.33 μA/(μ/
gmL)

– Nguyen et al., 2016

Glucose Amperometric – 0.3–1.5 mM 5.46 μA·/mM Milk, milk shake, 
yogurt

Artigues et al., 2017

Lactose Amperometric – 10–100 μM – Lactose free milk Lopez et al., 2017

Lactose Amperometric 1.4 × 10−5 M upto 2.30 mM – Milk Gursoy et al., 2018

Lactose, glucose Photoelectrochemical 0.004–
1.75 mM and 
0.008–
2.50 mM

– 1.54 μA/
mM/ cm2 
and 1.66 
μA/mM/ cm2

– Cakiroglu et al., 2019

Lactoferrin Optical 19.9 μg/ mL 0–1000 ng/mL – Milk colostrum, 
infant formula

Indyk and Filonzi, 2005

Casein Optical 10 ng/mL – – Milk Hiep et al., 2007

Casein Electrochemical 5 × 10−8 g/mL 1 × 10−7–1 × 10−5 
g /mL

– Cheese Cao et al., 2011

BSA – 0.02 mg /g 10–1000 ng/mL – Bovine milk, whey 
protein fractions, 
colostrum, and 
infant formula

Indyk et al., 2015

β-lactoglobulin Amperometric 0.8 ng/ mL 2.8–100 ng/mL – Milk Montiel et al., 2015

α-lactalbumin Magnetoimmunosensor 11.0 pg/mL 37.0–5000 pg/mL – Raw milk, UHT 
milk, human milk, 
and infant formula

Montiel et al., 2016

α-S1-casein Optical 2 μg/mL – – – Ashley et al., 2017

Casein Electrochemical 3.2 × 10−8 g/
mL

1 × 10−7 and 1 × 
10−6 g/mL

– – Jiang et al., 2019

Cholesterol Amperometric 0.05 μM – 5.12±0.05 
μA/μM/cm2

Butter Dey and Raj, 2014

Tryglyceride Potentiometric 0.02 mM – 0.06 mM Butter, pastries Escamilla-Mejía et al., 
2015

Cholesterol Electrochemical – Up to 300 mg/dL 29.33 μA/
mM/ cm2

Margarine butter Ahmadalinezhad and 
Chen, 2011

Cholesterol Amperometric 0.36 μM – 1.64 mA/
mM/cm2

Butter, margarine Soylemez et al., 2013

NAGase SPR 1 μg/mL – – Spiked sample Welbeck et al., 2011

Progesteron SPR 3.56 ng/mL 0.5–50 ng/mL – Milk Gillis et al., 2002

Progesteron Optical 0.04 ng /mL – 0.34 ng /mL Bovine milk Kappel et al., 2007

Progesteron SPR – 1–10 ng/mL – Milk Daems et al., 2017

Riboflavin Optical 70 μg/L – 234 μg/L Milk based 
products

Caelen et al., 2004
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Analytes Transducer LOD
Linear Detection 

Range Sensitivity
Application in 
Dairy Products Reference

Choline Amperometric 0.12 μM – – Milk, milk powder 
and soy lecithin 
hydrolysates

Pati et al., 2004

Folate Optical 0.1 ng/mL – – Milk, milk based 
pediatric formulae, 
adult nutritional 
product

Indyk, 2011

Biotin Optical 0.5 ng/ mL 2.5–75 ng/mL – Milk, milk powder, 
pediatric formulae

Indyk et al., 2014

Riboflavin Amperometric 2.2 nM 5 nM–10 μM – – Si et al., 2016

Riboflavin Amperometric 0.85 ± 0.09 
nM

– 21.1 nA/nM Milk powder Yu et al., 2017

Urea Potentiometric 2.5 × 10−5 
mol/L

– – Milk Trivedi et al., 2009

Urea Thermistor – 1–200 mM – Spiked milk Mishra et al., 2010

Urea Potentiometric – 1–100 mM – Spiked milk Ramesh et al., 2015

Urea Optical 10−8 M – – Milk Nikoleli et al., 2010

Urea Voltammetric 60 nM 1.5–1000 μM 878 μA/ mM/ 
cm2

Milk Das and Sarkar, 2016

Urea and melamine Voltametric 3 pM (M) and 
1 pM (U)

1–20 nM – Cow milk Ezhilan et al., 2017

Urea Electrochemical 0.9 μM 0.083–25 mM 29.6 mA /
mM/cm2

Adulterated raw 
milk

Kalaivani and Suja, 
2018

Urea electrochemical 900 fM upto 500 nM – – Yarahmadi et al., 2019

Non milk protein Optical Below 0.1% – – Milk powder Haasnoot et al., 2001

Melamine Optical <0.5 μg/ mL – – Infant formulae, 
infant liquid milk

Fodey et al., 2011

Melamine Optical 0.02 μg/mL – – Infant formula Wu et al., 2013

Melamine Optical 36 nM 50 nM and 500 
nM

– Milk Dai et al., 2014

Melamine Optical 0.2 μg/mL 12.62–284.18 
μg/L

– Milk products Hao et al., 2014

Melamine Electrochemical 9.6 × 10−16 M 9.6 × 10−3–9.6 × 
10−15 M

– Milk and milk 
product

Rovina et al., 2015

Melamine Amperometric 5.6 × 10–13 
mol/L

1.0 × 10–12 –1.0 × 
10–6 mol/L

– Milk Xu et al., 2018

Melamine Optical 49 nM – – Milk Jeong et al., 2019

Salmonella 
typhimurium

Electrochemical 5.0 × 102 
CFU/ mL

1.0 × 103–1.0 × 
107 CFU/mL

– Milk Dong et al., 2013

S. entritidis FRET – 1.5×102 to 3×103 
CFU/mL

– Milk Song et al., 2014

S. enterica Magnetic 103 CFU/mL 5 × 103–106 CFU/
mL

– Milk Wang et al., 2015

S. typhimurium Amperometric 10 cfu/mL 1.0 × 103–1.0 × 
107 CFU /mL

– Whole and skim 
milk

Alexandre et al., 2018

Salmonella ssp. Electrochemical 105 CFU /mL – – Spiked milk Zou et al., 2019

Escherichia coli 
O111

Electrochemical 305 CFU/mL – – Milk Luo et al., 2012

E. coli O157:H7 Impedimetric 83.7 CFU/mL – – Whole milk Joung et al., 2013

E. coli O157:H7 Optical 14 CFU/mL – – Spiked milk Xue et al., 2018

Listeria ssp. electrochemical 105 CFU /mL – – Spiked milk Tolba et al., 2012

L. monocytogenes piezoelectric 102 CFU /mL – – Milk Sharma and 
Mutharasan, 2013

L. monocytogenes Optical 2.17 × 102 
CFU/mL

– – Spiked whole milk Alhogail et al., 2016

Staphylococcal 
enterotoxin A 
(SEA)

Piezoelectric 0.007 mg /L – – Spiked milk Salmain et al., 2012

TABLE 9.1 (Continued)

Summary of Biosensors for Application in Dairy

(Continued)
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Analytes Transducer LOD
Linear Detection 

Range Sensitivity
Application in 
Dairy Products Reference

S. aureus Colorimetric /Optical 1.5×105 CFU/ 
mL

– – Spiked milk Sung et al., 2013

S. aureus Fluorescence/optical 100 CFU/ mL – – Cow milk Juronen et al., 2018

E. coli < 50 CFU/ mL – –

Staphylococcal 
enterotoxin B 
(SEB)

Electrochemical 0.17 ng/ mL 0.5 ng/ mL–500 
ng/ mL

– Milk Xiong et al., 2018

SEB Chemiluminescence 0.39 ng/ L – – Milk Nistler et al., 2019

Cronobacter SPR 106 cells /mL – – whole milk, whole 
milk powder, 
powder infant 
formulation

Rodriguez-
Emmenegger et al., 
2011

Enterobacteriaceae 
ssp.

Electrochemical 40 CFU/mL – – Milk Luo et al., 2013

Bacillus cereus Electrochemical 9.4 × 10−12 
mol/L

– 10 CFU/mL Milk, infant 
formula

Izadi et al., 2016

Pseudomonas 
aeruginosa

Electrochemiluminescent 56 CFU /mL 1.4 × 102–1.4 × 
106 CFU /mL

– Milk Yue et al., 2017

Brucella melitensis QCM/mass 1.02–1.07 CFU/
mL

– – Milk, milk product Bayramoglu et al., 2019

Chloramphenicol Fluorescence 0.01 ng /mL 0.01–1 ng/mL – Milk Wu et al.,. 2015

Streptomycin electrochemical quartz 
crystal nanobalance

– 0.3–50 ng/mL – Spiked milk Mishra et al., 2015

β-lactam Amperometric 10−11 M – – Spiked milk Merola et al., 2015

Tetracycline Colorimetric 266 pM – – Milk Ramezani et al., 2015

Penicillin SPR 8.0 pM – – Raw milk Pennacchio et al., 2015

Penicillin Fluorescence 1.0 nmol/L – – Raw milk Pennacchio et al., 2016

Streptomycin Colorimetric 73.1 nM – – Milk Emrani et al., 2016

Fluorescene 47.6 nM – –

β-lactams Fluorescene – 0.26–3.56 ng/mL – Milk Chen et al., 2016

Tetracycline – 0.04–0.98 ng/mL –

Quinolone – 0.08–2.0 ng/mL –

Sulfonamide – 0.1–3.98 ng/mL –

Streptomycin Fluorescence 54.5 nM – – Spiked Milk Taghdisi et al., 2016

Tetracycline Electrochemical 10 ng/mL 10– 3000 ng/mL – Spiked milk Le et al., 2016

Kanamycin Electrochemical 0.11 ng/ mL 1.2–75 ng/mL – Spiked milk Sharma et al., 2017

Kanamycin lateral flow strip 0.0778 nM 1– 30 nM – Milk, milk powder Liu et al., 2018

β-lactams 
(penicillin; P), 
tetracyclines (T), 
streptomycin (S), 
chloramphenicol 
(C)

Quadruplex gold 
immunochromatographic 
assay

– 0.13–1 ng/mL (P), 
0.13– 8 ng/mL 
(T), 0.78– 25 ng/
mL (S), 0.019– 
1.2 ng/mL(C)

– – Zhou et al., 2018

Penicillin field-effect 50 μM 0.1 mM–10 mM – Bovine milk Poghossian et al., 2018

Kanamycin Fluorescence 0.29 nM 1.0 nM– 80.0 nM – Milk Deng et al., 2018

Vancomycin SPR 4.1 ng/mL and 
17.7 ng/mL

– – Milk Altintas, 2018

Florfenicol Fluorescence 5.75 nmol/ L 5– 1200 nmol/L – Milk Sadeghi et al., 2018

Ampicillin Electrochemical 10 μg/mL – – Milk Rosati et al., 2019

Ampicillin Electrochemical 32 pM – – Milk Wang et al., 2019

Lead Electrochemical 2.4 x 10-3 nM – – Milk Verma et al., 2011a

Lead Optical – 10– 1000 μg/L – Milk Verma et al., 2016

Cadmium Potentiometric 1.0 μg/L – – Milk Verma et al., 2011

Lead Potentiometric 9.66 μM – – Milk Kaur et al., 2014

Optical 38.6 μM – Milk

Carbaryl, paraoxon Electrochemical 20 μg/L (C), 1 
μg/L (P)

– – Milk Zhang et al., 2005

TABLE 9.1 (Continued)

Summary of Biosensors for Application in Dairy

(Continued)
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Analytes Transducer LOD
Linear Detection 

Range Sensitivity
Application in 
Dairy Products Reference

Malathion Electrochemical 0.1 nM 0.1– 40 nM 0.475 mA /
μM

Milk Chauhan and Pundir, 
2011Chlorpyrifos 0.1 nM 0.1– 50 nM

Monocrotophos 1 nM 1– 50 nM

Endosulfan 1 nM 10– 100 nM

Paraoxon Optical 1.31 × 10−11 
mol/L

4.84 × 10−11–4.84 
× 10−6 mol/L

– Milk Gao et al., 2012

Chlorpyriphos-oxon – 5 × 10−12 M 5 × 10−6–5 × 10−12 
M

– Milk Mishra et al., 2012

Ethyl paraoxon – 5 × 10−9 M –

Malaoxon – 5 × 10−10 M –

Paraoxon Amperometric 0.212 μM 0.5–8 μM and 
10–120 μM

– Milk Turan et al., 2016

Aflatoxin M1 
(AFM1)

Electrochemical – 1–14 ng/mL – Milk Dinckaya et al., 2011

Aflatoxin B1 
(AFB1)

Electrochemical 0.08 ng/mL – 95.2 μA ng−1 
mL cm−2

– Singh et al., 2013

AFM1 SPR 18 pg /mL – – Milk Karczmarczyk et al., 
2016

AFM1 Electrochemical 0.9 ng/L – – Milk Jalalian et al., 2018

AFM1 Electrochemiluminescence 0.05 ng /mL. 10– 200 ng/mL – Milk Khoshfetrat et al., 2018

AFM1 Optical 9.73 ng/ kg – – Milk Zhang et al., 2019

AFB1 Optical 0.25 ng/mL – – Milk Jia et al., 2019

AFB1 Chemiluminescence 0.2 ng/ mL 0.5– 40 ng/mL – Milk Yao et al., 2019

AFM1 Optical 6 pg/mL 0.012– 2.0 ng/mL – Processed and 
unprocessed milk 
form different 
animals

Tsounidi et al., 2019

TABLE 9.1 (Continued)

Summary of Biosensors for Application in Dairy

FIGURE 9.2 Classification of biosensors used in the dairy sectors.
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9.3  Application of Biosensors for 
Compositional Analysis of Milk

9.3.1  Estimation of Carbohydrates 

Lactose is the principal carbohydrate found in various mam-
malian milks. In bovine milk, it is found at a concentration of 
∼50 g/L. Bovine milk contains other sugars, like glucose, fruc-
tose, galactose, etc., in trace amounts. Lactose concentration 
is used as indicator for early detection of mastitis, as during 
mastitis lactose concentration decreases. Globally 65% of the 
population suffers from lactose intolerance or lactose non-per-
sistence due to lack of the enzyme lactase/β-galactosidase, 
which results in nausea, cramps, bloating, and diarrhea. Thus, 
lactose free milk and milk products were developed. To be rec-
ognized as ‘lactose-free’ milk, it should contain less than 0.01 
% (w/w) lactose (Churakova et al., 2019). In addition to this, 
for determination of lactose in both low- or lactose-free milk, 
there is no internationally defined analysis method available. 
Biosensors have been developed to measure lactose concentra-
tion in milk and milk products, to analyze lactose free milk, as 
an early indicator for mastitis.

Rajendran and Irudayaraj (2002) proposed an enzyme bio-
sensor for simultaneous determination of galactose, glucose, 
and lactose in milk amperometrically, with linear response 
in the range 0.1–20, 0.2–20, and 0.05–10 mM respectively. 
Conzuelo et al. (2010) proposed an amperometric biosensor by 
immobilizing glucose oxidase (GOx), β-galactosidase (β-Gal), 
and peroxidase (HRP) onto a 3-mercaptopropionic acid (MPA) 
self-assembled monolayer (SAM)-modified gold electrode, 
along with the mediator tetrathiafulvalene (TTF) for lactose 
determination. LOD was of 4.6 × 10−7 M, and linear detection 
ranges of 1.5 × 10−6 to 1.2 × 10−4 M were obtained. The effective-
ness of the sensor was evaluated on different sugars, like fruc-
tose, arabinose, sucrose, glucose, lactulose, maltose, galactose, 
and uric acids and ascorbic acids. The lactose estimated from 
the developed sensor in milk and other foods (butter, yogurt, 
cheese, margarine, chocolate, etc.) showed comparable results 
with a commercially available enzyme based kit. Another lac-
tose sensor was proposed with β-Gal and GOx by alternat-
ing current electrophoretic deposition to fabricate the sensor 
(Ammam and Fransaer 2010). The developed sensor exhibited 
lactose determination up to 14 mM, sensitivity 111 nA/mM/
mm2 with response time of 8 sec. The sensor was successfully 
applied for determination of lactose in milk samples. Yang et 
al. (2010) described a chemiluminescence (CL) flow-through 
lactose biosensor using similar enzymes. They reported an 
LOD and linear detection range for lactose of 2.7 × 10−8 g/mL 
and 8 × 10−8–4 × 10−6 g/mL respectively. The developed sen-
sor was also validated in milk for lactose determination. Third 
generation amperometric lactose biosensors were described by 
Safina et al. (2010) that were fabricated by immobilizing cel-
lobiose dehydrogenase (CDH), either from Phanerochaete sor-
dida or Trametes villosa on screen-printed carbon electrodes 
(SPCEs). The developed sensor responded linearly in the range 
of 0.5–100 and 0.5–200 μM using P. sordida and T. villosa 
CDH enzyme respectively, with an LOD value of 90 μg/L 
(250 nM) for both. The electrode modified with multiwalled 

carbon nanotubes (MWCNT) as per the report showed a high 
sensitivity. Different products like yogurt and lactose-free 
milk were tested by varying fat percentages for evaluating the 
lactose content. Lactose was also estimated with a biosensor 
combining a thermometric/amperometric transducer by immo-
bilizing CDH of Phanerochaete chrysosporium, using glutar-
aldehyde as the crosslinking agent onto aminopropyl-silanized 
controlled pore glass (CPG) beads (Yakovleva et al., 2012). 
The developed sensor determined lactose from 0.05 to 30 mM 
concentrations and was successfully applied for lactose esti-
mation in toned milk, double toned milk and in lactose free 
milk. Tasca et al. (2013) developed a third generation amper-
ometric lactose biosensor which can be an alternate method to 
HPLC for lactose estimation in milk and dairy products. The 
sensor was fabricated by immobilizing CDH from P. sordida 
on surface modified single walled carbon nanotubes (with aryl 
diazonium salts of p-phenylenediamine that was deposited on 
GCE. The developed device could measure lactose with a lin-
ear range from 1.0 to 150.0 μM, LOD 0.5 μM and sensitivity 
476.8 nA/μM/cm2. Campos et al. (2014) used films of poly 
(ethylene imine) (PEI) and poly(vinyl sufonate) (PVS) and 
immobilizied β-Gal in a layer-by-layer manner on an Prussian 
Blue modified indium tin oxide (ITO) electrode to develop an 
amperometric lactose biosensor. The device showed LOD of 
1.13 mmol/L and sensitivity 0.31 μA/mmol/cm2. Gursoy et al. 
(2014) constructed lactose biosensor immobilizing Galactose 
oxidase and β-Gal on sodium dodecylbenzene sulphonic acid 
doped polypyrrole (PPy). The sensor could determine lactose 
up to 1.22 mM with LOD 2.6 × 10−6 M. Two enzymes β-Gal 
and GOx were immobilized on Pt microelectrodes that were 
modified with graphene and 1,5-polydiaminonaphthalene film 
to develop an electrochemical biosensor for estimation of lac-
tose in dairy-based products. The created device could detect 
lactose with a sensitivity of 1.33 μA/μg/mL and LOD 1.3 μg/
mL (Nguyen et al., 2016). Artigues et al. (2017) described an 
amperometric glucose biosensor by immobilizing GOx with 
chitosan hydrogel and highly ordered titanium dioxide nano-
tube arrays. The developed sensor responded linearly to glu-
cose in the range 0.3 to 1.5 mM and sensitivity of 5.46 μA/mM. 
Milk, milk shake, and yogurt samples were evaluated with the 
biosensor and results were comparable to the HPLC method. 
In presence of a high concentration of glucose, determining 
lactose with a multilayer based amperometric biosensor was 
developed by Lopez et al. (2017). Three enzymes CDH, Gox, 
and catalase (CAT) were used in a two-layer system (the first 
layer for sensing and the second layer for removing glucose). 
The developed biosensor could detect a low concentration of 
lactose in lactose free milk, with a linear range of detection 10 
to 100 μM. Recently, Gursoy et al. (2018) proposed a biosensor 
for lactose estimation in milk by immobilizing β-Gal and GOx 
on copolymer modified (PPy and a poly(3,4-ethylenedioxyth-
iophene) platinum disc electrode coupled with CV. The linear 
detection range was found to be up to 2.30 mM, LOD 1.4 × 10−5 
M with a response time of eight to ten seconds. The research-
ers also studied different interferents on the performance of 
the biosensor. The first photoelectrochemical (PEC) biosen-
sor was proposed by Cakiroglu et al. (2019) for lactose and 
glucose determination. The developed sensor for glucose and 
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lactose exhibited a linear detection range of 0.004–1.75 mM 
and 0.008–2.50 mM with sensitivity 1.54 μA/mM/cm2 and 1.66 
μA/mM/cm2 respectively. Churakova et al. (2019) recently 
reported that an amperometric biosensor Biomilk300 is the only 
analytical tool for lactose determination to validate lactose free 
milk as HPAEC-PAD (which is the most precise, accurate, and 
sensitive method to estimate even low levels of lactose in milk) 
when compared with other techniques, like enzymatic kits, 
NMR, HPLC-RI, and cryoscopy.

9.3.2  Analysis of Milk Proteins

A protein content of around 3.5 % is present in bovine milk, 
and it changes during lactation. It is a good source for various 
essential amino acids and has a high biological value. Bovine 
milk protein is mainly composed of casein and whey proteins, 
but also contains many biologically active proteins, immuno-
globulin, vitamin binding, mineral binding, and protein hor-
mones (Fox et al., 2015). Properties of many milk products 
depend on the properties of milk proteins. Also, bovine milk 
proteins are one of the most prominent (25 allergen) milk 
allergens in food products. Biosensors have been developed 
to determine different fractions of milk proteins, to study the 
changes that occur during lactation, the effect of thermal dena-
turation, and changes during a production season, as well as 
allergens in other food products.

To monitor κ-casein concentration during rennet coagula-
tion of milk and to measure κ-casein content of milk with-
out any pretreatment, a SPR based immune biosensor was 
described by Muller-Renaud et al. (2003) with LOD 0.45 μg/
mL. A similar optical immunosensor was also developed for 
estimation of β-casein in milk and cheese in a sandwich assay 
format with LOD 85 ng/mL in 10 min (Muller-Renaud et al., 
2004). The same group also reported a biosensor for quan-
tifying αS1-casein (αS1-CN) in milk with LOD 0.87 μg/mL 
and a detection range of 8.8 to 12.06 mg/mL (Muller-Renaud 
et al., 2005). Indyk and Filonzi (2005) developed an optical 
immunosensor for lactoferrin in milk, with a detection range 
of 0–1000 ng/mL and LOD 19.9 μg/mL in undiluted milk. The 
device was also used for measuring lactoferrin in infant for-
mulas, colostrum, and consumer milks, and also to monitor 
changes in lactoferrin concentration during the early lactation 
stage. Indyk et al. (2006) reported a label-free SPR based 
immunosensor for measuring lactoferrin, folate binding pro-
tein, lactoperoxidase enzyme, and immunoglobulin G (IgG) 
in colostrum, bovine milk, milk products, and infant formulas, 
and to monitor changes in their concentration during early lac-
tation. A localized surface plasmon resonance (LSPR) immu-
nosensor was proposed by Hiep et al. (2007) for determination 
of casein in milk based on gold-capped nanoparticles and 
reported a detection limit of 10 ng/mL. Cao et al. (2011) pro-
posed an electrochemical immunosensor to measure casein, 
which was fabricated using gold nanoparticles and poly(l-Ar-
ginine)/MWCNTs composite film on GCE. The proposed sen-
sor could detect casein in the range 1 × 10−7 to 1 × 10−5 g/mL 
with LOD 5 × 10−8 g/mL and was applied for casein quantifi-
cation in cheese samples. Indyk et al. (2015) proposed an auto-
mated immune biosensor for measuring bovine serum albumin 

(BSA) in milk products. The biosensor could detect BSA in 
the range 10.0–1000.0 ng/mL with LOD 0.02 mg/g. The devel-
oped biosensor was used for BSA determination in colostrum, 
bovine milk, whey protein fractions, and milk based infant 
formulae. Also, it was used to monitor the changes in con-
centration of BSA during early stage of lactation and across a 
production season in bovine milk, with thermal denaturation 
of BSA investigated further. Montiel et al. (2015) designed a 
magnetoimmunosensor for the determination of β-lactoglobu-
lin in a sandwich assay format. The developed amperometric 
sensor responded linearly in determination of β-lactoglobulin 
in the range 2.8–100.0 ng/mL and a LOD of 0.8 ng/mL (20.0 
pg in 25 μL sample). Different milk samples were diluted and 
used for β-lactoglobulin estimation with the developed sensor. 
The author also stated that the developed device could be used 
for onsite determination of β-lactoglobulin in dairy products. 
In 2016, Montiel et al. proposed a magnetic bead based immu-
nosensor for the determination of α-lactalbumin (α-LA) and 
reported a detection limit of 11.0 pg/mL and detection range 
of 37.0–5000.0 pg/mL. The developed sensor was also vali-
dated in estimation of α-LA in raw milk, UHT milk, human 
milk, and infant formula. Ashley et al. (2017) fabricated a SPR 
based immunosensor for detection of α-S1-casein with LOD 2 
μg/mL. Indyk et al. (2017) used a SPR based biosensor immu-
noassay for measuring β-lactoglobulin in milk and reported 
that its concentration decreased from more than 10 mg/mL in 
colostrum to less than 5 mg/mL in mature milk. They also 
reported that throughout a season the β-lactoglobulin content 
estimated in skim milk powder (SMP) ranged from 25.0 to 
60.0 mg/g. Recently Jiang et al. (2019) fabricated a paper 
based electrochemical biosensor with rat basophilic leukemia 
mast cells, graphene/carbon nanofiber/Gelatin methacryloyl 
composite material for detection of casein as an allergen and 
reported LOD 3.2 × 10−8 g/mL and linear detection range 1 × 
10−7 and 1 × 10−6 g/mL of casein.

9.3.3  Analysis of Cholesterol and Triglyceride

Milk fat is rich in fat soluble vitamins and essential fatty acids 
and is responsible for the development of flavor and rheolog-
ical properties of milk products (Fox et al., 2015). Milk con-
tains cholesterol, the principal sterol in milk and approximately 
0.3% of the total lipids.

Ahmadalinezhad and Chen (2011) proposed an electro-
chemical biosensor for determination of total cholesterol using 
three different enzymes viz. cholesterol esterase (ChE), choles-
terol oxidase (ChOx), and HRP with a sensitivity of 29.33 μA/
mM/cm2 and linear detection range up to 300 mg/dL. The sen-
sor was fabricated by immobilizing the enzymes on nanopo-
rous gold networks directly grown on a titanium substrate (Ti/
NPAu/ChOx–HRP–ChE). The sensor was also used for cho-
lesterol estimation in margarine, butter, and fish oil. Soylemez 
et al. (2013) constructed an amperometric cholesterol bio-
sensor using a conducting polymer modified with sepiolite 
for immobilization of ChOx. The proposed sensor exhibited 
LOD 0.36 μM and sensitivity 1.64 mA/mM/cm2. The biosen-
sor was also applied for cholesterol determination in butter, 
margarine, and liquid oil, and results were comparable with a 
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reference kit. The same group also proposed another ampero-
metric biosensor fabricated by immobilizing ChOx in a matrix 
of 2-(4-fluorophenyl)-4,7-di(thiophene-2-yl)-1H-benzo[d]imi-
dazole (BIPF), which was electrochemically deposited on an 
electrode of graphite. The developed sensor showed sensitivity 
1.47 mA/mM/cm2, LOD 0.404 μM and was successfully used 
for cholesterol estimation in food samples (Soylemez et al., 
2014). Rahman et al. (2014) proposed another electrochemical 
biosensor for cholesterol determination, utilizing ChOx and 
HRP onto a poly(thionine)-modified GCE, and reported linear 
detection range 25.0–125.0 μM, LOD 6.3 μM and a sensitivity 
of 0.18 μA/cm2/μM. Dey and Raj (2014) developed an amper-
ometric enzyme sensor for cholesterol estimation using ChOx 
and ChE coupled with reduced graphene oxide–dendritic Pd 
nanoparticle (rGO–nPd) hybrid material. The developed sen-
sor showed LOD 0.05 μM and sensitivity of 5.12±0.05 μA/
μM/cm2, with a response time of four seconds. The created 
device was successfully applied for cholesterol determina-
tion in butter. A potentiometric biosensor was described for 
determination of triglycerides by immobilizing lipase on a 
Nafionmembrane on a graphite-epoxy transducer with LOD 
0.02 mM, limit of quantification 0.06 mM, and a response time 
of two minutes. The developed sensor was used for triglycer-
ide estimation in butter, chips, and pastries, and results were 
comparable with the spectrophotometric method (Escamilla-
Mejia et al., 2015).

9.3.4  Analysis of Enzymes

Normal milk contains different enzymes like catalase, peroxi-
dase, xanthine oxidase, alkaline phosphatase, acid phosphatase, 
amylase, protease, lipase, aldolase, etc. Several other enzymes 
occur in minor amounts. Alkaline phosphatase has been used 
as indicator for the pasteurization efficiency of milk. Similarly, 
lipase and protease can contribute to lipolysis and proteolysis 
in milk and milk products. Enzymes like NAGase catalase are 
used as an early indicator for mastitis, as their concentration 
increases in mastitis milk.

Mastitis is a red hot inflammation of the mammary gland 
in cows and a serious issue due to its effect on reducing milk 
quality, lowering milk yield, and increasing overall pro-
duction costs of the dairy industries. Thus, early, effective 
diagnosis plays an important role. During inflammation, the 
enzyme called N-acetyl-β-D-glucosaminidase (NAGase) is 
released into milk and acts as indicator of mastitis at an early 
stage. Welbeck et al. (2011) developed an immune biosensor 
to detect NAGase in milk by immobilizing it on the surface 
of a CM5 chip. The SPR based optical biosensor detected 
NAGase with LOD 1.0 μg/mL in a spiked sample. To deter-
mine catalase in milk, a SPR based aptasensor was developed 
which showed LOD 20.5 nM, and a detection range of 15.0–
1000.0 nM. The developed sensor is useful for detection of 
mastitis milk with minimal sample preparation (Ashley and 
Li, 2013). An electromagnetic piezoelectric acoustic sensor 
(EMPAS) was described by Románszki et al. (2018) to detect 
proteolysis of β-casein by plasmin. The device detected plas-
min in the range 32.0 pM–10.0 nM with LOD 32.0 pM in a 
flow model.

9.3.5  Analysis of Hormones

Effective reproductive management of dairy cattle in farms 
is related to detection of heat stage and predicting pregnancy 
in cattle by determining the level of progesterone in milk 
plays an important role. Gillis et al. (2002) reported about 
a BIACORE™ SPR biosensor to quantify progesterone in 
bovine milk based on an inhibition immunoassay, which 
involves covalent immobilization of progesterone to the car-
boxymethyl dextran matrix of a CM5 sensor chip. The devel-
oped sensor detected progesterone in the range 0.5 to 50 ng/mL 
with LOD 3.56 ng/mL. A total internal reflectance fluorescence 
(TIRF)-based biosensor was developed by Kappel et al. (2007) 
for measuring progesterone in bovine milk for a period cover-
ing a whole estrus cycle. The fully automated immunosensor 
showed a limit of quantification 0.34 ng/mL and LOD 0.04 ng/
mL. The sensor can be in-line in the milking parlor, there is no 
need of any sample concentration, and a result can be obtained 
within a minute. An automated FO-SPR biosensor was devel-
oped to determine progesterone in milk by Daems et al. (2017). 
The immunosensor could detect progesterone in the milk in 
the range of 1.0–10.0 ng/mL with a diluted milk sample (½ 
dilution). The authors also reported that the performance of the 
biosensor is comparable to the commercially available ELISA 
test.

9.3.6  Analysis of Vitamins

Milk contains fat soluble vitamins (like A, D, E, and K) and the 
water-soluble vitamins (like B1, B2, B3, B5, B6, B12, C) and 
folate. The fat-soluble vitamin concentrations vary depending 
on the fat percentage in milk and milk products. Milk is also 
fortified with Vitamin D and others. Infant milk food is also 
modified with different vitamins by regulation, to meet the 
nutritional requirement of the infants. Estimation of vitamins 
is thus important to monitor and to meet the quality as specified 
in regulatory standards. Generally, microbial assay and HPLC 
are used for vitamin estimation, which is time consuming and 
costly.

Indyk et al. (2000) reported about an optical immunosensor 
in inhibition immunoassay format for determination of biotin- 
and folate-supplemented infant formulas and milk powders. 
The biosensor assay showed a detection range of 2.0–70.0 ng/
mL, with a recovery rate of 86.0–102.0 %. A bio-chip coupled 
with SPR for measuring riboflavin content in milk-based prod-
ucts has been reported by Caelen et al. (2004). The chip was 
immobilized with riboflavin to bind excess riboflavin binding 
protein, which remains free after binding the riboflavin orig-
inally present in the tested sample. The developed bio-chip 
exhibited LOD 70.0 μg/L, LOQ 234.0 μg/L and was compara-
ble with the official HPLC-fluorescence method for riboflavin 
quantification. An amperometric enzymatic based sensor was 
developed by Pati et al. (2004) for choline determination in milk 
and its powder samples, and in soy lecithin hydrolysates. The 
sensor was fabricated by immobilizing choline oxidase on elec-
tropolymerized polypyrrole film with LOD 0.12 μM. Recovery 
rates of 94.7 to 109.1 % of water-soluble vitamins like B2, B12, 
biotin, folic acid, and pantothenic acid in infant formula using 
biosensor based technology (Biacore AB) was reported by Gao 



144 Biosensors in Food Safety and Quality

et al. (2008). Indyk (2011) developed an optical biosensor for 
folate estimation in milk and milk-based pediatric and adult 
nutritional products, utilizing folate binding protein. Sample 
preparation included extraction, with reducing buffer and enzy-
matic deconjugation before being analyzed in the biosensor. 
The sensor showed LOD 0.1 ng/mL and was comparable with 
traditional microbiological assay and HPLC methods. Another 
optical biosensor was proposed by Indyk and Woollard (2013) 
for folate determination employing folate-binding protein in 
inhibition assay format. The developed sensor was used for 
folate estimation in different food products, including milk, 
and a recovery rate of 72.0–112.0 % was reported. Indyk et al. 
(2014) also developed an optical immunosensor for estimation 
of biotin content of milk and pediatric formulae in inhibition 
assay format. The sensor exhibited LOD 0.5 ng/mL, a quanti-
fication range 2.5–75.0 ng/mL, and a recovery rate 98.0–103.0 
%. Sample preparation included aqueous extraction and heat 
treatment. A developed sensor was also applied for biotin 
determination in early lactation milk, seasonal milk powder, 
and pediatric formulae. A whole-cell based amperometric 
biosensor for riboflavin determination in food, pharmaceuti-
cal, and clinical samples employing ‘bioelectrochemical wire’ 
(BW) composed of cytochrome C and riboflavin between an 
electrode and Shewanella oneidensis MR-1 was proposed by 
Si et al. (2016). The developed sensor exhibited linearity in the 
range 5.0 nM–10.0 μM, with an LOD 2.2 nM. Another whole-
cell electrochemical sensor was developed by Yu et al. (2017) 
for determination of riboflavin content in food and pharmaceu-
tical samples employing a whole-cell based riboflavin redox 
cycling system. The researchers have used a biocatalyst (i.e., 
an electroactive bacteria S. oneidensis MR-1) which could 
transfer electrons generated from the metabolism of cells to 
the electrode for determination of riboflavin, which has good 
redox property. Electrons generated from Shewanella lactate 
metabolism were used for regeneration of the reduced ribofla-
vin after the electrode oxidation (as shown in Figure 9.3). The 
developed amperometric sensor showed LOD 0.85 ± 0.09 nM, 
with great selectivity and stability.

9.4  Biosensor for Detection of 
Adulteration in Milk

9.4.1  Detection of Urea

Milk is commonly adulterated with urea mainly to increase the 
milk solid-not-fat content or its non-protein nitrogen content. 
Urea adulteration in milk has been considered a major health 
concern issue in children, pregnant women, and sick people, 
and can cause cancer.

Trivedi et al. (2009) used enzyme urease and immobilized 
them onto the ion sensitive membrane using a polymer matrix 
of poly (carbamoyl sulphonate) and polyethyleneimine to 
develop a potentiometric based biosensor with LOD 2.5 × 10−5 
mol/L. Urease enzyme converted urea into CO2 and NH3, in the 
active pH range of urease, CO2 and NH3 were dissociated into 
HCO3

−, H+, NH4+ and OH-, and urea was determined by poten-
tiometric NH4+ ion sensitive electrodes (Eq 9.1). The developed 
biosensor was used for urea determination in real milk samples, 
and the results were in good correlation with the spectropho-
tometric method. For urea monitoring in milk samples, Mishra 
et al. (2010) used a flow injection analysis-enzyme thermistor 
(FIA-ET) based biosensor. Urease enzyme was immobilized 
on controlled pore glass (CPG) and the system was packed into 
a column inside a thermistor. In the presence of urea, the ure-
ase enzyme hydrolyzes urea and produces specific heat, which 
is proportional to urea content in the sample. The developed 
sensor detected urea in the range 1.0–200.0 mM, within two 
minutes. Evaluation of the spikes milk sample with the bio-
sensor showed a recovery rate of 97.56–108.7% and results 
were comparable with the colorimetric method. Ramesh et al. 
(2015) proposed a potentiometric biosensor for urea detection 
by immobilizing urease onto PAN [poly (acrylonitrile–methyl-
methacrylate–sodium vinyl sulfonate)] membrane. The sensor 
detected urea in the range 1.0 to 100.0 mM and was applied 
for urea determination in spiked milk samples. Nikoleli et al. 
(2010) proposed an optical biosensor for urea detection, uti-
lizing air stable lipid films and urease. The sensor exhibited 

FIGURE 9.3 Riboflavin electrochemical sensing system using a biocatalyst Shewanella cells system.

(Adapted from Yu et al., 2017).
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LOD at 10−8 M concentrations urea and was used for determi-
nation of urea in milk. Impedimetric biosensors for urea detec-
tion were described by immobilizing urease on ZnO–polymer 
nanostructured hybrid film. The hybrid film was generated by 
deposition of zinc oxide (ZnO) on the F-doped SnO2 conduct-
ing glass (FTO) in the presence of polyvinyl alcohol (PVA). 
The developed sensor achieved LOD 3.0 mg /dL, and the 
detection range was within 5.0–125.0 mg/dL (Rahmanian and 
Mozaffari 2015). Das and Sarkar (2016) also proposed a urea 
biosensor using a unique conducting polymer hydrogels (CPH) 
modified electrode for immobilization of urease, and differen-
tial pulse voltammetry was used for quantification of urea. The 
sensor exhibited LOD 60.0 nM, detection range of 1.5–1000.0 
μM urea, and sensitivity 878.0 μA/mM/cm2. The performance 
of the sensor was also validated in milk for urea determination. 
A voltametric biosensor was fabricated which was based on 
zinc oxide nanospheres modified Pt electrode and enzyme ace-
tylcholinesterase for detection of urea and melamine in cows’ 
milk (Ezhilan et al., 2017). The developed sensor showed LOD 
of 1.0 pM and 3.0 pM for urea and melamine respectively, with 
a detection range of 1.0–20.0 nM. Kalaivani and Suja (2018) 
developed a urea biosensor based on carbon paste electrodes 
with MWCNT-Inulin-TiO2 and urease. The created sensor 
showed LOD 0.9 μM with linearity in the range 0.083 to 25 
mM, sensitivity of 29.6 mA /mM/ cm2, and good storage sta-
bility up to 120 days. The biosensor was also very specific in 
the presence of common interfering compounds like uric acid, 
ascorbic acid, lactose, glucose, and ions like Na+ and K+. The 
developed biosensor was successfully used for urea determi-
nation in adulterated raw milk. A cladding modified intrinsic 
fiber optic biosensor was proposed by Botewad et al. (2018) 
for urea determination. Polyaniline was used as an active clad-
ding for urease and glutaraldehyde was used as a crosslink-
ing agent. The developed sensor could detect urea in the range 
100.0 nM–100.0 mM, with LOD 100.0 nM, and stability up to 
28 days. Most of the urea biosensors are enzymatic biosensors. 
An electrochemical aptasensor for urea determination was pro-
posed based on MIP coupled with DNA aptamers on AuNP 
and a carbon nanotube network fabricated on GCE. The sensor 
exhibited linear response up to 500 nM urea with LOD 900 fM 
(Yarahmadi et al., 2019).
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Equation 9.1 Operation principle of urea biosensor (Trivedi 
et al., 2009)

9.4.2  Detection of Vegetable Protein

Milk products are adulterated with non-milk proteins due to 
their low cost. Haasnoot et al., (2001) reported about an opti-
cal biosensor (BIACORE 3000) for simultaneous detection 
of wheat protein, soy, and pea proteins in milk powders. The 
device detected plant protein below 0.1% in total milk protein 
content.

9.4.3  Detection of Melamine

Melamine is a nitrogen-rich chemical component which is 
adulterated illegally in milk to increase the protein content. 
Melamine is toxic compound, and at high concentration in 
food products, it can cause adverse effects to urinary tracts 
and kidney functions and is lethal, too. Incidence of melamine 
adulteration in infant formula in China made it compulsory to 
detect melamine in food products, especially in milk and milk 
products. Incidence of more adulteration of melamine in milk 
and milk products led to developing effective and efficient bio-
sensors for its detection.

Fodey et al. (2011) fabricated an optical immunosensor for 
estimation and detection of melamine in infant liquid milk and 
infant formula with LOD less than 0.5 μg/mL. A mini SPR 
based immunosensor was developed for determination of mel-
amine that could detect melamine within 15 minutes with LOD 
of 0.02 μg/mL in competitive assay format (Wu et al., 2013). 
The developed sensor was also successfully used in melamine 
determination in infant formula after simple pretreatment. 
A fast, sensitive, low cost, and easy to perform carbon dots 
(C-dots) based biosensor with fluorescence resonance energy 
transfer (FRET) was described by Dai et al. (2014) for mela-
mine detection in milk in the range of 50.0 and 500.0 nM, with 
LOD 36.0 nM. A planar waveguide fluorescence immunosen-
sor (PWFI) based on indirect competitive immunoassay on a 
biochip was reported for melamine detection in milk related 
products with a range of quantification of 26.6–517.5 μg/L and 
LOD 6.6 μg/L. The researchers also noted that cross reactiv-
ity occurred with other pollutants. On application in melamine 
fortified samples, a recovery rate of 89.8 and 103.2 % was 
observed, and results showed good correlation with LC-MS 
(Guo et al., 2014). Hao et al. (2014) proposed an evanescent 
wave fiber-optic reusable portable immunosensor (EWFI) for 
melamine detection in milk products, with LOD 0.2 μg/mL and 
linear detection range 12.62 to 284.18 μg/L. Dairy products 
were tested with the developed biosensor and 86.1 to 106.5 
% recovery rate was reported. The researchers also mentioned 
that the cross reactivity with similar compounds was negligi-
ble and the developed method showed good correlation with 
LC-MS. Melamine was monitored in milk and milk products 
by a electrochemical biosensor based on a gold electrode mod-
ified with ionic liquid/nanoparticles/chitosan and differential 
pulse voltammetry, with LOD 9.6 × 10−16 M and detection 
range from 9.6 × 10−3 to 9.6 × 10−15 M (Rovina et al., 2015). 
Kaneko et al. (2018) developed a fluorescent aptasensor for 
direct label-free determination of melamine in raw milk (with 
high concentration of melamine) with high signal intensity 
at a level of 2 mM melamine concentration. Xu et al. (2018) 
constructed a molecularly imprinted polymer (MIP) sensor for 
quantification of melamine based on MIP nanohybrids with 
a sensor with ‘necklace-like’ nanostructures and MWCNTs 
with a detection range of 1.0 × 10–12 – 1.0 × 10–6 mol/L and 
LOD 5.6 × 10–13 mol/L. The developed sensor was used for 
melamine detection in milk samples, and the researchers also 
stated that the sensor is promising for application in other food 
products and in animal feed too. Recently, Jeong et al. (2019) 
used DNA-templated silver nanoclusters (DNA-AgNCs) for 
fluorescence, turn-on detection of melamine (as  shown in 
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Figure 9.4) with LOD 49.0 nM (safety limit of melamine is 
20.0 μM by the US FDA). The researchers have used Hg (II) 
as a fluorescence quencher for reducing background signal and 
melamine to enhance the fluorescence signal which forms a 
complex with Hg (II) and interacts specifically with thymine 
residues of the DNA template. The developed method can 
be used to detect melamine in real milk samples without any 
pretreatment. Most recently, Xie et al. (2019) reported about 
a Conical nanofluidic channel based biosensor along with 
β-cyclodextrin and a single-walled carbon nanotube for meas-
uring melamine with LOD 4.3 nM and reported that use of 
β-cyclodextrin improved the sensitivity by removing excess 
melamine and single-stranded DNA.

9.5  Biosensor for Detection of Contaminants  
in Milk

9.5.1  Detection of Pathogenic Microorganisms  
and Toxins

Milk and milk products are a potential vehicle for the trans-
mission of a wide range of pathogenic microorganisms as milk 
contains all the essential nutrients but is easily infected and 
then capable of causing serious health problems. Pathogenic 
microorganisms may gain access into milk from sources like a 
diseased animal, the environment, water, or unhealthy individ-
uals. A wide range of pathogens, such as Salmonella, Shigella, 
E. coli, S. aureus, Listeria monocytogenes, Campylobacter 
jejuni, Yersinia enterocolitica, Cronobacter sakazaki, B. 
cereus, Clostridium perfringens, Cl. botulinum, etc., and their 
toxins, are the source of various food borne diseases/illness. 
In milk and milk products, the major microbial contamina-
tion-caused diseases are due to the occurrence of pathogens 
like E. coli O157:H7, Salmonella, Campylobacter and L. 
monocytogenes. Aptasensors and immunosensors with label 
and label free detection systems (Figure 9.5) were mainly con-
structed for monitoring microbial contaminants in milk and 
milk products.

9.5.1.1  Salmonella ssp.

A label-free impedance immunosensor was developed by 
Dong et al. (2013) with modified GCE (with AuNPs, film of 
gold nanoparticles, poly (amidoamine)-MWCNT, and chitosan 
nanocomposite) and used for the detection of S. typhimurium. 
The developed device detected S. typhimurium with LOD 5.0 
× 102 CFU/mL and linear detection range 1.0 × 103 to 1.0 × 
107 CFU/mL. The researchers also found satisfactory results 
for detection of the S. typhimurium in milk with the devel-
oped biosensor. Another biosensor was constructed compris-
ing nicking enzyme and carbon nanoparticles (CNPs) coupled 
with FRET and used for detection of S. entritidis (Song et al., 
2014). The developed device could detect S. entritidis in the 
range of 1.5 × 102 to 3 × 103 CFU/mL in milk samples. Wang et 
al. (2015) reported about a magnetic relaxation switch (MRS) 
immunosensor, which was used for detection of S. enterica 
in milk, based on superparamagnetic nanoparticles. It could 
detect S. enterica within 30 minutes of having a linear detec-
tion range of 5 × 103–106 CFU/mL and LOD 103 CFU/mL. The 
authors also stated that the developed device performed better 
in terms of LOD and assay time than ELISA. Alexandre et al. 
(2018) developed an amperometric immune biosensor for S. 
typhimurium on gold SPC, using a self-assembled monolayer 
technique with cysteamine thiol, with LOD 10 CFU/mL in 
detection time of 125 minutes. The sensor was specific (in the 
presence of E. coli and Citrobacter freundii), can be used with-
out any enrichment step, and detects S. typhimurium in whole 
and skim milk. Duan et al. (2018) proposed an aptamer based 
F0F1-ATPase molecular motor biosensor, of linear detection 
range of 10 to 104 CFU/mL and LOD 10 CFU/mL, to detect S. 
typhimurium. Recently, Hou et al. (2019) developed a micro-
fluidic immune biosensor by combing magnetic nanoparticles 
(MNPs) and catalases for detection of S. typhimurium and 
described LOD of 33 CFU/mL with linear detection range 3.7 
× 101 to 3.7 × 106 CFU/mL within 2 hours. In another recent 
study, Zou et al. (2019) proposed a Fe3O4 nanoparticle cluster 
immune biosensor coupled with NMR for detection of salmo-
nella and reported LOD 105 CFU/mL in spiked milk samples.

FIGURE 9.4 DNA-templated silver nanoclusters (DNA-AgNCs) for fluorescence, turn-on detection system developed for melamine detection. DNA-
AgNCs act as fluorescence enhancer while Hg (II) as scavenger.

(Jeong et al., 2019).
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9.5.1.2  E. coli

Luo et al. (2012) constructed an electrochemical aptasensor 
that was used for direct detection of E. coli O111 and reported 
a LOD of 305 CFU/mL in milk within 3.5 hours. An imped-
imetric immunosensor was described for label free detection 
of E. coli O157:H7, based on a hyaluronic acid functionalized 
alumina nanoporous membrane (Joung et al., 2013). It could 
detect E. coli O157:H7 in whole milk without any pretreat-
ment, with LOD 83.7 CFU/mL. Suaifan et al. (2017) devel-
oped a colorimetric biosensor for detection of E. coli O157:H7 
in a complex food matrix based on E. coli O157:H7 proteases 
probe and reported a detection range in a spiked food matrix, 
30–300 CFU/mL, and in broth, 12 CFU/mL. Xue et al. (2018) 
described a fluorescent biosensor comprising immune MNPs 
used for detection with specific separation and efficient con-
centration of E. coli O157:H7, and quantification by a portable 
optical system with immune quantum dots (QDs). The device 
could detect as low as 14 CFU/mL E. coli O157:H7 within 2 
hours, and evaluation of spiked milk samples showed a recov-
ery rate of 95.92 to 108.15 %.

