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Preface

This book attempts to address several recent advancements in food engineering
based on biosensing and bioanalytical technologies. Developments related to classi-
cal unit operations in biosensing-engineering practised for food manufacturing are
discussed extensively. Additionally, topics involving sensor-concentrated progress
in the quality control and storage of liquid and solid foods; processing, i.e. heating,
chilling, and freezing of foods; mass transfer in foods; chemical and biochemical
aspects of food engineering and the use of kinetic analysis; thermal and nonthermal
processing, extrusion, membrane processes, shelf life, electronic indicators in inven-
tory management; sustainable technologies in food processing; and packaging,
cleaning, and sanitation have also been conferred methodically. The book also
presents the advances in electrode modification techniques and nanoengineered
manipulations of biosensors. These advanced sensing systems are being fascinat-
ingly projected in food technology to address their maximum analytical
performances in recent times. Primarily, it aimed at food industries, professional
food engineers, academics researchers addressing food-related findings, and
graduate-level students.

In a nutshell, the book provides an accessible and readable summary of the uses
of nanomaterial and modern electrochemical techniques deployed to food technol-
ogy. The editors are leading engineers and scientists, widely acclaimed in their
respective fields. They have presented this book according to the market need and
pinpoint the cutting-edge technologies in food technology. All contributions are
inscribed by world-renowned experts who have both academic and professional
substantiation. All authors have attempted to provide critical, comprehensive, and
readily accessible information on the art and science of a relevant topic in each
chapter, with reference lists for further details. Therefore, this book can serve as an
essential reference source to students and researchers in universities and research
institutions.

Varanasi, India Pranjal Chandra
Longowal, India Parmjit S. Panesar
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Application of Nanomaterials in Food
Quality Assessment 1
Milad Torabfam, Qandeel Saleem, Prabir Kumar Kulabhusan,
Mustafa Kemal Bayazıt, and Meral Yüce

Abstract

The food industry has a significant role to play in governing local economies all
over the world. This sector includes some processes such as storage of raw
materials, food production, and preservation. Food processing, food quality,
and safety are vital to protect public health. Thus, food safety monitoring, for
example, early detection of food pathogens, food-related toxins, allergens,
chemicals, and enterotoxins, is of great significance. Nanoscience-based sensing
platforms have become alternatives to conventional food safety monitoring
techniques. Over the past few years, scientists have designed various novel
nanosensors with high sensitivity and selectivity to detect a wide variety of
hazardous substances. The nanomaterials, such as carbon-based nanoparticles,
plasmonic/metallic nanoparticles, and inorganic fluorescent nanomaterials, have
been extensively used to develop various detection platforms over the past few
decades. The surface functionalization of nanoparticles using target-specific
biological agents, such as aptamers and antibodies, has contributed to improving
the efficiency of those nanoparticle-based diagnostic tools. In this chapter, gen-
eral structural, physicochemical, and optical features of the nanoparticles were
described, and their applications in food safety monitoring were reviewed. Fol-
lowing this, affinity agents and fundamental sensing principles employed in
developing food-related hazardous substance detection tools were elaborated
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based on the recent publications in the literature. Finally, we expect to pave the
way for enhancing the efficiency and applicability of nanosensors in the initial
sensing of food-related targets that cause a significant risk for humankind
worldwide.

Keywords

Nanoparticles · Aptamers · Monoclonal antibodies · Food safety · Biosensors ·
Toxins · Allergens · Pathogens · Enterotoxins

1.1 Introduction

Human health and well-being largely depend on the quality of food that we con-
sume. The simple yet essential idea of “you are what you eat” is well-acknowledged
and adequately established. However, environmental degradation caused by rapid
industrialization, infiltration of hazardous chemical and biological contaminants into
food through soil and water, novel foodborne diseases and health complications, and
swiftly changing eating habits have made food quality assessment and safety more
critical now than ever (Pan et al. 2019). Moreover, the advances in the food and
agriculture industry, stringent guidelines set by global regulatory agencies, and the
growing competition between local catering businesses as well as international food
supply chains have also made food quality assurance inevitable.

Food quality assessment encompasses the identification and quantification of
food contaminants like colorants and additives, chemicals, toxins and enterotoxins,
allergens, pathogens, heavy metal ions, residual pesticides, and other pollutants. In a
typical food production process, quality control is often performed at the end with
one or a combination of standard screening approaches like chromatography, mass
spectrometry, ultraviolet detection, or fluorescence-based screening. However, this
reduces the efficiency considerably as the poor-quality food has already passed the
costly and tedious production process. These analytical techniques are also limited
by large test sample requirements, intricate pretreatments, and the need for well-
trained staff (Mishra et al. 2018). Hence, it is crucial to develop new and improved
techniques and sensing devices that can detect traces of impurities within the
sophisticated matrix of edible products with high sensitivity and great precision in
less amount of time (Liu et al. 2018a, b).

The unprecedented advancement in nanotechnology has led to extraordinary
breakthroughs in the field of food inspection, diagnostics, and environmental sens-
ing. In recent years, nanomaterials, organic as well as inorganic, are utilized in their
pristine and functionalized forms in nanosensors. Owing to their small size (less than
100 nm) and unique physicochemical characteristics, nanomaterial-based food mon-
itoring systems are capable of effectively detecting tiny molecules of contaminants.
They offer a large surface area which can be further fine-tuned by controlling the
size, shape, and size distribution. To take their exclusive surface-dependent
properties one notch up, surfaces of nanomaterials are decorated with various

2 M. Torabfam et al.



functional groups and/or biological and chemical receptors, which enhances the
affinity as well as stability of resulting nanosensors. Nanosensors exhibit outstanding
biocompatibility, high sensitivity, improved selectivity, low detection limit, faster
response time, thus boosting its quality and efficiency (Chandra et al. 2012;
Choudhary et al. 2016; Deka et al. 2018; Mahato et al. 2018; Verma et al. 2019).
A tremendous amount of research work has been focused on the synthesis and
application of nanomaterials in food quality assessment. Some common
nanomaterials used in sensing applications are: carbon-based nanomaterials (Gupta
et al. 2019; Nehra et al. 2019; Pan et al. 2019; Yang et al. 2018), like graphene (Liu
et al. 2017a, b; Parate et al. 2020; Vanegas et al. 2018; Wang et al. 2018), graphene
oxide (GO) and reduced graphene oxide (rGO) (Karthik et al. 2018; Zhou et al.
2018), MXenes (Khan and Andreescu 2020; Szuplewska et al. 2020; Wu et al.
2018a, b; Xie et al. 2019; Zhou et al. 2017; Zhu et al. 2020), graphitic carbon nitride
(g-C3N4) (Hua et al. 2018; Ramalingam et al. 2019; Tabrizi et al. 2017; Zhou et al.
2016), plasmonic metallic nanoparticles (Khateb et al. 2020; Loiseau et al. 2019a;
Oh et al. 2017; Shams et al. 2019; Song et al. 2017), quantum dots (QDs) (Duan et al.
2019; Hu et al. 2017, 2021; Na et al. 2019; Nsibande and Forbes 2016; Yüce et al.
2018), and upconversion nanoparticles (UCNPs) (Annavaram et al. 2019; Li et al.
2020a; Na et al. 2019; Yin et al. 2019). These materials are effectively incorporated
as active constituents (detector/transducer) to build small-sized sensing devices
capable of signal enhancement and detection of different toxins and microbes in
the smallest of food samples.

Food contaminants are detected using a range of methodologies, such as surface-
enhanced Raman scattering (SERS), electrochemical sensing, fluorescence methods,
colorimetric methods, molecular imprinting technology (MIT), and the latest chro-
matographic approach (Liu et al. 2018a, b). Each class of nanomaterials offers
unique advantages when used with the appropriate inspection technique. For
instance, precious metal-based plasmonic nanoparticles (Ag, Au, Pt, and Pd) provide
excellent optical properties, commendable extinction cross-section, and surface
plasmon resonance (SPR) that can be modified with the chemical entities that
surround them. This makes them ideal signal converters as well as candidates for
SERS substrates. The grouping of metallic nanoparticles and Raman spectroscopy
makes SERS a rapid, easy-to-use, and high sensitivity detection technique (Liu et al.
2018a, b).

On the other hand, low-cost and highly precise biosensors with carbon-based
nanostructures are designed for real-time detection of harmful elements in edibles
and beverages. Most of these sensors work on electrochemical, optical, and piezo-
electric principles. Moreover, luminescent nanoparticle-based sensors have gained
immense popularity due to the diversity of the sensing mechanisms that can be
combined with them, such as direct fluorescence, energy transfer based on fluores-
cence resonance, bioluminescence resonance or chemiluminescence, photon induc-
tion, and electrochemiluminescence (Yüce and Kurt 2017).

This chapter focuses on the application of a range of carbonaceous, metallic, and
fluorescent nanoparticles in the field of food quality assessment. The most recent
studies, published within the past 4 years, have are included in this chapter, with a
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particular emphasis on the role of nanomaterials in the development of inexpensive
and sensitive sensors for food quality assessment and enhancement of their overall
performance.

1.2 Carbon-based Nanoparticles and Their Applications
in Food Safety Monitoring

Carbon-based nanomaterials are extensively used in diverse fields due to their
attractive structural properties, surface chemistry, and electrical and optical
characteristics. Based on the size, layers, and shapes, these materials exhibit metal-
like conductivity and semiconducting behavior. Different synthetic routes and sur-
face modification procedures can be followed to produce a range of carbonaceous
nanomaterials (Yüce and Kurt 2017). Thus, the significance of carbon-based
nanomaterials in sensing platforms cannot be overemphasized. The contribution of
these materials in biosensing, bioimaging, and food safety and quality monitoring
applications is quite noteworthy. Carbon-nanomaterials are used as platforms in
biosensors working on electrochemical, optical, and piezoelectric principles.
Mainly, in electrochemical sensors, these nanomaterials serve as adsorbents or
transducers due to their geometrical benefits, rapid electron transfer capabilities,
wide potential range, large surface area, inert nature, and excellent electrocatalytic
abilities. Moreover, they provide support and surface for biological affinity agents,
such as enzymes, proteins, antibodies, DNA, which enhances their sensitivity toward
organic and inorganic targets (Nehra et al. 2019). Herein, the applications of three
promising classes of carbonaceous nanomaterials in food quality assessment were
detailed. A summary of the reviewed publications is presented in Table 1.1.

1.2.1 MXene Nanoparticles

MXene is a significant group of nanomaterials comprising two-dimensional transi-
tion metal carbides, nitrides, and carbonitrides. Since their discovery by Gogotsi and
co-workers (Naguib et al. 2011) in 2011, MXenes have garnered considerable
attention due to their 2D structure that can be easily modified, a large surface area
with fantastic potential for functionalization, broad interlayer spacing, and optimum
blend of physicochemical properties, such as high electrical conductivity, hydro-
philic nature, biocompatibility, and chemical and thermal stability (Khan and
Andreescu 2020). They are labeled as MXenes due to their general formula Mn + 1Xn

(n ¼ 1, 2, 3), where M represents an initial transition metal (e.g., Sc, Ti, V, Cr, Zr,
Nb, Mo, Hf, Ta) and X represents carbon, nitrogen, or both, and graphene-like
structure. The wet chemical synthesis of MXenes involves selective etching of a
parent 3D MAX phase, in which the sandwiched layer A (an element belonging to
group 13 or 14) is removed, and M2X, M3X2, or M4X3 structures are obtained
(Alhabeb et al. 2017). While hydrofluoric acid (HF) is a popular etchant to produce
Ti3C2Tx MXenes, other more sophisticated synthetic routes have been developed

4 M. Torabfam et al.
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over recent years. The etching is often followed by ultrasonic delamination to
acquire a stack of MXene sheets that are single layered or only a few layers thick.
As the last step, intercalation via huge cations is performed to increase the available
surface area and improve efficiency (Szuplewska et al. 2020). Unlike other 2D
nanomaterials, the intercalation capacity of MXenes is excellent.

While MXenes are attractive materials for catalytic and photocatalytic processes,
energy storage, and biotechnological applications, they are particularly useful for
biosensing and food quality assessment. The unsaturated, hydrophilic, and conduc-
tive surface of MXene-based platforms can be readily decorated with a range of
biomolecules (proteins/enzymes) (Bao-Kai et al. 2020; Zhou et al. 2017) and
nanoparticles (Zhao et al. 2020; Zhu et al. 2020) to predominantly enhance the
selectivity, sensitivity, and stability of sensors and/or one-time tests using them. A
recent study explored the effect of tailoring the surface of pristine Ti3C2-MXene
with noble-metal NPs and ceramic oxide on its ecotoxicity, phytotoxicity, and
antimicrobial characteristics. It was reported that surface modification could alter
the toxic properties of pure MXene, making some tailored materials showing
undesirable toxicity; however, the antimicrobial response against both Gram-
positive and Gram-negative bacteria was positively affected (Rozmysłowska-
Wojciechowska et al. 2019). Many MXene biosensors with low detection limits
and fast response times have been proposed to detect toxins, microbes, pesticides,
and pollutants found in food and drinks (Bao-Kai et al. 2020). To detect phenol in
drinking water, Wu et al. (2018a, b) produced an ultrasensitive biosensor featuring
an MXene-Ti3C2 platform. MXene nanosheets were obtained by etching its parent
MAX, i.e., Ti3AlC2 in HF, which were then casted on glassy carbon electrode
(GCE), and tyrosinase enzyme was immobilized on its surface. Tyr-MXene-Chi/
GC biosensor exhibited outstanding bioanalytical tendency and detected phenol in
real water samples without any mediator. It was also found to be highly sensitive
with low response time and detection limits. In another study, Zhou et al. (2017)
similarly fabricated MXene-Ti3C2 nanofilms and cast them onto GCE with chitosan
acetylcholinesterase (AChE) enzyme for the detection of a toxic organophosphorus
pesticide-malathion. Spike recovery tests in tap water proved the reliability of the
proposed amperometric sensor with a low LOD and broad linear range. Another
enzymatic biosensor was designed by Zhao et al. (2020) for the detection of highly
toxic organophosphorus pesticides found in edible plants and agricultural produce.
The disposable sensor consisted of a screen-printed electrode (SPE) covered with
ultra-thin MXene nanosheets (1.5 nm thickness), which were synthesized by etching
Ti3AlC2 in lithium fluoride (LiF) and hydrogen chloride solution (HCl) for 1 day at
35 �C, followed by sonication in water and centrifugation at 3500 rpm for 60 min
each. MXene-coated SPE was immersed in a solution of HAuCl4 and PdCl2, which
allowed Au and Pd particles of size 30–80 nm to grow on its surface within 5 s
because of self-reduction. Finally, 10 μL of AChE enzyme was immobilized on the
electrode surface, and the SPE/MXene/Au-Pd/GA/AChE electrode was oven-dried
for 30 min. Electrochemical impedance spectroscopy (EIS) proved that the produced
MXene-based nanocomposite had sufficient conductivity, increased electrocatalytic
activity, and excellent transfer of electrons. Through amperometric analysis and
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testing on real pears and cucumbers spiked with paraoxon, good stability and
selectivity, and reliable performance of the sensor were confirmed.

Bao-Kai and co-workers (2020) synthesized an MXene-based electrochemical
sensor to detect hydrogen peroxide (H2O2) in food (Fig. 1.1d). Firstly, 2D MXene
nanosheets (graphite/TiC/Ti3AlC2) were prepared by mixing graphite, Ti, and Al
powders with NaCl and KCl in a molar ratio 4 : 4: 1: 10 : 10. The mixture was heated
and kept at 800 �C for 5 h and then at 1100 �C for 3 h. Subsequently, the mixture was
cooled, washed, and etched with HF to obtain MXene nanosheets with a large
specific surface area, high electronic conductivity, and desirable dispersion in an
aqueous medium. To further enhance the electromagnetic absorption, enzyme
entrapment, and electron transferability of the MXene-based platform, these sheets
were arranged perpendicular to the graphite plane, forming a unique vertical junction
structure. Next, GCE was uniformly coated with the fabricated MXene and Chitosan
film. Finally, Horse Radish Peroxidase (HRP) enzyme was entrapped on MXene/
chitosan/GCE, and no conformational alteration was observed in its secondary
structure as per the FT-IR analysis. The biosensor successfully sensed the H2O2

traces in milk and contaminated dried scallops. The wide linear range from 5 to

Fig. 1.1 (a) Electrochemical behavior of different modified electrodes in 5 mM [Fe(CN)6]
3�/4� in

0.1 M KCl as supporting electrolyte at a scan rate of 50 mVs�1 [16]; (b) Cyclic voltammograms of
bare GCE and C3N4/GCE toward 10 μM vanillin in 0.1 M phosphate-buffered saline (PBS) (pH 7)
[15]; (c) Schematic illustration of the fabrication of the MXene/AuNR composite and application as
a substrate to SERS detection [11]; (d) Schematic illustration for the fabrication of HRP@MXene
(Graphite/TiC/Ti3C2)/chitosan/GCE and H2O2 sensing principle of HRP@MXene/chitosan/GCE
[6]; (e) Calibration plots for real sample analysis; [methyl parathion] (μM) vs. current (μA). (a)
Cabbage, (b) green beans, (c) strawberry, and (d) nectarine fruit; (f) Schematic illustration of
proposed PEC aptasensor fabrication and the sensing mechanisms employed by [17]
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1650 μmol/L, low limit of detection (LOD) of 0.74 μmol/L, high selectivity, and
stability of the HRP@MXene/chitosan/GCE was attributed to the sophisticated
vertical arrangement of the MXene platforms. Wang et al. (2020a, b) created a
novel biosensor based on Ti3C2TXAu@Pt nanoflowers for meat quality assessment.
The enzymatic sensor effectively and rapidly detected Inosine monophosphate
(IMP) in four different meat samples (chicken, beef, pork, and lamb) owing to the
conductive and biocompatible MXene nanosheets decorated with bimetallic
nanoflowers. GCE was polished and coated with graphene-like Ti3C2Tx prepared
by selective etching with LiF and functionalized with core-shell Au@Pt
nanoflowers. Two different enzymes, namely 50-nucleotidase-xanthine oxidase and
bovine serum albumin (BSA), were immobilized on the surface of the electrode.
MXene/Au@Pt platform boosted the H2O2 oxidation in IMP-containing meat,
which resulted in electron transfer. The change in electric current was directly related
to the concentration of IMP in the meat.

Following a different route, Xie et al. (2019) designed a Ti3C2Tx-AuNRs sub-
strate to be used in surface-enhanced Raman scattering (SERS) technique for
effective sensing of problematic environmental pollutants of organic nature trans-
ferred to our food through dyes and pesticides. As shown in Fig. 1.1c, layered
Ti3C2Tx was etched with HF, and the resulting 2D MXene nanosheets were uni-
formly coated with Au nanorods prepared with a seedless procedure. The composite
assembled on its own due to the electrostatic forces and carried abundant hot spots
for SERS. The substrate detected typical organic dyes, like rhodamine 6G (R6G),
crystal violet (CV), and malachite green (MG) with excellent sensitivity, reliability,
and reproducibility. It even proved its efficiency as an ultrasensitive food safety
sensor for more sophisticated pollutants like thiram and diquat. Furthermore, Zhu
and co-researchers (2020) constructed an advanced MXene-based smart sensor with
the help of machine learning techniques and proposed it to monitor harmful
carbendazim (CBZ) traces in liquid and solid food items. The fabricated MXene/
Au–Ag nano shuttles (NSs) can be used as electrochemical sensors as well as SERS
substrate. 2D Ti2C MXene powder was fabricated by HF etching of Ti2AlC powder
at 25 �C for 1 day, followed by centrifugation, washing, and drying. The nanohybrid
was designed through ultrasonic dispersion of pristine MXene in Au–Ag NSs
solution. This bifunctional platform was drop-coated on GCE for electrochemical
analysis and on glass matrix for SERS analysis. Characterization revealed that the
synthesized nano shuttles had a rough surface with a large area, high conductivity,
commendable electrochemical behavior, and outstanding Raman enhancement. The
nanosensor was highly stable and offered a broad linear range and low LOD for both
electrochemical and Raman sensing. The successful tests on real samples of rice and
tea showed the efficacy of these MXene-based nano shuttles in food safety and
monitoring.

10 M. Torabfam et al.



1.2.2 Carbon Nitride Nanoparticles

Among all the allotropes of naturally existing carbon nitride (CN), graphitic carbon
nitride (g-C3N4) is lauded for its stability at room temperature, planar geometry,
large surface area, unique physical and electrocatalytic properties, and metal-free
polymeric nature (Chen and Song 2017). It features a layered, graphene-like 2D
structure with sp2 bonded C and N atoms arranged as a tri-s-triazine ring linked with
tertiary amines. This unique structure gives it high thermal stability, chemical
resistance, and a bandgap like semiconductors. It comprises nitrogen atoms and
defects that act as active spots and boosts its electric conductivity (Magesa et al.
2019). Traditionally, g-C3N4 is fabricated in bulk via polymerization of typical
precursors (like cyanamide, dicyandiamide, and melamine) by physical vapor depo-
sition (PVD), thermal nitridation, solvothermal, chemical vapor deposition (CVD),
and solid-state reaction. To obtain ultrathin single-lamellar g-C3N4 films, bulk
material is exfoliated thermally, chemically, or ultrasonically. What makes it even
more appealing for a range of applications is the resulting large surface ready to be
embellished with metallic, non-metallic, and carbonaceous nanomaterials (Chen and
Song 2017).

Several sensors have been designed by using g-C3N4 in its pristine or
functionalized form for the detection of food colorants, antimicrobial remnants,
metal ions, and toxic pesticides. In research by Fu et al. (2020), layered C3N4

nanosheets were fabricated by thermal oxidation of melamine precursor and coated
as an absorbent unto the GCE. This sensor offered fast and simple monitoring of
vanillin in edibles. A comparison of GCE with and without the C3N4 layer is shown
in Fig. 1.1b in terms of vanillin’s electrochemical behavior. The C3N4/GCE showed
a decline in background current when no vanillin was present, and the oxidation
signal was enhanced at a lower overpotential. This further confirms that vanillin
receives an electrocatalytic response from C3N4. Hence, it can be deduced that C3N4

reportedly increased the active-specific area and electrochemical activity of the
electrode. The resultant vanillin sensor had an LOD of 4 nM and a wide linear
range of 20 nM–10 μM and 15 μM–200 μM, when tested on real milk, tea, and
biscuits. Ramalingam and co-workers (2019) designed a highly selective sensing
matrix created from porous g-C3N4 nanosheets and oxidized multiwalled carbon
nanotubes, named p- g-C3N4-NSs/O-MWCNTs. Fabrication of the platform
involved a single-step oxidation process in which bulk carbon nitride was mixed
with bulk MWCNTs in potassium dichromate and sulfuric acid. As surfaces of both
materials underwent acid functionalization, 1D O-MWCNTs was firmly embedded
into the pores of 2D g-C3N4, and a 3D nanocomposite platform was obtained. After
ATR-IR spectroscopy, XRD, and TEM analysis, the platform was drop-casted on
SPE. The cyclic voltammograms of different electrodes shown in Fig. 1.1a reveal
that P-g-C3N4/O-MWCNTs/SPE has a greater ΔEp value, which can be attributed to
the carboxylic acid and hydroxyl groups (carrying a negative charge) attached to the
surface. Owing to the uninterrupted electron transfer and excellent electrocatalytic
activity of the tailored SPE, the biosensor detected four heavy metal ions Zn(II) Pb
(II), Hg(II), and Cd(II) in spiked vegetables and noodles simultaneously by using
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anodic stripping voltammetry technique. The biosensor showed great accuracy,
sensitivity, and selectivity.

In a pioneering study, Tabrizi and group (2017) built a photoelectrochemical
aptasensor driven with visible light and made the most of the high photoactivity of
g-C3N4/TiO2, as shown in Fig. 1.1f. The produced sensor was used to detect
tropomyosin (an allergen found in seafood) and showed a promising range up to
400 ng/mL and a low LOD of 0.23 ng/mL. They synthesized g-C3N4 by heating
melamine at a rate of 3 �C/min up to 520 �C and kept the product at the same
temperature under argon flow for 4 h. Consequently, it was dissolved with TiO2 and
deposited over the ITO electrode, followed by a coating of polyethyleneimine (PEI).
Finally, the amine terminal TROP probe was attached to the electrode surface, and
the cleaning procedure was followed. This PEC aptasensor was tested on diluted
human serum samples and demonstrated a decreasing photocurrent intensity with a
corresponding increase in the concentration of tropomyosin. Hua et al. (2018)
followed the synthetic route detailed in (Tabrizi et al. 2017) to prepare g-C3N4 and
modified one side of the ITO electrode with it, whereas the adjacent side was
functionalized with carbon quantum dots embedded into 3D graphene hydrogel
(C-dots/3DGH) to build an ultrasensitive ratiometric PEC biosensor. The aptamer
was coated unto the C-dots/3DGH, while g-C3N4 acted as a reference providing
stable anodic current. The difference in bias voltage helped distinguish the current
from the anode and cathode, and the ratio between the two was used for E. coli
concentration monitoring. Milk samples containing different amounts of E. coli
confirmed recovery and stability. Yola and Atar (2017) adopted an emerging
technique called molecular imprinting to produce a unique electrochemical sensor
that featured a C3N4 NTs/Pt NPs nanocomposite. The molecularly imprinted poly-
mer (MIP) contained active spots for the determination of atrazine (ATR)—a
pesticide released in water sources from where it travels into soil and agricultural
products. Nanotubes of C3N4 embellished with Pt NPs were produced via a single-
step hydrothermal method and deposited onto a clean GCE. ATR was then imprinted
onto the electrode via cyclic voltammetry (CV). The prepared electrode was then
used for ATR detection in contaminated water fractions. According to the sample
tests, the voltammetric sensor exhibited good recovery, low LOD, high stability and
selectivity, and low response time.

1.2.3 Graphene and Derivatives

The discovery of graphene in 2004 (Novoselov et al. 2004) marked a new era in
nanotechnology and opened doors for a myriad of applications, one of which is food
quality monitoring and sensing. Flaunting a honeycomb-like rigid framework made
up of a single layer of sp2-hybridized carbons, graphene has served as a stepping
stone for the fabrication of 0D (nanoparticles and fullerenes), 1D (single-walled
nanotubes, nanorods, and nanowires), and 3D (graphite, nanocomposites) structures.
Its exceptional mechanical strength, attractive chemical and thermal properties,
unparalleled electron transfer capability, and generous surface area is bound to
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spike every scientist’s interest (Magesa et al. 2019). Some conventional methods for
graphene synthesis are chemical vapor deposition (CVD), epitaxial growth, laser
ablation approach, and silicon carbide decomposition. However, a recent study by
Parate et al. (2020) proposed the aerosol jet printing (AJP) technique as a low-cost
method to produce a graphene-based histamine sensor that could find application in
identifying contaminated seafood and prevent consequent allergic reactions. Using
graphene-nitrocellulose ink, an interdigitated electrode (IDE) was printed on a
polyimide substrate and modified with oxygenated moieties via annealing. Hista-
mine antibody was then covalently embedded on graphene, and the final product was
used to detect histamine in real fish broth electrochemically. The sensor showed a
broad detection range with a low LOD, and the detection was completed in around
half an hour in liquified food samples.

Another low-cost amperometric food safety biosensor was designed by Vanegas
et al. (2018) by reagents and materials procured from local stores. The proposed
sensor showcased a system of electrodes prepared with a laser scribed graphene
(LSG) technique. This synthetic approach transformed the sp3 carbon of polyimide
into an sp2-hybridized allotrope of graphene. The electrode possessed a multilayer
porous graphene structure, plated with copper nanocubes, and functionalized with
diamine oxidase (DAO). The biofunctionalized, Cu-coated LSG electrodes were
designed to offer selectivity and electrochemically detect high concentrations of
biogenic amines (BA), such as histamine, cadaverine, tyramine, and/or putrescine, in
food to prevent food poisoning and food intolerance. The tests performed on real fish
samples, before and after fermentation, confirmed that the LSG-Cu-DAO biosensor
could detect histamine with an LOD of 11.6 μM, and a response time of 7.3 s.

Rouhani (2019), in his computational analysis, discussed the electronic efficiency
of fluorographene and its role in the detection of ammonia and typical amines (like
methylamine, dimethylamine, and trimethylamine) that can help sense contaminated
seafood. Since inadequate adsorption of gas molecules limits the sensing ability of
pristine graphene, fluorine-doping could be an effective method to overcome this
limitation. With the help of the density functional theory (DFT) model, the adsorp-
tion of ammonia and amine molecules was tested for pristine and fluorine-doped
graphene sheets. The theoretical findings confirmed that gas molecules showed
better adsorption on fluorinated sheets as more precise signals were received due
to high electron transfer and electrical conductivity. Hence, such a sensor could be
used to assess the quality of seafood and detect fish spoilage. Aghaie and co-workers
(2019) followed a sophisticated fabrication route to produce an enzyme-free sensor
featuring a graphene-based bimetallic (NiFe) phosphosulfate nanocomposite to
boost the voltammetric signals received from paraoxon ethyl (PE: an organic
pesticide found in food items) and facilitate its detection. Since the target OP has
an aromatic structure, it experiences desirable π-π stacking interactions with
graphene. The NiFe phosphosulfate further ensures that PE sticks to the surface of
GCE. PE was adsorbed completely into the electrode within 5 min, and a tremendous
increase in maximum square wave voltammetric (SWV) signals was noted, which
was ascribed to the properties of the graphene-based electrode. The sensor was also
tested on contaminated water and fruit and vegetable juices and was found to be
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efficient. A non-enzymatic, ultrasensitive graphene field-effect transistors (G-FETs)
biosensor was proposed by Danielson and his group (2020) for lactose sensing. They
produced a single-layer graphene sheet enriched with uniformly distributed Au NPs
and immobilized carbohydrate recognition domain (CRD) of the human galectin-3
(hGal-3) protein on its surface. Minimum voltage shifted in the negative direction
during liquid gate measurement, which is characteristic for lactose, whereas a
positive shift was observed for other carbohydrates. This indicates the suitability
of this biosensor in detecting lactose in food.

Gao et al. (2019) used a GCE covered with graphene nanosheets decorated with
gold and zirconia particles to detect methyl parathion (MP), a harmful organophos-
phorus pesticide. The prepared electrode provided excellent electrocatalytic activity
and sensed MP with great accuracy. This was backed by the results of square wave
voltammetry that showed a wide linear range of 1–100 ng/mL and 100–2400 ng/mL.
For the same target pesticide, Govindasamy et al. (2017) used graphene oxide
(GO) nanoribbons considering its various structural features, like tunable large
surface areas, solubility in water, and high adsorption capacities for biological
materials like enzymes, proteins, peptides, and nucleic acids (Chen and Nugen
2019). GO NRs were embellished with Ag NPs and loaded on an SPE, which
exhibited commendable electrocatalytic activity as MP underwent reduction. Good
linearity with MP concentration was observed in the calibration plots for real food
items, as shown in Fig. 1.1e. In another food sensing-related assay, the authors
explored the application of graphene oxide wrapped around Fe3O4@Au particles to
construct an SERS-based sensor. The aptasensor’s surface carried two different
aptamers separated by a magnet to serve as capture probe and SERS sensing
probe, respectively. This sensor was used to detect a notorious food pathogen, Vibrio
parahaemolyticus, by measuring the SERS intensity of TAMRA aptamer. It showed
a wide linear range, i.e., between 1.4� 102 to 1.4� 106 CFU/mL and a low LOD of
14 CFU/mL. Tests with contaminated fish yielded impressive recoveries in the range
of 98.5–105% (Duan et al. 2017).

The reduced form of graphene oxide (rGO) is also suitable for electrode fabrica-
tion (Yang et al. 2018). Karthik and co-workers (2018) designed an electrochemical
sensor for MP monitoring but used reduced graphene oxide (rGO) and
functionalized it with 3D praseodymium molybdate (PrM) to create a novel
nanocomposite. The voltammetric findings revealed lower and higher peaks for
potential and cathodic current, respectively. Also, good linearity and sensitivity
deemed this rGO-based composite fit for MP detection. He et al. (2018) reduced
graphene oxide electrochemically and combined it with Cu2O to produce a
nanocomposite, tagged as Cu2O-ErGO. The fabricated nanocomposite was then
deposited on GCE to detect a popular food colorant—sunset yellow. Owing to the
use of Cu2O-ErGO, the dye produced 25 times greater anodic peak. The LOD of the
sensor was as low as 6.0� 10�9 mol/L, which is even better than electrodes prepared
with precious metals. Real samples were used to establish the performance of the
sensor.
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1.3 Metallic Nanoparticles and Their Applications in Food
Safety Monitoring

Over the years, noble-metallic nanoparticles have drawn considerable attention due
to their fascinating physical and chemical properties. The metallic nanoparticles can
be easily synthesized and modified with various chemical and biological functional
moieties such as antibodies, peptides, DNA, and drugs. Therefore, they have
myriads of applications in biotechnology, drug delivery, biosensing, and imaging.
Furthermore, the unique optical properties of plasmonic nanoparticles lead to the
development of various imaging modalities such as MRI, PET, CT, and SERS. The
optical properties of these noble-metal nanoparticles have attractive aspects under
investigation. The metallic nanoparticles exhibit plasmonic properties, i.e., surface
plasmon resonance (SPR) and localized surface plasmon resonance (LSPR). The
SPR phenomenon occurs when a beam of light is incident on the metal
nanoparticles. The free surface electrons collectively oscillate in a phase with the
incident light. When the frequency of the collective oscillations is approximately the
same as the incident light, or the resonance condition occurs, such a phenomenon is
known as LSPR. In brief, plasmonic properties deal with the interaction of light with
metallic nanostructures to enable optical measurements that are related to the binding
events. These help in deriving precious information about the character of the
molecules (Kahraman et al. 2017; Liu et al. 2020a, b). SPR and LSPR property
generally are governed by several factors such as the size, shape, geometry of the
nanoparticles. Further, dielectric properties of the surrounding medium and the
interparticle-coupling interactions play an essential role in the SPR and LSPR
properties of nanoparticles (Yang et al. 2016).

Over the past decades, plasmonic nanoparticle-based detection sensors have
gained considerable attention due to their tuned absorption wavelength, electromag-
netic control, and single-molecule detection capability. Plasmonic sensors belong to
a class of optical affinity biosensors. When the recognition element captures the
target analytes, it provides a measurable signal (Kurt et al. 2019). The commonly
used plasmonic nanoparticles are gold (AuNPs) and silver colloidal nanoparticles
(AgNPs) employed to immobilization several recognition elements (antibodies,
aptamers, and peptides). Due to the unique optical and physical properties,
plasmonic sensors are indispensable for real-time and label-free analyte detection
from various complex matrices. These can also be employed for the ultrasensitive
detection of targeted substances from clinical samples and food matrices (Zhan et al.
2020). The biosensing schematic based on the plasmonic nanomaterials and various
detection methods are presented in Fig. 1.2a.

1.3.1 Gold Nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) are the most used plasmonic nanomaterials owing to
their well-characterized LSPR phenomenon. The LSPR of AuNPs yields a high
absorption coefficient and scattering properties within the visible wavelength to the
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near-infrared range (Caucheteur et al. 2015). The spectral characteristics of LSPR
produced by AuNPs are independent of size, shape, and the local dielectric environ-
ment. Therefore, after binding the target analyte, the refractive index shift could be
used to monitor the molecular binding events. Several studies on the implication of
LSPR of AuNPs for detecting pathogens or toxins associated with food safety have
been demonstrated.

Oh et al. (2017) developed a label-free portable LSPR platform for the selective
detection of Salmonella typhimurium from the pork meat sample (Oh et al. 2017).
The S. typhimurium is considered as the “zero tolerance” microorganism in food
samples and is the cause of acute gastroenteritis in humans. The sensor involved the
self-assembly of AuNPs (20 nm) on a glass substrate of 5 cm � 0.8 cm
(length� width. The aptamers were used as a recognition probe to capture the target
bacteria. The sensor exhibited an LOD of around 104 CFU/mL in half an hour.
Further, the developed sensor detected S. typhimurium from the spiked pork meat
sample with an LOD of 1.0 � 104 CFU/mL without any pre-enrichment steps. The
study also showed that the AuNPs immobilized plasmonic chip did not affect the
food matrix or background contaminant of microflora. In another study, Yaghubi
et al. 2020, developed a high-resolution optical method by employing the LSPR

Fig. 1.2 (a) The schematic of the biosensing system by using plasmonic nanomaterial. (b) The
human norovirus detection using LSPR-amplified magneto-fluoroimmunoassay. (c) A multi-
colorimetric assay based on the plasmonic properties of AuNRs for the detection of
L. monocytogenes. (d) Schematics of the SERS-based L. monocytogenes detection.
(i) Fabrication of SERS-encoded GNSs (ii) Conjugation of the mAb C11E9 (iii) Sample bacteria
at specific concentration (iv) incubation with SERS tag for recognition (iv) SERS detection in a
microfluidic channel. Figures A, B, C, and D are adapted from the references (Liu et al. 2019,
2020a, b; Rodríguez-Lorenzo et al. 2019; Takemura et al. 2019), respectively
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property of spherical AuNPs for the detection of E. coli O157:H7 (Yaghubi et al.
2020). The E. coli O157:H7 is one of the most important foodborne pathogens,
which causes developing hemorrhagic colitis and hemolytic uremic syndrome. The
sensor was developed by conjugating the specific anti-E. coli O157:H7 chicken
antibody (IgY) under the specific pH of the nanoparticles. The characterization was
performed by several analytical methods such as UC-VIS and DLS. The sensitivity
was found to be 10 CFU/mL, i.e., the LSPR of AuNPs (λ max) redshifted from
530 nm to 543 nm in the presence of 10 bacteria. E. coli O157:H7 was also detected
in complex food matrices within 2 h.

Apart from detecting bacteria from the food matrices, plasmonic sensors have
also been adopted to detect foodborne viruses. Norovirus is a foodborne virus that
causes gastroenteritis, non-bloody diarrhea, vomiting, stomach pain, and a signifi-
cant public health concern worldwide. Su Heo et al. 2019, developed a peptide-
guided plasmonic biosensor to detect the human norovirus as well as the capsid
proteins (Heo et al. 2019). The LSPR chip was prepared by using colloidal AuNPs
on a glass substrate treated with APTES. During this process, AuNPs (16–18 nm)
were immobilized on the APTES-treated glass substrate (�50 particles/
200 � 200 nm), and the peptide (recognition probe) was immobilized using
cysteine-gold conjugation chemistry. The performance of the sensor was examined
by LSPR signals, and the analyte-specific binding event was proportional to the
absorbance of the LSPR signal. The LOD was found to be 0.1 ng/mL for noroviral
capsid protein and around 10 copies/mL for the norovirus. The plasmonic sensor was
able to detect the norovirus capsid protein from complex tissue culture media such as
MEM and FBS. Takemura et al. (2019), developed another LSPR-amplified mag-
neto-fluoroimmunoassay platform to detect the norovirus from the complex media
(Takemura et al. 2019). They synthesized AuNPs with magnetic nanoparticles
composite, and the anti-norovirus antibody was conjugated with CdSe quantum
dots (QDs). This nanohybrid composite performed by the enhanced magnetic field
and the high LSPR effects of AuNPs, which separates the norovirus from the
matrices. The target norovirus-like particles were found in a linear range between
1 pg and 5 ng/mL with an LOD of 0.48 pg/mL in faces. The LOD was found to be
84 copies of RNA/mL from the clinical samples without any interference from the
matrices. The detailed schematic of the plasmonic biosensor for norovirus was
presented in Fig. 1.2b.

Raman spectroscopy is a sensitive characterization technique constructed on the
inelastic scattering of photons from the targeting molecules. It provides essential
information about chemical bond formation. However, the weak signal intensity is
the major drawback of its application in biotechnology. The LSPR phenomenon of
AuNPs has been utilized to enhance the light scattering signal and Raman spectros-
copy. The metallic nanoparticles enhance the Raman scattering of molecules
immobilized at their surface, constituting the surface-enhanced Raman spectroscopy
(SERS). Here, it is important to mention that the SERS phenomenon is entirely
different from the SPR, which occurs at the plane surface (Loiseau et al. 2019a).
Several studies have recently reported the SERS-based biosensors utilizing AuNPs
by detecting specific signals from the target analytes. Duan et al. (2020), developed
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an SERS aptasensor to detect multiple foodborne pathogens by SERS tags from
complex food matrices (Duan et al. 2020). The sensor consists of
polydimethylsiloxane (PDMS) coated with AuNPs acting as a substrate for Raman
scattering. The Au-PDMS chip was chemically modified with target-specific
aptamer oligonucleotides and Raman reporter, i.e., 4-mercaptobenzoic acid
(4-MBA)/nile blue A (NBA) as a recognition probe to capture the target pathogens
and as pathogen-specific SERS probe, respectively. The sensor facilitated sandwich
assay formation by capturing the target pathogen and then binding with the SERS
probe. The sensor was validated with two foodborne pathogens, Vibrio
parahaemolyticus and S. typhimurium, which demonstrated an LOD of 18 CFU/
mL and 27 CFU/mL, respectively.

The point-of-care detection of the foodborne pathogens was also carried out by
using lateral flow immunochromatographic assays (LFIA), which is fast, easy to
operate, and cost-effective. However, the low sensitivity of the assay in the presence
of various matrices hinders its further applications. The limitations of the LFA are
addressed by employing the LSPR properties of the AuNPs. Wu et al. (2019),
developed an LFIA to detect L. monocytogenes and S. typhimurium membrane
based on the principles of SERS (Wu 2019). The monoclonal antibodies for
L. monocytogenes and S. typhimurium were used as the recognition probe and
DTNB as the SERS tag. The SERS-based LFIA exhibited good linear response in
the range of 102–107 CFU/mL. The LOD was found to be 75 CFU/mL for the
foodborne bacteria from the milk sample.

Accumulated evidence shows the extensive use of spherical AuNPs in the
plasmonic biosensor; however, recently, gold nanorods (AuNRs) have gained inter-
est for this purpose. The LSPR of AuNRs has two absorption bands; the first one is
located at 520 nm due to the transverse localized surface plasmon resonance
(t-LSPR). The second one is at a higher wavelength due to the longitudinal localized
surface plasmon resonance (l-LSPR) (Chen et al. 2013). The position of the LSPR
can be altered by modulating the aspect ratio of AuNRs rather than their length.
Hence, AuNRs have become the ideal candidates for a wide range of biomedical
applications. Shams et al. 2019, developed an AuNRs-based plasmonic detection
method to detect Campylobacter jejuni and Campylobacter coli, the two most
critical foodborne pathogens (Shams et al. 2019). The AuNRs were modified by
the specific ssDNA probes of the cadF gene of Campylobacter. The assay’s sensi-
tivity was validated by comparing the results with conventional culture methods,
PCR, and RT-PCR. The sensitivity of the assay was found to be 88%, and the
specificity was 100%. The LOD was found to be 102 copy number/mL, which is
equivalent to the RT-PCR-based detection. Liu et al. 2019, developed a multi-
calorimetric assay to detect L. monocytogenes-based on the etching of AuNRs
(Liu et al. 2019). The assay is based on the TMB2+ etching of AuNRs, and the
aptamer-modified magnetic nanoparticles were employed to concentrate on the
target organism. Furthermore, to oxidize the TMB to TMB2+, IgY-BSA-MnO2

NPs were chosen as an oxidase-like nano-artificial enzyme. The longitudinal shift
of LSPR of AuNRs was linearly correlated with the concentrations of
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L. monocytogenes (10–106 CFU/mL) under the optimal condition with an LOD of
10 CFU/mL. The schematics of the detection platform is illustrated in Fig. 1.2c.

Liu et al. (2020a, b), reported a detection platform based on AuNRs and SERS
tags conjugated with target-specific aptamer molecules and Raman reporters for food
pathogen sensing (Li et al. 2020a, b, c, d). The aptamers were used as a recognition
probe and induced the AuNRs into different geometrical shapes, which enhanced the
Raman signal of the sensing platform. The AuNRs-based plasmonic sensor detected
E. coli O157:H7 and S. typhimurium with a concentration of 101–106 CFU/mL, with
an LOD of 8 CFU/mL from spiked food samples. Loiseau et al. (2019a, b), devel-
oped a homogenous plasmonic sensor for staphylococcal enterotoxin A (SEA)
sensing by the naked eye (Loiseau et al. 2019b). SEA causes food poisoning and
toxic shock syndrome (TSS) produced by S. aureus. The principle lies in the metallic
nanoparticles’ LSPR properties, where the small redshift (�2–3 nm) could be
observed and visually detectable after binding of the target. Two types of nanoparti-
cle systems were synthesized, i.e., Au inside Ag nano-shells (Au@AgNPs) and Ag
inside Au nano-shells (Ag@AuNPs). The nanoparticles’ thickness and surface
chemistry were controlled by anti-SEA antibody, and the LSPR band was tuned
near 495 (Ag@AuNPs) and 520 nm (Au@AgNPs), respectively. After the target’s
binding, SEA, a large redshift of the LSPR band, was observed, and visual detection
was enabled. The LODs were found to be 0.2 and 0.4 nM for Au@AgNPs and
Ag@AuNPs, respectively. The visual color changed from orange to red, which was
visible by the naked eye. Thus, the plasmonic sensor showed potential for medical
diagnostics and environmental screening.

Apart from AuNPs and AuNRs, gold nanostars are (GNSs) also used as a
plasmonic nanomaterial for the development of biosensor. Rodríguez-Lorenzo
et al. (2019), demonstrated the use of GNSs paired to the antibody to detect
L. monocytogenes from the food samples (Rodríguez-Lorenzo et al. 2019). The
detection was achieved in a microfluidic cartridge under a flow in real-time. The
assay was also able to distinguish from L. monocytogenes and Listeria innocua in
100 s. The schematic of the GNSs-based sensor was represented in Fig. 1.2d. Khateb
et al. (2020), also described a label-free aptasensor for Staphylococcus aureus
detection (Khateb et al. 2020). The plasmonic sensor exploited gold nano-disks’
LSPR properties, and the aptamer was used as a recognition element. The gold nano-
disks were fabricated on a glass substrate. The sensing device was used to detect
S. aureus from pure culture and artificially contaminated milk samples with an LOD
of 103 CFU/mL. Furthermore, the sensor required no pre-concentration steps, and
the total turn-around time of detection was 30 min. From the above sections, it could
be concluded that the application of gold nanoparticles, gold nanorods, and gold
nanostars could be used in plasmonic biosensors for the food safety assessment.
Apart from antibodies and aptamers, sugar receptors (Kaushal et al. 2019) can also
be utilized for foodborne pathogen detection. The quantification of the sensor can
also be achieved by different methods such as spectroscopic method, dark field
microscope, and micro-spectroscopy system.
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1.3.2 Silver Nanoparticles (AgNPs)

Recently, an investigation on anisotropic morphologies of metallic NPs have been
carried under large scale due to the structural, optical, electronic properties and are
superior to spherical NPs. Notably, the most striking feature of anisotropic lies “in
the appearance of plasmon band at a longer wavelength (near-infrared region) than
that of spherical NPs”(Loiseau et al. 2019a). Inspired by the AuNRs, silver nanorods
(AgNRs) were synthesized by using ascorbic acid to reduce the silver nitrate
(AgNO3) with NaBH4 and cetyltrimethylammonium bromide (CTAB). Researchers
also demonstrated the synthesis of flower-like AgNPs used as SERS substrate.
Another interesting morphology of Ag is silver nanoplates (AgNPLs), where the
lateral dimensions are more extensive than their heights. These anisotropic silver
nanoplates have vastly been used in SERS, photovoltaics, and plasmonic biosensing.
Like the AuNPs, AgNPs also demonstrate unique LSPR properties and utilize it for
the biosensing application. Colloidal AgNPs are yellow and display an absorption
band around 380 nm in the visible range of the electromagnetic spectrum (Lee and
Jun 2019). This facilitates the colorimetric detection of the target analytes by
inducing the LSPR band changes.

The application of the plasmonic nature of the AgNPs was used in a surface
plasmon resonance based on a fiber-optic (FOSPR) sensor for the detection of E. coli
O157:H7 in water and juice (Zhou et al. 2018). The antimicrobial peptide, i.e.,
Magainin I, was used as a recognition element to capture the target pathogen. The
signal was amplified by AgNPs-reduced graphene oxide nanocomposites (AgNPs-
rGO) covered with a gold film. The SPR resonance wavelength presented a linear
relationship with the target bacteria at a concentration from 1.0 � 103 to
5.0 � 107 CFU/mL with an LOD of 5.0 � 102 CFU/mL, under the optimized
experimental conditions. The FOSPR displayed 1.5 times higher sensitivity as
compared to the sensor fabricated with only AgNPs. Furthermore, the sensor was
directed to the real-time sensing of E. coli O157:H7 in food samples such as water,
fruit, and vegetable juice. Zhao et al. (2016), developed a colorimetric method based
on the LSPR of silver nano prisms (Zhao et al. 2016). In the presence of enzyme
catalase, the redox balance of silver nano prism disrupted, leading to the change in
the particles’ size and a color shift from blue to purple, red, orange, and yellow. The
color transition of Ag colloidal solutions provided a quantification of E. coli (106–
107 CFU/mL). The ability of this method to detect E. Coli was also confirmed from
the contaminated lettuce leaf. Hassan et al. (2021), developed a SERS-based detec-
tion method using the flower-like silver nanoparticles to detect pesticides
(methomyl, acetamiprid-(A.C.) and 2,4-dichlorophenoxyacetic acid-(2,4-D) resi-
due) residue from the foodstuff (Hassan et al. 2021). The results exhibited a linear
relation between the SERS signal and the pesticide concentration. The LOD of the
sensor was found to be 5.58 � 10�4, 1.88 � 10�4, and 4.72 � 10�3 μg/mL.
Table 1.2 represents various plasmonic nanoparticles, their target analytes, and the
LOD of each developed sensor. From the preceding sections, it can be concluded
that the applications of plasmonic nanoparticles for biosensing are enormous. Cur-
rent challenges include accurate control of the size, shape, and functionalization of

20 M. Torabfam et al.



Ta
b
le

1.
2

D
if
fe
re
nt

pl
as
m
on

ic
na
no

pa
rt
ic
le
s,
se
ns
in
g
pr
in
ci
pl
e,
an
d
lim

it
of

de
te
ct
io
n

N
an
op

ar
tic
le

A
ffi
ni
ty

ag
en
t

T
ar
ge
t

S
en
si
ng

P
ri
nc
ip
le

L
O
D
(C
F
U
/m

L
)

R
ea
ls
am

pl
e

m
ea
su
re
m
en
t

R
ef
.

A
uN

P
s

A
nt
ib
od

y
C
am

py
lo
ba

ct
er

je
ju
ni

S
P
R

4
�

10
4

N
A

M
as
do

r
et
al
.(
20

17
)

A
uN

P
s

A
nt
ib
od

y
E
.c
ol
i
O
15

7:
H
7

P
la
sm

on
ic

la
te
ra
l
fl
ow

as
sa
y

10
0–
60

0
L
iq
ui
d
fo
od

sy
st
em

R
en

et
al
.

(2
01

9)

A
uN

P
s

A
nt
ib
od

y
E
.c
ol
i
O
15

7:
H
7

C
ol
or
im

et
ri
c

50
C
hi
ck
en

fo
od

sa
m
pl
e

Z
he
ng

et
al
.

(2
01

9)

A
u
na
no

bo
ne
s

A
pt
am

er
E
.c
ol
i
O
15

7:
H
7

S
E
R
S

3
N
A

Z
ho

u
et
al
.

(2
02

0a
,b

)

A
uN

P
s
w
ith

st
ar
ch

m
ag
ne
tic

be
ad
s
(A

uN
P
@
S
M
B
s)

A
nt
ib
od

y
E
.c
ol
i
O
15

7:
H
7

S
E
R
S

10
N
A

Y
ou

et
al
.