9.5.1.3  Listeria ssp.

A bacteriophage endolysin-based biosensor was developed 
by Tolba et al. (2012) for detection of Listeria cells by immo-
bilizing endolysin on a gold screen printed electrode (SPE). 
The developed electrochemical impedance biosensor exhib-
ited LOD 105 CFU/mL in spiked milk samples. Sharma and 
Mutharasan (2013) also proposed a piezoelectric cantilever 

immune sensor for detection of L. monocytogenes in milk with 
LOD 102 CFU/mL. A colorimetric biosensor based on protease 
from Listeria was described by Alhogail et al. (2016) for detec-
tion of L. monocytogenes, and it could detect the organism in 
spiked whole milk with LOD 2.17×102 CFU/mL.

9.5.1.4  S. aureus and Its Enterotoxin

A piezoelectric immunosensor with QCM was developed for 
label-free detection of staphylococcal enterotoxin A (SEA) in 
milk. The sandwich assay format of the sensor exhibited LOD 
0.007 mg/L, with assay time of 25 minutes. The developed sen-
sor was also used for SEA determination in spiked milk sam-
ples (Salmain et al., 2012). An integrated IMS and colorimetric 
biosensor was developed for detection of S. aureus based on 
antibody/AuNP/MNP nanocomposites. The developed assay 
could detect S. aureus in spiked milk with LOD 1.5 × 105 CFU/
mL within 40 minutes (Sung et al., 2013). Juronen et al. (2018) 
developed a fluorescence based immunosensor for simultane-
ous detection of S. aureus and E. coli (common mastitis caus-
ing pathogen). The detection limit of the immunosensor was < 
50 CFU/mL for E. coli and 100 CFU/mL for S. aureus in milk, 
within 20 minutes. The performance of the sensor was validated 
in cows’ milk samples (from an animal with acute clinical mas-
titis). Xiong et al. (2018) reported an aptamer-based electro-
chemical biosensor for detection of staphylococcal enterotoxin 
B (SEB) in milk with LOD 0.17 ng/mL and a detection range 
0.5 to 500 ng/mL. Recently, Nistler et al. (2019) used magnetic 
nanocomposites for the development of immunomagnetic sep-
aration with a flow-based chemiluminescence immunochip for 

FIGURE 9.5 Aptasensors and immunosensors. a: labeled detection of antigen. b: label free detection of antigen.
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quantification of SEB in milk. The researchers reported that the 
combined method (IMS and chemiluminescence immunochip) 
detected SEB with LOD 0.39 ng/L in milk, rather than just 
placing milk directly on the chemiluminescence immunochip 
(LOD 130 ng/L).

9.5.1.5  Other Microbial Contaminants

Rodriguez-Emmenegger et al. (2011) reported about a SPR 
immune biosensor based on poly (2-hydroxyethyl meth-
acrylate) (poly(HEMA)) brushes for real time detection of 
Cronobacter with LOD 106 cells/mL in whole milk, whole 
milk powder, and in powder infant formulation. For specific 
detection of Enterobacteriaceae, Luo et al. (2013) developed 
an electrochemical DNA biosensor based on Exonuclease 
III-assisted target recycling amplification and reported that 
the developed biosensor could detect Enterobacteriaceae in 
milk as low as 40 CFU/mL. Chan et al. (2015) fabricated an 
electrochemical biosensor specifically for detection of botuli-
num neurotoxin serotype A (BoNT/A), which is based on a 
reduced graphene oxide (rGO)/Au electrode and reported LOD 
of 8.6 pg/mL and a detection range of 1 pg/mL to 1 ng/mL. 
The sensor’s performance was also validated in milk samples. 
For detection of B. cereus in milk and infant formula, Izadi 
et al. (2016) developed an electrochemical DNA biosensor by 
immobilizing single-stranded DNA (ssDNA) of an nheA gene 
on GNPs modified PGE with thiol linker. Sensitivity of the 
biosensor was around ten CFU/mL, with a detection limit 9.4 
× 10−12 mol/L. Yue et al. (2017) developed a label-free electro-
chemiluminescent biosensor based on PaP1 (A virulent phage 
with the ability to specifically and strongly bind Pseudomona 
aeruginosa) phage for detection of P. aeruginosa. The devel-
oped sensor could detect P. aeruginosa with LOD 56 CFU/mL 
and a linear detection range of 1.4 × 102 – 1.4 × 106 CFU/mL 
within 30 minutes. Milk samples were analyzed with the devel-
oped biosensor, and a recovery rate of 78.6 to 114.3 % was 
reported. QCM aptasensor was developed by Bayramoglu et 
al. (2019) for detection of Brucella melitensis. A pathogen was 
preconcentrated by aptamer immobilized MNPs before being 
analyzed by the aptasensor. The sensor effectively detected 
Brucella melitensis in milk and its products and LOD 1.02–1.07 
CFU/mL, with a recovery rate up to 79.0 %, was achieved.

9.5.2  Detection of Antibiotics

Widespread and indiscriminate use of antibiotics for the treat-
ment of common milk animal diseases like mastitis has led to 
excretion of the antibiotics in milk. When a diseased animal is 
treated with any antibiotics, milk from that animal should not 
be used for consumption until the specified withdrawal period 
(generally 72–96 hours); failure to do so can result in contam-
ination of the milk with antibiotics. Various antibiotics, like 
tetracycline, penicillin, aminoglycosides, and sulphonamides 
were used frequently against diseases in lactating animals, 
which causes the occurrence of their residues in milk samples. 
Contaminations of milks with antibiotic residues are a severe 
problem in the dairy industry, as this has serious implications 
for consumers, processors, and producers. Milk products with 
antibiotics may cause an allergic reaction to the sensitive 

consumer; also, regular use of antibiotic-contaminated milk 
(even with low levels) may result in the emergence of drug 
resistant pathogens. In the dairy processing industry, milk 
containing antibiotics may adversely affect the production of 
products like cheese and yogurt. Thus, monitoring antibiotic 
residues in milk and milk products is an important quality 
parameter.

For the detection of chloramphenicol, Wu et al. (2015) pro-
posed a fluorescence based aptasensor with up conversion nan-
oparticles (UCNPs) as signal labels and aptamer-conjugated 
MNPs for recognition and concentration of chloramphenicol. 
The developed biosensor detected chloramphenicol with LOD 
0.01 ng/mL in the range of 0.01 to 1 ng/mL. They have also 
validated the performance of the sensor with the commercial 
ELISA kit and successfully used it for detection of chloram-
phenicol in contaminated milk samples. An amperometric 
enzyme sensor was developed for detection of penicillin G in 
milk, where modified carbon paste with β-lactamase using dif-
ferential pulse voltammetry and as an electron mediator cobalt 
phthalocyanine was used (do Prado et al., 2015). The LOD 
achieved was 0.079 μmol/L for penicillin G detection. An 
immunosensor based on the flow injection analysis-electro-
chemical quartz crystal nanobalance technique was proposed 
by Mishra et al. (2015) for detection of streptomycin in milk 
samples. The sensor exhibited linearity in the range of 0.3–50 
ng/mL for streptomycin detection in milk, and the recovery 
rate was 98.0–99.33 % in spiked milk samples. The developed 
sensor also showed good correlation with the commercial 
ELISA kit. Melora et al. (2015) developed a competitive 
amperometric immunosensor for detection of penicillin G and 
other β-lactam antibiotics. The sensor was applied in spiked 
milk samples for detection of β-lactam antibiotics, and LOD 
was 10−11 M. Presence of tetracycline in blood serum and milk 
was detected using colorimetric aptasensor, as described by 
Ramezani et al. (2015). The aptasensor was based on a tri-
ple-helix molecular switch (THMS) and AuNPs, absence of 
tetracycline results in changing the color from red to blue, as 
THMS is stable and aggregation of AuNPs occurs by salt. 
Presence of tetracycline leads to the binding of aptamer to its 
target molecule, followed by leaving the signal transduction 
probe (STP) from THMS, and it is adsorbed to the surface of 
AuNPs; as a result, there is no color change due to lack of 
aggregation of AuNPs. The developed biosensor was validated 
in milk and showed LOD of 266 pM for tetracycline. 
Pennacchio et al. (2015) developed a competitive immuno-
assay with an SPR based biochip for quantification of penicil-
lin G in milk samples. The proposed sensor achieved LOD of 
8.0 pM for benzyl-penicillin. The researchers also created an 
immunosensor for detection of penicillin G directly from raw 
milk, based on fluorescence polarization. They have reported 
the sensor could be used directly to milk without any hindrance 
from other substances, and LOD of the system was 1.0 nmol/L 
(Pennacchio et al. 2016). Aptasensors (based on fluorescence 
quenching and colorimetric properties) using aqueous AuNPs 
and double-stranded DNA (dsDNA) were developed for detec-
tion of streptomycin. The aptasensors were applied in milk for 
the detection of streptomycin, and LOD was 73.1 and 47.6 nM 
by colorimetric and fluorescence quenching assay (Emrani et 
al., 2016). Chen et al. (2016) proposed a near-infrared 
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fluorescence based multiplex lateral flow immunoassay for 
detection and quantification of tetracyclines, β-lactams, sulfo-
namides, and quinolones in milk samples within 20 minutes. 
The detection ranges of tetracyclines, β-lactams, sulfonamides 
and quinolones were 0.04–0.98 ng/mL, 0.26–3.56 ng/mL, 0.1–
3.98 ng/mL, and 0.08–2.0 ng/mL respectively. For detection of 
both the antibiotics oxytetracycline (OTC) and chlorampheni-
col (CAP), Yan et al. (2016) developed a multiplex electro-
chemical aptasensor. High-capacity magnetic hollow porous 
nanotracers were used and coupled with exonuclease-assisted 
target recycling, which improvises its sensitivity. The voltam-
metry signals were generated using metal ions encoded with 
magnetic hollow porous nanoparticles (MHPs) and exonucle-
ase-assisted target recycling amplification, constituting a cas-
cade amplification process. First, in the presence of OTC and 
CAP, the aptamers bind to them. Second, the restricted enzyme 
called exonuclease I (Exo I) selectively degrades the conju-
gated aptamers with OTC and CAP. Later, the released OTC 
and CAP are involved in the production of more single DNA in 
new cycles, which amplify the signal more when these stand 
hybrid with nanotracers. The detection range for both OTC and 
CAP were 0.0005–50 ng/mL, with LOD 0.10 and 15 ng/mL 
respectively. They have used the developed sensor in milk for 
detection of OTC and CAP and proposed that the aptasensor 
can be used for detection of other antibiotics by changing the 
specific aptamer. A fluorescent aptasensor using SYBR Gold, 
Exonuclease III (Exo III) and an aptamer complimentary 
strand was proposed for detection of streptomycin from blood 
serum and animal derived foods (Taghdisi et al., 2016). The 
aptamer binds specifically to streptomycin and releases the 
complementary strand from it; more protection against Exo III 
function and a strong fluorescence signal is received in the 
presence of SYBR Gold. The fluorescence signal is weak in the 
absence of streptomycin. The biosensor was validated in a 
spiked milk sample and showed limit of detection of 54.5 nM. 
Le et al. (2016) reported about an electrochemical label-free 
aptasensor for tetracycline detection with EIS. The developed 
biosensor achieved tetracycline detection in the range of 10.0 
to 3000.0 ng/mL, with LOD of 10.0 ng/mL and an assay time 
of 15 minutes. In the spiked milk sample, tetracycline recovery 
rate was in the range of 88.1–94.2 %. A portable, label free 
aptasensor was developed by Sharma et al. (2017) for detection 
and quantification of kanamycin (KANA) using anti-KANA-
aptamer functionalized SPCEs by EIS. The devised sensor 
showed linearity 1.2–75.0 ng/mL with a LOD 0.11 ng/mL. The 
kanamycin spiked milk sample showed a recovery rate of 
96.88–100.5 % using the sensor. A two-strip based 
high-throughput immunochromatographic assay with latex 
bead and colloidal gold as a label was proposed for detection of 
six tetracycline, 12 sulfonamide and 18 quinolone residues in 
milk simultaneously (Wang et al., 2017). These antibiotics can 
also be quantified within ten minutes in a single strip and is 
best for onsite evaluation of many samples. Liu et al. (2018) 
developed a lateral flow strip biosensor for on-spot detection of 
KANA from food samples. The strip is developed based on 
KANA-specific aptamer-modified AuNPs as a probe; for sig-
nal amplification, the element oligonucleotide DNA1-modified 
silver nanoparticles were used. The KANA is detected within 
ten minutes with a visual limit of 35 nM and can be quantified 

using a scanning reader. The strip showed linearity in the range 
1–30 nM with a LOD 0.0778 nM and was effective for detec-
tion of KANA in milk and milk powder samples. A quadruplex 
gold immunochromatographic assay was proposed by Zhou et 
al. (2018) to detect and quantify antibiotics like tetracyclines, 
CAP, β-lactams, and streptomycin in milk samples. The cut off 
values for visual analysis were 16.0–32.0 ng/mL for tetracy-
clines, 2.4 ng/mL for CAP, 2.0–100.0 ng/mL for β-lactams, 
and 50.0 ng/mL for streptomycin. The detection ranges of the 
antibiotics were 0.78–25.0 ng/mL, 0.13–1.0 ng/mL, 0.019–1.2 
ng/mL, and 0.13–8 ng/mL, for streptomycin, penicillin G, 
CAP, and tetracycline respectively in milk. The recovery rate 
with the assay was 84.5 to 107.6 % in the spiked sample. 
Gaudin et al. (2018) evaluated the Infiniplex for milk® (IPM) 
kit for qualitative detection of antibiotics like quinolones, sul-
phonamides, and tetracyclines in cows’ milk. The IPM® kit is a 
biochip that contains a multiple-array immunoassay and is 
used for detection of mycotoxins, antibiotic residues, antipara-
sitics, and anti-inflammatory drugs (also including more than 
100 molecules) simultaneously into a single test without any 
pretreatment of milk samples. They have found the perfor-
mance of the kit satisfactory in cows’ milk for the detection of 
quinolones, tetracyclines, and sulphonamides. Another study 
presented a field-effect enzyme biosensor using tobacco 
mosaic virus (TMV) particles as scaffolds to immobilize 
enzymes for detection of penicillin, and the field-effect penicil-
lin biosensor was composed of an Al-p-Si-SiO2-Ta2O5-TMV 
structure (Poghossian et al., 2018). Nanotubular TMV scaf-
folds facilitate denser immobilization of specifically positioned 
enzymes with retained activity. The biosensor exhibited linear-
ity in the range 0.1 to 10.0 mM, with LOD of 50.0 μM for 
penicillin. The proposed biosensor exhibited a one-year stabil-
ity (without loss of sensitivity) and successfully applied for 
penicillin detection in bovine milk samples. Deng et al. (2018) 
proposed a FRET-based ratiometric fluorescent biosensor 
applicable in milk for effective and sensitive detection of 
KANA. The signal amplification strategy was used along with 
an aptamer-recognition assay to develop the sensor. In the pres-
ence of KANA, aptamer traps KANA, followed by a polymer-
ase-catalyzed amplification (PCA) process initiation, and a 
ssDNA was generated. The second amplification process of 
catalyzed hairpin assembly (CHA) from ssDNA starts, which 
increases Cy5 fluorescence and decreases the Cy3 fluores-
cence. The developed biosensor was validated in real milk 
samples and showed linearity for KANA detection in the range 
based on 1.0 to 80.0 nM, with LOD of 0.29 nM. Altintas (2018) 
proposed a nanoMIP-SPR sensor for detection of vancomycin 
in milk without any pretreatment. For both the direct and com-
petitive assay formats, the device could quantify vancomycin 
with a LOD of 4.1 and 17.7 ng/mL respectively, with recovery 
in the range 85–110 %. A fluorescent based aptasensor based 
on the energy transfer between donor (fluorescently tagged 
FF-specific aptamer) and acceptor (graphene oxide) for detec-
tion of florfenicol (FF) was proposed. The sensor displayed 
linearity in the range 5.0 to 1200.0 nmol/L, with a LOD of 5.75 
nmol/L in milk, with a recovery rate of 101 ± 0.14 % and 110 
± 2.8 % (Sadeghi et al., 2018). Recently, Rosati et al. (2019) 
proposed inkjet-printed aptamer-based electrochemical bio-
sensors for antibiotics detection in milk. The device could 
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detect ampicillin in milk within a few minutes, and LOD was 
10 μg/mL in the milk sample. Most recently, for detection of 
the antibiotic ampicillin, an electrochemical aptasensor was 
developed depending on endonuclease DpnII activity and 
aptamer-antibiotic conjugate (Wang et al., 2019). In the 
absence of ampicillin, a double strand DNA (dsDNA) structure 
was formed when DNA aptamer hybridized with the capture 
probe. The DpnII restriction endonuclease cleaves the dsDNA 
and forms two dsDNA fragments. The one fragment remains 
on the electrode surface, and other one is released. The 
remained dsDNA on the surface of electrode is digested by 
Exo III and then released, which causes decrease of the inter-
face electron transfer resistance and increase of electrochemi-
cal signals. With the formation of aptamer-ampicillin conjugate, 
the dsDNA is not formed, which restrict the activity of DpnII 
and Exo III towards a capture probe. This causes increase of 
the interface electron transfer resistance by the dsDNA and 
generation of a weak electrochemical signal. The developed 
sensor detected ampicillin with a LOD 32 pM and was also 
applied in milk and water samples (Wang et al., 2019).

9.5.3  Analysis of Pesticides

Different types of pesticide commonly used to control pests on 
agricultural farms may enter milk through the animal’s feed. 
Different classes of pesticides, such as organophosphorus pes-
ticides (OPPs), organochlorine pesticide (OCPs), pyrethroids, 
and carbamates, have been found in milk and milk products.

Zhang et al. (2005) proposed biosensor for monitoring 
organophosphate and carbamate in animal foods based on 
acetylcholinesterase (AChE) on disposable screen-printed 
thick-film electrodes. The developed sensor detected carbaryl 
and paraoxon with LOD 20.0 μg/L and 1.0 μg/L respectively, 
and a recovery rate between 89.0 and 107.0 % was obtained 
in milk samples. Chauhan and Pundir (2011) designed an 
amperometric biosensor for effective estimation and detec-
tion of organophosphorus pesticides. The sensor was fabri-
cated using AChE, iron oxide nanoparticles, carboxylated 
MWCNT on gold electrode. The sensor could detect mono-
crotophos, malathion, endosulfan, and chlorpyrifos in the 
range of 1.0–50.0 nM, 0.1–40.0 nM, 10.0–100.0 nM and 
0.1–50.0 nM respectively, with LOD 1.0 nM for monocroto-
phos, 0.1 nM for malathion and chlorpyrifos, and 10.0 nM 
for endosulfan. The developed sensor is suitable for applica-
tion in milk, with sensitivity of 0.475 mA/μM and stability of 
around two months. A fluorescence biosensor based on AChE 
choline oxidase (ChOx) and Mn-doped ZnSe d-dot was pro-
posed by Gao et al. (2012) for detection of organophosphorus 
compounds. The paraoxon can be detected by sensor in the 
range 4.84 × 10−11–4.84 × 10−6 mol/L, LOD 1.31 × 10−11 mol/L 
and was suitable for detection of paraoxon in milk and water. 
Mishra et al. (2012) reported about an automated flow-based 
biosensor for detection of ethyl paraoxon (EPOx), chlorpy-
riphos-oxon (CPO), and malaoxon (MOx) in milk, with LOD 
5 × 10−9 M, 5 × 10−12 M, and 5 × 10−10 M respectively, in 
the range 5 × 10−6 M to 5 × 10−12 M, with an assay time of 
15 min. The same group further developed automatic flow 
based biosensor to detect CPO and MOx, with artificial neural 
network (ANN) (Mishra et al., 2015). The developed sensor 

was tested in spiked milk samples, and a recovery rate of 
109.53 and 100.66 % was obtained for CPO and MOx respec-
tively. An amperometric biosensor for detection of paraoxon 
was described using silver nanowires coated graphite elec-
trodes with modifications using butyrylcholinesterase and 
poly(5,6-bis(octyloxy)-4,7-di(thieno[3][3,2-b]thiophen-2-yl)
benzo[c][1,2,5]oxoadiazole) (PTTBO) (Turan et al., 2016). 
The proposed sensor detected paraoxon in the range 0.5–8.0 
μM and 10.0–20.0 μM, with LOD 0.212 μM. The developed 
sensor was also used for paraoxon detection in milk and tap 
water. Miao et al. (2016) designed an electrochemilumines-
cence (ECL) biosensor for detection of different OPPs in food 
samples, based on AChE and ChOx onto MWCNT-modified 
GCE. The developed sensor showed a detection range of 
0.1–50.0 nmol/L for malathion, chlorpyrifos, and methyl par-
athion (with LOD 0.16 nmol/L, 0.08 nmol/L and 0.09 nmol/L, 
respectively); and for dufulin, the LOD was 29.7 nmol/L, with 
a detection range from 50.0 to 500.0 nmol/L. An ECL biosen-
sor was developed by Wang et al. (2017) for detection of OPPs 
like ethyl paraoxon with a detection range of 1.0 pM to 5.0 
μM and LOD of 0.3 pM. The sensor was fabricated using the 
AChE enzyme and a composite of carboxylated graphitic car-
bon nitride-poly(ethylenimine), which showed good stability 
and can be excellent in real samples analysis for OPPs detec-
tion. Recently, Luo et al. (2018) reported about two different 
electrochemical biosensors for detection of organophospho-
rus pesticides. The biosensor with AChE/mesoporous hollow 
carbon spheres/GCE detected malathion in the range 0.01 
to 100.0 ppb and 100.0 to 600.0 ppb, with LOD 0.0148 ppb 
within 10 min. The other sensor, based on AChE/core-shell 
magnetic mesoporous hollow carbon spheres/GCE showed 
LOD 0.0182 ppb and a detection range of 0.01–50.0 ppb and 
50.0–600.0 ppb, within 12 minutes.

9.5.4  Detection of Heavy Metals

Milk and milk products also have been reported to be contam-
inated with heavy metals like lead, cadmium, etc. (Patra et al., 
2008). Verma et al. (2011) developed a whole cell lead biosen-
sor, using urease enzyme extracted from Bacillus sphaericus 
(MTCC5100). They have immobilized the enzyme at the tip 
of carbon paste electrode and use of the unutilized NADPH 
oxidation process was explored to identify the Lead amount 
in milk samples. Milk samples were specifically preconcen-
trated, using specific column for Lead, and LOD of 2.4 x 10-3 
nM was achieved, which is quite below the permissible level 
of lead. A disposable optical biosensor for Lead detection was 
developed by Verma et al. (2016). The sensor was fabricated 
by immobilizing urease, producing B. sphaericus and phenol 
red in the glass capillary (acting as a microchannel) using the 
sol-gel approach and calcium alginate. The assay was based on 
the inhibition of urease in the presence of Lead. The biosensor 
showed linearity in the range of 10.0–1000.0 μg/L, required 
1 mL sample for analysis, and can be used in milk samples with 
minimum modification. Cadmium is the seventh most toxic 
substance according to the list of toxic substances named as 
‘Top 20 hazardous substances’ released by the Agency for 
Toxic Substances and Disease Registry. A whole cell based dis-
posable potentiometric biosensor was developed (Verma et al., 
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2011) for detection of cadmium in milk. Cells of B. badius were 
immobilized using sol-gel technique onto the nylon membrane 
with alcohol and Tetra Ethyl Ortho Silicate. The created sensor 
showed a detection limit of 1.0 μg/L Cd, with storage stability 
of 65 days at 40oC in 10 % glycerol. Another study reported 
development of a potentiometric and colorimetric biosensor 
to detect lead in milk (Kaur et al., 2014). In this colorimetric 
approach, urease enzyme was immobilized on a nylon mem-
brane, and urease inhibition was measured using a phenol red 
indicator. The detection limit of the colorimetric sensor was 
38.6 μM in milk, and storage stability of the sensor was more 
than two months at 4 °C. The potentiometric biosensor utilized 
an ion selective electrode to measure the changing ammonium 
ion concentration due to urease inhibition by Pb (II) ions and 
showed LOD of 9.66 μm.

9.5.5  Detection of Aflatoxin

Mycotoxins, specifically aflatoxins, may come into milk from 
animals consuming feed contaminated by mycotoxigenic 
fungi, particularly Aspergillius spp. Aflatoxins are considered 
as Class 1 human carcinogens by the IARC. A large dose of 
aflatoxin exposure has a lethal effect because of its acute tox-
icity, while the small doses show carcinogenicity with a long 
exposure time. About 1 % of the aflatoxin B1 ingested by the 
animal is converted into aflatoxin M1 and appears in milk as 
AFM1, similarly, B2 as M2 one. Milk and milk products are 
reported to be one of the common contaminated food products 
with aflatoxins. The FDA has standardized the maximum res-
idue level (MRL) of AFM1 in milk at concentration of 500.0 
ng/kg in milk. The MRL set by the EU is 50.0 ng/kg for milk 
and milk-based products, and for infant milk and baby food, 
25.0 ng/kg (Zhang et al., 2019).

A chronoamperometric competitive immunosensor was 
developed by Micheli et al. (2005) for detection of AFM1 
in milk, using screen printed electrodes. The immunosensor 
achieved LOD of 25 ppt with linearity between 30 to 160 ppt 
and a shorter assay time as compared to the ELISA technique. 
A bio-chip, microelectrode array (MEA) immunosensor (based 
on the competitive ELISA format) was proposed by Parker et 
al. (2009) for detection of AFM1 in milk. Photolithographic 
methods were used for fabrication of an on-chip gold micro-
electrode array (which consisted of 35 microsquare electrodes 
in a dimension of 20.0 × 20.0 μm and edge-to-edge spacing of 
200.0 μm). The sensor showed linearity for detection of AFM1 
in milk in the range 10.0–100 ng/L with LOD 8.0 ng/L. A 
highly sensitive biosensor based on surface plasmon-enhanced 
fluorescence spectroscopy (SPFS) was reported to determine 
AFM1 content in milk (Wang et al., 2009). The sensor used 
long range on surface plasmon (LRSP) with enhanced fluo-
rescence spectroscopy in combination with an inhibition 
immunoassay. The surface of the sensor was immobilized with 
a derivative of AFM1, and an antibody was used for recog-
nition of AFM1. The created sensor achieved a LOD 0.6 pg/
mL and it could detect AFM1 in milk within 53 minutes. A 
piezoelectric immunosensor for detection of AFB1 has been 
suggested based on a competitive immunoassay using gold 
nanoparticles as a ‘weight label’ to the secondary antibody (Jin 
et al., 2009). The created immunosensor showed linearity in 

the range 0.1–100.0 ng/mL and showed LOD 0.01 ng/mL in 
artificially contaminated milk. They reported that the results 
were comparable with ELISA microtitre plate data, and that it 
could be reused at least nine times without losing sensitivity. 
Paniel et al. (2010) developed an amperometric immunosensor 
for detection of AFM1 in milk, utilizing HRP by competitive 
immunoassay. They have treated the milk sample contain-
ing AFM1 with a fixed amount of tracer and antibody until 
equilibrium; then deposited the mixture on a SPCE surface 
and added the mediator 5-methylphenazinium methyl sul-
phate. The resulting immunosensor showed a detection limit 
of 0.01 ppb and good reproducibility. A DNA biosensor for 
detection of AFM1 in milk was also developed by Dinckaya 
et al. (2011). For detection of AFM1, a thiol-modified single 
stranded DNA (ss-HSDNA) based probe was synthesized, 
which bound specifically to AFM1. The gold electrode was 
used for a self-assemble monolayer of ss-HSDNA, gold nano-
particles, and cysteamine, which was monitored with the help 
of CV and EIS. The developed DNA sensor showed linear-
ity in the range of 1.0–14.0 ng/mL of AFM1 concentrations. 
The researchers also validated the performance of the device 
in real milk samples. Bacher et al. (2012) reported about an 
impedimetric immunosensor which could detect AFM1 in milk 
samples. The sensor was fabricated in Ag wire electrodes with 
monoclonal antibodies specifically for AFM1, through self-as-
sembled monolayers. The assay time of the device was 20 min-
utes, with LOD 1 pg/mL. Larou et al. (2013) proposed a rapid 
Bioelectric Recognition Assay (BERA) based biosensor for 
detecting AFM1 in a response time of three minutes. They have 
engineered fibroblast cells by inserting AFM1-homologous 
antibodies within its membrane by electroinsertion. The sen-
sor measured the membrane potential change due to interac-
tion of the antibody with AFM1 in an alginate gel matrix. The 
LOD of AFM1 achieved with the BERA-based sensor was 5 
pg/mL (5 ppt) and the sensor allowed 160 individual test/h, as 
it is composed of multiple cell-electrode interface array. An 
electrochemical biosensor for detection of AFB1 was reported 
by Singh et al. (2013). The sensor was developed by fixing 
carboxylated MWCNTs, using an electrophoretical technique 
onto indium tin oxide (ITO) glass. Later on, this c-MWCNTs/
ITO electrode surface was immobilized with monoclonal 
AFB1 antibodies (anti-AFB1) to detect AFB1 electrochemi-
cally. The immunosensor achieved LOD 0.08 ng/mL with high 
sensitivity 95.2 μA/ng mL/cm2. Guo et al. (2016) reported 
about a multi immunosensor (planar waveguide fluorescence 
based) for detection of aflatoxin along with melamine in a milk 
sample. The developed sensor showed linearity in the range 
0.073–0.400 ng/mL and 26.38–270.00 ng/mL and a detection 
limit of (0.045 and 13.37 ng/mL, respectively) which vindi-
cates the limit set by WHO when both analytes were detected 
simultaneously. Karczmarczyk et al. (2016) developed a highly 
sensitive SPR biosensor with LOD of 18 pg/mL (within 55 
minutes) for detection of AFM1 in milk. The indirect, com-
petitive immunoassay based process was employed in the sen-
sor, and secondary antibodies were conjugated with AuNP for 
amplification. To avoid fouling the sensor’s surface by various 
milk constituents, an interface with a poly (2-hydroxyethyl 
methacrylate) p(HEMA) brush was incorporated. Jalalian et 
al. (2018) proposed a hairpin-shaped structure aptamer based 
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electrochemical sensor for detection of AFM1, with LOD 0.9 
ng/L. The developed device showed accurate determination of 
AFM1 concentrations in real milk samples. Khoshfetrat et al. 
(2018) reported about a smartphone based ECL aptasensor for 
detection of AFM1 in milk by a closed bipolar electrode (BPE) 
array for point-of-care testing. This sensor device could deter-
mine AFM1 in the range of 10.0–200.0 ng/mL, with LOD 0.05 
ng/mL. A fluorescence aptasensor was described by Zhang et 
al. (2019) for sensitive detection of AFM1 which was based 
on an autocatalytic Exonuclease III (Exo III)-assisted signal 
amplification, with LOD 9.73 ng/kg and a recovery rate of 
80.13 to 108.67 % in commercial milk samples. Another label-
free fluorescent aptasensor was developed to detect AFB1 with 
quaternized tetraphenylethene salt (TPE-Z), graphene oxide 
(GO), which showed LOD 0.25 ng/mL. The results and perfor-
mance of the developed sensor was validated in spiked corn, 
milk, and rice samples (Jia et al., 2019). A combination of 
magnetic separation and chemiluminescent aptasensors, based 
on a hybridization chain reaction (HCR) signal amplification, 
was proposed by Yao et al. (2019) for detection of AFB1. The 
sensor showed LOD of 0.2 ng/ mL, could detect AFB1 in the 
range of 0.5 to 40.0 ng/mL concentrations, and tested success-
fully in peanuts and milk samples. For detection of AFB1, a 
label free aptasensor was described by Tan et al. (2019) which 
was based on mesoporous silica nanoparticles (MSN) and was 
able to detect AFB1 in the range 0.5–50 ng/mL, with LOD 
0.13 ng/mL. The detailed mechanism of AFB1 detection using 
MSN has been shown in Figure 9.6. The specific aptamers for 
AFB1 were immobilized on amino modified MSN, and Rh6G 
was used as a signal probe. In the presence of AFB1, aptam-
ers were bound to AFB1, Rh6G was released, and the fluo-
rescence intensity was proportional to the quantity of AFB1 
present in the sample. A miniaturized optical immunosensor 
was designed by Tsounidi. et al. (2019) for label free detection 
of AFM1 in milk samples based on White Light Reflectance 

Spectroscopy (WLRS), which could detect AFM1 in the range 
0.012 to 2.0 ng/mL, with LOD 6 pg/mL. The developed bio-
sensor can be used for AFM1 determination in different types 
of milk samples (processed, unprocessed, milk form differ-
ent animals) without dilution, which makes the device apt for 
point-of-need.

9.6  Conclusion and Future Perspective

It is evident that biosensors are emerging detection devices, 
which will play a significant role for the continuous monitoring 
of quality and safety of dairy products. Biosensors have been 
developed to estimate quality parameters like lactose, protein, 
vitamins; to detect fraudulent adulteration of dairy products 
with urea and melamine; to detect various contaminants like 
pathogens, antibiotics, aflatoxin, heavy metals, pesticides etc.; 
to monitor seasonal changes in milk quality; for early detection 
of mastitis; detection of pregnancy; and monitoring proteolysis 
in dairy products.

Major attempts have been made toward development of 
enzyme sensors, aptasensors, immunosensors with a label and 
label free detection system to increase the sensitivity and lower 
the detection limit. Label free immunosensors have been found 
to be simple due to single stage operations without a reagent, 
but generally these have lower sensitivity. Novel bioreceptor 
like MIP have been used for a generation of biosensors with 
lower detection range. Use of nanoparticle based aptasensors 
with signal amplification systems, like rolling circle amplifica-
tion (RCA) and autocatalytic Exonuclease III (Exo III)-assisted 
signal amplification (Zhang et al., 2019) or immunosensors 
(Karczmarczyk et al., 2016) with novel transducing systems 
like White Light Reflectance Spectroscopy, SPR, further 
improved the detection range and sensitivity (Tsounidi et al., 
2019). A good number of developed biosensors also have been 

FIGURE 9.6 Principles of the MSN-based fluorescence aptasensor for the detection of AFB1.

(Adapted from Tan et al., 2019).
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validated for use with original milk and milk products, which 
make them suitable for practical application in the industry 
(Table 9.1).

Although a wide range of biosensors have been developed 
to date, their practical application is limited. Thus, future 
research should be targeted toward development of novel bio-
sensing systems with nanomaterial, development of multiana-
lyte biosensors or bio-chip with low cost, simplicity, and field 
applicability.
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10.1  Introduction

Food safety and quality assurance of perishable muscle food 
items, such as fish and meat, are essential for a healthy life-
style in humans. The short shelf life of meat products is due to 
the decomposition of nutrients caused by increased microbial 
activity with storage time (Stutz et al., 1991). The consumption 
of sub-quality meat products can cause serious health illnesses 
like diarrhea, nausea, abdominal cramps, headache, dizziness, 
and fever. Each year approximately 48 million cases of illness, 
128,000 hospitalizations, and 3,000 deaths are reported from 
food-related diseases (Luevano-Contreras and Chapman-
Novakofski, 2010).

The nutritional composition of meat (fish, chicken, etc.) 
facilitates a favourable environment for the proliferation of a 
broad range of micro-organisms (Mayr et al., 2003). The spoil-
age process of meat due to microbial activity is rapid, and the 
proliferation of these micro-organisms can occur to increased 
densities within a very short duration of time; i.e., Escherichia 

coli proliferates every 20 min (Roostalu et al., 2008). 
Environmental factors and conditions highly affect the spoil-
age process of meat. To grow and reproduce, each micro-or-
ganism requires niche survival conditions (Zinjarde, 2014). 
The change in nutrient availability condition, oxygen demand, 
temperature, etc., affects microbial growth (Ayrapetyan et 
al., 2015; Cross et al., 2015) significantly. Aerobic-preferring 
micro-organisms require oxygen for survival, whereas it is 
inimical to others (anaerobic). However, facultative bacteria 
can exist in both oxic and anoxic conditions (Fu et al., 2015). 
The optimal temperature range is also a critical factor for 
microbial growth; for example, the optimal growth tempera-
ture of E. coli is 37°C (Gadgil et al., 2005). The temperature 
range in which a typical bacterial cell can sustain proliferation 
is 4 to 60°C, due to which below 4°C refrigeration limit of 
meat products is recommended by the food safety guidelines 
to prevent spoilage by microbial growth (Ercolini et al., 2011).

Therefore, the determination of meat quality is an impor-
tant issue. The conventional methods of quality and safety 
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evaluation are available, which are time-consuming and 
require strict protocol, involving complicated procedures that 
can be supervised by undertrained personnel and destructive 
to its sample. Conventional and standard microbial population 
estimation methods, such as Total Viable Counts (TVC), may 
take up to several days. Similarly, the total volatile basic nitro-
gen (TVB-N) estimation is a time-consuming, tedious method 
and destructive to its sample. Furthermore, liquid chromatog-
raphy-tandem mass spectrometry (LCMS/MS) based on the 
physicochemical method used for determining contaminants 
such as toxins, heavy metals, veterinary drug residues etc., are 
costly, sophisticated, and laborious (McGrath et al., 2012).

About one-third of food produced for human consumption 
is lost or wasted every year. These losses and wastes in food 
are indirectly accompanied by a broad range of environmen-
tal impacts. To prevent wastage, food safety and hygiene area 
major concern. Therefore, it is essential to monitor the food 
quality to prevent food from rotting and decaying because of 
environmental factors like temperature, humidity, light inten-
sity, etc. In the era of advancement in information technology, 
monitoring the health conditions of food becomes easier.

The awareness of food quality and safety has incremented 
immensely in recent years, especially in the case of chicken 
and fish, where microbial spoilage can be hazardous for human 
health. In this direction, biological/chemical sensors can be a 
possible substitute for the conventional methods and techniques 
for quality assurance and safety evaluation of meat products 
in the fast-growing fish and chicken meat industry. There are 
various advantages associated with such sensors, like high sen-
sitivity, portability, cost-effectiveness, miniaturization, etc. In 
this chapter, we discuss bio/chemical sensors used for quality 
and safety assessment of food items associated with the meat 
industry. Different techniques used for the detection and evalu-
ation of freshness and spoilage status of meat items have been 
explored. Here, bio/chemical sensors for food safety and qual-
ity monitoring in the meat industry using different markers and 
indicators, such as NH3, TMA, enzymes, etc., generated from 
these products due to biochemical and microbial changes have 
been mentioned. In addition, brief details on various method-
ologies used for monitoring food quality by using Internet of 
Things and artificial intelligence have also been presented. The 
following section discusses IoT-based technology for the pre-
vention or reduction of food waste.

10.2  Meat Spoilage

The main reason behind the rapid deterioration in the freshness 
and quality of fish and chicken meat is due to biochemical and 
microbial mechanisms (Gram and Huss, 1996, Boziaris et al., 
2011). The deterioration of meat items is a sensorial quality 
parameter and identified by any change in the meat product 
that renders it unsuitable to the user. This could lead to physical 
damage, biochemical changes, off-flavors, change in texture, 
and off-odors. Microflora like Pseudomonas spp. and other 
gram-negative psychrotrophic organisms are mainly present in 
food items with high protein contents stored aerobically at low 
temperatures. In a high pH environment, S. putrefaciens-like 
microorganisms grow in parallel and have the attributes of 

spoilage organisms (Gram et al., 2002). When exposed to a 
rich-nutrients source, these spoilage organisms utilize their 
substrates preferentially. For example, the substrates in the 
sequence of glucose, glucose-6-phosphate, amino acids, etc., 
are utilized by spoilage organisms like Enterobacter spp. (Gill 
and Newton, 1977). The nutritional components of meat that 
promote microbial proliferation can be categorized into three 
main groups (Lawrie, 1974). First, proteins and fats, which are 
the major nutrient components, must decompose before they 
can be used by bacteria, although soluble proteins are read-
ily available. Second, soluble nitrogenous components with 
a low molecular weight such as (a) creatine and nucleotides 
produced from creatine phosphate and adenosine triphos-
phate, respectively (b) amino acids, and (c) peptides, such 
as carnosine and anserine. The concentration of amino acids 
and peptides increases with storage duration caused by pro-
teolysis. The last group is muscle glycogen, which is derived 
from the process glycolysis. The most abundant component, 
which develops during the glycolysis process, is lactic acid. 
Small amounts of glucose and glycolytic intermediates (glu-
cose-6-phosphatecan), along with some residual glycogens, 
are also present. The formation of lactic acid is significantly 
reduced and muscle glycogen is exhausted before slaughter, 
resulting in an absence of residual glycogen, glucose, and gly-
colytic intermediates. The pH in normal muscle is estimated 
at around 5.5 but, in glycogen depleted muscle it approaches 
6.0. After producing proteolytic enzymes, the surface bacteria 
penetrate deep muscle tissues (Gill, 1983).

Aerobic gram-negative species linked to the genera 
Pseudomonas, Moraxella, and Acinetobacter dominate in the 
case of meat that is stored in the air (Ingram and Dainty, 1971). 
The meat products which are vacuum packaged, where the 
environmental changes impede the respiratory pseudomonads, 
gives rise to changes in its microflora content to lactic acid bac-
teria (LAB), Enterobacteriaceae, and sometimes Brochothrix 
thermosphacta (Dainty and Mackey, 1992). Spoilage of meat 
products with high pH is also contributed by S. putrefaciens 
(with anaerobic respiration capacity) and deep muscle anaero-
bic spoilage of vacuum-packed meats clostridia (Broda et al., 
1996). P. phosphoreum is often present in fish due to its aquatic 
origin. Table 10.1 mentions some specific spoilage organisms 
(SSOs) found in microbiologically spoiled foods, along with 
spoilage substrates and products.

10.3  Sensors

Sensors are categorized mainly into three types, (a) physical 
sensors; a device that delivers information about a physical 
property (distance, mass, temperature, pressure, etc.) of a sys-
tem (b) chemical sensor; a device that provides analytically 
useful signal by transforming chemical information from a 
system, and (c) biosensors; a device which uses a biological 
sensing element to quantify chemical substances (Figure 10.1). 
These devices are connected to transducers to obtain a visibly 
observable response. Bio/chemical sensors have the capacity 
to play a crucial role in the meat industry in the detection and 
quantification of analytes linked with meat spoilage, providing 
food safety and quality assurance.
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10.4  Biosensors in Meat Industry

Different spoilage indicators such as lipid, protein, and aden-
osine triphosphate (ATP) decomposition are associated with 
chicken, fish, or poultry degradation. The types of products, 
storage temperature, feeding habits, and harvesting methods 
can be the reasons for such deterioration in the meat quality. 
Quantitative methods that can estimate the markers of dete-
rioration due to biochemical changes can facilitate the means 
to determine the freshness or spoilage in meat products. For 
example, hypoxanthine is a useful spoilage indicator exhibited 
by the metabolic degradation of ATP in fish products (Ashie et 
al., 1996). An equation was developed for fish spoilage evalu-
ation based on inosine 5-phosphate, inosine, and hypoxanthine 

TABLE 10.1

Some Specific Spoilage Organism (SSOs) Foods Spoilage Substrates and Products Found in Microbiologically of Spoiled Foods 
(Gram et al. (2002))

Sensory Impression Spoilage Product Spoilage Substrate Food Product Specific Spoilage Organism Reference

Slime EPS (dextran) Sucrose Kimchi Leuconostoc Kim et al. (2001)

Turkey Breast Leuconostoc Samelis et al. (2000)

Sugars Wine Pediococcus damnosus Walling et al. (2001)

Sugars Bread Bacillus Thompson et al. (1998)

Hydrolyzed 
polymer

Pectin Vegetables Erwinia, Pseudomonas Nguyen-The and Prunier 
(1989)

Fishy off-odour Trimethylamine 
(TMA)

Trimethylamine 
Oxide (TMAO)

Fish S. putrefaciens Shaw and Shewan (1968)

Ammonia, putrid NH3 Amino acids Proteinaceous 
Foods

Many Microorganisms

Biogenic amines Amino acids Meat Enterobacteriaceae and 
LAB

Edwards et al. (1985)

Fish Enterobacteriaceae, LAB
P. phosphoreum

Jørgensen et al. (2000)

Sulphidy 
off-odour

H2S Cysteine Fish, Meat S. putrefaciens Chai et al. (1968); Herbert 
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FIGURE 10.1 Working of a biosensor with different components.
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content (Karube et al., 1984). For bio-recognition, quantifica-
tion of hypoxanthine (Nakatani et al., 2005; Lin et al., 2008; 
Lawal and Adeloju, 2012) using xanthine oxidase enzyme, 
different enzyme-based colorimetric biosensors (Cunningham 
and Keaveny, 1978; Berti et al.,1988; Chen et al., 2017), or 
electrochemical detection are reported. Accumulation of bio-
genic amines like putrescine, cadaverine, histamine, tyramine, 
spermidine, spermine, and tryptamine because of decar-
boxylation of amino acid by microbial (Draisci et al., 1998) 
can be used as biomarkers for detection of fish degradation. 
Enzymatic biosensors (Carelli et al., 2007) have been used for 
biogenic amines such as diamine oxidase (DAO) enzyme, due 
to which the biogenic amines are oxidized to their respective 
aldehyde, hydrogen peroxide, and ammonia.

Trimethylamine oxide decomposes into trimethylamine 
that increases with fish spoilage (Park et al., 2013) has been 
detected by the colorimetric system developed with pH indica-
tor dyes immobilized cellulose particles (Schaude et al., 2017) 
which changes its colour on food spoilage. The colorimetric 
sensor has also been fabricated to detect volatile basic nitrogen 
(VBN) compounds such as ammonia and dimethylamine in 
fish packaged products (Pacquit et al., 2006) with pH-sensitive 
dye bromocresol green. Similar methods using dyes loaded 
in porous TiO2 nanoparticles have been also reported (Huang 
et al., 2016).

Biosensor based on pathogen detection such as Escherichia 
coli, Salmonella, Listeria monocytogenes, Clostridium perfrin-
gens, Staphylococcus campylobacter, Bacillus, and Shigella 
(McGrath et al., 2012) has also been developed. A fiber-op-
tic portable biosensor for rapid determination of Salmonella 
typhimurium in pork based on fluorescence resonance energy 
transfer (FRET) was reported (Ko and Grant, 2006). A portable 
evanescent-wave fiber-optic biosensor fabricated (DeMarco 
and Lim, 2002) to determine E. coli in seeded samples of 
ground beef. A portable optical biosensor with specific sen-
sitivities for pathogens that can evaluate the cytotoxicity by 
calculating the color change was used for the determination of 
L. monocytogenes in meats at 103−104 CFU/ml in mammalian 
cells (Ped-2E9) (Banerjee and Bhunia 2010). Fourier trans-
form infrared (FTIR) spectroscopy technique was used to ana-
lyze biological or chemical changes within the meat substrate 
(Ellis et al., 2002).

10.4.1  Metal Oxide Based Micro-sensors in  
Meat Industry

For the identification and measurement of the specific concen-
tration of VOCs/gases in a complex environment, metal oxide 
semiconductor (MOS) based gas sensors are used. These MOS 
gas sensor devices provide various benefits over other analyti-
cal devices, including high sensitivity, short response/recovery 
time, high stability, high detection range, easy fabrication steps 
and miniaturized sizes. Figure 10.2 shows the mechanism of 
sensing of a MOS gas sensor demonstrating the adsorption 
reaction of H2S on the sensing layer (SnO2) surface.

Decarboxylation, desulfurization, and break down of amino 
acids due to the action of microbes results in the release of NH3, 
CO2, and H2S in meat or meat products. The biodegradation of 
meat products leads to the emission of gaseous compounds like 

trimethylamine (TMA), which on detection can provide use-
ful information about fish and seafood freshness. A promising 
response towards TMA was observed using TiO2, WO3, and 
ZnO (Ellis et al., 2002; Chu et al., 2011; Perillo and Rodríguez, 
2016a; Liu et al., 2017a). The sensing attributes of metal oxides 
like WO3, ZnO, and MoO3 were enhanced due to the catalytic 
effect of Au (Chu et al., 2011; Perillo and Rodríguez, 2016b; 
Meng et al., 2017). High sensitivity and selectivity towards 
low concentrations of TMA were obtained by p-type Cr2O3 
and SnO2 nanowires heterostructure (Zhang et al., 2016b). 
Biomarkers such as dimethylamine (DMA) and ammonia 
(NH3) that cause fishy odors in fish can be excellent indicators 
of fish quality (Kwak et al., 2014). Promising results have been 
reported for ZnO as a sensing material for the determination of 
DMA (Du et al., 2013; Chun et al., 2014). The spoilage assess-
ment of meat products was determined by using NH3 as an 
indicator (Zhang et al., 2012b). NH3 gas sensing was enhanced 
by combining oxide materials with polymers. Polypyrrole was 
also used for the polymerization of SnO2 nanosheets and ZnO 
nanorods (Wojnowski et al., 2017, Li et al., 2016a). On the 
genesis of the p-n junction at the association of two materi-
als, the response to a low concentration of NH3 was enhanced 
using polypyrrole-SnO2 composite (Wojnowski et al., 2017). 
The structure response was enhanced with improved charge 
transfer capacity in the composite, due to good conjunction 
and polypyrrole chains ZnO nanorods interactions (Li et al., 
2016a). The addition of Au in ZnO nanorods enhanced the gas 
sensing performance at room temperature and decreased the 
response/recovery time of ZnO (Jain et al., 2017). The fabrica-
tion of SnO2/SnS2 composite material enhanced the response 
of SnO2 nanotubes concerning ammonia at room tempera-
ture (Shingange et al., 2016), which can be associated with 
the hetero junction formed at the SnO2 and SnS2 crystallites 
boundaries. Short shelf-life food items with a high content of 
protein like beef, chicken, fish, and milk products also emit a 
low concentration of H2S, and its emission increases with the 
rise in temperatures.