(2
02

0)

A
uN

R
s@

S
iO

2
A
nt
ib
od

y
E
.c
ol
i
O
15

7:
H
7

S
E
R
S

10
N
A

S
on

g
et
al
.

(2
01

7)

F
lo
w
er
-s
ha
pe
d
A
uN

P
s

ss
D
N
A

L
is
te
ri
a
m
on

oc
yo
to
ge
ne
s

C
ol
or
im

et
ri
c

48
–
4
ng

(h
ly
A

ge
ne
)

10
0.
4
(g
en
om

ic
D
N
A
)

N
A

D
u
et
al
.

(2
01

8)

A
uN

R
s

A
nt
ib
od

y
St
ap

hy
lo
co
cc
us

au
re
us

C
ol
or
im

et
ri
c

de
te
ct
io
n

47
6

C
hi
ne
se

ca
bb

ag
e

an
d
be
ef

sa
m
pl
es

P
an
g
et
al
.

(2
01

9)

A
uN

R
s

P
ep
tid

e
E
.c
ol
i

S.
au

re
us

L
S
P
R

46
(E
.c
ol
i)
an
d

89
(S
.a

ur
eu
s)

N
A

C
he
n
et
al
.

(2
01

8)

A
uN

R
@
P
t

A
nt
ib
od

y
C
am

py
lo
ba

ct
er

je
ju
ni

S
E
R
S

50
M
ilk

sa
m
pl
e

H
e
et
al
.

(2
01

9)

A
uN

R
s

A
nt
ib
od

y
A
fl
at
ox

in
B
1

P
la
sm

on
ic

E
L
IS
A

22
.3

pg
/m

L
N
A

X
io
ng

et
al
.

(2
01

8)

A
uN

P
s

S
in
gl
e-
st
ra
nd

ed
ol
ig
on

uc
le
ot
id
e

Sa
lm
on

el
la

sp
p.

C
ol
or
im

et
ri
c

10
B
lu
e
be
rr
ie
d
an
d

ch
ic
ke
n
m
ea
t

Q
ui
nt
el
a

et
al
.(
20

19
)

(c
on

tin
ue
d)

1 Application of Nanomaterials in Food Quality Assessment 21



Ta
b
le

1.
2

(c
on

tin
ue
d)

N
an
op

ar
tic
le

A
ffi
ni
ty

ag
en
t

T
ar
ge
t

S
en
si
ng

P
ri
nc
ip
le

L
O
D
(C
F
U
/m

L
)

R
ea
ls
am

pl
e

m
ea
su
re
m
en
t

R
ef
.

A
uN

R
s

A
nt
ib
od

y
E
.c
ol
i

S
E
R
S

10
N
A

B
oz
ku

rt
et
al
.(
20

18
)

P
la
sm

on
ic
na
no

ro
d
ar
ra
y

A
nt
ib
od

y
S.

au
re
us

S
E
R
S

17
.8

N
A

Z
ha
ng

et
al
.

(2
01

8)

A
gN

P
s

A
nt
ib
od

y
E
.c
ol
i
O
15

7:
H
7,

St
ap

hy
lo
co
cc
us

au
re
us
,a

nd
Sa

lm
on

el
la

S
E
R
S

N
A

N
A

W
ei
et
al
.

(2
01

8)

A
u
na
no
fl
ow

er
A
nt
ib
od

y
E
.c
ol
i
O
15

7:
H
7

S
ca
tte
ri
ng

2.
7

P
as
te
ur
iz
ed

m
ilk

Z
ha
n
et
al
.

(2
01

9)

A
u
na
no

di
m
er
s

A
pt
am

er
S.

ty
ph

im
ur
iu
m

R
am

an
S
pe
ct
ro
sc
op

y
35

N
A

X
u
et
al
.

(2
01

8)

S
pi
ny

A
uN

P
s

A
pt
am

er
S.

ty
ph

im
ur
iu
m

S
E
R
S

4
P
or
k
sa
m
pl
e

M
a
et
al
.

(2
01

8)

F
e 3
O
4
@
A
u

A
nt
ib
od

y
V
ib
ri
o
pa

ra
ha

em
ol
yt
ic
us

S
E
R
S

14
S
al
m
on

sa
m
pl
e

D
ua
n
et
al
.

(2
01

7)

A
uN

P
s

A
nt
ib
od

y
Sa

lm
on

el
la

S
P
R

7.
6
�

10
6

C
hi
ck
en

m
ea
t

W
an
g
an
d

P
ar
k
(2
02

0)

22 M. Torabfam et al.



NPs. However, the large-scale and low-cost synthesis with uniform size and shape
will promote plasmonic nanoparticles for its wider application.

1.4 Fluorescent Nanoparticles and Their Applications in Food
Safety Monitoring

The working principle of the methods that depends on fluorescent systems is the
emission of fluorescent nanomaterial signals after exposure to radiation with a
predefined level of energy, called excitation wavelength. In other words, absorption
and emission of fluorescence radiation are considered critical factors in these
fluorescence-based techniques. Various fluorescent nanomaterials, including quan-
tum dots, upconverting nanoparticles, graphene, and carbon quantum dots, have
been utilized to detect toxins, allergens, and other food-related pathogens. This
section describes such nanoparticles (NPs), their general structural and optical
features, and their applications in food safety assessment (Pehlivan et al. 2019).

1.4.1 Quantum dots (QDs)

As a semiconductor crystalline nanostructure, QDs consist of components that
belong to groups II–VI or III–V of the periodic table (Matea et al. 2017). Their
color is influenced by the particle size, which is smaller than 10 nm, benefiting from
quantum confinement. Considering this phenomenon, along with other tunable
features, they have been more frequently used in sensing assays in comparison
with other NPs (Nsibande and Forbes 2016). Structurally, these inorganic
fluorophores are made up of a core element and covering shell. Regarding the core
part, it is frequently composed of heavy metals, such as cadmium telluride (CdTe) as
well as cadmium selenide (CdSe). Due to the higher quantum yield (the ratio of
emitted photons divided by photons absorbed) of CdSe, it has been more commonly
used in QDs synthesis. In stark contrast, however, the toxicity of this element and its
damaging impact on nature cannot be neglected. Hopefully, scientists found that
passivating the core with an inorganic shell such as zinc sulfide (ZnS) has a
significant effect on increasing quantum efficiency and decreasing toxicity by
blocking cadmium leakage (Bonilla et al. 2016). Besides being bandgap-tunable,
and their light emission can be easily adjusted along the part of the electromagnetic
spectrum ranging from 400 to 4000 nm by tuning the particle size. Reducing the
particle size leads to the emission of energy at higher levels, followed by an increase
in the energy gap (Wagner et al. 2019). It should be noted that the chemical
composition of the core part has an impact on the emission wavelength of
synthesized quantum dots. Following this, they benefit from a broader spectrum in
excitation and a narrower spectrum of emission while being compared with other
conventional fluorophores. The narrow emission spectrum paves the way for multi-
ple sensing assays. Moreover, they can quench the light more effectively at a specific
wavelength, which makes these NPs effective probe even under a low level of light
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exposure. Furthermore, these fluorophore nanostructures have high robustness
against degradation from the chemical aspect. QDs demonstrate a high spectral
shift, namely Stokes shift, which is of great importance. This feature paves the
way for developing fluorescence-based sensing methods using signals that are not
high (Reshma and Mohanan 2019). These outstanding features of QDs make these
nanostructures the best candidates for biological applications such as in vitro and
in vivo imaging (Chen et al. 2008), drug delivery (Al-Nahain et al. 2013), gene
therapy (Mansoori et al. 2014), and food science, including sensing of foodborne
pathogens and toxins (Bonilla et al. 2016).

As an example, zoonoses, which can spread widely among human being all over
the world, have become one of the main health issues over the past few years. These
pathogens lead to agricultural losses and endanger the existence of billions of
humans (McElwain and Thumbi 2017). Some of these zooneos with high infection
risk are Escherichia coli (E. coli), Listeria monocytogenes (L. monocytogenes), and
Brucella melitensis (B. melitensis) with numerous diseases. As a result, the fabrica-
tion of biosensors for the detection of these pathogens is important in food safety.
Liu et al. (2020a, b, c, d) provided peptide modified magnetic beads (MBs) by
binding biotin-modified peptide to streptavidin MBs through avidin-biotin interac-
tion, a labeling technique, and enriched the pathogens in half an hour. Following
this, polyclonal antibodies were coupled with various QDs to provide detection
probes. Combining peptide-functionalized MBs with multicolor QDs,
fluorescence-based multiple detections of bacteria was developed successfully.

Another primary concern in food safety and ecological contamination is the
remaining pesticides in food after being disposed to the water and soil. Thus,
developing a sensitive and consistent technique for the detection of these residues
is of great significance. For instance, adding diazinon, a liquid pesticide in agricul-
ture, to the soil is frequently detected in the food crops, which is a severe concern for
human health (Sullivan and Goh 2000). Arvand et al. (2019) provided a fluorescence
resonance energy transfer (FRET)-based sensor with high selectivity for sensing this
pesticide, utilizing QDs and graphene oxide (GO) as donor and quencher, respec-
tively. They modified L-cysteine-functionalized QDs with aptamer with a high
affinity for diazinon. The fluorescence emission of this conjugation was quenched
by adding GO. After adding target to the system, the growth in the donor’s
fluorescence intensity was noticed due to the separation of aptamer from acceptor
and binding to diazinon pesticide, which is a target in this sensing system (Fig. 1.3a).
In this developed aptasensor, the limit of detection (LOD) achieved by their group
was 0.13 nM.

Acetamiprid is an insecticide widely utilized as an alternative to other conven-
tional ones (Jin et al. 2016). Although this compound is organic, several health risks
can be provided by this insecticide for humans, causing severe contamination in the
environment. Therefore, the accurate tracking of this component is vital. For this
aim, an aptasensor working based on fluorescence was designed by Guo et al.
(2016). In this assay, QDs and the inner filter effect of gold nanoparticles (AuNPs)
fluorescent probes and quenchers. It should be noted that they used aptamers with
binding affinity for acetamiprid, which can attach to the AuNPs with a negative
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Fig. 1.3 (a) Schematic demonstration of the developing aptamer-based sensing platform for
diazinon detection (Chen et al. 2016a, b), (b) Graphical illustration of UCNPs-based immunosensor
designed for the detection of mycotoxins (Arvand and Mirroshandel 2019), (c) Graphical represen-
tation of MP hydrolysis along with fluorescent-based detection of MP using β-CD-MoS2 QDs
conjugation (Yi et al. 2021)
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charge to protect the NPs from salt agglomeration. Thus, the inner filter effect of
AuNPs contributed to the effectual quenching of fluorescence emitted by QDs. In
another study, Lin et al. (2016) proposed another turn-on aptamer-based biosensor
for acetamiprid. They made use of aptamer functionalized QDs along with
multiwalled carbon nanotubes (MWCNTs). Before introducing the target to the
system, the emission of QDs was quenched by MWCNTs. However, after the
addition of the target chemical, acetamiprid, aptamer bound to it. Therefore,
MWCNTs were released, which increased the intensity of fluorescence related to
the QDs. Aflatoxin B1 (AFB1) is a type of mycotoxin synthesized by Aspergillus.
As this compound can be found in food products, it poses a threat to human health
due to its toxicity and cancer-causing properties. Thus, Guo et al. (2019) provided a
fluorescence-based sensor to detect this mycotoxin. In this assay, a fluorescence
probe was formed by coating QDs with molecularly imprinted polymers. Notewor-
thy is that the developed signal-on immunoassay is an effective technique for AFB1
detection in real samples.

1.4.2 Upconversion nanoparticles (UCNPs)

Upconversion is a phenomenon that can be defined as the transition of a photon from
low energy levels to the ones with higher energy. Since many years ago, this process
has been widely investigated in various optical designs. Along with considerable
growth in nanoscience, lanthanide-doped UCNPs with enhanced efficiency and
features have been provided over the last few years (Chen and Zhao 2012). This
type of fluorescence NPs can emit light at a wavelength shorter than that of excita-
tion, thanks to the anti-Stokes shift. They can convert light absorbed in the near-
infrared region to ultraviolet by adjusting doping concentration and its ratio with the
host component (Pehlivan et al. 2019).

In the excitation region, dopant ions with considerably high concentrations were
utilized in the NIR region to prevent the autofluorescence phenomenon of biological
structures in the region from ultraviolet to visible. Equally significantly, though, their
emission spectrum can be improved in terms of the signal to noise ratio by reducing
the fluorescence from nearby entities (Yüce and Kurt 2017). Although UCNPs exist
in fewer colors than QDs, they benefit from separate and changeable excitation and
emission peaks. UCNPs consist of particles at nanoscale and lattice structure; a
sensitizer and an activator are the main components of these fluorescence NPs. The
most common lattice is NaYF4, which acts as a host material. The second compo-
nent is a sensitizer, which significantly affects light absorption by UCNPs (e.g.,
Yb3+). Activator is the last compound of these fluorescent NPs, which has a
prominent role in the emission of light at various wavelengths, leading to different
colors (e.g., Er3+, Tm3+, and Ho3+) (Sharma and Raghavarao 2018; Wilhelm 2017).
They are also desirable candidates for various applications, including bioimaging
(Wen et al. 2018), solar cells (Haase and Schäfer 2011), display equipment (Park
et al. 2017), biosensing, and food safety (Annavaram et al. 2019). Even though
UCNPs possess remarkable capabilities for various applications, several limitations
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are required to be tackled (Wilhelm 2017). For example, sulfonamides (SAs) as a
type of synthetic drug are effective in the treatment of most of the animal-related
microbial diseases (Shen et al. 2016). As the residues of this medicine that cause a
severe risk to human health can be noticed in animal-derived foods, Hu et al.
[27] developed a new method for detecting this drug. Their provided system was a
FRET-based sensor utilizing erbium-doped UCNPs and colloidal AuNPs as donor
and quencher, respectively. It should be noted that achieving results from low
fluorescence signals, being highly sensitive and selective, and low priced are salient
advantages of this turn-on sensing technique.

Molds are forming many types of mycotoxins as secondary metabolites through
food settlement. Like some of the insecticides, they can cause severe harmful
impacts on public health due to their cancer-causing features on the kidney and
other parts of the body (Chauhan et al. 2016). AFB1 and deoxynivalenol (DON) are
salient examples of which their detection is of great significance. Chen et al.
(2016a, b) developed a UCNPs-based aptasensor for multiple detections of
mycotoxins. In this fluorescence-based assay, they functionalized magnetic
nanoparticles (MNPs). They enhanced UCNPs (NaYF4: Yb/Ho/Gd and NaYF4:
Yb/Tm/Gd) with antigen and antibody to develop capture probe and signal probe.
Introducing their target mycotoxins to the mixture containing the probes mentioned
above led to the formation of UCNPs-antibody-antigen MNPs, and UCNPs-
antibody-targets based on antibody affinity for each target. Following this, a mag-
netic field was applied for separating the part, which includes MNPs, and fluores-
cence measurements were performed for the residue part (Fig. 1.3c).

In another food safety-related assay, a biosensor working based on fluorescence
was provided by Zhang et al. (2020a, b) for dual sensing of histamine and tyramine,
two types of biological amines. Considering the diseases such as heart rhythm
disorders and high blood pressure caused by immoderate consumption of these
amines in foods, developing a useful technique for their detection is significant for
human health (Erdogan et al. 2018). They functionalized NaYF4Yb, Tm, and
NaYF4Yb, Er with antibodies with an affinity for tyramine and histamine. Moreover,
magnetic microspheres were examined as binding couples of target antigens to
develop a biosensing probe. The tendency of this probe for binding to a signal
probe takes it into the competition with targets. Finally, the amount of tyramine and
histamine was measured by fluorescence intensity obtained at 483 and 550 nm
wavelengths. The LOD obtained by this biosensor for tyramine and histamine was
0.1 mg L�1 and 0.01 mg L�1, respectively. In the case of evaluation of the provided
fluorescence-based sensor specificity, nonspecific targets including phenylethyl-
amine, serotonin, histidine, octopamine, spermidine, tryptamine, spermine, and
tyrosine were tested. There was no effective interaction between antibody and
other nonspecific analytes which indicates high specificity of provided sensor.

Atrazine is a type of herbicide useful for preventing undesirable vegetation. Due
to its resistance in nature, it can be noticed in soil and water. This compound in food
crops considering its high toxicity is cause for concern regarding human health. In
one recent research, Sheng et al. (2019) modified Er-doped UCNPs with a specific
antibody of atrazine to form a signal probe. In the case of the biosensing probe,
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antigen-modified polystyrene magnetic microspheres were utilized. There is a com-
petition between antigen located on biosensing probe and atrazine for being attached
to the antibody to develop the immune conjugate. This step was followed by
applying a magnetic field to separate conjugates and measuring fluorescence inten-
sity. Noteworthy is that the LOD for atrazine was 2 ng L�1 in water samples taken
from the river.

1.4.3 Other Fluorescent Nanoparticles

It has been a decade passed from the first synthesis of carbon QDs which was
initially nominated as carbon NPs. However, these days they are entitled as carbon
dots (CDs) due to resemblances in their physicochemical and optical features with
QDs (Jelinek, 2017). Possessing a broad absorption spectrum and being chemically
stable are striking features related to CDs as fluorescent NP of carbon with size
between 1 and 10 nm, which have made the center of attention in recent years
(Li et al. 2019). Same as other fluorescent NPs, emitting light at different
wavelengths bring them to the center of attention for a variety of applications,
including biosensing, drug delivery, cancer therapy, and food safety. The feature
that makes these NPs stand out among others is being made up of carbons that are
not toxic, and plenty of them can be found in nature. As a result, they are great
candidates for application in which toxicity matters. Following this, being biode-
gradable due to its components is another important factor that makes these NPs an
ideal alternative to other fluorescent NPs (Jelinek 2017).

Furthermore, carbons are mostly bound to other carbon atoms through sp2 and sp3

hybridization. They frequently have the shape of a crystal or do not have any distinct
structure. It should be pointed out that the solubility of CDs in frequently used
solvents can be improved by their surface modification with functional groups such
as carboxyl (Molaei 2019). In food safety, shellfish allergy has been diagnosed as a
severe threat to human health over the past few years. Therefore, the detection of
arginine kinase, known as the primary cause of shellfish, is vital for public health.
For this aim, Zhou et al. (2020a, b) provided a fluorescence probe using fluorescence
emission of synthesized carboxyl functionalized CDs and the quenching feature of
GO and successfully achieved a detection limit of 0.14 ng/mL for sensing arginine
kinase. In another food safety-related assay, Hu et al. (2021) used CDs provided by a
one-pot green method in fluorescence-based sensing of E. coli in milk. As a donor
fluorophore, CDs were modified with aptamer with specificity for E. coli. Addition-
ally, they functionalized MNPs with DNA, which has a complementary strand of the
E. coli aptamer. Incubating the target with CDs-MNPs conjugates led to reducing
fluorescence intensity obtained from the fluorescent spectra of CDs, signifying
signal-off sensing. In one recent experiment, Hu et al. (2019) developed AuNPs-
CDs conjugate to detect melamine in milk. In the food industry, this nitrogen-based
target is added illegally to raise apparent protein percentage in milk, which poses a
threat to human health due to its combination with cyanuric acid. The detection limit
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achieved in this assay was 3.6 nM. It is worth noting that increasing the amount of
melamine incubated with the conjugation resulted in fluorescence intensity.

Another fluorescent NPs which have been widely utilized in providing
fluorescence-based detection methods over recent years are silicon quantum dots
(SiQDs). Besides being eco-friendly, highly soluble in common solvents, and
biodegradable, they can be easily functionalized with other components that enhance
their usage in sensing systems. In one experiment, SiQDs were produced by Wei
et al. (2021) through a one-step method for sensing nitrite, a chemical compound
which its immoderate amounts in food are damaging for human health. The capabil-
ity of nitrite in quenching the fluorescence radiation emitted by these quantum dots
owing to photoinduced electron transfer paves the way for target detection. With
regard to the detection limit, they reached 25 nM in food samples. Moreover,
molybdenum disulfide quantum dots (MoS2 QDs) as fluorescent NPs are suitable
for designing of detection platform in recent years. They exhibit fluorescent emission
thanks to quantum confinement, and they are surface modifiable. To improve the
fluorescence probe’s sensitivity, the above-mentioned QDs can be modified with
β-cyclodextrin (β-CD). This compound has some features such as hydrophilic
exterior and hydrophobic internal space, which makes it a potential candidate for
being used as a host in host-guest bindings. In one assay, Yi et al. (2021) provided a
fluorescence probe by functionalizing MoS2 QDs with β-CD to detect the analyte
parathion-methyl (MP), an insecticide which its accumulation in food can cause
harmful effects on human health. As can be seen in Fig. 1.3d, MoS2 QDs were
functionalized by 3-aminophenyl boronic acid (APBA) through amidation. It was
followed by conjugating with β-CD to form a fluorescence probe. Additionally, the
MP turned to p-nitrophenol through a hydrolysis reaction. Following this,
p-nitrophenol developed complex with β-CD through host-guest binding, which
led to effectual quenching of the fluorescence emitted from β-CD-MoS2 QDs.
Because the increase in MP concentration leads to a reduction in the intensity, target
concentration can be accurately determined using this turn-off method.

Pieces of graphene at the nanoscale are named graphene quantum dots (GQDs).
During the past decade, they have become a center of attention in developing sensing
platforms, thanks to their characteristics, such as photoluminescence features. How-
ever, their quantum yields are noticeably lower than other fluorescent NPs. To
undertake this barrier, scientists doped them with heteroatoms, including sulfur
and nitrogen (Yang et al. 2015). As an example, a FRET-based detection approach
was designed and provided by Nemati et al. (2018) for ethion sensing in the
existence of Hg2+. This sensing system’s target is a pesticide which its residue in
food crops should be monitored to improve the safety of food. Mercury ions bind to
the surface of S and N doped GQDs with a negative charge (act as a donor). Before
the addition of ethion, Hg2+ quenched the fluorescence emission of the donor. After
introducing the target, Hg2+ bound to ethion, which results in the recovery of N and
S doped GQDs. The concentration of ethion could be accurately determined using
the intensity change because of the target added to the system. It is worth mentioning
that 8 mg/L’s detection limit was achieved in this sensing-based assay. In Table 1.3,
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fluorescent NPs, affinity agents, target analytes, and the detection limit of each
provided fluorescence-based sensor are represented.

1.5 Conclusion

The impact of nanoscience on the food industry cannot be neglected that it fulfills
various requirements and contributes to undertaking the obstacles. Many articles in
this field indicates the effective use of NPs in developing cost-effective, environ-
mentally friendly sensors with high sensitivity and selectivity. Carbon-based and
plasmonic/metallic NPs and fluorescent NPs, including QDs and UCNPs, are among
the NPs which are useful for sensing food-related toxins, allergens, chemicals,
pathogens, and enterotoxins over the past few years. Furthermore, aptamers and
antibodies are salient examples of frequently used affinity agents for developing
sensing platforms. Moveable analytic sensors with high efficiency can be developed
to detect food-related analytes with considerably lower LODs in real samples. Most
of these platforms possess great potential for highly selective multiplex sensing of
more than one target simultaneously, which leads to time-saving detection of targets.
The tables prepared in this chapter summarize NP-based sensing principles, food-
related targets, and their detection limits, affinity agents, and applicability of
methods for real sample measurements. Though sensing techniques which are
based on nanoscience have numerous pros in comparison with other techniques,
from many aspects such as LOD, and selectivity, their efficacious application in the
above-mentioned field for various sorts of real sample measurements is still consid-
ered as demanding issue because of the samples with complex nature and difficulties
in sample separation steps. Developing robust and operational sample separation
methods can significantly enhance the applicability of the detection techniques.
Although these methods were assessed using real samples, only a few food samples
were utilized for performance studies. However, using a diversity of real samples for
sensing assays and comparing them with other conventional techniques can contrib-
ute to undertaking the issue as mentioned above. Other challenging issues are the
intricate NP synthesis process along with costly precursors, which can be overcome
by discovery of low-priced and efficient synthesis techniques. Additionally, some of
the disease-causing pathogens cannot be noticed by available detection platforms
due to the insufficiency of the detection agents. To conclude, the construction of
novel, selective, multiplexed, and cost-effective sensing methods based on stable
engineered NPs and target-specific affinity probes may revolutionize the field in near
future.
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Electrochemical Biosensors for Food Safety
Control in Food Processing 2
Malvano Francesca, Pilloton Roberto, and Albanese Donatella

Abstract

Foods from animal and plant origin may represent vehicles of different
contaminants (chemical and microbiological) which are responsible for many
foodborne diseases. Foods can be contaminated during all stages of the food
chain by pathogenic bacteria or chemical compounds originated by environmen-
tal pollution or uncorrected use of crop protection products. Food safety is
therefore a very important issue in the actual context of the intensive development
of the food products. Nutrient monitoring and fast screening of contaminants
represent some of the key issues in the agri-food field for assessment of food
quality and safety. Conventional methods in food safety analysis are laborious,
time-consuming, and require skilled technicians. The demand for the develop-
ment of simple, fast, accurate, low-cost, and portable analytical instruments is
growing and biosensors appear to meet these requirements. A biosensor is an
analytical device used to quantify the target of interest in a sample. Generally, it
comprises a biorecognition element which is specific toward the target. Molecular
recognition events between the recognition element and the target compound
elicit a physiochemical or biological signal, which is converted into a measurable
quantity by the transducer. The choice of biological element and the optimum
transducer depends on the properties of the sample of interest and the type of
physical magnitude to be measured. The application of biosensors in food safety
analysis sheds new light on the efficient and rapid detection of foodborne toxins,

M. Francesca · A. Donatella (*)
Department of Industrial Engineering, University of Salerno, Fisciano, SA, Italy
e-mail: dalbanese@unisa.it

P. Roberto
Department of Chemistry and Material Technology, Institute of Crystallography of the National
Council of Research (CNR), Monterotondo Scalo, Rome, Italy

# The Author(s), under exclusive licence to Springer Nature Singapore Pte
Ltd. 2022
P. Chandra, P. S. Panesar (eds.), Nanosensing and Bioanalytical Technologies
in Food Quality Control, https://doi.org/10.1007/978-981-16-7029-9_2

45

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7029-9_2&domain=pdf
mailto:dalbanese@unisa.it
https://doi.org/10.1007/978-981-16-7029-9_2#DOI


allergens, pathogens, toxic chemicals, heavy metals, and other contaminants. In
particular, among the variously reported biosensors, electrochemical biosensors
have been very popular and widely used due to their simple and well-understood
bio-interaction and detection process. Electrochemical biosensors are based on
the measurement of the electrical properties of the sample due to the chemical
reaction between immobilized biomolecules and the analyte of interest; they use a
transducer where electrochemical signals are generated during biochemical
reactions and are monitored using suitable potentiometric, amperometric, con-
ductimetric, impedimetric systems of analysis. Therefore, electrochemical
biosensors represent a promising tool for food analysis due to the possibility of
satisfying specific demands that the classic methods of analysis do not attain:
advantages as high selectivity and specificity, which allows the detection of a
broad spectrum of analytes in complex samples with minimum sample
pretreatment, relatively low cost of construction, the potential for miniaturization,
easier automation, and simple and portable equipment construction. Based on the
above, this chapter wants to provide general information about biosensors and to
highlight the current situation in the literature on electrochemical biosensors for
the detection of some microbiological and chemical hazards in food processing.

Keywords

Food safety · Label-free biosensors · Electrochemical impedance spectroscopy

2.1 Introduction

Illnesses resulting from foodborne diseases have become one of the most widespread
public health problems in the world today. Internationally, foodborne diseases
associated with microbial pathogens, toxins, and chemical contaminants in food
present a serious threat to the health of millions of individuals (Redmond and Griffith
2003). Therefore, the assessment of food safety is one key area for the modern food
industry. Food from animal and plant origin may represent vehicles of chemical and
microbiological contaminants which are responsible for many foodborne diseases.
Foods can be contaminated during all stages of the food chain by pathogenic bacteria
or chemical compounds originated by environmental pollution or uncorrected use of
crop protection products. Food safety is therefore a very important issue in the actual
context of the intensive development of food products. The monitoring and fast
screening of contaminants represent some of the key issues in the agri-food field for
assessment of food quality and safety. Conventional methods in food safety analysis
are expensive, laborious, time-consuming, and require skilled technicians
(Campuzano et al. 2017). The demand for the development of simple, fast, accurate,
low-cost, and portable analytical instruments able to monitor the presence of food
hazards is a primary need in the food industry and the biosensors appear to meet
these requirements. International Union of Pure and Applied Chemistry (IUPAC)
proposed a very stringent definition of a biosensor: “A biosensor is a self-confident
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integrated device which is capable of providing specific quantitative or semi-
quantitative analytical information using a biological recognition element (bio-
chemical receptor) which is in direct spatial contact with a transducer element. A
biosensor should be clearly distinguished from a bioanalytical system which
requires additional steps, such as reagents addition” (Thevenot et al. 2001). Briefly,
a biosensor can be defined as an analytical device characterized by a biological
recognition element in close or integrated with a detector to identify the presence of
one or more specific analytes and their concentrations in a sample (Fig. 2.1). A
biosensor aims to provide rapid, real-time, and reliable information about the
biochemical composition of its surrounding environment; ideally, it is a device
that is capable of responding continuously, reversibly without perturbing the sample
(Chandra et al. 2012; Choudhary et al. 2016; Deka et al. 2018; Mahato et al. 2018;
Verma et al. 2019).

Biosensors can be classified in agreement with the type of recognition element or
the type of signal transduction. As regards the first classification, biosensors are
divided into two main groups: catalytic and affinity biosensors. In the first case, the
recognition element can be characterized by enzymes, whole cells (bacteria, fungi,
cells, yeast), cell organelles, and plant or animal tissue slices. The catalytic sensors
have the longest tradition in the field of biosensors: historically, glucose sensing has
dominated the biosensor literature and has delivered huge commercial successes to
the field. As concerns the affinity biosensors, the biomolecule can be represented by
chemoreceptors, antibodies, nucleic acids; they provide selective interactions with a
ligand to form a thermodynamically stable complex. The most developed examples
of biosensors using complexing receptors are immunosensors, based on the interac-
tion process between an antigen with its specific antibody.

Related to the classification based on transducers, a wide variety of transduction
techniques have been developed in biosensing technology; in particular, the most

Fig. 2.1 Schematic diagram of a biosensor
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common are optical, piezoelectric, calorimetric and electrochemical (Thakur and
Ragavan 2012).

It is fair to support that most biosensors reported in the literature are based on
electrochemical transducers: recent studies have shown that electrochemical-based
sensors are the most common and, in particular, electrochemical affinity biosensors
are particularly interesting in food analysis (Campuzano et al. 2017; Roariu et al.
2016). This may not be surprising considering that the electrochemical transduction
shows, more than others, many advantages including low instrumentation costs, high
sensitivity, ease of miniaturization, and relatively simple instrumentation; all these
features are highly compatible with portable devices (Malvano et al. 2020).

Furthermore, is worth highlighting that, among electrochemical transducers, the
impedimetric ones are optimal for label-free detection of bio-interaction, which is
based on the direct measurement of phenomena occurring during the biochemical
reactions on a transducer surface, concerning a “labeled” detection which relies on
the investigation of a specific label (fluorophores, magnetic beads, active enzyme,
etc.) (Daniels and Pourmand 2007).

Electrochemical Impedance Spectroscopy is, in fact, a powerful, non-destructive
and informative technique, which can be used to study the electrical properties of the
sensing device interface and tracing the reaction occurring on it. The application of
impedance as a transduction technique, based on the direct monitoring of the
interaction between the bioreceptor and its target, enables the production of label-
free biosensors for food analysis with significant advantages over labeled ones. By
avoiding the laborious and expensive labeling steps, which can cause loss of affinity
between the labeled receptor and its target and decrease reproducibility, sensitivity,
and selectivity of the biosensor, the use of label-free monitoring reduces biosensor
costs and allows analysis in a short time (Rhouati et al. 2016). Thanks to the EIS
transduction technique, food biosensor analysis is performed in real-time by study-
ing the change in electrical properties of the electrode surface which depends only on
the binding interaction between the analyte and its receptor.

Thus, to respond to the need for food safety control, label-free affinity biosensors
can be considered as the most relevant devices for fast measurements of food hazards
in food processes, being able to detect a wide range of chemical and microbiological
risks through the use of appropriate biomolecules.

In this regard, the last decade has observed phenomenal growth in the field of
electrochemical affinity biosensors for analyses of food and beverage, in particular
for food safety monitoring.

2.2 Electrochemical Biosensor for Food Safety

This chapter provides an overview of the potential application of electrochemical
biosensors for the analysis of chemicals and microorganisms that affect food safety,
discussing some examples of the latest advances in this field. A focus on the most
commonly responsible for food contaminations, including toxins and mycotoxins,
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pesticides, pathogenic bacteria will be presented, pointing out the advantages of
electrochemical transduction techniques applied on affinity biosensors.

2.2.1 Mycotoxins

Mycotoxins are a varied group of toxic secondary metabolites produced by molds.
They are thermally stable and notoriously toxic, teratogenic, mutagenic, and carci-
nogenic, which can enter into the human food chain causing severe impact on human
health. The risk of mycotoxins are well-recognized worldwide and also the incidence
of these compounds is a universal problem: they affect a broad range of agricultural
products including cereals, cereal-based foods, dried fruits, wine, milk, coffee beans,
cocoa, bakery and meat products, which are the basis of the economies of many
developing countries (Evtugyn and Hianik 2019).

The most relevant mycotoxins under a toxicological and legislative point of view
are the ochratoxins and aflatoxins; their chemical structures are represented in
Fig. 2.2.

In the latest years, there has been a significant effort to improve analytical
approaches for the effective determination of mycotoxins: common analytical
methods like capillary electrophoresis, and chromatography techniques linked to
mass spectrometry (LC-MS, GC-MS), reliable but characterized by sophisticated
and expensive instruments and not suitable for real-time and on-site application, try
to be replaced with innovative biosensor technologies to obtain reliable, fast, and
sensitive measurements with high selectivity and reduced cost.

Among mycotoxins, Ochratoxin A (OTA) is one of the most abundant in a wide
range of agricultural commodities, ranging from cereals grains to dried fruits to wine
and coffee, in a few micrograms per kilogram amounts. In the European Union, the

Fig. 2.2 Chemical structures
of the main aflatoxins and
ochratoxins
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maximum limits established for OTA in different food products are fixed in Com-
mission Regulation (EC) N� 1881/2006 and ranged from 10 μg/kg for instant coffee
and dried fruits to 0.5 μg/kg for dietary foods intended specifically for infants.

Different electrochemical immunosensors have been reported in the literature for
the detection of OTA amount in food matrices at least equal to the acceptable limits
of OTA allowed by regulation.

Badea et al. (2016) immobilized monoclonal antibody on screen-printed gold
electrodes through bovine serum albumin used as “anchor” for the covalent immo-
bilization of the anti-OTA antibodies: all the steps of the immunosensor construction
and also the immunochemical reaction between surface-bound antibody and OTA
were analyzed using cyclic voltammetry and electrochemical impedance spectros-
copy. The specific interaction between antibody and OTA induces an increase in
electron transfer resistance at the interface sensor/solution that is correlated with the
concentration of OTA in the sample: the detection of OTA was achieved by EIS in
the linear range 2.5–100 ng/mL. The developed immunosensor was also used to
detect OTA amounts in licorice extracts samples.

Malvano et al. (2016a) proposed two different antibody immobilization
techniques on gold electrodes: oriented and not oriented. The comparison between
the two monoclonal anti-OTA immobilization procedures underlined the advantages
of oriented one, which showed a more ordered and homogeneous antibody layer that
guarantees a higher number of molecules effectively exposed to antigen interaction.
The linear range (0.05–25 μg/kg), the very low detection limit (0.05 μg/kg), and high
sensitivity (26.45 kΩ mL/ng) showed the potential of the immunosensor as a highly
capable analytical device for fast measurement of OTA traces. Tests with cocoa
beans were also performed by the authors to study the feasibility of applying the
immunosensor for the detection of OTA in food samples.

To exploit the advantages of cheap electrodes, characterized by low-cost fabrica-
tion and mass production, Malvano et al. (2016b) proposed a capacitive OTA
immunosensor on screen-printed carbon electrode modified with electrodeposited
gold nanoparticles. Using the electrochemical impedance spectroscopy it was
observed that the capacitance was the best parameter that described the reproducible
change in electrical properties of the electrode surface at different OTA
concentrations, and it was used to investigate the analytical performances of the
developed immunosensor. Under optimized conditions of monoclonal antibody
amount, the immunosensor showed a wide linear range between 0.3 and 20 ng/mL
with a limit of detection of 0.34 ng/mL, making it suitable for the analytical
determination of OTA in food matrices.

Despite the high selectivity guaranteed by the use of antibodies, the main
drawback for the development of immunosensors is due to the high cost of specific
monoclonal antibodies used for the biorecognition process. Nucleic acid aptamers,
obtained by the in vitro selection process SELEX, represent an alternative approach
of receptors for affinity biosensors production. The use of aptamers as biomolecular
recognition is justified by their low-cost synthesis, high reproducibility, and higher
stability due to their nucleic-acid chemical nature. Additionally, they can be easily
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combined with different chemical labels/groups that provide flexibility for adapta-
tion to different platforms (Miranda-Castro et al. 2016).

In addition to the choice of aptamers as alternative biorecognition molecules,
nanostructured platforms based on conductive materials, including conducting
polymers, gold nanoparticles (AuNPs), quantum dots (QDs), magnetic beads and
carbon nanomaterials, represented, in the latest years, an interesting approach for
electrochemical signal enhancement, to improve sensitivity and the stability of
biomolecules activity (Campuzano et al. 2017).

To improve the electrical conductivity of the non-homogeneous electrode
surfaces, Rivas et al. (2015) developed an impedimetric biosensor using a 3-
0-aminated aptamer selective to OTA recognition. The immobilization of the aptamer
was carried out, on screen-printed carbon electrodes modified with an
electropolymerized film of polythionine and iridium oxide nanoparticles (IrO2
NPs). The aptasensor showed the lowest limits of detection reported so far label-
free impedimetric detection of OTA, equal to 5.65 ng/kg.

Mejri-Omrani et al. (2016) covered the surface of a gold electrode with a
conductive polypyrrole layer and used fourth-generation polyamide amine
dendrimers for the covalent immobilization of an aptamer for OTA detection formed
by 36 nucleotides with the sequence NH2-(CH2)6–-
50GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-30.

The aptasensor showed a range of up to 5 μg/L and a detection limit of 2 ng/L of
OTA, and no matrix effects were observed during the analysis of OTA in red wine.

In more recent years, metallic nanomaterials advantage was exploited for the
development of electrochemical label-free aptasensors. Gold nanoparticles com-
bined with carboxylic porous carbon represented an excellent carrier for both the
immobilization of DNA-aptamers and the amplification of the impedimetric signal
(Wei and Zhang 2017). Under optimized conditions, the change in the charge
transfer resistance of the electrode showed a log-linear relationship to OTA concen-
tration in the range 10�8

–0.1 ng/mL, with the limit of detection equal to 10�8 ng/mL.
Recovery studies were performed in soybean samples by spiking 10�6 ng/mL and
recoveries ranged from 95% to 108%.

A more complex structure based on bimetallic (Cu–Co) Prussian Blue analogs
(PBAs) coupled to gold nanoparticles was used to develop an impedimetric
aptasensor (Gu et al. 2019). The chemical composition and crystal structure of the
bimetallic matrix guaranteed excellent electrochemical conductivity and strong
aptamer binding interaction, achieving a very low limit of detection equal to
5.2 fg/mL.

In addition to Ochratoxins, Aflatoxins are a group of mycotoxins characterized by
a great carcinogenic power. Coupling the advantages and the effectiveness of
monoclonal antibodies with different strategies for signal enhancement, a lot of
electrochemical label-free immunosensors were proposed in literature characterized
by satisfactory performances.

Li et al. (2017) constructed a label-free impedimetric immunosensor based on
gold three-dimensional nanotube ensembles: AFB1 monoclonal antibodies were
immobilized on the surface using a staphylococcus protein A layer, obtaining a
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limit of detection equal to 1 pg/mL. In another example, Costa’s group reported an
impedimetric immunosensor based on carbon nanotubes and an Au electrode for
monitoring AFB1 (Costa et al. 2017): in this immunosensor, the carbon nanotubes
exhibited an exceptional surface/volume ratio and excellent electrical properties.

Bhardwaj et al. (2019) showed an immunosensor in which anti-AFB1 was
immobilized on the surface of an ITO glass electrode coated with graphene QDs
and AuNPs: the electrocatalytic activity of the AuNPs improved the electronic
properties of the composite GQDs-AuNPs, reaching a linear range from 0.1 to
3.0 ng/mL. Yagati’s group reported an impedimetric immunosensor that selectively
detects AFB1 at the lowest level by utilizing polyaniline nanofibers (PANI) coated
with gold (Au) nanoparticles composite-based indium tin oxide (ITO) disk
electrodes. The Au-PANI acted as an effective sensing platform having high surface
area, electrochemical conductivity, and biocompatibility which enabled greater
loading deposits of capture antibodies. As a result, the presence of AFB1 has
screened in a linear range 0.1–100 ng/mL with a detection limit of 0.05 ng/mL
(Yagati et al. 2018).

A platform of Poly(3,4-ethylenedioxythiophene) (PEDOT) and graphene oxide
(GO) composite decorated with spherical gold nanoparticles (AuNPs) has been used
for the immobilization of anti-aflatoxin B1 covalently immobilized using EDC/NHS
coupling. The proposed amperometric immunosensor exhibits a very high sensitivity
within two linear range of 0.5–20 ng/mL and 20–60 ng/mL, respectively (Sharma
et al. 2018).

A ferrocene-modified gold electrode was proposed by Malvano et al. (2019) as a
platform for the immobilization of monoclonal anti-AFB1. In this work, the authors
developed a label-free immunosensor, using the impedimetric technique,
characterized by linearity in the range 0.01–10 ng/mL and a limit of detection of
0.01 ng/mL.

In more recent years, different electrochemical aptasensors with optimum
performances were developed in alternatives to immunosensors. A very novel
magnetically assembled aptasensing device has been designed for label-free deter-
mination of AFB1 by employing a disposable screen-printed carbon electrode
covered with a polydimethylsiloxane (PDMS) film (Wang et al. 2018a, b). The
bio-probes were firstly prepared by immobilization of the thiolated aptamers on the
Fe3O4Au magnetic beads, which were rapidly assembled on the working electrode
of SPCE, by using a magnet placed at the opposite side. The developed method
allowed the construction of an impedimetric aptasensor with a wide linear range
between 20 pg/mL and 50 ng/mL with a low detection limit of 15 pg/mL,
opportunely used in peanuts samples.

Aptamer against AFM1 was immobilized on a glassy carbon electrode covered
with polymeric neutral red (NR) dye obtained by electropolymerization. In the
presence of AFM1, the cathodic peak current related to the NR conversion decreases
and an increase of the charge transfer resistance measured by electrochemical
impedance spectroscopy was observed. In optimal conditions, this makes it possible
to determine AFM1 from 5 to 120 ng/L in standard solutions with a limit of detection
of 0.5 ng/L. The aptasensor was validated on the spiked samples of cow and sheep
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milk, reaching a reliable detection of the 40–160 ng/kg of mycotoxin (Smolko et al.
2018).

Ochratoxins and Aflatoxins are the most common mycotoxins present in the food
sample, but there are other substances, less common but not with less harmful effects
on human health. The following table (Table 2.1) summarizes some recent example
of electrochemical affinity biosensors developed for the detection of different toxins
and mycotoxins.

Table 2.1 Electrochemical affinity biosensors for mycotoxins detection

Analyte Interface
Transduction
technique Range LOD Reference

Patulin AuE/ZnONRs/
AuNPs/Apt

DPV 0.5–
50 ng/mL

0.27 pg/
mL

He and
Dong
(2018)

Zearalenone SPCE/BSA/MAb DPV 0.25–
256 ng/
mL

0.25 ng/
mL

Yugender
Goud et al.
(2017)

Zearalenone AuE/p-PtNTs/
AuNPs/thionin
labeled GO

AMP 0.5 pg/
mL–
0.5 μg/
mL

0.17 pg/
mL

He and Yan
(2019)

Fumonisin
F1

GCE/AuNPs/Apt EIS 0.1–
100 nM

2 pM Chen et al.
(2015)

Zearalenone GCE/Au-Pt
NPs/MAb

DPV 0.005–
50 ng/mL

0.5 pg/
mL

Liu et al.
(2017)

Zearalenone GCE/chitosan/
conjugate of
zearalenone with
BSA

DPV 10 pg/
mL–
1000 ng/
mL

4.7 pg/
mL

Xu et al.
(2017a, b)

Zearalenone SPCE/Fe2O3/HRP DPV 1.88–
45 ng/mL

0.57 ng/
mL,

Regiart
et al. (2018)

DON GCE/AuNPs/
4nitrophenylazo

EIS 6–30 ng/
mL

0.3 ng/
mL

Sunday
et al. (2015)

DON SPCE/AuNPs/
Polypyrrole/Ab

DPV 0.05–
1 ppm

8.6 ppb Lu et al.
(2016)

Fumonisin
B1

SPCE/AuNPs/
Polypyrrole/Ab

DPV 0.2–
4.5 ppm

4.2 ppb Lu et al.
(2016)

Fumonisin
B1

GCE/chitosan/DON-
BSA

DPV 0.01–
1000 ng/
mL

5 pg/
mL

Qing et al.
(2016)

T-2 Toxin GCE/chitosan/DON-
BSA

DPV 0.01–
100 μg/
mL

0.13 μg/
mL,

Wang et al.
(2018a, b)

AuE:gold electrode; SPCE: screen-printed carbon electrode; ZnONRs: ZnO nanorods; Apt:
aptamer; BSA: bovine serum albumin; MAb: monoclonal antibody; p-PtNTs: porous platinum
nanotubes; AuNPs: Gold nanoparticles; GCE: glassy carbon electrode; Au-Pt NPs: gold-platinum
nanoparticles; HRP: Horseradish peroxidase
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2.2.2 Pathogenic Bacteria

Foodborne illnesses caused by pathogenic bacteria represent an important threat to
the health of people. Pathogens are infectious agents that cause disease; they include
microorganisms such as fungi, bacteria, and molecular scale infectious agents
including viruses and prions. Among these, Escherichia coli O157:H7, Salmonella,
Listeria monocytogenes, Campylobacter, Helicobacter, Staphylococcus aureus, and
Bacillus cereus are the most common and are responsible for approximately 90% of
all foodborne diseases (Dye 2014).

Conventional methods for pathogenic bacterial identification involve various
culturing techniques and different biochemical tests which are very time-consuming,
requiring 2–4 days. Analysis time and sensitivity are the most important limitations
related to the usefulness of bacterial testing. An extremely selective detection
methodology was also required because low numbers of pathogenic bacteria are
often present in a complex biological sample along with many other nonpathogenic
bacteria. Tedious and time-consuming detection methods have prompted several
groups in recent years to develop other techniques to reduce the detection time like
Polymerase Chain Reaction (PCR) and Enzyme-Linked Immunosorbent Assay
(ELISA). However, both techniques have limitations that exclude their extensive
implementation. These limitations include accurate primer designing, the require-
ment of specific labeled secondary antibodies, and their failure to distinguish spore
viability (Cesewski and Johnson 2020).

Recently, numerous electrochemical biosensors have been developed using
impedimetric, potentiometric, and voltammetric techniques for the detection of
several bacteria and parasites: a lot of novel approaches of working modification
were carried out to develop very sensitive electrochemical biosensors.

E. coli are bacteria that naturally occur in the intestinal tracts of humans and
warm-blooded animals to help the body synthesize vitamins. One pathogenic strain,
E. coli O157:H7, produces toxins that damage the lining of the intestine, causes
anemia, stomach cramps and bloody diarrhea, and serious complications called
hemolytic uremic syndrome (HUS) and thrombotic thrombocytopenic purpura
(TTP). Several electrochemical biosensors have been developed for the detection
of this pathogenic bacteria in food products (Doyle 1991).

An electrochemical immunosensor for rapid detection of E. coli O157:H7 have
been proposed by Xu et al. (2017a, b): the immunosensor was prepared by layer-by-
layer assembly involving the formation of 11-amino-1-undecanethiol self-assembled
monolayer onto a gold electrode and the immobilization of AuNPs followed by the
incorporation of Chitosan-MWCNTs–SiO2/thionine nanocomposites and AuNPs
multilayer films. Finally, anti-E.coli O157:H7 antibodies were covalently bound
and electrochemical impedance spectroscopy was used to obtain a calibration
curve for heat-killed E. coli O157:H7, by measuring the increase in the charge
transfer resistance as the antigen concentration increased. The working range was
4.12 � 102–4.12 � 105 CFU/mL.

Gold microelectrodes modified with maleic anhydride/(hycroxyethyl)-
methacrylate polymer film were used to immobilize anti-E.coli and to develop a
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capacitive label-free immunosensor able to detect E.Coli cells at least equal to
70 CFU/mL (Idil et al. 2017). Graphene electrodes were modified with chitosan/
polypyrrole/carbon nanotubes/gold nanoparticles layer (Guner et al. 2017) and
CuO/cysteine (Pandey et al. 2017) for the immobilization of monoclonal antibodies
to detect E. Coli O157:H7 at least equal to 30 CFU/mL and 3.8 CFU/mL,
respectively.

Malvano et al. proposed two different impedimetric immunosensors for the
sensitive detection of E. coli O157:H7: in the first one, monoclonal antibodies
were immobilized on a strontium titanate perovskite layer (SrTiO3) synthesized on
a platinum electrode. Under optimized conditions, the capacitive immunosensor
showed a detection range from 101 to 107 CFU/mL and an LOD of 10 CFU/mL
(Malvano et al. 2018a). A lower limit of detection (3 CFU/mL) was found afterward
exploiting the high conductive properties of ferrocene-modified gold electrodes use
as a platform for the antibodies immobilization. The immunosensor was used to
analyze milk and meat samples obtaining a good agreement with the results of
ELISA analysis (Malvano et al. 2018b).

More recently, Jafari et al. (2019) used a TEOS/MTMS sol-gel on gold
microelectrodes to immobilize monoclonal antibodies for E. Coli O157:H7 detec-
tion. Through electrochemical impedance spectroscopy transduction technique, the
immunosensor was able to detect the microorganism with a limit of detection equal
to 1 CFU/mL. The same limit of detection was reached by Wilson et al. (2019) using
an Ag-interdigitated microelectrode array through the immobilization of a peptide as
a biorecognition element.

As regards other pathogenic bacteria responsible for foodborne diseases,
Sheikhzadeh et al. (2016) reported the combination of poly[pyrrole-co-3-carboxyl-
pyrrole] copolymer and aptamer for the development of a label-free electrochemical
biosensor suitable for the detection of S. Typhimurium. Impedimetric measurements
were facilitated by the effect of the aptamer/target interaction on the intrinsic
conjugation of the copolymer and subsequently on its electrical properties. The
aptasensor detected S. Typhimurium in the concentration range 102–108 CFU/mL
with high selectivity and with a limit of quantification of 100 CFU/mL and a limit of
detection of 3 CFU/mL. The suitability of the aptasensor for real sample detection
was demonstrated via recovery studies performed in spiked apple juice samples.