Various metal-oxide based sensing materials and their com-
posites have been investigated for the fabrication and detection 
of H2S gas sensors (Yoon et al., 2014; Yu et al., 2015; Perillo 
and Rodríguez, 2016a; Li et al., 2016b; Guo et al., 2016; Yang 
et al., 2016; Kheel et al., 2016; Li et al., 2017; Yeh et al., 2017; 
Jiang et al., 2017). Composite based on ZnO and SnO2 het-
erogeneous nanospheres exhibited high sensitivity with good 
selectivity towards low concentrations of H2S (Jiang et al., 

FIGURE 10.2 Sensing mechanism of MOS based gas sensor demon-
strating adsorption of H2S on SnO2 surface.
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2017). An excellent and reversible response towards H2S was 
demonstrated by yolk-shell SnO2 nanostructures loaded with 
Ag (Guo et al., 2016). Also, a stable and selective response for 
H2S at the ppb level was obtained by synthesizing Ag2O/SnO2 
porous structures (Yoon et al., 2014). The effect of annealing 
temperature on Co3O4-SnO2 nanocomposite towards H2S sens-
ing performance has been reported by Yeh et al. (2017). Metal 
oxides nanostructures with different surface morphologies 
of SnO2, ZnO, TiO2, Cr2O3, WO3, Co3O4, NiO, and In2O3 are 
investigated for the detection of VOCs like ethanol (Galstyan 
et al., 2015; Kheel et al., 2016; Wang et al., 2016; Hyun et al., 
2017; Tan et al., 2017; Choi et al., 2018) and acetone. Quality 
assessment of fish and chicken meat using Ag-doped SnO2 
capacitive sensors by quantifying amine gases (NH3, TMA, 
DMA) and other VOCs such as H2S and ethanol have been also 
reported (Senapati and Sahu, 2019; Senapati and Sahu, 2020a, 
2020b). The SnO2 metal oxide, an n-type semiconductor mate-
rial with e- as the majority carrier has immense potential as 
sensing material in gas sensors. Therefore, the fabrication of 
Electronic Nose (EN) systems widely uses tin-oxide (SnO2) 
based gas sensors, which have immense potential in the meat 
industry for quality assessment.

Freshness of beef and pork meat has been evaluated using 
metal oxide semiconductor field-effect transistor sensors 
(MOSFETs) based Taguchi type sensors with catalytic active 
metals like Pt, Ir, Pd, and SnO2 have been reported (Ben-Amor 
et al., 2017). MOS electronic nose was employed for (Winquist 
et al., 1993) detection of alterations in the headspace of vacu-
um-packaged beef strip loins vaccinated with S. typhimurium. 
Discrimination of cured products (dry sausages of multiple ori-
gins or cured hams of different qualities) and determination of 
the presence of pathogenic bacterial strains have been reported 
(Balasubramanian et al., 2008). ElBarbri et al. (2007) evaluated 
sardine’s freshness sample stored at 4 °C using MOS-based 
electronic nose sensors. Authors have reported the assessment 
of cold-smoked Atlantic salmon and the outcomes were com-
pared with traditional methods, such as sensory evaluation and 
microbial colony population by employing six MOS sensors 
(Vernat-Rossi et al., 1996). Monitoring the spoilage in hairtail 
fish and pork samples at different temperatures was reported 
(Olafsdottir et al., 2005) describing a technique for the con-
struction of MOS-based sensors with a non-complex and 
reproducible electronic nose. Investigation on physicochemi-
cal changes and volatile flavour characteristics during chilled 
and frozen storage of Scomberomorus niphonius was carried 
out (Tian et al., 2012), in which a promising linear relationship 
between TVB-N and TMA, and a significant time-bound rela-
tionship between TVB-N/TMA and storage time for fish stored 
in cold storage has been shown by correlation and multivariate 
analysis.

Attention on oxide materials focusing on the nanostruc-
ture-based surface morphology and thin films is being given 
for improvement in the gas sensing performance of the oxide 
materials at low working temperatures (Zhang et al., 2012a; 
Zhang et al., 2012c; Zhang et al., 2016a; Liu et al. 2017b; Joshi 
et al., 2018). Also, the adsorption of reducing gases on the 
metal-oxides surface results in the development of water mol-
ecules (Barsan et al., 1999) that hampers the sensor response. 
Therefore, studies on the sensor materials and structures 

avoiding the effects that are associated with the water mole-
cules for a stable and reversible response are being carried out. 
Different methods, such as doping, metal oxide composites, 
etc., are being examined to achieve high sensitivity, stability, 
and selectivity. The sensing performance of these metal-oxides 
as sensing material towards various VOCs/gases is promising 
and assures commercial utility.

10.4.2  Fibre-optic Based Sensor for Detection  
of Meat Spoilage

Common food-borne bacterial pathogens like E. coli O157:H7, 
Salmonella enterica, and Listeria monocytogenes lead to var-
ious outbreaks, resulting in efficient detection of these patho-
gens by employing a single assay platform. Thus, a fibre optic 
sensor was developed to analyze these three pathogens in food 
(Figure 10.3).

10.4.2.1  Antibodies, Labelling and Sandwich 
Immunofluorescence Assay

EZ-Link Sulfo-NHS-LC-Biotin kit and Alexa-Fluor 647were 
biotinylated with capture antibodies and monoclonal anti-
bodies, respectively (Geng et al., 2006). Performance of the 
multiple combinations of the antibody to reveal target path-
ogens was done via immune-fluorescence assay (IFA) using 
streptavidin-coated 96 well plates. A defined amount of each 
biotinylated capture antibody was added to the well and was 
left for incubation. After incubation, these plates were clogged 
with Superblock solution for two hours and then, target patho-
gens were mixed either individually or in a mixture to respec-
tive wells and incubated for two hours. The incubated mixture 
was washed three times with Triton-X 100 containing phos-
phate buffer solution (PBS-T), followed by the addition of 
Alexa-Fluor 647 labelled reporter antibodies. Prepared plates 
were washed and read at Ex 584 nm/Em 612 nm in a spectro-
fluorometer. Simultaneously, the polystyrene waveguides were 
cleaned and were coated with streptavidin, followed by air dry-
ing (Geng et al., 2006). The cycle of washing the waveguides 

FIGURE 10.3 Fiber optic sensor for the detection of multipathogen.
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with distilled water and coating it with streptavidin solution was 
repeated. The obtained waveguides were kept in SuperBlock 
blocking buffer solution for one hour and then was exposed to 
biotinylated capture antibody. Then, it was rinsed with deion-
ized water and kept dry. The biotinylated polyclonal antibodies 
were imparted with streptavidin coated optical waveguides to 
detect the food samples or bacterial suspension. For testing the 
efficiency of sensors, samples of ready to eat chicken, beef, and 
turkey were inoculated with each of the pathogen mentioned 
above in multi-pathogen selective enrichment broth (E. coli, 
Salmonella, and Listeria monocytogenes). As a result, the bio-
sensor exhibited high efficiency in determining each pathogen, 
both individually and in blend, with minor cross-reactivity. The 
developed multiplex fibre optic sensor was found to be a prom-
ising technology in the detection of pathogens from any kind 
of food samples (Ohk and Bhunia, 2013).

10.4.3  Electrochemical Based Sensors

10.4.3.1  Detection of Meat and Fish Spoilage

Nowadays, protection of freshness and reduction of spoilage 
of meat, fish, and their products are the major challenges of the 
food industries (Zou et al., 2014; Luo et al., 2015). As soon as 
the fish dies, the process of autolysis starts, along with the deg-
radation of adenosine triphosphate (ATP) molecules, simul-
taneously resulting in rancidity of fish and muscle stiffness 
(Hamada-Sato et al., 2005; Hong et al., 2017). The mechanism 
of production of xanthine (XA) (3,7-dihydro-purine-2,6-dione) 
is illustrated in Figure 10.4.

Xanthine proves to be a crucial intermediate in the process 
of degradation of purine. After oxidization of XA, uric acid 
liberates out as a primary end product in purine metabolism. 
Among all these products, IMP corresponds to the flavouring 
freshness of fish, while HXA and XA contribute to the bitter-
ness in fish and meat. With the increase in the storage of fish 
meat, the level of XA increases (Torres et al.,. 2013) resulting 
in an influential parameter while analyzing the freshness of the 
fish meat. In addition, XA can be found mostly in body tis-
sues, urinary calculi, and fluids. In purine catabolism, xanthine 
oxidase (XO) enzyme plays a crucial role. XO enzyme is a 
form of xanthine oxidoreductase that catalyzes the oxidation 
of HXA to produce XA and uric acid. The widely used ana-
lyzing techniques for XA are anion exchange chromatography, 
HPLC, GC and UV-Vis spectrophotometry (Berti et al., 1988; 

Pagliarussi et al., 2002; Cooper et al., 2006; Mu et al., 2012). 
These assays are more time taking, costly, and require more 
skilled labour than the more recent developed electrochemi-
cal biosensors. Both enzymatic and non-enzymatic electro-
chemical biosensors are being employed for XA analysis (Hu 
et al., 2000; Liu et al., 2004; Olojo et al., 2005; Tang et al., 
2011). Enzymatic biosensors are more preferred biosensors 
than traditional methods, due to their specific binding capacity 
and catalytic activity. Enzymes used in the enzymatic biosen-
sors are molecular specific in nature. There are several mer-
its of the immobilized enzymes present on the electrode, such 
as reusability, durability, stability, and easy isolation of the 
enzyme from the outcome, making this technique more sen-
sitive and selective. The nature of the composite used for the 
adsorption on the outer layer of the electrode plays a critical 
role in analyzing the sensitivity of the biosensors. In various 
studies, it has been found that XO has been broadly immobi-
lized onto different supports, including polyaniline film (Devi 
et al., 2011) polypyrrole (PPy) film, polyvinylchloride (PVC) 
membrane, self-assembled phospholipids membrane (Rehák et 
al., 1994) and theophylline coated nylon mesh (Moody et al., 
1987). However, the complexity of the immobilization process, 
slow electron transfers and low stability prove to be some of 
the drawbacks of these biosensors. The process of transference 
of electrons between the electrode surface and enzyme active 
site through conductors can promote selective XA detection. 
Moreover, carbon-based nanomaterials can increase the stabil-
ity, sensitivity, and selectivity of biosensors in sensor fabrica-
tion (Hou et al., 2013). For instance, carbon nanotubes (CNTs) 
have gained popularity in recent years due to their widespread 
applications (Magar et al., 2017; Eteya et al., 2019). CNTs have 
the property of high electronic conductivity for better chemical 
and electrochemical stability in both non-aqueous and aqueous 
solution (Kumar et al., 2015; Yang et al., 2015; Tarditto et al., 
2016; Rezaeinasab et al., 2017). In recent years for XA detec-
tion, gold nanomaterial-carbon nanohorn has been used like a 
carrier, having a detection limit of about 0.72 μM (Zhang et al., 
2012b). In addition to the gold nanomaterial-carbon nanohorn, 
a composite film of nano-gold polymer and electrodeposited 
MWCNT has been used with a detection limit up to 0.012 μM 
for XA detection (Sen and Sarka, 2015).

Another biosensor for XA detection is reported based on 
Poly (L-Asp) coated glassy carbon electrode (GCE) and 
MWCNT. Before preparing the modified electrode, the surface 
was coated with aluminum oxide slurry, using a cloth that was 
further sonicated in alcohol and redistilled water. MWCNT 
was dissolved in DI water homogenously for five minutes 
using a sonicator. After sonication, the surface was cleaned and 
modified by a prepared MWCNT solution before drying. The 
resulting MWCNT/GCE was washed to eliminate the non-spe-
cific adsorption and poly(L-Asp) was electro-polymerized on 
the electrode surface using the CV technique (Figure 10.5). 
MWCNT/GCE was dipped in the phosphate buffer solution 
and rinsed with DI water to remove the unreactive monomer 
from the modified electrode (Yazdanparast et al., 2019).

In another method, cationic free radical, developed by the 
oxidation of the monomer, can be attached to the GCE surface 
by carbon-nitrogen linkages to form films of Poly(L-Asp). The 
fabricated electrode was identified with the help of CV, EIS, FIGURE 10.4 Mechanism of production of Xanthine.
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and SEM techniques. The modified electrode was kept in a 
solution of sodium phosphate buffer (SPB), NHS, and EDC for 
one hour to reactivate the free and unbound carboxyl groups 
of the prepared composite film. The electrode was rinsed with 
buffer to eliminate the excess of NHS and EDC. To fabricate 
XO/Poly(L-Asp)/MWCNT/GCE electrode, Poly(L-Asp)/
MWCNT/GCE electrode was immersed in the XO solution of 
having a different concentration of SPB, and the EDC/NHS 
XO coupling was impaired on the surface of Poly(L-Asp)/
MWCNT/GCE electrode (Juan and Xiaoli, 2012). The devel-
oped enzymatic electrode was immersed in a known concen-
tration of XA solution, and the electrochemical signal was 
recorded. The fabricated sensor showed a detection limit of 3.5 
x 10−4μM in a linear range of 0.001 to 0.004 μM and 0.005 to 
50.0 μM, and response time of 35s only (Rahman et al., 2009; 
Magar et al., 2017).

10.4.3.2  Detection of Donkey, Horse, or Pig Meat

Meat of animals like donkey, horse, or pig has been consumed 
for a long time in different parts of the world, especially China 
due to their distinct flavour and nutritional value (Niu and 
Shao, 2018). Thus, donkey-related products like ‘donkey-hide 
glue’ have captivated a lot of attention in the world (Chen et 
al., 2015). Donkey-hide glue is more like a solid gel obtained 
from fresh or dried skins of donkeys, consisting of health-pro-
moting properties. Donkey-hide glue, along with velvet antler 

and ginseng, contributes to the ‘three treasures of traditional 
Chinese medicine’ (Chinese Pharmacopoeia Commission, 
Pharmacopoeia of the People’s Republic of China: Part I, 
2015). Since the meat of the equine animals is always short in 
supply due to the slow growth cycle, meat adulteration takes 
place. Moreover, to increase profits, various illegal traders 
trade horse, beef, or pork meat in place of donkey meat (Shao 
and Liang, 2018). Thus, accurate and instant detection of meat 
and its products has become important.

Several methods, including metabolite-based detection, 
chromatography (El-Sheshtawy et al., 2014), electronic nose, 
and electronic tongue (Nurjuliana et al., 2011), spectroscopy 
(Gao et al., 2017), morphology-based detection (pathological 
section) (Ghisleni et al., 2010), protein-based detection (both 
mass spectrophotometer (Orduna et al., 2017) and immunology 
(Perestam et al., 2017), and nucleic acid-based methods have 
been employed for the inspection of adulteration in meat prod-
ucts. Due to high sensitivity and strong specificity, both pro-
tein- and nucleic-based detection assays have been used more 
commonly compared to other detection methods. However, the 
protein-based detection method is not reliable in the case of 
deep-processed food, as under the effect of extreme conditions 
such as strong acidity, high pressure, heating, high alkalinity, 
and heavy metal salts, protein molecules easily get deformed. 
However, molecules of nucleic acid are comparatively more 
heat-resistant and have increased inter-specific polymorphism, 
indicating more accurate detection of meat adulteration (Xiang 
et al., 2017; Kaltenbrunner et al., 2018). Therefore, several 
correlation techniques, such as DNA barcoding (Ferri et al., 
2009), random amplification of polymorphic DNA (RAPD) 
(Rastogi et al., 2007), restriction fragment length polymor-
phism (RFLP) (Jaayid, 2013) and loop-meditated isothermal 
amplification (LAMP) (Deb et al., 2016) have been popular-
ized for detection of meat and its products.

Based on the isothermal nucleic acid assay, one such tech-
nique is LAMP (Notomi et al., 2000). LAMP exhibits several 
advantages, such as under constant temperature, amplifica-
tion of intended fragments can be done easily, efficiently with 
high sensitivity, and accuracy. This method easily fulfills the 
requirement of on-site detection as it does not require any of 
the sophisticated temperature control instruments. In recent 
years, the introduction to multiple LAMP amplification 
(mLAMP) has taken place. Compared to a polymerase chain 
reaction (PCR), LAMP illustrates stepped shape on amplifi-
cation that can be analyzed by multiple traditional methods, 
such as binding of fluorescent labelled primers to enclosed 
dyes (Aonuma et al., 2010), designing of endonuclease diges-
tion sites on LAMP primers (Iseki et al., 2007), and sequence-
based barcoding paired with nicking endonuclease-mediated 
pyrosequencing (Liang et al., 2012). However, the shortcoming 
of these traditional methods is that they cannot be employed 
for on-site detection. On the contrary, lateral flow biosensor 
(LFB) can be used for on-site detection due to their ability to 
exhibit several results at once while using only one reaction 
tube and their instant recognition capacity. Consequently, LFB-
mLAMP is one of the reliable devices for instant on-site detec-
tion of adulteration in meat. In recent years, several studies 
have been completed employing endogenous reference genes 
to identify the root of animal-based meat products. Presently, 

FIGURE 10.5 Fabrication process of the electrochemical biosensor.

(Adapted from Yazdanparast et al., 2019).
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mitochondrial genes, including cytb, Nd2, D-loop, are being 
used as the endogenous reference gene of pig, donkey, and 
chicken, respectively. Despite increasing the sensitivity in 
detection, the mitochondrial genes make it crucial for differ-
entiating among the cross-contamination of undesirable sub-
stances caused either intentionally or unintentionally (Zhang 
et al., 2019). In 2019, a novel biosensor was developed by uti-
lizing TM-LAMP and trident-like LFB for on-site detection of 
donkey and horse products. In this biosensor, the endogenous 
reference gene for horse has been selected as LOC106782588 
and for donkey as LOC106825524. Based on these molecular 
genes, TM-LAMP is utilized in agreement with a trident-like 
LFB to exhibit high sensitivity and specificity. One of the 
advantages of this biosensor is that it does not require any pre-
cision equipment and utilizes only 40 minutes for the detection 
of horse and donkey meat. In addition, the limit of detection is 
very high as it can measure as low as 40 pg, equivalent to 15 
copies in donkeys and horses (Tahirovic et al., 2007).

10.4.4  Chemiluminescence Based Biosensor 
for Detection of Biogenic Amines

For the determination of biogenic amines in the meat samples, 
biosensors were prepared carefully in the well of luminome-
ter microplates and were distinguished based on the applied 
enzyme. Diamine oxidase and putrescine oxidase were used in 
the preparation of two single-shot biosensors. Hydroxy ethyl 
cellulose, luminol, sodium phosphate, sodium lauryl sulphate, 
and water was mixed in a centrifuge tube. The prepared pol-
ymer solution was poured on a microscope cover glass. To 
clearly distinguish the area of the formed membrane, the glass 
was labelled with a self-adhesive reinforcement ring made up 
of polypropylene. The obtained membranes were kept in an 
oven (70 °C for two hours) and then cooled by placing them in 
the desiccator. As soon as it is cooled, a catalyst (0.05 mmol/L 
cobalt (II) chloride) was applied to it for luminol reaction and 
then further dried in an oven. Before analysis, the enzyme solu-
tion was applied on the surface of the membrane and kept in a 
desiccator. A biosensor having the support of glass along with 
membrane was fastened on the photodiode onto which a pipette 
holder was mounted. As soon as the 10 μL of the sample solu-
tion was dispensed on the membrane, signal was recorded. For 
every measurement, an unused one-shot biosensor was used 
(Omanovic-Miklicanin and Valzacchi, 2017).

10.4.5  Colorimetric Based Biosensor for 
Detection of Biogenic Amines

Biogenic amine is a suitable indicator for indicating food spoil-
age, resulting in the development of ideal amine sensors that 
are both easy to use and have high sensitivity. For detecting 
the biogenic amine, one of the sensors used is a colorimetric 
sensor array fabricated with complexes of nanomaterials and 
pH-sensitive dyes. Figure 10.6 Illustrates the acquisition sys-
tem of a colourful difference map. From the methods described 
in previous studies, graphene oxide, gold nanoparticles, and 
silicon hydrogel were already prepared (Tabrizi et al., 2009; 
Feng et al., 2010; Zhu et al., 2010; El-Nour et al., 2017; Zhang 
et al., 2017; Zhong et al., 2018). The colorimetric sensor array 

was first printed on the polyvinylidene fluoride (PVDF) film, 
having glass capillaries in the presence of nitrogen atmosphere.

For every spot, a composite solution (200 nL) was poured on 
the specific site of the film. No adaptation of sensor solutions 
is required, as the organic solvent-dominated sensor solution 
can easily disperse on the hydrophobic film. After printing, 
arrays were placed in the watch glass and were sealed with 
plastic wrap. After sealing, volatile solvents were eliminated 
through nitrogen purging. Before any sensing-based function 
to maximally weaken baseline drifts, the arrays were stored 
for three days. There is a formation of various amine salts by 
the Bronsted-Lowry acid-base reaction between BAS and com-
plex. The formation of amine salts signifies different alkalinity 
and colour changes in different pH sensitive dyes. The sensor 
was able to distinguish and quantify trimethylamine vapours 
from eight gaseous amines easily with ≥92.6% accuracy and a 
1.3 ppb limit of detection. The sensor array can be a potential 
tool for amines in food monitoring, as it also exhibits remark-
able chemical stability with a changing environment, such as 
humidity and temperature (Zhong et al., 2018).

The relationship between the number of principal com-
ponents (PC) and the cumulative variance was estimated to 
analyze the capacity of the sensor array in distinguishing the 
amines. Every principal component exhibits chemical reactiv-
ity. Twenty dimensions, also considered as ‘chemical reactivity 
space’, were essential to capture 95% of the total variance for 
the identification of various amines. Among the twenty dimen-
sions, the primary two principal components analyzed about 
60.3% of the total variance. Similarly, the first and third dimen-
sion captured about 52.7% of the total variance and exhibited 
comparatively clear discrimination among the eight amines at 
50 ppm. There was a decrease in alkalinity in the direction of 
PC1. From the direction of PC1, eight amines were grouped 
into six groups and their marshalling sequence started from 
EDA to PA. This result was in accordance with the differ-
ent maps and HCA obtained. However, with the similarity in 
the structure and alkalinity, two pairs of amines, viz.NH3 and 
HHA; and TMA and DMA were partially overlapped in the 
first two dimensions of PCA itself (Zhong et al., 2018).

10.5  IoT Based Devices

Swedish Institute for Food and Biotechnology (SIK) con-
ducted a study from August 2010 to January 2011 and reported 
that 1/3 of food produced for the welfare of mankind is wasted 

FIGURE 10.6 Acquisition system of colourful difference maps.
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globally per year (Gustavsson et al., 2011). This large amount 
of loss is also accompanied by the loss of resources required 
to produce food. The most important issue in food waste con-
trol is to find out the specific stages of the food supply chain 
where food waste occurs. Interestingly, it happens in all stages, 
including production, processing, retail, and consumption; 
however, households have been considered as key factors in 
food waste generation (Schanes et al., 2018).

Food waste is one of several factors that contribute to biodi-
versity loss through habitat change, overexploitation, pollution, 
and climate change. Almost 74% of total annual deforestation 
is for planting and harvesting of food, which results in loss of 
wildlife (FAO, 2020).

Therefore, it is essential to prevent food waste using modern 
technology with innovative solutions to ensure food security 
and nutrition for all. Prevention of food waste is possible if 
health conditions of food can be monitored by deploying qual-
ity monitoring devices or systems at different levels of the food 
supply chain, during production, processing, retail, and con-
sumption, especially at the food storage locations and during 
transportation.

10.6  IoT Based Technology for Prevention  
of Food Waste

IoT is a network of physical objects -“things” - that is com-
posed of sensors, software, and other technologies to resolve 
the problems of exchanging data with other devices by means 
of the internet(http://www.fao.org/fileadmin/templates/nr/
sustainability_pathways/docs/Factsheet_FOOD-WASTAGE.
pdf).The evolution of IoT has occurred faster than any other 
category of connected devices (Rouse, 2020). In the last five 
years, services offered by the IoT have been nearly tripled. The 
advancement in sensor technology is a key player in the devel-
opment of the IoT product and creation of services in many 
fields, like medical and healthcare, building and home automa-
tion, transportation, manufacturing and agricultural industry, 
energy management, environmental monitoring, etc.

There are tremendous biomedical applications of IoT with 
communication technologies that include electronic systems 
used to communicate between individuals or groups with the 
same pathologies or groups. An example is remote monitoring 
of the body positions to identify the behaviour of the subject 
during sleep (https://www.cisco.com/c/en/us/solutions/ser-
vice-provider/visual-networking-index-vni/index.html). One 
of the typical applications in intelligent and IoT systems is 
an electronic gas sensor for the measurement and monitoring 
of various environmental parameters, directly or indirectly. 
Because of its broad range of applications, gas sensor technol-
ogy is rapidly evolving (Matar et al., 2016). Recent progress in 
mobile robotics has made mobile olfaction and odour source 
localization technologies important fields of research, with 
high impact on intelligent food feature extraction (Siden et al., 
2007). Deshmukh et al. (2016) have reported the development 
of an electronic nose system for fruit quality control and clas-
sification, based on wireless data transmission using ZigBee. 
Mohammad et al. (2019) documented a system to monitor 

the quality of water that integrates IoT and sensor network. In 
addition to this, a system has been built where the physical and 
chemical parameters of water bodies could be monitored.

10.7  Basic IoT Structure

Due to the convergence of multiple technologies, real-time 
analytics, machine learning, commodity sensors, and embed-
ded systems, the definition of the IoT has evolved (http://www.
fao.org/fileadmin/templates/nr/sustainability_pathways/docs/
Factsheet_FOOD-WASTAGE.pdf). Kevin Ashton of Procter & 
Gamble, later MIT's Auto-ID Center, in 1999 proposed the term 
"Internet of things" though he prefers the phrase "Internet for 
things" (Mohammad et al., 2019). Figure 10.7 shows the major 
components of an IoT based system. The devices embedded 
with various sensors, named as “things” that are connected to 
the internet via a gateway. Authorized users can access.

10.8  IoT for Food Quality Monitoring 
and Smart Packaging

In the food industry, consumers are provided with smart pack-
aging solutions with the integration of sensors in food pack-
aging technology, which leads to improved food quality with 
safety and longer shelf-life (Ashton, 2009; Popa et al., 2019). 
Sensors are developed to identify a target and convert the 
detected analytes into a signal with the help of a transducer, 
creating generation of a quantitative and/or qualitative output 
(Kuswandi et al., 2011). Intelligent packaging is a combination 
of the package, product, and its environment, which enhances 
the shelf stability of food and simultaneously prevents unde-
sired processes inside the package, like oxidative changes, 
microbial spoilage, and respiration of fruits and vegetables 
(Mustafa and Andreescu, 2018).

Traditionally, there are both direct and indirect methods for 
measuring food quality. The direct methods mainly include-de-
termination of pathogenic bacteria, biogenic amines, aroma 
compounds, etc., by using traditional laboratory methods. On 
the other hand, indirect methods include measurement of the 
physical parameters, like temperature, humidity, pressure, gas 
contents, etc., by using specific sensors to feed these data into 
an intelligent processing unit, such as artificial neural network 
or fuzzy logic, which tells the quality of food. IoT based food 

FIGURE 10.7 Major components of IoT.
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quality monitoring is mainly based on an indirect measurement 
method that uses various sensors as mentioned in Table 10.2 of 
section. These types of food quality monitoring devices include 
smart radio frequency identification (smart-RFID), tempera-
ture data loggers, time-temperature integrators (TTIs), etc.

It mainly consists of a data acquisition unit integrated with 
various sensors and a gateway server, which sends the data to 
the cloud, a data processing system, which may be either in the 
gateway server or in the cloud (Figure 10.8), a data storage unit 
and the user interface devices like mobile phones, etc.

10.9  Senor Technology in IoT Based Food  
Quality Monitoring

Sensors associated with food waste are usually mapped to phys-
ical or chemical changes in the characteristics of the specific 
food. Consumption of unsafe food may be prevented if these 
changes are detected earlier and thus the chances of food-borne 
illnesses are also decreased (Kaur and Puri, 2017). Table 10.2 
shows the most used sensors for food quality monitoring.

10.9.1  Humidity

Humidity is a key external factor that influences microbial 
growth and thereby spoilage. Concerns about food spoilage 

were alleviated by the development of humidity sensors for 
real-time monitoring of food quality in packaging, which 
preserves the condition and texture of food products (https://
timestrip.com/products/timestrip-plus/;Harrey et al., 2002; 
Virtanen et al., 2010; Tan et al., 2007; Courbat et al., 2011; 
Kuswandi et al., 2012; Youosefi et al., 2018, 2019).

10.9.2  Detection of Oxygen and Carbon Dioxide

For the combustion of certain biological activities, oxygen is 
important. The quality of food can be severely affected due 
to oxidation of fat, enzymatic browning, and oxidation of pig-
ment. The sensors which can detect the changes in the oxygen 
gas level in a modified atmosphere packaging environment are 
based on colorimetric light-activated indicators, luminescent 
probes, etc. (Courbat et al., 2011). On the other hand, carbon 
dioxide, which prevents bacterial and fungal growth and can 
decrease the pH level, is also detected by using optical sensors 
(Virtanen et al., 2010; Mills, 2005).

10.9.3  pH Change

The pH of the food environment is affected by various micro-
bial metabolites. Thus, the change in pH levels can be used for 
identifying food spoilage. The uses of electrochemical sensors 
for detection of volatile amines are also reported (Wang et al., 
2017; Mills and Chang 1993).

10.9.4  Time-Temperature Sensor

A Time-Temperature Indicator (Mustafa and Andreescu, 2018) 
graph can provide a visible response to the temperature history, 
resulting from an irreversible chemical or biological change in 
food (Hammond et al., 2002).

10.9.5  Intelligent Sensor Signal Processing in 
IoT Based Food Quality Monitoring

The rapid advancements in artificial intelligence (AI) technol-
ogies have given rise to powerful new methods to analyze and 
derive novel comprehensions based on sensor data.

In comparison to other methods like physics-based models, 
AI based methods enable far more robust predictions and clas-
sifications using sensor signals. This motivates development of 
AI based systems for prediction or estimation of food quality 
(Figure 10.9).

TABLE 10.2

Sensors for Food Quality Monitoring

Parameter for Food 
Quality Monitoring

Details/Sensing 
Mechanism Reference

Humidity Change in the 
dielectric constant

Kaur and Puri (2017)

Oxygen Oxygen molecule 
quenches electronically 
excited lumophore

Tan et al. (2007)

Time-Temperature 
Sensor

It provides a visible 
response to the 
temperature history

Yousefi et al. (2019)

Biosensors 
for Bacteria 
Detection

Use of DNAzymes Yousefi et al. (2018)

pH Changes Electrochemical 
probes

https://timestrip.
com/products/
timestrip-plus/

FIGURE 10.8 Basic structure of IoT based food quality monitoring system.
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10.10  Conclusion

Bio/Chemical sensor technology has garnered immense curi-
osity over the past decades for its lower detection limit capabil-
ity, with rapid analysis at comparatively low cost. The potential 
of such sensors is enormous and is likely to revolutionize the 
field of sensor technology. The meat industry, in terms of 
food safety and quality assurance, is likely to benefit from the 
development of such sensors. Also, there is a huge demand for 
lab-on-chip interfacing with these systems. Novel bio-sensing 
materials and fabrication techniques aimed at high sensitivity, 
selectivity, stability, and low fabrication costs will bolster the 
market for bio/chemical sensors. Furthermore, the simple han-
dling and low working temperature of the device is essential 
at every stage in the meat industry for its quality detection, for 
which emphasis on development of portable sensors operable 
at room temperature is encouraged.

For prevention of food wastage, food safety and hygiene are 
a major concern. Therefore, it is important to monitor the envi-
ronmental factors like temperature, humidity, light intensity, 
etc., which determines the food quality. If the health conditions 
of food can be monitored by deploying quality monitoring 
devices or systems at different levels of the food supply chain, 
including during production, processing, retail, and consump-
tion, but mainly at the food storage facilities and during trans-
portation, the unwanted spoilage of food can be prevented. 
However, more research should be focused on overcoming the 
challenges of the development of detection techniques that are 
highly precise, rapid, reliable, easy to use, and cost-effective.
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11.1  Introduction

Adulteration is characterised by either adding or combining 
inferior substances or eliminating desirable ingredients, as 
an act of intentionally lowering the quality of food for sale 
(FSSAI, 2012). Food adulteration is considered not only the 
deliberate addition or replacement or abstraction of substances 
that adversely influence the nature, substances, and consist-
ency of food, but also the incidental contamination at the time 
of post-harvesting activities (harvesting, processing, storage, 
transport, distribution) (FSSAI, 2012). The U.S. Federal Food, 
Drug, and Cosmetic Act (164) states a food is adulterated when 
there is:

Any valuable constituent in whole or part omitted, or any 
substance substituted wholly or part or damaged or inferior-
ity is concealed or any substance is added thereto to increase 
its bulk or weight or reduce the quality or strength, or make a 
better appearance or greater value than it is.

The U.S. FDA describes adulteration as “The fraudulent, inten-
tional substitution or addition of a substance in a food product 
to increase the apparent value of the product or reducing the 

cost of its production, that is, for economic gain” (Esteki et al., 
2019).

The illegal deception for economic gain using food is 
defined as Food fraud (GFSI, 2017). Food fraud is of vary-
ing sorts, such as mislabelling or misbranding, the creation 
of grey markets, adulterating material (dilution, replacement, 
disguise, enhancement illegally) (John Spink, 2018). All these 
fraud practices have occurred at various stages of the supply 
chain, including the farmer or producer, processor (primary, 
secondary), packager, trader (retailer or wholesaler), collec-
tor, exporter, importer and consumer (Pamela et al., 2017). 
Nowadays, intentional food adulteration is typically performed 
for financial benefit, including introducing international dyes 
in tea, ground chicory in coffee and spices, in addition to adul-
teration in manufacturing and processing (Everstine et al., 
2012, Spink and Moyer, 2011).

11.2  Common Adulterants of Valuable 
Plantation Products

The most widely popular beverages are tea and coffee, which 
can have a variety of flavors. Coffee has an annual produc-
tion of 8.1 million tons globally, which may represent 500 
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billion cups. The composition of coffee may vary as per vari-
ety, maturity, geographical distribution, and agricultural prac-
tices (Farah, 2012). The commercial species Coffea robusta 
has many economic benefits for instant coffee manufacturing 
due to disease resistance and high caffeine content (Varnam 
and Sutherland, 1994). C. arabusta (hybrid) is considered to 
have better taste, flavor, quality, disease resistance, and less 
caffeine content than C. robusta and C. arabica. Colombia, 
India, Guatemala, Brazil, and Mexico account for more than 
99 per cent of world production, as exporting participants of 
the International Coffee Agreement (Rangaswamy, 1989). 
Globally, tea is another commonly consumed drink after water 
(FAO, 1996). The major tea (Camellia sinensis) manufacturing 
and exporting nations are Indonesia, India, Kenya, China, Sri 
Lanka, and Turkey (Eden, 1965). The spices (seeds, root, stem, 
bulb, bark) are mainly used for flavoring food, beverages, med-
icine (carminative, diuretic, digestive, anti-inflammatory, cho-
lesterol-lowering, aperitif, digestive stimulants), preservatives, 
and cosmetics. Plant and synthetic adulterants are typically 
used to adulterate tea (Dhanya and Sasikumar, 2010).

The various types of extraneous material which are adul-
terants are soapstone, indigo, gypsum, turmeric, Bismark 
brown, plumbago, potassium blue, etc., to impart some color 
or glossiness to the tea and coffee. Usually, plumbago (black 
lead) which is used in lead pencils is added to black tea as 
an adulterant; Prussian blue, a toxic compound, is also used 
as a color adulterant in tea (the telegraph online editor, pub-
lished on 12/10/19). Sometimes to increase astringency and 
strength, catechu is added to tea, and to deepen the color, 
iron sulphate is added to tea. Coffee beans are adulterated 
by Prussian blue or indigo and lead chromate. The metal 
iron was often recorded as an adulterant of teas (Wiley, 
1892). Ferruginous particles may be found as tea adulter-
ants. A minor portion of sand in a tea may be attributed to 
unintended reasons during the collection of plants, but any 
significant volume of brick or related materials may only be 
deemed deliberately and fraudulently added (Blyth, 1896). 
Common plant-based adulterants in spices are tea and pow-
der. Their toxicities are given in Table 11.1 (Preethi et al., 
2014, Sereena et al., 2011).

TABLE 11.1

Different Types of Adulterants in Tea, Coffee, Spices, with Name and Health Impact

S.N. Source Adulterant Health Impact References

Spice

1 Cumin, Paprika Nut protein Anaphylaxis Sicherer and Sampson (2006)

2 Black pepper Seeds of papaya Problems associated with liver and 
stomach

Lakshmi (2012)

3 Turmeric Lead chromate, Powder of Yellow chalk Appetite loss, face swelling, vomiting, 
nausea, delayed mental and physical 
development in rats and chickens

Nallappan et al. (1979)
Food Safety News (2016)

4 Cumin Marble dust or dye coated on fennel 
seeds

Health hazard by dust of marble and 
dye

John (2012)

5 Powder of Red 
Pepper Chili

Orange II, Sudan 1, Dimethyl Yellow, 
Rhodamine B, Fast Garnet GBC, 
Sudan 3, Malachite Green, Allura 
Red, etc.

Genotoxic and carcinogenic in rats Tarantelli and Sheridan (2014)
Tarantelli (2017)

6 Powder of 
Paprika

Orange II, Sudan 1, Acid Black 1, 
Sudan 4, Annatto

Genotoxic & carcinogenic RASFF portal, EFSA (2005)

7 Powder of 
Turmeric

Orange II, Sudan 1, Lead Chromate, 
Mentanil Yellow

Genotoxic & carcinogenic

8 Sumac Basic Red 46, Amaranth Red Genotoxic & carcinogenic

9 Powder of Curry Chrysoidin (Basic Orange II), 
Auramine O

Genotoxic & carcinogenic

10 Saffron flower Ponceau 4R, Acid Orange II, Sudan I, 
Mentanil Yellow, Ponceau 6R

Genotoxic & carcinogenic

11 Cayenne pepper Crystal violet, para dye Genotoxic & carcinogenic

S.N. Coffee
1 Powder of coffee Rye flour, Chicory, Acorns, roasted 

wheat, potato flour, roasted beans
https://edu.rsc.org/feature/
the-fight-against-food-
adulteration/2020253.article

S.N. Tea
1 Powder of tea Sand China clay, dried leaves of other 

plants, French chalk, starch,

Prussian blue for black tea, Plumbago, 
gum, turmeric, Chinese yellow, copper 
salts for green tea, indigo

https://edu.rsc.org
https://edu.rsc.org
https://edu.rsc.org
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11.3  Toxicity of Adulterants in Valuable 
Plantation Products

Adulteration causes various health problems. For instance, 
adulterated coffee can cause sleeping disorders; cafestol 
& kahweol (natural diterpenes) can act to raise cholesterol 
(although they may have chemo-preventative potential) (Dias 
et al., 2013). The presence of heavy metal may lead to severe 
chronic diseases like Alzheimer’s disease and are mutagenic 
and carcinogenic in humans (Han et al., 2006). Synthetic dyes 
can cause allergy, asthmatic reactions, DNA damage, and even 
death (Gray et al., 2016, Pamela et al., 2017). In May 2003, 
it was found that chili powder was contaminated with Sudan 
dye. Then, numerous tests were carried out in 2005 and 2006 
to check for the illegal dyes by UK Food Standards Agency. 
In turmeric powder, researchers found added lead chromate, 
which can cause anemia, paralysis, brain damage, and even 
abortions (Rajshekhar, 2019). There are also reported case his-
tories of adulteration in tea, coffee, and spices:

 • In 1822, the tea leaves were adulterated by boiling with 
ferrous sulphate or sheep dung, followed by the addition 
of ferric ferrocyanide, logwood, copper acetate, carbon 
black, and tannin as a coloring agent in England. Coffee 
beans were adulterated with sand, gravel, roasted beans, 
and chicory (dried root of wild endive). In 2005, the 
tainted chili powder from India, flavoured with the colour 
Sudan I (an industrial dye rated Category 3 carcinogen), 
was exchanged and applied to Worcestershire sauce by 
a British firm. This led to the introduction of a new law, 
which helps the EU with better traceability along the 
food supply chain. Also, while illegal, Sudanese teeth 
are regularly found in several food items such as palm 
oil, chili, curry, paprika, and different sauces.

 • An investigation of Lancer commissioners of London 
states that, in 1843, green and black teas were impure, as 
spent tea and coffee leaves of hotels and public houses were 
mixed with gum and dried to get lustre (Collins, 1993).

 • In 1994, lower-degree powdered paprika was smuggled 
from Romania, combined with the colour lead-oxide. 
This tainted product contributed to over 60 hospitaliza-
tions in Hungary (Karen et al., 2012).

 • Inspectors found the presence of heavy metal con-
tent (Ni, Cr, Cd, Pb, Cu) in black tea from south India 
(Subbiah et al., 2007).

 • In 2011, plasticizers tainted tea, fruit juices, and other 
goods made in Taiwan (Li & Ko, 2012).

 • The common tea adulterants are plant stalks, used tea 
leaves, and additional carbon-based material (Karen 
et al., 2012).

 • The European Food Security Authority panel reported 
seven illicit dyes were present in food products of EU 
State members. Sudanese dyes I-IV, para red, rhoda-
mine B, orange II are added to refresh the spices, older 
spices are added to new ones to increase weight, and 
non-spices to extend or use spices with components that 
help to boost weight in 2015 (Gray et al., 2016).

11.3.1  Regulatory Action on Adulteration in 
Valuable Plantation Products

The first FDA laws passed in the 1860s at the end of Napoleonic 
Wars, which was the golden age of food adulteration in Britain 
(Collins, 1967).

 1. In the UK in 1860, the first general food regulation was 
enforced. The book of Accum, A pact for food adultera-
tion and culinary poison (1820) provoked the indignation 
of the British community (Tsimidou and Boskou, 2003).

 2. In 1866, a second country, New Zealand passed Pure 
Food Legislation, and, in 1874, Canada approved the 
food and drug law (Tsimidou and Boskou, 2003).

 3. Government bodies such as international organizations 
like the ISO, American Spice Trade Association, FSSAI, 
etc., place stringent consistency rules on the quality of 
spices and herbs for manufacturing and export. In 1990, 
the Food Safety Act legally established food authenticity 
(FSSAI, 2009).

 4. The USFDA (FDA, 2004) and EMEA (2006) have pro-
posed a method for assessing the safety and consistency 
of botanical items.

 5. The Food and Drink Federation, the British Retail 
Consortium, and the Seasonings and Spices Association 
in the Guide on the Authenticity of Herbs and Spices 
(BRCFDF-SSA,2016) suggested a visual and micro-
scopic approach for identification of herbal and spice 
adulteration (Tahkapaa et al., 2015).

 6. The European Union (EU) popularized the Novel Food 
Regulation (NFR) to protect customers from unidenti-
fied, inherently harmful constituents in food (Thomas 
and Haser, 2016).

 7. The European Spice Association (Non-profit organiza-
tion) is comprised of national spice industry federations 
from Turkey, EU, and Switzerland. The organization's 
mission is to defend the herb and spice industry against 
manufacturing, shipping, production quality, protection, 
and promotion. The business interest’s involvement may 
ensure the cleaning and safety of spices in a similar pat-
tern to the US and American Spice Trade Association. 
The European Spice Association (2015) has set a maxi-
mum level of 2% w/w and 1% w/w for extraneous matter 
in herbs and spices in the Quality Minima Document, 
while it is set at 0.5-1% w/w by the American Spice 
Trade Association (ASTA, 2011).

11.4  Conventional Methods for Adulterants  
Identification

There are various qualitative methods for identification of adul-
teration in tea, coffee, and spices. A few of them are described 
below:

 • Soapstone, gypsum – These materials can be identified 
using common qualitative research techniques, i.e., by 
shaking with water in a cylindrical isolation from the 
leaves.
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 • Iron salts – Iron salts separated from the powder or leaves 
by cold dilute CH3COOH. This solution is checked for 
iron by the normal qualitative procedure.

 • Iron – Iron may be isolated by a magnet from the sample 
of fine powder. The isolation of metallic copper from 
cupric salts may separate it from magnetic iron oxide.

 • Magnetic oxide of iron – ferruginous particles can be 
separated by magnet.

 • Sand, particles of brick – These substances are separated 
by shaking the leaves with water and accumulating the 
residue.

 • Azo-colors are distinguished by the strong alcohol treat-
ment of beans, with further evaporation until dry, then 
treatment of residue with water. This approach produces 
the signature chemical reactions in certain dyes.

 • Ground chicory sinks quickly in cold water and col-
ors the water, whereas roasted ground coffee floats and 
imparts no color.

 • Chlorinated soda (labarraque solution) bleached chic-
ory very easily, while coffee is slowly affected by this 
solution.

 • Iron salts cannot precipitate the coloring matter of chic-
ory, while coffee shows green color and partial precipi-
tation (Wiley, 1892).

11.5  Spectroscopy Methods for Adulterants  
Identification

Various spectroscopy methods are utilized to identify the adul-
teration in black, green, and Oolong teas, and classifications 
of various Asian and African teas. IR, NMR, UV spectra and 
Raman spectroscopy, coupled with PCA and CA are the most 
widely employed techniques for the characterization of plant 
materials (Sasikumar et al., 2016).

The combination of multivariate instruments in Raman, 
IR, UV and 1H NMR spectroscopy has found broad use in 
the identification and quantification of azo dye adulteration 
in spices, due to the successful reaction of chromophore azo 
bonds and aromatic rings. After acetonitrile extraction, the 
seven illegal azo dyes in UK chili powder were detected by 
mass spectrometry. In this particular method, no clean-up of 
the sample was required, with excellent mass accuracy of the 
target analytes. The method had better precision and reproduc-
ibility for the quantitative results (Zougagh et al., 2005; Anibal 
Di et al., 2009).

The combination of NIR, PLSD Analysis, and Soft 
Independent Modelling of Class Analogies that is used to 
detect and distinguish PGID Darjeeling tea is a quick, non-de-
structive, and inexpensive procedure (Firmani et al., 2020).

GC-MS or LC-MS/MS is used for the identification of the 
olive leaves as adulterants in ground oregano (Bononi et al., 
2010). Recently, an FTIR and LC-HRMS combination was 
utilized to screen oregano adulteration from olive trees, myr-
tle, sumac, cistus, or hazelnut leaves. Other methods, like 
liquid-solid extraction (LSE), microwave-assisted extraction 
(MAE), matrix solid phase dispersion (MSPD), and solid 

phase extraction (SPE), are used to identify pesticide residues 
in herbal products. Now, QuEChERS (Quick, Easy, Cheap, 
Effective, Rugged, and Safe) and LC-Orbitrap methods have 
become the most frequently applied extraction technique for 
these purposes, with a GC-MS (MS/MS) or LC-MS/MS com-
bination. The 55 various pesticides in the set of 76 oregano 
samples (34 adulterated and 42 genuine) were identified by 
using the GC-MS/MS and LC-MS/MS combination. In these 
settings, the most identified analytes were chlorpyrifos, aceta-
miprid, and diphenylamine, while high concentrations of 
tebuconazole, carbendazim, and boscalid (710 μgkg–1) were 
obtained (Goon et al., 2018). The important adulteration mark-
ers (pyriproxyfen, cyfluthrin, cyhalothrin) of oregano, i.e., 
pyriproxyfen, was not identified in any genuine oregano sam-
ple (Lucie Drabova et al., 2018).

The amount of acrylamide levels present in Italian coffees is 
commonly identified by mass spectrometry and an enzymatic 
test kit. An enzymatic test kit is a reliable, quick, and inexpen-
sive method for acrylamide identification in coffee and acts as 
an alternative to HPLC-MS. The kit is based on an enzyme 
with a reasonable solvent resistance that is thermally stable to 
maintain its function in solvents other than water (Sagratini 
and Fabbri, 2006).

This spectroscopic techniques with numerous, powerful 
chemometric multivariate data processing tools have several 
advantages, being comparatively fast, simple, and non-destruc-
tive. However, the integrated method gives a more informa-
tive qualitative and quantitative spice overview (Ferrer et al., 
2007). The chemometric led to the development of chemical 
knowledge collected by research based analytical instruments, 
as well as the correlation of the sample properties with math-
ematics and computational methods. It is utilized to identify 
the fraud or authenticity in food by utilizing the targeted and 
untargeted methods. The results are subjected to three stages 
of chemometrics, i.e., Data pre-processing (Scatter correction 
methods, spectral derivatives), robust model development, val-
idation, and analysis. Scatter corrective techniques comprised 
Standard Normal Variate, Multiplicative Scatter Correction, 
and normalization for reducing the physical variability impact 
due to scattering. The spectral derivatives appear to smooth the 
spectra without reduction of signal to noise ratio (Pamela et 
al., 2017).

The few cases of mixing spectroscopic and chemometric 
procedures for adulteration detection are further described. 
The rapid ATR-FTIR spectroscopic method with chemomet-
ric was developed to identify the sibutramine adulteration in 
herbal foods, tea, dietary supplements, and coffee. The study 
concluded that sibutramine hydrochloride monohydrate is 
detected at 2698 cm–1 absorption band (N-H stretching vibra-
tions of HCl salts of 3° amines) in the different beverages, like 
green tea, coffee, etc. (Cebi et al., 2017). This combination of 
spectroscopic techniques with chemometrics is an effective 
chemotaxonomic problem tool (taxonomic analysis, herbal 
drug production, quality management, process tracking, coun-
terfeit) (Kamila and Joanna, 2019).