A label-free impedimetric aptamer-based biosensor for S. typhimurium was also
fabricated by grafting a diazonium-supporting layer onto SPCEs followed by the
immobilization of an aminated-aptamer. This strategy allowed obtaining a dense
aptamer layer, which resulted in high sensitivity with a limit of detection of 8 CFU/
mL (Bagheryan et al. 2016). Also, a novel outer membrane antigen (OmpD) was
used for the first time as a surface biomarker for detecting S. typhimurium. Anti-
OmpD antibody was used as detector probe in an impedimetric immunosensor using
graphene-graphene oxide-modified SPCEs. The developed method was able to
selectively detect S. typhimurium in spiked water and juice samples with a sensitivity
up to 10 CFU/mL (Mutreja et al. 2016).
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Izadi et al. (2016) proposed an electrochemical DNA-based biosensor for Bacillus
cereus in milk and infant formula. They explored AuNPs to prepare a modified
pencil graphite electrode that could detect Bacillus cereus as low as 100 CFU/mL.

Gold-interdigitated electrode arrays were realized for the detection of
L. monocytogenes, using polyclonal antibodies: the devices were able to detect
until 160 CFU/mL (Chen et al. 2016) and 39 CFU/mL of bacteria (Wang et al.
2017a, b), using different antibodies immobilization techniques.

Other electrochemical biosensing platforms have also been reported for the
determination of S.aureus. CNT-coated Au-tungsten microwire electrodes (Yamada
et al. 2016) and PEI/CNT composite on Au microwire electrode (Lee and Jun 2016)
were used as a platform for the immobilization of polyclonal antibodies. Both the
biosensors were able to show the same LOD of 100 CFU/mL. Higher performance in
the detection limit was reached by Primiceri et al. (2016) who proposed a biochip
based on an interdigitated microelectrode array able to quantitatively detect two of
the most common food-associated pathogens, Listeria monocytogenes and Staphy-
lococcus aureus, with a detection limit as low as 5.00 CFU/mL for L. monocytogenes
and 1.26 CFU/mL for S. aureus.

2.2.3 Pesticides

According to the US Environmental Protection Agency (EPA), pesticides are
defined as any substance or mixture of substances intended for repelling, destroying,
or controlling any pest. Due to their high insecticidal activity, they are widely used in
agriculture to protect crops and seeds by destroying insects, bacteria, and rodents and
other weed animals (World Health Organization 2016).

However, the presence of pesticide residue in food, water, and soil has become a
very critical problem in environmental chemistry.

Pesticides are classified in several ways, according to their toxicity (dangerous,
highly dangerous, moderately dangerous, and slightly dangerous) and their lifetime
(permanent, persistent, moderately persistent, and not persistent). Often, they are
classified according to the use as insecticides, miticides, herbicides, nematicides,
fungicides, molluscicides, and rodenticides. Referring to the chemical structure, the
commonly reported main classes are organochlorines, organophosphates,
carbamates, and pyrethroids. In addition to these common classes of pesticides,
there are other chemical classes employed as herbicides, hormonal, amides, nitro
compounds, benzimidazoles, bipyridyl compounds, ethylene dibromide, sulfur-
containing compounds, copper, or mercury, among others. (Garcia et al. 2012).

The monitoring and the fast quantification of pesticides and their residues have
become extremely important to ensure compliance with legal limits. The analysis of
these compounds is an important issue due to their potential bioaccumulation, high
toxicity, and their long-term damage risk, also for the use at low concentration. Food
safety assurance requires fast and easy analytical tools to work alongside confirma-
tory methods such as chromatography coupled to mass spectrometry that require
very expensive equipment, long analysis times, high reagent sample volumes, and
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qualified personnel (Kumar et al. 2015). Due to these limits, alternative
methodologies for pesticide detection have been recommended in the last few
years: the most relevant ones are those based on electrochemical methods.
Table 2.2 summarizes the strategies and features of the electrochemical
immunosensors developed for the quantification of different kinds of pesticides in
food products.

The most used approach for the electrochemical label-free biosensors based on
non-competitive pesticides detection was Electrochemical Impedance Spectroscopy
but also voltammetry technologies were adopted.

In 2017, a very innovative enzyme inhibition-based biosensor, immobilizing
AChE enzyme on cysteamine-modified electrode, was proposed to sensitively detect
carbamate and organophosphate compounds with an extremely fast response. The
working principle of the biosensor is based on the high-affinity interaction between
the investigated pesticides (Carbaryl, Paraquat, Kresomix–Methyl, Dichlorvos,
Chlorpyrifos–Methyl Pestanal, Phosmet) and the active site of the enzyme. The
capability of CBs and OPs compound to form a very stable complex with the enzyme
causes an impedimetric change, allowing to go up very fast to the presence of the
toxic compounds in food matrices. The proposed biosensor showed linearity
between 5 and 170 ppb for carbamates and 2.5–170 ppb for organophosphate
compounds (Malvano et al. 2017).

As highlighted above, also for pesticide detection nucleic acid aptamers have
represented an alternative approach in the biosensor field. Novel aptasensors based
on the impedimetric and voltammetric transduction techniques were developed in
the last years; strategies and features are summarized in Table 2.3.

Detection limits at the picomolar level are reported for a lot of the developed
assays and the proposed sensors show that the combination of novel transduction
materials and strategies with improved recognition elements can push toward lower
and lower achievable detection limits.

2.3 Future Perspectives

Ensuring food safety is the main interest both for the food industry and for
consumers. The guarantee of food safety requires fast and specific controls for all
contaminants, chemicals, and bacteria, which are harmful to human health.

Despite common analytical techniques that are time-consuming, require highly
trained personnel, are expensive and require steps of sample pretreatment, increasing
the time of analysis, among food and beverage industries exists a growing demand in
biosensing technologies as simple, rapid, cheap, low-cost, and portable analytical
devices for the monitoring of chemical and microbiological contaminants (toxins,
mycotoxins, pathogenic bacteria, pesticides, and allergens) that endanger the food
safety. In particular, the electrochemical biosensors systems have been demonstrated
to have advantages like portability, shortened analysis time, ease of operation,
novice-friendly, and direct analysis with no sample preparation procedures. Thus,
the electrochemical sensing arrays have been acknowledged as reliable tools for
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automated on-site analysis of mycotoxins in food processing and manufacturing
industries.

Moreover, research results achieved in recent years confirm that nanomaterial
usage had been rapidly growing in the development of electrochemical biosensors.
Analytical performances of the biosensors.

systems increased enormously with the incorporation of nanomaterials: low
detection limits up to sub/picomolar and sub/femtomolar levels and wide linear
analytical ranges were achieved with nanomaterials and nanocomposites of syner-
getic combinations.

Therefore, the development of new materials and the application of
nanostructures to biosensor systems could lead to the development of highly sophis-
ticated analytical systems.

The speed of analysis and the low cost of the transduction instrumentation makes
the electrochemical biosensors the most promising devices, for routine applications
by common users, ensuring high analytical performance in terms of sensitivity and
low detection limits.
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Aptamer-Based Sensors for Drug Analysis 3
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Abstract

The uncontrolled use of drugs endangers human health and causes drastic eco-
nomic losses and irreparable consequences. Today, there is a great demand to
introduce accurate, potent, real-time, and rapid methodologies for sensitive
detection and quantification of drugs. To overcome this challenging difficulty,
biosensors have been introduced as valuable tools. Among the diverse kinds of
biosensors, aptamer-based biosensors (aptasensors) have evolved as novel
candidates for the sensitive evaluation of different groups of drugs, owing to
their superior specificity, sensitivity, and selectivity. This chapter encompasses
the recent progress in the development of aptasensors to quantitatively monitor
various types of drugs. Besides, sensing mechanisms associated with the
aptasensors are given that provide ideas to develop the novel aptasensing
platforms as the portable test kits for the on-site detection of drugs.
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3.1 Introduction

The rapid, sensitive, and on-site detection of chemicals, toxins, pollutants,
pesticides, disease markers, and drugs is a challenging issue. There are diverse
conventional analytical methods for detection and quantitative measurements of
these substances, such as liquid chromatography-mass spectrometry (LC-MS),
mass spectroscopy (MS), liquid chromatography (LC), gas chromatography (GC),
and high-performance capillary electrophoresis (HPCE). Despite their high accu-
racy, the methods are intricate and time-consuming under the restrictions like high
cost, cumbersome sample preparation, operational complexity, and poor anti-
inference that make them impractical for the rapid and on-site analyte detection
(Cheng et al. 2020; Sharma et al. 2020; Yan et al. 2018). Therefore, new strategies
for the facile, sensitive, fast, and selective detection of the analytes are intensively
desired. To achieve the requirement, biosensors are introduced as the efficient
additions to analytical sensing assays with high potential for the quantitative high-
throughput analyte monitoring (Chandra et al. 2012; Choudhary et al. 2016; Deka
et al. 2018; Mahato et al. 2018; Verma et al. 2019). The enzyme-linked immunosor-
bent assay (ELISA) is applied as the common biochemistry test strips for the rapid
target detection. Unfortunately, the deficiencies of limited lifetime, instability,
affecting the sample matrix, storage difficulty, and denaturing of enzyme induced
by severe experiential conditions restrict their application (Cao et al. 2014; Bahadır
and Sezgintürk 2015; Han et al. 2013; Syshchyk et al. 2015; Othman et al. 2016).
Hence, aptamers have been introduced as the efficient biorecognition elements for
designing aptamer-based biosensors (aptasensors). Aptamers are short single-
stranded oligonucleotide sequences, obtained by systematic evolution of ligands
exponential enrichment (SELEX) as an artificial screening method. They capture the
specific targets with high specificity and binding affinity through conformational
changes. Aptamers possess supreme features, such as cost-effective synthesis, high
thermal and chemical stability, and adaptive modification, that convert them to the
promising segments for biosensing assays (Ha et al. 2017; Dirkzwager et al. 2016;
Jin et al. 2017).

Despite the usage of aptasensors for the highly sensitive detection of targets, there
is still an urgent requirement for facile, portable, user-friendly, and disposable point-
of-care (POC) diagnostic assays. Hence, microfluidic biosensing devices have
received a great attention as the equipment-free lab-on-chip approaches for the
robust consumer diagnostics, particularly in the regions lacking laboratory analytical
tools. The supreme characteristics of microfluidic assays, such as low-reagent
consumption, high-throughput, and rapidity accompanied with significant features
of aptasensors provides the opportunity to design microfluidic aptasensor platforms
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for the highly sensitive on-site diagnostics (Jin et al. 2017; Ma et al. 2018; Lin et al.
2016). This chapter provides a comprehensive study on the recent advances in the
aptasensor technology to detect diverse drug groups. This study can provide an
advanced perspective for designing the promising portable aptasensing test strips for
drug detection.

3.2 Antibiotic Drugs

3.2.1 Aminoglycosides

Aminoglycoside antibiotics are effective clinical drugs derived from Streptomyces
species or generated synthetically that include the diverse sub-classes, such as
kanamycin, tobramycin, gentamicin, neomycin, and so on (Hu et al. 2018a; Edson
and Terrell 1999). Aminoglycosides are extensively utilized to prevent or treat
bacterial infections through binding to the prokaryotic ribosomal sites that results
in the mRNA mistranslation, message readout imperfection, and finally, bacterial
cell death (Hermann 2007; Vicens and Westhof 2003; Auerbach et al. 2004; Tor
2006; Purohit and Stern 1994). The marvelous inhibition effect to bacteria makes
aminoglycosides advantageous in therapy, pharmaceutical industry, fishery, etc.
However, their overuse arouses some serious problems for environmental safety
and human health. The accumulation of aminoglycosides in human body causes the
inevitable threats, such as renal toxicity, hearing loss, respiratory failure, and allergic
reactions (Zhou et al. 2020a; Azadbakht and Abbasi 2019). Hence, their monitoring
is very substantial for human safety (Derbyshire et al. 2012; McGlinchey et al.
2008).

3.2.1.1 Kanamycin
Wang et al. (2020) developed a label-free fluorescent aptasensor for the kanamycin
detection by using gold nanoparticles (AuNPs) for quenching the carbon dots (CDs)
fluorescence. In the absence of target, the specific aptamer was adsorbed on the
AuNPs surface that induced a dispersion state of AuNPs. Subsequently, the effective
quenching of CDs was achieved based on the inner filter effect (IFE) strategy. Upon
adding kanamycin, the specific aptamer interacted with the target, resulting in the
AuNPs aggregation in the high salt concentration. So, the CDs fluorescence
appeared as a sign of the kanamycin presence. The aptasensor showed a linearity
to kanamycin in the range of 0.04–0.24 μM with the limit of detection (LOD) of
18 nM.

Jiang et al. (2019) introduced an ultrasensitive aptasensor for the monitoring of
kanamycin by using AuNPs-coated Ag shell layer and surface-enhanced Raman
spectroscopy (SERS). In the absence of kanamycin, the DNA probe embedded on
the Au@Ag core-shell was hybridized with the Cy3-labeled aptamer. So, the close
proximity of the Cy-3 molecule to the Ag shell triggered the signal enhancement.
With adding kanamycin, the release of the specific aptamer from the Au@Ag core-
shell was induced that weakened the Raman signals of Cy3 molecule. The designed
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aptasensor is advantageous for the fast and accurate sensing of the antibiotic. The
aptasensor could detect kanamycin in the concentration range of 0 μg mL�1 to
100 ng mL�1 with the LOD of 0.90 pg mL�1.

In addition, our team recently designed a fluorescent aptasensor to determine
kanamycin, which used Rhodamine B with the role of fluorescent probe (Dehghani
et al. 2018). The mesoporous silica nanoparticles (MSNs) were applied whose pores
were filled with the fluorescent probe, and then, capped with the aptamer/comple-
mentary strand (dsDNA). Upon the addition of kanamycin, the aptamer-target
complex was formed. Thus, the aptamer was separated from the complementary
strand, leading to uncapping of the MSNs gates, the release of Rhodamine B, and
increasing the fluorescence response. The lowest detectable concentration of kana-
mycin with this aptasensor was reported to be 7.5 nM with a linear ranges of
24.75–137.15 nM.

3.2.1.2 Tobramycin
Shang et al. (2019) constructed a sensitive photoelectrochemical aptasensing plat-
form to monitor tobramycin as illustrated in Fig. 3.1. An amorphous MoSx (a-MoSx)
@ZnO core-shell nanorod (NR) array was grown on the indium tin oxide (ITO).
Then, the platform was coated with chitosan to obtain more stable sensing platform
and provide the anchors for attaching the aptamer. The specific aptamer was
immobilized on the ITO/a-MoSx@ZnO NR array modified electrode through the
phosphoramidate bond between the phosphate segment of the aptamer and amino
group of chitosan. With adding tobramycin, the aptamer-tobramycin was obtained
that reduced the photocurrent. The LOD was obtained as low as 5.7 pg mL�1. The
designed aptasensor provided a label-free, facile, and cost-effective strategy to
sensitively monitor tobramycin.

Our team developed a fluorescent aptasensor for tobramycin detection, which
used PicoGreen (PG) as a fluorescence light-up probe (Khajavian et al. 2021). The
aptasensor was engineered in such a way that a triple structure, called three-way
junction (3WJ) structure, was formed with participation of a complementary strand.
By the formation of the structure, more double-stranded regions were created for the
PG intercalation, resulting in an improved fluorescent intensity. Conversely, in the
presence of tobramycin, the aptamers interacted with the target. Hence, the comple-
mentary strand could no longer bind to its matching sequences. So, fewer double-
stranded regions were available for PG, leading to drastically reduced fluorescence
intensity. The proposed sensor was tested to measure the different amounts of the
spiked concentrations of tobramycin in the real human serum sample with the LOD
of 321.2 nM and two linear zones of 5–20 μM and 20–300 μM.

3.2.1.3 Streptomycin
Yin et al. (2017) designed a novel electrochemical aptasensing platform for the
highly sensitive detection of streptomycin by using carbon nanorods and Fe3O4-
AuNPs-doped graphene (CNR-Fe3O4-AuNPs-GR) nanocomposites as the signal
amplifier agent through providing the high surface area and large pore volume.
First, the GCE electrode was modified by the CNR-Fe3O4-AuNPs-GR
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nanocomposite that supplied a great number of binding sites for the aptamer
immobilizations on the electrode through the strong interaction between AuNPs
and the thiol group of the aptamer. In the presence of streptomycin, the immobilized
specific aptamer on the CNR-GR-modified electrode interacted with the target and
changed the electron transfer. The aptasensor exhibited a wide linearity to strepto-
mycin in the range of 0.05–200 ng mL�1 with the LOD of 0.028 ng mL�1.

Taghdisi et al. (2016) introduced a fluorescence aptasensor by utilization of
SYBR Gold dye and Exonuclease III (EXO III) enzyme for the streptomycin
detection. In the absence of the target, by adding EXO III into the system, the
double-stranded DNA was degraded, resulting in a low fluorescence response.
However, the aptamer/target conjugate was formed with the addition of streptomy-
cin, and the complementary strand separated from the aptamer. Subsequently, it led
to more aptamer protection against Exo III enzyme. After adding SYBR Gold, a
strong fluorescence intensity was achieved. The low detection limit of streptomycin
was obtained up to 54.5 nM.

3.2.1.4 Neomycin
Khavani et al. (2019) theoretically designed new RNA aptamers for Neomycin B
based on the mutation of the SELEX-introduced aptamer. The binding affinity and
sensing ability of the designed aptamers toward the target were examined from the
theoretical viewpoint. The theoretically designed aptamers with better binding
affinity were then applied to experimentally develop a simple colorimetric
aptasensor by using AuNPs. In the absence of the target, a red color solution was
observed by the stabilized AuNPs with aptamers after addition of NaCl. In the
presence of Neomycin B, the interacted aptamer with the target could not protect
AuNPs from the salt-induced aggregation that led to the change of the color solution
to blue. As the advantageous of the approach, Neomycin B could be detected more
sensitively by using the theoretically designed aptamer in comparison with the
SELEX-introduced RNA strand. The LOD was obtained 27 nM for the Neomycin
B detection.

Ling et al. (2016) designed a sensitive fluorescent aptasensor for the Neomycin B
detection based on the aptamer self-assembly on AuNPs. The Neomycin B-specific
aptamer was first cleaved between the rA14 and rG15 ribonucleotides at the end of
pentaloop zone to obtain two shorter segments (NEO1 and NEO2). The NEO1
strand was modified through the attachment of the polythymidine spacer and
polyadenosine tail to have an upright structure for ligand binding and adopt the
anchoring block for the preferential attachment to the AuNPs surface. The presence
of Neomycin B induced the assembly of the FAM-labeled NEO2 on the surface of
AuNPs through forming the binding pockets with the NEO1 strand. So, fluorescence
quenching of the aptasensor was achieved as the result of the proximity of the
FAM-labeled NEO2 to AuNPs. A low LOD of 0.01 μM with a linear concentration
range of 0.1–10 μM was achieved by the aptasensor.
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3.2.2 b-Lactams

β-Lactam antibiotics are a broad class of the antibacterial agents. They include
penicillins, monobactams, cephalosporins, and carbapenems. β-Lactams are effi-
ciently applied to treat the bacterial infection, and their presence in the dairy products
have great impact on human health. However, the imprudent utilization of β-Lactam
antibiotics may damage human health by antibiotic resistance and allergic reactions.
So, it is necessary to develop sensing techniques for their sensitive detection
(He et al. 2020; Zhao et al. 2016; Pandey and Cascella 2020).

Yan et al. (2020) developed a photoelectrochemical sensing platform to monitor
ampicillin by using AgBiS2 dual-sensitized Zn/Co bimetallic oxide (ZnxCo3�xO4)
dodecahedron and nitrogen-doped graphene quantum dots (N-GQDs) (Fig. 3.2). The
ZnxCo3�xO4 dodecahedron with the unique porous structure and large surface area
provided the impressive active sites that shortened the photoelectrons transmission
path. The N-GQDs and eco-friendly AgBiS2 with the up-conversion effect and
optimal band gap, respectively, were applied for strengthening the aptasensor

Fig. 3.2 Schematic illustration of the synthesis of ZnxCo3-xO4/N-GQDs/AgBiS2 composite (a),
and the construction process of the aptasensor for detection of ampicillin (b). Reprinted with
permission from reference Yan et al. (2020)
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response. To construct the aptasensor, the specific aptamer was fixed on the surface
of the modified electrode by the ZnxCo3�xO4/N-GQDs/AgBiS2. After adding ampi-
cillin, the ampicillin-aptamer complex was formed on the modified electrode that
improved the photocurrent. The aptasensor exhibited a linearity to ampicillin in the
range of 0.5 pM–10 nM with the LOD of 0.25 pM.

Recently, our team introduced a fluorescent aptasensor for the ampicillin moni-
toring, by using 3,4,9,10-perylenetetracarboxylic acid diimide (PTCDI) as a
low-cost and accessible fluorophore (Esmaelpourfarkhani et al. 2020). The
ampicillin-specific aptamer was immobilized on the AuNPs surface. Under the
addition of ampicillin, the aptamer-target complex was formed; hence, the comple-
mentary strand (CS) was separated from the aptamer and exposed to PTCDI after the
centrifugation, leading to a reduction in the fluorescence intensity, because of the
PTCDI aggregation of by the CS. The LOD of the proposed aptasensor was reported
29.2 pM with a broad linear range from 100 pM to 1000 pM.

3.2.3 Fluoroquinolones

Fluoroquinolones are a class of antibiotics, commonly utilized to prevent or treat
certain bacterial infections, such as sinusitis, pneumonia, bacterial bronchitis,
typhoid fever, anthrax, and urinary infections. These antibiotics contain the
sub-groups of gemifloxacin, delafloxacin, ciprofloxacin, levofloxacin, norfloxacin,
moxifloxacin, and ofloxacin. In spite of their great application, fluoroquinolones
include serious side effects, such as nausea, vomiting, diarrhea, seizures, tendon
rupture, angioedema, and hallucinations (Mathews et al. 2019; LiverTox 2020; Grill
and Maganti 2011). Hence, it is required to develop ultrasensitive detection
approaches for monitoring of fluoroquinolones.

Hu et al. (2018b) designed a novel electrochemical aptasensing platform to detect
ciprofloxacin as a second generation of fluoroquinolones. The screen-printed carbon
electrode (SPCE) was functionalized by carbon nanotube (CNT)-V2O5-chitosan
(CS) nanocomposites that provided a large surface for the aptamer immobilization.
In the presence of ciprofloxacin, the aptamer-ciprofloxacin complex was formed on
the surface of the electrode that decreased the electron transfer, due to additional
negative charges caused by phenolic and carboxylic acid moieties in the construction
of ciprofloxacin, repelling ([Fe(CN)6]

4�/3� anions. The designed aptasensor could
detect ciprofloxacin in the concentration range of 0.5–8.0 ng mL�1 with the LOD of
0.5 ng mL21. The applicability of the aptasensor was verified through the successful
monitoring of ciprofloxacin in milk samples. The aptasensor possesses the features
of low-cost, stability, simplicity, and miniaturized device.

Our team constructed an electrochemical sensing approach for the ciprofloxacin
detection by using a single-stranded DNA-binding protein (SSB) (Abnous et al.
2017). In the target absence, SSB as a negative charge barrier interacted with the
immobilized single-stranded DNA aptamer with high affinity. So, the access of [Fe
(CN)6]

3�/4� redox probe to the surface of the gold electrode strongly reduced,
resulting in a weak current signal. When the ciprofloxacin was introduced into the
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system, the SSB could no longer bind to the aptamer because of the formation of the
target-aptamer complex, eventually leading to an enhancement in the obtained
signal. The aptasensor was tested in the different media, such as water, serum, and
milk samples with the LODs of 261, 336, and 351 pM, respectively.

3.2.4 Sulfonamides

Sulfonamides are synthetic bacteriostatic antibiotics that competitively inhibit the
enzyme dihydropteroate synthase (DHPS) as an effective enzyme in folate synthesis.
Sulfonamides include mafenide, sulfacetamide, sulfadiazine, sulfanilamide,
sulfasalazine, sulfadimethoxine, sulfamethizole, sulfamethoxazole, sulfisoxazole,
and sulfonamidochrysoidine. They are applied to treat cough and allergies, as well
as antifungal functions. However, they are potent to cause some untoward reactions,
e.g., porphyria, hemopoietic and urinary tract disorders, and hypersensitivity
reactions (Carta et al. 2012; Liu et al. 2019; Tian et al. 2020).

Yan et al. (2017) developed a simple colorimetric aptasensor to quantify
sulfadimethoxine based on the peroxidase-like function of AuNPs. In the absence
of sulfadimethoxine, the aptamer covered the surface of AuNPs and disabled their
peroxidase-like activity. With adding sulfadimethoxine, the specific aptamer
desorbed from the surface of AuNPs through binding to its target. Subsequently,
the peroxidase-like activity of AuNPs was recovered and catalyzed the oxidation of
3,30,50,50-tetramethylbenzidine (TMB) by H2O2, leading to a change of the color
solution from red to blue. Sulfadimethoxine could be detected by the designed
aptasensor in the concentration range of 0.01–1000 μg mL�1 with the LOD of
10 ng mL21. The potential applicability of the aptasensor was confirmed by moni-
toring sulfadimethoxine in milk samples. The aptasensing method is simple and low
cost with a response time less than 15 min that makes it well suited for rapid target
screening in foodstuffs.

Chen et al. introduced a fluorescent aptasensor for quantitative monitoring of
sulfadimethoxine (Chen et al. 2020). In the absence of sulfadimethoxine, the specific
aptamer interacted with AuNPs; and after adding the complementary strand of
aptamer and SYBR Green I dye to the supernatant, no fluorescence response was
obtained. SYBR Green I is a dye which can selectively interact with double-stranded
DNA (dsDNA) and make sharp fluorescence emission. While, the aptamer specifi-
cally interacted with the target in the target presence. So, a significant fluorescence
emission was observed after adding the complementary strand and SYBR Green I to
the supernatant because of the formation of dsDNA. The linear concentration range
of 2–300 ng mL�1 with the LOD of 3.41 ng mL�1 was achieved for detecting
sulfadimethoxine by the aptasensor. The properties of simple, label-free, and fast
detection make the aptasensor appropriate for applying it in the real sample analysis.

Bai et al. constructed a simple electrochemical aptasensor for the
sulfadimethoxine determination based on the cleavage function of nuclease P1
(Bai et al. 2019). The complementary strand was fixed on the electrode surface.
The specific aptamer was also fixed on the electrode surface through its interaction
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with the complementary strand and formed dsDNA on it. Owing to dsDNA forma-
tion, the activity of Nuclease P1 as a single-stranded-specific endonuclease was
efficiently blocked and a great number of the anti-dsDNA antibody was placed on
the electrode surface, obtaining a weak electrochemical signal. In the target pres-
ence, the sulfadimethoxine-aptamer complex was formed that released the aptamer
from the electrode and facilitated digestion of the complementary strand by nuclease
P1. So, the anti-dsDNA antibody could not be immobilized on the electrode surface,
enhancing the response signal. Sulfadimethoxine could be determined with the linear
range of 0.1–500 nM and the LOD of 0.038 nM. Although the aptasensing method
possesses highly specificity and reproducibility, being time-consuming restricts its
widespread application.

3.2.5 Chloramphenicol

Chloramphenicol antibiotic is greatly used in the treatment of many infectious
diseases, such as plague, cholera, meningitis, and typhoid fever, due to the properties
of effectiveness and cheapness (Lofrano et al. 2016; Wu et al. 2015). However, its
residues found in animal-derived foods such as meat, milk, and honey are inherently
toxic and possess side effects on the human, which can lead to some diseases, e.g.,
anemia, bone marrow, kidney damage, and leucopenia (Hanekamp and Bast 2015;
Roushani et al. 2020; Bangemann 1994). Hence, the development of the rapid,
sensitive, and facile sensing methods for the chloramphenicol identification is very
important.

Wu et al. introduced a novel colorimetric aptasensor for the rapid monitoring of
chloramphenicol (Wu et al. 2019a). In the target absence, the specific aptamer was
adsorbed on the surface of AuNPs through the interaction between Au and the
aptamer bases. Following the addition of La3+ ion, it strongly interacted with the
aptamer and altered AuNPs form dispersed to the aggregated state, accompanying
with altering the color from red to blue. With adding the target, the aptamer
combined with chloramphenicol and did not bind to AuNPs. Then, the aptamer/
chloramphenicol complex interacted with La3+ ion. Consequently, the dispersed
AuNPs induced a red color solution. The linear detection range from 0 to 450 nM
with the LOD of 5.88 nM were obtained for chloramphenicol detection.

Tu et al. (2020) developed a sensitive aptasensing strategy based on triple-helix
molecular switch (THMS) aptamer. The signal transduction probe (STP) strand
modified with the FAM fluorophore and BHQ1 quencher showed a weak fluores-
cence, due to the proximity of the BHQ1 and FAM segments. After adding the
specific aptamer, the STP strand hybridized with aptamer and formed THMS that
significantly enhanced the fluorescence response through elongation of the distance
between the FAM and BHQ1 segments. With introducing the target, the aptamer
interacted with it and released the STP strand, resulting in a quenched fluorescence
response. The linear range of 5 nM to 0.1 μMwith the LOD of 1.2 nMwere achieved
for detecting the target by the aptasensor. It was successfully utilized to quantify
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chloramphenicol in honey samples. Besides, the aptasensing method possesses the
features of low cost, simple operation, and short response time.

Wang et al. (2018) described a photoelectrochemical aptasensor to monitor
chloramphenicol by using TiO2 nanorod array (NRA) and Eu(III)-doped CdS
quantum dots (QDs). The modification of the fluorine-doped tin oxide (FTO)
electrode was done by NRA and QDs that provided a great number of the binding
sites for the aptamer attachment. Chloramphenicol interacted with the specific
aptamer on the electrode, reducing the photocurrent response as a sign for the target
presence. The aptasensor could detect chloramphenicol in the linear range of 1.0
pM–3.0 nMwith the LOD of 0.36 pM. As a consequence, utilizing QDs in designing
the aptasensors can be novel to improve their efficiency.

3.2.6 Tetracyclines

Tetracyclines as a group of important broad-spectrum antibiotics are extensively
applied in medicine and foodstuff to prevent diseases and promote animal growth.
They are divided into some sub-groups, including tetracycline, chlortetracycline,
oxytetracycline, and doxycycline. Unfortunately, the abuse of tetracyclines causes
their accumulation in animal-derived foods that results in serious threats to human
health, such as chronic toxicity, liver damage, allergic reactions, and gastrointestinal
disturbance (Sun et al. 2018; Rad and Azadbakht 2019; Jalalian et al. 2018).

Ramezani et al. (2015) designed a simple colorimetric aptasensor to quantita-
tively monitor tetracycline. A THMS aptamer structure was formed by interacting
the STP strand and specific aptamer. In the absence of the target, the THMS structure
remained stable and was not able to protect AuNPs from the salt-induced aggrega-
tion, inducing in a change of the solution color from red to blue. With adding
tetracycline, the specific aptamer interacted with the target and released the STP
strand. So, the STP strand was adsorbed on the AuNPs surface that led to the well-
dispersed AuNPs with a red color. Tetracycline could be detected by the aptasensor
in the linear range of 0.3–10 nM with the LOD of 266 pM.

Rouhbakhsh et al. (2020) constructed a novel liquid crystal-based aptasensor for
the ultrasensitive tetracycline detection. Based on Fig. 3.3, the aptasensor was
assembled by the aptamer immobilization onto the silane-modified glass that
induced the homeotropic alignment of liquid crystals. In the presence of tetracycline,
the aptamer-target complex was formed that disturbed the orientation of liquid
crystals, leading to the change of the optical response from a dark to bright. The
label-free aptasensor especially monitored the trace level of tetracycline as low as 0.5
pM. As a consequence, utilization of liquid crystals in designing aptasensors
provides the advantage of detecting targets in ultra-low levels.
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3.3 Chemotherapeutic Drugs

Chemotherapy has been introduced to the medical field more than 50 years ago as an
advantageous way to treat cancer. This type of cancer treatment applies one or more
anticancer drugs, called chemotherapeutic agents, which serves a variety of
purposes, including intention of treatment, prolonging lifespan, and reducing
symptoms (Alfarouk et al. 2015; Johnstone et al. 2002). To quantitatively monitor
the level of chemotherapeutic drugs, diminish their toxicity, and attain the desired
therapeutic purpose, it is crucial to develop reliable and sensitive sensing methods.
Over the past few decades, aptamer-based sensors have demonstrated the benefits of
high sensitivity, fast response, and low cost as the promising option for rapid and
real-time detection of chemotherapeutic agents during the cancer treatment (Sun
et al. 2019; Bahner et al. 2018; Alkahtani 2020; Blum et al. 1973; Akiyama et al.
2008; Kato et al. 2018).

Fig. 3.3 Schematic illustration of the liquid-based aptasensor for the highly sensitive detection of
tetracycline. Reprinted with permission from reference Rouhbakhsh et al. (2020)
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3.3.1 Bleomycin

Bleomycin (BLM) is an antitumor antibiotic obtained from Streptomyces verticillus,
with chemotherapeutic application for clinical treatment of some special cancers,
such as Hodgkin’s disease, malignant pleural effusions, non-Hodgkin lymphoma,
and testicular cancer (Blum et al. 1973). The BLM antitumor activity is thought to
result from its ability through a metal-dependent oxidative cleavage of DNA in the
presence of oxygen (Akiyama et al. 2008). However, sometimes BLM can cause
some serious side effects, such as particularly pulmonary fibrosis and renal toxicity
(Kato et al. 2018). Thus, it is important to evaluate BLM concentration in clinical
and pharmaceutical samples.

Zhou et al. (2018) designed a novel aptasensor to detect trace amounts of BLM in
the different aqueous environments. Two types of aptasensors were synthesized
based on bimetallic core-shell Prussian blue analog (PBA), including CuFe@FeFe
and AgNCs/Apt@CuFe@FeFe nanospheres. The Fe(II)�BLM complex was formed
through the potent coordination interaction between BLM and plentiful Fe(II) ions
involved in CuFe@FeFe PBA nanospheres. The Fe(II)�BLM complexes were able to
cause an irreversible cleavage in the aptamer strands, leading to the significant
changes in the electrochemical signals (Fig. 3.4). The coupling of AgNCs/Apt to
the CuFe@FeFe-based aptasensor could both improve its sensing performance and
shorten its fabrication process. The target was detected with the LOD of 0.49 fg mL�1

in the concentration range of 1.0 fg mL�1 to 2.0 ng mL�1. The AgNCs/
Apt@CuFe@FeFe-based aptasensor could monitor BLM in the concentration
range of 0.01 fg mL�1 to 0.1 pg mL�1 with an extremely low LOD of
0.0082 fg mL�1. Both the CuFe@FeFe- and AgNCs/Apt@CuFe@FeFe-based
aptasensors displayed good stability, great selectivity, and excellent functionality
in water, milk, and human serum samples.

Sun et al. (2019) described a dual-mode aptasensor based on the CdS-In2S3
composite for the BLM detection. The dual-mode response of the aptasensor was
based on the photofuel cell (PFC) and photoelectrochemical (PEC) performance. In
the PEC aptasensor, CdS-In2S3 plays the role of the photoactive substantial. After
BLM interaction with the immobilized binding aptamer on the surface of
CdS-In2S3, the photocurrent response reduced as a sign for the BLM presence. In
the PFC aptasensor, CdS-In2S3 plays the role of photoanode, which caused the
oxidation of water to oxygen under the visible light illumination. The produced
oxygen reduced on the Pt cathode, resulting in the generation of electricity. Hence,
the detection signal could be provided without the presence of an external electrical
power source. The PEC and PFC aptasensors could detect BLM with the LODs of
0.85 nM and 1.0 nM in the concentration linear range of 5.0–250 nM and
10–250 nM, respectively.
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3.3.2 Daunorubicin

Daunorubicin (DNR) is an anticancer drug that can intercalate into the DNA
structure in cell nuclei and subsequently prevent the proliferation of cancer cells.
Lin et al. (2014) designed an aptasensor for the DNR diagnosis based on CuInS2
quantum dot (CuInS2 QDs) conjugate with the MUC1 aptamer that could detect it by
altering the photoluminescence response of CuInS2 QDs. The fluorescence intensity
of the MUC1-QDs conjugate clearly diminished with the increase of the DNR
concentration. The LOD of 19 nM with the linear detection range of 33–88 nM
were obtained by the aptasensor.

Chandra et al. (2011) developed an effective aptasensor for the electrochemical
detection of DNR, in which phosphatidylserine (PS) and DNR aptamer were used as
the bioreceptors. PS and DNR-binding aptamer were fixed on AuNPs, modified by a
conducting polymer [2,20:50,200-terthiophene-30-( p-benzoic acid)] (polyTTBA). The
DNR-aptamer and DNR-PS interactions on the surface of AuNPs induced the
current response. The LOD of 52.3 � 2.1 pM with the dynamic range of
0.1–60.0 nM were obtained for the DNR analysis.

Fig. 3.4 Schematic representation of (a) the construction of the BLM aptasensors based on
AgNCs/Apt@CuFe@FeFe PBA and CuFe@FeFe PBA; and (b) Detection of BLM and electro-
chemical signal out. Reprinted with permission from reference Zhou et al. (2018)
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3.3.3 Doxorubicin

The diagnosis of doxorubicin (Dox) as a chemotherapeutic agent is very important
because of its toxic effect on proliferating cells and strong side effects, especially
cardiac toxicity (Weiss 1992).

Bahner et al. (2018) developed an aptasensor to electrochemically detect Dox
with a three-electrode system in which the modified aptamer was placed on the gold
electrodes through a self-assembly process. The interaction between Dox and
immobilized aptamer prevented the access of [Fe(CN)6]

3�/4 to the gold electrode
that led to an enhancement in the impedance spectra. The LOD of 28 nM with a
linear range of 31–125 nM were obtained for the Dox monitoring.

3.3.4 Irinotecan

Idili et al. (2019) developed a special and sensitive electrochemical aptasensor which
could measure irinotecan as a chemotherapeutic agent in the living body directly.
The modified aptamer was deposited onto a gold electrode through the thiol group at
its 50-end while a methylene blue redox reporter was attached to its 30-end. Through
the irinotecan interaction with the aptamer, a conformational change induced the
formation of the G-quadruplex structure that brought the methylene blue molecule
closer to the electrode surface that induced a change in the electron transfer.

3.3.5 Amifostine

Alkahtani et al. (2020) developed an efficient aptasensor for electrochemical detec-
tion of amifostine (AMF) as a DNA-binding chemotherapeutic drug. A glassy
carbon electrode was modified by a nanocomposite containing silver
nanoparticles@MnFe Prussian blue nanospheres (AgNPs@MnFePBA NS). The
AMF aptamer was placed onto the nanocomposite (aptamer/AgNPs@MnFePBA
NS/GCE). In the presence of AMF, a successful interaction was occurred between
the aptamer and its target, leading to an increment in the charge transfer resistance.
The LOD and linear detection range in the human blood plasma samples were
obtained 0.11 nM and 0.34–45 nM, respectively.

3.4 Cardiovascular Drugs

Digoxin is one of the oldest antiarrhythmic drugs, used in the treatment of the
different heart diseases, such as atrial fibrillation and congestive heart failure with
the general effect of strengthening muscles with heart failure. However, due to the
very narrow therapeutic index of digoxin (0.5–2.0 ng mL�1), its concentration above
2 ng mL�1 in plasma is extremely toxic (Juillière and Selton-Suty 2010). Therefore,
the exact monitoring of digoxin levels in the bloodstream is essential.
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For this purpose, some aptasensors have been introduced analytical tools for
detection of digoxin (Shirani et al. 2020; Mashhadizadeh et al. 2017; Emrani et al.
2015). Zhang et al. (2020) developed a unique self-powered and dual-photoelectrode
aptasensor on the basis of a photofuel cell (PFC), consisted of black TiO2 (B-TiO2)
and CuBr as a photoanode and photocathode, respectively. The selective aptamer
was immobilized on photoanode. After introducing digoxin molecule into the
system, the complex of aptamer-target was formed and subsequently was oxidized
by the photo-induced holes. So, an enhancement in the power output was then
obtained as the criterion for the target presence. The LOD was 0.33 pM in fetal
calf serum samples with a broad linear detection range of 1 pM–10 μM.

Shirani et al. (2020) constructed a label-free fluorescent aptasensor for digoxin
detection by using graphitic carbon nitride nanosheet (g-C3N4NS) as the fluorescent
probe. The interaction of aptamer/AuNPs conjugate with the fluorescent probe
reduced the fluorescence intensity. Although the researchers mistakenly cited the
mechanism of this interaction as FRET, while the term surface energy transfer (SET)
was often used in the case of energy transfer for metal surfaces (such as AuNPs)
(Saini et al. 2007; Ray et al. 2014). In the presence of digoxin and in the salt-
containing medium, the aptamers were separated from the surface of AuNPs and
bound to their target. This is followed by the aggregation of AuNPs that obtained the
restoration of the fluorescence intensity (Fig. 3.5). The designed aptasensor was
tested in the plasma samples and the LOD was reported to be 3.2 ng L�1 with the
linear range of 10–500 ng L�1.

Fig. 3.5 Schematic illustration of the designed aptasensor by using graphitic carbon nitride
nanosheet as the fluorescent probe and aptamer/AuNPs conjugate to detect digoxin. Reprinted
with permission from reference Shirani et al. (2020)
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3.5 Antidiabetic Drugs

Diabetes is a metabolic disease that occurs if there is not sufficient insulin in the body
for a long time, leading to an increase in blood glucose levels in the circulatory
system (Ling et al. 2016; Alberti and Zimmet 1998). Insulin is produced by the
pancreatic islet β cells as the main anabolic hormone of body, which plays a
significant role in the glycophysiological metabolism (Voet and Voet 2011). Since
modern models measure the insulin dose to control blood glucose levels on the basis
of insulin-related glucose uptake estimations (Zhao et al. 2019; Barnes 2013), it is
substantial to determine insulin in biomedicine and clinical treatment of diabetes.
Hence, aptasensors have been introduced to provide sensitive, accurate, highly
selective, simple, and low-cost insulin detection (Zhou et al. 2020b; Shang et al.
2020).

Taib et al. (2020) designed an optical aptasensor for the insulin monitoring, in
which Nickel-salphen type complex [Ni(II)-SP] was utilized as an optical label.
Besides, aminated porous silica microparticles (PSiMPs) were applied to prepare
large area for the immobilization of the insulin-binding aptamer (IGA3). Due to the
π-π stacking interaction between planar aromatic groups of Ni(II)-SP and aromatic
rings of the IGA3 aptamer, the complex of IGA3-Ni(II)-SP was formed, which
resulted in a yellow color. With adding insulin, the G-quadruplex aptamer was
bound to it that led to a decrease of the optical reflectance response, accompanying
with a yellow to brownish orange color change. The insulin levels were measured in
the healthy human serums. The LOD of 3.71 μIU mL�1 with a linear range of
10–50 μIU mL�1 were obtained for the insulin detection.

Zhao et al. (2019) fabricated a dual-signaling aptasensor to monitor insulin
sensitively, as shown in Fig. 3.6. The insulin-binding aptamer (IBA) was modified
by methylene blue (MB), used as a “signal-off” probe. The AuNPs were
functionalized by DNA2/Ferrocene (Fc) [DNA2Fc@GNPs], applied as a “signal-
on” probe. Two probes were integrated through the linker mDNA that eventually
formed the DNA2Fc@GNPs/mDNA/MB-IBA-modified electrode as the sensing
interface. With incubation of the target, the IBA aptamer was separated from the
complex, resulting in proximity of the DNA2Fc@GNPs to the electrode surface. So,
an increase in the response of Fc and a reduction in the response of MB were
achieved simultaneously. The LOD and linear concentration range were obtained
as 0.1 pM and 10 pM–10 nM, respectively, for the insulin detection in the serum
samples.

3.6 Respiratory Drugs

Theophylline (TP) is applied as a bronchodilator drug to cure many respiratory
failures, such as chronic obstructive pulmonary disease, neonatal apnea, and bron-
chial asthma. (Barnes 2013) The most important obstacle in the clinical usage of TP
is its narrow therapeutic range (20–100 μM), which can be toxic and lethal at higher
concentrations and cause permanent nerve damage (Dawson and Whyte 1999).
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Therefore, monitoring of the TP serum levels is very crucial to avoid the serious
problems. Aptasensors can be a grate suggestion with low cost, great sensitivity, and
high speed for analyzing TP.

Wu et al. (2019b) designed a novel aptasensor for the fluorescent detection of TP
by using a RNA aptamer (RNA1), functionalized by QDs as a fluorescent label, and
also graphene oxide (GO) as a fluorescence quencher. In the absence of TP, the
RNA1 was adsorbed on the GO platform through the stacking interactions. So, the
quenching process was occurred from QD to GO, leading to a decline in the QD
fluorescence. When RNA2 and TP were introduced into the system, a conforma-
tional change was happened and the dsRNA-TP complex was formed. Subsequently,
the fluorescent intensity was recovered by moving the QDs away from the GO
platform. The LOD of the aptasensing strategy was 4 nM with a linear range of
10–300 nM.

Katiyar et al. (2013) fabricated a colorimetric sensing method for the TP detection
based on the RNA aptamer attached to AuNPs via the electrostatic interaction that

Fig. 3.6 Schematic illustration of the dual-signaling aptasensor for insulin detection. Reprinted
with permission from reference Zhao et al. (2019)
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prevented AuNPs from the salt-induced aggregation. With the addition of TP,
AuNPs were aggregated in the presence of salt, due to the aptamer binding to the
target that resulted in a red to purple color change. The LOD of the introduced
colorimetric aptasensor was obtained as low as 50 ng mL�1.

3.7 Conclusions

Abuse of drugs may increase the risks and harms to human and animal health.
Hence, the low cost, rapid, sensitive, accurate, and on-site detection of drugs is an
enormous challenge. As one of the most efficient types of biosensing arrays,
aptasensors are novel diagnostic tools for this purpose, in which aptamers are applied
as the bioreceptor elements. Aptamers not only have supreme properties over
antibodies in generation, modification, and stability, but also possess the unique
benefits of nucleic acid nature and adaptive binding that facilitates the design of
ultrasensitive aptasensors. Optical and electrochemical aptasensing platforms, owing
to their aforementioned advantages, suggest excellent strategies to monitor diverse
drugs by employing a bioreceptor section against certain targets. With their capabil-
ity in naked-eye detection, the colorimetric aptasensing methods are successfully
designed for drug detection mainly involving nanoparticles. The colorimetric-based
aptasensors are appropriate for the on-site monitoring of drugs because of no
requirement for the fluorescent labels and intercalating dyes. The significant
advances in the electrochemical-based aptasensors represents the superior ability
to quantify drugs with high sensitivity. Generally, the electrochemical-based
aptasensors provide less detection limit, and hence, greater functionality to detect
drugs in comparison with the optical types. In spite of all developments in
aptasensors, a few number of commercial products are available for the simultaneous
determination of drugs in the matrix of the biological contents, such as blood, saliva,
urine, and so on. Therefore, future scientific efforts should be centralized on the
fabrication of commercial portable aptasensors with the capability of simultaneous
detection of drugs in the complex biological samples.
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Abstract

This chapter mainly focuses on recently developed paper-based analytical devices
for the detection of specific biomarkers for health threatening pathogens and
contaminants in food which persist as a major problem for public safety and a
financial burden on agricultural and food industries. Current detection methods
are often time-consuming and expensive and require professional
instrumentations. Because of their simplicity, portability, and low-cost, paper-
based devices have proven to be efficient for the rapid detection of many
biomarkers including those related to food safety. In this chapter, we will first
present an introduction and a brief description of the fabrication methods used for
paper-based devices. Thus, recent developments regarding food-related analyte
detection using paper-based devices based on various readout approaches includ-
ing colorimetric, fluorescent, chemiluminescence, surface-enhanced Raman scat-
tering and electrochemical will be provided. In the end, current limitations and
future perspectives for the commercialization of paper-based sensors will be
discussed.
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4.1 Introduction

One of the main concerns of all nations is the continuous supply of safe, healthy food
for all citizens. Food safety involves the identification and control of contaminants,
both chemical and biological, during various stages starting from food preparation
and processing to storage, transportation, and consumption. Pertaining to this,
various identification methods including high-performance liquid chromatography
(HPLC), gas chromatography (GC), and mass spectrometry for chemical
contaminants and cell culture methods, biochemical identification, and polymerase
chain reaction (PCR) for pathogen analysis are being used for food safety monitor-
ing. However, most of these approaches require high-tech instrumentation and
professional technicians. They are also expensive and time-consuming, and require
laborious preparation steps. Furthermore, many of these methods are not feasibly
accessible in remote, developing areas, which can lead to the accumulation of food
safety hazards in those places. To overcome these problems, rapid, simple, and cost-
effective sensing methods are required for food contaminant detection and control
(Ragavan and Neethirajan 2019; Shams et al. 2020).

Sensor, derived from the Latin word sentire meaning recognition, is defined as a
system or device that can respond to a chemical, physical, or biological analyte by
producing measurable output signals which correspond to the amount of analyte
(Choudhary et al. 2016; Chandra et al. 2012; Mahato et al. 2018; Deka et al. 2018;
Verma et al. 2019). Sensors are generally composed of three segments including a
recognition element, a transducing element, and a detector. Biosensors are a subclass
of sensors in which biological elements such as enzymes, antibodies, nucleic acids,
aptamers, and whole cells are generally used as the recognition unit (Patel 2002).
Rapid, sensitive sensors and biosensors are widely used in numerous fields including
biomedicine, environmental monitoring, agriculture, and food safety. They can
overcome the challenges of traditional detection methods as they are simple, inex-
pensive, and portable. Nanotechnology, which refers to the science and technology
of designing, and manipulating materials and systems at nanoscale have impacted a
myriad of applications in science and engineering, including the design of efficient
sensing platforms. Nanomaterials possess distinctive physicochemical properties
such as outstanding electrical conductivity, unique optical features, and catalytic
behavior. Furthermore, increased surface-to-volume ratios, they provide a larger
surface for biofunctionalization (Pérez-López and Merkoçi 2011). Thus,
implementing nanomaterials with detection platforms can significantly enhance the
sensing parameters.

Paper technology was first developed in the second century AD in China. Since
then it has revolutionized the human civilization in numerous areas. Besides being
abundant and easily accessible, paper is flexible, lightweight, and easily
manufactured and modified, thus making it an excellent candidate for the develop-
ment of point-of-care sensing platforms. First introduced in the seventeenth century
for the detection of uric using, paper-based analytical devices (PADs) have rapidly
become one of the forerunners in the field of sensing (Schiff 1866). The
hydrophobicity and porous nature of paper provide a platform for fluid flow through
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capillary actions. Also, paper can easily be functionalized with biomolecules such as
antibodies, enzymes, and aptamers or modified with nanomaterials, which can
enhance the specificity and sensitivity of the detection. All these attributes make
paper-based sensors an ideal platform for food monitoring and point-of-care testing
(Busa et al. 2016).

In this chapter, we will focus on paper-based sensing strategies for the detection
of food-related analytes. First, an overview on the various types of food
contaminants will be provided. We will then elaborate on the various fabrication
methods commonly used for the development of PADs, followed by the different
formats of PADs. The different signal readout techniques used for paper-based
sensors including colorimetric, fluorescence, chemiluminescence, surface-enhanced
Raman scattering (SERS), and electrochemical methods will then be discussed.
Finally, the limitations and future perspectives of PADs in food monitoring will be
mentioned.

4.2 Food Safety Analytes

The ability to attain nutritious food has ample significance in maintaining a healthy
lifestyle. In the past, there was much neglect towards the importance of food safety
and its impact on human health, which resulted from lack of knowledge regarding
the various contaminants that can compromise the wholesome nutritious value of our
food. In 2015, the World Health Organization (WHO) published an article
estimating the significance of food safety and the global burden of food-borne
illnesses. According to this article, 42,000 deaths each year from 32 food-related
diseases occur. Developing countries carry a heavier burden pertaining to food-
related diseases and deaths (Griesche and Baeumner 2020). These contaminants also
pose a great economic threat to the agriculture and food industry in all countries.
Thus, the identification of these contaminants in early stages is highly important.

To be able to develop rapid, sensitive detection approaches for food safety
monitoring, a thorough understanding of the various food contaminants is necessary.
Examples of these contaminants include heavy metals, pesticides, pathogens, toxins,
etc. (Marklinder et al. 2020). In Table 4.1, an overview of these contaminants with
certain examples has been provided.

4.3 Fabrication and Development of Paper-Based Sensors

Paper technology has become one of the most significant technologies since its
development during the second century AD in China. In the field of sensing, paper
has numerous advantageous properties such as being environmentally friendly,
lightweight, flexible, available in a range of thicknesses, and easily accessible.
Also, paper provides a porous platform in which fluid flow occurs through capillary
actions, which reduces reagent waste. Since their first introduction in the seventeenth
century, paper-based analytical devices (PADs) have become the focus of attention
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Table 4.1 Examples of common food contaminating agents

Common food contaminants

Pathogens Bacteria 1. Escherichia coli
2. Listeria monocytogenes
3. Salmonella typhimurium
4. Brucella spp.
5. Campylobacter spp.
6. Clostridium botulinum
7. Mycobacterium bovis
8. Shigella spp.
9. Mycobacterium tuberculosis
10. Staphylococcus aureus
11. Streptococcus spp.
12. Vibrio cholerae

Viruses 1. Astrovirus
2. Hepatitis A virus
3. Norovirus
4. Rotavirus

Parasites 1. Cryptosporidium spp.
2. Cyclospora cayetanensis
3. Giardia intestinalis
4. Toxoplasma gondii

Toxins Bacterial
toxins

Toxins produced by:
1. Staphylococcus aureus
2. Bacillus cereus
3. Clostridium perfringens
4. Clostridium botulinum

Mycotoxins 1. Aflatoxins: produced by Aspergillus flavus and Aspergillus
parasiticus
2. Ochratoxins: produced by Aspergillus and Penicillium species
3. Deoxynivalenol: produced by Fusarium fungi
4. Zearalenone: produced by Fusarium fungi
5. Ergot alkaloids: produced by Claviceps species

Phytotoxins 1. Cyanogenic glycosides: produced in several plant species
including cassava, sorghum, stone fruits, bamboo roots, and
almonds
2. Furocoumarins: present in many plants such as parsnips, celery
roots, citrus plants, and some medicinal plants
3. Lectins: present in various beans, especially kidney beans
4. Solanine and chaconine: present in tomatoes, potatoes, and
eggplants
5. Pyrrolizidine alkaloids: produced in many plants and have been
detected in herbal teas, honey, herbs, spices, and cereals

Aquatic
toxins

1. Algal toxins: formed by algae
2. Ciguatoxins: produced by dinoflagellates

Heavy
metals

Metals with an atomic weight between 63.5 and 200.6 gr.mol�1 and a specific
gravity greater than 5 gr.cm�1 such as arsenic (As), beryllium (Be), cadmium (Cd),
chromium (Cr), lead (Pb), and mercury (Hg)

Pesticides Insecticides Organophosphates, pyrethroids, and carbamates

Fungicides Captan, sulfur, and mancozeb

Herbicides Diclofop, dinoseb, diquat, and paraquat

(continued)
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in the field of sensing in medical diagnosis, pharmaceuticals, and food and environ-
ment monitoring.

Cellulose, being the main substrate in paper fabrication is the most abundantly
available biomolecule in nature. For the design of PADs, several derivatives of
cellulose have been used including Whatman papers which are the most commonly
used. Whatman papers are composed of cotton cellulose and come in a range of
thicknesses and porosities. Nitrocellulose membranes are another substrate com-
monly used for PAD fabrication with very uniform pores of 0–0.45 μm. Other
substrates include polyester–cellulose blended-paper and glass microfiber filters
(Manisha et al. 2018).

In this section, we will first discuss the common fabrication routes for PAD
development, followed by a brief description of the various formats of paper-based
sensors.

4.3.1 Fabrication Methods of Paper-Based Sensors

In general, a paper-based sensor is composed of hydrophilic channels for reagent
flow, which are separated by hydrophobic regions for liquid confinement. As paper
is an extremely flexible platform, thus it enables the opting of various fabrication
techniques. The overall process of paper fabrication can be divided into two stages;
first, the hydrophobic regions must be patterned on the substrate thus creating the
hydrophilic channels, and then the device must be assembled. An established
approach for the first stage is the blocking of the paper pores with hydrophobic
materials. Different water impervious materials including PDMS, polystyrene, ethyl
cellulose, alkenyl ketene dimer, silicones, rosin, paraffin, printer varnish, cellulose
esters, hydrophobic gels, SU-8, and other photoresist materials have been used to
implement the hydrophobic barriers (Fakhri et al. 2018; Dixit et al. 2016). Numerous
methods have been opted for the implementation of such materials, the most
common of which will be briefly discussed.

Table 4.1 (continued)

Common food contaminants

Rodenticides Bromadiolone, chlorophacinone, difethialone, brodifacoum, and
warfarin

Bactericides Streptomycin sulfate and oxytetracycline

Veterinary
drugs

Veterinary drugs are used in animal husbandry for many reasons, including for the
prevention and curing of diseases in herd and flock, to improve meat quality, and to
promote growth. The chemical classes of drugs used are broad, but major classes
include antibiotics, antiparasitics, and hormones.

Illegal
additives

A variety of additives including certain preservatives, artificial colors, flavoring
agents, etc. have been banned. The list of illegal additives varies in each country
and region.
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I. Photolithography: Photolithography is the non-contact process of coating a
photoresist polymer such as SU-8 on paper using UV light. In this process,
paper is first soaked with the photoresist polymer and baked to remove
unwanted substances. The modified paper is then exposed to UV light,
which leads to the formation of crosslinks between the polymers, thus creating
the hydrophobic regions. The hydrophilic channels can be functionalized with
enzymes, antibodies, or oligonucleotides for targeted detection (Martinez et al.
2007). The advantages of this approach is that it leads to distinct hydrophobic
borders which facilitate the flow of fluids through capillary actions and is
suitable for large-scale production, but its requirement of expensive reagents,
organic solvents, and complex preparations can be a downfall. Furthermore,
papers fabricated via this approach tend to be quite fragile.

II. Inkjet printing: This non-contact method is among the earlier approaches used
for PAD fabrication. In this method, using a nozzle, the hydrophobic ink such
as polydimethylsiloxane (PDMS) is directly transferred on the paper surface
following the required pattern. Inkjet printing can be carried out in two modes:
continuous mode, in which the ink is continuously pumped in evenly spaced
micrometer droplets; or drop-by-drop mode (DOD), in which the ink is
pumped on paper as a result of a piezo-electrically or thermally activated
acoustic pulse (Soleimani-Gorgani 2016). Through inkjet printing, rapid fab-
rication can be achieved, although the requirement of a customized inkjet
printer and an extra heating step for curing purposes can be limiting.

III. Screen Printing: Among the most commonly used PAD fabrication
approaches, screen printing involves the layer-by-layer transfer of liquid
material onto the substrate using a screen. This can be done either manually
or automatically, in which the pressure applied on the substrate and the amount
of ink is regulated. The paper is left to dry after the application of the liquid
material and can then be subjected to further treatment and modifications
(Dungchai et al. 2011). The major advantages of this approach are simplicity,
rapid fabrication, low costs, flexibility to various materials, and compatibility
with mass production. This technique is also widely applied to generate
electrodes on paper platforms for electrochemical detections (Timur et al.
2004). Low resolution and the requirement of different screens for the genera-
tion of various patterns can be mentioned as the downfalls of this approach.

IV. Wax printing: As wax dipping has the fewest number of steps, it is considered
among the simplest fabrication methods. Three different methods of wax
patterning have so far been introduced including painting with a wax pen,
printing with a normal inkjet printer followed by tracing the patterns with a
wax pen, and direct printing by a wax printer. In all methods, melted wax is
transferred on paper to create the hydrophobic barriers (Carrilho et al. 2009).
The many merits of this approach include being environmentally friendly,
rapid, cost-effective, and simple. It is also quite suitable for mass production.
Although the requirement for a patterned mesh and several heating steps can
be a limiting factor.
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V. CO2 laser cutting: In this approach, a CO2 laser is employed to cut and make
patterns on the paper surface. The hydrophilic patterns are then remodeled to
create the hydrophobic barriers for the hydrophilic channels. This approach is
widely used in the fabrication of microfluidic devices. It is simple and creates
sharp patterns, but the requirement for expensive equipment and its suscepti-
bility to contamination can be limiting factors (Spicar-Mihalic et al. 2013).

VI. Laser printing: This technique enables the fabrication of microfluidic paper
devices. Through this method, toner layers are deposited on the paper surface
using a laser printer, creating white regions which represent the channels,
which are then sealed via a laminating process (Ng and Hashimoto 2020). This
is an inexpensive and simple method and can create sharp barriers although it
requires special equipment such as laser printers and laminators.

VII. Wax dipping: In this method, melted wax is used to generate the hydrophobic
regions. Iron molds are placed on the hydrophilic channels using a magnetic
field for protection. The paper attached to the iron molds is then dipped in
molten wax, thus creating the hydrophobic barriers. This method is very
simple and cheap, and it requires easily accessible solid wax. But, because
of variations in dipping, batch variations can be seen, making this method
unsuitable for mass production (Songjaroen et al. 2011).

VIII. Plasma treatment: In plasma treatment, the filter paper is first dipped in a
hydrophobic solution and placed in an oven to create the hydrophobic paper.
This paper is then placed between two metal masks containing the desired
patterns and submitted to plasma treatment to create the hydrophilic regions
for fluid flow. The main advantage of this method over other methods which
focus on barrier design is the possibility to build simple functional elements
such as filters, switches, and separators in the paper device (Li et al. 2008).
This method is also quite inexpensive and renders flexible paper devices, but it
requires special masks for each desired pattern.

IX. Flexographic printing: In this method, flexible relief plates are used. Polysty-
rene is printed on the raised parts of the plates which forms the hydrophobic
barriers. Regions without polystyrene are the hydrophilic channels for fluid
flow. The advantage of this method over lithography is its ability to use a wider
range of inks including water-based inks, and it can also be used to print on a
variety of materials. This method also enables rapid commercial production of
paper devices (Gonzalez-Macia et al. 2010). Although its requirement of
complex steps, various reagents and advanced instruments can be limiting.
Furthermore, papers generated through this method are highly prone to
contamination.

4.3.2 Formats of Paper-Based Sensors

Since the development of paper-based analytical devices, various formats have been
proposed to control fluid flow and biochemical analysis. Dipstick assays were
among the first approaches proposed, subsequently followed by the more advanced
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lateral flow assays. Today, microfluidic PADs are dominating this field due to their
enhanced fluid flow capabilities. In this section, we will briefly elaborate on these
different formats.

4.3.2.1 Dipstick Assays
Making the simplest paper devices, dipsticks are generally known for pH test strips
and the detection of glucose and other biochemicals in urine (Mori et al. 2010). In
this method, the specific indicators are predisposed on the filter paper usually
through soaking the paper in solutions containing the indicators. When the analyte
reacts with the indicator, a signal is generated. Dipsticks are mainly coupled with
colorimetric readout methods. Although these assays are simple and convenient,
they have limited fluid flow capacities, thus cannot be used for multistep detection
procedures.

4.3.2.2 Lateral Flow Assays
Lateral flow assays (LFAs) are generally composed of a nitrocellulose membrane,
which can provide a platform both for reaction and detection. The platform is
divided into four zones: (i) the sample pad for sample filtration and buffer storage;
(ii) conjugation pad which is adjacent to the sample pad and contains dried reagent;
(iii) detection pad, where the reagents are captured on the nitrocellulose and detec-
tion signal is developed; and (iv) absorbent pad which provides a driving force
through the loose mass of nitrocellulose fibers. The adjacent sections overlap to
ensure a coordinated fluid flow (Fenton et al. 2009). To perform the assay, the
sample is first applied on the pretreated sample pad. The mixture flows to the
conjugation pad which may contain nanomaterials which provide unique optical,
electronic, catalytic properties (Wong and Tse 2008).

Generally, two formats of LFAs have been reported, sandwich and competitive
formats. In the sandwich format, the conjugated particles and the analyte for particle-
analyte complexes, which are captured at the detection pad by special capturing
molecules. In the competitive format, both analytes and particles have affinity
towards the capture molecules. The analytes have more affinity compared to the
conjugated particles, thus in the presence of the analytes the attach to the capture
molecules, which results in the non-aggregation of the particles (Nery and Kubota
2013). Both these formats have been used for food monitoring. Because of the
nitrocellulose membrane, LFAs have higher fluid handling capabilities. But precise
quantification of analytes still remains a challenge in this platform.

4.3.2.3 Microfluidic Devices
Microfluidic paper-based analytical devices (μPADs) have gained increasing atten-
tion since their first introduction in 2007 (Morbioli et al. 2017). These devices
combine paper-based detection with microfluidic technology, which refers to the
control of fluids in the range of micro to picoliters. μPADs can be divided into
two-dimensional and three-dimensional platforms. The cellulose paper used in the
fabrication of μPADs generally has an average fiber diameter of 1–100 μm and
average pore size of 1–10 μm. Capillary-driven flow of fluids occurs between the
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porous medium. Sample loss caused by undesired soaking is minimalized in μPADs,
which leads to more accurate quantifications of samples.

4.4 Detection methods

Numerous optical, spectroscopy and electrochemical readout methods have been
coupled with PADs for qualitative and quantitative analysis of food-related markers.
In this section, we will discuss paper-based food analysis based on colorimetric,
fluorescence, chemiluminescence, surface-enhanced Raman scattering (SERS), and
electrochemical approaches. A brief explanation of each method, followed by
example paper assays in food monitoring will be presented.

4.4.1 Colorimetric

Colorimetric detection techniques are among the most prevalently used methods in
PADs since they are simple, inexpensive, and offer the possibility for qualitative and
semi-quantitative signal analysis by the naked eye. In these sensors, the presence and
concentration of the analyte can be assessed with the help of a reagent able to
undergo color change with altering conditions. As paper substrates provide a bright,
white background, color change signals can be easily discerned (Nery and Kubota
2013). The incorporation of various chemicals, enzymes, nanoparticles, targeting
molecules such as antibodies and aptamers have led to the development of advanced
colorimetric sensors with the ability for qualitative, semi-quantitative, and fully
quantitative assessment of food-related analytes (Morbioli et al. 2017; Sharma
et al. 2018; Dehghani et al. 2019a; Abarghoei et al. 2019). The Beer–Lambert
Law, which states that the intensity of the color signal is directly proportional to
the concentration of the analyte, is generally used for the quantitative analysis in
colorimetric PADs. The widespread use of digital cameras, smartphone cameras, and
scanners, coupled with image processing software such as ImageJ has further eased
signal interpretation and color intensity assessment in colorimetric PADs (Dehghani
et al. 2018).

One of the most common colorimetric readout methods relies on the enzymatic
transformation of chromogenic substrates like 3,30,5,50-tetramethylbenzidine (TMB)
to colored products. This reaction is mostly catalyzed by horseradish peroxidase
(HRP) (Busa et al. 2016), numerous enzyme-mimicking nanostructures have also
been reported with the ability to oxidize TMB. Numerous nanomaterials including
Fe3O4 nanoparticles, noble metal nanostructures, and transition metal nanostructures
have been proven to show catalytic activity (Dehghani et al. 2018; Hosseini et al.
2017; Dehghani et al. 2019b; Kermani et al. 2018). Enzyme-mimicking
nanomaterials have comparable catalytic behavior but are more stable in various
sensing conditions compared to conventional enzymes. Exploiting the intrinsic
peroxidase activity of ZnFe2O4 magnetic nanoparticles, a microfluidic paper-based
colorimetric assay was proposed for the detection of bisphenol A (BPA), an
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endocrine disrupting chemical widely used in packaging products. Molecularly
imprinted polymer (MIP) membranes were used for the absorption of BPA. The
absorbance of BPA inhibited the oxidation of TMB and the formation of a blue color
signal (Kong et al. 2017).

Metallic nanoclusters, which are composed of a few metal atoms and have
discrete energy levels, have displayed favorable properties including enzyme-
mimicking behavior. In an interesting approach for the detection of Staphylococcus
aureus, DNA sequences were used both as recognition units (aptamers) and
templates for the synthesis of Au/Pt bimetallic nanoclusters to fabricate a
microfluidic paper-based aptasensor (Hosseini 2020). As shown in Fig. 4.1, in the
absence of the target bacteria, the nanoclusters oxidized TMB to create a blue signal.

Another commonly used technique for colorimetric detection is based on the
color change resulting from the aggregation and disassociation of AuNPs. When
aggregated, AuNPs appear purple whereas upon dispersion a color change to red can
be seen. Based on this phenomenon, a microfluidic colorimetric paper-based
aptasensor was developed for the identification of aflatoxin B1. The presence of
aflatoxin B1 leads to the aggregation of AuNPs, generating a grayish-purple color
(Kasoju et al. 2020).

4.4.2 Fluorescence

Fluorescence is the process in which the excited electrons of a molecule emit light
upon their return to the ground state. The emitted light is of a longer wavelength and
lower energy levels compared to the absorbed light. Fluorescence has many
advantages, including simplicity, rapidity, outstanding sensitivity, and convenient
operation which make it a prominent readout technique in sensors (Ahmad et al.
2017). Fluorescence paper-based assay has had some challenges resulting from some
innate features of paper for instance its opacity and fibrous natures which cause
backscattering noise leading to reduced sensitivity (Ulep et al. 2020). Self-
fluorescence and auto-bleaching are also major problems that can arise in PADs
because of some additives used during paper synthesis (Yang et al. 2017).

Fig. 4.1 Schematic representation of a paper-based colorimetric aptasensor for the detection of
S. aureus using the intrinsic catalytic activity of Au/Pt bimetallic nanoclusters (Hosseini 2020)
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Nevertheless, many fluorescence paper-based approaches have been proposed for
the identification of food-based analytes.

To date many molecules have been proven to display intrinsic fluorescence
including aromatic amino acids, NADH, flavins, etc. Fluorescein isothiocyanate
(FITC) and carboxyfluorescein (FAM), both derivatives of fluorescein, are among
the most widely used fluorophores for biological applications. Fluorescent proteins
GFP (green), YFP (yellow), and RFP (red) can be fused with other proteins for
labeling. Since the discovery of fluorescent nanomaterials including quantum dots
(QDs), fluorescent nanoparticles and nanoclusters, conventional dyes have been
replaced to a great extent as these nanomaterials display higher stability towards
photo bleaching and superior sensitivity (Wang et al. 2016; Nemati et al. 2018a, b;
Borghei et al. 2017).

Quantum dots (QDs), defined as nanoscale semiconductor materials, have
dominated the field of fluorescence in the recent year because of their tunable
emission wavelength, stability, wide excitation and narrow emission spectra, and
high quantum yield (Bera et al. 2010). In one study, QDs were used to develop a
microfluidic sensor for the detection of Cu2+ and Hg2+ ions. This approach was
based on the quenching effect of ion imprinted polymers on the QDs in the absence
of the respective ions (Qi et al. 2017). In another study, two different QDs including
CdTe (λem � 635 nm) and ZnCdSe (λem � 480 nm) were used for the paper-based
detection of organophosphorus pesticides (OPPs). Nanoporphyrins, which have a
quenching effect on QDs, were used to capture OPPs. The fluorescence of both QDs
was recovered through the interaction of OPPs with nanoporphyrins (Huang et al.
2019). The same methodology was implemented for the detection of carbamate
pesticides using just CdTe QDs. The presence of the target restored the fluorescence
of the QDs (Chen et al. 2020).

Graphene oxide (GO) is a two-dimensional nanomaterial proven to have fluores-
cence quenching properties for different dyes through resonance energy transfer
(Chang et al. 2010). Exploiting this characteristic, a PAD was developed for the
multiplex detection of heavy metals including Hg2+ and Ag+ and aminoglycoside
antibiotics residues in food using cyanine 5-labeled DNA sequences (Zhang et al.
2015). The quenching effect of GO was also used in another study for the develop-
ment of a fluorescence paper-based aptasensor for the identification of food allergens
and food toxins using QD-functionalized aptamers. As seen in Fig. 4.2, the presence
of the target released the aptamers from GO-modified paper, leading to emission
recovery in QDs (Weng and Neethirajan 2018).

4.4.3 Chemiluminescence

Since its introduction in the 1970s (Deo and Roda 2011), and as a result of numerous
advantages such as high sensitivity, simplicity, and its need of inexpensive reagents,
chemiluminescence (CL) has been applied to numerous sensing applications. In CL,
a chemical reaction which generates unstable intermediate species, which emit light
upon their return to the ground state. As an external light source is omitted in CL,
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background noise is noticeably reduced leading to heightened sensitivity. Controlled
emission, simplicity, and rapidity are among the other merits of CL (Xu et al. 2016;
Beigi et al. 2019; Mesgari et al. 2020).

Luminol is the most common CL reagent which can be oxidized by hydrogen
peroxide, permanganate, periodate, etc. in an alkaline medium, thus forming the
excited 3-aminophthalate anion, which emits light upon its return to the ground state
(Liu et al. 2010). Various enzymes such as horseradish peroxidase (HRP) or alkaline
phosphatase (ALP), and also enzyme-mimicking nanomaterials, such as AuNPs, can
be used in CL systems. In one study, a CL PAD was developed for the detection of
deltamethrin (DM), a commonly used pesticide. This sensor was based on the CL
signal generated from the oxidation of graphene quantum dots (GQDs) by KMnO4

in an acidic environment. The excited GQDs emit light at 490 nm upon their
relaxation. Polyphosphate (PP) was used for signal enhancement. As shown in
Fig. 4.3, the presence of DM led to reduced CL intensities as a result of the
consumption of oxidant by (DM) and interaction with GQDs (Al Yahyai et al. 2021).

4.4.4 Surface-Enhanced Raman Scattering

Raman scattering is among the well-established vibrational spectroscopy methods
for detection, in which the sample is irradiated with monochrome light within the

Fig. 4.2 Schematic representation of a fluorescence PAD for the detection of food allergens and
food toxins based on QD-labeled aptamers and GO-modified paper (Weng and Neethirajan 2018)
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visible or near-infrared (IR) region resulting in excited vibrational states. Raman
scattering is when relaxation occurs with photon emission with lower energy levels.
This method generally has low intensity as only a small number of molecules under
Raman scattering (Thygesen et al. 2003). Surface-enhanced Raman scattering aims
to enhance this intensity through the absorption of the target within a distance of
10–100 nm on roughened noble metal surfaces or metal nanostructures (Doering
et al. 2007). Noble metals such as gold, silver, and copper are generally used for this
purpose.

Various forms of gold and silver nanostructures are commonly used for SERS
detection. In a recent study, a spraying process was employed to modify the paper
substrate with AuNPs and AgNPs. The prepared Au/AgNP-modified paper was used
to detect residual fishery drugs in aquatic samples (Yang et al. 2020). Silver
nanostructures possess better enhancing ability whereas gold nanostructures tend
to show more stability. For this, many researchers aim to use nanostructures
containing both noble metals. In one study, a core–shell Au@Ag nanorod monolayer
was coated on a paper platform for the SERS-based detection thiram residues both
on fruit surfaces and in juice. In this approach, hydrophobic polydimethylsiloxane
(PDMS), a commonly used support material for SERS substrates for its high optical
transparency and stability, was used to support the paper, resulting in higher
sensitivities and nanomaterial protection (Lin et al. 2020).

Fig. 4.3 Schematic representation of a CL PAD for the detection of deltamethrin based on the
interaction between graphene quantum dots and KMnO4 (Al Yahyai et al. 2021)
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The SERS effect can arise from two mechanisms; charge transfer between the
substrate and analyte known as the chemical mechanism and enhancement resulting
from plasmonic nanostructures known as the electromagnetic mechanism (Sharma
et al. 2012). Signal enhancement resulting from noble metal nanomaterials is
provided through the electromagnetic mechanism. In one study, a black phospho-
rous (BP) nanosheets, an inorganic two-dimensional nanomaterial, was combined
with AuNPs to develop a paper-based sensor for the detection of food-borne bacteria
(Fig. 4.4). This approach combined both chemical enhancement and electromagnetic
enhancement for heightened sensitivity (Dungchai et al. 2009).

4.4.5 Electrochemical

Electrochemical paper-based analytical devices (ePADs) have rapidly turned into a
prominent sensing platform since their first introduction in 2015 (Dungchai et al.
2009). In addition to their compact size and potable nature, they also display
outstanding selectivity and sensitivity and have rapid response time (Mettakoonpitak
et al. 2016). Besides the mentioned merits, ePADs are also among the best analytical
tools for multiplexed sensing (Huang et al. 2019).

The efficiency of the electrodes has a great impact on the performance of ePADs.
Thus, ample research has been devoted to the assessment of a variety of materials
and fabrication methods for the design of electrodes on paper platforms. Some of the

Fig. 4.4 Schematic representation of the fabrication process of an SERS-based paper device for the
detection of food-borne bacteria using BP-nanosheets and AuNPs for signal enhancement (Huang
et al. 2019)
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commonly used approaches for electrode fabrication are screen printing, pencil-
drawing and inkjet printing, sputtering deposition, metallic wire tape, and nanopar-
ticle growth (Mettakoonpitak et al. 2016). The most commonly employed signal
transduction method in ePADs is voltammetry, amperometry, and potentiometry
(Adkins et al. 2015).

Various nanomaterials, including carbon nanotubes, graphene, Pt nanomaterials,
etc. have been incorporated with the electrodes in electrochemical systems in order
to increase the detection system. Because of its high conductivity and outstanding
electronic features, graphene, a two-dimensional carbon-based material, is among
the most commonly used materials in ePADs. Studies have shown that the presence
of heteroatoms such as N, S, O, or B in the graphene lattice results in more
electrochemically active sites, thus further enhancing the sensitivity of the detection
method (Akyazi et al. 2018). N-doped graphene nanoplates (GrNPs) were used to
develop a portable electrochemical sensor for the detection of capsaicin in chili
peppers. As seen in Fig. 4.5, this portable sensor was designed in the shape of a chili
pepper and included an interface to connect to smartphones for point-of-testing
(Soleh et al. 2020).

Carbon nanotubes (CNTs) display unique electrochemical properties and are
commonly used in ePADs. Single-walled CNTs (SWCNTs) were functionalized
with antibodies and used to modify carbon paste electrodes for the development of
an ePAD for the detection of Staphylococcus aureus in one study (Bhardwaj et al.
2017). In another study, multi-walled CNTs (MWCNTs) and chitosan were used to
modify the electrodes in an ePAD for the detection of aflatoxin B1 using specific
antibodies (Migliorini et al. 2020). In both studies, it was proven that the use of
CNTs significantly enhanced the sensitivity of the ePAD.

4.5 Current Limitations

Paper-based analytical devices provide an ideal sensing platform for rapid, portable,
and inexpensive detection of food contaminants. However, many challenges need to
be addressed before these devices can be commercially available. First, the cost and

Fig. 4.5 Schematic representation of the portable chili-shaped ePAD based on N-doped graphene
nanoplates for the detection of capsaicin in chili peppers (Soleh et al. 2020)
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fabrication of PADs need improvement. Furthermore, the functionalization of paper
substrates with biomolecules persists as a challenge as nonspecific attachment and
loss of functionality commonly arise. Moreover, varying sensitivity and selectivity
have been reported for PADs, in particular those manufactured in large scales for
commercial use, leading to imprecise results (Pike et al. 2013). This is a result of
batch-to-batch variations and different combinations of substrate coupling. Further-
more, various testing conditions in terms of temperature, humidity, pH, etc. have
been reported to impact the efficiency of a paper-based sensing platform. Another
challenge with PADs for food controlling arises from difficulty with sample prepa-
ration and extraction from different food samples. Overall, problems with large-scale
manufacturing, biofunctionalization, and sample preparation should be addressed
before the full potential of PADs for point-of-test food monitoring to be exploited.

4.6 Conclusion and Future Perspectives

Food safety monitoring has significant importance as despite the numerous efforts
for contamination control, countries are still plagued by the health and economic
burdens of chemically and biologically contaminated food samples. Paper-based
approaches have great potential for the development of portable and cost-efficient
detection platforms. The emergence of microfluidics and its implementation with
paper sensors has made the precise quantification of analyte with PADs possible.
Furthermore, nanotechnology and the use of nanomaterials with outstanding optical
and electrical characteristics has helped to further enhance the sensitivity of PADs.
Moreover, integrating smart phone technologies with PADs has eased the progress
of point-of-test food monitoring in remote, underdeveloped areas.

In this chapter, we have provided an overview on the applications of paper-based
sensing for food analyte analysis. After a brief introduction into the various food
contaminants, we discussed the various formats and fabrication methods commonly
used for the design of paper devices. Thus, various detection technologies including
colorimetric, fluorescence, chemiluminescence, surface-enhances Raman scattering,
and electrochemical methods coupled with PADs employed for food analysis were
discussed.
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Optical Detection of Targets for Food
Quality Assessment 5
Maryam Mousavizadegan, Aida Alaei, and Morteza Hosseini

Abstract

Current technics used in food quality assessment require complex equipment and
professional personnel, which has financially burdened the food industry. Optical
devices are a powerful candidate which can provide simple, cost-effective, and
rapid detection approaches with the possibility to be easily manufactured in a
large scale to cover the vast need of this industry. This chapter will first present an
overview regarding food safety and common analytes. Various optical sensing
technics, including colorimetric, fluorescent, chemiluminescent, surface-
enhanced Raman scattering (SERS), and surface plasmon resonance (SPR)
methods will then be explored with examples of novel sensing platforms devel-
oped for food monitoring.

Keywords

Optical detection · Food quality · Biomarkers · Biological receptors · Analytical
performance

5.1 Introduction

Continuous supply of healthy and quality food for citizens has always been one of
the main concerns in all countries. Over the past three decades, hazard analysis,
control of critical points, food production techniques, and standard health perfor-
mance methods have aimed to meet this need. The identification of biological and
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chemical contaminants is of critical importance in order to ensure the healthy
nutrition of consumers. In that regard, different analysis techniques for food safety
analysis, preservation, and elevation of food quality have been developed which
vary depending on the type of food. Despite the many efforts for preservation and
quality control, countries are still plagued by the economical and health burdens of
food fraud, the entry of substandard food into the market, and the resulting
foodborne illness. To overcome these problems, food safety control and quality
assessment are of vital significance which persist as a continuous discussion point
for nations (Ragavan and Neethirajan 2019; Shams et al. 2020).

Food safety is the process of ensuring zero contamination, be it chemical or
biological, during the preparation and storage of food. So far, suitable analytical
techniques such as high-performance liquid chromatography (HPLC), gas chroma-
tography (GC), and mass spectrometry for chemical contaminants and cell culture
methods, biochemical identification, and polymerase chain reaction (PCR) for
pathogen analysis have been developed to analyze food contaminants as standard
techniques. However, these approaches have many downfalls including being labo-
rious and costly, requiring complex sample preparation steps, and needing the
assistance of a professional technician and high-tech instrumentation (Narsaiah
et al. 2012). Hence, developing rapid, simple detection methods is a dire require-
ment, especially in developing areas which do not have advanced laboratories for
conventional detection. Biosensors offer selectivity and compact size, relatively high
sensitivity, low cost, rapid response times, and are user friendly to operate (Chandra
et al. 2012; Choudhary et al. 2016; Deka et al. 2018; Mahato et al. 2018; Verma et al.
2019).

Optical techniques, as a result of their simplicity, selectivity, and stability have
dominated the world of sensing. Owing to their merits, they have become a popular
approach for the identification of food analytes. Optical detection assays are
techniques in which the identification of the target analyte is transduced to visible,
ultraviolet or infrared (IR) radiations which can be detected by the naked eye or
using spectroscopy methods (Damborský et al. 2016).

In this chapter, optical methods for food safety analysis will be discussed. We will
first introduce the various kinds of food contamination including both chemical and
biological contaminants. A scope of the developed optical sensing assays, classified
in colorimetric, fluorescence, chemiluminescence, SERS, and SPR-based methods
for the detection of these analytes will then be presented.

5.2 Food Safety Analytes

Acquiring nutritious food is very important to maintain a vigorous lifestyle and
promote health. In the past, the significance of food contamination was
underestimated due to the lack of reports related to food safety and the difficulty
in analyzing the relationship between contaminated food and various diseases. There
were also many shortcomings internationally in the knowledge, attitude, and behav-
ior of food consumers suffering from serious diseases (Marklinder et al. 2020).

110 M. Mousavizadegan et al.



Finally, the significance of food safety in health was realized and in 2015, the World
Health Organization (WHO) published an article estimating the global burden of
foodborne diseases. This article showed that only 31 types of food contaminants lead
to 32 diseases that cause 42,000 deaths per year (Griesche and Baeumner 2020).
Compared to industrial countries, developing nations are harder afflicted by the
repercussions of food contamination. Recently, food safety has attracted much
attention due to the understanding of its heightened importance and also, the
accumulation of knowledge regarding the presence of various contaminants in
food samples and how they impact the health of the consumer. Some examples of
such contaminants are heavy metal in the environment and how they pollute the
water resources, improper use of pesticides and antibiotics, and other pollutants and
toxins that accumulate in various plants and animals. Also, numerous pathogens
including viruses, bacteria, and parasites can also contaminate food samples at
various stages of agricultural plantation, production, processing, storage, and deliv-
ery (Lu et al. 2020).

In order to effectively develop sensing platforms for food monitoring, an under-
standing of common contaminants is necessary. Furthermore, the development of
new receptors, including antibodies and aptamers, with a strong affinity toward
specific molecules has been instrumental in developing sensitive and rapid diagnos-
tic methods for hazardous substances in food samples (Caglayan et al. 2020). In this
section, a brief description of the various food contaminants has been presented.

5.2.1 Pathogens

Microorganisms have always been present in food, drinking water, the sea and
rivers, soil, and human intestines. Many of these microorganisms are quite beneficial
for the environment and also our overall health like probiotic bacteria, but some are
pathogenic and can cause many major or sometimes quite fatal problems. Pathogenic
microorganisms include bacteria, viruses, and parasites.

Bacteria are among the most common of foodborne pathogens and exist in a
variety of types, many of which are responsible for deadly food-related illnesses.
Numerous pathogenic bacteria have been identified in food samples so far, with
Escherichia coli, Listeria monocytogenes, and Salmonella typhimurium being three
of the most important and fatal pathogens (O’Kennedy et al. 2005; Jokerst et al.
2012). Also some bacterial pathogens generate spores with high resistance to heat
treatments such as Clostridium botulinum, Clostridium perfringens, Bacillus
subtilis, and Bacillus cereus, and some are able to secrete heat-resistant toxins
such as Staphylococcus aureus and Clostridium botulinum. Although most bacteria
are mesophilic and their growth is inactivated in temperatures below 20 �C, some
species such as Listeria monocytogenes, and Yersinia enterocolitica can propagate in
the refrigerator and contaminate food samples in colder temperatures (Bacon et al.
2003).

Viruses are another group of foodborne pathogens. To date, over 100 different
enteric viruses have been reported to be the source of foodborne illnesses, among
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which Hepatitis A and noroviruses are the most common. Most viruses are transmit-
ted via bivalve molluscs such as clams, cockles, mussels, and oysters (Gosling
2008). Waters are also increasingly prone to virus contamination through sewage
discharge and waste disposal from infected shellfish harvesters. These viruses
accumulate for days in the shellfish digestive tract. Health problems arise as most
shellfish are eaten raw, with their digestive tracts in place. The shellfish themselves
also act as a protective barrier for the viruses against thermal inactivation
(DiGirolamo et al. 1970).

Another important group of foodborne pathogens are parasites, which are known
as single-celled microorganisms with an organized nucleus. Similar to viruses, the
propagation of parasites is dependent on the host, thus they do not multiply in food
samples. Cysts are the transmissible form of parasites which can be transmitted from
animals or other humans to humans. These organisms live and procreate usually in
the digestive tract of the infected host and are excreted in the feces, thus fecal
transmission is quite common. A parasite infection can lead to severe
malnourishment in the host. Cyclospora cayetanensis, Toxoplasma gondii, and
Trichinella spiralis are the most common foodborne parasites (Bintsis 2017).

5.2.2 Toxins

Toxins are toxic chemicals produced by a living organism such as microorganisms,
plants, and animals, which can pose serious health risks. Toxins are naturally present
in food and can contaminate food during various stages, from production to
processing and packaging, and even delivery. Although many foodborne illnesses
are caused by bacteria, such as salmonellosis, campylobacteriosis, toxins secreted by
bacteria during growth can also lead to severe health problems. Staphylococcus
aureus and Clostridium botulinum are two bacterial species with the ability to
produce heat-resistant toxins (Ligler et al. 2003; Hodnik and Anderluh 2009).

Mycotoxins, defined as toxins produced by various moulds (fungi), can contami-
nate a wide range of food samples from fruits and vegetables, to nuts and dry cereals.
Aflatoxins are among the most poisonous kind which are generally produced by
Aspergillus flavus and Aspergillus parasiticus on cereals, tree nuts, oilseeds, and
even some spices. This toxin is also found in the milk of animals fed with
contaminated feed. Aflatoxins are especially hazardous as they are known to damage
the DNA which can in turn lead to cancer. Other mycotoxins include ochratoxins
(produces by Aspergillus and Penicillium species), deoxynivalenol and zearalenone
(produced by Fusarium fungi), and ergot alkaloids (produced by Claviceps species)
(Abrunhosa et al. 2016).

Plants, as a defense mechanism against predators, insects, or microorganisms, are
also known to create toxins (Yamane et al. 2010). Microscopic algae and planktons
in oceans and in lakes create chemical compounds which are non-toxic to fish and
shellfish, but can have an adverse effect on humans who eat seafood containing these
toxins (Campàs et al. 2007).
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5.2.3 Heavy Metals

With the development of countries, heavy metal industries ensued which led to their
entrance in the human life. Heavy metals and their respective ions are metals with an
atomic weight between 63.5 and 200.6 g mol�1 and a specific gravity greater than
5 g cm�1. Organisms need a minimum amount of specific heavy metals such as
cobalt (Co), molybdenum (Mo), vanadium (V), zinc (Zn), and strontium (Sr).
However, other highly toxic metals such as arsenic (As), beryllium (Be), cadmium
(Cd), chromium (Cr), lead (Pb), and mercury (Hg) have irreversible effects on the
human health and ecosystems, even in very small amounts. Heavy metals are present
in the earth’s crust. Therefore, they become incorporated with food and water
resources through agriculture and industrial processes, and as a result become
consumed by humans and other organisms in various ways.

The toxicity of heavy metals derives from their interference in the body’s
biochemical and metabolic reactions, such as digestion. If heavy metal ions in
drinking water are higher than the permitted amount, severe and dangerous diseases
such as cancer, cardiovascular disease, brain damage, kidney failure, and nervous
system complications will occur. Traditional heavy metal diagnostic methods such
as atomic absorption spectroscopy have an acceptable detection limit but, have
limitations such as their requirement of complex instrumentation and being costly
(Wang et al. 2020a).

5.2.4 Pesticide Residues

Pesticides are widely used in agriculture to destroy or control various pests that can
blemish the quality of crop. Pesticides are used as insecticides, fungicides,
herbicides, and other types which help ensure the maximum quality of food.
Based on their chemical structures and functionality, synthetic pesticides are classi-
fied into five classes: organochlorine, organophosphate, carbamate, neonicotinoid,
and pyrethroid. Most pesticides are designed to attack pests, but they also adversely
endanger humans, the environment, and wildlife and are considered among the most
hazardous pollutants (Wang and Zhou 2014; Trojanowicz and Hitchman 1996).
Furthermore, the more they perpetuate in the natural cycle, their concentration,
and toxic intensity accumulates. Therefore, the study of different ways to diagnose
pesticides is of crucial importance.

5.2.5 Veterinary Drug

Different types of veterinary drugs, including growth factors and antibiotics, are
extensively used in livestock and poultry these days to prevent disease and help fight
infections and also to induce growth. These drugs can accumulate in animal tissues
and cause problems in humans in a variety of ways. 6051 ton of various active
ingredients are used as veterinary medicines. Some of these drugs get excreted as
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urine and feces from the animals’ body and can then be used as fertilizers thus
entering the environment. The continuous entry of these substances into the envi-
ronment and long-term accumulations in the human body can cause persistent side
effects such as allergies and bacterial resistance (Wang et al. 2020b).

5.2.6 Illegal Additives

In the food industry, certain substances known as preservatives are used to prevent
microbial growth and make food seem pristine. For example, sodium and potassium
salts of nitrite and nitrate are added to meat, fish, sausages, and cheese to preserve the
products. They can also cause a better appearance by impacting the color and change
the taste of these foods. However, excessive use of nitrite leads to immediate toxic
reactions such as abdominal pain, vomiting, and decreased blood oxygenation.
WHO has set a high daily intake of 3.7 mg kg�1 of nitrate and 0.07 nitrite mg kg�1

of body weight (Thongkam and Hemavibool 2020).
Melamine, which is another type of food additive, has become the focus of the

food industry in the world. Melamine is added to milk and dairy products to increase
their protein efficiency. Maximum residue levels (MRLs) are allowed to be added to
milk powder in China and the United States at 1 and 2.5 mg kg�1, respectively.
Given the importance of dietary supplements and the adverse effect they can have
when exceeding the permitted level, they should be identified and quantified by rapid
and sensitive laboratory techniques (Boutillier et al. 2020).

5.3 Detection Based on Optical Sensors

The word sensor is derived from the Latin word sentire, meaning recognition. These
devices are made of three sections including a sensing element, a transducing
element, and a detector. The sensing element (antibody, enzyme, nucleic acid, cell,
aptamer, bacteriophage, and microorganism) receives a physiological response and
transfers it to the transducer (optical, electrochemical, mass-based), and finally, the
signal is detected by the detector. Depending on the transducer, sensors can be
divided into different groups including optical, electrochemical, acoustic wave, and
piezoelectric sensors (Bahadır and Sezgintürk 2017). Biosensors are used for a large
number of applications within the field of biotechnology, including medical diagno-
sis, pharmaceutical analysis, and food. One of the best types of sensors for the
detection of contaminating microorganisms and substances in food samples are
optical and electrochemical sensors (Huet et al. 2010).

Due to numerous advantages such as the possibility of remote control in hazard-
ous environments, acceptable sensitivity and high stability, optical sensors are
extensively used for the rapid detection of food contaminants. Furthermore, they
enable the detection at different wavelengths and consequently provide a platform to
simultaneously detect various parameters (Ohk and Bhunia 2013). The various
optical geometries used in sensing assays include optical fibers, planar wave guides,
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surface plasmon resonance, and microarrays. Optical biosensors measure changes in
the phase, frequency, and amplitude of light (Narsaiah et al. 2012). They are divided
into different types according to the transmission mechanism, including colorimet-
ric, fluorescence, chemiluminescence, surface-enhanced Raman scattering (SERS),
and surface plasmon resonance (SPR) (Silva et al. 2018).

Nanotechnology has impacted various fields of science and technology including
the research for the development of efficient detection assays. NMs, with a high
surface-to-volume ratio, demonstrate interesting optical and electrical properties
which have led to their immense employment in the development of optical sensors.
Compared to other nanomaterials, gold nanoparticles (AuNPs) have been
tremendously used in many optical sensors due to their unique properties such as
catalytic behavior, SPR, unique optical properties which results in the color change
as they aggregate or dissociate, fluorescence emission (as seen in gold nanocrystals),
fluorescence quenching, etc. To this day, and by taking advantage of the many merits
of AuNPs, numerous sensing approaches have been proposed based on these
nanomaterials for a multitude of reasons. The first reason is related to the compati-
bility of gold nanoparticles with various organic and metallic molecules, which leads
to their natural reaction with molecules. Second, when gold nanoparticles are
synthesized by the citrate method, due to their charge properties, the probability of
their interaction with other molecules increases. The third is the high surface-to-
volume ratio, which increases analyte detection. The last and fourth reason is
associated with their ability to adjust to different conditions through creating a
change in morphology, size, and synthetic environment (Naderi et al. 2018;
Upadhyayula 2012).

In this section, we will examine various types of optical sensors for food analysis
and present novel proposed sensing assays based on colorimetric, fluorescence,
chemiluminescence, SERS and SPR methods for food safety analysis.

5.3.1 Colorimetric

Colorimetric sensors have been developed as an emerging and suitable sensing
platform for food analysis and chemical screening. The colorimetric method has
advantages over other approaches such as cost-effectiveness, facile portability and
on-site application, repeatability, no need for a specialized operator, and the possi-
bility to detect the results by the naked eye. Currently, colorimetric sensors play an
important role in improving the safety and quality of food. In addition, it is possible
to strengthen them through the development of nanotechnology, sample preparation
and handling, and incorporation of more efficient reagents (Mesgari et al. 2020;
Dehghani et al. 2019).

Colorimetric sensors determine sensitivity, response time, specificity, and signal-
to-noise ratio by two essential factors:

1. Cognition elements that cause proper interaction between the analyte and the
sensor targeting component.
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2. Conductive materials or NMs with suitable optical properties that provide the
appropriate color change response in the visible region (390–700 nm) after
analyte recognition.

Colorimetric sensing approaches depending on the targeting technique can gen-
erally be classified in immunosensors, in which antibodies act as the target detection
unit, and aptasensors, in which aptamers are used to capture the target; although less
common targeting molecules are also used. Numerous approaches have been
reported to generate the color readout signal in these sensors, the most predominant
of which are NM-based sensors especially with Au or Ag nanoparticles, enzyme-
based sensors such as horseradish peroxidase (HRP), DNAzyme-based sensors, and
sensors using enzyme mimics. (Maduraiveeran and Jin 2017).

Many targeting elements can be used for specific detection on colorimetric
assays, including antibodies, enzymes, nucleic acids and aptamers, receptor ligands,
etc. Aptamers, defined as single-stranded oligonucleotides with a specific secondary
structure which can bind to and detect various molecules, are gaining a lot of
attention due to being more cost-effective and stable compared to antibodies
(Hosseini et al. 2015).

AuNPs are used in colorimetric sensors due to their molecular interactions and
visible color change which arises from the aggregation or dissociation of the NPs. In
general, when AuNPs are dispersed, they appear red, but when they accumulate the
solution color changes to purple. Based on this phenomenon, several colorimetric
sensors have been designed to detect food pathogens. Acetamiprid in fruits and
vegetables was detected in a simple and sensitive colorimetric method based on gold
nanoparticles. Acetamiprid has a cyano group that induces accumulation of gold
nanoparticles and changes the solution color from red to purple. The linear range of
acetamiprid detection in this approach based on gold nanoparticles with a diameter
of 15 nm and 22 nm is 6.6–66 μM and 0.66–6.6 μM, respectively (Yang et al. 2017).

Due to their high light absorption properties, silver nanoparticles also have many
applications in colorimetric biosensors and, like with gold nanoparticles, the amount
of light absorption by AgNPs can be adjusted by controlling their size, shape, and
environmental conditions. Silver-based nanomaterials have unique electrical and
catalytic properties and optical properties such as photoluminescence and SPR
(Abou El-Nour et al. 2010). A rapid, sensitive, selective, and simple colorimetric
assay based on AgNPs was reported to detect melamine in raw milk. Melamine can
induce the aggregation of AgNPs via three amine groups in its structure and leading
to solution color change from yellow to red. The proposed method can be used to
detect melamine in raw milk, with a detection limit of 0.01 mM (Alam et al. 2017).

Numerous nanostructures have proven to possess peroxidase-mimicking activity;
thus, they can be used to replace HRP in colorimetric sensors (Dehghani et al. 2019;
Alam et al. 2017). Exploiting this phenomenon, a colorimetric biosensor was
developed for the detection of Campylobacter jejuni with a detection limit of
100 CFU mL�1. In this method, specific aptamers and Au@Pd nanoparticles were
used. Interaction of free aptamers with the surface of the nanoparticle inhibits their
catalytic activity and decreases 3,30,5,50-tetramethylbenzidine (TMB) oxidation;
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whereas in the presence of the target bacteria, the aptamers attach to it, and TMB can
be oxidized generating a blue-colored solution (Dehghani et al. 2018). In another
study, magnetic beads modified with Pt/Pd nanoparticles and aptamers were used for
the specific detection of S. typhimurium based on loop-mediated isothermal amplifi-
cation (LAMP) (Dehghani et al. 2021). In the presence of the target bacteria, LAMP
reaction based on Salmonella-specific primers led to the generation of amplified
DNA sequences which, when absorbed on Pt/Pd NPs, inhibited their peroxidase-
mimicking activity. In the absence of the target bacteria, Pt/Pd NPs created oxidized
TMB, which led to a blue-colored signal (Fig. 5.1).

Another colorimetric method was developed to detect ochratoxin A (OTA) in
wine based on a DNAzyme-aptamer sensing element. The DNAzyme part mimics
the peroxidase properties of HRP enzymes and is connected to the OTA aptamer
sequence through a hairpin loop. As shown in Fig. 5.1, when the OTA is in the
environment, it interacts with the aptamer forming a complex. Thus, the hairpin
opens, and the DNAzyme is free to create a blue color by oxidation of TMB to
TMBox based on its peroxidase-mimicking property. The DNAzyme-based sensor
is linearly correlated with the OTA concentration to 10 nM, showing a limit of
detection of 2.5 nM (Yang et al. 2012).

Fig. 5.1 Schematic representation of a colorimetric aptasensor used for the detection of Salmonella
based on loop-mediated isothermal amplification (LAMP) and Pt/Pd nanoparticles with peroxidase-
mimicking activity (Dehghani et al. 2021)
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5.3.2 Fluorescence

Fluorescence is very promising compared to other food analysis methods due to its
low cost, high sensitivity, and simplicity, rapid hybridization kinetics, easy opera-
tion, and convenient automation, which have led to its immense employment in the
design of sensors. Fluorescence emission is defined as the release of energy by
specific molecules, known as fluorophores, at longer wavelengths and with a lower
energy than the wavelength they receive upon excitation from the ground state to an
excited state. The fluorescence process consists of three stages:

1. The electron of the fluorophore molecule is excited by energy absorption through
photons at a specific wavelength.

2. An unstable state is created for the excited electron with a tendency to return to
the ground state.

3. The electron emits energy in the form of light at a longer wavelength to return to
the ground state.

In fluorescence, the two important spectra of excitation and emission are consid-
ered for each molecule. The excitation and emission spectra are taken simulta-
neously by determining a constant distance between the excitation and the
emission wavelength (Ahmad et al. 2017).

The principles of fluorescence analysis depend on the analyte interaction with the
sensing elements, which can alter the fluorescence properties. There are five major
principles for fluorescence signal output as follows:

1. Fluorescence quenching.
2. Increased fluorescence intensity.
3. Shifts in the emission wavelength.
4. Fluorescence lifetime variations.
5. Fluorescence resonance energy transfer (FRET).

Many molecules display natural fluorescent, some of which may display fluores-
cence in one state and but be non-fluorescent in another. For example, the NADH
molecule is fluorescent whereas NAD+ lacks this property. Therefore, through
inducing the change from NADH to NAD+ and creating a change in the fluorescent
behavior in the sensors, the target molecule can be detected.

Most analytes are non-fluorescent, thus labels must be used to detect them by
fluorescence methods. Labels are materials that can be attached to the analyte by
covalent bonding with the help of hydroxyl, amine, carboxyl, or sulfhydryl groups.
Probes are another solution to create fluorescence for this purpose, but probes have a
high response to environmental variations such as ions, pH, and oxygen. Organic
dyes and nanomaterials like AuNPs, AgNPs, and carbon nanotube (CNTs) can be
used as labels. Required criteria for selecting fluorescent labels include high
excitability, the ability to generate a strong and recognizable signal, having a specific
functional group for connection, high fluorescence quantum yield, and high molar
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absorption coefficient. Fluorescent organic dyes such as rhodamine, fluorescein,
cyanine, and coumarin also have some limitations for applications in sensing due
to their low solubility, poor bioavailability, toxicity, and narrow excitation. Fluores-
cent nanomaterials such as metal nanoparticles and nanoclusters, quantum dots, and
carbon and graphene dot have many merits over organic dyes but their wide
applications for food analysis is also limited due to their complex synthesis, high
toxicity, and low biocompatibility (Kermani et al. 2017; Borghei et al. 2017; Pebdeni
et al. 2020; Dehghani et al. 2020).