DNAs are typically focused on unique DNA (markers) 
sequences that may be utilized to identify food adulterants and/
or prove the authenticity (i.e. quality and origin) of raw sub-
stances (Ellis et al., 2016). The species-specific PCR is used to 
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detect cassava husk adulteration in the market sample of tea, 
formed by intergenic spacers regions for 5S ribosomal RNA 
genes (Bandana and Mahipal, 2003).

11.6  FSSAI Methods for Adulterants 
Identification

There are three types of adulterants, i.e., Intentional (marble 
chips, sand, stones, mud, talc, mineral oil, chalk powder, water, 
harmful color), Incidental (pesticide, rodent droppings, larvae), 
and Metallic (Ar, Pb) contaminants described in the FSSAI 
test kit manual (FSSAI, 2012). There are different methods 
listed in Table 11.2 for the tea, coffee, and spices adulterant 
identification.

11.7  Fabrication of Biosensor for 
Adulterants Identification

There are many types of biosensors created based on trans-
ducer and bio-recognition elements utilized for the detection 
of tea, coffee, and spices analysis. The two chemical and phys-
ical biosensors are concerned with measuring and detecting 
the chemical substance and physical quantities (weight, length, 

temperature, pressure). Based on detection technique and 
transducer, various biosensors were proposed (Amperometric, 
Potentiometric, Voltametric, Piezoelectric, Conductometric, 
Calorimetric, Optical, Thermometric) for identification of 
adulterants in tea, coffee, and spices.

11.7.1  Enzyme Based Biosensors

11.7.1.1  For Polyphenols Determination

The enzyme-based biosensors are very common because its 
biocatalysts nature with the ability of substrate recognition 
and catalysis. Apart from these enzyme-based biosensors have 
close associations containing the sensing layer with transducer. 
These properties of enzymes make it a powerful tool for devel-
oping analytical devices.

Tyrosinase (extracted from Agaricus bisporus) enzyme based 
amperometric biosensor has been fabricated by Soussou et al. 
(2016) to detect polyphenols from green tea. Oxygen tyrosinase 
enzyme oxidize the monophenols and o-diphenols to quinones 
in tea. The concerned biosensor fabricated by immobilization 
of enzyme on CoAlSO4-LDH thin films. CoAlSO4-LDH layer 
were deposited on mica or screen-printed gold electrodes. The 
remain particles of LDH were separated by means of ultrapure 
water and stored (4°C) for overnight in saturated PBS atmos-
phere after incubation. In glutaraldehyde (C5H8O2) saturated 

TABLE 11.2

FSSAI Methods for Identification of Adulterants from Tea, Coffee, and Spices

S.N. Sample Adulterant Identification Source

1. Spice
a Asafoetida Starch Blue color appearance shows the confirmation of starch due to iodine. http://old.fssai.gov.

in/Portals/0/Pdf/
Final_Test_kit_
Manual_II%2816-
08-2012%29.pdf

b Mustard 
seeds

Argemone 
seed

Mustard seeds have a smooth surface.
Argemone seeds have grainy and rough surface.
Pressed mustard seed is yellow.
Argemone seed is white.

c Powered 
spices

Added starch Blue color appearance shows the confirmation of starch due to iodine.

d Turmeric 
powder

Colored 
sawdust

Instant appearance of pink color by the addition of concentrated HCl in turmeric 
powder. This pink color disappears on dilution with water. If the color persists for a 
long period of time, it is metanil yellow (an artificial color).

e Turmeric 
whole

Lead 
chromate

Appearance bright in color, which fades immediately in water

f Chili powder Sudan III Addition of hexane (2 mL) in suspected chili powder (1 g). Shake well and let 
settle. Further, addition of aceto-nitrile (2 mL) and decant the clear solution, is an 
indication of the presence of sudan III.

Rhodamine 
B

Vigorously shake the distilled water (3 mL) and carbon–tetra-chloride (10 drops) in 
red chili powder (¼ teaspoon). Disappearance of red color and reappear by addition 
of HCL drop, gives the confirmation of rhodamine B adulteration.

g Cinnamon Cassia bark Cinnamon barks have a distinct smell, are thin and can be rolled around a pencil or 
pen, while cassia bark consists of many layers.

h Green chili Malachite 
green

The malachite green adulteration is judged by rubbing with a liquid paraffin-soaked 
cotton piece.

i Saffron Colored 
dried maize 
cob tendrils

Original saffron is not easily tearable, like artificial saffron.
The preparation of artificial saffron is by soaking maize cob in sugar and coloring it.

j Coffee Cereal starch Addition of distilled water (3 mL) in ½ teaspoon coffee powder. Heat the contents in 
test tube to colorize under spirit lamp. Add the KMnO3 (33 mL) and muriatic acid 
(1:1) for decolorization.

Appearance of blue color shows the presence of starch due to iodine.

http://old.fssai.gov.in
http://old.fssai.gov.in
http://old.fssai.gov.in
http://old.fssai.gov.in
http://old.fssai.gov.in
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atmosphere, the tyrosinase enzyme particles reticulated for 8 
min. The polyphenol was analysed by cyclic voltammo grams 
and chronoamperometry (electrochemical measurements). The 
structural, morphological and spectroscopic characterization 
of CoAlSO4-LDH has been done by FTIR, XRD and AFM 
(Figure 11.1). The electrochemical characterization of the bio-
sensor has been done by collecting the cyclic voltammograms 
with the addition of polyphenols in PBS (0 to 2000 ng/mL) 
by enzymatic reduction of o-quinones. The biosensor retains 
90% of original linear response with a concentration of high 
sensitivity and stability after 20 days (Soussou et al., 2016) 
(Figure 11.1).

The horseradish peroxidase enzyme-based biosensor used 
to develop the linking between antioxidant activity and phe-
nol content. The concerned biosensor contained carbon paste 

electrode having immobilized DNA additive and horseradish 
peroxidase on Si–Ti by using glutaraldehyde adsorption and 
cross-linking. The silica–titanium system prepared by alter-
ing the silica gel surface with TiO2 (Kubota et al., 1991). The 
homogeneous paste of graphite powder with mineral oil was 
dried at room temperature. This paste was filled in the cavity 
containing platinum disk and sealed into the glass tube. The 
stability and sensitivity of the biosensor can be improved by 
the DNA additive. Five separate tea samples were analyzed 
in order to assess a connection between antioxidants and 
polyphenol content. The overall phenolic content for tea varied 
between 2.3 and 11.2 mmol–1 and 0.018 to 0.15 mmol–1 for 
black tea. Biosensor response was not influenced by ascorbates 
or carbohydrates (Lucilene et al., 2003, Lucilene and Alves 
2005).

FIGURE 11.1 Schematic representation of Tyrosinase Immobilization in Amperometric Polyphenol Biosensor.

(Permission order no.: 4782841011134; dated 05.03.2020).

FTIR XRD

Structural, Spectroscopic and Morphological Characterization

Cyclic voltammograms and Chronoamperometry measurements with calibration curve

CoAlSO4-LDH

Screen-Printed Gold Electrodes

Tyrosinase

AFM



Toxicant/Pesticide Residue/Adulteration Detection in Some Valuable Plantation Products 183

An ampherometric biosensor based on Brassica napus Hairy 
Roots Peroxidases (PBHR) was fabricated for polyphenol esti-
mation in wine and tea. The PBHR-filled, ferrocene-filled and 
multi-wall carbon nanotubes carbon paste electrodes were 
inserted into mineral oil. The biosensors were externally cov-
ered by a dialysis membrane, which was positioned on side 
of electrode body fixed with a Teflon laboratory film and an 
O-ring. In the H2O2 catalytical reduction reaction, polyphenolic 
compounds may function as electron donors to peroxidases.

 Peroxidase H O Free radical H O� � �� �2 2 2  

The drop in H2O2 levels contributed to the impression that 
PBHR operates in the solvent and electrode surface as cascade. 
The NaCH3COOH/CH3COOH buffer comprising homog-
enized hairy roots were centrifuges and supernatant used as 
total peroxidase extracts. The overall peroxidase activity with 
o-dianisidine as a substrate was estimated after purification. 
The biosensor had good efficiency, stability, repeatability, 
reproductivity and was even suitable without pre-treatment for 
coloured samples. This can be used in the polyphenol determi-
nation of food matrices as a helpful tool for rapid screening as 
it has no sulphur dioxide, ascorbic acid and glucose interfer-
ence (Adrian Marcelo Graneroa et al., 2010).

The adulteration of instant coffee can be distinguished by 
an economical, simple and rapid glucose oxidase-immobilized 
oxygen electrode. The construction of the sensor involves the 
placement of the collagen membrane with a rubber O-ring and 
enzyme layer (glucose oxidase and bovine serum albumin in 
phosphate buffer) on the side of the sensing surface. The mem-
brane was exposed to “photo flood” light for 10 min and kept 
at 4°C before use. The instant coffee with phosphate buffer 
based saturated air was subjected in the thermostatic micro cell 
(28°C) for signal recording in a horizontal position. There were 
two ways (i.e., on the surface and around the surface) for the 
immobilization of glucose oxidase in the collagen membrane 
of oxygen electrode. The response time was better in enzyme 
membrane placed around the oxygen electrode than on the sur-
face. The performance of the glucose electrode optimized using 
different parameters like temperature, pH, response time and 
Michaelis-Menten constant. The best optimized response tem-
perature and pH were 28°C and 6.8–7.1 respectively. The appar-
ent Michaelis-Menten constant for immobilized glucose oxidase 
and soluble enzyme was 3.1 mM and 3.6 mM, respectively. The 
glucose, fructose arabinose, galactose and mannose found in 
commercial instant coffee samples due to the addition of chic-
ory. This simple and quick method was used to measure glucose 
routinely in instant coffee (Figure 11.2) (Matsukura et al., 1993).

FIGURE 11.2 Schematic representation of glucose determination in instant coffee with an enzyme electrode.
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Ghindilis et al. (1992) prepared the Laccase-based ampero-
metric biosensor for the identification of catechols in tea. The 
laccase is the most acceptable hydrodynamic enzyme in ana-
lytical estimation of polyphenol. It catalyzes the polyphenols 
oxidation in presence of oxygen as below:

 AH O A H OLaccase
2 2 2� �� ���½  

AH2 = Reduced state of phenol
A = Oxidized state of phenol

Using Woodward's reagent, the laccase was immobilized on 
filament like DEAE-cellulose. The mixture was supplemented 
with DEAE-cellulose and Na2PO4 buffer at 7.8 pH for incu-
bation after 10 min of reaction. The instrumentation involved 
in study was measuring cell, immobilized lactase container, 
oxygen electrode, thermocouple, heater, outlet and mechanical 
stirrer. It is important to oxidise the flow injection analysis of 
tea polyphenols while the sample flows through the column. 
The response time decreases rapidly as the flow rate increases, 
while the response amplitude remains unchanged until the flow 
rate reached 6 mL/min. Furthermore, the increase in flow rate 
decreases the amplitude due to the hydroquinone incomplete 
oxidation while stay in the column. So, 6 mL/min was the 
crucial upper limit for the flow rate. The response time of the 
electrode does not exceed 100 s, and the column is successfully 
used 500 times without a noticeable reduction in the activity of 
the sensor. There was a comparatively high response time for 
the quick and lightweight batch sensor, which was less suscep-
tible to catalyst stability.

In multi-enzymatic sensors enzymes (invertase, mutaro-
tase, FAD-dependent glucose dehydrogenase) are co-immo-
bilized with chitosan layers and Au-electrodes thin-layer for 
specific sucrose monitoring of nine types green coffee, five 
types of green C. canephora Pierre ex Froehner var. robusta 
beans and three types of green C. liberica Bull ex Hiern beans. 
The green coffee is rich in polyphenols i.e. chlorogenic acids 
(12% dry weight) which showed oxidation peaks at +225mV 
(Ag/AgCl reference electrode) that means less working poten-
tials should be utilized for eliminating the interfering current 
due to the chlorogenic acids oxidation at the time of sucrose 
estimation by biosensors (Seruga and Tomac, 2014). Trehalose 
was applied to the enzyme solution to boost the stability and 
sensitivity of the biosensors before dispersal to the electrodes. 
The best performance of the multi-enzymatic biosensors was 
obtained at 5.75 pH. The N-methylphenazonium methyl sulfate 
(C13H11N2 · CH3SO4), Meldola blue, Azure A & C, methylene 
blue and thionine dyes used as mediators for good sensitivity, 
selectivity and functionality by accelerating an electron car-
riage from the enzyme to the electrode surface. The LOD of the 
biosensor was 8.4 μM (sensitivity 0.65 nA μM−1, signal/noise 
5) with 50s response time. The storage stability of fabricated 
retained 90% of activity during 12 months of storage. The sat-
isfactory correlation has been obtained by a comparative study 
of sucrose determination in 17 green coffee samples based on 
HPLC and biosensor (Monosik et al., 2012).

11.7.1.2  For Aflatoxin Detection

The conventional mode of aflatoxin detection is TLC, ELISA, 
LC, GC, MS and HPLC which time consuming, tedious and 
costly. Pohanka et al. (2014) prepared rapid, economical, user-
friendly biosensor having ELISA level of detection limit and 
utilized it for detection of aflatoxin B1 in agricultural field 
and food industries (Zheng et al., 2005). The immobilization 
of aflatoxin B1-bovine serum albumin conjugate completed 
by catching it in gelatin which was injected on electrode for 
drying and further storage at 4°C (Pohanka et al., 2008). The 
platinum working, platinum auxiliary and an Ag/AgCl refer-
ence electrode utilized for biosensor. The detected current was 
related to liberated iodine concentration by electrochemical 
reaction with HRP label in biosensor:

 2 22 2 2I H O I OHHRP� �� �� ���  
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The sample was taken out after the interaction for 10 min 
on electrode. The PBS solution was utilized to wash the elec-
trode after every injection of the sample. The biosensor cali-
bration scale (1 to 10,000 parts per billion) was found to be 
suitable for this type of biosensor. There was no response for 
aflatoxin B1 at ≤1 ppb concentration further semi-logarithmic 
scale obtained. The steps involved in preconcentration like aff-
ine column pretreatment may improve the detection limit. The 
above explained biosensor can detect the aflatoxin B1 under 
the European legislation (472/2002) maximum limit. One 
biosensor utilized for single independent assay, however, due 
to the continuous deprivation of immobilized antigen and/or 
gelatin membrane the regeneration process of biosensors was 
avoided. The most common reagents involved in the process 
of regeneration are buffer (acidic and alkaline) and chaotropic 
substances. The long-term storage stability of the biosensor 
experimented at 25°C and 5°C. The decrement in signal detec-
tions were <10% and ~22% for 5°C and 25°C, respectively. 
The prepared biosensor was workable for identification of afla-
toxin in two capsicums.

Further, smartphone-based optical biomimetic sensor has 
been developed for the extension in the aflatoxin detection. 
The system was based on free-standing molecularly imprinted 
polymer (MIP) membranes. The MIP membranes were work-
ing simultaneously on both the aspect of analyte selection and 
fluorimetric sensor response that could be cached by smart-
phone camera for image analysis. The detected aflatoxin 
B1 fluorescence was proportional to the concentration. The 
2-acrylamido-2-methyl-1-propansulfonic acid and acrylamide 
were found out as optimum aflatoxin B1 formation. The smart-
phone-based sensor had a detection limit of 20 ng mL−1 for 
aflatoxin B1 (Tetyana et al., 2019).

11.7.1.3  For Methyl Parathion Detection

Tharini Jeyapragasam et al. (2017) prepared acetyl cholinest-
erase immobilized graphene oxide (ERGO)-Nafion (Nf) 
modified glassy carbon electrode for the detection of methyl 
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parathion. The Electrochemical oxidation reaction of acetylth-
iocholine chloride took place at 0.7 V vs. Ag/AgCl phosphate 
buffer solution. The sensor has been calibrated by using methyl 
parathion concentration, scan rate, acetylthiocholine chloride 
concentration, AChE loading and incubation time. The biosen-
sor has detection limit of 1 × 10–9 M.

11.7.2  Microbial based Biosensors

Whole Pseudomonas alcaligenes MTCC 5264 cells with 
the potential to degrade caffeine have been immobilized by 
covalent crosslinking utilizing glutaraledhyde (bifunctional 
crosslinking agent) and gelatin (protein dependent stabilizing 
agent) on a cellophane membrane (cut off molecular weight 
3000–6000). Caffeine is utilized as source of C and N from 
soil by caffeine degrading bacteria, hence, it is useful tool for 
caffeine estimation. The system was able to identify caffeine 
within three minutes in a solution with a concentration range 
of 0.1 to 1 mgmL−1. At 6.8 pH and 32°C, the biosensor was 
extremely selective for caffeine and other compounds, such as 
theophylline, theobromine, paraxanthine, other methyl xan-
thines, and sugars, displayed marginal sensor response (Sarath 
Babu et al., 2006).

The optical waveguide lightmode spectroscopy (OWLS) 
immunosensor with HPLC and ELISA methods is utilized 
for aflatoxin identification in the spice and paprika matrix. 
The Aflatoxin B1 (AFB1) (extracted from Aspergillus fla-
vus) specific polyclonal antibody and AFB1-BSA conjugate 
are used as coating antigens. The OWLS immunosensor can 
quickly diagnose aflatoxin B1 in samples of paprika. OW2400 
(Micro Vacuum Ltd., Budapest, Hungary) biosensor contained 
an amino functionalized integrated optical wavelength on the 
uppermost of glass support with fine (416 nm distance between 
each line) optical grating (Nora et al., 2016).

11.7.2.1  Based on Nanotechnology

The chemical, optical electronic properties of different types 
of electrodes (carbon nanotubes, gold nanoparticle, titanate 
nanotube, quantum dots of Cadmium chalcogenides (Te, S, 
Se), magnetic nanoparticles, etc.) of nanomaterials (nanowires, 
nanotubes, nanocrystals, quantum dots, rods, metal nanopar-
ticles) were used to fabricate sensors for the analysis of tea, 
coffee, and spices.

11.7.2.1.1  Nano Biosensors for Tea and Coffee Analysis

AuNP functionalized by rodamine-B (RB) capped-thioglycolic 
acid, is used as an innovative fluorescence probe for evaluating 
xanthine in coffee and tea. The sensing mechanism involved 
enzymatic generation of uric acid that encouraged the AuNP 
degradation and fluorescence.

The probe synthesis was done by citrate capped AuNP, 
which were modified with thioglycolic acid by Au-S bonding. 
The TGA active AuNPs solution prepared by the addition of 
TGA and citrate after one hour of vigorous stirring in AuNP 
solution followed by the addition of RB solution, the reaction 
blend was stored at normal temperature for some time (15 
minutes). RB-capped TGA/GNPs solution was mixed into the 
xanthine oxidase and xanthine solution and incubated. The flu-
orescence of the reaction mixture was recorded as performed at 
400 nm. A similar probe has been utilized for uric acid estima-
tion, with fluorescence scanning from 520 to 625 nm at normal 
temperature. The linear graphs were plotted between analyte 
concentrations and fluorescence intensities in the absence and 
availability of the analyte (I0/I). The LOD works for the xan-
thine determination (range 93 nmol/L–0.84 μmol/L) with a 
10.1 nmol/L detection limit, and uric acid determination, with 
detection limit (Menon and Girish Kumar, 2017) (Figure 11.3).

An immunosensor was fabricated using carbon felt elec-
trode and PdNPs for the identification of Ochratoxin A in 

FIGURE 11.3 Schematic representation of rodamine-B capped TGA functionalized AuNP based biosensor for xanthine determination in coffee and tea.

(Permission order no.: 4782850942491; dated: May 3, 2020).
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coffee. The fabrication of an immunosensor was completed 
in two major steps, i.e., PdNPs was coated on a CF electrode 
using atomic layer deposition (ii) grafting of the anti-OTA anti-
bodies through a cross-linkage route into the nanocomposite 
structure, utilizing a carbodimide functional group. The coffee 
sample stock solution was prepared by ultrasonication of PBS 
and coffee. The different concentrations of OTA standards in 
PBS were applied onto the surface of BSA/antiOTA/PdNPs/CF 
immune electrodes and kept for 40 minutes at room tempera-
ture. The Differential Pulse Voltammetry (DPV) was utilized 
for the OTA quantification by using a K3Fe(CN)6/K4Fe(CN)6 
(1:1) blend in PBS. The cyclic voltammetry was done in 
K3[Fe(CN)6], supported by KCl in K2HPO4–KH2PO4 solution, 
and the electrochemical impedance spectroscopy measurement 
was done in KCl with equimolar [Fe(CN)6]3−/4− with Alternat 
Current frequency. In the presence of intervening substances, 
the sensor was very selective against OTA and demonstrated 
very strong stability. The PdNPs are used to maximize the 
shift in peak currents, as the carriers of the electrochemical 
capture probe. The ferricyanide solution is used to generate the 
transfer of electrons between the bulk solution and the operat-
ing electrode as a redox mediator. The Anti-OTA provides an 
extremely effective Faradaic current in the absence of OTA. 
However, owing to the development of the anti-OTA/OTA 
complex, the faradic current reduced in the presence of OTA 
hinders the electron transfer of Fe(CN)6/Fe(CN)6 (Kunene et 
al., 2019) (Figure 11.4).

Chlorogenic acid (CGA) belongs to the ester family 
which contains large natural polyphenolic compounds, i.e., 

p-coumaric acids, ferulic, and caffeic, etc. An innovative 
nanocomposite of multiwalled carbon nanotubes (MWCNTs), 
CuONPs and lignin (LGN) polymer were used to adjust the 
glassy carbon electrode for the chlorogenic acid (CGA) esti-
mation. The cyclic voltammetry (CV) illustrated a form of 
electrode that is regulated by adsorption, quasi-reversible, and 
pH-dependent. A pair of well-defined redox CGA peaks were 
observed in CV at LGN-MWCNTs-CuONPs-GCE at a phos-
phate buffer solution (PBS). FTIR, TEM, and XRD character-
ized the synthesized nanoparticles and nanocomposites. On the 
anodic peak, DPV was added and utilized for the CGA quan-
titative detection. This type of sensor gave linear responses 
with 0.0125 mM LOD and 0.2631 mM limit of quantification. 
The proposed electro-chemical sensor indicates easy practice 
for tracking CGA in actual samples, with exceptional analyt-
ical performance because of extended linear dynamic range, 
reproducibility, and repeatability, with simple and economical 
design (Rajasekhar et al., 2019).

11.7.2.2  Based on Artificial Intelligence

An electronic nose and tongue can be imitators of the sen-
sory perceptions of taste and smell. It has wide application in 
the evaluation of tea quality by response signals fingerprints, 
which represent the overall tea information. Compared to a sin-
gle sensory system, the fusion of receptors is an integral aspect 
of human perception. The fusion is categorized into low-level 
(data fusion), intermediate-level (feature fusion), and high-
level fusion (decision fusion). The data fusion technique was 

FIGURE 11.4 Schematic representation of electrochemical label-free immunosensor for the estimation of OTA in coffee.

(Permission order no.: 4896601070424, Date: Aug 26, 2020).
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introduced by integrating the raw sensor response signals into a 
single signal response. The human brain's fusion process is anal-
ogous to decision-level fusion, which incorporates decisions 
from various sensory pipelines. Many researchers reported that 
the combination of E-nose and E-tongue improved the individ-
ual system for quality assessment. In addition to this, a combi-
nation of data fusion and feature fusion is achieved by mixing 
of e-nose and e-tongue raw sensor signals after the extraction 
of raw signal data (Baldwin et al., 2011).

The commercial taste-sensing system (SA401) of a surface 
acoustic wave sensors array based on potentiometry princi-
ples with zero electrical potential of coffee, which is taken as 
reference. The lipid membranes were prepared in tetrahydro-
furan from polyvinyl chloride (PVC), dioctyl phenyl-phospho-
nate (plasticizer), and lipid. The dried mixture was kept on a 
glass plate at 30°C. The fabricated lipid membranes fitted into 
the cylinder electrodes of seven-hollow-cylinder-electrodes. 
Coffee taste may be calculated by independent parameters, 
i.e., bitterness and acidity (Fukunaga et al., 1996). The use of 
low cost, surface acoustic wave sensor arrays with polymer 
coating is a very smart technique for detection of extremely 
sensitive and selective volatile organic compounds. The 10 g 
ground coffee beans stored in headspace vials (50 mL) for 2 
to 14 days. The devices work at 433 MHz frequency, which is 
relatively high compared to quartz microbalances or even other 
surfaces’ acoustic wave sensors (Barie et al., 2015). The chief 
reasons behind the use of the above method are fewer vola-
tile concentrations of aroma sources, flexibility in controlling 
humidity levels, and hydrophobic pre-concentration materials 
(Jay et al., 1993).

An E-nose containing 18 metallic oxide sensors was applied 
to get the fingerprints of tea odor. The prepared (1 g in 5 mL 
ultrapure water at room temperature) tea sample was subjected 
to the preheating area for 900 seconds (rotation rate 500 rpm/
min, at 60°C) in an automatic sampling device after sealing 
the headspace bottle (20 mL). Further, inside the sensory array 
room, gas (2 mL) was injected with the speed of 2 mL/s. The 
reaction and response time for the tea sample was 120 seconds 
and 0.5 seconds for the biosensors. The technique comprised 
feature-level (fusion of the time and frequency domain-based 
feature) and decision-level fusion (D-S evidence combination 
for the classification results from multiple classifiers) (Ruicong 
et al., 2017). An E-tongue having seven array electrodes has 
been utilized for the characterization of taste fingerprints of 
tea. The water bath boiled tea sample (1 g/150 mL in ultrapure 
water) was filtered after 45 minutes and cooled. In compar-
ison to e-nose, e-tongue does not easily become stable, and 
hence, preprocessing (i.e., self-testing, activation, training, 
calibration, diagnostics) is required to increase the stability and 
reliability. The three times cleaned (deionized water; 10–20 
seconds) sensor was activated in 30 minutes for the enrichment 
of H+ (HCl 0.01 mol/L) on the coated film sensor. Each elec-
trode produced a signal curve of 241 points for a period of two 
hours. The sensitivity and effectiveness of diagnostic testing 
were required every 20 days.

An electronic nose (based on nanotechnology) is used in 
saffron adulteration detection. An adulterated sample of saf-
fron with safflower (10–50%) was subjected to the aroma 
fingerprints by using an electronic nose system. This system 

contains metal oxide semiconductors sensors (MQ-type), sam-
ple containers with pump (1.3 L/min) oxygen containers and 
three electronic valves. The sampling methods was based on 
headspace (full of odor) analysis of container with sample. 
Inside the sensor array chamber headspace transferred, further 
removed, and replaced by clean air. These sensors collected 
data which was converted to an electrical signal for computer 
analysis (Heidarbeigi et al., 2015). Initially, the samples were 
kept inside the chamber for 3600 seconds so that headspace 
filled with odor. Further, baseline correction was performed 
by passing oxygen for 200 seconds. Then, odor pumped 
through the sensors for 180 seconds. Within 500 seconds, 
sensors responses were collected by data acquisition system. 
The recording graph showed recordings of safflower, origi-
nal saffron, and corn stigma samples. The technique is used 
for quantification or classification of the two types of pattern 
recognition (techniques of statistics). The statistical methods, 
like PCA, partial least square, principal component regression, 
linear discriminant analysis, and clustering algorithms, may be 
utilized for pattern recognition.

An E-nose and CVS are developed as artificial intelligent 
instruments for detecting the tea aroma and appearance to 
identify tea quality. The Computer Vision System comprises 
predominantly of a projector, a lighting unit, and a personal 
computer. The camera and lighting system are responsible for 
collecting a sample image, and the computer retrieves and inter-
prets the valuable details of colour and texture from the image.

A sensor array and multivariate computational data analysis 
devices are composed of an e-nose device. The sensor array 
reacts to many different volatile headspace compounds of the 
sample, and then the sensor array produces an answer output 
reflecting the ‘fingerprint’ details of the volatile compounds 
of the sample. The sample identification can be performed 
by combining the appropriate algorithm with the computer 
vision system and the ‘fingerprint’ of E-nose. Computer vision 
devices and e-nose detections are very simple since samples do 
not need complex pretreatment. Both detection techniques are 
rapid, easy, and good alternatives for conventional procedures 
in food analysis (Min et al., 2018).

The a-Astree TM e-tongue has been utilized with ANN for 
grading and identification of Chinese green tea. The 4-grade 
green tea of Zhenjiang (China local market) was classified by 
panelists as per aroma, taste, and appearances. The tea taste 
was linked to alkaloid and polyphenols, which varied as per 
plantation, geographical areas, and season. The preprocess-
ing of tea samples included heating of distilled water (100 
mL) with green tea (1.0 g) for 15 minutes and filtering. The 
tea filtrate (85 mL) was used for the e-tongue analysis. The 
electronic tongue system is composed of seven sensor arrays 
(organic coated silicon transistors; work time 200 seconds) 
with a reference electrode (Ag/AgCl), liquid tea, personal 
computer, and data acquisition card. Intensity value is defined 
as the coated sensor and reference electrode potentiometric dif-
ference. The coatings ensured good selectivity, repeatability, 
and sensitivity. The comparative linear and non-linear pattern 
recognition approaches (K-nearest neighbors, ANN) were used 
(Chen et al., 2009).

Xiao et al. (2009) developed the e-tongue with pattern 
recognition methods (PCA, CDA, BP-neural networks) 
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to discriminate the five grades (AAA, AA, A, B, C) of 
Xihulongjing tea. The sensor (16 position autosampler) was 
based on modified field effect-transistor technology-based 
electrochemical potentiometric technology. The sensor is made 
up of an organic coating that is sensitive to the species and a 
transducer which permits membrane response conversion into 
signals.

11.8  Future Scope for Biosensor in 
Valuable Plantation Products

The desire for good selective, low cost, portable, and usable 
biosensors at-line or on-line working sites with no sample 
preparation are still in huge demand for analyzing the tea and 
coffee processing industry. The biosensor utilized for grading 
and compound detection in tea and coffee samples are costly in 
nature. Further, there is still a requirement of a reliable, good 
performance-based biosensor for tea and coffee. Now, low cost 
fiber optic biosensors are gaining popularity due to the ana-
lyte concentration determination by wavelength absorption and 
immunity to electrical and magnetic interference (Pahurkar 
and Muley, 2012). The chip network containing memory con-
trollers, integrated processor, blocks, routers, and network 
interface controllers are the future of biosensors for plantation 
crops. The literature revealed that nthe etwork on the chip is a 
very important tool for the implementation of ANN because 
of the high degree of parallelism, elasticity, scalability, and 
economy (Abdelkrim et al., 2019). There are different types 
of biosensor architectures designed (tree structure, ring, shared 
bus, point-to-point,) for the best performance/cost ratios are 
still required. As per literature, the most suitable one is mesh 
architecture for ANN in comparison to rest (Pande, 2014). But 
there are certain challenges (scalability, information distortion, 
connection topology, deterministic packet transmission, fault 
tolerance) related to network on chip architecture, too.

11.9  Conclusion

The chapter concludes with the details of various enzyme-
based biosensor systems that have versatile advantages over 
current conventional analyzing systems to detect polyphenol 
from wine, tea, and coffee samples. The nano-biosensors are 
used to determine xanthine, ochratoxin A, and chlorogenic acid 
from tea and coffee samples. Recently, e-nose and e-tongue 
was utilized to give an idea about fingerprints of odor and taste 
in the tea and coffee. More research is still required to focus 
on the computer-based systems to communication-centric sys-
tems, i.e., chip network architecture (NoCs) for identification 
of components and tea and coffee samples.
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12.1  Introduction

Fermentation is an ancient method of food preservation and 
is a regular practice throughout the world. Food fermenta-
tion is the addition of food grade microorganisms to carry out 
desirable changes in the foods. Some of the popular fermented 
foods consumed globally are Beer, Wine, Cheese, Yogurt, 
Kefir, Sauerkraut, Kimchi, Tempeh, Natto, Kombucha, Miso, 
Salami, Sourdough bread, Olives, etc. Fermentation improves 
the acceptability and palatability of the product by changing 
flavor, body, texture, appearance; increasing the shelf life of 
fermented foods due to formation of various organic acids, 
alcohols, and antimicrobial compounds; enhancement of the 
nutritive value of the product by microbial synthesis of a range 
neutraceutical components and also imparting better carbohy-
drate and protein digestion by eliminating anti-nutrient com-
pounds or factors of the foods, toxins, and mycotoxins.

Currently, a major part of the diet throughout the world con-
sists of fermented foods (1/3) in various forms. Also, according 
to 2016 data, fermented foods and drinks are the ten top food 
trends (Terefe, 2016). The major reason behind this trend is that 

fermented foods are regarded as health promoting foods as they 
are the source of a wide range of nutraceuticals and carriers 
of health beneficial probiotic bacteria. Traditionally, fermented 
foods are known to have various health-promoting properties.

One of the traditional fermented vegetable Korean dishes, 
called ‘Kimchi’, has been reported to have various func-
tional attributes, like anti-aging, anti-cancer, anti-obesity, and 
anti-constipation properties (Kim et al., 2011a). Another fer-
mented product called ‘Kombucha tea’ (made from sweet tea) 
has been documented to improve the immune system, liver 
function, food digestibility (Wang et al., 2014), and prevention 
of heart disease, along with anti-cancerous and anti-inflamma-
tion properties (Dufresne and Farnworth, 2000). The fermented 
dairy drink called ‘Kefir’ boosts the immune system, along with 
lowering lactose intolerance, and anticancer, anti-mutagenic, 
and hypocholesterolemic effects (Guzel-Seydim et al., 2011). 
The anti-obesity, antitumor, and antidiabetic functionalities 
of ‘Cheonggukjang’ (a traditionally consumed fermented soy 
food in Korea) have also been documented (Kim et al., 2014).

In the fermentation process, a major role is played by 
enzymes, which are very sensitive to environmental conditions 
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like temperature, pH, pressure, medium compositions, etc. 
Any deviations from those optimum conditions can change the 
metabolism of microorganisms and in turn reduce the process 
efficiency and productivity. Some of the problem areas in the 
fermentation process concern inconstant final-product quality, 
sudden process variation, and low batch to batch reproducibil-
ity. These problems can be minimized by employing suitable 
monitoring techniques. The parameters mainly temperature, 
pH, redox potential, and dissolved oxygen (DO) are commonly 
measured in routine analysis. But these variable parameters 
don’t ensure better process control or better quality end prod-
uct, although important for fermentation.

Traditional methods, like simple chemical analysis in moni-
toring and controlling the product’s quality, are not sufficient or 
reliable. Numerous analytical techniques based on chromatog-
raphy and spectrophotometric methods have been mentioned 
for fermentation monitoring and to determine final product 
quality. These methods are expensive, laborious, time consum-
ing, and may require sample preparation. Biosensors are one of 
the up-and-coming tools in the field of biomolecule detection 
due to their obvious advantages, like high throughputs, high 
sensitivity, time saving, use of low sample volume, better repro-
ducibility, and ease of automation over the established methods 
like High Performance Liquid Chromatography (HPLC), Gas 
chromatography–mass spectrometry (GC-MS), Liquid chro-
matography–mass spectrometry (LC-MS), Fourier-transform 
infrared spectroscopy (FTIR), Polymerase Chain Reaction 
(PCR) based assay, Immunoassay, etc. As per the definition 
given by Paddle (Paddle, 1996), the ‘biosensor’ is a device 
used for analytical purposes in which the specificities of vari-
ous biomolecules like enzymes, antibodies, tissues, cells, orga-
nelles, and aptamers are used along with an electrical device 
called a transducer, which may be thermal, electrochemical, 
piezoelectrical, or optical depending on application. Thus, it 
can be classified based on either type of recognizer biomole-
cule (bio-receptor) or transducer used (Gaudin, 2017).

In the fermented food industry, biosensors have been devel-
oped mainly for compositional analysis of the fermented foods, 
to monitor the fermentation process and to ensure freshness, 
quality, and safety of the finished end product (Figure 12.1). To 
control the fermentation process and to determine the quality 
of the fermented foods biosensor, many options have been pro-
posed for monitoring various parameters like glucose, lactate, 
ethanol, malolactic fermentation, malic acid, glycerol, total 
phenolic content, etc. Biosensors also have been developed to 
ensure the safety of the product by analyzing presence of dif-
ferent fungal toxins like ochratoxin, aflatoxin, microbial con-
taminants, biogenic amines, and acetaldehyde. For the analysis 
of different parameters, individual biosensors, multianalyte 
biosensors, and sensor arrays, including the bioelectronic 
tongue (Bio-ET), have also been used. Bioelectronic tongues 
have been specifically targeted to monitor changes during the 
beer aging process, and to predict wine characteristics during 
wine manufacturing.

This chapter has elaborated about the biosensors developed 
for fermented food industry, their fabrication and application in 
generating value added fermented foods.

12.2  Application of Biosensor in 
Fermentation Monitoring and 
Quality of the Fermented Foods

In any food fermentation process, monitoring of the substrate 
concentrations, like carbohydrates and their end products, e.g., 
organic acids, alcohols, etc., is essential to ensure the qual-
ity of the final product. Due to rapid compositional changes 
in the sample that occurs during the fermentation production 
process, its monitoring throughout becomes crucial. In the pro-
duction of wine from grape must, the alcoholic fermentation 
(AF) is a primary process completed by a yeast strain called 

FIGURE 12.1 Application of biosensor in food fermentation.
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Saccharomyces cerevisiae. While, at a later stage, secondary 
fermentation called malolactic fermentation (MLF) occurs 
because of lactic acid bacteria (LAB), which leads to produc-
tion of L-lactic with conversion from L-malic acid, thereby 
reducing the acidity of the wine. Malolactic fermentation plays 
an important role in improvising the sensory and freshness 
quality of the red wine. Thus, in the wine production process, 
monitoring of malolactic conversion is important.

In another very popular alcoholic beverage called ‘beer’, 
analysis or monitoring of chemical constituents like glucose 
and ethanol will help regulate the fermentation stage and con-
trol of its possible deviations from the standard process. These 
two constituents are quite vital as per their content for a quality 
benchmark in beverages during the wine fermentation process.

Another important constituent produced during secondary 
fermentation is glycerol from sensory point of view (some-
times added in alcoholic beverages for better taste). Glycerol 
concentration varies between 1.0 and 10.0 g/L in the final prod-
uct, which is about 1/10th of the amount of alcohol formed in 
fermented beverages (Compagnone et al., 1998). Monitoring 
the content of glycerol from the said value can indicate any 
alteration or technological changes or deterioration of grapes 
during harvesting.

Monitoring progress of lactic acid fermentation during the 
production of fermented milk products like yogurt and kefir 
is important for large scale production of these products with 
consistent quality.

Biosensors have been developed to determine specific 
parameters like glucose, lactate, ethanol, malic acid, and glyc-
erol individually or simultaneously, along with a sensor array 
like bio-ET to determine the quality of fermented foods and 
monitor different types of fermentation (Table 12.1).

12.2.1  Glucose Biosensor

An amperometric glucose biosensor was developed using 
carbon film electrodes where bovine serum albumin and glu-
taraldehyde were coupled as a crosslinker and ferrocene as a 
mediator. The LOD was found to be 66 μM. The sensor was 
also used for glucose estimation in spiked sweet wine sam-
ples (Ghica and Brett, 2005). Yang et al. (2006) immobilized 
an enzyme called glucose oxidase on an inner shell membrane 
of bamboo to fabricate a fluorescent glucose biosensor using a 
cross-linker agent glutaraldehyde. The sensor exhibited LOD 
of 58 μM, linearity in the range 0.0–0.6 mM glucose and was 
used for glucose determination in commercial wine samples. 
Another amperometric glucose biosensor was proposed using 
osmium functionalized polymer based modified carbon nano-
tube paste (CNTP) electrode, on which the glucose dehydro-
genase (GDH) and diaphorase (DI) enzymes along with NAD+ 
were immobilized together (Antiochia and Gorton, 2007). The 
developed sensor showed sensitivity of 13.4 μA/cm2 /mmol/L, 
with a linearity value of up to 8 × 10−4 mol/L and LOD 10 
μmol/L. The sensor was used for glucose estimation in sweet 
wine, and results were comparable with a commercially availa-
ble spectrophotometric enzymatic kit. Gonzalo-Ruiz and team 
fabricated an amperometric integrated screen-printed biosen-
sor for glucose determination in wine samples with horse-
radish peroxidase (HRP) along with glucose oxidase (GOx) 

(Gonzalo-Ruiz et al., 2007). They have achieved a detection 
limit of 4.37 ± 0.21 μmol/dm3 and used the developed sensor for 
glucose determination in white wine samples. Later on, Wang 
et al. (2010) used O-(2-hydroxyl) propyl-3-trimethylammo-
nium chitosan chloride nanoparticle (O-HTCC NP) to immo-
bilize glucose oxidase on an onion inner membrane to fabricate 
a sensor for simultaneous detection of glucose and dissolved 
oxygen (O2). Glucose concentration was measured by monitor-
ing the decrease in O2 level. The created sensor showed linear 
response in the range 0.0 to 0.60 mM, with a LOD value of 50 
μM when used in a red wine sample for glucose estimation. Two 
different amperometric glucose biosensors were developed by 
Monosik et al. (2012c) using FAD-dependent glucose dehy-
drogenases enzyme available commercials from two different 
Aspergillus species strains. Both the sensors were constructed 
by immobilizing the enzymes onto nanocomposite electrodes 
composed of multi-walled carbon nanotubes by entrapment 
between chitosan layers. One of the biosensors showed linear-
ity in the range of 50 to 960 μM with LOD value of 4.45 μM, 
while the other one showed 70 to 620 μM linearity and 4.15 
μM as LOD respectively. The developed sensors were tested 
on wine and different beverage samples for glucose estimation 
and validated satisfactorily with HPLC and enzymatic-spec-
trophotometric method data. Anik et al. (2013) also described 
a composite electrode as an enzyme sensor for glucose deter-
mination made by modifying glassy carbon micro particles 
along with gold nanoparticles. The developed sensor exhibited 
linear response in the range 50.0 and 1000.0 μM, sensitivity 
of 176.3 μM, and LOD of 52.9 μM. The sensor gave positive 
results used for glucose analysis in different alcoholic based 
beverage samples. For sensitive determination of glucose, Zhu 
et al. (2013) proposed a nonenzymatic glucose sensor using 
a glassy carbon electrode (GCE), which was modified with 
nickel (II) oxides and a reduced grapheme combined compos-
ite. The sensor response time was less than three seconds with 
a LOD value of 5 μM and linear response in the range 4.5 to 
20 μM. The sensor was validated in a commercially available 
red wine sample, and results agreed with the values generated 
by the HPLC method. An amperometric glucose biosensor was 
reported by Albanese et al. (2014) with LOD of 0.02 mM and 
linear response range 0.005–1 mM. The sensor was constructed 
on a Prussian Blue (PB) modified screen-printed electrode with 
glucose oxidase immobilization by silica sol–gel entrapment. 
The researchers also used the biosensor for glucose estimation 
that was applied for in red and white wines. Recently, David 
et al. (2018) developed a label-free glucose biosensor using 
the layer-by-layer (LbL) self-assembly system by incorporat-
ing glucose oxidase (GOx) in a multilayer film on a modified 
gold electrode. LOD achieved was 41 μM with a sensitivity 
of 237 μA/cm2/mM. The performance of the created biosensor 
was evaluated measuring glucose in wine samples made from 
Romanian grapes. In the same year, Dai et al. (2018) proposed 
a fast, inexpensive biosensor for glucose estimation in wine 
based on a glucose oxidase catalysis induced production of 
Prussian blue nanoparticles (PBNPs). The LOD value and lin-
ear detection range of glucose obtained was 3.29 μM and 4 μM 
to 0.5 mM respectively. Evaluation of glucose content in white 
grape wine samples showed good agreement with the standard 
HPLC method.
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TABLE 12.1

Application of Biosensors in Fermented Foods

Analyte Transducer LOD Linear Detection Range Sensitivity Application in Foods Reference

Glucose

Fluorescense / 
optical

58.0 μM 0.0–0.6 mM – Commercial wine sample Yang et al. (2006)

Amperometric 10.0 μmol /L linearity up to 8.0 × 10−4 
mol/L

13.4 μA /cm2/mmol/L Sweet wine Antiochia and Gorton (2007)

50.0 μM 0.0 to 0.60 mM – Red wine Wang et al. (2010)

Amperometric 4.45 μM 50.0 to 960.0 μM – Wine and beverage Monosik et al. (2012c)

Amperometric 4.15 μM 70 to 620 μM – Wine and beverage

Amperometric 52.9 μM 50.0 and 1000.0 μM 176.3 μM Alcoholic beverage Anik et al. (2013)

Amperometric 0.02 mM 0.005–1 mM. – Red and white wine Albanese et al. (2014)

Amperometric 41.0 μM – 237.0 μA /cm2 /mM Romanian grape wine David et al. (2018)

Amperometric 3.29 μM 4.0 μM to 0.5 mM – White grape wine Dai et al. (2018)

Ethanol

Electrochemical 0.025 mM 0.050–7.5 mM – Wine Wen et al. (2013)

Amperometric 0.52 μM – 0.1646 A M−1 cm−2. Beer, red wine, and spirit samples Lee and Tsai (2009)

Amperometric 0.016 mM 0.025–1.0 mM – Gin, vodka, whiskey, raki, and tequila Akin et al. (2010)

Electrochemical 0.14 μM 0.001 and 2.0 mM – Spiked wine sample Gomez-Anquela et al. (2015)

Amperometric 7.0 μM, 10.0 and 4.7 mM 68.3 μA /mM Beer wine Chinnadayyala et al. (2015)

Amperometric 3.3 g/L 15.0 and 120.0 g ethanol/L – Beer Polan et al. (2015)

Electrochemical 0.52 mM up to 10.0 mM) 9.13 μA/mM cm2 Beers like Pilsner, Weiss, Lager, and 
alcohol-free.