In this sensing platform, as with others, a target molecule can increase the
sensitivity and selectivity of the sensor by a multitude. In fluorescent biosensors,
aptamers are an excellent option for targeting elements. Unlike antibodies, peptides
and enzymes, aptamers have high flexibility for easy functionalization and chemical
modification, and are more stable to environmental change. Therefore, fluorescent
aptasensors to detect a wide range of analytes (Sharma et al. 2018). Aptabeacons, a
new class of molecular beacons, have attracted a lot of attention in the development
of fluorescent sensors. Aptabeacons consist of a hairpin structure attached to a
fluorophore and a quencher. When the target is in the environment, it connects to
the aptamer and activates the fluorescence signal by disrupting the energy transfer
between the quencher and the fluorophore since the hairpin structure opens and the
distance between the quencher and the fluorophore increases (Yamamoto and Kumar
2000).

Another type of aptamer-based fluorescence sensor can be designed based on an
aptamer switch probe. An aptamer switch probe consists of an aptamer, a small DNA
molecule that complements the end and a fluorophore is attached to the other end of
the aptamer. When the analyte is in the environment, it binds to the aptamer leading
to intramolecular displacement and converting the aptamer to a fluorescence probe
(Tang et al. 2008). This technique was used in the detection of aflatoxin M1 in milk
samples as depicted in Fig. 5.2 (Sharma et al. 2016).

Another approach to design fluorescent sensors is based on pyrene. Pyrene is a
dye with little fluorescence, but if two monomer units come together to form an
eximer, the fluorescence lifetime increases, which can be used to analyze the analyte.
This approach has been used for the detection of Hg2+ in samples (Wu et al. 2019).

Recently, most fluorescent sensing methods are based on FRET. FRET is a
process in which an energy donor gives its energy (electrons) to the nearest acceptor
(about 10 nm). The emission spectrum of the donor has to overlap with the excitation
spectrum of the acceptor for FRET to take place. In a study, in an attempt to detect
Aflatoxin B1(AFB) in rice and peanuts, a FRET biosensor was designed. In this
method, specific aptamers, attached to quantum dot (QDs), are absorbed on AuNPs.
When the target is not in the environment, emission of QDs and the absorption of
AuNPs overlap, leading to fluorescence quenching by FRET. By attaching to the
target, the aptamer is released from the gold nanoparticles, and the energy transfer is
interrupted due to the increase in the distance between the QDs and AuNPs. Thus,
the quantum dot’s fluorescence emission is activated. The linear range of this method
is 10–400 nM (Sabet et al. 2017).
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5.3.3 Chemiluminescence

Chemiluminescence (CL), defined as the process of light generation through a
chemical reaction, has grown into a well-established optical detection technique
for the analysis of various liquid phase samples. A typical chemiluminescent reac-
tion is as follows:

A½ � þ B½ � ! ◊½ � ! Products½ � þ light

in which an interaction between A and B leads to the production of excited
intermediate species (◊), which emit light as they return to their grounded state.
Compared to other optical techniques, CL has superior sensitivity as a result of
reduced background noise due to the elimination of an external light source. Other
advantages of this technique include controlled emission rate, rapidity, stability, and
safety (Vacher et al. 2018).

The most commonly used CL reagent in luminol, which can be oxidized by
hydrogen peroxide, permanganate, periodate, etc. in an alkaline medium to generate
the excited 3-aminophthalate anion. The latter emits light upon its return to the
ground state. Besides luminol, other reagents such as peroxyoxalate derivatives and
tris(2,2-bipyridine) ruthenium(II) (Ru(bpy)3 2+) have also been used in the devel-
opment of numerous sensors (Liu et al. 2010).

In order to gain higher efficiencies and quantum yields, various catalysts such as
horseradish peroxidase (HRP) or alkaline phosphatase (ALP) are used in CL
systems. In one study, HRP was used in a CL aptasensor for the detection of
aflatoxin B1 (AFB1). In this approach, capture probes, which hybridize to selective

Fig. 5.2 Schematic
representation of structure
switching signaling
aptasensing platform for the
detection of aflatoxin M1
(Sharma et al. 2016)
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aptamers for AFB1, were immobilized on magnetic beads in order to enable
magnetic separation to reduce the background signal. Hybridization chain reaction
(HCR) was also used for further signal enhancement. In Fig. 5.3, a schematic of the
proposed sensor is presented (Xie et al. 2019).

As previously mentioned, nanomaterials possess unique optical and often cata-
lytic features which has to an increased interest in employing them for signal
enhancement in CL-assays. It has been proven that incorporating metal NPs or
semiconductor crystals can significantly enhance the luminescence signal in CL

Fig. 5.3 Schematic representation of a CL aptasensor for the detection of AFB1 based on HCR for
signal enhancement (Xie et al. 2019)
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systems. AuNPs, AgNPs, platinum NPs (PtNPs), and CdTe nanocrystals have been
reported to be able to enhance the sensitivity of CL sensors (Chen et al. 2011).
Peroxidase-mimicking NMs have recently gained immense attention in CL-assays
due to the unique features that arise from their large surface-to-volume ratio and their
distinct advantages over conventional catalysts and enzymes such as being cheaper,
more stable in varying conditions, and more tunable catalytic behavior. To date,
numerous peroxidizing NMs have been discovered including iron oxide NPs
(Fe3O4), AuNPs, graphene oxide and carbon dots, some quantum dots, and several
nanoclusters (NCs) including PtNCs (Dehghani et al. 2018).

Chemiluminescence resonance energy transfer (CRET), similar to FRET, is a
distance-dependent non-radiative energy transfer phenomenon in which a CL donor
transfers its energy to a dye or fluorescence NMs. In comparison with FRET, CRET
has higher sensitivity and lower noise interference. Also, owing to the elimination of
an external light source for excitation, problems pertaining to autofluorescence or
fluorescent bleaching are noticeably lessened. Taking advantage of CRET, a turn-on
sensor was designed for the detection of melamine, an adulterant added to milk to
increase its apparent protein content, in milk samples (Du et al. 2015). This sensing
assay was based on the quenching CL effect of AuNPs on bis(2,4,6-trichlorophenyl)
oxalate (TCPO)–hydrogen peroxide–fluorescein system because the absorption
band of dispersed AuNPs overlaps with the CL spectrum. In the presence of
melamine, the aggregation of AuNPs is induced, thus restoring the CL reaction in
the system. Using this sensor, a detection limit of 3� 10�13 mol/L for melamine was
attained.

5.3.4 Surface-Enhanced Raman Scattering

Spectroscopic methods have always been among the favored detection approaches,
especially in the assessment of food quality as a result of their rapid and nondestruc-
tive nature. Vibrational spectroscopy, including infrared (IR) and Raman spectros-
copy, are particularly highlighted as they are simple, fast, reliable, and require
minimum sample preparation. In Raman spectroscopy, the sample is irradiated
with monochromatic light in the visible or near-IR region, which elevated the
vibrational energy levels to higher, short-lived states. Molecular relaxation can
occur either by photon emission with the same wavelength (Rayleigh scattering),
or by photon emission with a lower frequency (Raman scattering). Since only a small
percentage of molecules undergo Raman scattering, the intensity of this technique is
quite low (Thygesen et al. 2003). Surface-enhanced Raman scattering is an approach
that aims to enhance Raman scattering of molecules either absorbed on metal
surfaces or in vicinity of metal particles. Noble metals, such as Ag, Au, and Cu,
due to their special plasmon resonance properties, are typically used for signal
enhancement in SERS. A selection of SERS substrates, based on noble metals, are
available which can be divided into colloidal and solid substrates. Samples are either
dropped on a solid substrate, or put in a solution with colloidal substrates to be
analyzed through SERS.
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Nanotechnology has had a big impact on SERS, as noble metal NMs display
higher plasmon resonance properties and can thus further enhance Raman scattering.
Many strategies have been opted to improve the SERS signals through the optimi-
zation of the structure, shape, size, and components of noble metal NMs (Sharma
et al. 2013). As Raman enhancement occurs at nanoscale gaps in between the NPs,
decreasing metal particle size influences the particle density and increases SERS
hotspots, thus generally increasing SERS signal (He et al. 2017). AgNPs are among
the strongest signal enhancing substances used in SERS assays. Pertinent to these
findings, Tang et al. hypothesized that a nonplanar SERS substrate can be more
effective in signal enhancement. Using AgNP-coated glass beads, they designed a
rapid sensor for the identification of two pesticides, chlorpyrifos and imidacloprid, in
apple extracts, attaining a detection limit of 10 ng/mL and 50 ng/mL, respectively
(Tang et al. 2019).

Various nanostructures containing gold have also been extensively used in SERS
sensors for food analysis from simple AuNPs (Luo et al. 2018), to more complex
structures such as densely arranged AuNPs templated from mesoporous silica film
(MSF) as used for the detection of pesticides in food samples via SERS (Xu et al.
2020); and also Fe3O4@Au core-shell gold nanostructures as used in the SERS-
based assessment of synthetic food colors such as acid orange II and brilliant blue
(Xie et al. 2019). Au@AgNPs core-shell nanostructures combine the excellent
enhancing properties of silver with the high stability of gold. This nanostructure
was used for the simultaneous detection of thiram and dicyandiamide in liquid milk
(Hussain et al. 2020). Gold nanorods (AuNRs) have also recently been under the
spotlight for Raman enhancement as they display unique surface plasmon resonance
and tunable aspect ratio, which can easily be adjusted for signal enhancement. As
seen in Fig. 5.4, AuNRs were employed in an SERS-based sensing platform for the
selective detection of thiabendazole, a pesticide, in apples with a detection limit of
0.037 mg/L (Fu et al. 2019).

Fig. 5.4 Schematic representation of a gold nanorod (GNR)-based SERS sensor for the specific
identification of thiabendazole (Fu et al. 2019)
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5.3.5 Surface Plasmon Resonance

Surface plasmon resonance (SPR) is defined as the oscillation of the conductive
electrons of a metal (commonly gold or silver) near the surface upon being excited
by light with a specific angle of incidence. When this happens, a decrease in the
intensity of the reflected light can be seen. The refractive index of the medium near
the surface of the metal impacts the angle of light which triggers SPR. Hence, any
variation in the refractive index, for instance caused because of the absorption of
molecules to the surface, will affect SPR, thus making it possible to the molecule to
be detected. Analyte identification in SPR occurs through the assessment of the
intensity of the reflected light, or by analyzing the resonance angle shifts in a real-
time manner (Zhu and Gao 2019). As SPR assays provide a label-free and real-time
detection route and require minimum reagents, they have extensively been applied
for the analysis of numerous analytes including food-related analytes.

In a typical SPR assay, targeting molecules such as antibodies or aptamers are
absorbed on a gold or silver film. The presence of a target and its interaction with the
respective target molecule lead to a mass change near the surface, which thus
impacts the refractive index and the reflective light beam. This general approach
was used to develop an SPR-based immunoassay for the specific detection of
amantadine (AM), an antiviral drug, in animal-derived food samples with a detection
limit of 4.0 ng mL�1 (Pan et al. 2019). Multiplexed detection based on the SPR
technique has also been extensively explored, as done in one study for the simulta-
neous detection of aflatoxin B1, ochratoxin A, zearalenone, and deoxynivalenol in
cereal samples (Wei et al. 2019).

Localized surface plasmon resonance (LSPR) occurs in the interface of nanotech-
nology and SPR. In this approach, instead of a metallic film, metallic nanostructures,
which have enhanced plasmon resonance and provide a bigger surface for
functionalization, are employed. LSPR has been used in several novel sensing
approaches for food monitoring. In one study, an LSPR-aptasensor was used for
the recognition of Staphylococcus aureus in milk samples with a detection limit of
103 CFU/mL (Khateb et al. 2020). In another study, gold nanorods were employed to
develop an aptasensor for the in situ detection of ochratoxin A with a limit of
detection of 12.0 pM (Lee et al. 2018). In a different approach, Au@Pt nanozymes
were used in an LSPR-based sensor for the identification of silver ions Ag+ with a
detection limit of 500 nM. The presence of Ag+ disrupts the peroxidizing effect of
the nanozymes on H2O2. In this situation, and in the presence of a weak acid, the
residual H2O2 leads to the reduction of the silver ions and a blue shift in the SPR
spectrum (Fig. 5.5) (Tian et al. 2020).

5.4 Conclusion and Future Perspectives

Recent advances in optical biosensing assays have revolutionized the attempts for
rapid analyte detection and can evidently provide many benefits in food safety
control. Optical biosensors possess many profound advantages such as being able
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to provide rapid, selective, and sensitive recognition methods and being able to
provide more compact and portable sensors for in situ food analysis. The
incorporation of functional nanomaterials, such as enzymes, DNAzymes, antibodies,
and aptamers, can enhance the sensing performance through effective targeting or
signal enhancing. Novel nanomaterials, due to their unique optical properties which
arise from their increased surface-to-volume ratio, have also had a great impact on
the improvement of optical strategies. Also, wireless-communication technologies
and the advancement of smartphones can further help with the development of
portable, in situ sensing platforms. Although the broad practical application of
optical assays is still limited because of the numerous challenges mostly relating
to sample preparation and creating compact systems for portability, optical sensors
have proven to be among the most efficient detection routes for food safety
monitoring.
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Abstract

Growth of world population demands increasing food production and subse-
quently requires more food quality control. Low sensitivity and undesirable
detection limits affect some of the present quality control tests which require
development of novel method to address above challenges. Nanotechnology as a
developing field is regarded almost in all aspects of science nowadays and attracts
great attention and wide application. Main application of nanotechnology
includes using of nanoparticles in food packaging processes, pathogen and
toxin detection through nanobiosensors, and modification of food-related
surfaces in nanoscale dimension to prevent pathogen attachment and contamina-
tion. In this chapter, we describe the recent improvement in application of
nanotechnology in mentioned aspects of food industry. Due to distinguished
nature of nanomaterials, most of the introduced nano-based methods showed
higher sensitivity and improvement compared to conventional methods.
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6.1 Introduction

Food quality and security is regarded as the most important factor to guarantee the
health of food supply chain. Conventional methods toward determination of food
quality have shown some inefficiencies and drawbacks, and there is a need to
develop novel methods that would be most efficient and address some inefficiencies
in current methods. Nanotechnology as the developing and high demand technology
currently showed its superiorities in food industry sector and its related branches.
The involvement of nanomaterials has been demonstrated in packaging, biosensors
for detection of food contaminations, and their application as antimicrobial agents. A
biosensor is an analytical device used for the detection of a chemical substance that
combines a biological component with a physicochemical detector (Chandra et al.
2012; Choudhary et al. 2016; Deka et al. 2018; Mahato et al. 2018; Verma et al.
2019). Meanwhile, there are some concerns for consumers about nanomaterial safety
and their effect on human health and environment. Increasing demand for production
of food products results in some challenges such as modification in food production
chain and also following intrinsic risks in climate condition and water shortage.
Using less preservations and chemicals during food process is also another concern
in this industry. So, being sure about the safety of foods alongside with their
production at the high scale should be considered as much as possible.

6.2 Conventional Methods for Food Safety

The food safety includes the control processes which started after harvesting of
primary product from farm to its edible form in consumer plate. The aim of these
strategies is to minimize all possible risks without affecting food quality. In order to
remove any microbial contamination in food products, many physical and chemical
approaches are applied (Parish et al. 2003). The physical methods are categorized
into thermal approaches which are subdivided into heat and freezing treatments,
ultrasonication (Sala et al. 1995), radiation which involves ionization (gamma) and
non-ionization (UV) radiation (Fedorova 1964), drying and filtration methods.
Chemical methods are exploiting chemical disinfectant agents such as chlorine
solutions, hydrogen peroxide, and ozone (Poult Sci 2017). These are current
approaches which commonly used in microbial control protocols. The applied
methods show some failures in their food application such as their high cost, high
rates of instability and degradability, environmental side effects, and human health
problems. Regarding these problems, there is a global demand for using green
methods instead of chemical agents. Nanotechnology as an emerging field can
address all the challenges present in food industry safety and quality.
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6.3 Application of Nanotechnology in Food Industry

After widespread application of nanotechnology in industries, it was also used in
food industry. Contribution of nanomaterials in food sector includes their bactericide
role, nano encapsulation of food ingredients, nutrient nano additives, and food
packaging process (Peters et al. 2016). Nanoparticles such as Ag, ZnO, and TiO2

show their intrinsic properties as effective antimicrobial particles to exploit on the
surfaces of foods and food covers (Noimark et al. 2015). So, surface disinfection
would be possible through nanoparticle application and improve the food safety and
quality.

6.3.1 Application of Nanomaterials in Surface Disinfection

Deposition of specific nanoparticles with antimicrobial activity can help to provide
the coating with hygiene property which could be kept during the food preparation
process from production to the next steps in food chain. This layer could help us to
prevent any contamination through inactivation of bacteria and inhibit the biofilm
formation on the surface of food product covers. This strategy is also available for
fabrication of the antimicrobial kitchenware. The applied nanomaterials include
nanoparticles of metal oxides such as the particles with photocatalytic activity
such as TiO2 and ZnO and the metal oxide with intrinsic antimicrobial property
toward bacterial disinfection such as Ag. Modification in nanoscale dimension in
surfaces topography is another nano-based strategy which create the anti-fouling
traits could also help to antimicrobial activity.

Nanoparticles with photocatalytic activity such as TiO2 and ZnO have the ability
to generate the reactive oxygen species (ROS) upon exposure by UV light and
acquire the oxidization and degradation function on the organic matter substrates.
Efficiency of these nanoparticles on bacteria inactivation also investigated (Gamage
et al. 2010). UV irradiation is considered as the main limitation challenge, and the
novel approaches have been developed for activation of these nanoparticles by
visible light (Banerjee et al. 2014). The applied strategies are involving the dye
sensitization method (Aponiene and Luksiene 2015) and also incorporating of
different elements such as Cu (Yadav et al. 2014). As shown in Fig. 6.1, core-shell
structure of TiO2-Cu nanoparticle with photocatalytic activity showed efficient
antibacterial activity under visible light illumination.

A range of nanomaterials have been applied yet to disinfect the food surfaces and
coating. Among them silver nanoparticles are the most frequently used metal
nanoparticles. These nanoparticles can be used in coating surface of food products
to inactivate the bacteria. Direct application of silver nanoparticles has been done in
preparation process of some food products such as banana powder (Orsuwan et al.
2016) and gelatin (Kanmani and Rhim 2014). It has been demonstrated that the
presence of silver nanoparticles on the graphene oxide sheet inhibits 100% of
bacteria attachment on applied surfaces (De Faria et al. 2014). Other surfaces such
as glass can also be functionalized by deposition of silver nanoparticles. Silicone
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functionalization with silver nanoparticles and crystal violet could also help for
better efficiency of crystal violet dye for inactivation of microbial source under the
visible light. Photocatalytic activity of nanoparticles such as TiO2, ZnO, and CeO2

has been regarded recently due to its antimicrobial activities. This process requires
UV light illumination and results in creation of reactive oxygen species (ROS) which
oxidize any organic substance such as bacteria. UV radiation may result in
unpredicted damage to operators. So recently, alternative approaches have been
developed for activation of nanoparticles with visible light instead of UV radiation.

Moreover, some food surfaces have been functionalized with the green natural
extracts instead of chemical compounds that could exhibit the antimicrobial activity.
These structures show their efficiencies in nano capsulation and nano emulsion
forms in cinnamaldehyde and soybean polysaccharide, respectively (Noimark
et al. 2014; Donsì et al. 2015). Above-mentioned studies showed antimicrobial
activity against E. coli bacteria. Biofilms are resulted from formation of bacteria
aggregation on surfaces which also could include the pathogenic bacteria. These
biofilms show resistance to conventional disinfection methods and are considered as
one of the main important sources of food products contamination. Modification of
food surfaces morphology in nanoscale dimension and generation of specific nano-
scale topography is an emerging development toward inhibition of microbial surface
attachment. Some examples of these modifications are deposition of nanoparticles
on surfaces and nanolithography.

6.3.2 Nanotechnology-Based Application in Food Chain

Agri/food/feed is the novel phrase which indicates the important role of nanotech-
nology in agriculture, food, and feed industries. Nano pesticides and nano fertilizers
which include the chemical compounds capsulated in nanocarriers are among
common commercial products in agriculture section. Other examples of these

Fig. 6.1 schematic
representation of synthesized
Cu-coated TiO2 effect on
bacteria (Yadav et al. 2014)
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products in food industry include food additives and food supplements in nano size
form and antimicrobial agents in food packaging process.

According to EFSA inventory report, about 276 agri/food/feed nanotechnology-
based applications have been developed and present in market and many other
applications are under development process (Peters et al. 2014). The applied
nanoparticles for construction of food coverage include organic, inorganic, and
combination of organic and inorganic materials (Fig. 6.2). Most popular organic
originated nanoparticles include micelles and polymers and also inorganic
nanoparticles include metallic nanoparticles, clay, and carbon-based materials. The
combined nanoparticles have core/shell structure which in most of the organic part is
used as the shell of nanoparticles.

Many of these introduced applications are related to microbiological food safety
which boost the food quality and regarded as alternative future goals. Engineering of
food surface coating with engineered nanoparticles such as Ag, ZnO, and TiO2 are
the most and frequent approaches toward illustrated applications. Many
nanobiosensors have been developed to detect the trace amounts of pathogens in
food products (Rashidi and Khosravi-Darani 2011). Invention of food package with
antibacterial and also biodegradable properties makes the new generation of intelli-
gent packages.

6.3.3 Nanotechnology in Food Packaging

Inhibition of microbial contamination requires two main approaches, the first one is
microbial inactivation which helps to provide the hygiene environment for food
during food preparation and storage processes, and the next approach is prevention
of microbial attachment which finally led to biofilm formation. Using clay in
nanoscale form and in combination with biopolymer-based plastic resulted to

Fig. 6.2 Different types of applied nanomaterials for food coverage (Peters et al. 2014)
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construction of biodegradable and ecofriendly food package (Ghanbarzadeh et al.
2013). Titanium nitride nanoparticles also has been used for development of resis-
tant packaging to CO2 leakage in carbonated drinks (EFSA Publication and
Frandsen 2012).

Integration of nanoparticles in bioactive compounds prevents food oxidation and
spoilage. Some examples that have been used for this purpose include cellulose and
selenium integrated in food packages which inhibit the ROS to decrease the food
quality (Vera et al. 2016). As shown in Fig. 6.3, a flexible multilayer incorporated
with selenium nanoparticles developed and showed its antioxidant efficiency in
hazelnuts, walnuts, and potato chips samples.

Oxidative damage is the common spoilage process, especially in fatty foods. So,
similar strategy had been reported for fatty food protection using aromatic groups
such as phenol (Liu et al. 2017). In another study, encapsulated tea polyphenol
nanoparticles incorporated in gelatin films and the obtained results showed oxidation
protective of presented coverage due to release of tea polyphenols in the contacting
surface (Fig. 6.4).

6.3.4 Nanobiosensors in Food Industry

One of the main important factors in food quality is sensitive detection of pathogens
which cause spoilage in food products. Nanobiosensors are recently developed rec-
ognition tools toward sensitive detection of microorganisms which their higher
performance originated from their nanoscale dimensions property. This feature
makes them more sensitive due to their higher surface to volume ratio and also
provides the efficient platform with rapid response for detection of many pathogens.

Fig. 6.3 Multilayer coverage incorporated with selenium nanoparticles for antioxidative protection
in food samples (Vera et al. 2016)

134 M. Dadmehr et al.



The most frequently used nanoparticles for fabrication of these sensors are gold
and silver. The gold-based approaches provide colorimetric methods for visual
detection of food pathogens (Wang and Alocilja 2015). Synthesis of gold
nanoparticles with different size and modification not only improves their pathogen
detection range but also improves the sensitivity of detection methods (Hua et al.
2021) As shown in Fig. 6.5, different gold-based biosensors and strategies have been
designed to detect a wide range of food contaminants. Silver nanoparticles have also
been used for detection of some pathogens such as E. coli and salmonella bacteria
through chemiluminescent assays (He et al. 2015).

Fig. 6.4 Schematic presentation of tea polyphenol nanoparticles incorporated in gelatin films and
their antioxidant property (Liu et al. 2017)

Fig. 6.5 Different strategies for detection of varieties food contamination (Hua et al. 2021)
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Aptasensors are other biosensors which use specific DNA probe with distin-
guished sequence toward toxin detection with specific binding affinity. These
biosensors have gained great attention during recent years especially for detection
of food pathogens. Involvement of nanoparticles, such as gold nanoparticles, quan-
tum dots and carbon nanotubes (CNTs), graphene quantum dots and graphene,
results in their higher sensitivity. We recently introduced an aptasensor for detection
of B1 food aflatoxin (Sabet et al. 2017). The applied strategy was constructed so that
aptamer-conjugated quantum dots (QDs) were adsorbed to Au nanoparticles
(AuNPs) due to interaction of aptamers with AuNPs and led to quenching effect
on QDs fluorescence (Fig. 6.6).

6.4 Conclusion

The benefit and widespread applications of nanotechnology in food industries offer
many significant and efficient results toward increasing the microbial food safety and
subsequently improving the quality of food products. Construction of food coverage
with antimicrobial property through different strategies results in prevention of
microorganism attachment and their inactivation in order to prevent the biofilm
formation on surfaces. Another application of nanotechnology in food industry is
construction of nanobiosensors for detection of pathogens which has benefits such as
higher sensitivity and rapidness. However, the application of nanotechnology in
determination of food contamination is relatively limited compared to other indus-
trial applications. Due to great application of nanomaterials in food industry, many
researches are still conducted and most of them are in development stage to provide
more safety in food products to address the required and necessary standards and

Fig. 6.6 Schematic representation of applied strategy based on FRET mechanism between quan-
tum dots and gold nanoparticles (Sabet et al. 2017)
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obligation. It should be noted that any application of nanomaterials must be under
global regulations which finally provide environmental sustainability and global
economic growth.
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Electrochemical Sensors for the Detection
of Food Adulterants in Miniaturized
Settings
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Abstract

Intentional and unintentional adulteration of food deceives the people and can
cause risk to their health. This book chapter provides an overview about the
classification of adulterants and types of food adulteration in different food
samples such as milk, meat, fish, vegetables, water, and fruit juices and also the
conventional methods employed to detect adulteration. The main focus of this
book chapter is to provide a detailed review of the different kinds of miniaturized
electrochemical sensors, applied for the detection of food adulterants like mela-
mine, urea, hydrogen peroxide, formaldehyde, inappropriate animal meat, syn-
thetic dyes, pesticides, fungicides, veterinary drugs, microbial toxins, and heavy
metal ions. Finally, the overall observation, challenges, and future recommenda-
tion about the electrochemical sensors were discussed towards the transformation
of the research findings into sensitive and affordable miniaturized devices.
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7.1 Introduction

Food consumption in India is closely connected with climate, religion, and culture.
Food is the main source for survival and providing food without adulterant to the
public is a challenging task (Banerjee et al. 2017). Food adulteration mainly affects
the quality of the food; which may be due to the addition of intentional or accidental
second-grade ingredients or by the removal of important components (Bansal et al.
2017). It is a major abuse to the public health (Syed Imran et al. 2020; Pal and Meenu
2020; Campuzano et al. 2020) and causes more than 200 diseases including Delhi
belly to cancer. Among the world population, 4,20,000 people were dead, including
1,25,000 children within the age group of 5 (Syed Imran et al. 2020).

7.1.1 Types of Food Adulteration

Food adulteration can be classified as

(a) Intentional Adulteration
The intentional addition of similar inferior ingredients to food is called inten-
tional adulteration, i.e., addition of melamine, urea, synthetic dyes, stones,
marbles, sand, mud, filth, chalk powder, and contaminated water (Zhang et al.
2020a, b). Melamine and urea are added to increase the protein level in milk
which can cause kidney failure, urinary tract obstruction, gastrointestinal bleed-
ing, liver failure, cachexia, and nephritic disorder (Naik et al. 2020). Addition of
synthetic dyes to soft drinks, chocolates, cakes, etc. causes cancer, asthma,
contact anaphylaxis, immunosuppression, angioneurotic edema, and contact
urticaria.

(b) Unintentional Adulteration
Mixing of unwanted ingredients to the food samples due to carelessness,
ignorance, and poor hygiene is said to be accidental adulteration. In addition,
veterinary drugs are given to animals for immunization stay in animal’s body
and these drug residues persist in the exported meat. Similarly, pesticides
sprayed on fruits and vegetables remain in agricultural products, for example,
organophosphorus, organochlorines, carbamates, and pyrethroids are causing
carcinogenic diseases. Apart from these unintentional adulterants, the accidental
adulteration is also due to microbial pathogens and heavy metals in food stuffs
and water. The flow chart for classification of adulteration is given in Fig. 7.1.

All the country has developed Food Quality Assurance Systems to determine the
quality of food nationally and globally (Campuzano et al. 2016) through various
conventional techniques. Although conventional techniques are accurate and sensi-
tive in detection of majority of the illegal food additives, they are time-consuming,
labor-intensive procedures and involve expensive instrumentation. Thus, cost-
effective, simple, efficient, and rapid identification of hazardous additives in food
is a crucial task in analytical research across the globe (Mansouri et al. 2020a, b). A
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biosensor is a device that measures biological or chemical reactions by generating
signals proportional to the concentration of an analyte in the reaction (Chandra et al.,
2012; Choudhary et al., 2016; Deka et al., 2018; Mahato et al., 2018; Verma et al.,
2019).

Electrochemical sensors offer numerous advantages in the detection of food
adulterants. Different families of electrochemical sensors are classified based on
the nature of electrical signals used in the transduction during analysis: potentiomet-
ric (change of membrane potential); conductometric (change of conductance);
impedimetric (change of impedance); and voltammetric or amperometric (change
of current for an electrochemical reaction with the applied voltage ramp in the first
case, or with time at a fixed applied potential in the latter) (Fig. 7.2).

To facilitate miniaturization and large-scale production of electrochemical
sensors at low cost, screen-printing methodology has been adopted. In recent
decades, the screen-printed electrodes (SPE) satisfy the growing demands for cost-
efficient, stable, disposable, and portable electrochemical sensors which are crucial
in food industries.

One of the most successful and profitable biosensors till date is the disposable
glucose biosensor. The miniaturization can allow for the development of “lab-on-a-
chip” and bedside sensor types. Point-of-Care (POC) diagnostic devices should
satisfy the following requirements to be used compared to sophisticated devices:

Fig. 7.1 Classification of food adulterations
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low Limit of Detection (LOD), high sensitivity and selectivity, low sample volume,
low cost, rapidity, and user-friendly format (Marzuki et al. 2012).

7.2 Electrochemical-Miniaturized Sensors for Intentional
Adulteration

Food trading is one of the most important businesses in the world. There are many
standard and sensitive methods like HPLC, LC-MS, UPLC, LFIA, GC, SPR, Raman
Spectroscopy, Fluorescence Spectroscopy (Wang et al. 2019; Khalil et al. 2020) etc.
are available to detect the various food adulterants. Nevertheless, they are
time-consuming, expensive, and need trained personnel to detect adulterants. But
electrochemical methods provide distinctive opportunity to develop portable, rapid,
accurate, and sensitive sensors for the detection of food adulterants (Nascimento
et al. 2017; Mansouri et al. 2020a, b) by overcoming the restrictions and limitations
of the standard methods. The electrochemical sensors are playing a vital role in
analyzing diagnosing diseases, agro-foods, and ecological inspection (Zeng et al.
2018).

Fig. 7.2 Schematic representation of electrochemical sensors for food adulterants
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7.2.1 Electrochemical Sensors for Milk Adulteration

Milk is one of the most important and essential nutritional drinks to humans as well
as animals which contains 32 g/L of protein content. Mixing of water with milk
reduces the protein and fat content of the milk. In order to adjust the milk properties,
a variety of chemicals are mixed, for example, melamine, urea, hydrogen peroxide,
olive oil, soap, caustic soda, benzoic acid, boric acid, and salicylic acid, (Azad and
Ahmed 2016) and also animal fat (Rebechi et al. 2016). Consecutive consumption of
such adulterated milk can lead to harmful effects in human body (Yu et al. 2015),
and they can be detected by changes in their bio-physical properties like pH,
conductivity, and impedance during adulteration (Tripathy et al. 2017).

7.2.1.1 Electrochemical Detection of Melamine in Milk
In 2008, WHO/FAO reported that in China, melamine (20.298 M) was added with
milk by a food industry which was 1706 times higher than the WHO-recommended
limit. Due to this melamine addition incident, 2,94,000 infants, 51,900 children, and
13 adults were hospitalized and suffered from kidney problems. After this report, the
limit dosage of melamine was set by the US Food and Drug Administration (FDA) as
1 ppm for infant milk and 2.5 ppm for other dairy products (Jun-shi, 2009).

Shang et al. (2014) have reported, an electrochemical sensor based on porous
graphene/PdCu alloy nanoparticles framework and hydrazine was used as signaling
element for the detection of melamine in raw milk and milk powder. Molecularly
imprinted polymers (MIP) using copolymer poly(acrylic acid-
co-(7-(4-vinylbenzyloxy)-4-methyl coumarin)-co-ethylhexyl acrylate) (poly(AA-
co-VMc-co-EHA)/MWCNTs) (Xu et al. 2018) and in situ co-electropolymerized
aniline/acrylic acid by employing melamine as template molecules.

Melamine spiked in infant and raw milk were analyzed by the electrochemical
sensors (Regasa et al. 2020). A robust and reliable electrochemical sensor based on
CuNFs/L-arginine (L-Arg)/rGO-Cu nanoflower composite/GCE was developed in
the presence of ascorbic acid by Daizy et al. (2019) for the determination of
melamine in commercial infant milk samples (Fig. 7.3).

7.2.1.2 Electrochemical Detection of Urea in Milk
Excessive consumption of urea-adulterated milk can lead to indigestion, gastrointes-
tinal bleeding, urinary tract obstruction, renal failure, and cancer (Migliorini et al.
2018). The Food Safety and Standards Authority of India (FSSAI) Act 2006 and
Prevention of Food Adulteration (PFA) Rule 1995 recommended that the amount of
urea should be less than 70 mg/100 mL of milk (Azad and Ahmed 2016). Hence, a
simple, portable, and reliable biosensor needs to be developed to detect urea in milk.

Electrochemical sensors for detection of urea in milk as follows; electrochemi-
cally synthesized Fe3O4/MWCNT-polyaniline nanocomposite was used for the
fabrication of electrochemical biosensor for the detection of urea. The developed
sensor has exhibited stability up to 60 days along with good performance (Singh
et al. 2020). AgNPs/glucose strip was used to fabricate a portable electrochemical
biosensor for urea detection (Liu et al. 2020). Ezhilan et al. (2017) developed a
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highly sensitive electrochemical biosensor based on Pt/ZnO/AChE/Chitosan for the
simultaneous determination of melamine and urea. The biosensor has detected urea
and melamine with LOD of 1 and 3 pM, respectively. Arthrobacter creatinolyticus
urease immobilized polyaniline membrane-based potentiometric biosensor was
fabricated for the detection of urea (Ramesh et al. 2015).

7.2.1.3 Electrochemical Detection of Hydrogen Peroxide in Milk
Hydrogen peroxide (H2O2) is one of the most important and widely used anti-
bacterial agents in food-packing industries. Higher concentration of H2O2 leads to
different disorders like atherosclerosis, renal disease, Parkinson’s disease,
Alzheimer’s disease, and cancer (Pramanik and Dey 2011).

A hybrid polypyrrole-dodecylbenzene sulfate-cerium oxide was applied for the
detection of H2O2 in the development of an enzyme-free electrochemiluminescence
(ECL) sensor. The CeO2 in polymer matrix enhanced the ECL signal with the LOD
of 0.12 fM (Karimi et al. 2018). Prussian blue nanoparticles-doped PEDOT com-
posite was synthesized electrochemically on the glassy carbon electrode and applied
for fabrication of enzyme-free voltammetric hydrogen peroxide sensor (Wang et al.
2017a, b).

Fig. 7.3 Schematic illustration of electrochemical detection of melamine using molecular imprint-
ing electrode. (Adopted with permission from (Shang et al. (2014), ACS Appl. Mater. Interfaces,
6, (21), 18721–18727). Copyright (2014) American Chemical Society)
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7.2.2 Electrochemical Sensors for Adulteration in Meat

Adulteration of meat is the mixing of one animal meat with another animal meat.
Meat is also adulterated with preservative chemicals during preservation process.
Therefore, there is a need to detect adulteration in meat and prevent it (Mansouri
et al. 2020a)

7.2.2.1 Electrochemical Detection of Meat Adulteration
Pork adulteration was detected in raw meat by using label-free 4-carcoxyphenyl
layer/carbon-nanofiber SPE immunoassay for the detection of porcine serum albu-
min (Lim and Ahmed 2016). Montiel et al. (2017) have developed a disposable
nucleic acid-based amperometric biosensor to detect horse meat mixed with meat.
The 40-mer RNA probe labeled magnetic micro-carriers specific to mitochondrial
DNA of horse was used as the sensing probe. This biosensor is highly sensitive,
selective, rapid, and simple for detection of horse meat adulterant (Fig. 7.4).

Similarly, AuNPs-DNA bioconjugate was used as a platform to detect the pork
meat using pork mitochondrial DNA in raw and processed meat by electrochemical
method (Hartati et al. 2019). Zhang et al. (2020a, b) also detected the pork adultera-
tion in meat by using electro-entrapment of IgG in polymer-modified graphite paste
electrode. Mandli et al. (2018) have detected the cattle meat in the meat mixer
containing cattle (target), sheep, pig, horse, donkey, dog, fox, rabbit, mouse, rat,
chicken, duck, and goose by using ELISA/immunosensor techniques. An inexpen-
sive DNA-based electrochemical genosensor was developed and applied for detec-
tion of donkey adulteration in cooked sausages (Mansouri et al. 2020a, b).

Fig. 7.4 Schematic display of steps involved in the development of electrochemical immunoassay
for horse meat adulterant
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7.2.2.2 Electrochemical Detection of Formaldehyde in Fish
Formalin (40% formaldehyde in water) is commonly used to keep the sea foods
fresh. In 2004, the International Agency for Research on Cancer classified formal-
dehyde as a human carcinogen. Formalin causes cancer in mouth, nose, throat,
digestive tract, etc.

A miniaturized Capillary Electrophoresis with Electrochemical Detection method
has been developed for fast determination of formaldehyde and acetaldehyde in
several food products without pre-concentration (Zhang et al. 2011). Enzymatic
biosensor (formaldehyde dehydrogenase) was developed for the detection of form-
aldehyde in Indian Mackeral (Rastrelliger kanagurta) fish (Marzuki et al. 2012) and
in fruit juices (Kundu et al. 2019) A non-enzymatic electrochemical biosensor was
designed using CdS NPs for the detection of formalin in fish sample solutions
(Baabu et al. 2020). Au NPs/polypyrrole composite was synthesized and applied
for sensing of formalin by Differential Pulse Voltametry (DPV) method (Xi et al.
2020).

7.2.3 Electrochemical Detection of Synthetic Food Dyes in Soft
Drinks

Synthetic dyes are extensively added into different types of food items and
beverages in order to attract the consumers and promote the business. The main
synthetic food dyes are triphenylmethane, xanthene, indigotine, quinolone, and azo
dyes. The synthetic dyes are toxic and carcinogenic which cause asthma, contact
anaphylaxis, immunosuppression, angioneurotic edema, and contact urticaria.

Simultaneous determination of metanil yellow and fast green in water and juice
samples was performed by DPV technique using calixarene/AuNPs/GCE as a
sensing platform (Shah 2020). Commonly Sudan I, II, and III dyes are illegally
added as food colorants. They are quantified by using electrochemical sensors in
food samples especially in chili and ketchup sauce (Yao et al. 2016; Heydari et al.
2019). A silver solid amalgam and Co3O4 NPs/graphene-based electrochemical
sensors were developed for the determination of amaranth and allura red, respec-
tively (Tvorynska et al. 2019; Jing et al. 2017). The CdO/rGO nanocomposite/1,
3-dipropylimidazolium bromide-based electrochemical sensor was reported for
determination of Food Red 17 in the presence of tartrazine in washing liquid, ice
creams, and jelly powder samples (Misaghpour and Shabani-Nooshabadi 2018).
Yun et al. (2015) developed electrochemical biosensor to detect Orange II in chili
sauce and ketchup samples by using ErGO grafted with 5-amino-1,3,4-thiadiazole-
2-thiol-Pt composite. The sensitive metal oxides electrochemical sensors were
developed for analysis of Sunset Yellow and Carmoisine in the presence of tartrazine
in soft drink samples and dried fruit (Chen et al. 2013; Bijad et al. 2018).
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7.3 Electrochemical Sensors for Unintentional Adulteration

7.3.1 Electrochemical Sensing of Pesticides, Insecticides,
and Fungicides

In agriculture, as mentioned in the introduction many pesticides are used to protect
crops from pests and insects. The sprayed pesticides stay in the tissue area of fruits,
vegetables, and also mix with the soil and groundwater. These get bio-accumulated
in the living organisms leading to induce oxidative stress and damage the central
nervous system.

The nanomaterials play an important role in the development of electrochemical
sensor for the analysis of pesticides in food products. For example, GOS@CuFeS2
nanocomposite film SPE electrochemical sensor detected selectively methyl
paraoxon in vegetable samples (Rajaji et al. 2019). Similarly, silver-doped ZnO
nanorods and nanostructured diatom-ZrO2 composite were applied as sensing mate-
rial in the development of electrochemical sensors for carbamoate and methyl
parathion, respectively, in foodstuffs and environmental samples (Wang et al.
2020; Gannavarapu et al. 2019). Further, NiO and MnO2 NPs-based electrochemical
sensors were developed for the analysis of carbofuran and organophosphates,
respectively, in vegetables and beverages (Baksh et al. 2020;Ravi et al. 2020;
Thangarasu et al. 2019). Carbendazim and methyl parathion were simultaneously
detected by nanoporous gold-driven electrochemical sensor in water samples (Gao
et al. 2019).

Electrochemically synthesized porous polymer-based materials were also applied
for development of electrochemical sensors for the detection of para-nitrophenol and
fenuron (Arulraj et al. 2015; Abraham and Vasantha 2020). 3D SWCNT-BODIPY
hybrid material was used for ultrasensitive detection of eserine (Şenocak et al. 2019).
Highly porous nanomaterials CNT and metal-organic frameworks have been utilized
in the fabrication of electrochemical sensors for determination of different pesticides
like malathion and total pesticides in vegetables (Al’Abri et al. 2019;Bakytkarim
et al. 2019; Bhardwaj et al. 2020). Brilliant blue dye was used to modify the working
electrode and applied for the determination of Triazophos in vegetables (Shalini
Devi et al. 2018). MIP-based electrochemical sensor was reported for malathion in
olive fruits and oils (Aghoutane et al. 2020). Yola and Atar (2017) designed an
electrochemical sensor using ATZ-polyphenol MIP/Pt NPs/C3N4 NTs film, for the
detection of atrazine and its LOD is calculated as 15 pg/L (Fig. 7.5).

7.3.2 Electrochemical Detection of Veterinary Drug Residues

Cows, goats, pigs, chickens, etc. are reared on farms for milk, meat, and eggs. Such
animals are given large doses of veterinary drugs, either through food or injection, to
protect them from disease or to increase body weight. Eating the meat of these
animals allows veterinary drugs to accidentally enter the human body and create
gray baby syndrome, leukemia, aplastic anemia, etc. (Zhaoling et al. 2014).
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MIP materials play a crucial role in the development of electrochemical sensor for
veterinary drugs. For example, toltrazuril, streptomycin, chloramphenicol, neomy-
cin, and olaquindox were detected electrochemically by using MIP/nanomaterial
composite in chicken muscle, eggs, milk, and honey (Huang et al. 2019; Liu et al.
2013; Yang and Zhao 2015; Lian et al. 2013; Bai et al. 2020). Kanamycin is an
aminoglycoside antibiotic drug which can cause a variety of side effects such as
ototoxicity, nephrotoxicity, antibiotic resistance, and allergic reactions during intake
of other drugs. Li and Wang et al. (2017) have developed the aptasensor with
dsDNA for rapid and highly sensitive detection of kanamycin in milk. Another
research group has developed a carbon nitride nanotubes/ionic liquid nanohybrid-
based electrochemical sensor for sensing of ractopamine in the presence of other
β-agonists (Mert et al. 2018).

7.3.3 Electrochemical Sensing of Pathogenic Bacteria and Fungus
in Food Samples

Human beings are vulnerable to microbial toxins which are carcinogenic, neuro-
toxic, and hepatotoxic (Hoffmann and Anekwe 2013). To overcome the demerits of
conventional methods, researchers urge to develop rapid, selective, and miniaturized
sensors.

Aflatoxins (AFB1) causes vomiting, abdominal convulsion, and teratogenic effect
to animal and humans. Tang et al. (2009) developed a multifunctional and reusable
immunoassay using magnetic composites of SiO2(shell)-CoFe2O4(core)/ITO to detect
AFB1 with LOD of 6.0 pg/mL in red paprika, and the doped Prussian blue
nanoparticles was mediator. Since, AFB1 is accidently adulterated in milk and

Fig. 7.5 Schematic illustration of electrochemical detection of atrazine using molecular imprinting
electrode
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meat samples frequently, many research groups focused and developed a
impedimetric-based miniaturized biosensor using nanomaterials composite and
applied them for the analysis of AFB1 (Ma et al. 2016). Further, DPV was used
for sensing of AFB1 in fg and proved to be better than ELISA (Wang et al. 2015a, b).

Botulism is considered as neurotic bioweapon produced by Clostridium botuli-
num. Therefore, some research groups studied electrochemical sensing of botulinum
using nanocomposite as sensing material in milk and orange juice (Narayanan et al.
2015). Afkhami et al. (2017) developed a highly sensitive impedimetric sensor using
GCE/COOH/Au-Gr-Cs materials and detected the botulinum neurotoxin serotype A.

Staphylococcal enterotoxin B (SEB) exhibits its adverse effect with vomiting,
abdominal convulsion, and massacre within 2–6 h. Tang et al. (2010) has developed
a HRP-labeled pulse technique for the detection of SEB, and its LOD was calculated
as 0.1 ng/L in milk and juices of watermelon, apple, and soy milk (Fig. 7.6), whereas
Arun et al. (2016) has reported ascorbic acid 2-phosphate-labeled miniaturized pulse
voltammetry immunoassay for the detection of SEB.

An enzyme label-free electrochemical aptamer-based sensor was fabricated by
Xiaoyan et al. (2019) for the determination of saxitoxin (STX) in shell fish. Bratakou
et al. (2016) reported N-methyl-pyrrolidone-labeled polymer-stabilized lipid film-
based miniaturized potentiometric biosensor for STX toxins in lake water. A label-
free impedimetric immunoassay has also been designed for real-time simultaneous

Fig. 7.6 (a) Preparation and functionalization of HRPSiCNTs and (b) Multisignal amplification
and comparison of the sandwich-type electrochemical immunoassay with various immunoassay
protocols (Reprinted with permission from (Tang et al. (2010), J. Agric. Food Chem. 58(20);10824-
10830. Copyright (2010) American Chemical Society)
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detection for STX and Tetrodotoxin (TTX) in water samples (Wang et al. 2015b).
Nano carbon materials and precious nanomaterial composites were applied for the
development of amperometric and impedimetric immunoassays for the detection of
microcystein-LR in polluted water samples (Wei et al. 2011; Ruiyi et al. 2013; Hou
et al. 2016a, b).

Wang et al. (2013) designed nanocomposite material-based electrochemical
impedimetric sensor for the detection of Escherichia coli (E. coli) O157:H7 in
ground beef and cucumber samples. Xu et al. (2016) has developed an
immunosensor using cyclic voltammetry technique for the detection of E. coli
O157:H7 based on ABs/GOxext/AuNPs/MBs-GOx@PDA PMNCs with LOD of
102 CFU/mL.

The HRP-labeled AuNPs-modified Au-SPE immunoassay was fabricated for the
determination of fumonisin in the presence of 3,30,5,50-Tetramethylbenzidine
dihydrochloride and hydrogen peroxide as catalysts (Kadir Abdul and Tothill
2010). Yang et al. (2015) reported 2 ng /L as a LOD for fumonisin using the sensing
platform of SWCNT/Chitosan/GCE with a detection range of 10–1000 μg/L in
spiked corn samples.

A multiplex method reduces detection time. Hence, Dou et al. (2013) developed
electrochemical immunosensor for simultaneous analysis of E. coli O157:H7 and
Enterobacter sakazakii detection using 4-Channel SPE. Balaji Viswanath et al.
(2018) designed an enzyme-free multiplex electrochemical sensor to simultaneous
detection for the P. aeruginosa (Ps) and A. hydrophila (Ah). Thionine-labeled-Ah
and Ferrocene-labeled-Ps are used as signaling molecules on the ZIF-8/AuNPs-
modified platform.

7.3.4 Detection of Heavy Metal Ions Using
Electrochemical-Miniaturized Sensors

Heavy metal ions (HMI) are classified based on their density (5 � 103 kg/m3) and
toxicity, for example, As, Cd, Pb, Cr, and Hg. HMI are released from mines,
industries, and refineries wastes. They are causing environmental and biological
dysfunction due to their polluting and toxic nature (Bansod et al. 2017). The WHO
(2011) provides guideline values for metal ions as 10 ppb, 10 ppm, 50 ppm, 3 ppm,
and 6 ppm for As3+, Pb2+, Cr6+, Cd2+, and Hg2+ ions, respectively.

HMI interacts with functional groups of proteins, DNA, enzymes, etc. and causes
irreversible damage for enzymes and proteins (Zhou et al. 2016; Munir et al. 2018).
The unethical amassment of HMI in the telluric and aquatic ecosystem led to
dreadful events such as Minamata and Itai-Itai diseases during 1940s in Japan
(Bansod et al. 2017; Li et al. 2018). The As3+ ions have been identified as a serious
threat in the drinking water in various countries such as Bangladesh, India, China,
Taiwan, and Canada. It causes cancer in the kidney, urinary bladder, liver, skin, and
lungs (WHO Guidelines 2011; www.who.int).

Inductive coupled plasma-mass spectrometry, inductively coupled plasma optical
emission spectrometry, atomic absorption spectroscopy, and
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electrochemical-inductively coupled plasma-mass spectrometry methods have been
used to detect the HMI (Aline and Clésia 2013; Yukirda et al. 2018). These methods
are all laborious and complicated. To overcome these problems, electrochemical
sensors with unique characteristics such as rapidity, affordability, user-friendly and
portability should be developed (Wei et al. 2012).

In earlier times, HMI was detected using a hanging mercury drop electrode
(HMDE). This provided a 5- to 10-fold signal increase when compared to other
electrochemical techniques due to the amalgamation with analytes (Rodrigues et al.
2011). However, this HMDE was avoided due to its toxicity and tedious handling
(Xia et al. 2018). Hence, the researchers developed modified electrodes with
environment-friendly materials for the detection of more than one HMI simulta-
neously. For example, the Au electrodes embedded in miniaturized settings are used
to detect As3+ ions in food sources (Walsh et al. 2010). The AuNPs decorated on
Fe3O4 nanosphere materials was used to detect As3+ ions electrochemically in the
presence of room temperature ionic liquid. The Fe3O4 nanosphere attributed a high
loading of AuNPs (3–9 nm) and also enhanced the sensitivity of 458.66 μA ppb�1

cm�2 (Wei et al. 2016). Mani et al. (2020) reported sensors for Roxarsone using
SrWO4 NPs/GrO-based nanocomposite as sensing materials with high sensitivity.
Yukirda et al. (2018) synthesized ZnO@Graphene composite with ZnO intercalation
to detect both Cd2+ and Pb2+ ions. The anodic peak current response was 1.5 and
4 folds higher than those of graphene-modified electrodes. A research group reported
GO-MWCNTs hybrid nanocomposites catalyst based on simultaneous detection of
Pb2+ and Cd2+ ions (Huang et al. 2014). Luong et al. (2014) stated an overview of the
impact of As3+ ions and its various detection methods. Cui et al. (2016), developed a
label-free signal-on aptasensor to detect the As3+ by impedance analysis.

Metal-organic framework has unique properties such as high thermal stability and
tuneable with high surface area. Hence, UiO-66-NH2@PANI-modified electrochem-
ical sensor was developed for the detection of Cd2+ ions in the lake and tap water
(Wang et al. 2017a, b). A simple and inexpensive electrochemically reduced
p-nitrobenzoic acid film-modified differential pulse anodic stripping voltammetry
sensor was developed for the simultaneous detection of Zn2+, Cd2+ , Pb2+, and Hg2+

ions in tap water with sensitivity towards Hg2+ ions up to 240 pM (Arulraj et al.
2014). A femtomolar detection of Hg2+ ions could be achieved by Arulraj et al.
(2016) using PPy/Pct/GR as sensing materials which is better than G/PANI/PS
nanoporous fiber/SPCE and PA/PPy/GO/GCE for the detection of Hg2+ ions in
river and tap water (Promphet et al. 2015; Dai et al. 2016). Rattanarat et al. (2014)
developed a miniaturized paper-based sensor which simultaneously detected Cd2+

and Pb2+ ions using anodic stripping square wave voltammetry and Fe2+, Ni2+, Cr6+,
and Cu2+ ions using colorimetry (Fig. 7.7).

Xuan et al. (2018) proposed a Bi/TRGO/Au-modified micro-patterned device
with the fully integrated electrochemical sensor in a miniaturized and portable
manner to detect the Pb2+ and Cd2+ ions. Wang et al. (2011) fabricated amine-
functionalized graphene oxide (AGO) electrochemical sensor for selective analysis
of Pb2+ ions in water samples.
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This book chapter deals about adulterant and their classification and also about
electrochemical sensors for the detection of intentional and unintentional
adulterants. Based on the overview of the above content, the overall observations,
challenges, and future recommendations are given as follows:

Observations
• The molecularly imprinted polymer methodology is exploited for the sensing of

melamine in milk samples. Here, MIP-MWCNTs nanohybrids/GCE-based elec-
trochemical sensor showed lowest LOD among earlier reports.

• Polymer-stabilized metal oxide nanoparticle composites are mostly used for the
detection of urea in milk without enzyme. The report on urease-based sensor is
limited.

Fig. 7.7 Analytical procedure for metal assays using the PADs. The assay requires three steps:
(i) microwave-assisted acid digestion, (ii) anodic stripping voltammetry detection of Cd2+ and Pb2

ions, (iii) colorimetric detection of Fe2+, Ni2+, Cr6+, and Cu2+ ions. Protocols (Reprinted with
permission from (Rattanarat et al. (2014), Anal. Chem. 86;3555-3562). Copyright (2014) American
Chemical Society)
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• Conducting polymer/nano metal oxide composites have been utilized for the
detection of H2O2.

• Labeled DNA-based immunoassays have been designed and applied for the
detection of meat adulteration in meat products and pathogens in food samples.

• Conducting polymer-stabilized metal and metal sulfide-based nanocomposites
are showing good performance towards formalin.

• Metal or metal oxide nanoparticles/carbon nanomaterial composites are widely
used for the detection of synthetic dye adulterants.

• ZnO or ZrO2 or MnO2 or NiO stabilized with conducting polymers-MIP technol-
ogy have been used for the detection of veterinary drugs, heavy metals, and
pesticides in vegetables, fruits, meat, and milk.

Challenges to be Addressed
• No single catalytic material is used as sensing element in the development of

electrochemical sensors for the above adulterants.
• Electrode modification needs vast experience in catalyst selection and modifica-

tion methodology.
• Since, nanomaterials are used for the fabrication of the sensors; retaining stability

of the sensors is crucial step.
• The aptamers or DNA or antibodies are utilized in the development of electro-

chemical immunoassays. Therefore, they are not cost-effective.
• Almost all the electrochemical sensor is applied to demonstrate above adulterants

in spiked samples not tested in real condition.

Future Recommendation
• Generally, the adulterants create dreadful diseases like cancers, dysfunction of

kidney, immunosuppression, asthma, etc. Determination and prevention of these
adulterants in food stuffs are essential to maintain a healthy life.

• Portable, affordable, and reliable analytical tools for testing of food adulterants
are very much essential in day-to-day life.

• The research findings should not be stopped in the publication level. They should
be transformed into miniaturized and affordable devices to ensure the quality of
food stuffs.

• In order to take all the above scientific findings to common people, collaboration
with electronic engineers and medical doctors becomes indispensable (Table 7.1).
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Potential of Nanotechnology in Food
Analysis and Quality Improvement 8
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Abstract

Nanotechnology has reformed the food sector with producing better-quality food
products through its contribution in functional foods development, food
nanopackaging, and nanodevices for food analysis. The existing techniques
such as culture-based techniques, sensory analysis, and GC techniques for food
analysis are time consuming, cumbersome, and labour intensive. To overcome
these drawbacks, nanotechnology is nowadays applied to develop techniques that
show more accurate and precise results, which is important for maintaining food
quality. Nanotechnology in food analysis is used to detect toxins, adulterants,
pathogens, sugar, and antioxidants using nanodevices like nanosensors. Further-
more, nanotechnology can also be applied in food packaging and processing
domain to sense food spoilage as well as improve food quality. This chapter
delivers comprehensive information about the value and potential of nanotech-
nology for food analysis, packaging, and quality improvement in the food
processing domain.
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8.1 Introduction

Nanotechnology is the “science of manipulating or fabricating the materials on
molecular or atomic scale”. It is also described as “the design, production, utilization
of devices, structures, and systems by dealing with the size and shape of material
between 1 and 100 nm known as nano-scale” (Neethirajan and Jayas 2011). Based
on the dimensional characteristics, nanoengineering materials are categorized into
zero (e.g. nanoclusters), one- (e.g. nanotubes, nanorods), two- (e.g. nano-thin films),
and three-dimensional (dendrimers, nanocomposites) structures. Richard Feynman
first introduced the ideology related to nanotechnology in 1959, whereas Norio
Taniguchi created the term nanotechnology in 1974 (Taniguchi 1974).

In nanotechnology, two methodologies are used to synthesize nanomaterials. In
general, “top down” methodology refers to the physical processes which include
milling, grinding, slicing, and converting substance into nano-sized particles, while
the “bottom up” methodology is about assembling of substance from the smallest
particle: atom by atom, molecule by molecule (Rai and Ingle 2015) as described in
Fig. 8.1.

In food sector, nanotechnology have numerous novel applications, including the
development of environment-friendly packaging materials containing
nanomaterials, sensing of food spoilage using smart packaging, and improving
quality of food products through nutrient-loaded nanomaterials having different
functional properties. Furthermore, biological activity of high value compounds
has been improved by encapsulating these compounds in nanoscale spheres. Differ-
ent barrier characteristics can be improved by adding nanomaterials in the packaging
films to extend the food products’ shelf life (Valdés et al. 2009).

Nanotechnology has a vital role to enhance the food products’ shelf life, produc-
tion of food with improved quality, and prevention of food from contamination. As
compared to macroscale systems, nanoscale materials offer unique characteristics
such as chemical, physical, and biological characteristics along with higher surface-
volume ratio (Kumar et al. 2019). For example, gold, titanium dioxide, and silver
nanoparticles were used as potential antimicrobial in food storage containers, air
filters, deodorants, etc. (Parisi et al. 2015; El-Temsah and Joner 2012). Apart from
this, nanosensors and nanomaterials provide information regarding the condition and
nutritional status of food with improved security through improved microbial detec-
tion. This chapter provides a summarized role and importance of nanotechnology in
food industry such as food analysis to analyse the food (e.g. adulterants, toxins,
sugars, antioxidants), food nanopackaging for sensing the food spoilage and improv-
ing the food quality, and delivery of bioactive compounds for improving the
functional quality of food products. Table 8.1 shows various nanomaterials used in
the analysis of different components of food products.
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8.2 Potential of Nanotechnology in Food Industry

Nanotechnology is emerging as a promising technology by contributing significantly
to revolutionize the food processing industry by various means. For instance,
protection of functional ingredients from degradation, bioactive fortification, modu-
late the food structures and textures, improvement of food quality, and identification
and deactivation of microbiological and biochemical modifications through food
nanopackaging systems (Tadros et al. 2004; Mason et al. 2006; Steinvil et al. 2016;
Sonneville-Aubrun et al. 2004).

Fig. 8.1 Top-up and bottom-
down approach for fabrication
of nanoparticles. (Adopted
from Sasidharan et al. 2019)
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In food sector, two main applications, which are based on food nanostructured
ingredients (nanomaterials), and food nanosensing (nanodevices) are being utilized
for enhanced food safety and quality evaluation, rapid sampling of chemical and

Table 8.1 Various nanomaterials used in the analysis of different components of food products

Nanomaterials
Food
sample Analyte

Analysis
approach References

Graphene
nanoribbons

Fruit juice Ascorbic acid Electrochemical Yang et al.
(2013)

Cys-capped
AgNPs

Peas,
grapes,
tomato,
water

Vitamin B1 Plasmonic
Colorimetric

Khalkho et al.
(2020)

CeO2 NPs Tea and
medicinal
mushrooms

Vanillic acid, caffeic
acid, ascorbic acid,
and epigallocatechin
gallate, quercetin,
gallic acid

Optical Sharpe et al.
(2013)

CDs/Cu2+ Tea Polyphenols Fluorescence Wei et al.
(2020a, b)

Graphene-Cu
NPs

Banana and
bovine
milk

Glucose, fructose,
lactose, sucrose, and
mannitol

Electrochemical Chen et al.
(2012)

CQDs–
AuNPs

Milk L-cysteine Fluorescence Chen et al.
(2020)

CdO NPs Canned
fruit juice

Ascorbic acid Electrochemical Gopalakrishnan
et al. (2018)

AuNPs Fruit and
energy
drinks

Vitamin B12 Immunodipstick Selvakumar
et al. (2013)

Single-walled
carbon
nanotube

Honey,
fruit juices,
energy and
soft drinks

D-fructose Electrochemical Antiochia et al.
(2013)

MnO2

nanosheets
Orange and
orange
juice

Ascorbic acid Optical He et al. (2018)

AuNPs Edible oils BHT, BHA, and
TBHQ

Electrochemical Lin et al. (2013)

AuNPs Orange
juice

Ascorbic acid Colorimetric Wei et al.
(2020a, b)

Au nanocage Green tea Total antioxidants
(in terms of GA
equivalents)

Colorimetric Wang et al.
(2018a, b)

Cu NPs-based
ink

Soft drinks Glucose, sucrose, and
fructose

Electrochemical Terzi et al.
(2017)

Magnetic iron
nanoparticle
(Fe3O4)

Orange
juices

p-coumaric acid Electroanalytical Şenocak (2020)
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biological contaminants, nanoencapsulation of functional compounds for improved
delivery, controlled release, solubilization and bioavailability in food systems
(Ravichandran 2010).

Various functions are performed using nanomaterials to uplift the food industry in
terms of taste, colour, and sensory attributes, shelf-life extension, bioavailability, and
functionality enhancement of various bioactive compounds. Moreover, the food
packaging and food analysis are also an important aspect of food industry that is
being improved using nanomaterials (Bajpai et al. 2018). Nanopackaging is the
smart technology that maintains the food products’ safety and quality all over the
food supply chain. Further, these particles are used in the food analysis, food
processing, and food packaging to enhance the functionality, short time analysis,
and enhance the shelf life of product.

8.2.1 Nanotechnology in Food Analysis

Food analysis is defined as the “discipline dealing with food products in terms of
composition, safety, traceability, quality, nutritional, and sensory value”. In other
words, it is “the study of analytical procedures that can be used to characterize the
food properties along with their ingredients” and can also ensure the food quality and
support the production of innovative food products/technologies. In recent years,
considerable attention is being given on traceability of food products from produc-
tion to distribution. Therefore, rapid food testing is required, as the conventional
microbiological detection method for the identification of foodborne pathogens was
no longer effective due to expense of time, complexity, and analysis cost. Hence,
rapid quality control methods in a routine laboratory have been adopted to meet the
local and global food regulations (Raju and Yoshihisa 2002). For example,
biosensors, mainly electrochemical and optical biosensors with nanomaterials have
been continuously growing in food sector, which can be considered as a good
alternative to traditional analytical methods due to their fast, simple, and cheap
multi-detection (Goriushkina et al. 2009; Roy et al. 2019; Purohit et al. 2020).
Figure 8.2 shows the schematic diagram of main elements of a general
nanobiosensor that has been developed for various applications.

Nanosensors have promising applications in food industry for quality assessment,
shelf life monitoring, indicating microbial, residual, and toxin contamination in food,
which have been discussed in detail below:

8.2.1.1 Detection of Sugars
Sugars are important structural compounds extensively distributed in both plant and
animal kingdoms. Moreover, these have a substantial role in explaining the
pathways and processes for synthesis of valuable organic biological compounds.
The detection of sugars is commonly being carried out in food industries, biochemi-
cal and clinical laboratories. Therefore, it is important to analyse the real-time
monitoring of carbohydrates in the fermentative processes to obtain the higher
yield of the product. In biosensors, the utilization of AuNPs with pyranose oxidase
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showed high affinity and good biocompatibility towards the D-glucose that was
applied on the fruit juices such as peach, pomegranate, and orange. In addition, it
showed stable and fast responses in biosensing of D-glucose due to retention of
protein enzyme activity (Ozdemir et al. 2010). Various nanomaterials have been
utilized in the formation of nanobiosensors, such as multi-walled carbon nanotubes
(MWCNT), gold nanoparticles (AuNPs), single wall carbon nanotubes (SWCNT),
Fe3O4 magnetic nanoparticles (MNPs), and ZnS-coated CdSe nanoparticle
(CdSe@ZnS NPs), which have been utilized to analyse sugars of food products
(Antiochia et al. 2004; Sandros et al. 2006; Wei and Wang 2008; Tominaga et al.
2009; Ozdemir et al. 2010).

Nanomaterial-based system was created to detect glucose using the exfoliated
graphite nanoparticles with Pd and Pt nanoparticles. These nanoparticles increase the
electroactive space of electrode and decrease the overpotential significantly to
identify the hydrogen peroxide (Lu et al. 2008). The biosensing system based on
unimolecular protein–CdSe@ZnS nanoparticle assembly was created to detect malt-
ose in food (Sandros et al. 2006). The use of carbon nano-tubes (CNTs) as transducer
nanomaterials to determine fructose in honey has been reported and results depicted
that detection of fructose in real samples showed high current sensitivity. Also, these
nanomaterials obtained lower detection limit than conventional solid and paste
electrode (Antiochia et al. 2004).

8.2.1.2 Detection of Antioxidants
Antioxidants are the compounds often present in foods to inhibit or delay the
oxidative damage to cells of organisms. Several chromatographic and spectroscopic
techniques have been created to detect antioxidants in food products. However,
focus has currently been shifted to the use of nanosensors for antioxidant analysis as
these have been accepted as more sensitive and reliable method as compared to
others. The sensors based on Au-gr have shown a lower limit of detection and a

Fig. 8.2 Schematic diagram of main elements of a nanobiosensor. (Adapted from Srivastava et al.
2018)
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higher sensitivity towards the ascorbic acid in fruit juices as compared to the gold
nanoparticles-based sensor formulated by Turkevich method (Brainina et al. 2020).
Various sensitive luminescent systems were developed to detect the ascorbic acid in
a few fruit juices. These systems were based on the utilization of copper oxide
nanoparticles (SDS�CuONPs), silver nanoparticles (SDS�AgNPs SDS), and gold
nanoparticles (SDS�AuNPs) in the presence of micellar medium sodium dodecyl
sulphate that showed a lower detection limit of 5 � 10�8 M, 1.0 � 10�10 M, and
5 � 10�7 M, respectively, which indicated that all suggested approaches can be
exploited to detect ascorbic acid in commercial fruit juices (Al-onazi et al. 2020).

8.2.1.3 Determination of Other Analytes
Apart from the above-mentioned compounds, several other analytes like vitamins
(e.g. B12, B1), protein (e.g. L-cysteine) etc. have also been determined by
nanosensors. The detection of vitamin B1 in food (grapes, peas, and tomatoes) and
environmental water samples was done through Cys-capped AgNPs (sensor), which
was established on the measurement of red shift of localized surface plasmon
resonance (LSPR) band of sensor in the region of 200–800 nm. This sensor in
colorimetry assay is low cost, simple, and suitable to detect vitamin B1 in food as
well as environmental water samples (Khalkho et al. 2020). The silver nanoparticles
(AgNPs) as a nanoprobe have also been used to determine arginine (Arg) and
histidine (His) in fruit and vegetable samples. This method was established on the
hypochromic shift measurement of LSPR absorption band at 400 nm for His and
395 nm for Arg (Shrivas et al. 2021). The detection of vitamin C was determined
using voltammetric method in the presence of vitamin B6, which was established on
the usage of ZrO2 nanoparticle/ionic liquids carbon paste electrode (ZrO2/NPs/IL/
CPE). The modified electrode determined the vitamin B6 and vitamin C in food
samples efficiently as compared to other methods. The detection limits for vitamin C
and vitamin B6 were 0.009 and 0.1 μM, respectively (Baghizadeh et al. 2015).

8.2.1.4 Detection of Pathogens
Food poisoning is one of the major diseases, which occurs due to foodborne
pathogens like viruses, bacteria, viruses, and parasites present in food products.
The very familiar pathogens of food origin are bacteria (Salmonella, Clostridium,
Campylobacter, Listeria), viruses (noroviruses, rotaviruses, hepatitis A viruses, and
astroviruses), and parasites (Cryptosporidium, Cyclospora, Giardia, Toxoplasma).
These can be categorized as per the specific food consumed (FDA 2010). For
instance, Salmonella spp. (meat, poultry, and eggs), Campylobacter spp. (raw or
undercooked poultry), Shigella spp. (meat and unpasteurized milk), Clostridium spp.
(home-canned foods), Yersinia spp., Vibrio spp., Staphylococcus spp., Clostridium
spp., Listeria spp., and Bacillus spp., are associated with soft cheese, vegetables,
uncooked meats, unpasteurized milk, and vegetables that cause different foodborne
diseases (Rasooly and Herold 2006). Several viruses such as norovirus damage the
human body and parasites like G. lamblia and Cryptosporidium responsible for 71%
waterborne diseases.
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According to the reports of WHO’s Foodborne Disease Burden Epidemiology
Reference Group (FERG), viruses, bacteria, and parasites affected approximately
48 million people yearly (Labib et al. 2016). Most of the outbreaks were due to
pathogenic microorganisms like Salmonella spp., Campylobacter spp. and
Escherichia coli (WHO 2015). In addition, under consideration of mortality rate
and estimated cases of foodborne illness related to bacteria, viruses and parasites, the
estimated values for Salmonella, Listeria, Campylobacter and E. coli O157:H7 are
31%, 20%, 5%, and 3% respectively, which causes food-related deaths (IFT 2004).
Most of the foodborne and waterborne diseases are triggered by bacteria. The
conventional culture-based methods need discrete biochemical validation for the
pathogenic bacteria identification in isolated colonies although these are compli-
cated, labour-intensive, and time-consuming methods (Ellis and Goodacre 2001). In
addition, other methods such as electrochemical assays (Kim et al. 2006; Koubova
et al. 2001), immunological based biosensors involving enzyme-linked immunosor-
bent assay (ELISA), and immunoblotting (Brewster and Mazenko 1998; Valdivieso-
Garcia et al. 2001) have overcome these limitations, but these are not always the
ideal choices due to the lack of specificity and sensitivity (Thomas et al. 1991).
Therefore, it is important to take the advantage of nanoscale approach in food
industry, which includes shorter analysis time, multi-analyte analysis, and low
functional cost due to less use of reagents, compact, safe, and environmentally
friendly devices (Valdés et al. 2009).

A quartz crystal microbalance (QCM) DNA sensor was created to detect
Escherichia coli O157:H7 that showed high sensitivity and a lower detection limit
(267� 102 cfu/mL) than previous QCM DNA sensors (Mao et al. 2006). An AuNPs
Surface Plasmon Resonance (SPR) assay was created to detect Salmonella and
Escherichia coli in raw food samples. The system detected 11.7 � 103 and
7.4 � 103 cfu/mL for Salmonella and 17 cfu/mL and 57 cfu/mL for E. coli in
hamburger and cucumber extracts within 80 min (Vaisocherová-Lísalová et al.
2016). The impedance biosensor was created that is related to an interdigitated
array gold microelectrode combined with magnetic nanoparticle-antibody conjugate
to detect E. coliO157:H7 in real sample (e.g. ground beef). The improved sensitivity
was reported owing to the creation of clusters among cells and conjugates (Varshney
and Li 2007). Furthermore, a rapid gold nanoparticle (GNP) colorimetric assay for
the genome DNA of Salmonella enterica and Listeria monocytogenes detection
based on the polymerase chain reaction (PCR) through thiol-labelled primers was
developed and the limit of detection (LOD) was 0.013 ng mL�1 and 0.015 ng mL�1,
respectively (Fu et al. 2013a, b). A recent study has reported the use of CDS@ZIF-
8 (cadmium sulphide QD within zeolitic imidazolate framework-8) as an amplifica-
tion tag for the electrochemical immune detection of E. coli O157:H7 and the
detection limit (3 CFU/mL) was increased by 16 times using ZIF-8 than ZIF-8
free sensor (Zhong et al. 2019). Another study reported the detection of Salmonella
enterica in skimmed milk using the AuNPs amplification along with magneto-
immunorecognition at the detection limit of 143 cells/mL indicating that this method
was better than conventional methods in terms of higher sensitivity and shorter
analysis time (Afonso et al. 2013).
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8.2.1.5 Detection of Toxins
Food toxins are natural materials that include a huge range of molecules, produced
via fungi, plants, bacteria, or algae metabolism having detrimental effect on humans,
even at low level of doses. These are distributed into three major classes: algal
toxins, mycotoxins, and plant/bacteria toxins (Dridi et al. 2017). For instance, group
of toxic compounds (e.g. aflatoxins) found in food spoiled by Aspergillus
parasiticus and Aspergillus flavus. Also, organic synthetic compounds like
bisphenol A (BPA) can leach into the food through the lining of food and
beverages cans.

Aflatoxin M1 detection in milk was conducted using gold nanoparticles-based
immunochromatographic strip. The colourless zone was found on the strip when
milk sample was contaminated with aflatoxin M1 whereas red colour band appears
in the absence of aflatoxin M1 (Wang et al. 2011). A binary colour quantum dots
encoded with frit-based immunoassay was created to detect aflatoxin M1 in milk
visually and the cut-off value was 0.02 μg/kg (Jiang et al. 2017). In 2004, the
detection of sterigmatocystin (secondary metabolite) was done using enzyme elec-
trode along with MWNT. It showed the linear detection ranged from 8.32 � 10(�5)

to 66.56 � 10(�5) mg/mL and detection limit was 8.32 � 10(�5) mg/mL with
response time of 10 s (Yao et al. 2004).

Mycotoxin is a poisonous fungal metabolite that possesses high toxicity at low
level of exposure. Due to the presence of mycotoxin, approximately 25% of the grain
is contaminated worldwide and even at low concentration, it can induce significant
health issues such as cancer, liver disease, kidney disease, and death (Cheli et al.
2008). Among mycotoxins, ochratoxin A is the most ample food contaminating
nephrotoxic toxin generated through Aspergillus ochraceus and Penicillium
verrucosum. In a study, a novel approach of designing optical sensing technique
based on aptamer recognition for colorimetric sensing of ochratoxin A was devel-
oped which was assembled using CeO2 particles along with ochratoxin A-specific
ssDNA aptamers. It can identify as low as 0.15 � 10�9 M ochratoxin A resulting in
higher sensitivity, selectivity, and activity (Bülbül et al. 2016).

The most dominant marine toxin is palytoxin that was detected by the
electrochemiluminescence-based nanobiosensor, and it was able to quantify the
palytoxin in mussels along with the limit of quantification (LOQ) of 2.2 μg/kg of
mussel meat (Zamolo et al. 2012).

8.2.1.6 Detection of Adulterants
Food adulteration is commonly defined as “the adding or subtracting any substance
to or from food that affects the natural composition and quality of food substance”. It
can be categorized into two groups like intentional and incidental adulteration. The
intentional adulteration includes cautious addition of substandard constituents into
food to gain greater profits whereas the incidental adulteration arises due to the
addition of foreign substances as a result of negligence, ignorance, or improper
facilities (Jha et al. 2016; ASTA 2004). Examples of food adulterants include
sawdust, starches, urea, caustic soda, vegetable oil, etc.
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Adulterant’s detection in various food samples is the important parameter for
food industries and regulatory authorities owing to rise in occurrences of various
foodborne diseases. In today’s scenario, the processed foods are attaining more
consideration because of the changing lifestyle of people that requires fast and
simple methods for finding the causative agents. Different techniques involve
physicochemical methods (e.g. anthrone test, DNS test, iodine test), chro-
matographic (e.g. ion-exchange chromatography, liquid chromatography), and
immunoassays (e.g. enzyme immunoassay, immunoprecipitation, fluorescence
immunoassays), etc. However, owing to the limitations (time consuming, laborious
sample preparation) of these techniques, there is a serious requisite for upgraded
equipment to use onsite and online detection of adulterants from consuming
adulterated foods. The inclusion of nanotechnology-based techniques in food analy-
sis will be a better option as compared to the traditional techniques.

The common adulterant for milk is melamine that is mixed to increase the protein
content. Various studies have detected the melamine in milk through nanomaterials
as shown in Table 8.2. The LSPR sensor chip was created to detect melamine using
AuNPs. The high sensitivity showed by sensors when applied on the commercial
milk powder (Oh et al. 2019). Other examples of adulterants are food dyes and
Sudan I is the most popular as food colouring agents. The detection of Sudan I using
electrochemiluminescent (ECL) immunosensor that was built with nanocrystallines
of palladium/aurum and quantum dots (e.g. CdSe@CdS) as signal bioprobe. This
sensor has detection limit of 0.3 pg mL�1 and exhibits high sensitivity and good
stability (Wang et al. 2018a, b).

In a recent study, the detection of sibutramine in food supplements was done
using gold nanoparticles (AuNPs) and a smartphone. The results were in alignment
with those of UV–Vis spectrophotometry having a relative error ranged from�9.3 to
1.7% (Chaisiwamongkhol et al. 2020). Meat authentication was studied by a colori-
metric immunoassay that was constructed using magnetic nanoparticles (solid sub-
strate) and polydopamine (coating polymer). Among different meat species
(chicken, turkey, lamb, pork, and beef), the pork showed the highest immunoassay
specificity. Furthermore, this method delivers a sensitive in-field test for verifying
halal meat authenticity (Seddaoui and Amine 2020).

8.2.2 Nanotechnology in Food Packaging

Food packaging is mainly aimed at storing of food product, providing information of
ingredients along with nutritional value and protection of food from external
influences (Coles et al. 2003). Food packaging safeguards them from physical
(e.g. mechanical damage), biological (e.g. microorganisms, pathogens, insects,
rodents), and environmental factors (e.g. light, oxygen, relative humidity) to retain
the quality of products. Moreover, the functions such as tamper indication, conve-
nience, and traceability are important to meet the consumer’s desires. It can be
categorized into primary, secondary, tertiary, and quaternary (Robertson 2006).
However, food industries have always been seeking new approaches in technologies
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for improving the food packaging functions for better food quality. For example,
industries are producing nanomaterials to overcome different problems such as
microbial contamination and low physical-chemical stability of food during storage,
non-biodegradable nature (e.g. plastic polymers), and single function-oriented pack-
aging materials that can be improved using nanotechnology to increase the shelf life
of food product.

In industries, various provisions have been used in the packaging sector such as
wooden crates, cellophane wrappings, cardboard boxes, and various plastic
polymers (polypropylene, LDPE, HDPE, PET, PVC, and PS) although these
provisions have their own advantages or disadvantages (Robertson 2006). These
materials have various functional properties, which includes antimicrobial activity,
oxygen scavenging capacity, biodegradability, and barrier properties that can be
enhanced by the nanotechnology.

Furthermore, nanomaterials used to enhance the functional attributes of food
packaging that have been introduced the new definitions of the active, improved,
and intelligent/smart packaging. Generally, food packaging based on nanotechnol-
ogy can be classified (Duncan 2011; Silvestre et al. 2011) as follows:

• “Intelligent/smart nano-packaging” is developed for sensing and monitoring
various food changes, for instance, sensing particular pathogens or gases that
are developed during food spoilage. For example, time-temperature indicators
(TTI), quality indicators, oxygen sensors, nanosensors (e.g. microbial growth),
electronic tongue and nose, holograms, and light-emitting diodes.

• “Active nano-packaging” uses nanomaterials for interaction with the product
directly or the environment to permit better safety of food product. This type of
packaging performs various functions such as oxygen or UV scavengers,
emitters, microbial blocking, and regulating or buffering. For example, silver
nanoparticles, gold nanoparticles, and metal oxides nanoparticles.

• “Improved nano-packaging” includes the nanomaterials, which are mixed with
polymer matrix to improve various properties of packaging material, and can be
categorized as under:
(a) Physical improved packaging: It involves the nanomaterials, which improve

the properties like gas barrier, moisture stability, durability, temperature, and
flexibility. For example, carbon nanotubes, metal oxides nanoparticles,
nanoclays.

(b) Biochemical improved packaging: It includes the bio-nanomaterials that
improve the different attributes such as edibility, low-waste, biocompatibil-
ity, and eco-friendly nature. For example, bio-nanocomposites.

The application of functional nanomaterials can enhance the various physico-
chemical properties of food packaging that includes moisture and temperature
stability, durability, flexibility, and barrier properties. For example, the incorporation
of nanocomposites formed with CMC was strengthened using TiO2and sodium
montmorillonite nanomaterials enhanced the density, moisture content, and glass
transition temperature slightly; however, decrease in water vapour permeability was
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observed (Fathi Achachlouei and Zahedi 2018). In active packaging, the functions
can be enriched by nanomaterials, e.g. antioxidative, antimicrobial, UV protective.
The functional properties like antioxidant and antimicrobial activity have been
improved by essential oil-loaded biopolymeric nanocarriers, which showed the
suitability of the material used in active food packaging owing to inhibiting
properties of microbial development in various food products (Rehman et al.
2020). Furthermore, the smart packaging is also being used to detect small organic
molecules, gases, active stage, product quality and authenticity through freshness
indicators, integrity indicators, temperature, and time indicators. The indicator
(shikonin-based pH-sensitive colour indicator), which was used to observe the
pork and fish freshness during storage, showed the interaction between the change
in indicator’s colour and change in sample’s pH thus, it can be used to observe the
packaged food quality in real-time (Ezati et al. 2021).

Different nanopackagings like improved, active, and bio-based nanopackaging
have been used to maintain the quality of food product and protect from various
environmental conditions via nanomaterials. However, smart food packaging has
been used to sense and protect from food spoilage. For example, constrained release
of preservative, detection of pathogen, and/or incorporation of biosensors/sensors at
nanoscale were done to extend the shelf life and monitor the food during the storage
and transportation (Sozer and Kokini 2009; Scrinis and Lyons 2007).

Recent trends in food packaging propose the applications of nanotechnology to
offer a variety of improved applications through functional nanomaterials. The
present objective of food packaging is to build a food packaging system having
multiple properties that have no negative interrelation in between the constituents
(Han et al. 2018). Many international corporations such as Tetra Laval International
S.A., Amcor Ltd., Sonoco Products Company, and Chevron Phillips Chemical
Company are carrying out the production of nanotechnology-based packaging
materials that can improve food safety along with the shelf-life extension (Primožič
et al. 2021).

8.2.2.1 Sensing the Food Spoilage Using Smart Nanopackaging
The most extensively explored application of NPs is sensing that is based on the
changes in physicochemical attributes of NPs, determined through target analytes
(Carrillo-Carrión et al. 2014; Polo et al. 2013; Xia et al. 2010; Elghanian et al. 1997;
Cho et al. 2012).

Nanosensors are generally classified as intravenous sensors that evaluate the state
of food within packaging, and extraneous sensors measure the outside condition of
food package. The most important nanosensing approach is colour changing of
metallic NPs solutions in the presence of specific target. For instance, a colorimetric
sensor based on plasmonic NPs. Temperature is a vital extrinsic parameter, which
affects the quality of food significantly, and it is important to know the temperature
during production, storage, and transportation of food products. The examples of
patented time-temperature indicators are Timestrip Complete, Timestrip Plus®

(�20 �C to 86 �F), and 3 M MonitorMark (15–31 �C). These indicators were built
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with a grouping of sensor, response element that can sense the temperature breach,
and generated response in the form of different colours (e.g. red, white, and blue).

For advanced quality control, time-temperature indicators are the current require-
ment of food industry; however, these are inadequate because of the high cost and
poor programmability. Through nanotechnology, it has become possible to develop
the cost-efficient and kinetically programmable TTI protocol fabricated from
plasmonic nanocrystals. It was used to mimic the degradative mechanisms, track
perishables, and specify the quality of product using sharp-contrast multicolour
changes (Zhang et al. 2013a, b).

Different nanosensors (e.g. freshness sensors, use-by indicators, leak detection
systems, time/temperature indicators) are used to quantify the changes regarding the
oxygen concentration, carbon dioxide concentration, temperature change, and detec-
tion of pathogen microorganisms. For example, a nanosensor known as OxyDot®

used to check the dissolved oxygen from sealed drink, and packaged food product
commercially. A company named TEMPTIMES Corporation has designed a time-
temperature indicator known as Fresh Check,which is fixed on outside packaging of
food products and provides the details related to product quality by monitoring
temperature variations throughout the storage period. Another product named Toxin
Guard has been manufactured by Toxin Alert, Canada to detect microorganisms that
include Campylobacter sp., Salmonella sp., Listeria sp., and E. coli. Moreover, a
ripeness indicator called RipeSense® labels was constructed on the colour changes
from red to orange and lastly into the yellow, which is used to detect the volatile
compounds, released by the ripened food (Srivastava et al. 2018).

8.2.2.2 Improving the Food Products Using Active Nanopackaging
Nanomaterial-based active packaging has been used to enhance the food quality that
can be helpful in reduction of serious environmental problems, which is caused due
to discarded (approx. 1.3 billion tons/year) food. These are formed using bioactive
NPs having antimicrobial and/or antioxidant properties. Mostly biopolymers and
traditional polymers used for the incorporation of nanomaterials include clays and
organically modified clays, bioactive inorganic metallic and metal oxides NPs, etc.
The metallic NPs are produced using electrochemical techniques, chemical,
biological, and physical methods. These NPs have gained consideration as they
utilize natural sources (e.g. plants and plant extracts) that have high concentration of
bioactive metabolites. For instance, the formation of gallic acid/AuNPs using
SiO2NPs were produced, which enables the exploitation of beneficial properties of
gallic acid (e.g. antioxidant) and antimicrobial activities of AuNPs simultaneously
(Rattanata et al. 2016). The improvement in attributes such as tensile strength, glass
transition temperature, melting point, and lower water vapour permeability were
obtained through bio-based films incorporated with potato starch-TiO2NPs/MMT
nanocomposites (Oleyaei et al. 2016).

8.2.2.3 Enhancing the Food Quality Using Improved Nanopackaging
The incorporation of nanomaterials in improved packaging has been used to enhance
the physical, mechanical, biochemical attributes such as gas barrier, moisture
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stability, temperature, mechanical strength, biocompatibility, and edibility, through
metallic nanoparticles, nanoclays, carbon nanotubes, and bio-nanocomposites. Dif-
ferent nanoparticles or nanocomposites were incorporated in polymers for packaging
applications in food industry, where clay nanoparticle composites can be used in the
proportion of up to 5% (w/w). The main role to incorporate these types of
nanomaterials was to improve functional properties such as reduction in carbon
dioxide and oxygen permeation up to 80–90% (Brody 2007). The single layer food
packaging films were developed using organically modified montmorillonite
nanoclays. With the addition of appropriate level of nanoclay (3% w/w), a significant
increment was observed in the mechanical, optical, thermal, and barrier attributes of
the formed EVOH/clay nanocomposite films as compared to the films without added
montmorillonite clay nanoparticles (Kim and Cha 2014). In a recent study, a pure
starch packaging film was produced with a temperature-aided electrospinning
method that consists of starch nanofibers. Various properties such as thermal stabil-
ity, ultralow hydrophobicity were improved using stearic acid (STA) coating having
superhydrophobic properties (Cai et al. 2021).

8.2.3 Nanotechnology for Delivery of Bioactive Compounds

Nano-based materials have potential applications in the delivery and targeted distri-
bution of bioactive compounds in value-added food products. Various nanocarriers
have been used to improve the functional attributes of high value compounds.
Basically, these nanocarriers can be divided into five categories based on the
application of different ingredients or equipment for their synthesis and are used
as improved delivery systems (Jafari 2017a, b). Nanocarriers are lipid-based
(nanostructured phospholipid carriers, nanoemulsions, nano-lipid carriers), special
equipment-based (nanospray, dryer, nanofluidics, electrospinning), nature-inspired
(cyclodextrins, caseins), and biopolymers that involve complex biopolymer
nanoparticles, single biopolymer nanoparticles, nano-gels, and nanotubes/
nanofibrils (Assadpour and Jafari 2018). The various nanocarriers have been used
to encapsulate bioactive compounds are discussed below:

8.2.3.1 Lipid-Based Nanocarriers
Lipid-based nanocarriers are synthesized by oil, solvents, and surfactants. The role
of lipids in the production of lipid-based nanocarriers is important to ameliorate the
bioavailability of high value compounds through improvement in stability and
constrained release of high value compounds in GIT and also assists the absorption
of functional compounds in epithelial cells (Esfanjani et al. 2018). These
nanocarriers are found in various forms like single (W/O and O/W), double (O/W/
O and W/O/W), structural and pickering nanoemulsions (Jafari et al. 2017; Akhavan
et al. 2018; Saini et al. 2020). Nanoemulsions refer to an isotropically clear
dispersion of two non-miscible liquids, such as water and oil at nanoscale. These
are stabilized through interfacial film of surfactant molecules that includes various
types of surfactants (McClements 2005) such as ionic (e.g. DATEM, SLS,
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CITREM), zwitterionic surfactants (e.g. lecithin), and non-ionic (e.g. sucrose
monopalmitate, sorbitan monooleate). Nanoemulsions are formulated by three
main components that include aqueous phase, oil, and surfactant/cosurfactant
(McClements and Rao 2011). Various aspects to consider throughout the synthesis
of nanoemulsions are ultralow interfacial tension and must have the flexible interface
to support the formation of nanoemulsions (McClements and Rao 2011).
Nanoliposomes are the lipid-based nanocarriers that are formulated by oil,
phospholipids, and surfactants. These nanocarriers have important property to
encapsulate the hydrophilic (central cavity) as well as lipophilic (membrane)
compounds in it. The last group of this class is known as new generation
nanocarriers (nano-lipid carriers) that include nanostructured lipid carriers, solid
lipid nanocarriers, and smart lipid nanocarriers (Fig. 8.3).

Fig. 8.3 Schematic representation of lipid-based nanocarriers (a) Nanoemulsions, (b) liposomes
(c) nano-lipid carriers (Source: Saini et al. 2020)
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From the last few decades, numerous studies have been conducted on the
nanoencapsulation of high value compounds in various lipid-based nanocarriers.
These bioactive compounds are phenolic compounds, vitamins, minerals, colours,
flavours, and antimicrobial agents. Through nanoencapsulation, these compounds
can be protected from environment conditions such as temperature, humidity, and
oxygen. (Saini et al. 2019). Besides, the low solubility and bioavailability of high
value compounds in conventional food supplements can be enhanced by these
improved delivery systems (Walia et al. 2019; Assadpour and Jafari 2018; Katouzian
and Jafari 2016). Therefore, lipid-based nanocarriers deliver high surface area and
having the capability to increase bioavailability, improve solubility, and enhance the
constrained release of nanoencapsulated high value compounds (Esfanjani et al.
2018).

8.2.3.2 Special Equipment-Based Nanocarriers
The next class is formed by special/professorial instruments which includes
nanospray dryer (Arpagaus et al. 2017), electrospinning/spraying (single injection
nozzle, coaxial double injection) (Ghorani et al. 2017; Tapia-Hernández et al. 2017),
and micro/nanofluidics systems (Ran et al. 2017). This type of nanocarrier is formed
by specially designed equipment that involves nanospray dryer, nanofluidics,
electrospinning for the direct formation of nanocarriers and nanoparticles. These
can be produced only with these equipment whereas other nanocarriers
(e.g. nanoemulsions) can be synthesized using common equipment such as sonicator
and high pressure homogenizer (Assadpour and Jafari 2018, 2019).

8.2.3.3 Nature-Inspired Nanocarriers
The nature-inspired nanocarriers are one of the key classes of nanocarriers as
nanovehicles that already exist in nature and acts as nanoencapsulation systems for
bioactive compounds that involve amylose nanostructures, caseins, and
cyclodextrins. For instance, casein is present naturally as spherical micelles with
nanoparticles having size in the range of 50–200 nm in the cow’s milk. Caseins have
similarity with copolymers due to its well-balanced hydrophilic and hydrophobic
regions that may self-assemble to produce nanosized carriers along with good
thermal stability. Therefore, these natural nanoparticles like caseins, starch granules,
etc. are used in the nanoencapsulation of functional compounds, which have hydro-
phobic or sensitive properties (Esfanjani et al. 2018; Assadpour and Jafari 2019;
Jafari 2017b; Haratifar and Guri 2017; Gharibzahedi and Jafari 2017).

8.2.3.4 Biopolymer Nanoparticles
This class of nanocarriers can be synthesized using single biopolymer nanoparticles
(Sadeghi et al. 2017), complexation of two unlike charge on surface of biopolymers
(Ghasemi et al. 2017, 2018Hosseini et al. 2017), nanofibrils or nanotubes of whey
proteins (Jafari 2017a), and nano-gels formed with specific biopolymers which
include chitosan, whey, soy proteins, etc. (Mokhtari et al. 2017; Abaee et al. 2017).
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8.2.3.5 Miscellaneous Nanocarriers
Mostly, this class of nanocarriers is used in the pharmaceutical fields and availability
of information data for nanoencapsulation of functional food ingredients is meagre.
Miscellaneous nanocarriers are the nanocarriers that are not covered in any above-
mentioned classes. These types of nanocarriers include the nanoparticles formulated
from nanostructured surfactants such as niosomes, inorganic nanoparticles, chemical
polymers, cubosomes, and nanocrystals.

8.2.4 Summary and Future Prospects

The rapid food testing is required for maintaining the food quality in real-world
applications. However, conventional microbiological analysis techniques for
foodborne pathogens are time consuming and have high analysis cost. Sensors
based on nanotechnology have great possibilities to provide the rapid quality control
methods in a routine laboratory, which will meet the local and global food
regulations. On the other hand, nanotechnology in food packaging and processing
can be used to sense the food spoilage, better food quality, and improve the shelf life
by incorporation of nanomaterials. Bioactive compounds are sensitive towards the
change in light, pH, oxygen, heat, etc. and nano-based delivery systems are used to
overcome this problem, which is not possible with conventional delivery system
efficiently. Further, attention should be given on the cost-effective rapid and real-
time applications for food analysis in food industries at large scale.
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Abstract

Advancements in the survival mechanisms of foodborne pathogens have
confronted several challenges for the storage and preservation of food products,
which, when consumed, results in unwellness or sickness. One of the significant
challenges in the field of food science and technology is the accuracy of the
detection of foodborne pathogens. The detection of foodborne pathogens
involves different processes, some of which are based on the detection by using
the microorganism’s genetic material (DNA/RNA) or by using the specific
enzyme or peptide sequence. Modern microbiology and biotechnology offering
FBP detection techniques involve nucleotide-based methods (e.g., PCR, AFLP,
RFLP, and FISH), signal-based methods (e.g., biosensors), and immunological
methods (ELISA and MALDI-TOF/MS). The application of nanotechnology and
bioinformatics is gaining popularity in the recent past to improve the accuracy in
identification of bacterial toxins and viruses. Different molecular identification
methods applied to detect different food pathogens, challenges, and prospects
have been discussed in this chapter.
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9.1 Introduction

The interdependence of microorganisms for their growth and survival is often linked
to different food products, as described earlier by Hippocrates in 460 BC (Bintsis
2017). Some food products are the obvious environment for microbial growth, like
the interrelation of fermentation associated generally regarded as safe (GRAS)
organisms, which benefit human health (Rai et al. 2017; Ayyash et al. 2020).
Nonetheless, innumerable microorganisms contribute to food spoilage as well and
detriment human health. Microorganisms involved in food contamination and illness
are recognized as foodborne pathogens (FBP) (Bintsis 2017). These FBPs are
accountable for millions of foodborne illnesses, diseases, and even deaths either
directly via infectious biological agents or indirectly via the production of bacterial/
viral toxins, mycotoxins, or toxic metabolites in the system (Sekse et al. 2017). As
per reports of Centers for Disease Control and Prevention (CDC) in the United States
(Zeng et al. 2016) and European Union in 2015 (Bintsis 2017), Australia,
Netherlands, France, New Zealand, and India, FBPs have affected health and
economy at a global level. FBPs like Staphylococcus aureus, Listeria
monocytogenes, Campylobacter species, Hepatitis E virus, norovirus, Salmonella
species (Foddai and Grant 2020), Clostridium botulinum, Escherichia coli,
Exophiala dermatitidis, Bacillus cereus, Candida species, Toxoplasma gondii,
Trichosporon asahii, Yersinia enterocolitica, Hepatitis A virus, etc., are reported
to be associated with contamination of a wide range of food items, exerting adverse
effect on human health (Rai et al. 2016; Zeng et al. 2016; Bintsis 2017; Zhang et al.
2019; Kumar et al. 2019).

This global morbidity and mortality rate caused by FBPs has persistently
influenced socio-economic growth and the immune health of the forthcoming
generations. In a recent study, Bhist et al. (2021) have reported the effect of different
seasons on the growth of specific FBPs. It was concluded that bacterial growth
(of Staphylococcus aureus, Salmonella spp., Bacillus species, Vibrio sp., E. coli,
etc.) was higher in summers, whereas winter favored the growth of viruses like
rotavirus and norovirus. Therefore, it becomes an essential service to identify the
FBPs. FBPs are detected by microbiological, biochemical, and molecular
techniques. Molecular biology techniques offer a better accuracy to identify
pathogens because of the specific and speedy detection of the microorganisms.
The conventional methods of FBP detection are often arduous and questionable
with precision, especially the detection of viral pathogens. In order to combat the
challenges confronted in food quality, safety, and hygiene assessment, it is important
to select an appropriate technique, keeping in mind the selectivity and specificity of
the FBP detection process. The emergence of various FBP strains has stimulated
researchers worldwide to develop advanced techniques for their identification. The
rapid detection molecular techniques for FBPs include polymerase chain reaction
(PCR), upgraded techniques for enhanced specificity of pathogens, development of
bio- and nano-sensors, immunological and sequencing techniques. Table 9.1 com-
prehensively summarizes the applied molecular techniques for detection of FBPs. A
detail on such techniques is discussed in the following sections.
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Table 9.1 Applied molecular techniques for detection of FBPs

Molecular technique Food pathogen detected Reference

Polymerase Chain
Reaction (PCR)

Salmonella spp. Wang et al. (2018)

Listeria monocytogenes Liu et al. (2019)

Escherichia coli Naravaneni and Jamil
(2005)

Vibrio cholera Shangkuan et al. (1995)

Vibrio vulnificus Brauns et al. (1991)

Vibrio parahaemolyticus Liu et al. (2019)

Staphylococcus aureus Liu et al. (2019)

Yersinia spp. Liu et al. (2019)

Proteus mirabilis Zhang et al. (2020)

Enterococcus faecalis,
Vibrio fluvialis, E. coli, Shigella spp.,
Campylobacter jejuni, Proteus
mirabilis, Salmonella enterica, β-
Streptococcus hemolyticus

Liu et al. (2019)

Trypanosoma cruzi de Oliveira et al. (2019)

Norovirus, Hepatitis A virus Li et al. (2018a, b)

Loop mediated
isothermal
amplification

Salmonella spp. Sayad et al. (2016), Mori
and Notomi (2009)

Bacillus stearothermophilus Umesha and Manukumar
(2016)

E. coli Oh et al. (2016)

Yersinia pseudotuberculosis Horisaka et al. (2004)

Verotoxin producing Enterococci,
Listeria spp.

Mori and Notomi (2009)

Campylobacter jejuni,
Vibrio parahaemolyticus,
Staphylococcus aureus,
Aeromonas caviae

Shi et al. (2010)

Campylobacter spp. Shi et al. (2010)

Single-stranded
conformation
polymorphism PCR

Rastolnia solanacearum Umesha et al. (2012)

Bacillus cereus Kim et al. (2016)

E. coli Kim et al. (2016)

Salmonella spp., Kim et al. (2010, 2016)

Clostridium perfringens Oh et al. (2012),
Kim et al. (2016)

Campylobacter jejuni Oh et al. (2008),
Oh et al. (2012)

Campylobacter coli Kim et al. (2016)

Listeria monocytogenes Oh et al. (2012),
Kim et al. (2016)

Vibrio parahaemolyticus Oh et al. (2012),
Kim et al. (2016)

Yersinia enterocolitica Kim et al. (2016)

(continued)
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Table 9.1 (continued)

Molecular technique Food pathogen detected Reference

Enterobacter sakazaki,
Staphylococcus aureus

Oh et al. (2012)

Cronobacter sakazaki, Enterococcus
spp., Shigella spp., Staphylococcus
aureus,
Vibrio vulnificus

Kim et al. (2010, 2016)

Ligase chain reaction
PCR
(LCR-PCR)

Mycobacterium tuberculosis,
Chlamydia trachomatis, Neisseria
gonorrhoneae

Fakruddin et al. (2013)

Different species of Staphylococcus,
Campylobacter spp., Mycoplasma spp.
Samlonella spp.