Cinti et al. (2017)

Lactate

Amperimetric 0.05 mg/L 0.1 mg/L to 5.0 mg/L – Beer and wine Perez and Fabregas (2012)

Conductometric 0.05 μM – – Yogurt Nguyen-Boisse et al. (2013)

Amperimetric 6.0 μM – 5.1 ± 0.1 μA/mM White wine, beer and yogurt Bravo et al. (2017)

Impedimetric 17.0 and 20.0 μM – – Yogurt Chan et al. (2017)

Amperimetric 0.75 μM – – Wine Cunha-Silva and Arcos-
Martinez (2018)

Potentiometric 7.3 × 10−7 mol L−1 – – Milk and yogurt Alizadeh et al. (2019)

Malic acid

Amperometric 5.41 μM 10.0–520.0 μM – Wine Monosik et al. (2012a)

Amperometric 1.57 and 1.77 μM 10.0 to 610.0 μM – Wine

Amperometric 2.0 μM – – white, rose, and red wine Molinero-Abad et al. (2014)

Amperometric 6.3 × 10−8 M 1 × 10−7 M – 1 × 10−6 M 1365.0 ± 110.0 mA 
/M/cm2

Red wine Gimenez-Gomez et al. (2017)

Glycerol

Amperometric 1.96 μM 5.0–640.0 μM 0.80 nA /μM Wine Monosik et al. (2012b)

2.24 μM 5.0–566.0 μM 0.81 nA /μM Wine

Electrochemical 20.0 μM 7.0 × 10−5 and 1.8 × 10−3 M, – Faccendini et al. (2014)

Ethanol, glucose, and 
lactate

Amperometric – 0.3−20.0 mM, 0.04−2.5 
mM, and 0.008−1.000 
mM, respectively

– Wine Goriushkina et al. (2009)
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Analyte Transducer LOD Linear Detection Range Sensitivity Application in Foods Reference

Malic acid and lactic 
acid

Amperometric 5.2 × 10−7 M malic acid
4.2 × 10−7 M LA

5.2 × 10−7 −2.0 × 10−5 M
Malic acid
4.2 × 10−7 −2.0 × 10−5 M LA

– Synthetic wine Gamella et al. (2010)

Malic and gluconic 
acids

Amperometric 1.89 μM malic acid 0.79 
μM gluconic acid

– – Wine Molinero-Abad et al. (2015)

Glucose and lactate Amperometric 5.0 × 10−6 mol/L – – Wine Shkotova et al. (2016)

Ethanol and glucose
– 0.1 to 0.7 M ethanol

0.3 to 7.8 mM glucose
– Honey wine Samphao et al. (2018)

Phenolic compounds

Phenol
Electrochemical – 0.5–5.0 mM and 0.7–10 

mM
– Red wine Kim et al. (2011b)

Polyphenols Electrochemical 4.33 μM – 2.40 × 10−4 μA/μM Garcia-Guzman et al. (2019)

Catechol, phenol, 
caffeic acid (CA) and 
tyrosol, TPC

Amperometric 1.2 μM catechol,
1.2 μM phenol,
2.3 μM CA,
1.7–1.8 μM tyrosol

– – Beer Cerrato-Alvarez et al. (2019)

Biogenic amines

Tyramine
Electrochemical 5.7 × 10−8 mol/L 1.08 × 10−7 to 1 × 10−5 

mol/L
– Spiked yogurt Huang et al. (2011)

Tyramine Electrochemical 5.7 × 10−7 M 4–80 × 10−6 M – Sauerkraut Apetrei and Apetrei (2013)

Tryptamine
Electrochemical 4.17 × 10−8 mol/L 6.0 × 10−8 mol/L to 3.0 × 

10−5 mol/L
– Cheese, fermented beverage Meng et al. (2014)

Tyramine Amperometrci 0.62 μM 5.0–180.0 μM – Pickled and smoked fish samples Apetrei and Apetrei (2015)

Total monoamine as 
phenylethyl amine

Amperometric 0.15 μg/mL 0.5 to 150.0 μg/mL – Fish sauce Aigner et al. (2015)

Tryptamine Optical 6.0 ng/mL – – Beer Ramon-Marquez et al. (2016)

Tryptamine
Voltametric 0.8×10−9 mol/L 4.7–54.5×10−8 mol /L – Mozzarella and gorgonzola cheese 

and sausage
Costa et al. (2016)

Histamine Amperometric 1.26 μmol/L 4.5 to 720.0 μmol/L – Wine beer Stojanovic et al. (2016)

Histamine Amperometric 0.2 mg/L up to 10.0 mg/L – Fish sauce Veseli et al. (2016)

Octopamine and 
tyramine

Electrochemical 0.1 μM and 0.03 μM 0.5 to 40 μM and 0.1 to 
25.0 μM

– Beer Zhang et al. (2016)

Tyramine Voltametric 1.5 μM 6.0 to 130.0 μM 486 μA /mM/ cm2 Saurkraut, camembert cheese Kochana et al. (2016)

Tyramine Electrochemical 4.85 × 10−8 M 5.8 × 10−7 to 1.6 × 10−5 – Gouda and brie cheeses Lopez et al. (2017)

Tyramine
Amperometric 0.1 nM 100.0 nM, and 1.0–100.0 

μM
– Spiked beer Khan et al. (2018)

Histamine Amperometric 11.6 μM – 23.3 μA/mM Fermented fish Vanegas et al. (2018)

Tyramine Amperometric 0.71 μM 10.0–120.0 μM – Dairy products and fermented drinks da Silva et al. (2019)

Tyramine
Electrochemical 3.16 μmol L and 10.52 

μmol L
– – Wine Soares et al. (2019)

(Continued)
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Acetaldehyde

Electrochemical 2.6 μM and
3.3 μM

upto 60.0 μM and 100 μM 1.7 μA mM−1 and 5.6 
μA mM−1

Wine Ghica et al. (2007)

Fibre optic – 1.0–500.0 μM and
5.0–200.0 μM

– Red and white wine Iitani et al. (2017)

Brettanomyces 
bruxellensis

Amperometric 8.0 CFU/mL 10.0–106 CFU/mL – Red wine Villalonga et al. (2019)

Total yeast Amperometric 5.0 CFU/mL 10.0–106 CFU/mL – Red wine Villalonga et al. (2019)

Staphylococcus aureus Amperometric 10.0 CFU/mL 101–108 CFU/mL – Spiked cheese Majumdar et al. (2013)

Salmonella enteritidis
Smart phone 
based 
immunosensor

1.0 CFU/g – – Cheese Zeinhom et al. (2018b)

Yersinia enterocolitica Electrochemical 104 CFU/mL 106 to 104 CFU/mL – Kimchi Sobhan et al. (2019)

Lysozyme

Electrochemical 100.0 nM, and 25.0 nM 0.1 to 0.8 μM and 0.025 to 
0.8 μM

– Wine Ocana et al. (2015a)

Electrochemical 4.3 fM 5 fM to 5 nM – Spiked wine Ocana et al. (2015b)

SPR 2.4 nM – – Spiked red and white wine Mihai et al. (2015)

Colorimetric/
optical

10.0 nM 5.0–140.0 nM Wine Mishra et al. (2017)

Ochratoxin A (OTA)

Electrochemical 0.05 nM – – Spiked beer Evtugyn et al. (2013)

Electrochemical 0.065 ppt (pg/mL) – – Wine Huang et al. (2013)

Fluorescence 
quenching

1.0 ng/mL 1.0–1000 ng/mL – Spiked red wine Lu et al. (2017)

Electrochemical 78.3 pg/mL 0.1 to 300.0 ng/ml – Beer Mazaafrianto et al. (2018)

Electrochemical 0.001 ppb 0.001 to 500 ppb. – Chen et al. (2018)

Electrochemical 0.012 nM 0.05 nM to 5 nM – Wei et al. (2019)

Electrochemical 0.5 pg /mL 1 pg /mL to 1 ng /mL – Wang et al. (2019)

Aflatoxin B1 (AFB1) SPR-aptasensor 0.19 ng/mL 1.5 to 50 ng/mL – Spiked vinegar Wu et al. (2018)

Electrochemical 0.1 nM and 0.05 nM – – White wine, soy sauce Evtugyn et al. (2014)

TABLE 12.1 (Continued)

Application of Biosensors in Fermented Foods
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12.2.2  Ethanol Biosensor

Ethanol biosensors were fabricated using major alcohol dehy-
drogenase (ADH), alcohol oxidase AOX, and microorganisms 
producing these enzymes. A biosensor based in ADH catalytic 
oxidation of ethanol is presented in Figure 12.2.

An amperometric biosensor was constructed for ethanol 
monitoring based on screen-printed (SP) electrodes. The sen-
sor showed for ethanol a determination of 0.336±0.025 A /M/ 
cm2 and LOD was 1 μM. The developed sensor was success-
fully used for on-line monitoring of ethanol in wine fermen-
tation (Niculescu et al., 2002). Tkac et al. (2002) developed 
a microbial biosensor for determination of ethanol, using 
ferricyanide-mediated Gluconobacter oxydans. The sensor 
exhibited LOD of 0.85 μM, linear response in the range 2–270 
μM and with response time of 13 seconds. The developed sen-
sor was used for off-line monitoring of ethanol fermentation, 
and results were comparable to the HPLC method. A sim-
ilar microbial biosensor was proposed by Sefcovicova et al. 
(2012) for determination of ethanol, using a direct mixing of 
Gluconobacter oxydans cells and carbon nanotubes, and fer-
ricyanide was used as a mediator. The LOD was 5 μM and 
the linear range for ethanol determination was 10 μM–1 mM. 
The developed sensor was also used for ethanol analysis of fer-
mentation samples, The results were in good agreement with 
HPLC data. These authors also proposed that by using carbon 
nanoparticles like Ketjen black 300 and 600 and immobilizing 
the same bacteria, a LOD range of 2–6 μM and sensitivity of 
84 and 88 μA/cm2/mM can be achieved for ethanol determina-
tion (Sefcovicova et al., 2015). Another microbial biosensor 
for ethanol was constructed based on using an oxygen (O2) 
electrode and immobilizing Methylobacterium organophilium 
on eggshell membrane. The sensor responded linearly for eth-
anol in the range 0.050–7.5 mM, with LOD 0.025 mM, with 
a response time of 100 seconds. The sensor was applied for 
ethanol determination in wine samples, and results were com-
parable to that of the gas chromatographic method (Wen et 

al., 2013). An ADH based sensor for ethanol estimation com-
prising glassy carbon electrode, chitosan, added NAD+ and 
multiwalled carbon nanotubes was proposed by Lee and Tsai 
(2009) with LOD 0.52 μM and sensitivity of 0.1646 AM/cm2. 
The sensor was successfully used for ethanol determination 
in beer, red wine, and spirit samples. An ethanol biosensing 
system using AOX was constructed by Akin et al. (2010). The 
sensor was fabricated by immobilizing the enzyme using pol-
yamidoamine dendrimers on a cysteamine-modified gold elec-
trode. The developed sensor responded linearly in the range 
0.025–1.0 mM, with a response time of 100 s and LOD of 
0.016 mM. The sensor was used to estimate ethanol content in 
gin, vodka, whiskey, raki, and tequila samples, with a recov-
ery rate between 94 and 104 % respectively, and results were 
comparable to the label mentioned. Most of the ethanol bio-
sensors used electrochemical transducers, still an optical trans-
ducer based ADH ethanol sensor was reported by Tarca et al. 
(2014). The developed sensor determined ethanol in the linear 
range of 2%–18% and was used for ethanol analysis in wine. 
Gomez-Anquela et al. (2015) also proposed an ethanol biosen-
sor with ADH based on a screen printed electrode with gold 
nanoparticles, which exhibits LOD of 0.14 μM and a linear 
range of ethanol detection between 0.001 and 2 mM. The per-
formance of the developed biosensor was validated in a spiked 
wine sample, with a recovery rate of 98%. Another ethanol bio-
sensor based on encapsulated gold nanoparticles and AOX in 
polyaniline that was immobilized on a glassy carbon electrode 
surface by the deposition of chitosan-Nafion was reported by 
Chinnadayyala et al. (2015). The developed sensor exhibited a 
linear range of detection between 4.7 and 10 mM, with sensi-
bility of 68.3 μA/mM and LOD of 7 μM. Ethanol estimation by 
the developed biosensor in spirits, wine, and beer showed good 
agreement with gas chromatography.

A screen-printed carbon electrode based ADH biosensor has 
been described by Polan et al. (2015) that was able to deter-
mine ethanol in the linear range of 15 and 120 g ethanol/L 
in a response time of 19 s with LOD of 3.3 g/L. Application 

FIGURE 12.2 Biosensor based on alcohol dehydrogenase (ADH) catalytic oxidation of ethanol.

(Adapted from Lorenzo et al., 2019).
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of this sensor in the ethanol analysis of beer showed compa-
rable results with that obtained from gas chromatography. An 
office paper based screen-printed biosensor was reported by 
Cinti et al. (2017) to detect ethanol in beer samples. They have 
studied the properties of their paper-based screen-printed elec-
trode with a well-recognized polyester-based screen-printed 
electrode by scanning with electron microscopy for surface 
morphology, electrochemical impedance spectroscopy, and 
cyclic voltammeter. The hydrogen peroxide (H2O2) generated 
by the enzymatic action of alcohol oxidase (AOx) on ethanol 
was detected by using a Carbon Black (CB) and Prussian Blue 
nanoparticles nanocomposite as an electrocatalyst. The created 
biosensor achieved a detection limit of 0.52 mM, sensitivity 
of 9.13 μA/mM cm2, and quantification up to 10 mM. The 
researchers also validated the performance of a developed bio-
sensor in different types of beers, like Lager, Weiss, Pilsner, 
and an alcohol-free type.

12.2.3  Lactate Biosensor

Radoi et al. (2010) constructed an amperometric lactate bio-
sensor with L-lactate dehydrogenase on a screen printed 
electrode coupled with a microdialysis based sampling exper-
imental set-up. The sensor showed linearity in the range of 
2 × 10−4 to 1 × 10−3 M. The developed sensor was used for 
determination of lactate in yogurt samples, and results were 
found that were comparable to a commercially available lactate 
determination kit. Zanini et al. (2011) also reported a biosensor 
for detection of L-lactate from various alcohol based beverages 
and dairy products. The lactate biosensor using lactate oxidase 
with liponite/chitosan hydrogels was fabricated on a glassy 
carbon electrode. The developed biosensor achieved a detec-
tion limit of (3.8 ± 0.2) × 10−6 M, and a response time lower 
than 5 seconds was reported. They have also validated the 
results of a developed biosensor with a standard spectroscopic 
method. Similar types of amperometric lactate biosensors 
were developed using two different types of nanocomposite 
electrodes that had multi-walled carbon nanotubes and a gold 
planar electrode for application in wine and other food and 
beverages (Monosik et al., 2012a). The said biosensors were 
fabricated by immobilizing two different enzymes, peroxidase, 
and l-lactate oxidase, within chitosan layers on the electrode 
surface. Ferrocyanide was used as a mediator. The gold elec-
trode based biosensor showed linearity in the range 5–244 μM, 
with a detection limit of 0.96 μM. The detection limit of two 
different nanocomposite based biosensors (consisting of mul-
ti-walled carbon nanotubes and N-eikosane) was 1.66 and 1.62 
μM respectively, and all the biosensors showed 65 seconds of 
response time. These types of biosensors had storage stabil-
ity of 15 months at room temperature (90% retained), retained 
sensitivity after 60 consecutive measurements, and a deter-
mined lactate concentration at low levels (0.02–0.12 g/L) in 
food and wine samples. They have also compared the results 
with HPLC and spectrophotometric methods and reported 
that the results are in good correlation with standard methods. 
Perez and Fabregas (2012) proposed a bi-enzymatic amper-
ometric biosensor for lactate detection, using the enzymes 
horseradish peroxidase (HRP) and lactate oxidase (LOx). The 
sensor was fabricated on screen-printed electrodes modified 

with a carbon nanotube/polysulfone membrane and ferrocene 
as a mediator. The sensor determined L-lactate in the range 0.1 
to 5 mg/L, with LOD of 0.05 mg/L. The sensor was validated 
in beer and wine samples for L-lactate analysis, and results 
were in good correlation with a commercial spectrophotomet-
ric kit. A conductometric biosensor was proposed by Nguyen-
Boisse et al. (2013) for determination of total lactate, l- and 
d-lactate in dairy products using a combination of l-lactate 
oxidase from Pediococcus sp. (LODP) and horseradish per-
oxidase (HRP). Using this LODP/HRP biosensor, a LOD of 
0.05 μM was obtained. The developed sensor was used for lac-
tate determination in yogurt samples, and the data were found 
comparable to the reference colorimetric enzymatic method. 
Loaiza et al. (2015) developed lactate biosensors using lactate 
oxidase on screen printed carbon electrodes (SPCEs), which 
was modified with PtNps (PtNps/GCNF–SPCEs) using gluta-
raldehyde (GA) and polyethyleneimine (PEI). The developed 
biosensor achieved a sensitivity of 41,302 ± 546 μA/M/ cm2, 
a detection limit of 6.9 μM, and with a good reproducibility. 
The sensor also showed good stability during storage, about 
90 and 95 % activity were found, even after three months of 
storage at room temperature and −20°C respectively. Bravo et 
al. (2017) developed a lactate biosensor that can detect lactate 
at very low concentrations, i.e., 2.6 μM, and have a sensitivity 
of 5.1 ± 0.1 μA/mM. The sensor was fabricated using lactate 
oxidase immobilized gold nanoparticles (modified with N, N′-
Bis(3,4-dihydroxybenzylidene)-1,2-diaminobenzene Schiff 
base tetradentate ligand-) on the surface of screen-printed car-
bon electrodes. The device was successfully applied for lactate 
analysis in white wine, beer, and yogurt samples. In the same 
year, a lactate biosensor (impedimetric) was developed using 
lactate dehydrogenase and pyruvate oxidase (PyrOx) (Chan 
et al., 2017). The researchers have fabricated the sensor with 
enzyme drop coating, and cross-linking was created with gluta-
raldehyde vapours. The lactate estimation was done measuring 
an impedance change due to PyrOx catalysed pyruvate oxida-
tion, which resulted in generation of ions like H+, CH3COO−, 
and HCO3. The sensor showed satisfactory results in detection 
of L-lactate in yogurt samples with a detection limit of 17 and 
20 μM of L-lactate. Recently, a lactate biosensor was reported 
to be able to assess lactate at a wide range of concentrations 
(Cunha-Silva and Arcos-Martinez, 2018). The screen-printed 
biosensor (with a copper metallic framework crosslinking of 
0.25U lactate oxidase in a chitosan layer) and lactate oxidase 
measures the enzyme activity on a platinum modified working 
electrode, with a detection limit of 0.75 μM lactate. The sensor 
was effectively used in wine samples and others like sweat and 
saliva (Cunha-Silva and Arcos-Martinez, 2018). A recent study 
by Alizadeh et al. (2019) proposed a nano-sized imprinted 
polymer/multi-walled carbon nanotube (MWCNTs)-based 
potentiometric based lactate sensor for dairy products. The 
sensor was fabricated on carbon rod electrode coated with a 
membrane composed of dibutylphthalate (DBP) (65%), MIP 
nanoparticles (2.5%), poly-vinyl chloride (PVC) (28.5%), 
MWCNTs (2%), and tetra phenyl phosphonium bromide 
(TPPB) (2%), respectively. The LOD of the sensor was 7.3 × 
10−7 mol /L, with a response time of less than 60 s. The created 
device was successfully used for lactate determination in milk 
and yogurt samples.
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12.2.4  Biosensor for Detection of Malic Acid

Bucur et al. (2006) described an amperometric biosensor to 
monitor malolactic fermentation of wines using malate qui-
none oxidoreductase and reported a LOD of 5 μM malic acid. 
Monosik et al. (2012b) proposed other amperometric biosen-
sors using two types of nanocomposite electrodes consisting 
of multi-walled carbon nanotubes and a gold planar electrode 
for analysis of L-malic acid. Biosensors were fabricated by 
immobilizing two enzymes, diaphorase and L-malate dehydro-
genase, within chitosan layers on the surface of the electrodes, 
coupled with ferricyanide and coenzyme NAD+ as the electro-
chemical mediator. The gold electrode based biosensor showed 
a detection limit of 5.41 μM and linearity between 10 and 520 
μM. The two nanocomposite based biosensors responded line-
arly in the range 10–610 μM, with LOD of 1.57 and 1.77 μM, 
respectively. The sensors were applied for determination of 
malic acid in wine samples, and results were in good corre-
lation with HPLC methods. Malic acid was also determined 
using an amperometric sensor, which was developed using 
screen-printed carbon electrodes modified with tetrathiafulva-
lene, gold nanoparticles, and enzyme malate quinone oxidore-
ductase. The sensor showed LOD of 2.0 μM malic acid. The 
developed sensor was applied for malic acid determination in 
red, white, and rose wine samples, and with a recovery rate of 
99.6% (Molinero-Abad et al., 2014). Gimenez-Gomez et al. 
(2017) developed an amperometric bienzymatic biosensor for 
monitoring malolactic fermentation. The sensor was fabricated 
by immobilizing diaphorase (DP) and malate dehydrogenase 
(MDH) enzymes on a thin-film gold electrode with an NAD+ 
cofactor. The developed sensors have a detection limit of 6.3 
× 10−8 M, with a sensitivity of 1365 ± 110 mA /M/ cm2 in 
a concentration range of 1 × 10−7 to 1 × 10−6 M. The sensor 
was applied for monitoring fermentation in red wines, and the 
results showed good correlation with the standard colorimetric 
method.

12.2.5  Biosensors for Detection of Glycerol in  
Fermented Food

An amperometric biosensor was developed by Monosik et al. 
(2012d) for determination of glycerol, using a nanocomposite 
or gold planar electrode that contained carbon nanotubes as 
the multi-walled structure. Multienzyme cascade comprising 
glycerol kinase/creatine kinase/creatinase/sarcosine oxidase/
peroxidase between a chitosan sandwich were immobilized on 
the electrode surface. The proposed sensor responded linearly 
in the ranges 5–640 μM and 5–566 μM, with LOD value of 
1.96 and 2.24 μM, respectively in a response time of 70 sec-
onds and sensitivities of 0.80 and 0.81 nA/μM. The sensor was 
used in wine analysis, and results were comparable with an 
enzymatic–spectrophotometric assay. Another amperometric 
enzyme sensor was developed by Faccendini et al. (2014) for 
determination of glycerol in complex matrixes by immobiliz-
ing glycerol dehydrogenase on a glassy carbon paste electrode 
coupled with soluble NAD+ as a cofactor and ferricyanide as 
the charge mediator. The sensor showed linearity in the range 
7.0 × 10−5 and 1.8 × 10−3 M, the LOD was 20 μM, with an assay 
time of 10 minutes. Later, Mahadevan and Fernando (2017) 

developed a glycerol biosensor, using NAD+-glycerol dehydro-
genase coenzyme-apoenzyme complex onto a gold electrodes 
support system coupled with inorganic iron (type II) sulfide 
(FeS)-based single molecular wires. The authors stated that 
the developed iron sulfide-based bioanodes sensor was more 
promising for detection of glycerol than the available conven-
tional biosensor, which was based on the pyrroloquinoline qui-
none (PQQ) system.

12.2.6  Multi-analyte Biosensor for Fermented Food

Multi amperometric biosensors were developed using differ-
ent types of enzymes, like alcohol oxidase, lactate oxidase, 
and glucose oxidase, which were immobilized on platinum 
printed SensLab electrodes to detect ethanol, lactate, and 
glucose respectively in wine (Goriushkina et al., 2009). The 
sensor responded linearly to all the three compounds, etha-
nol, lactate, and glucose, within the concentration range of 
0.3–20.0 mM, 0.008–1.000 mM, and 0.04–2.50 mM, respec-
tively. The sensor showed stable detection of ethanol and 
glucose for two months after fabrication, but for lactate it 
was only four days. A screen-printed biosensor for ethanol, 
glucose, and fructose detections with portable instrumen-
tation was reported by Piermarini et al. (2011) to evaluate 
micro-alcoholic fermentations (micro-ALFs) for application 
in red wine. Graphite screen-printed sensors for glucose and 
ethanol biosensors were developed with modification, using 
Prussian Blue and oxidase enzymes. A fructose sensor was 
fabricated using fructose dehydrogenase in a bare screen-
printed sensor, and phenazine methanesulphate was used as 
an electrochemical mediator. The developed biosensor was 
assessed in a must wine sample, using two different strains of 
Saccharomyces cerevisiae, and obtained results that showed 
good correlation with spectrophotometric assay. Integrated 
l-lactic acid and l-malic amperometric biosensors were 
proposed by using different enzymes like l-lactate oxidase 
(LOX) and horseradish peroxidase (HRP) or l-malate dehy-
drogenase (MDH) and diaphorase (DP) respectively (Gamella 
et al., 2010). Enzymes were immobilized on the surface of a 
3-mercaptopropionic acid (MPA) self-assembled monolayer 
(SAM)-modified gold electrode, along with a redox mediator 
tetrathiafulvalene. The linear response for l-lactic and l-malic 
were obtained in the range of 4.2 × 10−7 to 2.0 × 10−5 and 
5.2 × 10−7 to 2.0 × 10−5 M, and LOD were 4.2 × 10−7 and 
5.2 × 10−7 M respectively. The authors also mentioned that 
the biosensor showed good selectivity without any significant 
interference. The said biosensors were successfully used for 
monitoring malolactic fermentation (MLF), which was due to 
activities of inoculated Lactobacillus plantarum CECT 748T 
into a sample of synthetic wine. The results were in good cor-
relation with commercial enzymatic kits. Molinero-Abad et 
al. (2015) reported an amperometric sensor using two screen 
printed carbon electrodes for simultaneous detection of malic 
and gluconic acids in a wine sample. The developed sensor 
exhibited LOD of 1.89 μM and 0.79 μM against malic and glu-
conic acids, respectively. Another biosensor (amperometric) 
was developed to detect lactose and glucose in wine, utilizing 
lactate and glucose oxidases. They have used gold thin-film 
amperometric electrodes for detection of both lactose and 
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glucose simultaneously. The multibiosensor could detect 5 × 
10−6 mol/L for both glucose and lactate, showed good repro-
ducibility and storage stability, and had a higher correlation 
with HPLC methods (Shkotova et al., 2016). A similar type 
of bi-enzymatic biosensor was created to monitor ethanol and 
glucose content using alcohol dehydrogenase and glucose 
oxidase for quality assessment of wine during fermentation 
(Samphao et al., 2018). They have fabricated the biosensor by 
absorbing the enzymes on core shell Fe3O4@Au nanoparticles, 
followed by immobilizing them onto a modified carbon paste 
electrode (with 5% m/m manganese dioxide) using an exter-
nal magnetic field. The biosensor showed linear response to 
ethanol and glucose in the range of 0.1 to 0.7 M and 0.3 to 7.8 
mM respectively. The researchers also used the biosensor for 
assessing ethanol and glucose levels in honey wine, which was 
fermented using Saccharomyces cerevisiae Type II yeast. The 
results were comparable with gas chromatography and com-
mercially available glucose meter results. Farina et al. (2017) 
also reported about an amperometric biosensor coupled with a 
wireless telemetry system for monitoring glucose and ethanol 
during top and bottom fermentations in beer wort samples.

12.2.7  Biosensor for Phenolic Compounds

Beers and wines are two beverages which are widely con-
sumed all over the world. There are lots of traditional and 
cultural interventions and factors which are related to the 
existence of these drinks. They also provide various health 
benefits in moderate consumption levels because of their anti-
oxidant capacity (Garcia-Guzman et al., 2019). Specifically, 
red wines contain a range of bioactive compounds, out of 
which phenolic compounds are the most significant, due to 
their antioxidant properties. Antioxidant properties of phe-
nolic compounds have preventive action against cancer and 
cardiovascular diseases. Apart from this, they affect the qual-
ity of wines, including other sensory properties like color, 
flavor, and stability, along with aging behavior. Assessments 
of phenolic compounds are also used to identify the various 
wine types. A microarray-based biosensor was developed to 
determine phenol constituents based on a polyethylene-gly-
col hydrogel based array prepared using photo-patterning 
of a solution composed of photoinitiator, PEG diacrylate 
(PEG-DA), CdSe/ZnS quantum dots (QDs), and tyrosi-
nase enzyme (Jang et al., 2010). Tyrosinase oxidizes phenol 
and produce quinones in the hydrogel microarray, which 
quenched the fluorescence of QDs. The sensor showed a 
detection limit of 1.0 μM. In subsequent years, Montereali 
et al. (2010) developed an enzyme based biosensor utilizing 
laccase and tyrosinase on a modified graphite screen printed 
electrode (along with ferrocene) for detection of polyphenol 
content in wine. They have validated the performance of the 
biosensor in real wine and must samples and reported that 
the results are in good correlation with the Folin-Ciocalteu 
test. They also mentioned that SO2 content in newly bottled 
wine and must samples inhibited the enzyme activity in the 
sensor, thus affecting the performance. A microbial sensor 
was proposed by immobilizing Acaligense sp. on a glassy car-
bon electrode surface coupled with CdS-MWNT and Cu2S-
MWNT (quantum dot-modified multi-wall carbon nanotube 

QD-MWNT) composites (Kim et al., 2011b). The detection 
range for Cu2S-MWNT and CdS-MWNT based biosensors 
were in the range of 0.7–10 mM and 0.5–5.0 mM for phenol, 
respectively. The developed senor was used for phenol esti-
mation in commercial red wine samples. Similarly, Gonzalez-
Anton et al. (2017) developed a bioelectronic tongue based on 
an array of the three subphthalocyanines (SubPcs), tyrosinase, 
and laccase biosensors, for detection of catechol and hydro-
quinone. The developed biosensor could differentiate between 
red wines based on their total Polyphenol Index. Most recently 
Garcia-Guzman et al. (2019) reported about a novel Poly(3,4-
ethylenedioxythiophene)-Tyrosinase/Sonogel-Carbon elec-
trode (PEDOT-Tyr/SNGC) biosensor which was able to detect 
polyphenols in wines and beers. The enzyme was immobilized 
using the novel concept of the Sinusoidal Current electrodep-
osition method. The LOD and sensitivity of the developed 
electrochemical biosensor was 4.33 μM and 2.40 × 10−4 
μA·μM−1, respectively. They have validated the performance 
of the biosensor using nine different beer samples and four 
wine samples, and results showed similarity with literature 
data. Another study in 2019 by Cerrato-Alvarez et al. (2019) 
proposed a portable miniaturized biosensing tool to determine 
total phenolic content (TPC) in samples of beer where tyrosi-
nase modified gold nanoparticles screen-printed electrodes 
(Tyr-AuNPS-SPCEs) and a crosslinker glutaraldehyde was 
used. The researchers stated that the developed sensor could 
determine caffeic acid, phenol, catechol, and tyrosol as indi-
vidual in different beer samples. The TPC was evaluated in 
beer as a tyrosol equivalent, and results were benchmarked 
against standardized Folin-Ciocalteau spectrophotometric 
method with a good Pearson correlation.

12.3  Biosensor for Fermented Food 
Quality and Safety

Food safety has always been on priority list of various gov-
ernment agencies and always a major concern throughout the 
world. Fermented food products are generally regarded as 
safer, mainly due to competition among starter and contam-
inating microorganisms and production of a range of metab-
olites with antimicrobial activity during fermentation. Still, 
Lactic acid bacteria fermented foods, such as fermented milk 
products and fermented vegetable products are susceptible to 
the growth of yeast and molds. Fungi also produce potent tox-
ins like ochratoxin and aflatoxins, which is a serious issue in 
fermented foods safety. Another concern is that there is a rise 
in acid resistant pathogens like E. coli O157:H7. Fermentation 
also results in generation of biogenic amines, which have a 
deleterious effect on human health. Major factors which con-
tribute to the quality and safety of the fermented foods are use 
of contaminated raw material, improper heat treatment/pas-
teurization, deviations from the standard fermentation process, 
and unhygienic storage and handling. Thus, monitoring the 
quality and safety of fermented foods is of utmost necessity 
where biosensors can play an important role as analytical tools 
for timely, specific, and sensitive determination of quality and 
safety parameters.
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12.3.1  Biogenic Amine Biosensor

Biogenic amines (BA) are generated from amination of alde-
hyde and ketone groups or decarboxylation of amino acids by 
microbial action or by endogenous enzymatic activity. Also, 
BAs are hormones or neurotransmitters for normal physiologi-
cal functions in humans and is required in a low concentration. 
At high concentration, these may be responsible for hypo- or 
hypertension, skin allergy, headache, nausea, migraine, and 
digestive problems in human. Biogenic amines (BAs) are also 
the precursors of nitrosamines, which are known to have a car-
cinogenic and mutagenic activity. Various BAs like tyramine, 
histamine, cadaverine, and/or putrescine in varying amounts 
are found in fermented foods, such as sausage, cheese, pickled 
vegetables, and wine because of fermentation by starter micro-
organisms (Papageorgiou et al., 2018). Fermented fish prod-
ucts are one of the major sources of high concentration of Bas, 
as they are rich sources of amino acid precursor and microbial 
conversion during fermentation. The microbial action results 
in higher concentrations of various BAs cadaverine, histamine, 
tyramine, putrescine, dimethylamine, and trimethylamine; 
thus, estimation of its total concentration is commonly used as 
a quality and safety parameter.

Draisci et al. (1998) developed an electrochemical biosen-
sor for monitoring biogenic amines during ripening of salted 
anchovy samples. The enzyme diamine oxidase, using glutar-
aldehyde as a cross-linking agent, was immobilized on nylon-
net membrane. The developed sensor achieved a LOD of 5 × 
10−7 mol/L and linearity in the range of 1 × 10−6 to 5 × 10−5 
mol/L. Another study regarding amine biosensors was about 
amperometric enzyme sensors for determination of putres-
cine, histamine, phenylethylamine, cadaverine, tyramine, and 
tryptamine in cheese samples (Compagnone et al., 2001). 

The sensor was developed by immobilizing diamine oxidase 
onto polymeric membranes or glass beads, along with a Pt 
based hydrogen peroxide electrode. The LOD obtained with 
the developed sensor was in the micromolar range. For simul-
taneous detection of histamine, tyramine, and putrescine, an 
enzyme sensor array was developed, and an artificial neural 
network (ANN) was used for pattern recognition (Lange and 
Wittmann, 2002). The sensor was fabricated by immobilizing 
enzymes like diamine oxidase, tyramine oxidase, and mon-
oamine oxidase on a separate screen-printed thick-film elec-
trode. The LOD for histamine and tyramine were 10 mg/kg, 
while putrescine was 5 mg/kg, with linearity for histamine and 
tyramine were up to 200 mg/kg and 100 mg/kg for putrescine. 
The sensor was also applied for amine detection in different 
food samples like sauerkraut, beer, wine, and other fermented 
foods. Hernández-Cázares et al. (2011) developed an enzyme 
sensor combining diamine oxidase with an oxygen electrode 
and applied it in dry-fermented sausages to determine total 
amines. They used a preactivated Immunodyne membrane and 
immobilized the enzyme on it with the help of glutaraldehyde 
(a cross-linking agent). The amines content was estimated by 
measuring the consumed O2. The enzyme sensor was stable 
for six weeks when stored at 4°C and could be use up to 30 
cycles without any significant change in the sensitivity. The 
results obtained by the enzyme sensor showed great correlation 
with HPLC methods. A molecularly imprinted electrochemi-
cal sensor was described by Huang et al. (2011) for detection 
of tyramine. The sensor was fabricated on the glass carbon 
electrodes by using chitosan and multiwalled carbon nano-
tube-gold nanoparticle (MWCNT-AuNP) composites (shown 
in Figure 12.3). Tyramine-MIP was synthesized for recogni-
tion of tyramine on sol-gel matrix.

FIGURE 12.3 Fabrication of the molecularly imprinted tyramine sensing electrode. MWCNT-AuNP: multiwalled carbon nanotube-gold nanoparticle; 
GCE: glassy carbon electrode; MIP: molecularly imprinted polymer.

(Adapted from Huang et al., 2011).
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The MIP sensor exhibited linearity in the range 1.08 × 10−7 
to 1 × 10−5 mol/L and LOD of 5.7 × 10−8 mol/L. The sensor was 
also applied in a tyramine spiked yogurt sample, with a recov-
ery rate of 92.1 to 109.3%. Di Fusco et al. (2011) used diamine 
oxidase to develop an electrochemical biosensor which was 
used for determination of biogenic amines index as a putres-
cine equivalent in beer and wine samples. It was fabricated by 
immobilizing diamine oxidase on the surface of screen-printed 
electrodes, coupled with flow injection analysis. The research-
ers stated that the sensor is suitable for determination of bio-
genic amines in white and red wine samples, rather than beer 
samples, where the recovery rate is about 50%. Apetrei and 
Apetrei (2013) proposed an electrochemical enzyme sensor for 
determination of tyramine. Tyrosinase was immobilized on 
using polypyrrole thin film to determine tyramine by direct 
reduction of formed dopaquinone at −0.250 V. The developed 
sensor showed linearity in the range of 4–80 × 10−6 M, with a 
LOD 5.7 × 10−7 M. It was also applied in the determination of 
tyramine in sauerkraut samples. Another molecularly imprinted 
electrochemical (Cyclic voltammetry: CV, and chronoamper-
ometry) sensor for determination of tryptamine was reported 
(Meng et al. 2014). Electropolymerization was used for syn-
thesizing molecularly imprinted polymers (MIPs), as a func-
tional monomer 3-thiophenemalonic acid (3-TPA), tryptamine 
was used as a template and fabricated on gold nanoparticle/
chitosan–multiwalled carbon nanotubes (CS–MWCNTs). The 
sensor was applied in the tryptamine determination of cheese 
and fermented beverage samples, showed linearity in the range 
of 6.0 × 10−8 mol/L to 3.0 × 10−5 mol/L, and LOD of 4.17 × 10−8 
mol/L. A tyramine biosensor (amperometric) was developed 
immobilizing tyrosinase on the carboxyl functionalized sin-
gle-walled carbon nanotubes modified carbon screen-printed 
electrode. Reduction of enzymatically produced quinone at the 
electrode surface was used for determination of tyramine, 
using cyclic voltammetry. The sensor determined tyramine lin-
early in the range of 5–180 μM, with an LOD 0.62 μM. The 
created sensor was satisfactorily used for tyramine determina-
tion in pickled and smoked fish samples (Apetrei and Apetrei, 
2015). In the same year, for determination of total monoamine 
content present in complex matrices, Aigner et al. (2015) 
reported an electrochemical biosensor which was fabricated by 
immobilizing human monoamine oxidase B and using manga-
nese dioxide microparticles as the mediator on glassy carbon 
paste electrode. The total monoamine content was determined 
as phenylethylamine equivalent by differential pulse voltam-
metry and amperometrically, the sensor was tested success-
fully in commercially available fish sauce for total monoamine 
content as a phenylethylamine equivalent, and exhibited linear-
ity in the range of 0.5 to 150 μg/mL, with LOD 0.15 μg/mL. An 
optical sensor based on a novel nonwoven nanofibre mat 
(Tiss®-Link) (a whitish, non-charged, and non-luminescent 
functional) was proposed for fast determination of tryptamine 
(Ramon-Marquez et al., 2016). The nanofibre mat was formed 
by hydrophilic nanofibres (300 nm diameter), which were 
functionalized with active vinyl groups (330 μmol/g), and 
tryptamine was determined by Solid Surface-Room 
Temperature Phosphorescence (SS-RTP). The developed sen-
sor determined tryptamine within 15 minutes, with LOD of 

6 ng/mL. The sensor was validated in different beer samples 
for determination of tryptamine, with a recovery rate of nearly 
100%. The researchers proposed that use of SS-RTP and nano-
technology has improved the sensitivity of the biosensor and 
solved the problem of matrix effect. Costa et al. (2016) also 
constructed an electrochemical biosensor for tryptamine anal-
ysis based on glassy carbon electrode (GCE) and square wave 
adsorptive stripping voltammetry (SWAdSV). The developed 
sensor showed linear response for tryptamine in the range of 
4.7–54.5×10−8 mol/L, with a LOD 0.8×10−9 mol/L. It was also 
applied in tryptamine analysis in mozzarella and gorgonzola 
cheese and cold meats (chicken sausage and pepperoni sau-
sage) with a recovery rate above 90%. A histamine biosensor 
was proposed by Stojanovic et al. (2016), using a single-walled 
carbon nanotubes modified carbon paste electrode. The sensor 
exhibited linearity in the range 4.5 to 720 μmol/L, LOD was 
1.26 μmol/L, and was applied in commercial wine and beer 
samples for histamine determination. A similar type of hista-
mine biosensor (amperometric) was proposed by Veseli et al. 
(2016) based on rhenium (IV) oxide modified carbon paste and 
screen-printed carbon electrodes with flow injection analysis. 
The created sensor showed linear response for histamine up to 
10 mg/L with a LOD of 0.2 mg/L. Evaluation of histamine 
content in fish sauce with the developed sensor showed good 
correlation with the spectrophotometric method. An electro-
chemical sensor was proposed for determination of octopa-
mine and tyramine (Zhang et al., 2016). The sensor was 
fabricated on glassy carbon electrode (GCE) surface by elec-
trodepositing reduced graphene oxide (ERGO) nanosheets that 
were coupled with differential pulse voltammetry (DPV) and 
cyclic voltammetry (CV). The sensor responded linearly for 
tyramine and octopamine by DPV in the range of 0.1 to 25 μM 
and 0.5 to 40 μM, while LOD was 0.1 μM and 0.03 μM respec-
tively. A developed sensor was applied in commercially availa-
ble beer samples for octopamine and tyramine determination, 
and the rate of recovery was found to be 98.5–104.7% and 
102.2–103.1% respectively. In contrast, Khairy et al. (2016) 
reported about optical sensors based on a common microtitre-
plate for determination of total biogenic amines (TAC) content 
in cheese and meat. Chameleon dye (Py-1) embedded in a pol-
ymeric cocktail was deposited at the bottom of the microtitre-
plate. First, the sample is added into the wells. After incubation 
at 25°C for 10 minutes, the fluorescence intensity of Py-1 is 
measured at 620 nm for an estimation of TAC. The sensor was 
used for TAC determination in ten meat and cheese samples 
collected from Egyptian markets, and results were in good cor-
relation with GC-MS analysis. Kochana et al. (2016) reported 
about a voltammetric enzyme biosensor for tyramine determi-
nation. The immobilization matrix was created by incorporat-
ing mesoporous carbon CMK-3-type or multi-walled carbon 
nanotubes, Nafion, and poly (diallyldimethylammonium chlo-
ride) into a titania dioxide (TiO2) solution. This sensor showed 
linear response for tyramine in the range six to 130 μM with a 
higher sensitivity of 486 μA /mM/ cm2, and LOD value of 1.5 
μM. The performance of the developed sensor was also vali-
dated in sauerkraut and camembert cheese samples. Another 
electrochemical tyramine biosensor was proposed by Lopez 
et al. (2017) based on Brushite cement-PPO-GA. The sensor 



Biosensors Involved in Fermented Product 203

exhibited linearity in the range 5.8 × 10−7 to 1.6 × 10−5 M, with 
a detection limit of 4.85 × 10−8 M and response time of six 
seconds. The sensor was also validated in Gouda and Brie 
cheeses where the rate of recovery was 95.5±5.8 and 96.9±7.5% 
respectively. A recent study reported about an electrochemi-
cally reduced graphene oxide based tyramine sensor using dif-
ferential pulse voltammetry (DPV) (Khan et al., 2018). It was 
fabricated on 3-aminopropyltriethoxysilane modified indium 
tin oxide (ITO) electrodes and GO nanosheets were deposited 
on the electrode surface. The created device determined 
tyramine in two ranges i.e. 1–100 nM and 1–100 μM, with a 
0.1 nM LOD value. The sensor exhibited a recovery rate of 
97.3 to 101.9% when validated in a spiked milk and beer sam-
ple. An amperometric biosensor was proposed for histamine 
determination (Vanegas et al., 2018). The sensor was fabri-
cated by immobilizing diamine oxidase on a functionalized 
graphene surface with copper microparticles. The sensor 
exhibited histamine determination with a sensitivity of 23.3 
μA/mM, LOD of 11.6 μM, and a response time of 7.3 seconds. 
The created sensor was applied for histamine determination in 
fermented fish samples. Most recently, da Silva et al. (2019) 
reported a tyramine biosensor by immobilizing tyrosinase on a 
glassy carbon electrode that was modified gold nanoparticles 
(AuNP) composites and poly (8-anilino-1-naphthalene sul-
phonic acid), with a linear response ranging from 10 to 120 μM 
and LOD of 0.71 μM. The created sensor was evaluated for 
tyramine analysis in dairy products and fermented drinks. In a 
similar way, Soares et al. (2019) also constructed a tyramine 
biosensor with tyrosinase, but they have used a new functional-
ized polymeric film with 4-mercaptophenylacetic acid 
(MPAA). The developed sensor exhibited LOD 3.16 μmol L 
and LOQ of 10.52 μmol/L with 50 U of tyrosinase at pH 7.2. 
Wine samples were evaluated for tyramine content, and the 
sensor showed a recovery rate of 110.84%.

12.3.2  Biosensor for Detection of Acetaldehyde

May alcoholic beverages, including wine, contain a significant 
amount of aldehyde, it is reported that 90% of the aldehydes in 
wine was acetaldehyde. The International Agency for Research 
on Cancer (IARC) has categorized acetaldehyde as group 
1 carcinogen. Enzymatic biosensors have been developed to 
monitor acetaldehyde in related products. Ghica et al. (2007) 
described bienzymatic biosensors for acetaldehyde determina-
tion using either sol–gel matrix for enzyme immobilization or 
cross-linking with glutaraldehyde on a poly neutral red modi-
fied carbon film electrode. The sol–gel based biosensor exhib-
ited LOD 2.6 μM, linear response up to 60 μM, and sensitivity 
1.7 μA/mM, the values were 3.3 μM, 100 μM, and 5.6 μA/
mM, respectively for glutaraldehyde biosensors. The sensors 
were used for acetaldehyde estimation in wine samples. Iitani 
et al. (2017) proposed two different fiber-optic biosensors 
using aldehyde dehydrogenase (ALDH) or alcohol dehydro-
genase (ADH) for determination of acetaldehyde. Biosensors 
using ADH-exhibited a better sensitivity and detection range 
of 1–500 μM, and a rapid assay in less than three minutes, 
than ALDH-biosensors with a detection range of 5–200 μM. 

The ADH based biosensor was tested for acetaldehyde estima-
tion in nine different white and red wine samples.

12.3.3  Biosensor for Microbial Contaminant

Brettanomyces bruxellensis is significant spoilage yeast for 
the alcoholic beverages, particularly for wine and cider. The 
growth of the yeast during fermentation and storage can dete-
riorate the product by altering taste, thereby hampering the 
quality of the final product. Biosensors are excellent tools to 
detect and quantify such microbial contaminants with greater 
sensitivity, specificity, and ease of detection.

Tubia et al. (2018) developed a biosensor based on 
impedance spectroscopy analysis using label-free interdig-
itated microelectrodes for early detection of spoilage yeast 
Brettanomyces in wine and cider. Villalonga et al. (2019) quan-
tified and detected B. bruxellensis (Brett) and total yeast using 
two different disposable biosensors in a wine sample. The 
amperometric sensors were fabricated on core-shell Fe3O4@
SiO2 superparamagnetic nanoparticles (NanoCaptors) which 
were functionalized with anti-Brett polyclonal antibodies for 
Brett and concanavalin A (Con A) for total yeast analysis (as 
shown in Figure 12.4). Labeling of yeast-NanoCaptors com-
plexes were done with Con A-horseradish peroxidase conju-
gate and were deposited magnetically on the surface of SPCE. 
Next, H2O2/hydroquinone was added to the electrochemical 
cell for detection of captured yeasts. The sensor for Brett 
achieved LOD of 8 CFU/mL and 6 CFU/mL and in red wine 
and buffer and samples with detection ranging from 10 to 106 
CFU/mL. The developed sensor determined total yeast content 
in the range 1.0 × 101 – 1.0 × 106 CFU/mL with LOD of 5 
CFU/mL. Majumdar et al. (2013) reported about an ampero-
metric immunosensor fabricated on a platinum (Pt) electrode 
surface pre-coated with a polyethyleneimine (PEI) layer, and 
cross-linking was done using glutaraldehyde for detection 
of Staphylococcus aureus. The developed sensor detected 
S. aureus in the range of 101–108 CFU/mL, with LOD of 10 
CFU/mL. The sensor was applied in spiked cheese samples. 
Zeinhom et al. (2018b) developed a Smart phone based immu-
nosensor for visual and quantitative detection of Salmonella 
enteritidis from milk, cheese, and water. The developed device 
could detect Salmonella with LOD of 1 CFU/g in cheese; with 
a spiked cheese sample (i.e., 102, 103 and 104 CFU /mL of 
spiked live Salmonella, with the recovery rate of 94.3, 98.6, 
and 99.5% respectively). A similar type of portable smartphone 
based fluorescence device was also proposed for detection of 
E. coli O157:H7, based on sandwich ELISA. The device exhib-
ited LOD of 1 CFU/mL in yogurt and in spiked yogurt with 
103, 104, and 105 CFU/mL, the recovery rates were 106.98, 
96.52, and 102.65% (Zeinhom et al., 2018a). Recently, another 
biosensor was developed to detect Yersinia enterocolitica in 
Kimchi, based on a single-walled carbon nanotube (SWCNT) 
and anti-yersinia antibody. The proposed sensor exhibited 
LOD of 104 CFU/mL with a detection range of 106 to 104 CFU/
mL in buffer and in Kimchi (Sobhan et al., 2019). The devel-
oped sensor is label free, which makes it rapid, but as the LOD 
is 104 CFU/mL, an enrichment step will be necessary for the 
samples containing less than the LOD.
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12.3.4  Lysozyme Biosensor

Lysozyme, used as antimicrobial and fining agent in the food 
industry, has a toxicological effect on human health. The 
International Organization of Wine has permitted lysozyme to 
be used in wine at maximum level of 500 mg/L. This enzyme 
has also been used in beer and sausage manufacturing, and 
in some cheese varieties it is used to inhibit the growth of 
Clostridium tyrobutiricum. Lysozyme biosensors have been 
developed to check the quality of wine and related fermented 
foods.

For detection of lysozyme in wine samples, Ocana et al. 
(2015a) developed and compared two different aptasensors 
(aptamer COX and TRAN) for detection of lysozyme in wine 
samples. The aptamers were immobilized via diazonium cou-
pling reaction on screen printed carbon electrodes (SPCEs), and 
lysozyme was quantified by electrochemical impedance spec-
troscopy (EIS). The LOD and linearity with the two aptasen-
sor COX and TRAN was 100 nM, 0.1 to 0.8 μM and 25 nM, 
0.025 to 0.8 μM, respectively, with a recovery rate of 94.2 to 
102%. The researcher also developed another electrochemical 
aptamer-antibody based sandwich biosensor using the carbon 
electrode surface and immobilizing anti-lysozyme aptamer 
onto it by covalent binding via diazonium salt chemistry. They 
have reported an improved range of linearity 5 fM to 5 nM and 
improved the detection limit of 4.3 fM. The performance of the 
sensor was validated in the wine sample spiked with lysozyme, 
and the recovery rate for detection was 95.2 to 102.0% (Ocana 
et al., 2015a). Mihai et al. (2015) proposed an aptasensor 
with SPR detection to monitor lysozyme content during wine 

making. The detection limit for lysozyme was 2.4 nM in spiked 
white and red wines, and quantitative recovery was 88% in a 
pretreated sample. A colorimetric competitive aptamer based 
sensor was developed for the analysis of lysozyme in wines 
by immobilizing lysozyme onto carboxylated magnetic beads. 
The assay time was 60 minutes; the sensor showed linearity in 
the range 5–140 nM, LOD 10 nM with a recovery rate in the 
range 99.00–99.27 % (Mishra et al., 2017).

12.3.5  Ochratoxin A, Aflatoxin B1 Biosensor

Various cereals like wheat, corn, millet, barley, and oats, cere-
al-based products like bread, flour, beer, etc. along with cocoa, 
wine, spices, coffee beans, and dried fruits, can be found 
with Ochratoxin A (OTA) generally a product of fungi like 
Penicillium and Aspergillus genera. OTA is the major fungal 
toxin found in wine. As per European Union (EU) regulation, 
the maximum tolerable level of OTA in grape juice and deriva-
tives, various wines like sparkling wine, aromatized wine, etc., 
is around 2 μg/L. Aflatoxins are also mycotoxins produced by 
various species of filamentous fungi. Aflatoxin B1 (AFB1), 
being a most toxic aflatoxin, is a potent carcinogen in humans, 
generally produced by Aspergillus parasiticus and Aspergillus 
flavus. European Community legislation permitted a minimal 
risk level (MRL) label for AFB1 around 2.0 μg/kg. OTA, and 
aflatoxins are regarded as safety parameters for food products 
that generally contain them. Biosensors have been developed 
to determine these toxins in fermented foods.

Evtugyn et al. (2013) for OTA detection described an elec-
trochemical aptasensor using an electropolymerized gold 

FIGURE 12.4 Fabrication and performance of the biosensor for Brettanomyces (Ab-B sensor).

HRPOX: Horseradish peroxidase oxidized; HRPRED: Horseradish peroxidase reduced; OHT 000: screen-printed carbon electrodes; ConA: con-
canavalin A; HQ: hydroquinone. (Adapted from Villalonga et al., 2019).
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electrode with neutral red and silver nanoparticles and EIS. 
The sensor obtained LOD 0.05 nM and was used to determine 
OTA in spiked beer samples, with a moderate recovery rate 
of 66.3±14.1 and 64.3±1.8% for light and dark beer respec-
tively. Hayat et al. (2013) also proposed an electrochemical 
impedimetric aptasensor for OTA, based on screen printed 
electrodes modified with 4-((trimethylsilyl)ethynyl) benzene 
and p-nitrobenzene, coupled with EIS and cyclic voltamme-
try (CV). The developed sensor responded linearly to OTA 
from 1.25 ng/L to 500 ng/L, and the LOD of 0.25 ng/L was 
found. Another electrochemical aptasensor was developed 
for detecting OTA sensitivity, which was based on rolling 
circle amplification (RCA) dependent signal enhancement. 
The developed sensor was successfully tested in a wine sam-
ple for OTA determination with LOD of 0.065 ppt (pg/mL). 
The authors have also stated that, by changing the aptamer 
sequence of the sensor, the other toxin can be detected (Huang 
et al., 2013). Evtugyn et al. (2014) proposed electrochemical 
aptasensors for AFB1 detection that was fabricated by covalent 
attachment of DNA aptamers onto electropolymerized neutral 
red and polycarboxylated macrocyclic ligands modified glassy 
carbon electrodes. AFB1 was quantified using EIS and cyclic 
voltammetry. The aptasensors achieved LOD for AFB1 of 
0.1 nM by CV and 0.05 nM by EIS, with a recovery rate of 
85–100% in cashew nuts, white wine, peanuts, and soy sauce 
samples. Chen et al. (2014) reported for the first time using 
DNA-scaffolded silver-nanocluster (AgNCs) to develop fluo-
rescent biosensors for OTA with structure-switching of mag-
netic beads (MBs) and anti-OTA aptamer (Ap). The resultant 
sensor detected OTA with a LOD of 2 pg/mL. In this study, use 
of magnetic beads improved the sensitivity of the aptasensor 
with faster OTA detection. For one step rapid detection of OTA 
,Wang et al. (2015) proposed a multifunctional sensor based 
on aptamer-conjugated magnetic beads and heavy CdTe quan-
tum dots (QDs) as the label. The developed aptasensor was 
able to determine OTA linearly in the range 15 pg/mL to 100 
ng/mL with LOD 5.4 pg/mL. The researcher stated that the 
developed sensor can be used to develop aptasensor for other 
molecules, thus was a great analytical tool for ensuring food 
quality and safety. Lu et al. (2017) have used Molybdenum 
disulfide (MoS2) nanosheet as a fluorescence quencher in the 
development of aptasensor as an aptamer-CdTe QDs-MoS2 
nanosheets fluorescence quenching system for OTA detection. 
The developed device resulted in LOD 1.0 ng/mL and linear 
detection ranging from 1.0 to 1000 ng/mL. The proposed sen-
sor was applied for OTA determination in spiked red wine sam-
ples. A portable device was proposed for OTA detection based 
on a gold thin-film three-electrode system coupled with DNA 
aptamer, 6-mercaptohexanol, thiol-modified linker, and meth-
ylene blue (Mazaafrianto et al., 2018). In the presence of OTA, 
the aptamer–MB–OTA complex is released from the developed 
sensor, thus with a high concentration of OTA, the amount of 
MB decreases. The electrochemical sensor exhibited linearity 
and LOD of 0.1–300.0 ng/mL and 78.3 pg/mL respectively. 
Commercial beer samples were analyzed using the developed 
device, and recovery rate was found to be 86.4–107.0%. Wu et 
al. (2018) proposed a surface plasmon resonance (SPR) based 
aptamer biosensor for detection of AFB1 and AFB2. The sen-
sor has an LOD of 0.19 ng/mL and could detect AFB1 in the 

range 1.5–50 ng/mL. The specificity of the sensor for AFB1 
and AFB2 was validated by comparing with other toxins, like 
ochratoxin B (OTB), T-2 toxin (T-2), OTA, and Zeralenone 
(ZEA). The AFB1 spiked vinegar sample was used for evalua-
tion, and the sensor showed recovery of 96.3 to 117.8%. Chen 
et al. (2018) proposed an aptasensor for OTA detection, which 
was based on layer-by-layer assembly of dual gold nanoparti-
cle (AuNP) with DNA conjugates in a controlled manner and 
exhibited LOD 0.001 ppb with detection ranging from 0.001 
to 500 ppb. Aptasensors with different signal amplification 
systems, like polymerase chain reaction, rolling circle ampli-
fication, and toehold-mediated strand displacement amplifi-
cation, have complex operations and require strict conditions 
during experiments, as opposed to a simple DNA walking 
machine. Most recently, an electrochemical aptasensor was 
proposed to detect OTA using nicking an endonuclease-pow-
ered DNA walking machine (Figure 12.5) coupled with elec-
trochemiluminescence resonance energy transfer (ECL-RET). 
CdS QDs were physically adsorbed on the surface of GCE. A 
Cy5-labeled single-strand DNA containing a seven-nucleotide 
nicking recognition sequence was immobilized onto the CdS 
QDs surface along with a double strand DNA formed by par-
tial hybridization between the aptamer and DNA walker. In the 
presence of OTA, OTA was bound to the aptamer, then the free 
walker hybridized with Cy5-DNA. The Cy5-DNA was then cut 
by Nb.BbvCI, releasing Cy5-DNA from the electrode surface. 
The free DNA walker continues to bind to another Cy5-DNA, 
subsequently releasing enough of Cy5-DNA for signal ampli-
fication with the help of the Nb.BbvCI nicking reaction. The 
proposed sensor detected OTA in the range of 0.05 nM to 5 
nM, with LOD of 0.012 nM (Wei et al., 2019). Another recent 
study for detection of OTA used electrochemical phenomena 
where double report DNA and hairpin aptamer (HA) were 
deposited on a gold electrode (Wang et al., 2019). In the pres-
ence of OTA, an OTA-HA complex is formed resulting in the 
release of double report DNA from the electrode and decreased 

FIGURE 12.5 ECL aptasensor for detection of OTA, based on a nicking 
endonuclease-powered DNA walking machine.

ECL: electrochemiluminescence; GCE: glassy carbon electrode; CdS: 
cadmium sulfide; OTA: Ochratoxin A; Nb.BbvCI: restriction endo-
nuclease cuts one stand of double stand DNA; Cy5-DNA: Cy5 dye 
attached to 5′ end of a DNA (Adapted from Wei et al., 2019).
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response of differential pulse voltammetry (DPV). The devel-
oped sensor resulted in LOD 0.5 pg/ mL and a linear detection 
range of 1 pg/ mL to 1 ng/ mL.

12.4  Application of Bioelectronic 
Tongue in Fermented Foods

Bioelectronic tongues are taste sensors that simulate the taste 
detection modality of the human tongue by utilizing biosensors 
array (Ghasemi-Varnamkhasti et al., 2011). A bioelectronic 
nose is a chemical sensor array system that is coupled with 
bio-receptors for identifying vapours and gases. Even at very 
low concentrations, the volatile organic compounds (VOCs) 
can be detected very specifically. The concept of Bioelectronic 
tongues and Bioelectronic noses is very new, and only few 
reports are available regarding their application in fermented 
foods.

Ghasemi-Varnamkhasti et al. (2012) developed a bioelec-
tronic tongue utilizing three enzymatic biosensors, includ-
ing phthalocyanines and tyrosinase as electron mediators to 
monitor the changes that occur during different aging stage 
of beers. Different types of beer, like non-alcoholic and alco-
holic beers that are packaged in both cans and bottles, were 
evaluated, and results were satisfactory for the classification 
of beers. Ceto et al. (2013) proposed a bioelectronic tongue 
to simultaneously determine ferulic, gallic, and sinapic acids 
in beer by using an array of four voltammetric biosensors. 
These are the major phenolic compounds found in beer. The 
performance of the bioelectronic tongue was verified in spiked 
beer samples. Ahn et al. (2018) also developed a bioelectronic 
tongue combining nanomaterial-based sensor platforms and 
human taste receptors for detecting and discriminating umami 
taste and proposed that the developed bioelectronic tongue 
can be used for the food and beverage industry. Most recently, 
Garcia-Hernandez et al. (2019) developed a bioelectronic 
tongue (bioET) to evaluate and differentiate between musts 
and wines, utilizing enzymes like glucose oxidase and tyrosi-
nase, along with polypyrrole (Ppy) or polypyrrole/AuNP (Ppy/
AuNP) composites. Musts were differentiated based on TPI 
(Total Polyphenol Index) and Brix, and wines were classified 
based on alcoholic degree and TPI. The researchers concluded 
that, based on the results, wine characteristics can be predicted 
from the start of vinification.

12.5  Conclusions and Future Perspectives

Biosensors are the emerging diagnostic tools for the food fer-
mentation industry due to their specificity, field applicability, 
rapidity, economical, and ease of mass fabrication as opposed 
to their traditional counter parts like the spectrophotometric 
and chromatographic techniques.

From the foregoing section, we can see that biosensors have 
found wider application in food fermentation, whether in mon-
itoring fermentation, or in maintain quality and safety of the 
fermented foods. For measuring sugars, ethanol, organic acids, 
glycerol, polyphenols, and biogenic amines, most of the bio-
sensors have been developed using enzymes as bioreceptors, 

along with electrochemical transducers. Immunosensors and 
aptasensors have been developed for determination of micro-
bial contaminants and mycotoxins to ensure safety of the 
fermented foods. A recent trend is to synthesize molecular 
imprinted polymers that have been proven to be better than the 
conventional enzyme or microbial biosensors.

Currently biosensors are commercially available for deter-
mination of various parameters like carbohydrates, phenols, 
organic acids, alcohols, microbial contaminant, antibiotics, 
mycotoxins, etc., for application in the fermented food indus-
try. Their major application is limited to on-line, coupled to 
the processing line through a flow injection analysis system 
or end product analysis. Recently, bioelectronic tongues and 
bioelectronic noses have been proposed by a few researchers as 
promising since these are sensor arrays and can determine mul-
tiple components simultaneously. BioET have been reported to 
be useful in the classification of various fermentation foods, 
like wine, beer, and the quantification of several components 
simultaneously.

Now, the fermented food industry demands analysis of mul-
tiple analytes in a single device, and reduction of physical size 
of the device (lab-on-chip) without losing specificity and sen-
sitivity. Reports regarding development of Sensor arrays, min-
iaturization, integration, and automation in food fermentation 
are at a very preliminary stage. Thus, future research should 
be concentrated on development of sensor arrays, like BioET, 
Bio-nose, and lab-on-chip devices for on-line monitoring of 
fermentation, for determination of authenticity of fermented 
foods like wine, classification of fermented foods, and to main-
tain the quality and safety of the fermented foods.
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J. Namieśnik, and J. Płotka-Wasylka. 2018. Literature 
update of analytical methods for biogenic amines determi-
nation in food and beverages. TrAC Trends in Analytical 
Chemistry 98:128–42.

Perez, S., and E. Fabregas. 2012. Amperometric bienzymatic bio-
sensor for L-lactate analysis in wine and beer samples. Ana-
lyst 137(16): 3854–61.

Piermarini, S., G. Volpe, M. Esti, M. Simonetti, and G. Palles-
chi. 2011. Real time monitoring of alcoholic fermentation 
with low-cost amperometric biosensors. Food Chemistry 
127(2):749–54.

Polan, V., A. Eisner, and K. Vytras. 2015. Simple and rapid deter-
mination of ethanol content in beer using an amperometric 
biosensor. Chemosensors 3: 169–77.

Radoi, A., D. Moscone, and G. Palleschi. 2010. Sensing the lactic 
acid in probiotic yogurts using an L-lactate biosensor cou-
pled with a microdialysis fiber inserted in a flow analysis 
system. Analytical Letters 43(7–8):1301–09.

Ramon-Marquez, T., A.L. Medina-Castillo, A. Fernandez-Gutier-
rez, and J.F. Fernandez-Sanchez. 2016. Novel optical sens-
ing film based on a functional nonwoven nanofibre mat for 
an easy, fast and highly selective and sensitive detection of 
tryptamine in beer. Biosensors and Bioelectronics 79: 600–
07.

Samphao, A., P. Butmee, P. Saejueng, C. Pukahuta, L. Svorc, and 
K. Kalcher. 2018. Monitoring of glucose and ethanol dur-
ing wine fermentation by bienzymatic biosensor. Journal of 
Electroanalytical Chemistry 816:179–88.

Sefcovicova, J., J. Filip, V. Mastihuba, P. Gemeiner, and J. Tkac. 
2012. Analysis of ethanol in fermentation samples by a 
robust nanocomposite-based microbial biosensor. Biotech-
nology Letters 34(6): 1033–39.

Sefcovicova, J., J. Filip, and J. Tkac. 2015. Interfacing of micro-
bial cells with nanoparticles: simple and cost-effective prep-
aration of a highly sensitive microbial ethanol biosensor. 
Chemical Papers 69: 176–82.

Shkotova, L.V., N.Y. Piechniakova, O.L. Kukla, and S.V. Dzy-
adevych. 2016. Thin-film amperometric multibiosensor for 
simultaneous determination of lactate and glucose in wine. 
Food Chemistry 197: 972–78.

Soares, I.P., A.G. da Silva, R. da Fonseca Alves, R.A.M. de Souza 
Correa, L.F. Ferreira, and D.L. Franco. 2019. Electrochemi-
cal enzymatic biosensor for tyramine based on polymeric 
matrix derived from 4-mercaptophenylacetic acid. Journal 
of Solid State Electrochemistry 23(3): 985–95.

Sobhan, A., J. Lee, M.K. Park, and J.H. Oh. 2019. Rapid detection 
of Yersinia enterocolitica using a single–walled carbon nano-
tube-based biosensor for Kimchi product. LWT 108:48–54.

Stojanovic, Z.S., E. Mehmeti, K. Kalcher, V. Guzsvány, and D.M. 
Stankovic. 2016. SWCNT-modified carbon paste electrode 
as an electrochemical sensor for histamine determination 
in alcoholic beverages. Food Analytical Methods 9(10): 
2701–10.

Tarca, R.C., A.M. Caraban, S. Bota, I.C. Tarca, A. Dergez, and 
A.C. Cozma. 2014. A new optic fiber sensor for measuring 
the concentration of ethanol in wine. Revista de Chimie- 
Bucharest 65:1238–41.



210 Biosensors in Food Safety and Quality

Terefe, S.N., 2016. Food fermentation. In Reference Module in 
Food Science, Elsevier, ISBN 9780081005965.

Tkac, J., I. Vostiar, P. Gemeiner, and E. Sturdik. 2002. Monitor-
ing of ethanol during fermentation using a microbial bio-
sensor with enhanced selectivity. Bioelectrochemistry 
56(1–2):127–29.

Tubia, I., J. Paredes, E. Pérez-Lorenzo, and S. Arana. 2018. Brett-
anomyces bruxellensis growth detection using interdigitated 
microelectrode based sensors by means of impedance analy-
sis. Sensors and Actuators A: Physical 269: 175–81.

Vanegas, D., L. Patino, C. Mendez, et al. 2018. Laser scribed gra-
phene biosensor for detection of biogenic amines in food 
samples using locally sourced materials. Biosensors 8(2): 42.

Veseli, A., M. Vasjari, T. Arbneshi, et al. 2016. Electrochemical 
determination of histamine in fish sauce using heteroge-
neous carbon electrodes modified with rhenium (IV) oxide. 
Sensors and Actuators B: Chemical 228: 774–81.

Villalonga, M.L., B. Borisova, C.B. Arenas, et al. 2019. Dispos-
able electrochemical biosensors for Brettanomyces bruxel-
lensis and total yeast content in wine based on core-shell 
magnetic nanoparticles. Sensors and Actuators B: Chemical 
279: 15–21.

Wang, C., J. Qian., K. Wang, et al. 2015. Magnetic-fluorescent-
targeting multifunctional aptasensorfor highly sensitive and 
one-step rapid detection of ochratoxin A. Biosensors and 
Bioelectronics 68:783–90.

Wang, F., J. Yao, M. Russel, et al. 2010. Development and ana-
lytical application of a glucose biosensor based on glucose 
oxidase/O-(2-hydroxyl) propyl-3-trimethylammonium chi-
tosan chloride nanoparticle-immobilized onion inner epider-
mis. Biosensors and Bioelectronics 25(10): 2238–43.

Wang, X., Y. Shan, M. Gong, X. Jin, M. Jiang, and J. Xu. 2019. A 
novel electrochemical sensor for ochratoxin A based on the 
hairpin aptamer and double report DNA via multiple signal 
amplification strategy. Sensors and Actuators B: Chemical 
281: 595–601.

Wang, Y., B. Ji, W. Wu, et al. 2014. Hepatoprotective effects of 
kombucha tea: identification of functional strains and quan-

tification of functional components. Journal of the Science 
of Food and Agriculture 94(2): 265–72.

Wei, M., C. Wang, E. Xu, et al. 2019. A simple and sensitive elec-
trochemiluminescence aptasensor for determination of och-
ratoxin A based on a nicking endonuclease-powered DNA 
walking machine. Food chemistry 282: 141–46.

Wen, G., Z. Li, and M.M. Choi. 2013. Detection of ethanol in 
food: A new biosensor based on bacteria. Journal of Food 
Engineering 118(1): 56–61.

Wu, W., Z. Zhu, B. Li, et al. 2018. A direct determination of AFBs 
in vinegar by aptamer-based surface plasmon resonance bio-
sensor. Toxicon 146: 24–30.

Yang, X., Z. Zhou, D. Xiao, and M.M. Choi. 2006. A fluorescent 
glucose biosensor based on immobilized glucose oxidase on 
bamboo inner shell membrane. Biosensors and Bioelectron-
ics 21(8): 1613–20.

Zanini, V.P., B.L. de Mishima, and V. Solís. 2011. An ampero-
metric biosensor based on lactate oxidase immobilized in 
laponite–chitosan hydrogel on a glassy carbon electrode. 
Application to the analysis of l-lactate in food samples. Sen-
sors and Actuators B: Chemical 155(1):75–80.

Zeinhom, M.M.A., Y. Wang, Y. Song, M.J. Zhu, Y. Lin, and D. Du. 
2018b. A portable smart-phone device for rapid and sensi-
tive detection of E. coli O157: H7 in Yoghurt and Egg. Bio-
sensors and Bioelectronics 99: 479–85.

Zeinhom, M.M.A., Y. Wang, L. Sheng, et al. 2018a. Smart phone 
based immunosensor coupled with nanoflower signal ampli-
fication for rapid detection of Salmonella enteritidis in 
milk, cheese and water. Sensors and Actuators B: Chemical 
261:75–82.

Zhang, Y., M. Zhang, Q. Wei, et al. 2016. An easily fabricated 
electrochemical sensor based on a graphene-modified glassy 
carbon electrode for determination of octopamine and tyra-
mine. Sensors 16(4): 535.

Zhu, X., Q. Jiao, C. Zhang, et al. 2013. Amperometric nonenzy-
matic determination of glucose based on a glassy carbon 
electrode modified with nickel (II) oxides and graphene. 
Microchimica Acta 180(5–6): 477–83.



211DOI: 10.1201/9780429259890-13

13
Detection of Heavy Metals in Water Using Biosensor

Manisha Medhi, Monica Yumnam, Arun Kumar Gupta, Parismita Koch, and Poonam Mishra
Tezpur University, Tezpur, India

CONTENTS
13.1 Introduction ........................................................................................................................................................................ 211

 13.1.1 Water: Basis of Life ............................................................................................................................................... 211
 13.1.2 Heavy Metals: Nutritional or Toxic Component? .................................................................................................. 211

13.2 Biosensors for Water Toxicity Determination .................................................................................................................... 213
 13.2.1 Enzyme Based Sensor for Detection of Heavy Metals .......................................................................................... 213
 13.2.2 Microbe Based or Cell-Based Biosensor ............................................................................................................... 214
 13.2.3 Electrochemical Biosensors for Determination of Heavy Metal in Water ............................................................ 215
 13.2.4 Optical Based Biosensors ...................................................................................................................................... 216

 13.2.4.1 Colorimetric Sensor ............................................................................................................................... 216
 13.2.4.2 SPR Based Biosensor ............................................................................................................................. 218
 13.2.4.3 Localized Surface Plasmon Resonance (LSPR) Based Biosensors ....................................................... 219
 13.2.4.4 Fluorescence Based Biosensors ............................................................................................................. 219

 13.2.5 Surface-Enhanced Raman Spectroscopy ............................................................................................................... 221
 13.2.6 DNA-Based Biosensor ........................................................................................................................................... 222
 13.2.7 Immunosensors ...................................................................................................................................................... 222

13.3 Advancement and Future Scope of Biosensor ................................................................................................................... 222
13.4 Conclusions ........................................................................................................................................................................ 223
Bibliography ................................................................................................................................................................................ 223

13.1  Introduction

13.1.1  Water: Basis of Life

Water is the most important constituent of life after oxygen. It 
is made up of hydrogen and oxygen in the ratio of 2:1, bearing 
the general formula of H2O by forming a covalent bond within 
the atom. Water can be found in three states: solid, liquid, and 
gas, and found in two forms, i.e., free water and bound water. It 
has a maximum density at 4oC and bond angle of 104.5o. Each 
molecule of water forms hydrogen bonding with four other 
water molecules, as shown in Figure 13.1.

It plays a principal role in different processes, starting with 
regulating the body to the safety of food. It helps in digestion, 
circulation, absorption of different nutrients by the body, and 
excretion. Also, helps in maintaining body temperature by bal-
ancing the electrolytes of the body.

13.1.2  Heavy Metals: Nutritional or Toxic  
Component?

Heavy metal can be defined as any chemical element which is 
metallic in nature, has a relatively high density, and carries an 
important character of toxicity or poisonous at extremely small 
concentrations, generally at parts per billion (ppb) level. For 

example: Arsenic (As), cadmium (Cd), chromium (Cr), lead 
(Pb), mercury (Hg), thallium (Tl), etc. Heavy metals are found 
as a natural component in the crust of Earth, that cannot be 
degraded or destroyed. However, some amounts of a few heavy 
metals, like chromium (Cr), cobalt (Co), copper (Cu), iron 
(Fe), manganese (Mn), nickel (Ni) and zinc (Zn), are necessary 
for metabolism and other activities of the body. Although it is 
needed in the body, if the amount exceeds the RDA, it becomes 
life threatening (Valko et al., 2005). Heavy metals like Ar, Cd2+, 
Pb2+, and Hg2+ are categorized as hazardous compounds, even 
at their lower concentrations (Patrick, 2006; Bagal-Kestwal  
et al., 2008). By means of different pathways, like food, water, 
air, etc., heavy metals can enter our body. Heavy metals are 
said to be dangerous to life, as in the body, they are absorbed or 
stored quicker than they metabolize or excrete from the body, 
which can be defined by the term bioaccumulate.

Sources of heavy metals, permissible level in water, and 
toxicity range of metals are given in Table 13.1. As discussed 
above, heavy metal can enter the body either directly or indi-
rectly. Many developing countries are facing problems with the 
challenge of reducing the human exposure to heavy metals, but 
due to their limited economic conditions, are unable to develop 
with advanced technologies.

Industrial wastes are generated every day in large quanti-
ties, and their disposal produces an adverse impact on the 
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environment and human beings. Heavy metals are found in 
water, as water is exposed to different kinds of pollutants. 
Techniques like atomic absorption spectroscopy (AAS), atomic 
fluorescence spectroscopy (AFS), plasma-mass spectrometry, 
and electrochemistry are commonly used for the detection of 
heavy metal in different food systems (Aragay and Merkoçi, 
2012).

These conventional methods have been used for many years, 
but there are some disadvantages like the need of well-estab-
lished infrastructure, sophisticated instruments, high analysis 
cost, high energy consumption, tedious sample preparation 
techniques, destruction of samples, and skilled persons to carry 
out the analysis. To circumvent these limitations, biosensors 
and sensing techniques have been introduced to detect the 
heavy metals in water and food samples. Different biosensors 
have been developed and utilized for detection of heavy metals 

FIGURE 13.1 Structure of water.

(Source: Manay and Shadasharaswamy, Third Edition).

TABLE 13.1

Limit of Consumption (as per WHO and BIS), Drinking Water Standards, Different Sources and Effects of Various Heavy Metal Ions 
Contamination

Metal

Permissible limit  
in mg L−1

Drinking Water 
Standards in mg L−1

Common Sources Effects References
As per 
WHO

As per 
BIS EPA EC RWQI

Cd 0.005 0.01 0.005 0.2 0.001 Colourant, dyes, parts of 
electroplate, cells like 
photoconductors and 
photovoltaic cells synthetic 
rubber, plastics, etc.

Dropping of weight, tiredness, hypertension, 
toxicity related to renal parts, anemia, 
lymphocytosis, pulmonary fibrosis, etc.

Gautam et al. 
(2014); Gumpu 
et al. (2015)

Zn 5 5 5 5 0.1 Soldering, products of 
make-up, and pigments

Disorders of respiratory tract, neuronal, 
bronchiolar leukocytes, metal fume fever, 
impotence, etc.

Gautam et al. 
(2014); Gumpu 
et al. (2015)

Cu 1.3 1.3 1.0 3 0.01 Cells-eg: photovoltaic, tanning, 
and fertilizers

Disorders of kidney, hyperactivity of adreno-
corticolpart, arthritis, allergies, autism, 
anemia, alopecia, etc.

Gautam et al. 
(2014); Gumpu 
et al. (2015)

Hg 0.001 0.001 0.002 0.001 0.004 Incineration or ashing of 
solid wastage material of 
municipal, coal combustion

Development of impaired neurological 
system, impacts on body system like- 
immune system, digestive system, lungs, etc.

Gautam et al. 
(2014); Gumpu 
et al. (2015)

As 0.05 0.05 – 0.01 0.05 Arsenic based preservatives 
used for treatment of wooden 
electricity poles, fertilizers, 
pesticides, etc.

Impacts on central and peripheral nervous 
system (CNS and PNS), different diseases 
of gastrointestinal tract (GI), cardiovascular, 
pulmonary, genitourinary (GU), 
haemopoietic, teratogenic, etc.

Gautam et al. 
(2014); Gumpu 
et al. (2015)

Ag 0.1 0.1 0.05 – 0.1 Gold, zinc, copper, nickel 
refining process, industries 
like electroplating, etc.

Disorder like nervous system, mental fatigue, 
bone and cartilage disorder such as knotting 
of cartilage, rheumatism, etc.

Gautam et al. 
(2014); Gumpu 
et al. (2015)

Cr 0.05 0.05 0.1 0.5 0.1 Industry like leather, chrome 
plating, and tanning

Toxicity in embryo, reproductive related, 
teratogenicity, carcinogenicity, mutagenicity, 
etc.

Gautam et al. 
(2014); Gumpu 
et al. (2015)

Pb 0.05 0.05 0.1 0.5 0.1 Pipes of PVC used in 
sanitation, agriculture, PVC 
those are recycled, lead 
present in paints, etc.

Risk of Alzheimer’s disease and senile 
dementia as lead can penetrate via protective 
Blood Brain Barrier (BBB). Also, may 
lead to degenerative diseases of related to 
nervous system, damages kidney, etc.

Gautam et al. 
(2014); Gumpu 
et al. (2015)

Ni – 0.02 0.1 0.1 0.1 From pipes and fitting kind of 
sources leaching of metals 
may happen which might 
be in contact with drinking-
water, and/or dissolution from 
nickel ore-bearing rocks.

As water may be high risk sources, it may 
adversely affect the fauna, phytotoxicity, etc.

Gautam, et al., 
2014; Gumpu, 
et al., 2015

Abbreviation: EPA: Environmental Protection Agency, EC: European Community, RWQI: Regulation of water quality (India)
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in water (Viswanathan et al., 2008). With improvements in 
the field of nanotechnology, biosensors are merged with nano 
materials to have more accuracy and greater detection limits, 
with the advantages of rapid response time, the high degree 
of specificity, and sensitivity. So, in this chapter, utilization of 
different types of biosensors in the detection of heavy metals 
in water samples have been detailed with major emphasis on 
principles, fabrication process, their workings, and limitations. 
In addition, some stress is also exerted on the advanced tech-
niques and future scope of the detection procedures.

13.2  Biosensors for Water Toxicity Determination

13.2.1  Enzyme Based Sensor for 
Detection of Heavy Metals

For detection of arsenic (As), different enzyme-based bio-
sensors were reported. As reported by Florescu et al. (2009), 
acetylcholinesterase (AChE) was measured to detect as amper-
ometrically. It was reported that with enhancement of substrate 
concentration, amperometric response was increased; how-
ever, an opposite trend was noticed with addition of inhibitor 
enzyme (Talat et al., 2009).

In glucose oxidase-based sensor, glucose in the presence 
of Hg2+ inhibited the glucose oxidase enzyme, and the same 
mechanism was used to quantify the Hg2+ in water (Chey et al., 
2012). In another study reported by Soldatkin et al. (2012), 

enzyme based conductometric detection of Hg2+ and Ag+ was 
conducted by using invertase, glucose oxidase, and mutaro-
tase. They utilized the transducer made by NASU (National 
Academy of Sciences of Ukraine, Kiev), which was designed 
with a gold electrode pair (two pairs) where gold was incor-
porated via a sputtering technique over ceramized plate with 
an area of 5 × 40 mm2 where a system of above-mentioned 
enzymes acted as a bio selective element and was used to 
develop the working membrane.

As reported enzymes were mixed with Bovine serum albu-
min (BSA) in the presence of a phosphate buffer and glycerol. 
Reference membrane was made with BSA only. In both the 
membranes, the solutions were mixed with glutaraldehyde in 
the presence of glycerol. The working surface of the transducer 
was enfolded with the above solution, followed by drying. 
Excess glutaraldehyde of the membrane was removed using 
the phosphate buffer solution. The reactions were carried out at 
room temperature. The working design of the device is shown 
in Figure 13.2. The electrodes were placed in a cell contain-
ing test solution and voltage was supplied from a generator. A 
nanovoltmeter was installed for collecting the electrode sig-
nals. The collected signals in the nanovoltmeter were recorded 
through the recorder. All three enzymes were co-immobilized 
in the sensor and a differential mode of measurement was used 
to avoid errors. Sucrose and glucose were used as substrate 
inhibitors for heavy metal detection. The enzymatic reactions 
are presented as shown in Figure 13.3.

FIGURE 13.2 Enzyme based electrochemical cell.

(Adapted and modified from Soldatkin et al., 2012).
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Enzymes dissociated the sucrose step by step to 
D-gluconolactone and H2O2, followed by hydrolysis to 
D-gluconic acid, which reacted, formed residues of acid and 
proton, and measured conductometrically. At inhibition, 
decreased in enzyme activity and parallel reduction of number 
of the protons generated at enzymatic degeneration of sucrose 
as a result of the interaction between sulfhydric groups of 
enzymes and heavy metal ions. In presence of EDTA, which 
is a strong chelating agent, from reaction mixture heavy metal 
ions segregated.

The selectivity and sensitivity were dependent on incubation 
time of the biosensor, substrate inhibitor concentration, type of 
enzyme used, bio selective membrane concentration, and the 
concentration of heavy metals to be detected. The detection 
limits of 25 nM and 100 nM for Hg2+ and Ag+ respectively 
were as reported by the study.

13.2.2  Microbe Based or Cell-Based Biosensor

A whole cell-based biosensor is one of the popularly recog-
nised analytical devices where entire cells are used, which are 
liable for the selectivity of the sensor and generates analytes 
with a concentration dependent measurable signal. Natural 
receptors like bacteria, mosses, algae, and fungi can specifi-
cally bind with heavy metals by adjoining the cells to a trans-
ducer, by which cellular responses transform to signals and can 
be detected (Strosnider, 2003; Rodriguez-Mozaz et al., 2004). 
Elad et al. (2011) developed a microbial cell-based biosensor 
using Bacillus subtilis and Escherichia coli for detection of As 
(III). Similarly, Staphylococcus aureus was used for detection 
of Cd2+ (Sochor et al., 2011). The basic principle behind a cell-
based biosensor is that thiol containing proteins and enzymes 
have an alteration in the structure and the pathway of biochem-
ical activity, together with oxidative stress when the concentra-
tion of some heavy metals is increased (Chouteau et al., 2004). 
It was reported that the activity of urease changed or altered 

with the development of oxidative stress, and the bacterial 
resistance power was affected, which can be taken as a signal 
for the detection of heavy metals.

Luminescent bacteria-based biosensors are becoming val-
uable analytical devices to monitor heavy metals in drinking 
water. Woutersen et al. (2011), reported that lux CDAB, the 
recombinant strains of gene luciferase of bacterial cells, can 
be used for monitoring the quality of water in an online mode. 
They worked on damage of protein, DNA, membrane, etc. 
Most Lux strains are reported to monitor the toxic effects of 
heavy metals in both drinking and surface water.

Leth et al. (2002), designed an integrated system based on 
bioluminescence and immobilized engineered microorgan-
isms for monitoring heavy metals ions. Alcaligenes eutrophus 
(AE1239) was inserted with lux CDABE operon from Vibrio 
fischeri, under the control of a copper-induced promoter, and 
was genetically engineered. Cu2+ showed bioluminescence 
and was proportional to the triggering ions concentration. The 
preferred microorganisms were those grown in a media mod-
ified with mineral reconstitution/RM media and Luria broth, 
and optimization and characterization were done to obtain bio-
luminescent signals received by the influence of media used 
for growth and density of a cell. Moreover, microorganisms 
were immobilized in polymers like alginate and agarose and 
were characterized for parameters like detection limit, sensi-
tivity, selectivity, and storage stability. The biosensor design or 
analysis system consists of (i) cell in solution, (ii) immobilized 
cells, and (iii) immobilized cells integrated with fibre optics. 
In the cell solution, a fixed number of cells were cultured and 
then added in different standard solutions of CuSO4 and 5H2O. 
The bioluminescence signal was recorded using a luminometer 
and expressed the light intensities in mV units. Then, immo-
bilized cells in alginate beads or agarose gel were placed in a 
tube, followed by the addition of different copper stock solu-
tions. Then, the signals of bioluminescence were measured, 
expressing in bioluminescence per gram gel, mV/g. In the 

FIGURE 13.3 Enzymatic reaction of three enzyme systems based biosensor for heavy metal detection.

(Source: Soldatkin et al., 2012).
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third one, immobilized cells integrated with a fibre optics-bi-
osensor; a cylindrically shaped cell was used with modifica-
tions via generating a small chamber, where the immobilized 
microorganisms were placed. Then, pumping was done with 
Cu2+ solutions/media through the cell with a peristaltic pump. 
Optical fibre bundle photons were collected via a fused quartz 
and evaluation was done by a fibre optic photons counter, 
which was linked with a computer. Intensity of bioluminescent 
or photon count was measured by a detector of optical types 
in each minute, which were signified as arbitrary units (a.u.).

The cell-based system is a rapid technique, less expensive, 
user friendly, compatible with the chemical analysis, and more 
tolerant of pH and temperature changes. The major disad-
vantages of this kind of sensor are its limited selectivity. Few 
examples of cells-based sensors are shown in Table 13.2.

13.2.3  Electrochemical Biosensors for 
Determination of Heavy Metal in Water

An electrochemical sensor is a more powerful sensing tech-
nique than the spectroscopic technique for detection of heavy 
metal. With involvement of nanomaterials and the electro-
chemical sensor, a newly emerging field in heavy metal ion 
detection has been flourishing.

As discussed, earlier sensing techniques depend on differ-
ent output as signals of potential difference, hence the redox 
potential of heavy metals allows their sensing by the electrodes. 
Nowadays, automatic fluidic structures, with the electrochem-
ical sensing and the modified electrode with nanomaterials for 
multiple heavy metal detection, are gaining momentum.

Aragay and Merkoçi (2012) suggested that the most used 
technique for detection of trace levels of heavy metals is anodic 
stripping voltammetry techniques (i.e., ASV). Privett (2008) 
also mentioned that, for the detection of heavy metals, voltam-
metric and potentiometric techniques are the mostly used elec-
trochemical techniques. One of the types of potentiometric 

sensor is an ion selective electrode, which is successfully used 
for detecting Pb2+ in water, where polysulfoaminoanthraqui-
none (PSA) nanoparticles as solid ionophores and oleic acid 
as an ion exchanger were used for the development of an ion 
selective electrode (Huang et al., 2014).

The key point of an electrochemical sensing strategy is the 
electrochemical transduction material. Due to strong adsorp-
tion properties, high surface area, and high conductivity of 
the nanomaterials, this material is well suited in developing 
an electrochemical based sensor. The nanomaterial modified 
electrodes have a higher value of surface to volume ratio, better 
mass, and good capability of electron transfer.

Various kinds of electrode modifiers are used, among 
which carbon is a source of modifier used in many studies 
for detection. Single walled carbon nanotubes (SWCNT) and 
Multiwalled carbon nanotubes (MWCNT) have remarkable 
surface area, and have good electrocatalytic activity, due to 
which these are popularly used for detection of heavy metals. 
Moreover, to improve the affinity towards heavy metals, CNTs 
were functionalized with molecules that had affinity bearing 
toward heavy metals, which helped to achieve a good lower 
detection limit. Morton (2009) had reported the use of cysteine 
modified CNTs for detection of Pb2+ and Cu2+ in water by 
means of a sensitive voltammetric technique. Generally, graph-
ite as carbon material is widely employed in the making of 
electrodes, due to their low cost. Nanoparticles, quantum dots 
(QDs), and carbon dots (CDs) based sensors are also employed 
and show good results in detection of heavy metals. Toghill et 
al. (2009) developed a diamond electrode that had antimony 
nanoparticles and was doped with boron for detection of Pb2+ 
and Cd2+; however, Thotiyl et al. (2012) adopted layer-by-
layer technique to assemble a multi-layer of gold nanoparticles 
(AuNPs) based electrode sensor for As3+ detection in water.

Screen-printing technology is often used to develop a chem-
ical biosensor. Liu et al. (2007) reported the detection of Cr6+ 
in river water by electrodepositing AuNPs on a screen printed 

TABLE 13.2

Heavy Metal Detection in Water and Food Samples with Different Recognition and Detection Points

Bio-recognition Element Metal Ion Detection Detection Method References

Escherichia coli As3+ Chemiluminescence Ramanathan et al. (1997)

Alcaligenes eutrophus Cu2+ Bioluminescence Leth et al. (2002)

Staphylococcus aureus Cd2+, Pb2+ Bioluminescence Tauriainen et al. (1998)

Escherichia coli Hg2+ Bioluminescence Bontidean et al. (2004)

Burkholderia spp. Zn2+, Cu2+ Bioluminescence Chinalia et al. (2008)

Escherichia coli Cu2+, Ag+, Au3+ Bioluminescence Stoyanov et al. (2003)

Escherichia coli Cu2+ Fluorescence Sumner et al. (2006)

Escherichia coli Hg2+ Fluorescence Chapleau and Sagermann (2009)

AChE Hg2+,

Cd2+,
Zn2+

Amperometry Stoytcheva and Sharkova (2002)

ALP Co2+, Ni2+,

Pb2+

Conductometry Shyuan et al. (2008)

ALP Ag+ Fluorescence Sanchez et al. (2003)

Urease Hg2+ Potentiometry Yang et al. (2006)
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carbon electrode (SPCE). Based on the screen-printed technol-
ogy, another analytical device was fabricated by using paper-
based technology for heavy metal detection (Rattanarat et 
al., 2014; Zhang et al., 2013). The device was fabricated by 
a screen-printing method in MWCNT mixed carbon inks on 
polyester. To enhance the signal, modification was done with 
Bi nanoparticles and ferricyanide, and applied for detection of 
Cu2+ (Rattanarat et al., 2014).

By a screen-printed technique, carbon electrodes are coated 
with thin-film Hg (thin-film mercury-coated screen-printed 
carbon electrodes). TFM-SPCEs is one of such type of tech-
nology enhanced electrode, in which a very thin layer of Hg 
is made to absorb on the surface with the same mechanism 
of stripping as of the conventional Hg electrodes and used in 
heavy metals detection in water. The mechanism of an electrode 
can be explained by equations (1) and (2), where equation 13.1 
implies the accumulation of analyte in the working electrode, 
and equation 13.2 represents the stripping mechanism where 
the current measurement step is shown, and which is returned 
back into the solution (Honeychurch and Hart, 2003).

 Me Hg ne MeHgn� �� � �  (13.1)

 MeHg Me Hg nen� � �� �

 (13.2)

Desmond et al. (1998) have determined the presence of Zn2+, 
Cd2+, Pb2+, and Cu2+ by utilizing TFM-SPCEs. With the help 
of three components (a NMRC potentiostat, a recorder, and a 
polarographic analyzer) measurements were done voltammet-
rically. The electrode used for this purpose is configured onto 
a thermoplastic polyester substrate with three screen-printed 
conductive tracks of Ag/AgCl. On these tracks, the printing of 
both working and counter electrodes were done with carbon ink 
via screen-printing; and then Hg films were deposited in situ, 
along with Ag/AgCl-screen printing of the reference electrode. 
The trace of metal was determined on a mercury film electrode 
(MFE) by anodic stripping voltammetry. The methodology 
of the said structure operates as Hg2+ reduced to Hg, with the 
application of a negative potential. Then, the other trace metal 
ions present in solution were reduced, followed by dissolving 
in the liquid film. As a result, the final concentrations, com-
pared to the bulk solution, will be on the higher side. After that 
step, by applying a positive potential, metal atoms were oxi-
dized in the MFE, causing a flow of current. Interestingly, the 
said technique was both quantitative as well as qualitative in 
nature. The potential suggested what type of metal was there, 
and the concentration of the present metal(s) was estimated by 
the flow of current. This way, they determined both qualita-
tively and quantitatively the water samples for the presence of 
Cd2+, Cu2+, Pb2+ and Zn2+.

In another study by Lee et al. (2016), the fabrication was 
reported of a new electrochemical based sensor created with 
a simple solventless thermal decomposition method for heavy 
metal ions Cd2+, Pb2+, and Zn2+ detection in water, by utiliz-
ing nanocomposites of iron oxide and graphene (Fe2O3/G) in 
combined form with bismuth (Bi), plated as an electrochemi-
cal sensor. The analysis was done using the concept of anodic 
stripping voltammetrically and claimed to have a good result, 

with high sensitivity due to the synergetic effect between the 
nanoparticles used.

For the development of the electrode, as shown in 
Figure 13.4, from graphite powder, graphene oxide was pre-
pared and reduced graphene oxide was synthesized by expand-
ing thermally via rapid heating in a tube furnace at 250°C and 
washing the final product with ethanol several times. Then, the 
Fe2O3/G nanocomposite was prepared by the method as men-
tioned above, by mixing iron and oleic acid in a mortar with-
out any solvent and then heated up to 600°C for three hours 
under atmospheric nitrogen. For the preparation of the elec-
trode with the nanocomposite, it was sonicated with water and 
ethanol for about ten minutes, then the composite solution was 
added onto the electrode and dried. For analysis, the prepared 
electrode, together with Ag/AgCl and an electrode of Pt wire, 
was immersed in an electrochemical cell, which contained 
acetate buffer, bismuth, and the metal of interest (the analyte). 
The anodic voltammetry was performed at different ranges of 
potential to detect the heavy metal ions (Lee et al., 2016). A 
magnetic nanoparticles and graphene nanocomposite combi-
nation is a promising electrode tool against a mercury-based 
electrode, due to the non-toxicity, easy handling, good stabil-
ity, catalytic activity, larger surface area, and lower cost. The 
ranges of detection were in the concentration range of 1–100 
μg/L, and detection limits for Cd2+, Pb2+, and Zn2+ were 0.08 
μg/L, 0.07 μg/L and 0.11 μg/L, respectively.

13.2.4  Optical Based Biosensors

Li et al. (2013) categorized an optical based sensor depending 
on the sensing techniques as fluorescent, colorimetric, surface 
plasmon resonance (SPR), and surface-enhanced Raman scat-
tering (SERS) sensors. Recently, the techniques like microfab-
rication and thin-film techniques have been used to facilitate 
fiber fabrication and to improve the selectivity and sensitivity 
of sensor.

13.2.4.1  Colorimetric Sensor

The colorimetric sensing technique is basically working with 
the optical property and size of the particle analysts. The most 
used AuNPs show the property of surface Plasmon resonance 
(SPR), which is in correlation with particle size, shape, passi-
vating agent, refractive index (RI) of the medium, solution pH, 
etc. Any change in the above parameter leads to alteration in 
colour due to change in absorption frequency, hence the col-
our changing property is successfully utilized for detection and 
sensing in the field of medical, food, and agriculture.

The paper sensor is a novel way for quick detection of heavy 
metals like Hg2+, Ag+, Cu2+, Cd2+, Pb2+, Cr4+, and Ni2+ in water. 
Hossain and Brennan (2011) reported this lab-on solid-phase 
bioactive sensing technique, where filter paper was used, 
and inkjet was printed with sol-gel entrapped reagents with 
a clear zone of substrate and sensing. For the construction of 
the sensor in the filter paper, the paper was printed by inkjet 
with chlorophenol red β-galactopyranoside (CPRG) reagent 
and β-galactosidase (β-GAL) reagent, which were denoted 
as the substrate and sensing zone, respectively. Both layers 
were made in a sandwich pattern with silica. The reduction 
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in intensity of colour was due to the interaction between the 
substrate and enzyme and was proportional to the concentra-
tion of the heavy metals. For the reaction in the sensing region, 
various concentrations of heavy metals were allowed to inter-
act for varying incubation times. After the reaction, the paper 
was dipped in water to follow the lateral flow of reagent on 
the substrate, that is, CPRG towards the zone of reaction. The 
intensity of the colour was checked with the naked eye or the 
photograph was taken with a digital camera or with a scanner 
with ImageJ software. A fabricated paper sensor showed a limit 

of detection (LOD) of 0.001–0.230 ppm for heavy metals. The 
coated paper was dried at room temperature for an hour before 
the reaction. The methodology was validated by spiking differ-
ent concentration of heavy metals in different sources of water, 
like tap, lake, etc., and the results were compared with the find-
ings of AAS. Sener et al. (2014) used amino acids (arginine, 
cysteine, histidine, lysine, and tyrosine) and AuNPs capped 
with 11-mercaptoundecanoic acid (MUA)(MUA-AuNPs) 
for detection of heavy metal ions like Al3+, Cd2+, Cr3+, Cu2+, 
Fe3+, Hg2+, and Pb2+ in the water sample. Functional groups 

FIGURE 13.4 Schematic diagram of electrochemical detection of heavy metals via nanocomposite modified electrode.

(Source: Lee et al., 2016).
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structurally bound with the amino acids and formed complexes 
with metal ions and MUA. Amino acid assembling regulates 
the process of MUA-AuNPs. The colorimetric response could 
be analyzed by the naked-eye as the alteration in colour of 
the nanoparticle solution changed from red to purple or blue, 
which were clearly visible. Interestingly, it was remarkable that 
MUA-AuNPs form a discrete sensor component with each of 
the amino acids, by either enhancing or diminishing the metal 
induced aggregation.

Azmi and Low (2017), prepared an optical membrane using 
a cellulose acetate membrane for the determination of heavy 
metal ions. The membrane (chitosan and cellulose) was immo-
bilized covalently with dithizone (DTZ) to exhibit as a sensor 
for a quick change in colour in the presence of Cu2+, Hg2+, and 
Zn2+ in aqueous solutions. The intensity of colour increased 
with the increase in metal ions concentration. A membrane 
solution was cast on a glass plate and dipped in distilled water 
to coagulate with 2% NaOH overnight. For detection of heavy 
metal and to increase the binding capacity of DTZ, glutaral-
dehyde (GA) was coated to the membrane matrix, followed 
by drying in a N2 atmosphere. The DTZ immobilized mem-
brane was activated with GA for 20 minutes in a DTZ freshly 
prepared solution. Development of orange colour on the mem-
brane indicated the successful preparation of the membrane 
sensor for analysis of metal ions. For the detection purpose, 
the DTZ/membrane/optical sensor was dipped in a solution 
that contained heavy metal. The change in colour indicated the 
presence of metal ions, and for quantifications, colour intensi-
ties were scanned at a wavelength of 560 nm by the Heiland 
Electronics GmbH densitometer on the membrane. Selectivity 
for the samples for heavy metal ranges from 1 to 100 mg/L.