Cremonesi et al. (2009)

Vibrio spp. Cariani et al. (2012)

Restriction fragment
length polymorphism

Staphylococcus aureus Paillard et al. (2003)

Listeria spp. Paillard et al. (2003)

E. coli Fields et al. (1997)

Campylobacter jejuni Arguello et al. (2018)

Amplified fragment
length
polymorphism

Fuarium mangiferae,
Fuarium proliferatum, Fuarium
sacchari, Fuarium sterilihyphosum,
Fuarium subglutinans

Parisi et al. (2010),
Umesha and Manukumar
(2016)

Campylobacter spp. Schouls et al. (2003),
Johnsen et al. (2006)

Salmonella spp. Torpdahl et al. (2005),
Lindstedt et al. (2000)

Bacillus cereus Ripabelli et al. (2000)

Random amplified
polymorphic DNA

Photobacterium damsilae Magarino et al. (2000)

Listeria spp. Aguado et al. (2001)

Salmonella spp. Shangkuan and Lin (1998)

E. coli Darkazanli et al. (2018)

Enterococcus lactis Braiek et al. (2018)

Nucleic acid
sequence based
amplification

Salmonella spp. Zhai et al. (2019), Bodulev
and Sakharov (2020)

Listeria monocytogenes,
Campylobacter jejuni, Rotavirus,
Bacillus spp.,
Hepatitis A virus

Aslan et al. (2020)

Rolling circle
amplification

E. coli Zhong and Zhao (2018),
Li et al. (2021)

Listeria monocytogenes Zhan et al. (2020)

Salmonella typhimurium Zhong and Zhao (2018)

Vibrio parahaemolyticus Song et al. (2018, 2019)

Cronobacter spp. Liu et al. (2020)

C. perfringens Milton et al. (2021)

Staphylococcus aureus Yang et al. (2019)

Shigella spp. Wang et al. (2017)

(continued)
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Table 9.1 (continued)

Molecular technique Food pathogen detected Reference

Strand displacement
amplification

E. coli Zhong and Zhao (2018)

Salmonella spp. Wang et al. (2020a, b, c),
Zhang et al. (2021)

Staphylococcus aureus Cai et al. (2019)

Fluorescent in-situ
hybridization

Salmonella spp. Aslan et al. (2020),
Salimi et al. (2020)

Listeria spp. Rocha et al. (2019),
Aslan et al. (2020)

Yersinia spp., Pseudomonas spp.,
Enterobacteriaceae,
Helicobacter pylori, E. coli,
B. cereus, Mycobacterium avium,
Campylobacter spp.,

Rohde et al. (2017),
Dias and Rathyanaka
(2018)

Peptide nucleic acid
FISH

Listeria monocytogenes,
Vibrio spp.

Shan et al. (2018)

Salmonella spp. Adebowale et al. (2020)

DNA microarray Salmonella spp., E. coli
Listeria monocytogenes

Li et al. (2017)

Norovirus Hu et al. (2015)

E. coli, Brucella spp., Legionella
pneumophila

Ranjbar et al. (2017)

E. coli, Campylobacter jejuni, Liu et al. (2017)

E. coli, Bacillus spp., Aslan et al. (2020)

Shigella spp. Ranjbar et al. (2017),
Aslan et al. (2020)

Salmonella spp. Aslan et al. (2020)

Vibrio cholera Ranjbar et al. (2017)

Enterobactericeae Zhu et al. (2007)

Multiplex PCR Yersinia enterocolitica Tao et al. (2020)

Staphylococcus aureus Chen et al. (2012), Wei
et al. (2018)

Listeria monocytogenes Du et al. (2020), Tao et al.
(2020)

Vibrio cholera, Vibrio
parahaemolyticus, Clostridium
botulinum, Bacillus cereus

Tao et al. (2020)

E. coli Du et al. (2020), Tao et al.
(2020)

Salmonella spp. Du et al. (2020), Tao et al.
(2020)

Signal based
techniques

Listeria monocytogenes,
E. coli, Campylobacter jejuni,
Salmonella spp.

Saravanan et al. (2020),
Zhang et al. (2020)

Immunological
techniques

Campylobacter spp. Khan et al. (2018), Aslan
et al. (2020), Saravanan
et al. (2020)

(continued)
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9.2 Molecular Methods for Detection of FBPs

9.2.1 Basic Methods

The molecular techniques applied in FBP detection include use of genetic material
for sequencing and identification. These techniques are not only time-saving but also
show specificity to the identification of FBPs.

9.2.1.1 Cyclic Amplification Techniques

Polymerase Chain Reaction (PCR)
The PCR technique is frequently being used for FBP detection for the last two to
three decades. This is a gold standard technique offering promising results and so is
followed as a primary laboratory technique. In this technique, amplification of the
specific nucleic acid sequence of the targeted FBP is done. This technique is
preferred due to lesser error, higher accuracy, rapidity, and capacity to identify
FBP even in minimal quantity in the food sample. In PCR process, the DNA

Table 9.1 (continued)

Molecular technique Food pathogen detected Reference

Salmonella spp. Jenikova et al. (2000)

Staphylococcus spp.,
Listeria monocytogenes

Umesha and Manukumar
(2016)

Pulse field gel
electrophoresis

E. coli, Listeria spp. Umesha and Manukumar
(2016)

Salmonella spp. Ha et al. (2020);
Taheri et al. (2018)

E. coli Akindolire and Ateba
(2018)

Ribotyping Listeria spp. Rao and Arora (2020)

Repetitive extragenic
palindromic PCR

E. coli Deng et al. (2018)

Salmonella spp. Deng et al. (2018)

Campylobacter jejuni Yadav et al. (2017)

Vibrio parahaemolyticus Sadeghi et al. (2019)

Multilocus
sequencing typing

Streptococcus pneumonia Umesha and Manukumar
(2016)

Campylobacter jejuni Hsu et al. (2020)

E. coli Ramdan et al. (2020)

Vibrio parahaemolyticus Escalona et al. (2017)

Staphylococcus aureus Yang et al. (2018)

Bacillus cereus Yang et al. (2017)

DNase treated DNA
PCR

E. coli, Salmonella enterica,
Listeria monocytogenes,
Vibrio parahaemolyticus

Umesha and Manukumar
(2016)
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polymerase is used to amplify a specific nucleic acid sequence. Taq DNA polymer-
ase and Pfu DNA polymerase isolated from Thermus aquaticus and Pyrococcus
furiosus, respectively, are frequently used enzymes in PCR (Valasek and Repa
2005).

This technique has been applied in the detection of FBPs from different food and
water sources. Salmonella spp. has been periodically reported to be identified by
PCR method (Rahn et al. 1992; Eichelberg et al. 1994). The detection of Salmonella
spp. is reported to be more sensitive by PCR method as compared to ELISA
(Enzyme-Linked Immunosorbent Assay) technique (Murphy et al. 2007). Similarly,
PCR-based detection technique is considered to be a benchmark for detecting
Shigella spp. (Hartman et al. 1990; Frankel et al. 1990), Listeria monocytogenes
(Furrer et al. 1991), E. coli (Tsai et al. 1993; Naravaneni and Jamil 2005), Vibrio
cholera, V. cholerae biotype O1 (Shangkuan et al. 1995), Vibrio vulnificus (Brauns
et al. 1991), Vibrio parahaemolyticus (Tada et al. 1992), S. aureus (Wilson et al.
1991), and Yersinia spp. (Ibrahim et al. 1992). In the twenty-first century, this
technique was used for the rapid detection of FBPs, viz. in the detection of enteric
pathogens, foodborne bacteria (Enterobacter sakazakii, S. aureus, Proteus mirabilis,
E. coli, and Shigella spp.) in milk samples (Park et al. 2018; Zhu et al. 2018; Zhang
et al. 2020).

Rapid quantification of nucleic acid copies is also possible by quantitative PCR
(qPCR) or real-time PCR. The identification of common FBPs including Enterococ-
cus faecalis, Vibrio fluvialis, Y. enterocolitica, L. monocytogenes, E. coli, Shigella
spp. S. aureus, Campylobacter jejuni, P. mirabilis, Salmonella enterica, Streptococ-
cus hemolyticus, and Vibrio parahaemolyticus, has been reported by real-time PCR
(Liu et al. 2019). Real-time PCR has been considered as a sensitive and rapid process
in FBP detection, such as emetic and diarrheal B. cereus in food samples (Fricker
et al. 2007). The detection and quantification of transcripts of FBPs by qPCR are one
of the best techniques with respect to sensitivity (Umesha and Manukumar 2016).
qPCR has been applied to identify and quantify Salmonella typhimurium nucleic
acid sequence (Wang et al. 2018), hemolysin from Vibrio parahaemolyticus (Ward
and Bej 2006) and Trypanosoma cruzi (de Oliveira et al. 2019) (Fig. 9.1).

Loop-Mediated Isothermal Amplification
Loop-mediated isothermal amplification (LAMP) offers the benefits of detection
with additional efficiency, rapid detection, ease of sample preparation, uncompli-
cated visualization, specificity, and less sensitivity to contaminants or inhibitory
substances (Notomi et al. 2000). LAMP requires a set of four (and/or six) primers to
recognize six specific DNA sites and only one type of DNA polymerase enzyme,
preferably Bst DNA polymerase larger fragment (Mori and Notomi 2009; Fakruddin
et al. 2013). These primer sets are designed in such a way that both the ends of inner
primers lack AT-rich regions, temperature range (Tm) for each domain is restricted
to 55–65 �C, length of the amplified region is limited to 200 base pairs (bp), and the
distance between two regions should be limited to 40–60 bp. The target gene gets
amplified within 1 h at 65 �C, and further extension of the amplified gene is
processed to the continuing cycles (Nagamine et al. 2002; Ohtsuka et al. 2005; Oh
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et al. 2016; Umesha and Manukumar 2016). Accuracy in the LAMP detection
process is increased when used along with reverse transcription (RT-LAMP), even
in a small sample quantity. It can also detect viruses and amplify DNA from RNA
bases (Mori and Notomi 2009). Different software developed for LAMP primer
designing are:

– LAMP designer (Premier Biosoft International, Palo Alto, Calif, USA).
http://www.premierbiosoft.com/tech_notes/Loop-Mediated-Isothermal-Amplifi
cation.html

– Eiken Chemical Co. Ltd. Tokyo, Japan. Primer Explorer V4 Software.
http://primerexplorer.jp/e/v4_manual/index.html
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Fig. 9.1 Methods applied in foodborne pathogen detection. (PCR Polymerase chain reaction,
LAMP loop-mediated isothermal amplification, SSCP-PCR single-stranded conformation polymor-
phism PCR, LCR-PCR ligase chain reaction PCR, RFLP restriction fragment length polymorphism,
AFLP amplified fragment length polymorphism, RAPD random-amplified polymorphic DNA,
NASBA nucleic acid sequence-based amplification, RCA rolling circle amplification, SDA strand
displacement amplification, FISH fluorescent in situ hybridization, PNA-FISH peptide nucleic
acid–FISH, ELISA enzyme-linked immunosorbent assay/ ELFA- enzyme-linked fluorescent
assay, MALDI-TOF/MS matrix-assisted laser desorption ionization—time of flight/mass spectrom-
etry, IMS immunomagnetic separation, FC flow cytometry, PFGE pulse field gel electrophoresis,
REP-PCR repetitive extragenic palindromic-PCR, DTD- PCR Dnase-treated DNA (DTD) PCR
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FBPs detected by LAMP method are Salmonella spp. (Wang et al. 2008; Sayad
et al. 2016), Salmonella subsp. enterica, Salmonella enteritidis, and Salmonella
enterica subsp. arizonae (Kudo et al. 2005), S. enterica (Ohtsuka et al. 2005),
Bacillus stearothermophilus (Umesha and Manukumar 2016), E. coli, Salmonell
typhimurium, Vibrio parahaemolyticus (Oh et al. 2016), and Yersinia pseudotuber-
culosis (Horisaka et al. 2004). LAMP kits have also been developed to detect
Enterococci (which produces verotoxin), Salmonella, Legionella, Campylobacter,
and Listeria (Mori and Notomi 2009). The modified LAMP methods, viz. multiplex
LAMP, RT-LAMP, real-time reverse transcription LAMP, in situ LAMP have also
been applied to identify and detect Campylobacter jejuni, Vibrio parahaemolyticus,
Staphylococcus aureus, E. coli, Campylobacter coli, and Aeromonas caviae (Shi
et al. 2010).

Single-Stranded Conformation Polymorphism PCR
Single-stranded conformation polymorphism (SSCP) is an efficient molecular tech-
nique in FBP detection (Orita et al. 1989). It is a sensitive and precise assay with
fewer efforts and high accuracy of microbial species identification. This technique
was initially designed to find out the minute differences between species and
subspecies by genotyping approach (Oh et al. 2008). In this assay, amplification,
denaturation, and electrophoresis are three major basic steps, where a unique con-
formation is formed from ssDNA (single-stranded DNA) fragments. The primary
sequence is so unique that change in even a single base can alter the conformation,
which SSCP can observe. The susceptibility of analysis by SSCP relies on the size of
the DNA fragment, its GC content, type of mutation, DNA concentration, gel (bead)
size, the content of gel matrix composition, buffer composition, run time and
temperature, pH and ionic strength of the buffer during electrophoresis (Umesha
et al. 2012). Ralstonia solanacearum from tomato was reported to be identified by
SSCP assay (Umesha et al. 2012). The detection of E. coli, B. cereus, Clostridium
perfringens, Salmonella enterica, and C. jejuni has been reported by SSCP PCR
method (Oh et al. 2008). SSCP followed by capillary electrophoresis method has
been applied to detect common food pathogens such as L. monocytogenes, B. cereus,
E. coli, E. enterocolitica, V. parahaemolyticus, Enterobacter sakazakii, S. aureus,
Clostridium perfringens, and Salmonella enterica (Oh et al. 2012). The usage of
SSCP–PCR technique has been established for the identification of Campylobacter
coli, B. cereus, Yersinia enterocolitica, Enterococcus spp., Salmonella spp.,
Cronobacter sakazakii, Shigella spp., S. aureus, Vibrio vulnificus,
L. monocytogenes, V. parahaemolyticus, E. coli, and C. perfringens (Kim et al.
2010, 2016). SSCP in combination with multiplex ligation-dependent probe ampli-
fication has been reported to detect C. jejuni, E. coli, L. monocytogenes, and
C. perfringens. The gyrA gene mutation in C. jejuni was also detected by SSCP
(Hakanen et al. 2002).

Ligase Chain Reaction PCR
Ligase chain reaction (LCR), also recognized as ligase amplification reaction (LAR),
is a cyclic DNA amplification method that requires DNA as a template (Shi et al.
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2010). It somewhat resembles PCR in the amplification process and requirement of a
thermal cycler; however, it has more specificity and amplifies only the probe
molecule instead the amplicon. The enzymes required to carry LCR assay are—a
thermostable DNA polymerase and ligase. In this assay, four oligonucleotides are
used as primers, where two probes with closer proximity and complementary
sequence are ligated together. The resulting nucleotide sequences are ligated to
form one nucleotide using DNA ligase by a subsequent exponential amplification
(Umesha and Manukumar 2016; Gibriel and Ola Adel 2017). The amplification of
the target sequence (up to 106 folds) gets completed in approximately 20–30 cycles.
The amplified product can easily be detected by enzyme-linked immunosorbent
assay (ELISA) or gel electrophoresis techniques. This technique is less applied in
FBP identification because of its disadvantage in detecting dead microorganisms.
However, clinical samples are often used to spot Mycobacterium tuberculosis,
Neisseria gonorrhoeae, and Chlamydia trachomatis (Fakruddin et al. 2013; Umesha
and Manukumar 2016).

There are several modified versions of LCR technique used for FBP identifica-
tion. Ligase detection reaction (LDR) PCR is a redesigned form of LCR technique
that amplifies the DNA by linear amplification process and has only two
oligonucleotides instead of one. LDR has higher specificity due to the low dissocia-
tion temperature (Td) of the used oligonucleotides. It offers better sensitivity to the
identification of a microorganism, as the probes are very specific to the target
(Umesha and Manukumar 2016; Gibriel and Ola Adel 2017). The detection of
pathogens like S. aureus, Streptococcus agalactiae, Streptococcus dysgalactiae,
Streptococcus parauberis, Streptococcus pyogenes, Streptococcus equi, Streptococ-
cus bovis, Streptococcus canis, Nonaureus staphylococci, Campylobacter spp.
Mycoplasma spp., and Salmonella spp. from milk has been reported to be done by
LDR assay (Cremonesi et al. 2009). The sensing of Vibrio spp. from shellfish has
also been reported using LDR assay (Cariani et al. 2012).

Restriction Fragment Length Polymorphism
Restriction fragment length polymorphism (RFLP) is a simple and rapid approach to
detecting FBP where the genomic DNA is disentangled by the restriction endonu-
clease followed by gel electrophoresis helps in visualizing and tracing the size or
mass change in the DNA fragment. Small DNA fragments are formed after digestion
by the restriction enzyme at fixed sites. The size and mass of these fragments are
compared in RFLP (Umesha and Manukumar 2016). RPLF assay was found helpful
in detecting Listeria spp. and S. aureus (Paillard et al. 2003), E. coli (Fields et al.
1997), C. jejuni from poultry (Sierra-Arguello et al. 2018). It could also identify the
point mutations critical for macrolide resistance in Campylobacter spp. (Vacher et al.
2003). The genes (ltrA, ltrB, and ltrC) for Listeriosis causative L. monocytogenes,
responsible for growth at a lower temperature (4 �C), have been identified using
RFLP method (Zheng and Kathariou 1995). The analysis of inlA polymorphism by
PCR-RFLP was found a promising method to screen Listeria monocytogenes strains
that are unable to invade Caco-2 cells. This gene expresses the truncated internalin,
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which helps the intracellular pathogen to get attached to the epithelial cells, followed
by invasion (Rousseaux et al. 2004).

Amplified Fragment Length Polymorphism
Similar to RFLP, amplified fragment length polymorphism (AFLP) is also a
genotyping amplification process where DNA fragments are digested by specific
restriction endonuclease and further amplified. The DNA is completely unbound,
broken down into fragments and then ligated by a double-stranded oligonucleotide
adapter, which is complementary to the restriction site sequence. These adapters
restrict the restoration of the original restriction site because of their specific design-
ing. The specific amplified fragment is visualized after electrophoresis. AFLP aids in
the identification of contamination sources viz. live stocks. When used in combina-
tion with an automated laser fluorescence analyzer, it identifies the organisms even at
the strain level. The detection of disease-causing pathogens in mango, e.g., Fusar-
ium mangiferae, Fusarium proliferatum, Fusarium sacchari, Fusarium
sterilihyphosum, and Fusarium subglutinans, has been reported to be detected by
AFLP technique (Umesha and Manukumar 2016). The high-resolution genotyping
of L. monocytogenes from food has been made by AFLP in combination with
multilocus sequence typing method (Parisi et al. 2010). The identification of
C. jejuni has been established by using AFLP (Siemer et al. 2005). The transmission
routes and genetic diversity of Campylobacter spp. from broiler farms have been
studied using AFLP (Johnsen et al. 2006). The population structure (subgroups and
strain detection) study by AFLP has been done to observe the minor differences
between the pathogenic strains of Salmonella spp. (Torpdahl and Ahrens 2004;
Lindstedt et al. 2000; Torpdahl et al. 2005). The differences in the subspecies by
epidemiological typing of B. cereus (isolated from cooked chickens and cooked rice
causing food poisoning) has been studied by AFLP (Ripabelli et al. 2000). AFLP in
association with multilocus sequence typing has been used for genotyping using a
strain of C. jejuni (isolated from poultry sources). The specific gene sequences have
been successfully visualized to see the closest relativity between the species
(Schouls et al. 2003).

Random Amplified Polymorphic DNA Technique
As the name suggests, the random amplified polymorphic DNA (RAPD) technique,
is useful in identifying the organism by PCR analysis of random and primers under
low stringency. This technique is rapid and easy to perform. Short sequence primers
from DNA of the known sources are used, and the amplified product is observed by
gel electrophoresis. There is a high possibility of having a complementary sequence
of the primers to the DNA used, resulting in the production of variable fragments that
might be specific to certain fungal pathogenic strains (Adzitey et al. 2013b; Umesha
and Manukumar 2016). The identification of Photobacterium damselae subsp.
piscicida (previously Pasteurella piscicida) strains from different geographical
regions has been done by RAPD assay (Magarino et al. 2000). The cross-
contamination in ready-to-eat processed food products (cooked meat and smoked
salmon) by L. monocytogenes has been done by RAPD, in combination with
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serotyping (Aguado et al. 2001). The RAPD application has also been made to
differentiate Listeria innocua from L. monocytogenes (Czajka et al. 1993) and
Salmonella typhi from other Salmonella spp. (Shangkuan and Lin 1998). E. coli
from green leafy vegetables (lettuce, and spinach) growing near the river beds have
been detected with its genetic diversity using RAPD (Darkazanli et al. 2018). RAPD
was used to study the intraspecific genetic diversity of Enterococcus lactis 4CP3, an
enterotoxin producer isolated from raw beef meat (Braiek et al. 2018).

9.2.1.2 Isothermal amplification techniques

Nucleic Acid Sequence-Based Amplification
Nucleic acid sequence-based amplification (NASBA) is commonly called
transcription-mediated replication and/or 3SR because of its ability to perform
self-sustained sequence replication (3SR). This assay is rapid (1–2 h of completion),
cost-effective, and has fewer contamination chances in detecting viable microbes.
NASBA is an isothermal replication process where a constant temperature of 41 �C
is uniformly maintained throughout the assay, unlike PCR. This technique is used to
amplify nucleic acids (specifically RNA) without using a thermal cycler. The assay
is achieved by utilization of a club of three enzymes, namely RNase H (to digest the
DNA-RNA hybrid form and produce ssDNA), avian myeloblastosis virus (AMV)
reverse transcriptase, and T7 DNA-dependent RNA polymerase. In NASBA ampli-
fication process, manifold ssRNA copies from DNA are produced in approximately
20 cycles, unlike PCR where binary amplification per cycle is done. The temperature
at which this assay is performed keeps the DNA in dsDNA form; hence, the
amplification substrate cannot be replaced. The amplified product is visualized by
electrophoresis (Fakruddin et al. 2013; Umesha and Manukumar 2016). Several
rapid detection kits have been developed following this technique, viz. Salmonella
spp. detection and differentiation (Zhai et al. 2019; Bodulev and Sakharov 2020).
This technique has been successfully used to spot L. monocytogenes, C. jejuni,
rotavirus, Bacillus spp., and hepatitis A virus (Aslan et al. 2020).

Rolling Circle Amplification
Rolling circle amplification (RCA) carries out the amplification of a circular tem-
plate into multi-fold copies (109) with the help of Ø29 DNA polymerase. This assay
produces ssDNA from DNA or RNA and can be performed both in the solid and
solution phase at a constant temperature. When the amplified product is linear, it is
called linear RCA or single primer RCA. However, the sensitivity of the test is
refined by using a reverse primer. DNA polymerase extends the final product of
linear RCA (ssDNA) after a reverse primer (complementary to the strand
polymerized by a single oligonucleotide primer) is added to the reaction mixture.
The final DNA template (dissociated ssDNA) is hybridized with a reverse primer,
and the cycle is extended to produce branched or ramified DNA. The reaction is
stopped when all ssDNA get converted to dsDNA. This type of RCA amplification
process is called ramification amplification (RAM) or hyper-branched RCA or
cascade RCA (Fakruddin et al. 2013; Umesha and Manukumar 2016; Zhong and
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Zhao 2018). This assay has been applied to detect E. coli (Jiang et al. 2017; Zhong
and Zhao 2018; Li et al. 2021), L. monocytogenes (Zhong and Zhao 2018; Zhan et al.
2020), S. typhimurium (Zhong and Zhao 2018), V. parahaemolyticus (Teng et al.
2017; Song et al. 2018, 2019), Cronobacter spp. from powdered infant formula food
samples (Liu et al. 2020) and from milk samples (Liu et al. 2020), C. perfringens
from meat (Milton et al. 2021), S. aureus from meat (Hao et al. 2017) and from milk
(Yang et al. 2019), and Shigella spp. from vegetable salad (Wang et al. 2017).

Strand Displacement Amplification
Strand displacement amplification (SDA) is a highly efficient, rapid, and manageable
isothermal amplification process (Walker et al. 1992; Zhong and Zhao 2018; Aslan
et al. 2020). This assay can be performed at a higher temperature (37–70 �C). The
essential components required for SDA are four oligonucleotide primers (bumper
primers B1 and B2 with adjacent primers S1 and S2) having Hinc II exonuclease
restriction site (50-GTTGAC-30), exo-Klenow (E. coli DNA polymerase with an
exonuclease-deficient restriction sites), and a DNA template. The assay occurs in
two phases: production of DNA template with restriction site and target DNA
amplification (Fakruddin et al. 2013; Umesha and Manukumar 2016; Zhong and
Zhao 2018). SDA has been applied to detect Salmonella enteritidis and E. coli
(Zhong and Zhao 2018), specificity and sensitivity of Salmonella spp. (Zhang et al.
2021), S. aureus (Cai et al. 2019), and S. typhimurium (Zhang et al. 2016; Li et al.
2019; Wang et al. 2020a, b, c).

9.2.1.3 Nucleic Acid Hybridization Techniques
The upgradation of techniques in the FBP detection process also employs methods
where PCR amplification can be skipped, and time can be saved. The techniques can
rapidly identify the closely related DNA sequences in two different populations and
do not require enrichment of the medium. Instead, a labeled DNA probe (labeled
with either a radioactive or non-radioactive marker), complementary to the target
sequence (DNA/RNA), is enough to carry out the assay. The probe is usually a
dsDNA oligonucleotide. The non-amplification methods that are easy to perform in
the laboratories include fluorescent in situ hybridization (FISH), peptide nucleic
acid–FISH, line-probe assay (LPA), and hybridization protection assay (HPA). The
specific targets can be detected by fluorescent, calorimetric, and chemiluminescence
signals (Umesha and Manukumar 2016; Aslan et al. 2020).

Fluorescent In Situ Hybridization
Fluorescent in situ hybridization (FISH) is chiefly a microscopic technique used for
FBP detection. In FISH assay, the target is marked with a fluorescent probe at the 50

end, targeting the rRNA that can be visualized in a fluorescent microscope. The
labeling of the probe (15–25 oligonucleotide sequence) is done either by direct
labeling (i.e., by using a fluorescent nucleotide) or indirect labeling (i.e., by combin-
ing the probe with a reporter molecule that is defined by a fluorescent antibody or
any other affinity molecule). FISH has four major steps, including fixation and
permeabilization of specimens, probe and target nucleotide hybridization,
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unbounding the probe by washing and visualization, and interpretation of the result.
A fluorescent labeled 16 s rRNA probe does the detection. The target stained cells
can be detected by epifluorescence microscopy after the hybridization (Umesha and
Manukumar 2016; Dias and Rathyanaka 2018; Aslan et al. 2020). Cross-
contamination by Salmonella spp. in chickens has been studied and reported by
Alzaabi and Khan et al. (2017). FISH, in association with flow cytometry, has been
applied for rapid detection of Salmonella spp. (Umesha and Manukumar 2016). The
detection of S. enterica and Listeria spp. in food samples have been reported (Aslan
et al. 2020). FISH has been used for the identification of FBPs like spiked Salmo-
nella spp. (from vegetables, tomato, pork sausage, barley plant, and sweet corn
roots), Yersinia spp. (from minced pork meat), Pseudomonas spp. (from milk),
E. coli (from ground beef milk), Enterobacteriaceae (from milk), Helicobacter
pylori (from bovine milk), L. monocytogenes (from mozzarella cheese, smoked
salmon and Julienne cabbage), B. cereus (from milk and barley plant), Mycobacte-
rium avium (from portable water), Campylobacter spp. (from drinking water and
chicken products), E. coli (from Japanese seafood called ikura and minced chicken
meat), using rRNA as target probe (Dias and Rathyanaka 2018). Other studies for
detection of FBP from food samples include identification of pathogenic strains of
L. monocytogenes (Rocha et al. 2019), Salmonella spp. (Salimi et al. 2020), and
Yersinia spp. (Rohde et al. 2017).

Peptide Nucleic Acid–FISH
Peptide nucleic acid–FISH (or PNA-FISH) was originally described by Nielsen and
his colleagues in 1991 at the University of Copenhagen, Denmark. PNA is a
DNA/RNA analog (a pseudopeptide DNA mimic), where N-(2-aminoethyl)
glycine-repeating units replace the sugar-phosphate backbone and polyamide chain
is covalently linked to nucleobases by carboxymethyl spacer. PNA is an achiral and
a non-ionic molecule, resistant to degradation by enzymes (Nielson et al. 1991;
Saadati et al. 2019). It is preferred over DNA probes due to higher stability of
PNA-RNA or PNA-DNA hybrid (because of the absence of electrostatic repulsions
and no charge on PNA as PNA backbone does not have charged phosphate group)
than DNA-DNA hybrid, resistance to degradable enzymes, resistance to nucleases or
proteases, high Tm, and more specificity and the easy entrance of PNA in the
bacterial cells (because of its relative hydrophobicity). This assay can be accessed
at a low salt concentration that promotes destabilization of rRNA–rRNA interaction,
improving the accessibility to the target site out of reach with the standard RNA or
DNA probe (Umesha and Manukumar 2016; Rocha, 2018; Zhao and Wu 2020;
Adebowale et al. 2020). This technique has been used for the detection of L.
monocytogenes, Vibrio spp. (Shan et al. 2018), and Salmonella spp. (Adebowale
et al. 2020).

9.2.1.4 Detection by Multiple Targets
The advancements in molecular methods of FBP detection brought the easier process
and cost-effectiveness. Techniques like broad-range PCR, DNA microarray, multi-
plex PCR can perform detection of more than one microorganism.
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DNA Microarray
DNA microarray is one of the most advanced, flexible, and specific detection
techniques for FBP detection (Ranjbar et al. 2017). The word “microarray” was
first introduced by Schena in (1995). The technique of DNA microarray allows the
study of the expression of multiple genes at one time (Campos et al. 2012). The term
“microarray” refers to a two-dimensional high-density matrix of DNA fragments,
printed or synthesized on glass or silicon slide (chip) in a fixed order (Umesha and
Manukumar 2016). Microarray is a specific ssDNA pattern (sequence) that is
immobilized on a slide or chip. The basic principle for DNA microarray is comple-
mentary base pairing hybridization of ssDNA and its detection. The array can be
picked up by binding the identification targets like proteins, nucleotides, cDNA,
antibodies, peptides, carbohydrates, aptamers to distinct regions called “microarray”
(Aslan et al. 2020). This chip diagnostic technique has basically two divisions: dry
lab (in silico/bioinformatics part), where probe designing is done, and wet lab
(in vitro) that includes nucleic acid extraction and hybridization.

In the dry lab, designing of the specific probe is done, and in wet lab work, probe
spotting, probe labeling, hybridization, and labeling are done. The International
Nucleotide Sequence Database Collaboration (INSDSC): http://www.insdc.org/ is
a multifunctional database. However, although limited, but easily accessible
sequence databases are also available for achieving in silico work, including
European Nucleotide Archive (ENA): www.ebi.ac.uk/ena, National Center for Bio-
technology Information (NCBI): http://www.ncbi.nlm.nih.gov/, and DNA Data
Bank of Japan (DDBJ): http://www.ddbj.nic.ac.jp/. For prokaryotes, including
archaea and bacteria, the available database is Rapid Annotations using Subsystems
Technology (RAST): http://rast.nmpdr.org/, SEED: http://pubseed.theseed.org/,
PathoSystems Resource Integration Center (PATRIC): http://www.patricbrc.org/
(for bacteria), Virus Pathogen Database and Analysis Resource (ViPR): http://
ViPRbrc.org, Influenza Research Database (IRD): www.fludb.org, and Atlas of
Biological Databases and Tools (ABDT): http://bis.zju.edu.cn/DaTo/ . The most
effective tool for proper designing of microarray to date has been reported to be the
BLAST (Basic Local Alignment Search Tool): https://blast.ncbi.nlm.nih.gov/Blast.
cgi, PanSeq: http://lfz.corefacility.ca/panseq/, and GView: https://server.gview.ca/.
Further, the analysis of the designed probe can be done on OligoAnalyzer: http://edu.
idtdna.com/calc/analyzer .

In the wet lab work, probe spotting can be achieved with the help of robotic
spotters/printer. There are three major groups of array platforms, namely glass,
microwell, and micropillar. Glass is used most frequently. In hybridization, the
target DNA or protein molecule is analyzed by a labeled and hybridized identifica-
tion probe on the array, where the probe’s position on the array is called spot or
future. The advancements in microarray technology include mutation analysis,
comparative genomic analysis, gene expression array, and multiple species compo-
nent array. Microarray, when applied in combination with pulsed-filed gel electro-
phoresis (PFGE) and multilocus sequence typing (MLST) gives high specificity and
discrimination. The first application of microarray in FBP detection was for enteric
pathogens (Campos et al. 2012; Umesha and Manukumar 2016; Ranjbar et al. 2017;
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Li et al. 2017; Liu et al. 2017; Behzadi and Ranjbar, 2019; Aslan et al. 2020). DNA
microarray has been applied in the detection of Salmonella spp., E. coli, L.
monocytogenes (Li et al. 2017), norovirus (Hu et al. 2015), E. coli, Shigella boydii,
S. typhi, S. typhimurium, Shigella flexneri, Shigella sonnei, Brucella spp. Legionella
pneumophila, V. cholera, Shigella dysenteriae (Ranjbar et al. 2017), C. jejuni, and S.
enterica (Liu et al. 2017). FBPs belonging to Shigella spp., Salmonella spp., E. coli,
and Bacillus spp. Strains have been reported to be identified using microarray
technology (Aslan et al. 2020). Multiplex PCR (mPCR)-based microarray technique
has also been applied in the detection of point mutation of drug-resistant genes
(extended-spectrum β-lactamases ESBL and plasmid-mediated AmpC β-lactamases)
in Enterobacteriaceae (Zhu et al. 2007).

Multiplex PCR
The multiplex PCR allows the concomitant identification and amplification of
numerous gene sequences from FBPs. Its cost-effectiveness, rapidity, specificity,
less sample preparation time, detection of viable pathogens, and requirement of
fewer enzymes and reagents prioritize it from other techniques (Lantz et al. 1998;
Umesha and Manukumar 2016; Tao et al. 2020). This technique was reported for the
first time in 1988 and applied in studying mutation for tracking the gene deletion of
Duchenne muscular dystrophy (DMD) locus. The assay has also been applied in
detection of virus molecules and antimicrobial gene determinants. The assay requires
a template DNA, Taq polymerase, PCR buffer mixture, and dNTPs. The overall
conditions of the mPCR resemble PCR (temperature and electrophoresis, etc.) to get
the final product (Chamberlain et al. 1998; Zhu et al. 2007). In mPCR, two or more
primer sets are used in the same PCR reaction for amplification of different targets.
The mPCR requires a higher concentration of MgCl2 as compared to conventional
PCR (Umesha and Manukumar 2016). The application of mPCR has been reported
for the identification of Y. enterocolitica from pork (Lantz et al. 1998), Salmonella
spp., S. aureus, E. coli O157:H7 and L. monocytogenes in milk (Wei et al. 2018;
Sheng et al. 2018). An mPCR method was developed that can detect common
foodborne pathogens including S. enterica, V. parahaemolyticus, S. aureus
L. monocytogenes, E. coli O157:H7, S. flexneri, V. cholerae, C. botulinum type A,
B. cereus, Y. enterocolitica, and C. perfringens Alpha toxin (Tao et al. 2020).
Further, a multiplexed real-time PCR assay method was developed to detect
V. parahaemolyticus, which is associated with outbreaks due to consumption of
different seafoods (Ward and Bej, 2006). Several reports are available on detection
of L. monocytogenes, one of the common foodborne pathogens in food products, by
this approach (Zhang et al. 2020; Feng et al. 2020; Du et al. 2020; Chen et al. 2012).

9.2.2 Advanced Molecular Techniques

9.2.2.1 Pulse Field Gel Electrophoresis
Pulse field gel electrophoresis (PFGE) technique is useful in the separation of larger
DNA molecules. The assay accesses the molecular grouping, genotypic
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characterization, and helps to identify the clonal strains of the same organism
(de Melo et al. 2021). This process was first reported by Schwartz and Cantorto,
where they progressed with size-dependent electrophoretic separation without using
molecular sieves. The technique utilizes electrical pulse field to relax and separate
the DNA in the gel. In order to have new orientations and obtain larger DNA
fragments, the direction of the electric field is altered intermittently. The time
required for DNA orientation is directly proportional to the size of the DNA and
the electric field applied, which results in the separation of DNA with maximum
electrophoretic mobility. Therefore, the orientation of molecules allows them to
raptate through the gel matrix without any size dependency (Umesha and
Manukumar 2016). Briefly, PFGE offers a method to produce DNA fingerprints
from larger DNA fragments and helps in detailed and pinpoint distinction of closely
related species based on their genetic relatedness. The assay is very sensitive and has
been applied in the detection and differentiation of 55 Salmonella spp. strains from
mechanically deboned chickens (Ha et al. 2020).

Because of its ability to separate larger molecules, PFGE is applied in the
molecular analysis of genes and genomes of mammalian cells and microbes. This
technique has been widely used at Nebraska Public Health Laboratory (NPHL) for
studying the molecular epidemiology of FBPs (Rao and Arora 2020). Due to
frequent FBP outbreaks, a similar database system (that collects molecular subtyping
information of FBPs) has been developed in China to track the foodborne diseases
and associated pathogens, named as TraNet. TraNet was established in 2013, and its
role is quite similar to PulseNet in the United States (Li et al. 2018a, b). PFGE has
been used for detecting Salmonella spp., E. coli, and Listeria spp. (Umesha and
Manukumar 2016), Salmonella spp. from poultry (Ashrafudoulla et al. 2021),
Y. enterocolitica bio-serotype 4/O:3 from pork (Martins et al. 2020), thermotolerant
C. jejuni from poultry (Zbrun et al. 2020), S. enterica serovar Minnesota from
poultry (de Melo et al. 2021), and Salmonella Serovar Infantis from poultry flocks
(Taheri et al. 2018). This technique was helpful in detecting the virulent E. coli
O157:H7 strain from the fecal samples of cattle farm beef (Akindolire and Ateba,
2018).

9.2.2.2 Ribotyping
In the process of FBP detection, ribotyping plays a vital role in identifying as well as
classifying the microbes based on structural differences of gene sequences in rRNA.
Each ribosomal operon in ribotyping, the polycistronic operon, is consisted of three
major consensus genes that encode structural rRNA molecules (5S, 16S, and 23S).
The 16S rRNA is considered ideal for bacterial ribotyping because of its conserved
region. This method comprises the digestion of the genomic DNA into smaller
fragments with the help of restriction enzymes (endonucleases) and the electropho-
retic separation of these smaller fragments (1–30 kb), followed by Southern blotting
for hybridization with a radiolabeled ribosomal operon probe for decoding the rRNA
gene sequences. Further processing involves autoradiography that allows the visual-
ization of the bands with the ribosomal operon consensus sequence (Umesha and
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Manukumar 2016; Rao and Arora 2020). The multiplicity of rRNA operon in the
microbe can be inferred by the number of fragments produced in ribotyping.

The different ribotyping techniques modified to date are named according to the
technology introduced, viz. PCR ribotyping, automated ribotyping, PCR ribotyping
followed by restriction endonuclease subtyping, long PCR ribotyping, and amplified
rRNA gene restriction analysis (ARDRA). A species of Listeria has been
differentiated by automated ribotyping (Rao and Arora 2020). Ribotyping has also
been successfully applied to distinct the lactic acid bacteria (LAB) from rainbow
trout (spoiled vacuum packaged “gravad” by Lyhs et al. (2002).

9.2.2.3 Repetitive Extragenic Palindromic PCR
Repetitive extragenic palindromic PCR (REP-PCR) is another advanced molecular
technique. With this method, FBP detection is supposed to be more accurate, and it
has a higher differentiation ability between species. In this technique, a regulatory
sequence called REP sequence, also called palindromic unit located on the untrans-
lated operon region, is focused as a target. These types of sequences are found in E.
coli, Salmonella, and Pseudomonas. The REP sequences play a major role in
transcription termination, stabilizing RNA viability, and chromosomal maintenance.
These sequences also assist in encoding the gene sequences for respiration, degra-
dation, biosynthesis, and regulation. This technique has been successfully applied
for the detection of FBPs like E. coli, Salmonella spp. (Deng et al. 2018), (Adzitey
et al. 2013a, b), C. jejuni (Yadav et al. 2017), and V. parahaemolyticus (Sadeghi
et al. 2019).

9.2.2.4 Multilocus Sequencing Typing
Multilocus sequence typing (or MST) is one of the prime molecular techniques in
FBP detection process. This is a nucleotide-based typing method that uses
housekeeping genes data to provide the sequence type for finding the intraspecific
genetic relationship between bacterial and fungal species. In this method, rapid
sequencing is done to check the allelic variants in conserved genes for characteriza-
tion, subtyping, and classification of the species. Initially, PCR is done to amplify the
housekeeping genes for sequence analysis, followed by the comparison of the
individual genes. MST starts with the production of nucleotide sequences from the
target DNA region. Further, in order to achieve the data typing, the significant steps
included are data summary, allele assignment, lineage assignment, sequence typing
assignment, and estimation of recombinants. Approximately 450–500 bp of internal
fragments are essential to carry out the MST process. The different allele numbers
are assigned to the different sequences of the bacterial species. Likewise, for each
isolate, the alleles at each locus define the upcoming sequence type. The generated
nucleotide sequences are compared on programs like sequence typing analysis and
retrieval system (STARS), DiscoverIR (Licor, UK), Staden Package (a complete set
for assembly of the DNA sequence, editing, and analysis), and NCBI BLAST. After
allele assigning, the data is entered in the MST website (http://www.mlst.net) to get
the sequence type. This is followed by grouping the sequence types into clonal
complexes by their similarity to central allelic profile (i.e., the genotype), further
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identified by computer-based statistical methods (Umesha and Manukumar 2016;
Rao and Arora 2020). This advancement has been successfully applied in detecting
pathogens like Streptococcus pneumonia (Umesha and Manukumar 2016),
L. monocytogenes IVb serogroup from meat (Lachtara et al. 2021), C. jejuni (Hsu
et al. 2020), E. coli (Yu et al. 2018; Ramdan et al. 2020), V. parahaemolyticus
(Escalona et al. 2017), S. aureus (Yang et al. 2018), and B. cereus (Yang et al. 2017).

9.2.2.5 DNase-Treated DNA (DTD) PCR
In this molecular technique, FBPs can be detected by PCR-based techniques in
which PCR is followed by the treatment with DNaseI enzyme. This technique has
been demonstrated to be successful for the detection by amplifying the DNA from
dead cells also, without causing any harm to the DNA of live cells. FBPS like E. coli,
L. monocytogenes, S. enterica, and V. parahaemolyticus have been successfully
detected by this technique (Umesha and Manukumar 2016).

9.2.3 Signal-Based Techniques

The biosensors are the analytical devices that aid the visual detection of FBP in
signals, where electrical signals are converted from biological signals. Basically,
biosensors have three major parts: a biological molecule, a device for converting
them into signals, and a detection system. Hence, biosensors are a combined form of
biological elements and transducers. In this process, the transducers and bioreceptors
recognize biological elements like cells, tissues, organelles, microbe, enzyme, anti-
body, nucleic acid, aptamers, bacteriophage, or any biomimic and convert the
recognition to a measurable electric signal in the form of electrochemical: imped-
ance, amperometric and potentiometric, optical: light scattering, surface plasmon
resonance (SPR) and fiber optics, surface acoustic and piezoelectric, thermometric,
electrical, magnetic, or their combinations. Because of the strong bonding with the
antigens and high specificity, antibodies are frequently used as biorecognition
elements (Chandra et al., 2012; Choudhary et al., 2016; Deka et al., 2018; Mahato
et al., 2018; Verma et al., 2019).

Depending upon the use of a type of measurable signals, the biosensors are named
piezoelectric, bioluminescence, electrochemical, voltammetric, colorometric, poten-
tiometric, impedimetric, fluorescent, label-based or label-free, and optical
biosensors. The first report of FBP detection by biosensoring was the detection of
tobacco mosaic virus (TMV) and cowpea mosaic virus (CMV). The detection of
pathogenic L. monocytogenes, C. jejuni, and E. coli has also been done by using
immunoassay by applying highly dispersed carbon particles. Umesha et al. (2016)
have reported an artificial cell-based biosensor by applying a liposome-doped silica
nanocomposite, which imitates a whole-cell method to detect Listeriolysin O pro-
duced by L. monocytogenes. The biosensor detects the Listeriolysin O and confirms
the presence of toxin by L. monocytogenes. The lectin-based array biosensor has
been used to detect and differentiate FBPs, including S. aureus, B. cereus, Proteus
vulgaris, E. coli, and Enterobacter aerogenes. More specificity to the FBP detection
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has been achieved by including the use of spike proteins. S. aureus, E. coli, and B.
anthracis have also been detected by using a phage as biorecognition elements.

In the detection process of FBPs by biosensors, the transducers play a significant
role. The transducers use optical oriented detection methods, viz. dispersion, reflec-
tion, refraction, fluorescence, chemiluminescence, Raman (surface-enhanced Raman
scattering or SERS), infrared, or phosphorescence. SPR and fluorescence spectrom-
etry have been considered highly sensitive transducing methods. SPR has been
applied in the detection of L. monocytogenes and Salmonella spp. Similarly, an
amperometric detection method has been applied for detecting Salmonella, E. coli,
C. jejuni, and L. monocytogenes, where an ample amount of current is produced at a
constant potential between the working and reference electrodes. However, conven-
tional amperometric biosensors contain three electrode cells (working, reference,
and auxiliary electrodes), a voltage source, and a device for measuring voltage and
current (Umesha and Manukumar 2016; Arora et al. 2018; Saravanan et al. 2020;
Zhang et al. 2020).

9.2.4 Immunological Techniques

The detection of FBPs using immunological techniques has also been achieved. The
successful detection of FBPs by enzyme-linked immunosorbent assay (ELISA) and
MALDI-TOF/MS (matrix-assisted laser desorption ionization-time of flight/mass
spectrometry) operation systems are still being reported periodically. The principle
behind the immunological techniques is the recognition of the binding of an antigen
(Ag) to the specific target antibody (Ab) (Ag-Ab complex) that causes change in
color (Umesha and Manukumar 2016). The specific Ag binds to the specific Ab at a
specific site called epitope. Another more sensitive immunological technique than
ELISA is the ELFA (enzyme-linked fluorescent assay). Some of the modern-day
advanced immune techniques applied for the detection of FBPs are immunofluores-
cence, immune-electrophoresis, immune-diffusion, and radioimmunoassay. For the
detection of Campylobacter spp., the immunoassays have played a crucial role. The
ELISA technique is acknowledged as the most reliable technique for mycotoxins
(Alfatoxin M1 from milk, T2 in wheat flour, fumonisin B1, AFB1, and DON in
maize) diagnosis. ELISA, in combination with immunomagnetic beads, has been
utilized for the visual detection of bacterial pathogens (Khan et al. 2018; Aslan et al.
2020; Saravanan et al. 2020). Immunomagnetic separation method in synchroniza-
tion with PCR assay has also been employed for detecting Salmonella spp. (Jenikova
et al. 2000). MALDI-TOF/MS has been reported to find out enterotoxin B from
Staphylococcus spp. and L. monocytogenes, using immunomagnetic separation and
flow cytometry (Umesha and Manukumar 2016).
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9.2.5 Smart Devices for FBP Detection

The modern-day biosensors also apply smartphones as tools for detection and 3D
printing of pathogens and biochemicals (Ding et al. 2018; Mahato et al. 2018;
Purohit et al. 2020a, b). FBPs like E. coli, S. aureus, and S. enteritidis have been
reported to be detected by smartphone-based optical detection techniques (Ding
et al. 2018). The principle behind detection is the endpoint lateral flow immune-
assay technique, where a single strip is divided into four parts—sample loading,
conjugate formation, a wicking membrane (for conjugate-analyte complex forma-
tion), and a waste collector (Ding et al. 2018). The smartphone-based imaging
devices for increasing equitable food quality and longevity have also been one of
the emerging technologies by which FBPs (specifically E. coli in milk) and food
allergens are targeted (Banik et al. 2021). The application of biosensors is time-
saving and cost-effective, which can be applied to portable devices like smartphones.
This minimizes the labor and, therefore, has potential application in food
technologies.

9.3 Conclusions and Perspectives

PCR-based techniques are one of the most accepted and widely applied detection
techniques among different molecular methods. However, some of the techniques
have limitations, complicated to handle, some methods need large number of
samples, and some are limited only to detecting either viral or bacterial pathogens.
Techniques like LCR-PCR have contamination risks and error chances due to
variable copy numbers in plasmid having LCR target. Multiplex PCR is limited to
the visualization of amplicons of similar length in low quantity in agarose gel.
Among the DNA-sequencing techniques, whole-exome sequencing (WES) is expan-
sive. Immuno-based methods are also restricted to the requirement of the specific
antibody. Some PCR-based techniques require very specifically designed probes.
The use of biosensors need highly purified samples, which again are expansive and
time taking.

In recent advancements, biosensors and nanoparticles are emerging technological
approaches for FBP detection. Nanoparticles contribute in signal amplification in the
detection process even from a single cell. Similarly, magnetic-based techniques in
association with microfluidics can be helpful for rapid, error-free, and portable
detection methods. One of the recent advances in FBP detection is the use of
CRISPER Cas9 coupled with isothermal amplification (Sun et al. 2020). The limit
of sensitivity for this method has been overcome by coupling it with other gene
amplification methods like DETECTR (or DNA endonuclease-targeted CRISPER
Trans reporter), which binds RPA with Cas12a or CrRNA-based ssDNA-FQ
reported cleavage. The use of DNA apta sensors is also one of the newly introduced
molecular techniques that can be further improvized for the specificity of FBP
detection.
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It is noteworthy that techniques like microarray, next-generation PCR,
metagenomic sequencing, whole-genome sequencing, and nanotechnology contrib-
ute a promising role in the FBP detection process and bring it from “farm to fork.”
Hence, the application of modern-day biotechnological methods is tremendous and
vital to be carried forward to handle the health-related issues associated with FBPs.
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Aptamer-Based Technologies in Foodborne
Pathogen Detection 10
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Abstract

Food safety is a severe problem facing the global public health system.
Foodborne diseases caused by foodborne pathogens or their toxins are one of
the main burdens of public health, which seriously hinder the global social and
economic development. Therefore, the establishment of highly sensitive detec-
tion method is the primary task of prevention and control of foodborne patho-
genic bacteria pollution. Traditional detection methods of pathogenic bacteria
mainly rely on precision instruments, and these methods have high sensitivity and
excellent accuracy, but time-consuming and tedious operation steps limit its
application in on-site detection. Immunoassay and polymerase chain reaction
(PCR) can solve the above problems to a certain extent, but the cost of obtaining
antibodies is high, and PCR needs complex DNA extraction process. The emer-
gence of aptamers has greatly overturned this detection limit. Aptamers are DNA
or RNA sequences with a length of about 25–80 bases that bind to the targets with
high affinity and specificity as antibodies, and it was obtained by the method
called systematic evolution of ligands by exponential enrichment (SELEX).
Aptamers can specifically bind to their target, in addition, they are more stable
and easier to be prepared than antibodies, which make them widely used in the
field of detection. So far, aptamer has been applied in various pathogen detection
technologies, such as ELISA, fluorescence, electrochemical, surface-enhanced
Raman scattering (SERS), which greatly promotes the development of rapid
detection of pathogenic bacteria.
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10.1 Introduction

10.1.1 Pathogenic Bacteria in Food

Pathogenic bacteria refer to the microorganisms that can cause diseases, also known
as pathogenic microorganisms. Generally speaking, pathogenic bacteria refer to
bacteria in pathogenic microorganisms. People infected with foodborne pathogens
mainly have nausea, vomiting, abdominal pain, abdominal spasm, diarrhea and other
gastrointestinal symptoms. The common pathogenic bacteria in food are Salmonella,
Staphylococcus aureus, Vibrio parahaemolyticus, Listeria monocytogenes,
Escherichia coli O157: H7, and so on. Although different foodborne pathogens
have different infection sources, most of them are meat products, aquatic products,
egg products, dairy products, fruits, and vegetables and other fresh foods.