13.2.4.2  SPR Based Biosensor

Among the optical biosensors, the SPR-based biosensor is a 
label-free technique that has advantages over conventional 
sensors, including real-time detection, ultra-high sensitivity of 

the refractive index, and rapid response. Moreover, as reported 
by Scarano et al. (2010), with SPR imaging technology using 
a CCD camera, target molecules are detected on a biosensor 
chip, and can be visualized in real-time. As an optical event, 
in SPR, at resonant frequency, the surface conductive electrons 
of bulk metal oscillate collectively, and surface activity can be 
measured. A refractive index change is sensitive; it creates the 
path to measure binding events. SPR based devices are mainly 
designed with three components: a sensor, an optical system, 
and a fluid handling system. A vacuum evaporator or sputter 
coater type of sophisticated instrument is used to fabricate a 
SPR sensor chip. To stimulate SPR with the help of the instru-
ment, on an optical substrate surface like a prism and optical 
fibre, noble metal film coating was applied. The internal reflec-
tion of light against materials like gold or silver created the 
wave at the surface, which penetrates the interface into the 
dense medium like metal. The coupling of this light with plas-
mon, the free electron on the surface, which created a reso-
nance wave, is recorded. Consequently, based on the varying 
properties of different biomolecules, a varied SPR absorption 
spectrum is received, as different biomolecules were used to 
coat the metal surface. Noteworthy SPR signal amplification 
can be received with the use of metal nanoparticles instead of 
thin film with ultrasensitive detection. For heavy metal detec-
tion like Cd2+, Pb2+, and Hg2+ in drinking water, an SPR based 
sensor was developed by Verma and Gupta (2015). The sensor 
worked basically on the wavelength interrogation technique. 
Silver and indium tin oxide were utilized to develop the sen-
sor, and the surface was modified with pyrrole/chitosan com-
posite. The experimental setup was made up with the optical 
SPR based fibre sensor, UV-VIS spectrophotometer, and a 
light source, generally a tungsten halogen lamp. As shown in 
Figure 13.5, the input side was connected to the light source 
and sample injection part, whereas the out phase was con-
nected with the spectrophotometer for collecting the result. A 
concentration dependent signal was observed when the curve 
shifted toward a higher wavelength, i.e., red shift, as increasing 

FIGURE 13.5 SPR based technology for detection of heavy metals ions in water.

(Source: Verma and Gupta, 2015).
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the concentration of Cd2+. The interaction of heavy metals with 
the pyrrole/chitosan surface changed the dielectric behaviour 
and shifted the resonance. The same trend was followed by the 
other metal ions. The reported sensor had the extended sensi-
tivity of 1.306, 0.755, and 0.418 nm μg/L for Cd2+, Pb2+, and 
Hg2+ respectively. The sensor was sensitive to all heavy metals, 
but attraction toward Cd2+ was comparatively stronger. Also, 
the activity of the sensors solely depended on the capacity of 
binding of the heavy metals over the surface of the said poly-
mer. Another SPR based sensor was studied for Pb2+ detection 
in water, where investigation was done for the selectivity of the 
heavy metal ions towards sensor materials, using two different 
kinds of SPR sensors: one with SPR sensitivity of chitosan and 
GO to Pb2+ ion, and a second one with the addition of AuNPs 
with the chitosan and GO. Addition of AuNPs improved the 
sensitivity toward Pb2+ more than to the others. So, it can be 
stated that gold plays a vital role in attracting the heavy metals 
during detection by the SPR method, as it enhances the binding 
ability with the metal ions.

Chitosan is becoming a promising element in SPR technol-
ogy for determination of heavy metal ions in water. Taking the 
advantage and incorporating the concept of cross-linking, a 
SPR sensor was developed and detailed by Fen et al. (2013), 
for the detection of Pb2+ in water. Chitosan was synthesized 
by crosslinking with glutaraldehyde in aqueous acetic acid and 
then was deposited on a gold film using spin coater. The optical 
properties of the developed film with and without the addition 
of different concentration of Pb2+ was analyzed through SPR. 
The resonance angle was decreased with an increase in Pb2+ 
concentration. The set up was created with a light attenuator, 
He-Ne laser, an optical chopper, and a polarizer. Incident angle 
was measured through measuring the reflected laser beam of 
He-Ne. The beam that was reflected was detected by a sensitive 
photodiode via processing with the lock-in-amplifier. For hold-
ing the Pb2+ solution for analysis, a hollow cell was constructed 
with a glass cover slip, which was attached with an open-ended 
O-ring seal brass cylindrical cavity, making an attachment with 
the prism by using index matching liquid. On a rotating plate, 
the prism and the cell were mounted properly to control the 
incident angle of light, and detection was carried out.

13.2.4.3  Localized Surface Plasmon Resonance 
(LSPR) Based Biosensors

LSPR is a sensitive and robust biosensing technique, which 
is label-free and takes a lead in the detection analysis. When 
noble metal nanoparticles initiate the light interaction, con-
duction band electrons collectively oscillated, which is known 
as the localized surface plasmon resonance. For supporting 
surface plasmons, materials should have a dielectric constant, 
which should be a negative real and small positive imaginary 
like gold and silver. A resonance condition occurs on the nano-
particle surface when matching occurs between the oscillating 
electrons and the incident electromagnetic field. The produced 
resonant oscillation is large and selective against wavelength 
increases in absorption, scattering, and the electromagnetic 
field at the nanoparticle surface. Among this, the increases in 
scattering and absorption are key tools in LSPR biosensing 
techniques (Unser et al., 2015).

Halkare et al. (2019), fabricated LSPR based fibre optic 
coated with AuNPs for detection of Hg2+ and Cd2+ in water 
where a strain of E. coli B40 was used as a receptor. The absorb-
ance of the fabricated sensor was changed at the peak plasmon 
resonance wavelength of coated AuNPs, due to the alter in 
localized refractive index by the binding of heavy metal ions 
on the surface of E. coli cells. Sensor’s absorbance response 
is based on a combined effect of two major factors (i.e., 1. 
change into refractive index causes refraction loss, and 2. eva-
nescent wave absorption (Satija et al., 2014). The sensitivity 
and selectivity of the sensor were examined at various levels of 
concentration of Hg2+ and Cd2+ ions, ranging from 0.5 ppb to 
2000 ppb, and in both DI water and tap water. In another study 
by Sadani et al. (2019), LSPR based detection was done for 
Hg2+ using Chitosan capped AuNPs on bovine serum albumin, 
which acted as an ultrasensitive plasmonic mercury receptor on 
a U-bend optical fibre platform. The sensor was calibrated and 
tested with tap water, sewage contaminated water, and marine 
water for Hg2+ detection. The assembly for optical detection 
was made with the following components:

 1. Light source: a broadband, white LED of wavelength 
430-700 nm as input.

 2. Microscope objective for focusing.

 3. A bare fibre adapter X-Y positioned connector.

 4. Spectrophotometer as the detector.

A detailed structure of the device is shown in Figure 13.6. A 
U-bent optical fibre platform was made by silica and cut into 
40 cm pieces. The central portion of two cm was decladded 
and cleaned. Then, the X-Y positioner and spectrophotometer 
were connected to both ends of the fibre. To obtain the ref-
erence signal, the U-bend region was incubated in the blank 
of test analyte matrices. Also, to know the mercuric ions in 
analyte, the change in absorbance was recorded by incubating 
the sensor matrix. For functionalization of the optical fibre, the 
U bent region was incubated in 3-(Aminopropyl)triethoxysi-
lane (APTES) solution, followed by amine crosslinking with 
an aqueous glutaraldehyde solution and incubated with BSA 
solution in PBS. The sensor was comparatively more effective 
for the detection of Hg2+ than other metal ions.

13.2.4.4  Fluorescence Based Biosensors

Fluorescence-based (FL) sensors work on an ‘on-off’ mecha-
nism. It works on the quenching of fluorescence (‘turn-off’), 
enhancement of fluorescence (‘turn-on’), or the fluorescence 
resonance energy transfer (FRET) (Bigdeli et al., 2017). The 
metal nanoparticles and fluorophores (exhibits fluorescence) 
interaction influences fluorescence properties. The FRET is 
a phenomenon of the fluorescence, a process of nonradiative 
one, where a fluorophore, acting as an excited state donor, usu-
ally transfers energy to a ground state acceptor. In some cases, 
fluorescent molecular sensors are difficult to be fabricated as 
they have the problem of photobleaching; therefore QDs, espe-
cially the carbon-based dots, are widely used for fabrication of 
fluorescent based nanosensors, as they bear excellent solubil-
ity, biocompatibility, low toxicity, and a stable PL (Wang et al., 
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2016). The major limitation of FL based mechanisms is that 
they depend or are influenced by concentration, pH of solu-
tion, and excitation wavelength, though this kind of trouble 
can be overcome by introducing ratio metric fluorescent probes 
because at two wavelengths the emission/excitation fluores-
cence intensities can be measured (Chen et al., 2013; Cao et al., 
2014). Girigoswami and Akhtar (2019), reported two different 
methods (i.e., intermolecular charge transfer (ICT) and FRET) 
for determination of heavy metals in water. Recently, FRET 
based sensors have taken the momentum in effective detection 
of ions in the environment.

In comparison with ICT, FRET has the advantage that the 
ratio between two fluorescence intensities has the independ-
ency in excitation source fluctuation and concentration of sen-
sor like external factors. The fluorescence based sensor carries 
the positive points of sensitivity and selectivity along with the 
minimum time required for detection, which makes it a good 
alternative as a sensor.

The first QDs application in electro-chemiluminescent 
(ECL) sensing was reported in 2004 with the development 
of an ECL sensor based on CdSe QDs (Zou and Huangxian, 
2004). Generally, the mechanism of QDs and CDs were based 
on quenching and retrieval of fluorescence property. Recently, 
Cheng et al. (2012) observed that the presence of Cu2+ could 
quench the ECL emission of CdTe QDs, so can be utilized for 
designing an ECL method for detection of Cu2+. However, the 
drawback, like toxicity of QDs itself, lowers the use of QDs as 
a detection element for heavy metals (Cui et al., 2015) which 
can be overcome by the CDs. There are many reports in history 
for detecting heavy metals in water with CDs. Due to several 
appreciable characteristics, CDs are gaining importance in this 
analytical field. Nanoscale carbon-based materials, such as 
CNTs, carbon nanoparticles, fullerenes, and graphene, exhibit 
many excellent electrical properties. Also, they show low toxic-
ity and good stability, which enhances their use as an electrode 

material in heavy metal detection. Bui et al. (2012) reported 
the use of AuNPs assembled in carbon nanotube film in detec-
tion of Pb2+ and Cu2+ by electrochemical means. Among all the 
technologies, AuNPs- based assays are emerging as an alterna-
tive idea for heavy metal detection.

During designing and development of biosensors, interaction 
of targeted recognition and change in fluorescence is somewhat 
difficult and mainly depends on the nature of the element to be 
sensed. Two kinds of fluorescent sensor can be fabricated. One 
has a single fluorophore and another one has two fluorophores. 
Single fluorophore-based sensors are sensitive to the microen-
vironment. These two fluorophores’ systems are founded on 
the FRET based mechanism where one is the donor and other 
is the acceptor fluorophore. The FERT based sensor, even in a 
composite atmosphere, enables the measurements of samples 
quantitatively, and the ratio is not dependent on the concentra-
tion of the biosensor. However, due to nonspecific labelling, 
there are restrictions in FRET based biosensors (Kunzelmann 
et al., 2014).

13.2.4.4.1  Graphene Based Biosensors

Two-dimensional carbon material graphene has a honeycomb 
like structure. It has a graphite like regular hexagonal pattern 
with a single layer. Due to its electrical, mechanical, and ther-
mal properties, it is extensively used in nanocomposites, nano 
devices, and for the detection application as a sensing mate-
rial. Graphene based sensors are fabricated for detection of 
heavy metals in water due to their unique properties, like high 
electron mobilities, high surface area, ease of use in detecting 
heavy metals in a rapid and sensitive manner, etc. Graphene 
based components show a tunable fluorescence property, which 
can be enhanced by functionalization of graphene particles. 
Graphene oxide (GO) shows strong, heterogenous, electronic 
and atomic structure, along with remarkable fluorescence 

FIGURE 13.6 U-bent optical fibre-LSPR based sensors working diagram for heavy metal detection.

(Source: Sadani et al., 2019).
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properties for the electron hole pairs recombination. The pres-
ence of various functionalized oxygen containing groups like 
C-O, C=O, and O=C-OH in graphene oxide contributes the 
opening of band gap of graphene and gives the characteristic 
photoluminescence properties (Dong et al., 2012).

A fluorescent nanoprobe with graphene was designed for 
silver ions detection with silver-specific oligonucleotide (SSO) 
and GO (Wen et al., 2010). GO adsorbs the unbound SSO, and 
as a result, the fluorescence is quenched. But the ion Ag+ binds 
with SSO and remains in a free state, and their fluorescence 
is retained. This alteration in fluorescence intensity of SSO is 
the path for quantifying Ag+ with good selectivity. GO-based 
techniques have various positive qualities, including excel-
lent water solubility and the presence of a range of functional 
groups on the surface, which react with water in ionic or cova-
lent modes. The low cost, high sensitivity, and wider range of 
detection supports the idea to produce GO based sensors as an 
emerging tool in the future for detection of heavy-metal ions in 
water, food, and environmental samples (Chang et al., 2014).

13.2.4.4.2  CDs Based Biosensor

CDs are the carbon material with a size below 10 nm and with 
a remarkable property of fluorescence. CDs are utilized widely 
in the detection of heavy metals in water due to high sensitiv-
ity, tunable excitation and emission behaviour, and low cost of 
synthesis and analysis.

The combination of CDs and nanoparticles enhances the 
fluorescence behaviour and is known as metal enhanced flu-
orescence technology (Zhou and Ma, 2016). Fluorescence 
enhanced methods were developed by incorporating the CDs 
with AuNPs, where CDs act as a signal provider for detection 
and Au acts as an enhancer of the signal; the signaling mode 
was utilized for the detection of copper ions. Bian et al. (2014), 
developed a newer technique for detection of Cu2+and called it 
‘Cu+-catalyzed click chemistry’ by developing a nanohybrid 
system structured with 4-azidobenzoic acid tagged Au@SiO2 
(modified surface of gold and silicon di oxide) and CDs tagged 
with propiolic acid. The detection was carried out as Cu2+ was 
reduced to Cu+. Like AuNPs, AgNPs can also be utilized for 
the detection of heavy metals like Hg2+ in water (Bian et al., 
2014).

Fluoride ion detection was done by a novel fluorescent 
probe of CDs made from glucose as a carbon precursor by a 
microwave assisted method (Liu et al., 2013). A probe was 
developed by synthesizing CDs from glucose and PEG-200 
using microwaves and was mixed with a solution of Zr (H2O)2 
EDTA. The solution probe was used for detection of fluoride 
in water. The detection of fluoride depends on the reaction of 
ligand exchange in-between a fluoride ion (F-) and carboxylic 
acid ion (-COOH) of the CDs surface by ‘on-off’ mechanism. 
Basu et al. (2015) used Fe3+ ions to minimize the fluorescence 
of CDs (‘turn off’), and recovery of fluorescence with the addi-
tion of fluoride solution (‘turn on’), and by subsequent meas-
urement of PL intensities, heavy metal was detected in water 
sample. There are many literatures available for green synthe-
sis of CDs, using food samples like flour (Qin et al., 2013), 
citric acid (Pooja et al., 2017), tulsi leaves (Ocimum sanctum) 
(Kumar et al., 2017), Bael leaves (Aegle marmelos) powder 

(Pramanik et al., 2018) and its application in the detection of 
Hg2+, As3+, Pb2+, and Fe3+ respectively, in different sources of 
water samples.

13.2.5  Surface-Enhanced Raman Spectroscopy

SERS is a vibrational spectroscopy that provides chemical 
bonding, interactions, and orientation of the molecules. This 
kind of sensors is effectively used for detection of heavy metals 
in water. As SERS is a molecular based spectroscopy, instead 
of directly detecting the heavy metal ions, it facilitates the 
spectral fingerprint signatures of analytes. For minimizing the 
problem, plasmonic nanostructures can be functionalized with 
an organic ligand that binds specifically to heavy metal ions, 
and detection can be made easier. In the field of NPs, the cou-
pling of plasmonic is enhanced by aggregation of AgNPs. For 
the detection and sensitivity of the As3+ ion, a different concen-
tration of working solution was tested against Glutathione/4-
mercaptopyridine (GSH/4-MPY) modified AgNPs. The mixed 
solution was analyzed by laser Raman Spectrophotometer. 
Addition of GSH/4-MPY on AgNPs, formation of As-O link-
age occurred, with the effect of minimizing distance among 
the AgNPs, and helping them in the aggregation of AgNPs. 
Thus ‘hot spots of AgNPs’ are formed for the enhancement of 
SERS with an enhanced signal at the addition of As3+. Based 
on the above principle, a SERS based sensing technique was 
developed for As3+, where glutathione binds with As3+ and con-
jugates with AgNPs, which enabled the development of ‘hot 
spots’ and enhanced SERS signal, and the sensor showed LOD 
value of 0.76 ppb (Li et al., 2011).

Moreover, Hg2+, methyl mercury like toxic components were 
also analyzed with SERS based sensor techniques (Guerrini et 
al., 2014). Alizarin is a kind of dye, and acting as a Raman 
receptor, is being used for enhancing the SERS signal. SERS 
probe was also utilized to detect cadmium in water with plas-
monic AuNPs functionalized with Alizarin (Dasary et al., 
2016). In an Alizarin tagged SERS assay, alizarin and AuNPs 
interact with a cadmium ion, the AuNPs produce hotspots for 
the dye, which enhances the signal and detects the heavy met-
als in drinking water. AuNPs with size ≥ 12 nm were used for 
the alizarin tagged SERS sensor. Dasary et al. (2016) devel-
oped a SERS probe by mixing AuNPs with HEPES buffer for 
detection of Cd2+ in water. The dye was functionalized on a 
plasmonic Au surface to act as a receptor of the Raman signal. 
AuNPs surface, 3-mercaptopropionic acid, 2,6-pyridinedicar-
boxylic acid (MPA) aqueous solutions were immobilized, fol-
lowed by formation of bonding with Cd2+. Raman mode was 
enhanced with the addition of Cd2+ in the dye incorporated 
nanoparticle solution, and as a result the quenching of fluo-
rescence occurred. The functionalized MPA-gold nanoparticle 
exhibited high water solubility and excellent colloidal stability 
for application as a sensor. Also, from a visuality point of view, 
it was reported that the addition of a very low concentration of 
Cd2+ changed the colour of the composite solution to black-
ish red from bright red, and the inter-particle plasmonic cou-
pling was seen with the extinction spectra and shifting of the 
spectra to higher energy immediately with the addition and an 
increase in concentration of the targeted heavy metal. Varying 
concentrations of Cd2+ were added to the dye-MPA conjugated 
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nanoparticle, to promote the error free evaluation of SERS 
probe, and the SERS intensities were found to be highly sensi-
tive towards Cd2+.

13.2.6  DNA-Based Biosensor

A DNA biosensor uses DNA as a biorecognition component 
and acts as an integrated receptor-transducer to evaluate the 
specific processes of binding with DNA via an electrochemi-
cal transduction mode, especially where carbon electrodes are 
used (Tencaliec, et al., 2006). The dealing between metal ions 
and DNA is essential, as it leads to the change of the struc-
ture and the function of genetic materials, by development of 
malignant tumours (Oliveira, et al., 2008). So, the ability to 
observe and count the levels of heavy metals, like Pb2+, Cd2+, 
Ni2+, etc., that are intermingled with DNA is widely studied by 
many researchers. The electrochemical techniques are useful to 
study the relationship of DNA and heavy metal, as they are cost 
effective, highly sensitive, and improve signal to noise ratio 
(Turdean, 2011). For detection of heavy metals, DNA has four 
potentially different sites to bind with metal ions: (i) phosphate 
oxygen atoms carrying negatively charge, (ii) ribose hydrox-
yls, (iii) nitrogen base ring, and (iv) exocyclic keto base groups 
(Tencaliec et al., 2006). To detect pollutants, DNA biosensors 
have two possibilities: (i) from detection by infectious micro-
organisms of the hybridization of nucleic acid sequences, or 
(ii) to monitor the interaction of tiny pollutants with the immo-
bilized DNA (Rodriguez-Mozaz et al., 2004). Interactions of 
heavy metal ions with DNA molecules are a complex phenom-
enon and may be explained as follows: (i) with the nitrogen N7, 
especially in guanine base (rarely of adenine) direct coordina-
tion bond, (ii) the nitrogen N7 atom of the DNA purine base’s 
indirect chelation with the oxygen atom of the DNA phosphate 
backbone, (iii) N7 and O6 atoms of guanine’s intrastrain and 

chelating, and (iv) N7 guanine atoms of ss-DNA’s intrastrain 
bindings development (Turdean, 2011; Wong et al., 2007; 
Tencaliec et al., 2006; Babkina and Ulakhovich, 2004). Li et 
al. (2013) reported the DNA based heavy metal detection as 
shown in Figure 13.7. On excitation, the NP/QD+Au+ showed 
fluorescence emission behaviour, but as heavy metals interact 
with heavy metals, the fluorescence intensity decreased.

13.2.7  Immunosensors

In immunosensor, antigen and antibody act as a recognition key, 
which attaches with a transduction element of a physicochem-
ical type by means of piezoelectric, electrochemical, SPR, and 
optical based sensing. Immune surface and cross-reactivity are 
the major limitations of the immunosensor. But interestingly, 
to detect different species, a definite level of cross-reactivity is 
desirable (Rodriguez Mozaz, 2004). For detection of a metal 
ion, the interactions of antibody-antigen create an alternative 
procedure. But the availability of antibodies to bind to heavy 
metals is the only criteria for the same (Turdean, 2011).

13.3  Advancement and Future Scope of Biosensor

Elimination or controlling the toxicity of heavy metals to a 
safer level is highly important factor now-a-days. One rapid 
and cost-effective way is always desirable, instead of the tradi-
tional methods. At present, the nanotechnology-based biosen-
sors are gaining popularity, but still, many of them are only up 
to laboratory scale.

New methodologies of laboratory sensing have been pro-
duced with utilization of nano-electromechanical systems, 
and self-assembly based sensors have been developed at lab-
oratory scale. The development of SERS based techniques 

FIGURE 13.7 Schematic diagram of QD/NP+Au+DNA biosensor for heavy metals detection.

(Adapted and modified from Li et al., 2013).
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became the most powerful tool of analysis. SERS based tech-
niques are useful for DNA hybridization, and identification of 
genes, bacterial, and viral components. Biophotonic sensors 
and DNA sensors also have been gaining considerable interest, 
as monochromic light sources from light emitting diodes are 
less expensive and easily available. Recently, smartphone-like 
components are also developing the interest in this sensing 
system. Smart phones are like minicomputer systems, with 
an operating system, memory, and a high-resolution camera 
lens, all of which are easily available and comparatively more 
affordable than a laboratory-based device and can be used for 
routine purposes. Smartphone based detection techniques are 
today evident in medical diagnosis and analytical purposes. 
The continuous improvement in the manufacturing of smart-
phones with insertions of new applications and software stim-
ulates research toward smartphone-based biosensors. With the 
help of high-resolution cameras in the smartphone, it can be 
used as a detector in an optical based biosensor system. This 
detection system includes almost all the optical mechanisms 
like SPR, fluorescence, absorbance, chemiluminescence, etc. 
(Roda et al., 2016).

Smartphones can be employed in different environments, 
from isolated areas to developing regions (Rateni et al., 2017). 
For food safety, currently, for large cases, one has to rely on 
laboratory based, expensive techniques for examining different 
chemicals, adulterants, or pathogens. But each time, the lack of 
convenient resources and facilities forces sending samples to 
laboratories that are situated in distance places. Smartphone-
based analytical platform plays a great role by minimizing that 
kind of issue.

Ozcan’s group reported a smartphone kind appliance to 
quantify the Hg2+ ion in water samples by an absorbance 
detection technique using plasmonic AuNPs. The same group 
reported in 2013 that it had developed a transmittance-based 
assay by integration with a smartphone to spot and measure 
allergen defects in foods. Following the same trend, demand 
for the smartphone-based biosensors has been increasing in 
peoples’ day to day lives. With advances in manufacturing, the 
availability of small size electronics with high memory capac-
ity, and the development of sensor and software technology, 
the possibilities are strengthened for the use of smartphones to 
perform biochemical analysis in the medical sector, to observe 
environmental pollutants, and to evaluate food safety in the 
near future. Hence, the need is clearly seen for exploitation of 
such technology for the potential advancement in the sensor 
field focusing the smartphone.

13.4  Conclusions

Gradually, with industrialization and urbanization, the poten-
tially toxic and detrimental pollutants are escalating in the 
environment. To eliminate or minimize these pollutants to an 
acceptable level, detection of them is mandatory. Hence, fast, 
economical, analytical technology-rich tools are needed. Long-
established analytical processes, like chromatography, HPLC, 
GC, and AAS are complex and need high-priced instrumenta-
tion, infrastructure, and skilled personnel. Here, the biosensor 
and nano biosensor appear to be suitable alternative tools or 

devices to overcome such issues. Nano biosensors fulfil the 
increasing demand of alternative technology for rapid, cost 
effective, safe, and accurate monitoring and detection of dif-
ferent harmful contaminates and hazards that are dangerous 
to human health. Due to the high accuracy, selectivity, and 
sensitivity, demand for this technology increases day by day. 
Still there are many biosensors reported in literature that are 
underdeveloped, and nourishment of those is needed to have 
different kinds of biosensors for different applications. The 
potential markets for biosensors fall under the sectors of food 
and agriculture, military, veterinary and medical services, and 
the environment. However, there is still need of confidence in 
the technology to encourage research to achieve commercial-
ization of devices like the nanobiosensor, using the inherent 
properties and technology of nanoscience.
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14.1  Introduction

Food is a fundamental necessity of all human beings. The term 
food safety can be explained as the continuous and timely 
availability and permanent provision of foods that meet quality 
assurance and safety requirements to the whole world popu-
lation (FAO, 1996). Various microorganisms and chemical 
residues such as bacteria, pathogens, viruses, and residues of 
pesticides and fungicides are present in food, and partially or 
completely affect the nutritional quality and safety of food; 
thus, monitoring of safety and nutritional quality of food is 
very important (Kumar & Neelam, 2016). Various techniques, 
such as chromatography, spectroscopy etc., are available for 
quality and safe handling; therefore, the emphasis should be on 
developing quick, reliable, and sensitive technologies for fast 
monitoring of food quality and safety. Diagnostic techniques 
for monitoring food are emerging, due to their speed, speci-
ficity in nature, ease of mass production, economy, and field 
applicability. Nowadays, biosensor and nanotechnologies are 
being used together in many food and agricultural industries 
for biosafety, and nanoscale and nano-sensors for pathogen 
detection in processed and raw food, animals, and plants. These 
are helpful tools in the detection and control of potential food 
contaminants by the agricultural and food industries (Serna-
Cock & Perenguez-Verdugo, 2011). Biosensor assays work 
either directly or indirectly. In the direct system, detection of 
analytes is dependent on the split through an enzyme or bind-
ing to a target. In the indirect system, an additional reaction has 
to occur in order to detect the analyte. They are often used for 

the analysis of food because they usually display lower inter-
ferences with complex matrixes (Hoagland & Scatasta, 2006).

This chapter describes several applications of biosensors for 
food processing and safety. In the past few years, a biosensor 
was used to detect chemical residues (pesticides, fungicides, 
urea, progesterone, etc.), microorganisms (like Escherichia 
coli, Salmonella spp., Listeria monocytogenes, Campylobacter 
spp., etc.), and heavy metal detection in various animal and 
agriculture produce (Verma & Singh, 2003; Xu et al., 2005; 
Serna-Cock & Perenguez-Verdugo, 2011).

14.2  Biosensors for Food Security

14.2.1  Detection of Microorganisms 
Pathogens and Toxins

Microorganisms can infect at any of the following steps, from 
handling to manufacturing, distribution, and consumption, 
and can produce pathogenic toxin materials in the food or in 
the human body after ingestion. They may produce biological 
hazards without affecting the organoleptic properties of food 
(de Plata, 2003). Various traditional methods are used to detect 
foodborne pathogens by evaluating their morphological struc-
ture, the ability of a microorganism to grow in different media 
under different conditions, and enzyme-linked immunosorbent 
assay, etc. (Deng et al., 2008; Cabrera et al., 2009; Zhao et 
al., 2013; Zhang et al., 2014). Although these techniques ena-
ble the accurate detection of pathogens, they are generally 
multistep assays that are more time-consuming, with a low 



228 Biosensors in Food Safety and Quality

detection limit, and expensive, too. The quick and real-time 
biosensor-based microbiological analysis may permit early 
detection, and consequently prompt treatment, potentially 
reducing the health risk concerns along with economic losses 
associated with microbial contamination. Although, traditional 
microbial identification techniques are very susceptible, these 
techniques are comparatively time-consuming and require up 
to 72 hours to complete the analysis (Rasooly & Herold, 2006). 
The bacterial detection through a biosensor involves biologi-
cal recognition of components like nucleic acids, receptors, or 
antibodies attached to an appropriate transducer. They could 
be mass, optical, electrochemical, and thermal on the basis of 
method of signal transduction. Biosensors are used to detect 
many microorganisms like Campylobacter spp., Shigella, E. 
coli, L. monocytogenes, Cryptosporidium parvum, M. tubercu-
losis and Salmonella spp. (Kress-Rogers, 1996; Hobson et al., 
1996; Ghindilis et al., 1998; Ivnitski & Rishpon, 1996).

An E. coli pathogenic strain, known as 0157:H7, causes 
hemolytic uremic syndrome, diarrhea, kidney damage, and 
inflammation in the small intestine (Waswa et al., 2007; Lin 
et al., 2010). There are different methods for rapid detection 
using biosensors, with detection limits less than 103 E. coli cfu/
mL in less than 10 hours and confirmation using PCR (Tims & 
Lim, 2003). Another technique uses biosensors for detecting 
bacteria by impedance. The biosensor successfully detected E. 
coli O157:H7 in a range from 8.0 to 8.2 × 108cfu mL after an 
enrichment growth of 14.7 and 0.8 h, respectively (Varshney 
& Li, 2008).García-Aljaro et al. (2010) have demonstrated 
SWCNT-network based biosensors to electrically detect the 
human pathogens E. coli O157:H7 and bacteriophage T7 with a 
detection limit of 103 cfu/mL and 103 pfu/mL, respectively. So 
et al. (2008) reported a bacteria biosensor based on the aptamer 
functionalized SWCNT network FET, which can detect E. 
coli at a level of 103 cfu/mL. Pérez et al. (1998) worked on 
an amperometric flow-injection system for the measurement 

of viable E. coli O157 and found the detection limit at 105 cfu/
mL, within two hours. This technique could be applied as auto-
mated, quick, and continuous with 1,000-fold greater sensitiv-
ity than that of the standard ELISA assay. Huang et al. (2011) 
developed a quick, label-free, highly selective, and sensitive 
graphene-based biosensor for E. coli detection at a very low 
detection limit of 10 cfu/mL.

Fabrication of a graphene device was done by graphene 
film on copper foil. The copper foil was spin-coated, with a 
thin layer of poly-methyl methacrylate (PMMA) dissolved in 
chlorobenzene; later, annealing was also done at 180°C for one 
minute. The PMMA/graphene films were then released from 
the copper foil by chemical impression of the underlying Cu in 
a ferric chloride solution. This suspended film was transferred 
to water for the removal of the residual copper. The acetone 
was used to dissolve PMMA film, and the sample was washed 
with a larger amount of DI water and annealed for 20 min-
utes at 450°C (H2/Ar atmosphere). Two electrodes (source and 
drain) were formed using silver conductive paint. A silicone 
rubber was used to line up the electrodes and form the record-
ing chamber for the identification process (Huang et al., 2011).

14.2.1.1  Functionalization of Graphene Device

A graphene device was incubated with a 5 mM linker mol-
ecule (1-pyrenebutanoic acid succinimidyl ester, i-DNA 
Biotechnology) for two hours at room temperature in the 
presence of dimethylformamide (DMF). The linker-modified 
graphene was then in an Na2CO3-NaHCO3 buffer solution (pH 
9.0) at 4°C, preferably overnight, and then washed with deion-
ized water and a phosphate buffered saline solution. Then, the 
device was also incubated for one hour with 0.1 M ethanol-
amine (pH 9.0) and 0.1% Tween 20 to reduce the unreacted 
succinimidyl ester group on linker molecules, and to passivate 
the uncoated graphene area, respectively.

FIGURE 14.1 Grapheme-FET for detection of E. coli.

(Adapted from Huang et al., 2011).
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Sapsford et al. (2004) worked on Campylobacter and Shigella 
bacteria, developed an array biosensor, and reported the detec-
tion limit 4.9 × 104 cfu/mL for Shigella dysenteriae and 9.7 
× 102 cfu/mL for Campylobacter jejuni in buffer and chicken 
carcass. A potentiometric biosensor was used by Uithoven et 
al. (2000) for B. subtilis, with a detection limit of 3 × 103 cfu/
mL. Another researcher, Dill et al. (1999), used same technol-
ogy to detect S. typhimurium to levels as low as 119 cfu/mL 
Piezoelectric biosensors have also been used in the detection of 
several other microbial contaminants, including Candida albi-
cans L. monocytogenes, Vibro cholera etc. (Table 14.1).

Park et al. (2000) developed a quartz crystal microbalance 
(QCM) system for specific detection of Salmonella spp. in 
milk samples. This system is applicable for repetitive use 
after a regeneration step utilizing 1.2 M NaOH. Croci et al. 
(2001) designed a rapid electrochemical ELISA system for 
the detection of Salmonella in meat samples, and reported 
that the method was efficient, sensitive, and rapid: after five 
hours of incubation with a low limit of detection of salmonella 
spp. (1–10 cells/25 g). Listeria monocytogenes was detected 
in milk using ELISA and amperometric biosensors; the detec-
tion limit of pathogen was 9 × 102 cells mL in three and 
one-half hours (Crowley et al., 1999). A flow-type biosensor 
(Resonant crystal) system was developed for the detection of 
E. coli in different food systems (water, milk, rice, dumplings, 
beef, pork, and fish); The system took 20–30 minutes to com-
plete test, with the detection limit at 1.7 × 105 cfu/mL (Kim 
& Park, 2003). Microbial toxins, such as botulinum toxin, 
staphylococcal enterotoxins, and aflatoxins, are the main food 
safety threats. Food contaminated with these toxins can cause 
major health problems, as well as economic loss. These tox-
ins can be removed by destroying the sources of the toxins; 
for instance, S. aureus is killed after proper pasteurization 
and sterilization (Rasooly & Herold, 2006). Various biosensor 
techniques can be used for the detection of these pathogens. 
For example, Homola et al. (2002) used the Surface Plasmon 
(SPR) Resonance biosensor for the detection of staphylococcal 
enterotoxins B in milk. Two modes of operation of the SPR 
biosensor were used in direct detection, with the detection limit 
of five ng/mL and sandwich detection mode with a detection 
limit of 0.5 ng/mL

14.2.2  Detection of Pesticide and Antibiotic Residues

Detection and quantification of pesticides has become signifi-
cantly important in the last decade, due to their exhaustive use 
in agriculture and their harmful residual effects on the human 
development system, reproduction, erythrocytes, liver, central 
nervous system, endocrine system, and immune system, etc. 
(Suwalsky et al., 2005; Farag et al., 2010; Verma & Bhardwaj, 
2015). Highly toxic insecticides, pesticides, fungicides, antibi-
otics, and herbicides have been widely used for decades in the 
agricultural industry, viz, organochlorines, organophosphates, 
and carbamates etc. (Alavanja et al., 2004). These pesticides 
can cause allergies, skin diseases, asthma, cancer, and affect the 
environment (Criswell et al., 2013; Givaudan et al., 2014). So, 
analysis of pesticides is becoming very important. Generally 
high-performance liquid chromatography and gas chromatog-
raphy is used for the detection of the presence of pesticides, 
but these methods need more work and time. Melo et al. (2018) 
had checked the amount of chlorpyriphos residues in natural 
water and orange juice. A high-performance biosensor based 
on AChE and Fe3O4/GR film modified SPE has been developed 
by Wang et al. (2016) to determine chlorpyrifos residuals in 
vegetables. The fabrication and modification process of ACHE/
Fe3O4/GR/SPE was done by using pretreated SPE. Then, Fe3O4 
was added into a 0.2 wt% chitosan solution and mixed to get 
a stable dispersed liquid by ultrasonic treatment with the addi-
tion of grapheme. This grapheme solution was coated on the 
SPE surface and dried at room temperature to get GR/SPE. 
After evaporation, the GR/SPE was spread with Fe3O4-CS mix-
ing solution and put Fe3O4/GR/SPE in an oven at 80°C for 30 
minutes. Then, AChE solution was dropped on Fe3O4/GR/SPE 
and incubated at 4°C for six hours. To maintain the stability of 
the modified electrode, nafion solution was dipped on ACHE/
Fe3O4/GR/SPE. For the determination of chlorpyrifos, differ-
ential pulse voltammetry (DPV) was used.

Steffens et al. (2017) have summarized that the nanobio-
sensors can be applied for pesticide detection in water at very 
low concentrations and provide better results than traditional 
methods. Antibiotic residue in the human body showed many 
adverse effects and causes many health issues, like allergies 
(Conzuelo et al., 2013). Biosensors play a big role for a fast 

TABLE 14.1

Biosensor Detection Techniques for Microorganism Detection

Detection Techniques Microorganism Detection Limit (cfu/mL) References

Surface plasmon resonance (SPR) biosensors E. Coli 102 Oh et al. (2004)

QCM Immunosensor E. Coli 103, 170 min Brooks et al. (2004)

Amperometry E. Coli – Abdel-Hamid et al. (1999)

Conductimetric biosensor E. Coli 79, ten minutes Muhammad-Tahir and Alocilja (2003)

Electrochemical (using gold nanoparticles) Salmonella 143 cells mL−1 Afonso et al. (2013)

Optic biosensor E. coli < 1000 cfu/mL Bharadwaj et al. (2011)

Optical surface plasmon resonance biosensor Mix. S. enteritidis and 
S. typhimurium

1.7 × 103 cfu/mL Bokken et al. (2003)

Magnetoelastic (ME) biosensors Salmonella typhimurium 1.6 × 102cfu/cm2, 30 min Chai et al. (2012)

Optical immunosensor Campylobacter 9.7 × 102 cfum−1 Sapsford et al. (2004)

Impedance immunosensor Listeria – Chen et al. (2015a)
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and cheap detection of antibiotic residue in food products 
(Bargańska et al., 2011). A summary of biosensor detection 
limits, used in various pesticides and antibiotics is given in 
Table 14.2. The photothermal biosensor was used for detection 
of toxic organophosphate and carbamate compounds in onion, 
salad, and iceberg lettuce. This biosensor is also quite sensi-
tive to other pesticides, like carbofuran, oxydemeton–methyl, 
propamocarb, and parathion–ethyl (Pogačnik & Franko, 2003). 
A new conductimetric immunosensor was developed for detec-
tion of atrazine in red wine samples (4.6 × 10−1) and the LOD 
of atrazine at 0.1–1 μg L−1.

Nanocomposite biosensors were used to detect methyl para-
thion in garlic (Chen et al., 2011). The optical transducer was 
integrated with acetylcholinesterase enzyme by using layer-by-
layer assembly technique. It is highly sensitive for detection 
of organophosphorus pesticides in fruits and vegetables, based 
on the mechanism of enzyme inhibition. The detection limits 
of the biosensors are as low as 4.47 × 10−12 M for parathion, 
and 1.05 × 10−11 M for paraoxon (Zheng et al., 2011). In other 
research, a very sensitive amperometric acetylcholinesterase 
biosensor was used for the detection of organophosphorus pes-
ticide in garlic samples, and the result was recovered in ten 
minutes, with the detection limit 1.0 × 10−9 moles (Wu et al., 

2011). Sun et al. (2011) developed a label-free electrochemical 
immunosensor for detection of carbofuran pesticide residues in 
cabbage and lettuce (detection limit, 0.33 ng/mL). The organ-
ophoaphorous pesticide residue limit was detected using an 
automated flow-based biosensor with the detection limit of 5 
× 10−12 M, in the milk samples. The test was completed within 
two minutes (Mishra et al., 2012). Cesarino et al. (2012) devel-
oped an electrochemical acetylcholinesterase biosensor for the 
detection of carbamate pesticides residues in fruit (apple) and 
vegetables (broccoli and cabbage). The LOD were at 1.4 and 
0.95 μmol L−1, for carbaryl and methomyl, respectively.

Schulze et al. (2002) developed a highly sensitive and rapid 
food-screening test based on disposable screen-printed biosen-
sors for the detection of insecticide residues (neurotoxic organ-
ophosphates and carbamates) in infant food.

14.2.3  Detection of Heavy Metals

Heavy metals are non-biodegradable and often come from 
smoke, chemical fertilizers, or lead-acid batteries (Gammoudi 
et al., 2010). As they adversely affect human health, it is nec-
essary to detect and remove them from food products for con-
sumer safety. Conventional techniques are time consuming 

FIGURE 14.2 Fabrication and slight modification of ACHE/Fe3O4/GR/SPE biosensor.

(Adapted from Wang et al., 2016).

TABLE 14.2

Biosensors Used for Detection of Pesticides and Antibiotics

Biosensor Pesticide Detection Limit References

Solid amalgam-based electrodes Chlorpyriphos 0.15 μg/L Melo et al. (2018)

Silver amalgam electrode Aclonifen 1.9 × 10–9 mol·dm3 Novotný and Barek (2017)

Acetylcholinesterase biosensor (gold nanorods) Dimethoate 5 nM to 1 μM Lang et al. (2016)

Imprinted quartz crystal microbalance sensor Atrazine 0.028 nM Gupta et al. (2015)

Electrochemical acetylcholinesterase (AChE) biosensor Carbaryl 1.4 μmol L−1 Cesarino et al. (2012)

AChE biosensor Methomyl 0.95 μmol L−1 Cesarino et al. (2012)

Cantilever sensor Paraoxon 10−7 M Karnati et al. (2007)

Flow injection amperometric biosensor Paraoxon 0.4 pM Liu and Lin (2006)

Microelectrodes Paraquat 4.51 μg L−1 De Souza and Machado (2005)

Electrochemical (Aptamer) Kanamycin 0.11 ng mL−1 Sharma et al. (2017)

Electrochemical (Immunosensor) Penicillin G 2.7 × 10−4 ng L−1 Li et al. (2015)

Electrochemical (Enzyme) Streptomycin 10 pg mL−1 Liu et al. (2013)
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and require expertise for the analysis (Bagal-Kestwal et al., 
2008). A rapid, and cheap detection method for heavy metals 
is needed, and biosensors may be fit for this purpose (Mehta 
et al., 2016). Various studies have been done through different 
biosensors for detection of heavy metals, like a luminescent 
G-quadruplex-based sensor for sub-nanomolar Pb2+ ions (He et 
al., 2013), amperometric (Wang et al., 2013), inhibition-based 
biosensors (Ghica et al., 2013), acoustic (Gammoudi et al., 
2014), graphene oxide for Hg2+ions (Li et al., 2013), and 
optical biosensors for Cu, Pb, and Cd (Wong et al., 2013). 
Moreover, fertilizer has become one of the polluting sources 
of heavy metals. Continuous applications of chemical pesti-
cides and fertilizers have contributed to a continuous accu-
mulation of heavy metals in soils. These heavy metals present 
in fertilizers and pesticides can endanger the human body by 
ingestion of crops contaminated with metal (Frost & Ketchum, 
2000; Atafar et al., 2010). Ravikumar et al. (2012) designed 
and applied a molecular biosensor for the heavy metals, zinc 
and copper, for use in a bioremediation approach. Bacteria 
utilize two component systems to sensor change in the envi-
ronment by multi signal components, including heavy metals 
and controlled gene expression in response to changes in sig-
nal molecules. Past studies were based on a zinc and copper 
biosensor, which was developed on the basis of the bacterial 
regulatory system, i.e., zntA–zntR and CueO of the bacterial 
cytoplasm, which encodes the zinc and copper efflux protein, 
respectively, leading to detoxification of zinc and copper. But 
at higher concentrations of these ions, the system fails to efflux 
the metal and is incapable of recognizing exogenous metal in 
food items (Ravikumar et al., 2011a, 2011b). However, a new 
system using two-component membranes (TCS) (ZraSR and 
CusSR) associated with a sensor kinase system, senses these 
exogenous metals and also responds very well to higher con-
centrations of metals. This TCS in bacteria worked as a basic 
stimulus-response coupling mechanism to help organisms to 
sense and react accordingly as the environment changed (Stock 
et al., 2000). Soldatkin et al. (2012) fabricated a biosensor 
composter, a differential pair of planar thin-film inter-digitated 
electrodes and reported that they have good sensitivity toward 
ions Ag+ and Hg2+. Tsai et al. (2003) developed a urease optical 
biosensor based on the sol–gel immobilization technique for 
the determination of heavy metals. They reported that this bio-
sensor has high sensitivity to Cd (II) and Cu (II) at an analytical 
range of 10–230 μM, with a detection limit of 10 μM. The mul-
ti-walled carbon nanotube labeled lateral flow strip biosensor 
was successfully developed by Yao et al. (2016) for mercury 
ion detection, which was 10-fold more sensitive as compared 
to traditional ones.

14.2.4  Detection of the Marine Biotoxins

Marine toxins are non-proteinaceous low molecular weight 
compounds with toxic activity that accumulate in fish or shell-
fish and other marine based food, causing human illnesses. 
They are extensively different in their chemical structures, 
physical properties, and their mechanisms of action (Campàs 
et al., 2007). These toxins generally generate from harmful 
algal blooms and/or proliferation of some toxin-producing 

phytoplankton species. These toxins accumulate in the diges-
tive glands of a shellfish without any harm to it. As humans 
consume contaminated seafood, intoxication occurs. The tox-
icity to humans is also reported as acute poisoning, and the 
presence of toxicity was also the cause of economic losses to 
the aquaculture and fish industry (Hoagland & Scatasta, 2006; 
Vieites & Cabado, 2008). There are different types of toxin 
which, traditionally were classified according to the acute poi-
soning syndrome they induce in humans like diarrheic shellfish 
poisoning (DSP); paralytic shellfish poisoning (PSP); neuro-
logic shellfish poisoning (NSP); amnesic shellfish poisoning 
(ASP); ciguatera fish poisoning (CFP); azaspiracid shellfish 
poisoning (AZP) and puffer fish poisoning (Campàs et al., 
2007). Nowadays, classification has done on the basis of their 
chemical structure, which is more accurate and extensively 
accepted, for example, yessotoxins, azaspiracids, okadaic acid 
pectenotoxins, saxitoxin, brevotoxins, cyclic imines, ciguatox-
ins, domoic acid, and palytoxin and their derivatives (Vilariño 
et al., 2009).

Okadaic acid (OA) and dinophysistoxins (DTX) are pro-
duced by some unicellular algae from plankton and benthic 
microalgae that produces diarrheic shellfish poisoning (DSP), 
a gastrointestinal illness caused by consumption of shellfish, 
which can be detected by electrochemical, chemilumines-
cence, quartz crystal microbalance, or surface plasmon reso-
nance (Marquette et al., 1999; Kreuzer et al., 2002; Tang et 
al., 2002, 2003; Campàs & Marty, 2007; Llamas et al., 2007 
Campàs et al., 2008; Stewart et al., 2009). Zhang et al. (2016) 
developed a biosensor using the Love Wave sensor to detect 
real-time and sensitive detection of a diarrheic shellfish poison-
ing (DSP) toxin, and Okadaic acid (OA).

Yessotoxins are marine toxins originated from phyto-
planktonic. They were categorized as DSP toxin group with 
no diarrheic effects in humans and in mice by oral adminis-
tration. Whereas yessotoxins show several in vitro cellular 
effects (Aune et al., 2002; Tubaro et al., 2003). Yessotoxins 
were detected by surface plasmon resonance, immuno-based 
biosensors, and resonant mirror biosensors (Pazos et al., 2004; 
Fonfria et al., 2008; Mouri et al., 2009).

Saxitoxin and their derivatives are another type of toxin that 
are responsible for paralytic shellfish poisoning (PSP), and 
among them algal-derived shellfish poisoning is most impor-
tant. Based on substitutions at R4, the saxitoxins can be fur-
ther divided into the following groups dicarbamoyl, carbamate, 
sufocarbamoyl, and deoxydecarbamoyl toxins (Van Dolah, 
2000). They affect both gastrointestinal and neuronal symp-
toms in humans, like nausea, vomiting, diarrhea, paresthesia, 
numbness, headache, dizziness, paralysis, hypotension, and 
problems in respiration, and in extreme cases, death occurs 
(Hallegraeff, 2003). Saxitoxin (STX) and brevotoxin (PbTX-
2), which are produced by marine dinoflagellates, are high-
ly-toxic marine toxins, and Wang et al. (2015) reported that a 
cardiomyocyte-based potential biosensor could be a promising 
tool for rapid detection of these two toxins. Fabrication of a 
portable cardiomyocyte-based potential biosensor is done with 
a wearable wireless 8-channel system, cardiomyocytes, and 
microelectrode array (MEA) (Figure 14.3). Cardiomyocyte-
based potential biosensors record extracellular field potential 
(EFP) signals when cell–electrode coupling forms, but there 
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is a nanoscale gap that still exists in the system which can be 
filled with a trace amount of electrolyte (Cerignoli et al., 2012; 
Jahnke et al., 2013).

The ionic current generated by electrogenic cells in excita-
tion phase, has transient transmembrane potential, and it polar-
izes the electrodes by reestablishing the charge allocation at 
electrode–electrolyte–cell interface. An optical biosensor was 
used to detect paralytic shellfish poisoning (PSP) toxins caused 
by gonyautoxin and dicarbamoyl neosaxitoxin (Campbell et 
al., 2007).

14.2.5  Detection of Biogenic Amines

Biogenic amines are produced and degraded during nor-
mal metabolism of plants, microorganisms, and animals 
(Compagnone et al., 2001; Carelli et al., 2007; Mureşan et 
al., 2008). Biogenic amines are often found in food and bev-
erages; their increased amounts are caused by a spontaneous 
microbial fermentation of food or food spoilage (Karovicova 
& Kohajdova, 2005). The levels of these compounds are 
very important and should be monitored in the following food 
products, like fish and meat products, cheese, mushrooms, 
eggs, sauerkraut, and some fruits and vegetables. Some of 
the most important biogenic amines found in food and in the 
human body are histamine (His), cadaverine (Cad), putrescine 
(Put), tyramine (Tyr), spermine (Spm), tryptamine (Trypt), and 

spermidine (Spd). Biogenic amines can play an important role 
in tumor development (Kalac & Krausova, 2005). The detec-
tion of biogenic amines has been shown to be very valuable 
in identifying various analytical purposes like cancer markers, 
and for evaluating the freshness and quality of food products 
and agricultural products (Lange & Wittmann, 2002; Saby et 
al., 2004; Castilho et al., 2005). Various methods have been 
developed for separation and quantification of biogenic amines 
like electrochemical biosensors, amperometric biosensor using 
different transducers (Draisci et al., 1998; Tombelli & Mascini, 
1998; Castilho et al., 2005; Carelli et al., 2007; Alonso-Lomillo 
et al., 2010; Di Fusco et al., 2011; Bóka et al., 2012). An amper-
ometric biosensor was used for determination of total biogenic 
amine and the detection limit was 17 ngmL−1 and the response 
time was 0.5 s (Castilho et al., 2005). Biogenic amines in meat 
samples could be detected by Diamine oxidase (DAO) and 
Monoamine oxidase (MAO) enzyme modified graphite elec-
trodes during the early stage of spoilage. However, the MAO 
sensor was found less appropriate for detection of meat fresh-
ness (Bóka et al., 2012).

14.2.6  Detection of Mycotoxins

Mycotoxins are naturally occurring toxic compounds that are 
produced as secondary metabolites by certain fungi that con-
taminate food products during production and/or processing 

FIGURE 14.3 Fabrication and working of Cardiomyocyte-based potential biosensor.

(Adapted from Wang et al., 2015).
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products. These compounds showed intoxication after con-
sumption by humans and/or animals. There are more than 300 
mycotoxins in existence, but only some of them are important, 
like the aflatoxins group (aflatoxin G1, G2, B1, and B2 pro-
duced by Aspergillus flavus), ochratoxins, tremorgenic tox-
ins fumonisins, trichothecenes, zearalenone, ergot alkaloids, 
and patulin (Zain, 2011). These mycotoxins are produced 
from Fusarium, Aspergillus, and Penicillium that contaminate 
human foods and animal feeds. They have been linked to dif-
ferent diseases, like carcinogenic, mutagenic, auto-immune 
illness, allergenic properties, and some of them are teratogenic, 
etc. and can affect agricultural crops during growth, harvest-
ing, storage, and even processing. Generally, to determine the 
presence of mycotoxin, methods include thin layer chroma-
tography, ELISA, and high performance liquid chromatogra-
phy. The electrochemical, optical, piezoelectric, and thermal 
biosensors have been used for the detection of mycotoxins in 
food and food products (Pohanka et al., 2007). Välimaa et al. 
(2010) developed bioluminescent whole-cell biosensors for the 
detection of the zearalenone family of mycotoxins in milk, and 
they reported that assay time of mycotoxin was less than three 
hours.

Recently, several sensors based upon piezoelectric quartz 
crystals have been developed and used for the detection of 
Ocratoxin (Tsai & Hsieh 2007; Vidal et al., 2009), aflatoxins 
(Jin et al., 2009; Wang & Gan, 2009), 2,4-dichlorophenoxy-
acetic acid (Halamek et al., 2001), cholera toxin (Alfonta et 
al., 2001), staphylococcal enterotoxin B (Lin & Tsai, 2003), 
and cocaine (Halamek et al., 2002). Evanescent wave-based 
fiber-optic immunosensors were used for the detection of 
fumonisins and aflatoxins in maize crops; the detection 
limit was 0.4 μg FB1/g and 2 ng /ml of AFB 1, respectively 
(Maragos & Thompson, 1999). Surface plasmon resonance 
(SPR) biosensors were used to detect various mycotoxins, like 
Aflatoxin B1, zearalenone, ochratoxin A, DON, and fumonisin 
B1, and the detection limit reported 0.2, 0.01, 0.1, 0.5 and 50 
ng/g, respectively. Using SPR, different mycotoxins could be 
detected simultaneously in relevant concentrations within 25 
minutes (Van der Gaag et al., 2003). Amperometric assay was 

developed for the detection of sterigmatocystin, the precursor 
of aflatoxin B1, with lower 0.13 μM LoD (Yao et al., 2006).

14.2.7  Applications of Biosensors for Detection 
of Polyphenols and Fatty Acids

The use of portable and cost effective devices for monitoring 
of phenolics present in food, environmental, and biological 
samples has become an area of growing interest. Phenolics are 
ubiquitous in nature. These phenolics cause browning in food 
items and decrease their market value. Phenolic compounds 
show antioxidant properties as well. They fight against cancer 
and heart diseases. However, some phenolic compounds are 
pollutant, and are produced from the paper industry, paints, the 
textile industry, the production of resins and industrial efflu-
ents, and the products of chemical and pharmaceutical indus-
tries that further contaminate the water (Dutton et al., 1993; 
Rodríguez-Delgado et al., 2015; Sukhonthara et al., 2016). Use 
of the biosensor technique is more beneficial than the other 
techniques because biosensor performed analysis is without 
additional cofactors, oxidation of phenolic compounds in the 
presence of oxygen, and also it is highly stable (Tuncagil & 
Varis, 2010; Rodríguez-Delgado et al., 2015). Various biosen-
sors used for the identification of polyphenols are tabulated in 
Table 14.3. Rahemi et al. (2020) proposed that sensor design 
opens new opportunities for the detection of phenolic traces 
by HRP-based electrochemical biosensors, and the LOD was 
26 nM. Peroxidase, tyrosinase, and laccase based biosensors 
have been used in the last decades for detection of phenolic 
compounds (Mello & Kubota, 2007). The working principle of 
biosensors is given in Figure 14.4.

Onnerfjord et al. (1995) designed an amperometric tyrosi-
nase graphite-epoxy electrode for phenol determination, and 
the detection limits for catechol and phenol were 1·0 μM and 
0·04 μM, respectively. The enzyme was immobilized by the 
trapping method, with a graphite-epoxy matrix. The enzyme 
activity was stable and showed response for a successive 
100 runs. The stability of the biosensor was dependent on 
the storage conditions. Fiorentino et al. (2010) developed a 

TABLE 14.3

Biosensors Used for Detection of Polyphenols

Polyphenols Enzyme and Transduction Detection Limit References

Phenol Tyrosinase; Colorimetric
Tyrosinase; Optical
Tyrosinase; Amperometric

0.05 mg/L
0.18 mg/L
10 nM

Russell (1998)
Tembe et al. (2007)
Pena et al. (2001)

Catechol Tyrosinase; Electrochemical
Laccase; Optical
Tyrosinase; Amperometric

6 × 10−6M
0.33 mM
8.3 × 10−8M

Wang et al. (2008)
Li et al. (2006)
Thévenot et al. (2001)

Catechin Laccase; Electrochemical
Tyrosinase; Amperometric
Laccase; Amperometric

1-6 × 10−5M
1.0 μM
0.05 ± 0.003 μM

Evtyugin and Stoikova (2015)
Krajewska (2009)
Rahman and Noh (2008)

Rutin Laccase; Square wave Voltammetry 0.17 mmol L−1 Brugnerotto et al. (2017)

Caffeic acid Laccase; Amperometric 0.151 μM Zhao et al. (2009)

Total phenolic content Laccase; Amperometric 0.05 μM Park et al. (2010)

Oleuropein Tyrosinase; voltammetry 0. 25 ppm Capannesi et al. (2000)

p-benzoquinone Peroxidase; Amperometric 3.3 μM Korkut et al. (2016)
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tyrosinase-based optical biosensor for detection of phenolic 
compounds. In other research, Sarika et al. (2014) developed 
three different types of amperometric biosensors for detection 
of water polluted by phenolic compounds (catechol) in pol-
luted water. Vianello et al. (2004) developed a biosensor using 
a mono molecular layer of laccase through immobilization on 
a gold support from Rigidoporus lignosus. The biosensor was 
very sensitive to a micromolar concentration of 0.5 mg/L of 
phenols. Chen et al. (2015b) designed a biosensor using zein 
which is a natural biodegradable protein polymer from maize. 
This polymer was used to develop a novel composite of lac-
case–gold nanoparticles (AuNPs) cross-linked zein ultrafine 
fibers (CZUFs) for the determination of catechol. The high 
sensitivity of biosensor was seen due to direct transfer of elec-
trons (Santhiago et al., 2007; Nazari et al., 2015). The amper-
ometry biosensor was used to detect gallic acid and caffeic acid 
at −200 mV and the detection limits were 2.6 × 10−3 and 7.2 
× 10–4 mg L−1, respectively (Bergonzi et al., 2008). Cabaj et 
al. (2010) used a Langmuir–Blodgett film based biosensor for 
evaluation of phenol derivatives (orto-aminophenol, phenol, 
catechol syringaldazine, and tert-butylcatechol), using laccase 
from Cerrena unicolor and tyrosinase from Agaricus bisporus.

Schoemaker et al. (1997) used an enzyme electrode and col-
umn with immobilized lipoxygenase for the analysis of essen-
tial fatty acids, linolenic, and linoleic acids. Rejeb et al. (2007) 
investigated lipase activity against triacylglycerols using an 
amperometric enzyme biosensor based on glycerol dehydro-
genase/NADH oxidase enzymes. Pauliukaite et al. (2011) 
developed a room temperature ionic liquid electrochemical 
biosensor for the determination of olive oil triglycerides by 
cyclic voltammetry and limit of detection at 0.11 μg mL−1. They 
found oxidative analytical response due to phenolic compounds 
present in the olive oil, as it released in the presence of lipase. 
A long period fibre grating sensor coated with titanium diox-
ide was used for the detection of thermal deterioration of extra 
virgin olive oil. The main principle of detection is the wave-
length dependence of the attenuation bands of a TiO2-coated 
long period fibre grating after changes occur in the refractive 
index of the medium surrounding the cladding surface of the 
optical fibre. The detection limit was observed using the sensor 
about two minutes at 225°C and five minutes at 180°C. The 
change in refractive index of any oils occurs after heating at a 
specific time and temperature (Coelho et al., 2015). A novel, 
enzymatic, porous silicon based potentiometric method for 
estimation of fatty acids by using hydrolyzing enzyme lipase 
that immobilized onto the oxidized porous silicon via physical 
adsorption (Reddy et al., 2003). A thick film technique based 
microbial biosensor was developed and used for estimation 
of free fatty acids in milk. This technology needs no sample 

pretreatment before analysis and it requires a short response 
time with higher sensitivity and easy operation (Schmidt et al., 
1996). An amperometric method was designed using a mixture 
of glycerol kinase, lipase, horseradish peroxidase, and glycer-
ol-3-phosphate oxidase that was co-immobilized onto polyvi-
nyl alcohol (PVA) membrane through glutaraldehyde coupling 
for the determination of triglycerides employing an enzyme 
electrode (Pundir et al., 2010). Liao et al. (2008) developed an 
iridium nano-particle modified carbon based biosensor for the 
detection and quantification of triglyceride.

14.2.8  Applications of Biosensors for Detection  
of Antinutrients

Antinutrients are plant compounds which decrease the nutri-
tional quality of food generally by making nutrient unavaila-
ble for absorption and metabolism when consumed by humans 
and animals, which finally results in nutritional deficiency. 
Biosensors have been used for the identification of different 
antinutrients, like oxalates, glycoalkaloids, phytate, and aller-
gens like gluten, using potentiometric, amperometry, and 
electrochemical biosensors. Moraes et al. (2008) produced a 
biosensor with phytase immobilized in Layer-by-Layer (LbL) 
films that was able to detect phytic acid with a detection limit 
of 0.19 mmol L−1, which is sufficient for the detection of phytic 
acid in seeds of grains and vegetables. Rodrigues et al. (2011) 
developed amperometric biosensors using basics of physical 
immobilization of phytase (PhyA) into polypyrrole (PPy) films, 
which showed a detection limit of 0.15 mmol L−1 with a linear 
range of phytic acid content from 0.5 to 2.0 mmol L−1. These 
values are adequate for the characteristic analyses of phytic 
acids in most seeds, vegetables, cereals, and grains. Oxalic acid 
showed a great importance in the food industries, as well as 
in clinical analysis. An increment in oxalate excretion through 
urine indicates renal failure, hyperoxaluria, and kidney lesions. 
The intake of oxalate rich food can cause loss of calcium in the 
blood, as well as injury to the kidneys (Fiorito & de Torresi, 
2004; Pundir et al., 2011). Another amperometric Oxalate 
Biosensor was used for analysis of food for oxalate content 
(Milardovic et al., 2000). Amygdalin is cyanogenic glycosides, 
although cyanogenic glycosides are not toxic as it is, but cya-
nide formed after the hydrolysis may cause death (Merkoçi et 
al., 1999). Williams et al. (2004) used an enzyme-linked immu-
nosorbent assay to check the food-allergic responses and used 
this technique for the detection of egg in food products such as 
cookies, salad dressings, crackers, and raw and cooked noo-
dles. The array biosensor is a very sensitive, specific, and a 
rapid method developed to identify foods containing allergens 
(Shriver-Lake et al., 2004).

FIGURE 14.4 Schematic presentation of working of biosensors for polyphenols.
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14.3  Other Applications of Biosensors 
for Food Quality and Safety

Acrylamide is formed when certain carbohydrate-rich foods 
are baked, roasted, or fried at high temperatures (˃120°C), and 
it is considered a possible carcinogen. Nowadays, biosensors 
have been used for the detection of acrylamide at very lower 
concentrations with high specificity and selectivity (Agata et 
al., 2007; Silva et al., 2009). Silva et al. (2009) used an ion 
selective electrode, and the detection limit for acrylamide was 
4.48 × 10−5 M, response time 55 s, high sensitivity 58.99 mV 
mM−1. Rasinger et al. (2005) developed a microbial biosensor 
based on flow injection analysis and used for the detection of 
benzene in soft drinks. Another application of biosensors is 
to evaluate freshness of fish using enzyme based biosensors 
(Shen et al., 1996; Shin et al., 1998). Amperometric biosensors 
are preferably used for the estimation of antioxidants in sev-
eral food products (Mello & Kubota, 2007). A biosensor has 
also found its application in estimation of L-ascorbic acid from 
cucumber peel (Thakur & Ragavan, 2013) and an amperomet-
ric biosensor was used to detect polyphenols from tea (Kumar 
et al., 2011). The nitrosamines present in processed foods 
formed from secondary amines and nitrites can be detected 
by application of biosensors. Dinckaya et al. (2010) worked 
on nitrosamines and reported a detection limit of 5.0 to 90.0 
× 10−9M for nitrate concentration with 10s for meat samples. 
Enzyme-based biosensors employed to analyze alcohol by 
utilizing alcohol dehydrogenase (ADH) and alcohol oxidase 
(AOX) in alcoholic beverages like beer and wine (Samphao 
et al., 2015; Cinti et al., 2017). A biosensor is also used to 
determine the glucose, fructose, lactose, artificial sweeteners, 
acids (lactic acid, malic acid and ascorbic acid), glycerol and 
amines, etc. (Table 14.4). Medina-Plaza et al. (2016) developed 
a bioelectronic tongue based on nanostructured biosensors for 
detection of sugars and phenols simultaneously. Moreover, the 

ripening of grapes could be monitored from stages of matu-
rity due to the changes in quantity of their sugar and phenolic 
content.

14.4  Conclusion

Even though traditional methods for the detection and iden-
tification of microbial contaminants can be very sensitive, 
inexpensive, and present both qualitative and quantitative 
information, they can require several days to yield results. 
Biosensors offer an exciting alternative to them with multiple 
and quick analysis that is essential for the detection of bac-
teria in food, especially perishable or semi-perishable foods. 
The application of biosensor techniques for food quality and 
safety will help in complying with international quality and 
safety standards, allowing for the competent, safe, and consist-
ent detection and quantification of pathogenic microorganisms 
concerned in food borne diseases and inorganic contaminants 
like pesticides and antibiotics that threaten consumer health 
directly. However, the detection of some chemical and biolog-
ical polluting materials in food products for human and animal 
consumption still needs to be explored.
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15.1  Introduction

The food and regulatory agencies consider quality and con-
formity as the common critical issues in all horticultural 
and industrial processes and products and thus are of prime 
economic importance (Ferreira et al., 2010). Because of the 
growing interest of consumers and food industries, a proper 
detection or control system of raw materials and food products, 
such as fruits and vegetables, are essential for food quality and 
safety (Ferreira et al., 2010). Food quality attributes include 
maturity index, respiratory rate, gas emission, etc. Also, food 
safety content may include pathogens causing diseases, haz-
ardous microorganisms, toxic compounds, and pesticides 
(Ferreira et al., 2010).

The growing demand for quality products linked to society’s 
requirements for more clean, eco-friendly manufacturing prac-
tices necessitates the steady improvement of quality foods and 
detection methods of abnormalities during pre and post-harvest 
(Ferreira et al., 2010). Over the years, different kinds of sen-
sors have been used for different purposes, including process 
control, monitoring, detection of hazard, spoilage, and quality 

determination. These food applications solely rely on sensitiv-
ity, specificity, precision, and economic feasibility for rapid 
detection in food processing and agriculture (Hall, 2002).

There has been continuous research and expeditious efforts 
over the years in biosensor technology, as noticed from the 
publications, patents, and commercially available devices for 
welfare. This also highlights the strong perspective for in-field 
applications in areas such as health care, food analysis, and 
quality monitoring, agricultural application, biodefence, and 
biomedical devices (Scognamiglio et al., 2015, 2016).

It is quite noticeable that, except for the glucose monitor-
ing devices, the other biosensors related to other sectors is still 
limited, as the introduction of a new device is tough, and fea-
sibility, cost factor, specificity, and sensing technologies are a 
few of the major drawbacks. Advanced research is required to 
improve the shelf stability of baroreceptors, mass production, 
integration of components, production at mass level, and oper-
ational capability (Antonacci et al., 2016). Thus, this chapter 
deals with the marketability of biosensors, their potential and 
feasibility in the sectors like food processing and agriculture, 
in addition to the cost analysis.
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15.2  Marketability of Biosensor

Worldwide, there is robust biosensor commercialization 
throughout the markets. According to the new World Report 
entitled ‘Sensors Markets 2016’, the sensors for the non-
military open market grew from EUR 81.6 billion in 2006 to 
EUR 119.4 billion in 2011 (www.intecgnoconsulting.com) 
(Figure 15.1). Also, 7.9% and 9% are the annual growth rates 
between 2006–2011 and 2011–2016, respectively. Moreover, 
$12,963.9 million was valued in the global market for a biosen-
sor in 2014 and estimated the growth with a CAGR (compound 
annual growth rate) of 9.7% during 2015 reached $22,490 
million by 2020. In general, analytical devices and biosensors 
related to biomedical and life science have dominated the mar-
ket, which accounts for 99%, followed by agri-food and envi-
ronmental monitoring applications (Antonacci et al., 2016).

Among the biosensors, glucose monitoring devices domi-
nate the market, although its use in agri-food, environmental 

monitoring, process industries, biodefence, and food security 
is growing and satisfying the specific detection requirements 
(Figure 15.2).

Based on the types of sensors and transducers, the sensor 
market is divided into electrochemical, thermal, optical, and 
piezoelectric transducers, in accordance with a new research 
report on ‘Global Biosensors Market’ during 2015–20 that 
was released in 2015 by P&S Market Research (www.prnews-
wire.com). In this context, the electrochemical sensor has 
occupied the primary market, followed by the optical sensor 
or devices. These statistical calculations were obtained after 
listing the 225 companies who are continuously working on 
the development of biosensors, analytical devices, medical 
health care, fabrication and synthesis of reagents and biorea-
gents for industrial and medical use and supplies of biosensors 
(www.intecgnoconsulting.com). More than 500 companies are 
globally performing cutting-edge research on biosensors and 
bioelectronics, development and fabrication of medical health-
care, synthesis of materials, and their launch into the market 
worldwide (Mongra, 2012). Among all these companies, the 
whole biosensor industry is dominated by a few multinational 
companies with significant finance resources for technology 
acquisition and validation. Table 15.1 details the major lead-
ing companies globally that are working on the different are-
nas of sensing and technologies for human welfare, including 
food analysis, biomedical types of equipment and diagnosis, 
biodefence, microbiology, proteomics, and industrial control 
(Mongra, & Kaur, 2012). The concern for food contamination 
and public safety has drastically increased the importance of 
biosensor technology in the agri-food sector. Chemical con-
taminants are responsible for several food-borne illnesses and 
outbreaks, including herbicide poisoning, antibiotic resistance, 
and the impact of veterinary drug residues. These above-men-
tioned factors have been reported to cause certain illnesses 
based on their concentration (Spizzirri, 2016).

FIGURE 15.1 Annual growth of the nonmilitary World market for 
sensors.
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15.3  Commercial Biosensors in the Various Sector

15.3.1  Clinical Analysis

Bahadır and Sezgintürk (2015) reviewed the various sectors 
where biosensors have been commercialized and have been 
used for a long time. Clinical analysis, including diagnosing 
and monitoring various diseases, infections, and sampling, 
which require sample preparation and are laborious for rou-
tine analysis (e.g., blood test, glucose monitoring, and bacte-
rial infection). These routine tests are commonly assessed with 
typical analytical techniques, needed high volume samples, 
experienced personnel, and are time-consuming. In such an 
arena, biosensors play an important role due to their appreci-
able properties, including high sensitivity, rapid analysis, ease 
of handling, and low cost. The commercialized biosensor for 
clinical purposes includes the glucose biosensor, human gon-
adotrophin biosensor, a biosensor for E. coli O157, influenza 
virus, helicobacter pylori, etc.

15.3.2  Food Analysis

The food industry market has various available sensing con-
figurations, including labor-intensive laboratory instruments, 
auto analyzers, and manual devices (Bahadır and Sezgintürk, 
2015). With the globalization of agro-industrial markets and 
the development of research in the agri-food sector, the com-
mercialization of biosensors plays an important role, with 
main applications in different areas, including food analysis, 
methodology control, and active packaging, with the emphasis 
on food safety and quality (Scognamiglio et al., 2016). These 
concepts are mainly associated with the manufacturing and 
production of safe foodstuffs that do not pose any consumer 
health hazard. Food safety and food quality go hand in hand 
and help in the assurance of safe food (free from hazards, 
allergens, toxins, and heavy metals). Besides, food quality is 

primarily concerned with sensorial properties like appearance, 
taste, flavor, freshness, texture, as well as nutritional content, 
functional ingredients, and biochemical compounds present in 
the food (Antonacci et al., 2016). The freshness of produce, 
food product, and controlling critical limits often involves sev-
eral analytical methodologies, but online monitoring and quan-
tifying the numerous compounds are essential points of control 
and improve the quality of the productivity process (Antonacci 
et al., 2016). Recently, a new concept has been coined, ‘Smart 
agriculture’, which is an integration of multi-disciplinary tech-
nologies to optimize the sustainable agricultural process and 
production and to minimize the impact on the environment. 
The multi-disciplinary approach includes remote sensing, anal-
ysis of soil quality, mapping the crop yield, positioning system, 
and monitoring (Antonacci et al., 2016).

15.3.3  Environmental Analysis

An expeditious increase in the global economy and the expan-
sion of industries has resulted in environmental pollution by 
many folds. Major environmental pollutants are heavy met-
als, synthetic chemicals, pesticides, and insecticides used in 
agriculture, herbicides in crop protection, and chemicals from 
refineries or textiles industries (Chee, 2013). To date, numer-
ous sensing devices have been developed and introduced to 
the market to counter or detect the environmental pollutants, 
including active research and development of BODs biosen-
sors. The following BODs biosensors are commercialized, 
like RODTOX-2000 (Kelma, Belgium), Ra-BOD (Applitek, 
Belgium), MB-DBO (Biosensors, Spain), and Biox-1010 
(Endress+Hauser, Switzerland) (Bahadır and Sezgintürk, 2015).

15.3.4  Biothreat/Biowarfare

In the event of a biowarfare attack, a number of bacterial agents 
or viruses have been reported to disturb public health, which 

TABLE 15.1

Leading Companies Involved in Biosensor Technology Worldwide [5]

Company Website Main Expertise

Abbott Laboratories 
(United States)

https://www.abbott.com/ Treatment and diagnosis of disease illness; blood banks; physician offices

Bayer AG www.bayerdiag.com Development of gene-based devices for diagnosis of genetic disorders

Affymetrix (United States) https://www.thermofisher.com/in/
en/home/life-science/microarray-
analysis/affymetrix.html

Fabrication of devices for characterization of antigen-antibody, immunogenetic, 
production of biotherapeutic/proteomics

ABTECH Scientific Inc. 
(United States)

https://www.abtechsci.com/ Development of sensor for biomedical research and application of point of 
concern biomedical diagnostics

DiagnoSwiss (Switzerland) http://www.diagnoswiss.com
info@diagnoswiss.com

Fabrication and commercialization of biochip based biosensors for Medical; 
pharmaceutical, Food industries, etc.

Lifescan (USA) https://www.lifescan.com/ Instruments for glucose measurement

Neogen Corporation 
(Michigan)

https://www.neogen.com/s Instruments for animal and food safety; Foodborne pathogens detection kit; Kit 
for detection of spoilage microorganism, allergens, toxins, drug residues, etc.

Roche Diagnostics AG https://www.roche.com/ Portable sensor for blood diagnosis; Synthesis of bio/reagents and development 
of kit for proteomics and genomics research and industrial purpose;

Pelikan Technologies 
(United States)

www.pelikantechnologies.com Portable and handy devices for a variety of medical testing and management

https://www.abbott.com
http://www.bayerdiag.com
https://www.thermofisher.com
https://www.thermofisher.com
https://www.thermofisher.com
https://www.abtechsci.com
http://www.diagnoswiss.com
https://www.lifescan.com
https://www.neogen.com
https://www.roche.com
http://www.pelikantechnologies.com
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raises the importance of development of biosensor technology 
to counter the bioterrorist. It has been reported that several 
technologies are developed that effectively work in real-time 
for quantification and detection of the chemical and biological 
terrorist. Such kind of biosensor is based on the principle of 
immunochromatography that has the potential to rapidly detect 
and quantify the molecule with high accuracy and specificity 
(Chang, 2006). Anthrax Biothreat Alert kit (Tetracore, U.S.A.) 
and BADD kit (ADVNT, U.S.A.) for Botulinum and ricin toxin 
are the commercially available sensing devices commonly used 
against biothreats (Bahadır and Sezgintürk, 2015).

15.4  Feasibility of Biosensor in Food and  
Agriculture

The research and development of biosensors has been widely 
deliberated due to the increasing demand for economical, 
rapid, reliable, and effective detection methods. Biosensors of 
several types have been employed in the field of food and agri-
culture for the detection of pathogens, pesticide residues, toxin 
substances, and heavy metals, as well as overall monitoring of 
food quality and safety. Clark and Lyons described the first bio-
sensor, where the glucose oxidase enzyme was immobilized on 
an amperometric oxygen electrode that led to the development 
of the first glucose sensor (Clark & Lyons, 1962). Since then, 
the development of biosensors has grown from conventional 
biosensing to modern piezoelectrical, electrical, thermometric, 
conductimetric, and magnetic biosensing, with the emergence 
of nanotechnology, bioelectronics, and material sciences, all of 
which produce an opportunity for new sensing technologies. 
Fiber optics is becoming a promising research technique in 
biosensing, ahead of electrical and other conventional tech-
niques due to its immense potential to create direct, cost-ef-
fective, and real-time detection. Some of the optically derived 
biosensors are Colorimetric, Surface Plasmon Resonance 
(SPR), Enzymatic, Integrated Optical Interferometers (IO), 
Bioluminescent optical fibre, etc.

Generally, the biosensor is an analytical tool that typically 
consists of a bioreceptor that recognizes a specific biological 
element and a transducer that converts the biological signal into 
a measurable signal (Young & Raj, 2005). For the development 
of a successful biosensor, interdisciplinary research (consist-
ing of biochemistry, chemistry, electrochemistry, physics, and 
kinetics, etc.) is essential. Additionally, fabrication technology 
and micromachining technology are increasingly used to pro-
duce miniaturization and easy to use biosensors. Biological 
elements are a vital part of the development of biosensors. 
Different kinds of biorecognition elements have been used in 
biosensing, such as antibodies, enzymes, aptamer, microbial 
cell, nucleic acid, and synthetic MIP (Molecularly Imprinted 
Polymer) (Marjan et al., 2020).

In the food and agricultural industry, primary detection and 
analysis of potential contaminants is crucial due to the short 
shelf life and increasing consumer demand for fresh and 
pesticides free products. Analysis of complex analytes, such 
as toxins and microorganisms, often requires lengthy proce-
dures or costly equipment. Regardless of different applications 
in various fields, the biosensor is attaining importance in the 

agri-food sector for rapid and effective detection of specific 
elements. Nowadays, different varieties of biosensing config-
urations are in the market and, for the agri-food sector, some 
commercial biosensors are needed for food analysis, food pro-
cess control, and smart packaging. With the development and 
globalization in the agri-food sector, food quality and safety 
have become a great concern. Analysis of complex parameters 
(such as freshness, taste, appearance, texture, chemical com-
pounds, allergens, toxin substances like pesticides, fertilizer, 
heavy metals and pathogens, and strict control of the whole 
food supply chain from cultivation to production and process-
ing to distribution to consumers) is the main requirement to 
produce safe and quality food. The agri-food diagnostics mar-
ket grows every year, providing rapid, specific, and selective, 
low-cost analyses of complex parameters and contaminants 
(Scognamiglio et al., 2016; Antonacci et al., 2016; Marjan et 
al., 2020). One commercialized biosensor that was developed 
for food analysis is Biosentec, an electrochemical biosensor 
with a Microzym analyzer used to perform 100 analyses to 
determine lactate, shows high suitability in food and agricul-
tural application (Antonacci et al., 2016), Senzytec, another 
example developed by the Tectronick company in collabora-
tion with academic partners, is an enzyme-based biosensor to 
measure ethanol in wine, apples, and oranges in a very short 
time (three to six minutes), providing a low-cost test onsite 
with a small sample volume (0.1 mL) (Antonacci et al., 2016). 
OxySense, an optical biosensor used for the measurement of 
noninvasive oxygen for sealed packages, and ToxinGuard, a 
biosensor used to detect pathogens such as Salmonella sp., E. 
coli 0517, Campylobacter sp., and Listeria sp. in packaged 
food, by the used of directly applied antibodies in polyethyl-
ene-based plastic wrap, are two additional promising products 
(Kerry et al., 2006). With the advances in the biosensor, the 
need for miniaturization as lab-on-chip tools for onsite mon-
itoring can be achieved by FET (Field Effect Transistors) 
(Young & Raj, 2005). FETs are used widely in memory chips 
that respond to the changes in the electric field, making them 
capable of the detection of ion concentrations when exposed to 
an ion-containing solution, resulting in their use in the meas-
urement of pH sensing. The pen-sized FET based pH sensor 
has been promoted commercially. Other examples are an anti-
body immobilized with QCM (Quartz Crystal Microbalance) 
to measure the pathogen present in a solution (Bunde et al., 
1998) and a piezoelectrically driven cantilever that measures 
very small quantities of biochemicals. Both were successfully 
used in the early studies (Raiteri et al., 2001).

Very few biosensors are commercialized in the market that 
can detect a broad range of analytes in a very short time with 
accurate results. However, these biosensors lack characteristics 
in terms of storage stability, a limited lifetime of the enzyme 
sensor, lack of reliable response to different physical condi-
tions and concentration, and the need for frequent calibration. 
Despite many research studies in biosensing technology for the 
food and agricultural industry, academic researchers and indus-
trial professionals still need to tackle the market requirements. 
Sample preparation is one of the main drawbacks, requiring 
several steps from extraction to analysis, due to the presence of 
interfering particles and high complexity of the food matrices, 
which make the onsite extraction procedure difficult to solve 
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without affecting the target analyte. The restricted lifetime of 
bioreceptors, immobilization procedures of the bioreceptors, 
the requirements of the specific environment, such as pH and 
temperature, stability, integration of the components are the 
various challenges that hold back the commercialization of 
biosensor technology (Raiteri et al., 2001).

15.5  Advantages of Biosensor

Quality and safety of food commodities are global issues and 
are critically important to assure the consumers that food is safe 
to eat. Food safety is a scientific domain that requires advanced 
handling, preparation, processing, and storage. Conventional or 
traditional analytical techniques, such as high-performance liq-
uid chromatography (HPLC), gas chromatography (GC), and 
enzyme-linked immunosorbent assay (ELISA) are well known 
standard methods for food quality and safety analysis. However, 
the lengthy procedures for such conventional techniques are 
time-consuming, require expensive instruments, and are labori-
ous. Alternatively, biosensors can provide more straightforward 
control over these limitations since they are cost-effective and 
time-saving and do not require skills to operate (Kerry et al., 
2006; Bunde et al., 1998; Raiteri et al., 2001). Biosensors are 
the prevailing device used in food analysis and are predicted to 
grow steadily as an analytical tool for quick on-the-spot detec-
tion of food quality and safety applications. The advantages of a 
biosensor over conventional analytical techniques are as follows:

 • Rapid.

 • Reliability.

 • Efficient detection.

 • Cost-effective.

 • Easy handling.

To confront the consumer's demand for fresh and healthy 
foods, biosensors can target specific issues, are highly sen-
sitive, and are helpful in resolving the foremost problems of 
food spoilage, detection of chemical additives, and destruc-
tion of biological agents or chemicals that are responsible for 
severe health problems (Marjan et al., 2020). Biosensors are 
gaining importance in different sectors of the food industries 
that require an affordable and rapid method to monitor product 
quality. Detection of target analytes (types of hazards or con-
taminants associated with food quality and security) in wine, 
beer, alcoholic drinks, fruit juice, yogurt, milk, soya sauce, 
flour, and fermented products are some of the applications in 
the food industry. There are several advantages of the biosen-
sor in food analysis, owing to their inherent specificity and 
selectivity, simplicity, and fast response that offers promising 
alternatives to ensure the safety and quality of the product and 
processing controls (Marjan et al., 2020).

15.6  Limitations of Biosensor

The use of biosensors in food industries has been valued for 
its excellent work, but there are still some obstacles to be 
overcome to develop a more rapid, versatile, reliable, and 

long-lasting biosensor. The high cost of enzyme purification, 
low specificity, response time, lack of reliable responses in 
low concentration, device calibration, interference reaction, 
and stability of enzymes are some of the limiting factors 
in the workings of the enzyme-based biosensor (Meena  
et al., 2017). In the development of biosensors, one of the 
significant hurdles is the use of synthetic biological ele-
ments and surface receptors, like enzymes, antibodies, 
nucleic acid, etc. Some of the difficulties that limit their use 
are as follows:

 • Contamination of the elements and chemicals used over 
time: leaking of the bio element or chemical used in the 
biosensor may cause cross-contamination, which needs 
to be prevented.

 • Immobilization of biomolecules to avoid contamina-
tion: physical and chemical methods for immobiliza-
tion of the biomolecules to the transducer are needed, 
depending on the desired biosensor, to prevent structural 
conformation that affects the functional activity, which 
ultimately may result in less sensitivity.

 • Limited lifetime of biomolecules: some biosensors do 
not have high robustness in terms of stability, due to 
short stability during storage of the biomolecules.

 • Uniformity of biomolecule preparation: fabrication of 
biosensors is needed to reproduce results uniformly.

 • Selectivity and detection range: the functional activity 
and stability of biosensors work in a specific condition 
for a particular analyte, which hinders its use in a broad 
detection range.

 • Cost: research-focused for the development of an eas-
ily fabricated, simple, and low-cost biosensor, but in 
the case of the enzyme-based biosensor, a drawback to 
developing a cost-effective biosensor is the high cost of 
enzymes.

Researchers are working on new achievements in the devel-
opment of biosensors, depending on a different type of 
nanomaterials and biorecognition elements commonly used 
for the fabrication of biosensors. Some typical innovative 
approaches, such as nanomaterials (like Quantum dots (QDs), 
Carbon nanotubes (CNTs)), nanozymes, level-free optics, etc., 
have been used in the development of versatile, reliable, and 
rapid biosensors. Some researchers have used AuNPs-MoS2-
reduced graphene oxide/polyimide flexible film (rGO/PI) elec-
trodes for the measurement of pesticides in vegetable samples, 
where they were able the detect to a level of 0.0014 μg/mL. For 
future used, this flexible film biosensor could be incorporated 
into packaging directly (Jia et al., 2020). The result is one of 
the significant achievement in quality control of post-harvest 
management. A time-domain NMR biosensor is also one of 
the approaches to low limits detection and rapid timeframe 
biosensors that are based on superparamagnetic nanoparticles. 
Probes with antigen-antibody interaction have been attached to 
detect Salmonella in milk with the detection limit of 2.3×103 
Cfu/mL (Jin et al., 2020). Lanzellotto and co-workers worked 
to functionalize AuNP on a carbon electrode to measure Gallic 
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acid in a wine sample, with the detection limit of 0.03–0.30 
mmol/L (Lanzellotto et al., 2014). A label-free optical SPR-
based ultrasensitive immunosensor was used to detect aflatoxin 
B1 in wheat samples (Bhardwaj et al., 2020). With the specific 
biorecognition element, this type of biosensor showed great 
potential to detect very small molecules of mycotoxin.

15.7  Money Issues Related to Biosensors

Biosensors detect chemical compounds using biochemical 
reactions facilitated by isolated enzymes, tissues, organelles, 
or whole cells involving electrical, optical, or thermal signals 
(Thakur & Ragavan, 2013). The field of biosensors is growing 
considerably as they are a quick, sensitive, and reliable way 
for analysis of various samples, and is also a better option 
over conventional methods of analysis. However, biosensors 
that are competent in fast, precise, and appropriate calcula-
tions of complex biological interactions are sophisticated, have 
high-throughput, and are also expensive machines (Turner, 
2013).

15.8  Components of Biosensor

The components incorporated during the development of bio-
sensors are taken in as a valuable consideration for the feasibil-
ity of making biosensors economically. A biosensor typically 
consists of these listed components (Bhalla et al., 2016):

 1. Analyte: it is the substance of interest that is being 
detected. For example, ‘glucose’ is an analyte in a bio-
sensor that is designed to detect glucose.

 2. Bioreceptor: it is a molecule that recognizes the analyte 
specifically. A few examples of receptors are enzymes, 
cells, deoxyribonucleic acid (DNA), antibodies, etc. 
A signal is generated in different forms like light, 
heat, pH, charge, or mass change, etc., when the bio-
receptor interacts with the analyte, which is known as 
bio-recognition.

 3. Transducer: it is an element participating in the conver-
sion of energy from one form to another. The transducer 
transforms the bio-recognition event into a measurable 
signal by the process called signalization. The signals 
produced by transducers are generally corresponding to 
the amount of analyte-bioreceptor interactions.

 4. Electronics: it comprises an electronic circuit that car-
ries out signal conditioning, like amplification and 
converting signals from analog into digital form. The 
display unit of the biosensor then quantifies the pro-
cessed signals.

 5. Display: the display is the combination of hardware 
and software that consists of the interpretation system. 
The output signal (result) is generated on display in 
the form of numbers, graphs, tables, or images that 
are comprehensible by the user and fulfill the user’s 
requirements.

15.9  Pre-requisites for Biosensor

The following requisitions play a vital role in the successful 
development of commercially viable biosensors (Thakur & 
Ragavan, 2013):

 1. Selectivity: the biosensor must have high selectivity 
toward the target analyte, showing little or no cross-
reactivity with other moieties having the same chemical 
structure.

 2. Sensitivity: the biosensor must be capable of measuring 
a given target analyte in its range of interest with fewer 
pre-preparation steps, like pre-cleaning or preconcentra-
tion of samples.

 3. The linearity of response: the biosensor system should 
have a linear response in such a way that it covers the 
concentration range of the target analyte to be measured.

 4. Capability to reproduce signal response: the biosen-
sor system needs to respond in the same manner when 
samples with the same concentrations are analyzed 
many times.

 5. Quick response and recovery time: the biosensor 
system must be able to time monitor the target analyte 
efficiently, with a quick response. The biosensor system 
should be reusable, with a short recovery time.

 6. Stability and operating life: the biological elements are 
most unstable in various biochemical and environmental 
conditions; hence the one used in the biosensor system 
should have activity for a long time, which will result in 
a marketable and practical suitable system.

15.10  The Development Cost of Biosensors

Biosensors have paved the way for the rapid detection of sam-
ples in different fields and are attractive to both academia and 
industry. The biosensor technology embraces the interaction of 
the analyte with the bioreceptor, which is then converted into 
a user-friendly output, and this shows the unique properties of 
the biological recognition process with the transducer. This 
approach makes use of the molecular binding event and brings 
researchers from various fields to bridge their skills (Bhalla et 
al., 2016). However, there is still a critical barrier to the global 
acquisition of biosensors due to its cost. Many biosensors are 
validated in laboratory settings, and many are built at the con-
cept level for a wide range of analytes, although they still must 
tackle some circumstances for their commercial acceptance.

As mentioned above, the components that are used and the 
prerequisites of biosensors are notable factors for designing 
marketable biosensors. The high costs of biosensors are usu-
ally contributed by the specialized nature of instrumentation 
used, in addition to the usage of high-grade analytical rea-
gents and materials. The receptors like enzymes, DNA, etc., 
used in the system are expensive because the cost of sourcing, 
extraction, isolation, and purification is high. The cost of bio-
sensors also rises when high-grade transducers are utilized in 
the system (Goode et al., 2015). The biosensor reader forms 
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the link with electronics and signal processors accountable for 
the display of results, which accounts for the most expensive 
part of the sensor device. Multianalyte analysis by biosensors 
is an emerging trend, but the problem presented by this kind of 
analysis is the incorporation of more complex transducer sys-
tems and data analysis, which increases the cost significantly 
(Goode et al., 2015). The biosensors cannot be reused, which 
is related to the elevated cost per test of biosensors. One of the 
cost issues associated with biosensors is the total integration 
of the system.

A prominent resistance to the development of biosensors 
comes from its lack of market availability. The amount of 
investment involved in developing biosensors hinders small-
er-sized companies from entering the market (Walsh, 2003). 
Slow commercialization is observed in biosensor technology 
due to price sensitivity. There are only a few examples found 
in the literature depicting the development cost of biosensors. 
In one instance, it was found that the development of a stand-
ard biosensor system may need an investment of thousands of 
dollars, where each sensor transducer assembly can cost up 
to $80 (Luong et al., 2008). According to Sadana, a biosen-
sor development cost might range between $20 and $30 mil-
lion, and to finish it may take between 7 and 10 years (Sadana, 
2005). Another instance is that biosensors for food safety had 
a development cost around $12,000 to $20,000, to be able to 
identify cell levels of 5,000 cells per mL that take 8–24 hours 
to yield results (Sadana, 2002). It takes a long time to produce 
a cost-effective biosensor from a concept outlined in academia 
into the market, as it involves several risks that industries must 
face (Sadana, 2002).

15.11  Development of Cost-Effective Biosensors

Many ways are pursued to lower the development cost of 
biosensors. One of them is using already developed, cheaper 
electrodes, circuits, and other components for the fabrication 
of the biosensor system. Another is the development of low-
cost disposable transducers and other biosensor assemblies, 
for example, advanced printing incorporated with conductive 
polymer inks. The application of such components in design-
ing the biosensor has brought down somewhat the biosensor 
system cost. A further way to reduce costs and accelerate 
the commercialization process of biosensors is the regenera-
tion of biosensors united with existing systems. Regeneration 
techniques will permit multiple sampling, which in turn will 
remove the sensor-to-sensor variance being useful in measure-
ment over time and investigating similar levels of the analyte 
(Goode et al., 2015). Biosensors are used in various fields with 
miniaturization, leading to cost reduction. Some new concepts 
and innovative ideas of biosensors becoming cost-effective are 
microfluidics, nanomaterials, and point of care.

15.11.1  Microfluidics in Biosensing Techniques

Microfluidics is a technological system that merges numerous 
technologies, like biosensing, nanotechnology, and microsys-
tems that have microscale sizes ranging from 10−9 to 10−18 L, 
and micro sized channels (Escarpa, 2014). It is a system based 

on the notion of total micro analysis being in a single platform 
in which several miniaturized analytical processes are united 
into a single monolithic device. The characteristics, like porta-
bility, ability to be miniaturized, and reduced volumes of sam-
ples or reagents make microfluidics an ideal technology. The 
challenges faced during the development of microfluidics are 
procedures of microfabrication, hydrodynamic flows, and elec-
trokinetic and electrochemical detection (Lopez et al., 2016). 
Researchers are finding ways to overcome these challenges, 
like using polymers for microfabrication, etc. The cell culture 
technologies, and electrochemical microfluidic, in combina-
tion, stand out as a novel analytical method for food analysis. 
They can detect changes induced by food allergens in cell mor-
phology and cell metabolism, which can accelerate food safety 
(Jiang et al., 2016).

15.11.2  Nanomaterials in Biosensing Techniques

Nanomaterials have emerged as a capable device in dealing 
with various fields like health, energy, and environmental 
issues (Sodano et al., 2016). They are the particles with less 
than 100 nm of size in at least one dimension. The nanomate-
rials used are carbon-based polymers, metal, and metal oxide 
that has biocomposite properties. Different types of nanomate-
rials have been developed, like silica, aluminum, copper, mag-
netic iron, zinc, zinc oxide, gold, silver, titanium oxide, cerium 
oxide, and single/multiple carbon nanotubes. Nanomaterial 
based biosensors are one of the leading devices, as they are 
quicker, more comfortable, and less expensive in compari-
son to conventional technologies, such as HPLC, ultra-violet, 
fluorescence, and electrochemical (Neethirajan et al., 2018). 
Nanomaterials in biosensing have found their application in 
food analysis, including production, condition sensing, pack-
aging, and many more.

15.11.3  Point of Care (POC) in Biosensing Technology

Point of care (POC) or point of need (PON) are the technolo-
gies that apply onsite and are immediately accessible for treat-
ment and diagnosis (Vashist et al., 2015). The use of POC has 
raised the demand for biosensing technologies. Lateral flow 
assays are one of the models of biosensors among the newly 
developed technologies, which have a potential application for 
the onsite detection of target molecules (Ragavan et al., 2018). 
The lateral flow strip is made up of several pads, namely a sam-
ple, a conjugation, a nitrocellulose membrane, and an adsorp-
tion pad that completes the process of detection. The current 
trend in lateral flow strip technology is concerned with the 
development of portable and wearable devices linked to the 
internet via smartphone technology, as it defines an appropriate 
POC approach.

Radiofrequency identification (RFID) combined with bio-
sensing, online monitoring, and other systems has shown effi-
ciency in achieving information accuracy, improving operation 
speed, minimizing labor cost, and reduction in inventory losses. 
It applies to food library management, monitoring of food 
quality and control, theft prevention, tracking animals, and 
intelligent transportation (Kumari et al., 2015). Smartphone 
technology is merged into biosensing technology for fast 
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and real-time POC monitoring as an analyzer, displayer, and 
controller (Zhang & Liu, 2016). Smartphone technology is 
affiliated with biosensing, particularly to SPR, fibre optics, 
electrochemistry, and near-field communication to develop 
lightweight, compact, and cost-effective sensing devices. The 
amalgamation of the smartphone in sensing chips, test strips, 
and hand-held detectors brings down the cost and simplifies the 
biosensor design.

These are some of the concepts worth mentioning that are 
prevailing in biosensor technology in the effort to develop 
cost-conscious biosensors.

15.12  Conclusion

The development, as well as commercialization of biosen-
sors, which are quick, specific, easy to use, and low cost, is of 
utmost importance for continuous improvement of food quality 
and minimizing the hazard. There is continuous growth in bio-
sensor technology, as manifested by the growth in the number 
of publications and patents, highlighting the high potential of 
this technology for in-field application in areas of agri-food, 
including food quality, food safety, detection of pathogens, 
real-time monitoring, and portable devices for the wellness 
of humankind, as well as in health care, biomedical diagno-
sis, and biodefence. The estimated growth and global market 
of biosensors were valued at $12,963.6 million in 2014, and 
it grew at a compound annual growth rate (CAGR) of 9.7% 
during 2015 and achieved $22,490 million in 2020. It is pre-
dicted to reach USD 41.8 billion by 2028, with a CAGR of 
7.9% from 2021 to 2028 (www.prnewswire.com). With the 
advance in the food and agriculture sector, the need to measure 
the food produced, spread of disease, and product quality is 
also increasing, and biosensor is a real-time sensing device that 
is gaining attention. Real-time monitoring of moisture content, 
pH, temperature, crop nutrient, soil fertility, and pathogens 
can be easily accomplished by the farmers and food manufac-
turers, thus producing an improved and sustainable food and 
agricultural environment. Biosensors are expensive, portable 
analytical devices that can satisfy some of these needs. From 
the above content, it can be summed up that the development of 
cost-efficient biosensors depends on the components used and 
their required characteristics. To date, many newer notions are 
coming up in this field that is leading to the evolution of bio-
sensors in a user-friendly manner. The current focus should be 
on the fabrication of biosensors with leading-edge integrated 
circuits, wireless technology, and miniaturization, which must 
reduce cost. Before making any decision to undertake a new 
research project or development of the biosensor, the market 
demands should be kept in mind.
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