10.1.1.1 Salmonella
Salmonella is a large group of Gram-negative bacteria that parasitize in human and
animal intestines. Its biochemical reaction and antigen structure are similar. It is a
large genus of Enterobacteriaceae. It was named after Daniel Elmer salmon (D.V.M.,
1850–1914), the first veterinary doctor in the United States, who first isolated
Salmonella cholerae from diseased pigs in 1884. Salmonella has no spore and
capsule. Most of the bacteria have flagella and pili all over the body. They have
motility and can grow on simple medium. The optimum pH and temperature for
Salmonella growth were 6.5–7.5 and 35–37 �C. Enterobacteriaceae selective identi-
fication medium is often used for isolation and culture of Salmonella. Bile salt and
brilliant green in the medium have less inhibitory effect on Salmonella than other
Enterobacteriaceae, so it can be used to prepare Enterobacteriaceae selective
medium. Most Salmonella strains form colorless colonies because they do not
ferment lactose.

Salmonella is widely distributed in animal foods such as poultry, eggs, milk, beef,
and pork, as well as fresh fruits, vegetables (Mahon et al. 1997), water (Mahon et al.
1997), reptiles (Friedman et al. 1998), and even human skin (Stone et al. 1993).
Some Salmonella serotypes have a certain host specificity, such as human is the main
host of Salmonella typhi, cattle are the main host of Salmonella Dublin, poultry is the
main host of Salmonella pullorum, pigs are the main host of Salmonella cholerae,
but Salmonella typhimurium has no host specificity.

According to the British Public Health Laboratory Service report, a batch of eggs
containing Salmonella were imported from Spain to the UK, causing the most
serious disease infection in the history of the UK. Only in September 2002, at
least 250 British people were infected with Salmonella enteritidis because of eating
the eggs, resulting in two deaths and 10 hospitalizations. Once the human body
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ingests food containing a large amount of Salmonella, it will cause bacterial infec-
tion, and then food poisoning will occur under the action of toxins.

10.1.1.2 Listeria monocytogenes
Listeria monocytogenes is an important foodborne pathogen, which is widely
distributed in nature (Nightingale et al. 2005). Murray et al. first isolated the
pathogen from rabbits and guinea pigs with sepsis in 1924 (Murray et al. 1926),
and finally named it L. monocytogenes by Pirie in 1940.

Listeria monocytogenes is a type of Gram-positive facultative anaerobic bacte-
rium with no spores and flagella. This kind of bacteria is psychrophilic and suitable
for growth in the pH range of 4–9. It can grow and reproduce at low temperature
(such as 4 �C storage temperature) (Farber and Peterkin 1991). And, there are seven
species of Listeria: L. monocytogenes, L. seeligeri, L. grayi, L. ivanvii, L. innocua,
L. welshimeri and L. murrayi. Listeria monocytogenes is widely distributed in
nature. Food poisoning is mainly caused by oral infection of food (mainly animal
products) contaminated by animal and human feces. Listeria monocytogenes
outbreaks occur frequently all over the world, which has gradually attracted wide
attention. Listeriosis caused by monocytogenes has a high mortality rate for human
beings, especially in people with low immunity, the mortality rate is as high as 30%.

10.1.1.3 Vibrio parahaemolyticus
Vibrio parahaemolyticus was first isolated from a food poisoning patient in Japan by
Fujino et al. In 1953, it was named Pasteurella haemolyticus. In 1958, because of its
salt tolerance, it was identified as halophilic bacteria by Takikawa et al. (Kourany
1983). Until 1963, sakazaki et al. named it Vibrio parahaemolyticus, and it has been
used up to now.

Vibrio parahaemolyticus is a Gram-negative bacterium, it belongs to the genus
Vibrio of Vibrio family, and it is a halophilic polymorphous bacillus. They were
divided into 13 serogroups according to the O antigen of Vibrio parahaemolyticus.
The shape of Vibrio parahaemolyticus is arc, rod, or filamentous, no spore and
capsule exist around the bacterial cell. The arrangement of bacteria is irregular under
the microscope, occasionally in pairs. Most of the bacteria have single flagella in
liquid medium, which is helpful to the movement. Vibrio parahaemolyticus can
grow periflagella in solid medium, it is a kind of aerobic or microaerophilic bacteria.
This kind of bacteria has low nutritional requirements and can grow in common
nutrient agar or peptone solution. The suitable growth pH condition is 5–10, and the
optimum pH is from 7.2 to 8.2, while the optimum temperature range is 5–10 �C, but
some experiments showed that it could still survive for 12 days at �34 �C when in
the fish. It is not heat resistant and will be killed at 90 �C for 1 min, besides, it is not
acid resistant and will die in 1% acetic acid or 50% vinegar for 1 min. In addition, it
can’t grow without salt, 3.5% of NaCl in the medium is the most suitable concentra-
tion, but it can’t grow when the concentration is higher than 8%.

Vibrio parahaemolyticus is one of the main pathogens causing food poisoning in
coastal areas. The food containing Vibrio parahaemolyticus are mainly aquatic
products and salted products. It is easy to be detected in oysters, crabs, squid,
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jellyfish, fish, scallops, and other aquatic products. Octopus and squid are the most
vulnerable foods to be contaminated by Vibrio parahaemolyticus, and the probabil-
ity of carrying the bacteria can be as high as 100% In addition, Vibrio
parahaemolyticus is often detected in eggs, meat, and vegetables, and the probability
of Vibrio parahaemolyticus in flies near seaports and fish shops is also high.
Pathogenic Vibrio parahaemolyticus has strong toxicity and pathogenicity to
human and animals. Its pathogenic factors mainly include direct thermolysin
(TDH) and direct thermolysin-related hemolysin (TRH). These toxic factors have
hemolytic activity, enterotoxin and lethal effect, and can cause many adverse
symptoms such as food poisoning, reactive arthritis, and heart disease (Nishibuchi
and Kaper 1995). The main symptoms of clinical patients infected with Vibrio
parahaemolyticus include acute diarrhea, abdominal pain, vomiting and watery
stool, who with low immunity may have symptoms of spasticity, dehydration, and
acidosis. It can be seen that Vibrio parahaemolyticus is harmful to human beings.
Therefore, it is particularly important to detect it as soon as possible.

10.1.1.4 Staphylococcus aureus
Staphylococcus aureus belongs to the genus Staphylococcus. The typical Staphylo-
coccus aureus is spherical and arranged in clusters under the microscope. It has no
spores, flagella, and most of them have no capsule. Staphylococcus aureus is widely
distributed on the surface of the environment, animals, and human body, and it is
difficult to be removed. Staphylococcus aureus has high salt tolerance and can grow
in broth containing 10–15% of NaCl.

The colonies of Staphylococcus aureus on the plate were thick, glossy, round and
convex in shape, with a diameter of about 1–2 mm. A transparent hemolytic ring was
formed around the colony of blood plate. Staphylococcus aureus has high salt
tolerance and can grow in broth containing 10–15% of NaCl. It can decompose
glucose, maltose, lactose, and sucrose, producing acid but not gas. Methyl red
reaction of Staphylococcus aureus is positive while its V-P reaction is weakly
positive. Many strains of the Staphylococcus aureus have the ability to decompose
arginine, hydrolyze urea, reduce nitrate, and liquefy gelatin. Staphylococcus aureus
has strong resistance, it is low sensitive to sulfonamides, but highly sensitive to
penicillin and erythromycin. It has high sensitivity to basic dyes, and its growth
process can be inhibited immediately by 1/100,000 of gentian violet solution.

Staphylococcus aureus is widely distributed in nature. It can grow and reproduce
in foods such as dairy products, meat products, fish, and canned foods. It can
produce many enterotoxins (SETs) related to virulence and pathogenicity. These
toxins can cause serious diseases such as human food poisoning, toxic shock
syndrome, osteomyelitis, necrotizing pneumonia, and endocarditis, and cause infec-
tion and death in humans and many animals (Cowie et al. 2005). Staphylococcus
aureus enterotoxin is a worldwide health problem. Food poisoning caused by
Staphylococcus aureus enterotoxin accounts for 33% of the total bacterial food
poisoning in the United States, and the problem is more serious in Canada, account-
ing for 45%. The contamination rate of Staphylococcus aureus to raw meat is 11%,
while reaches 16% to unprocessed milk, and about 3% to processed food.
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10.1.1.5 Escherichia coli
Escherichia coli (E. coli) is named after a German bacteriologist because it was
isolated by him in 2005. It is classified in Enterobacteriaceae and belongs to the
genus Escherichia. Escherichia coli is small, simple in shape, and has a cell wall. It is
a single-celled microorganism that reproduces based on dichotomy. The bacteria
have no spores, and most of the strains have motility. Its structure is basically
divided into part of the cell membrane in the cell wall, cytoplasm, some sugar
coats outside the cell wall of the nucleoplasty, flagella, fimbriae and sex hairs, and
the cell wall, and it belongs to Gram-negative bacilli. On the tryptone yeast extract
medium, the appearance of E. coli colonies is smooth, round, and colorless.

Infants and newborn animals, often a few hours after birth, there are E. coli from
the mouth into their digestive tract and in the rear end of the digestive tract, after a
large number of reproductions, these bacteria will exist for all over the host’s life,
constitute the main part of the intestinal flora, and has an important physiological
role. On the other hand, when the body is poor of resistance or other tissues and
organs invaded by E. coli, it will form conditional pathogenic bacteria and cause
extraintestinal infection subsequently. Some serotypes of E. coli can produce spe-
cific fimbriae antigen, toxin, or have specific invasiveness, causing gastrointestinal
tract infection, urinary tract infection, meningitis, etc. of people or animals, these
E. colis are pathogenic E. coli.

Escherichia coli is usually excreted from human and animal bodies with feces
and is widely spread in nature. Therefore, once E. coli is detected in food, it means
that there is direct or indirect fecal contamination. So, in terms of hygiene, E. coli is
used as a microbiological indicator of fecal pollution in drinking water, milk, or
food. Moreover, because the survival time of E. coli in the outside world is similar to
that of some major intestinal pathogens, its appearance may also indicate the
existence of some intestinal pathogens, such as Salmonella and Shigella. Therefore,
E. coli is internationally recognized as an indicator of health monitoring. At present,
the traditional detection methods of Escherichia coli include plate dilution method,
multi-tube fermentation method, filter membrane method, and so on. Although these
methods have high accuracy, some disadvantages of long culture time, poor speci-
ficity, and complex operation are still non-negligible. Therefore, it is of great
significance to develop sensitive and efficient detection methods for Escherichia
coli.

10.1.2 Detection of Pathogenic Bacteria

Infectious diseases caused by foodborne pathogenic bacteria has always been a main
threat to public health. The Centers for Disease Control and Prevention (CDC)
estimated that nearly 9.4 million case of foodborne illness occurred every year in
the United States. Just in 2013, the frequent outbreak of foodborne diseases up to a
total of 19,056 infections, 4200 hospitalizations, and 80 deaths in America. Further-
more, due to the poor medical conditions, the occurrence of foodborne diseases is
even highly frequent in many developing countries. Preliminary stage, the detection
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methods for foodborne pathogens mainly include traditional microbial detection
technology, analysis based on instrument, immunological detection methodm and
molecular biology technology.

Traditional microbial detection technology is mainly based on the distinction of
physiological and biochemical characteristics of microorganisms. Generally, it
requires a series of complex steps including enrichment culture, isolation and
culture, biochemical test, serological test, etc. This technology is recognized as the
authoritative method for the detection of foodborne pathogens in food because of its
admirable stability. Although the method does not require experimental equipment,
the experimental operation required is complex and time-consuming, it takes about
3–5 days from sampling to identification, besides, the sensitivity and specificity are
limited, so it does not meet the requirements for rapid on-site testing.

For the instrumental analysis of pathogenic bacteria, there are mainly two ways:
gas chromatography (GC) and high performance liquid chromatography (HPLC).
The detection principle is mainly based on the difference of the chemical
components of pathogens themselves and the distinction of the metabolites they
produce. We can determine the specific chemical marker components of pathogenic
microorganisms through chromatographic analysis of bacterial metabolites in body
fluids, which can be applied in assisting in the diagnosis and detection of pathogens.
And gas chromatography is more widely used among instrument detection of
pathogenic bacteria. Instrumental analysis is easy to operate as well as has outstand-
ing sensitivity, besides, the detection results are reliable and accurate. However, the
equipment applied are relatively costly, which lead to the unsuitable on-site
detection.

The development of nanomaterials (Chandra and Prakash 2020) and
biorecognition elements (Purohit et al. 2020) application, greatly promote the
application of biosensors in biomolecule detection, and the biosensors contains
immunobiosensors, nucleic acid biosensors, optical biosensors, and electrochemical
biosensors (Chandra et al. 2012; Choudhary et al. 2016; Deka et al. 2018; Mahato
et al. 2018; Verma et al. 2019). Immunoassay for foodborne pathogens detection is
mainly based on specific binding between antibodies and corresponding antigens
like proteins, polysaccharides, and other molecules on cell surface. The commonly
applied methods include enzyme-linked immunosorbent assay (ELISA), enzyme-
linked fluorescence assay (ELFA), time-resolved fluorescence immunoassay
(TrFIA) (Watanabe et al. 2002), polymerase immunoassay (Stamm et al. 1981),
chemiluminescence immunoassay (CIA) (Karsunke et al. 2009), etc. Brigmon group
constructed an enzyme-linked immunosorbent assay using monoclonal antibody
(ASCII) to detect the Salmonella enteritidis in environmental samples (Brigmon
et al. 1992). The minimum detection limit was 105 cfu/mL, and there was no cross-
reaction with other 31 Salmonella strains, which showed excellent selectivity.
Hochel et al. established an indirect competitive ELISA for the detection of Cam-
pylobacter jejuni in food with a detection limit of 50 cfu/μL (Hochel et al. 2004). A
multi-channel sandwich chemiluminescence immunoassay for simultaneous detec-
tion of Escherichia coli, Yersinia coli, Salmonella typhoid, and Listeria
monocytogenes were constructed by Magliulo (2007), the detection limits were
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104–105 cfu/mL, and the result can compete with the traditional slab method.
Besides, electrochemical enzyme immunoassay was also a method to improve
sensitivity effectively (Jenkins et al. 1988). Based on the significant sensitivity,
this kind of sensors is the most recommended approach for point-of-care
applications (Suman and Chandra 2021). Immunoassay has the advantages of high
specificity, high sensitivity, and easy observation, but it takes a long time to prepare
antibody, which is also a costly process.

Polymerase chain reaction (PCR), including conventional PCR, multiplex PCR
(m-PCR), real-time PCR, and reverse transcription PCR (RT-PCR), is the most
widely used molecular biological technology to detect bacteria. Usually, conven-
tional PCR is applied to detect single pathogenic bacteria, while multiplex PCR often
applied in detecting three or more kinds of foodborne pathogenic bacteria simulta-
neously. Xu Yiping et al. designed three pairs of specific primers for multiplex PCR
detection method according to the sequence of Salmonella invA gene, Escherichia
coli phoA gene, and Staphylococcus aureus nuc gene, and the detection limits were
10.2 pg, 10.2 pg, and 102.0 pg, respectively. Jongsoo et al. used multiplex PCR to
analyze the contamination of E. coli, Listeria monocytogenes, and Salmonella
typhimurium in wheat, and obtain detection limits of 56, 1800, and 54 cfu/mL,
respectively (Kim et al. 2006). Real-time fluorescent quantitative PCR is to monitor
the amplification process of genes in real time, as fluorescent groups were added to
the PCR reaction system, and the fluorescence signal will increase with the amplifi-
cation process, so we can monitor the amplification information instantly through the
accumulation of fluorescence intensity. Finally, quantitatively analyze the unknown
template through the standard curve, without the need for agar after the conventional
PCR amplification reaction glycogel electrophoresis experiment. Based on the
specific O gene of Listeria monocytogenes, Liu Zhongmin and others designed a
pair of specific primers, using SYBR Green as the fluorophore, established a real-
time fluorescent quantitative PCR method for the detection of Listeria
monocytogenes, with a detection limit of 8 cfu/mL. Similarly, Jiang Luyan designed
two pairs of specific primers and established a method based on the Taq Man probe
to detect these two pathogenic bacteria simultaneously based on the gyrB gene of
Vibrio parahaemolyticus and the coa gene of Staphylococcus aureus. Reverse
transcription polymerase chain reaction (RT-PCR) is a project to amplify messenger
RNA (mRNA). As mRNA is unstable and easy to be degraded after the cell death, so
it can be detected only in living bacterial cells. As a result, his method can be applied
in distinguishing dead bacteria from living bacteria. In general, the method based on
molecular biology technology to detect foodborne pathogens has great advantages in
shortening the detection time and simplifying the detection procedure. At the same
time, it also has certain defects, for instance, it needs to extract total bacterial DNA or
RNA in early stage, besides, the false-positive rate is relatively high.

In addition, the common situation in life is, multiple bacterial pathogens may
coexist in the same food sample but typically occur at different low concentration
levels. Therefore, the challenge now is to develop rapid, sensitive, and specific
methods that have the ability of simultaneously detecting multiple pathogens.
Traditional culture-based methods are preceded by an enrichment process to raise
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the number of bacteria to meet the detection level. For the simultaneous detection of
different kinds of pathogen, differences in growth requirements and growth rates
have to be taken into accounts. As an alternative, some biological amplification
methods such as multiplex polymerase chain reaction (PCR) or real-time PCR
detection can also be considered for the simultaneous detection of five, six, or
even more pathogens (Kramer et al. 2009). However, the traditional bacteria detec-
tion methods require PCR amplification and/or cell culturing, which are slow, time-
consuming, and laborious have limited suitability on-site analyses. In order to meet
this demand, several other detection methods have been developed. For instance, a
paper-based radial flow chromatographic immunoassay (RFCI) employing gold
nanoparticles (AuNPs) as chromatic agents was developed for the detection of
Escherichia coli O157:H7 in whole milk (Luo et al. 2019), and the detection limit
for target pathogenic bacteria in whole milk is as low as 103 cfu/mL. In addition,
paper-based colorimetric sensors, such as lateral flow assay (LFA), have great
potential as a point-of-care diagnostics platform that can instantly identify the
presence of pathogenic microorganisms in food samples (Kong et al. 2017). Fur-
thermore, a new cotton swab-based detection system that involved integrating
bacterial collection, preconcentration, and detection on Q-tips was developed
(Alamer et al. 2018). The platform is based on a sandwich assay that can detect
different pathogens visually by color changes. However, the antibodies which play
key roles in the above methods have defects which cannot be ignored, such as high
production cost and short shelf half-life because of low stability at high temperatures
and pH changes.

From what has been discussed above, there are more or less some drawbacks for
the above-mentioned methods to detect pathogenic bacteria, these limitations call for
the emergence of a new molecular recognition probes, which can not only maintain
the affinity and specificity of antibody, but also overcome many defects in the
preparation and use of antibody. Once this expectation can be realized, it will be
of great significance to improve the detection technology of foodborne pathogens.
Based on this demand, oligonucleotide aptamers, this new type of recognition
element came into being, and gradually became a research hotspot. The physical
and chemical properties of the aptamer make it more suitable for on-site testing.
Aptamers can maintain their stability under different temperatures and pH ranges;
therefore, they have an extensive range of assay advantage.

10.1.3 SELEX Methods for Aptamers

Aptamers are DNA or RNA sequences with a length of about 25–80 bases that bind
to the targets with high affinity and specificity as antibodies, and they provide a
variety of advantages compared with antibodies. Aptamers can target small metal
ion, amino acids, organic molecules, proteins, viruses, bacteria, whole cells, and
animals, etc. Since the oligonucleotide itself can be folded into diverse three-
dimensional structure (Fig. 10.1), they can bind to the target with high specificity
and affinity, and its action pattern is similar to that of antibody, so it is also regarded
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as a nucleic acid or chemical similar to an antibody. But aptamers are not equivalent
to antibody absolutely. Aptamers have many other unique advantages, such as
excellent thermal stability, less batch variation, low immunogenicity, and low cost.
Demonstrates considerable advantages in purification, cell tracing, biomarker dis-
covery, biosensing, clinical diagnosis, drug delivery, etc. Further, the most important
property of aptamers rests with the feasibility by which these oligonucleotide
sequences can be easily modified and engineered into aptamer–drug conjugates,
which facilitates their clinical applications.

Aptamers are screened from synthetic short-strand nucleic acid libraries by a
method called systematic evolution of ligands by exponential enrichment (SELEX)
in vitro, which was established by Tuerk and Gold, and Ellington and Szostak in
1990. The basic principle of this technology lies in the correlation between single-
stranded oligonucleotide bases. Interactions often form many spatial conformations,
such as hairpins, pseudoknots, pockets, or G-quadruplexes, through spatial confor-
mation matching, enrichment of bases in the sequence, hydrogen bonding between
charged groups or electrostatic interactions, etc., high-affinity and high-specific
binding with the target molecule achieved. Based on the random DNA library,
which has a huge capacity and a rich variety of nucleic acid spatial conformations,
it is possible to screen and obtain high-affinity and high-specificity aptamers from
any target. Combined with PCR in vitro amplification technology, the oligonucleo-
tide sequences that specifically bind to the target are enriched exponentially. At the
same time, through strict control of the screening conditions, with several or dozens
of rounds of screening and enrichment, the final obtained one or a set of oligonucle-
otide aptamers that bind to the target substance with high affinity and specificity.

10.1.3.1 Conventional SELEX Methods
The conventional technical route of SELEX technology is as follows (Fig. 10.2).
First step, construct and artificially synthesize random oligonucleotide library and
primers. The sequence length of the random region is about 30–60 nt, and the two
ends are fixed sequences, which are convenient for primer annealing and PCR
amplification; the random library can be an RNA library or a single-stranded DNA
(ss DNA) library. There is sufficient evidence to show whether to use an RNA library
or a single-stranded DNA library to screen a target molecule. Experiments have used
both RNA library and single-stranded DNA library to screen the same target
molecule, and the results show that the affinity and specificity of the selected

Fig. 10.1 Schematic representation of the functionality of aptamers (Wang et al. 2019)
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oligonucleotide aptamers are similar. From the point of view of the molecular
structure of oligonucleotides, in addition to G-C and A-U pairing in single-stranded
RNA molecules, there are also G-U variant base pairs, so it is easier to form diverse
spatial structures and may be more conducive to binding with target molecules. This
may be the reason why most SELEX literature uses RNA libraries. However,
compared with RNA molecules, DNA is more stable, and the production cost is
low, so it has an advantage for in vitro diagnosis and treatment. The second step, the
target is incubated with the single-stranded oligonucleotide library for a certain
period of time under certain buffer conditions; The third step, the separation and
purification of the specific oligonucleotide molecule bound to the target molecule.
Use nitrocellulose filter membrane method, microplate or affinity chromatography to
separate and obtain the oligonucleotides that bind to the target molecule, and elute
and purify them; the fourth step, PCR amplification and enrichment, and separation.
The oligonucleotides that specifically bind to the target molecule are amplified by
PCR, and the resulting double-stranded DNA (dsDNA) is used as the library
template for the next round of screening; if an RNA random library is used, reverse
transcription is required firstly and DNA is then amplified into dsDNA, which
subjected to in vitro transcription and the next round of screening. The fifth step,

Fig. 10.2 Illustration of the key steps of a typical SELEX protocol. Reproduced with permission
from (Stoltenburg et al. 2007)
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the amplified dsDNA product is prepared by heat denaturation or alkali denaturation;
The sixth step, as the library for the second round of screening, repeat the above
screening and enrichment process, repeating 8–15 rounds of screening; the seventh
step, clone and sequence the products of the last round of enrichment; the eighth
step, the sequencing results. The sequences are analyzed for homology and second-
ary structure, and they are grouped according to the analysis results; the ninth step,
select representative sequences from each group, examine their affinity and specific-
ity with the target, and fit the dissociation constant curve. As a result, the sequence
which binds to the target with high affinity and specificity will be selected as the
aptamer of the target.

10.1.3.2 Other Types of SELEXS
In recent years, in addition to conventional aptamer screening methods, other
pathogenic bacteria aptamer screening methods have also been established, and
these methods mainly include the following.

Ultrafiltration SELEX
Ultrafiltration SELEX mainly refers to nitrocellulose membrane ultrafiltration
SELEX, this method is mainly applied to the screening of protein target molecular
aptamers. The target protein is first adsorbed on the nitrocellulose membrane, then
the random library is added to a certain binding buffer and incubated for a certain
period of time, and then the membrane is washed with a washing buffer. The random
single strands bound to the protein are trapped on the membrane, and the random
single strands that are not bound to the target protein pass through the filter
membrane, and finally the random single strands bound to the target protein on the
membrane are eluted, so as to achieve the purpose of separation (Gopinath 2007).
Tuerk, the founder of SELEX screening aptamers, was the first to use nitrocellulose
membrane filtration to screen aptamers for phage T4 DNA polymerase, making this
method a classic method for aptamer screening, especially for protein target
molecules. The application is particularly extensive.

Centrifugal Precipitation SELEX
Centrifugal precipitation SELEX is a method mainly based on incubating the target
and the random library in binding buffer for a certain period of time. The random
single strands that can bind to the target would be precipitated with the target by
centrifugation, at the same time, the random single strands that cannot bind to the
target will be removed as they are freed in the supernatant, in this way, the purpose of
separation achieved. This method is easy to operate and is a time-saving process, and
it is widely used due to the high enrichment efficiency. Cao et al. applied the
centrifugal precipitation SELEX method to gain a set of aptamers that specifically
bind to the whole bacteria of Staphylococcus aureus (Cao et al. 2009). This set of
aptamers contains five aptamers that all specifically bind to Staphylococcus aureus,
and the combination of these aptamers greatly improves the affinity and specificity
of recognition.
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Nitrocellulose Membrane Filtration SELEX
This method is mainly applied to the screening of aptamers for protein target
molecules. Firstly, the target protein is adsorbed on the nitrocellulose membrane,
and then the random library is added to incubate in a certain binding buffer for a
period of time. Then, the membrane is washed with the flushing buffer. It is
important to emphasize that a random single chain binding to the target protein
was designed firstly for the purpose of separation, and the chain bound with the
protein is intercepted on the membrane, while the random single chain not bound
with the target protein passes through the filter membrane, and finally elutes on the
membrane. Tuerk, who developed SELEX-based aptamer screening method, firstly
used nitrocellulose membrane filtration method to screen aptamers for phage T4
DNA polymerase, making this method a classic method for aptamer screening,
especially in the screening of protein target molecules. Hijiri Hasegawa et al. used
nitrocellulose membrane to screen human vascular endothelial growth factor
(VEGF165) aptamer, which provided a favorable means for cancer diagnosis
(Hasegawa et al. 2008).

Affinity Chromatography SELEX
Affinity chromatography SELEX is a method mainly fixes the target on the chro-
matographic column. The main principle is: firstly, the target is fixed on the
chromatographic column, and the gene library is incubated long enough with the
target in the column. Due to the interaction difference between the target and
oligonucleotides, the nucleic acids with strong binding ability are captured on the
chromatographic column, and the other nucleic acids with weak binding ability are
lost. In this way, the nucleic acids with strong binding ability with the target
molecule are separated Oligonucleotides were screened out. This method has wide
applicability that not only for large molecules but also for small molecules. Ellington
et al. established affinity columns by fixing dyes on agarose beads and obtained
RNA aptamers that can specifically recognize seven dyes. Abbas Ali Imani Fooladi
utilizes the affinity chromatography system to select novel ssDNA aptamers for the
detection of staphylococcal enterotoxin B (SEB) (Hedayati et al. 2016). To use this
method, a dsDNA library-based standard SEB protein as the target need to build
firstly, and affinity chromatography matrix in microfuge tubes are also included.
Then, the specific ssDNA aptamers were isolated by SELEX program and purified
by ethanol precipitation. For the purified aptamer, ELISA was used for affinity-
binding test and specificity detection. The results showed that three of the 12 readable
sequences were selected as the most suitable aptamers because of their good affinity
and specificity for SEB. Through 12 rounds of SELEX screening, a set of ssDNA
aptamers with good selectivity for SEB were obtained (Fig. 10.3). However, this
method also has some shortcomings (1) The target molecule needs to be
immobilized on the chromatographic column, and the immobilization of the target
molecule will cover some of the sites that can interact with oligonucleotides; (2) A
large-volume chromatographic column must be used in the SELEX process, as a
result, it is a process that takes a lot of samples because each round of screening
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requires a few milliliters of the target and oligonucleotides. (3) It takes 2–4 weeks to
complete the screening for wasting samples, so it is a time-consuming approach.

Capillary Electrophoresis SELEX
Capillary electrophoresis SELEX (CE-SELEX) is a SELEX method that efficiently
separates target-bound oligonucleotides and untargeted oligonucleotides by electro-
phoresis in free solution. CE-SELEX overcomes limitation of classic SELEX tech-
nology that cannot effectively separate the bound and free nucleic acid. In
CE-SELEX, the random nucleic acid library was incubated with the target in free
solution for a period of time. After that, the incubation mixture injected into the
capillary is separated by high pressure. Because the migration ability of the nucleic
acid binding to the target is different from that of the non-binding sequence, different
components can be collected according to this principle. Moreover, in free solution,
the natural conformation of the target and nucleic acid can be maintained by the
binding of the target and library. Making the aptamers obtained more suitable for
application in real samples. CE-SELEX also greatly shortened the screening process,
which could be completed by 2–4 rounds of screening. The Kd value of the obtained
aptamers could be as low as 180 pM. So far, a series of aptamers have been screened
by CE-SELEX method; Michael T. Bowser has obtained a high affinity ssDNA
aptamer for HIVRT using CE-SELEX (Fig. 10.4). At present, the number of AIDS
cases in the world is still growing at an alarming rate. ssDNA aptamers with
picomolar affinity for HIVRT will become a potential choice.

Microfluidic SELEX
Microfluidic SELEX (M-SELEX) is a new SELEX method that separates the
oligonucleotides that have been bound to the target through a driven microfluid in

Fig. 10.3 Binding affinity test for different rounds of SELEX (Hedayati et al. 2016)
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the microfluidic channel of the chip. Multiple functional modules are integrated on a
microfluidic chip, which can realize the rapid automatic SELEX and improve the
screening efficiency. First, the chip is small in size, which increases the rigor of
screening when processing small amount of reagent. And can reduce the amount of
reagents and samples, thereby reducing screening costs. Secondly, in the chip fluid
channel, the fluid flow mode can be controlled, which can better remove weakly
bound or unbound nonspecific nucleic acids, greatly reducing the capacity of the
library. Then, the microfluidic chip can increase the surface area to volume ratio,
further increase the surface tension, significantly improve the separation efficiency,
effectively reduce the screening rounds; in this way, the entire screening time is
saved. Furthermore, the chip is more integrated and automated, which is another big
advantage compared to traditional SELEX. Since Hyberger et al. proposed “a
microfluidic SELEX prototype” in 2005 (Hybarger et al. 2006), combining
microfluidic chip with SELEX for the first time, microfluidic SELEX has developed
rapidly, and a variety of SELEX methods based on microfluidic have been
established subsequently, such as sol-gel microfluidic SELEX, beads-based
microfluidic SELEX. In particular, magnetic beads-based microfluidic SELEX has
showed excellent separation ability, the magnetic bead-based M-SELEX method is
mainly to fix the target on the surface of the magnetic microspheres in covalent or
non-covalent manner, and then pass it into the microfluidic chip to form a region of
separation and enrichment. The specific nucleic acid will bind to the target when
fluid flow, nonspecific nucleic acids and weakly bound nucleic acids are removed.
Finally, the nucleic acid molecules specifically bound to the target on the surface of
the magnetic microspheres were eluted and separated for PCR expansion. Soh et al.

Fig. 10.4 Schematic of CE-SELEX (Mosing et al. 2005)
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developed a microfluidic SELEX based on magnetic beads in 2009 (Fig. 10.5). In the
micro scale, superior screening efficiency was achieved due to the unique physical
phenomenon. The specific aptamers for Botulinum neurotoxin type A (BoNT/a-rlc)
can be screened by only one round of screening. The Kd range is 34–86 nM. In the
same year, Soh et al. proposed a new method to replace the above separation method.
They used micromagnetic separation (MMS) chip to remove unbound ssDNA, only
three rounds were needed to screen specific aptamers with high affinity for
streptavidin. The magnetic bead recovery was as high as 99.5%, and the dissociation
constant ranged from 25 to 65 nmol / L.

Whole-Cell SELEX
Cell SELEX (cell SELEX) directly interacts with a random library in the SELEX
process of intact cells and screens out oligonucleotides bound to target molecules on
the cell surface. A variety of marker protein molecules are distributed on the cell
surface. Using the difference in protein expression between target cells and
non-target cells (such as normal cells), cell SELEX screens out the aptamers of
target cell marker protein molecules to obtain a group of aptamers that can specifi-
cally recognize this target cell. Since cell-SELEX uses living cells as the target, the
aptamers screened out can interact with the natural conformation of the target
protein. They can be used for positioning and tracing of living cells, targeted drug
delivery, and targeted treatment of diseases. In addition, under the condition that the
type and structure of the target protein on the cell surface are not yet clear, specific
aptamers can also be screened through cell SELEX. Using this aptamer as a bait, the
target protein can be “capture” from the cell membrane for identification, thereby
discovering new biomarkers.

Some studies have shown that the use of whole-cell targets in SELEX process is
actually faster, easier, and more repeatable than the use of purified target molecules,
and it is more successful in generating functional aptamers with binding affinity to
living cells. In view of this reason, Lee-Ann Jaykus selected and characterized
biotinylated DNA aptamers with binding affinity to Salmonella typhimurium using
a whole-cell SELEX approach (Dwivedi et al. 2013). As a proof-of-concept, these
aptamers were then used to capture and concentrate Salmonella typhimurium cells
for direct detection using qPCR.

Using an improved and rapid whole-cell SELEX method, Shylaja Ramlal’s team
developed a live whole-cell aptamer for enteric Salmonella serotype Salmonella
typhimurium using four other Salmonella serotypes and other bacterial cells as
negative selection targets (Fig. 10.6). The aptamer obtained by this method has
high specificity and meets the requirements of practical detection.

Genomic SELEX
Genome SELEX is a method that uses the entire genome of a specific organism as a
SELEX library, the genomic DNA library used in genomic SELEX is different from
the traditional SELEX using chemically synthesized library. This is a method to
screen out the natural recognition sequence of biological active molecules (Teng
et al. 2016). Genome SELEX is particularly suitable for exploring the relationship
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between biologically active molecules and nucleic acids, or looking for RNAs that
are rarely expressed, such as transcripts of silent regions of genomic heterochroma-
tin, and RNA expressed at a specific stage of the cell cycle. As a new method,
genomic SELEX has shown great advantages in the analysis of intracellular gene
regulation and metabolic regulation. For example, Shimada used genomic SELEX
technology to study the regulation of E. coli peptidoglycan (PG) degradation and
found that the transcription factor YcJZ is the expression inhibitor of the initial
enzyme in the PG degradation pathway.

However, although numerous studies demonstrated that the SELEX process
generates better aptamers to bacterial cells, the repetitive enrichment steps also
elevate the cost and time associated to this process and require extremely large
amounts of the target cells for aptamer isolation. To overcome the drawbacks of
SELEX, new aptamer selection processes have been introduced to reduce some steps
of SELEX, it was non-SELEX. The traditional SELEX technology has to apply PCR
and other technologies to enrich the nucleic acid sequences that can bind to the target
after elution and separation, and the amplified products will be applied to the next
round of screening process, so as to improve the proportion of aptamer sequences in
the library, then finally select the aptamer sequences with low dissociation constant.
Unlike SELEX, non-SELEX does not require PCR and other amplification steps.
After 2–3 times of isolation, analysis, and screening steps, the aptamer sequence
directly obtained.

Berezovski et al. firstly proposed the concept of non-SELEX technology and
obtained h-Ras protein aptamers by this technology (Fig. 10.7). They applied the
non-equilibrium capillary electrophoresis of equilibrium mixtures (NECCM) in the
screening of aptamers, using equilibrium mixture of h-Ras protein and aptamer
library as samples, after three rounds of separation and analysis, the nucleic acid
sequence that can specifically bind to h-Ras protein was obtained.

Subsequently, non-SELEX technology has been developed and applied in
aptamer screening. Ashley et al. used non-equilibrium capillary electrophoresis to

Fig. 10.6 Selection and Characterization of Aptamers Using a Modified Whole Cell Bacterium
SELEX for the Detection of Salmonella enterica Serovar Typhimurium (Lavu et al. 2016)
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perform negative screening with lysozyme, trypsinogen, chymotrypsinogen A, and
myoglobin as targets. After three rounds of non-SELEX process, an aptamer that can
specifically bind to bovine catalase was found. Yu et al. used a mathematical
reasonable model to analyze the effect of protein concentration and separation
efficiency, on the non-SELEX screening process, and provided a reference for
subsequent researchers’ experimental design.

Then, Byoung Chan Kim et al. propose a rapid method to isolate bacterial cell-
specific DNA aptamers that does not require repeated rounds of elution and amplifi-
cation of bound probes (Fig. 10.8). They used E. coli as a model to implement the
process, through repetitive centrifugation-based partitioning, the DNA bound to and
unbound bacterial cells are separated, Finally, in this method, the DNA pools bound
to cells (E. coli) are amplified only once prior to cloning, while SELEX needs
repetitive rounds of binding, elution, and amplification.

Compared with the SELEX screening technology, which usually has a screening
cycle of 1–3 months, the non-SELEX screening technology can complete the entire
aptamer screening process within a few days or even hours, greatly shortening the
screening cycle. However, since the latter needs to be screened with the help of
capillary electrophoresis, there should be significant changes in electrophoretic
mobility before and after screening the target substance bound to the nucleic acid

Fig. 10.7 Non-SELEX selection of aptamers with three steps of NECEEM-based partitioning
(Berezovski et al. 2006)
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sequence, so it has certain limitations in application, as a result, non-SELEX
technology is mostly used for the aptamer of macromolecular screening.

10.1.3.3 Advanced SELEX methods

Aptamer Selection Express
In addition to these common SELEX methods, there are some special aptamer
methods, aptamer selection express (ASExp) is one of them (Fan et al. 2008).
Johnathan L. Kiel group mainly used a double-stranded (ds)-DNA library to interact
with target, after one of the single-stranded (ss)-DNA bound to the target, the
random ss-DNA will bind with magnetic beads for fast separation. They have
applied ASExp to select aptamers against different types of targets successfully,
and the targets contain B. anthracis spores, B. thuringiensis spores, MS-2 bacterio-
phage, and ovalbumin. Although the ASExp has cross-reaction problems, but it
provides a much faster and easier SELEX approach because it requires a small
amount of target, so, compared with SELEX, it costs less. As a result, ASExp is a
promising rapid selection method for aptamers.

Artificially Expanded Genetic Information Systems-SELEX
Another special advanced aptamer SELEX method called artificially expanded
genetic information systems-SELEX (AEGIS–SELEX). AEGIS are unnatural
forms of DNA because in this system (Sefah et al. 2014), aptamers are built from

Fig. 10.8 Schematic representation of the centrifugation-based partitioning process in comparison
to Cell-SELEX of ssDNA aptamers (Kim et al. 2020)
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six different kinds of nucleotides. Apart from the standard G, A, C, and T, AEGIS
involves nonstandard P and Z nucleotides, as a result, the aptamer has a nitro
functionality not found in standard DNA. Firstly, a GACTZP DNA library with
two primer binding sequences flanking a 20-nt random region. Then, the line of
breast cancer cells, MDA-MB-231 was added in the pool of the GACTZP library,
and the DNA survivors would be collected and amplified by PCR with a mixture of
six nucleotide triphosphates (dGTP, dATP, dCTP, dTTP, dZTP, and dPTP), and the
product was then applied to the next round of selection. After about 12 rounds of
selection, the aptamer can be obtained. Generally, 15–20 rounds of selection were
required for the standard GATC SELEX, so this advanced AEGIS–SELEX has great
potential to speed up the aptamer screening process.

10.2 Application of Aptamer in Pathogen Detection

In recent years, the outbreak of foodborne diseases has led to an increasing demand
for rapid and sensitive detection methods for foodborne pathogens by food safety
inspection institutions and food industry (Jiang et al. 2016). Therefore, a large
number of studies have been carried out to find a rapid and sensitive method to
detect foodborne pathogens (lazcka et al. 2007). Despite these efforts, traditional
pathogen detection methods and culture-based methods are still widely used to
identify microbial pathogens in different environmental media. However, problems
still exist, such as cumbersome procedure, long time required and the skill to detect
viable but not culturable (VBNC) state of bacteria.

Over the years, many aptamer-based detection methods have been developed, but
their applications in public health and food safety are limited. The main reason may
be the complexity of the methods because these methods involve various techniques
in the process of sample preparation and detection, such as sample extraction,
purification, enrichment, and separation (Pitcher and Fry 2000; Stevens and Jaykus
2004).

Aptamers, single-stranded DNA or RNA oligonucleotides selected in vitro with
an aptamer, a single-stranded DNA or RNA oligonucleotide (Tuerk and Gold 1990),
obtained in vitro by exponential ligand enriched phylogenetic selection (SELEX),
can bind to the target analyte in a specific three-dimensional conformation (Ellington
and Szostak 1992). It is considered as “chemical antibody” because of its sequence
specificity and target-binding function, which provides a high affinity for them to
form higher order structures (Ren et al. 2017). Compared with antibodies, aptamers
provide a variety of unique advantages. For example, aptamers are characterized by
simple synthesis, low immunogenicity, stability, high sensitivity, low price, flexible
chemical modification and low immunogenicity (Breaker 1997). In addition,
aptamers can be modified with a variety of signal tags such as tumor cells, bacteria,
virus, proteins, some small molecules (ATP), and even metal ions (Kim et al. 2012;
Medley et al. 2011; Rhinehardt et al. 2015). These advantages make aptamer a
promising candidate for aptamer-based sensors (Drolet et al. 1996; Mayer 2009).
Drolet in 1996 firstly used aptamer to detect human vascular endothelial growth
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factor (Ferreira et al. 2008). Since then, multifarious aptamer-based biosensors have
been developed, including ELISA (Mayer 2009), fluorescence (Shen et al. 2016),
surface plasma resonance (SPR) (Bai et al. 2013), electrochemical (Hai et al. 2014),
colorimetry (Wang et al. 2014), surface enhanced Raman scattering (SERS) (Yao
et al. 2017) and flow cytometry sensors for a wide range of targets (Wu et al. 2014).

10.2.1 ELISA Detection

Enzyme-linked immunosorbent assay (ELISA) refers to the combination of soluble
antigen or antibody with polystyrene and other solid-phase carrier, and the qualita-
tive and quantitative detection of immune response by specific combination of
antigen and antibody. It is a technology that combines enzyme-linked antibody
with corresponding substrate catalytic reaction. ELISA for quantitative determina-
tion of IgG was published by Engvall and Perlmann in 1971 (Engvall and Perlmann
1971), which led to the development of enzyme-labeled antibody technology for
antigen localization in 1966 into a method for the determination of trace substances
in liquid specimens. Since then, ELISA develops rapidly and is used broadly. In
particular, all kinds of ELISA kits are made for the detection of different targets due
to a variety of advantages including easy operation, rapidly, untrained, and sensitiv-
ity. The basic principle of this method is: ① the antigen or antibody is bound to the
surface of a solid phase carrier and maintain its immune activity, ② the antigen or
antibody is linked to an enzyme to form an enzyme-labeled antigen or antibody,
which retains both its immune activity and enzyme activity. At the time of measure-
ment, after adding the substrate for the enzyme reaction, the substrate is catalyzed by
the enzyme to turn into colored products. The amount of the product is directly
related to the amount of the tested substance in the sample, so it can be analyzed
qualitatively or quantitatively according to the depth of the color reaction. Chen et al.
did the related work that contains aptamer selection for Campylobacter jejuni
(C. jejuni) and the use of selected aptamer for C. jejuni detection by ELISA (Chen
et al. 2020). Herein, authors name this ELISA method hetero-sandwich assay where
aptamer and antibody are used to recognize target bacterium simultaneously
(Fig. 10.9). And the assay had a great sensitive detection limit and good specificity.

10.2.2 Fluorescence Detection

Fluorescence detection is based on the fluorescent materials that were broadly used
(Vigneshvar et al. 2016), including quantum dots (QDs), fluorescent microsphere,
and so on. If the molecule is excited to the excited state and then returns to the
ground state, the material will emit fluorescence. Fluorescent materials are com-
monly used as indicators in biological analysis. With the development of nanotech-
nology in recent years, fluorescent nanomaterials have been paid more and more
attention and play an increasingly important role in biological analysis (Yao et al.
2014). Among the fluorescent nanomaterials, QDs offer a tremendous advantage
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over conventional fluorophores in terms of quantum efficiency and strong fluores-
cence intensities, as well as single excitation, with multicolored emissions based on
different QDs size (Riegler et al. 2008).

Fluorescence resonance energy transfer (FRET) is a typical and widely used
method for fluorescence detection. However, the conventional fluorescence analysis
method is seriously affected by its autofluorescence interference, which limits the
practical application of the technology. Wang et al. (2017) describes a time-resolved
fluorescence resonance energy transfer (TR-FRET)-based adaptive sensor for the
identification of Salmonella typhimurium. The authors used nanoparticles as energy
donor and carboxyl fluorescein (FAM)-labeled complementary oligonucleotide
(cDNA) as receptor. The detection scheme is based on the hybridization between
aptamer and cDNA. When there are no S. typhimurium in the solution, photonic
energy is transferred from NPs to FAM, and then it would get a 520 nm emission. On
the contrary, when there are S. typhimurium existing in the solution, the FRET would
decrease due to the aptamer interaction with bacteria. Based on the specific recogni-
tion ability of aptamers and the strong fluorescence property of nanoparticles, this
method has high sensitivity and selectivity for the detection of Salmonella
typhimurium. In addition to quantum dots and fluorescent dyes, fluorescent
nanoparticles are also commonly used in the detection of pathogenic bacteria
(Chung et al. 2015). In this study, the aptamer-conjugated fluorescent nanoparticles
are combined with the photofluidic detection platform, as a result, the real-time and
rapid detection of Escherichia coli was realized.

In another report, Kurt et al. developed a dual-excitation sensing method using
aptamer-modified quantum dots and upconverting nanoparticles (Kurt et al. 2016).
Figure 10.10 shows the multiple detection using the double excitation luminescence
method. Here, we introduce the coupling of magnetic beads with aptamer-
functionalized luminescent nanoparticles. The magnetic beads were modified with
short DNA sequences that can be partially complementary to the aptamer sequences
and were used to separate the analyte-free conjugates for fluorescent measurement.

Fig. 10.9 The application for hetero-sandwich-based detection of C. jejuni (Chen et al. 2020)
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The quantum dots were excited by 325 nm UV light, and the upconversion
nanoparticles were excited by 980 nm near-infrared light, and the multiple detection
of food model pathogens, Salmonella typhi and Staphylococcus aureus were
achieved, with detection limits of 16 cfu/mL and 28 cfu/mL, respectively.

10.2.3 Surface Plasmon Resonance Detections

Surface plasmon resonance (SPR) is a new technology developed in the 1990s. SPR
sensors are widely used in various fields because of its appealing and promising,
which detect the interaction between ligand and analyte on biosensor chip. Among
all the biosensor platforms, surface plasmon resonance (SPR) is a label-free optical
detection technique. Besides, SPR-based sensors display versatile advantages, such
as specificity, sensitivity, simplicity, rapid analysis, and providing the kinetic reac-
tion process in real time.

Recently, plasmonic nanoparticle-based localized surface plasmon resonance
(LSPR) biosensors have attracted the attention of many researchers. Even though
LSPR biosensors have many advantageous traits, most LSPR biosensors have low
reproducibility, and it is difficult to immobilize large areas of plasmonic-active
nanoparticles while reducing the detection limit. Therefore, Seo Yeong Oh et al.
(2017) introduced a gold nanoparticle-aptamer-based LSPR analytical method for
the rapid detection of Salmonella typhimurium. As shown in Fig. 10.11, it is the
schematic representation of the detection of bacteria using the LSPR sensing chip.

Fig. 10.10 Illustration of the dual-excitation luminescence strategy for multiplexed detection
(Kurt et al. 2016)
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The aptamer-based LSPR chip was fabricated by the self-assembly of AuNPs
attached to a glass substrate slide. Next, bacterial aptamer was modified on the
surface of chip. Finally, sample was analyzed for the sensing signals by using a
spectrophotometer.

Based on LSPR, Seung Min Yoo et al. (2015) developed an easily constructed,
aptamer-based LSPR sensor for simple, rapid, sensitive, specific, and multiple
detection of bacterial species (Fig. 10.12). In this study, they designed a multi-
point gold-capped nanoparticle array (MG-NPA) chip, which was successfully used
to detect and identify three different bacteria simultaneously. The detection limit of
LSPR sensor based on aptamer is 30 cfu/mL. The combination of LSPR sensor and
aptamer has unique advantages. One is that the MG-NPA structure results in
sensitivity and reproducibility. Another is that the specific aptamer functionalized
on the MG-NPA structure surface allows the simple and rapid detection of bacterial
species. The other is that a single chip with the multiple spots can allow us to
simultaneously identify different bacterial species in a single assay.

Fig. 10.11 Schematic
representation of the detection
of bacteria using the localized
surface plasmon resonance
(LSPR) sensing chip (Oh et al.
2017)

248 L. Yao et al.



10.2.4 Electrochemical Biosensors

Because of their several advantages such as high sensitivity, selectivity,
miniaturized, fast response time, simple operation and low-cost, electrochemical
sensors have received considerable interest. So, the number of reports published on
electrochemical biosensors is increasing. Electrochemical biosensors have different
types according to different sensing principles, including electrochemical impedance
spectroscopy (EIS), amperometric detection, voltammetry, and other

Fig. 10.12 Aptamer-
immobilized LSPR sensor
system (Yoo et al. 2015)
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electrochemical biosensors. However, most used and reported electrochemical
biosensors for the detection of pathogenic bacteria in food are impedimetric or
voltammetric biosensors.

In addition to antibodies, aptamers are also commonly used in electrochemical
biosensors. Herein, a recent article by Luo et al. reports the detection of E. coliO157:
H7 by combining aptamer-induced catalyzed hairpin assembly circle amplification
with microchip capillary electrophoresis (MCE). As depicted in Fig. 10.13, when
E-apt is incubated with E-H1 and E-H2, it can open the hairpin structure of E-H1 to
form E-H1/E-apt complexes and then is replaced by hairpin E-H2. As a result, the
E-apt can be reused to open more E-H1, and numerous E-H1/E-H2 complexes are
formed through the DNA circuit (Scheme 1a). Finally, the E-H1/E-H2 complexes
with longer sequences can be separated with other DNA strands by MCE, which
show strong signal in MCE detection. While E. coli O157:H7 is added to the E-apt
solution, a portion of aptamer would bind with it and lead to a decrease in the
quantity of E-apt as well as E-H1/E-H2 complexes, which show weak signal in MCE
detection. This method displayed a low detection sensitivity with 75 cfu/mL. Then,
another research (Xu et al. 2017) by Xu et al. that reports the determination of E. coli
in licorice extract using an aptamer-based biosensor over a gold electrode. Besides,
an aptamer-conjugated silver nanoparticles electrochemical sensor with dual-
aptamer based was also developed (Abbaspour et al. 2015), with the assembling of
the AgNPs, the detection sensitivity for Staphyococcus aureus was improved
effectively.

Fig. 10.13 Schematic illustration of the combination of the CHA-based signal amplification
strategy with MCE for highly sensitive detection of E. coli O157:H7 (Xu et al. 2017)
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10.2.5 Lateral Chromatography Test Strips

Lateral flow analysis (LFA) is a fast, on-site detection method based on chro-
matographic simplified sensor format. In recent years, the lateral chromatographic
strip biosensor has attracted extensive attention because of its portability, fast
detection time, cost-effectiveness, easy to use, and other advantages. Disposable
biosensor detection platform is a kind of user-friendly equipment, with portable size,
provides the possibility of on-site visual analysis, and can be easily operated without
special training. At present, strip biosensors are often used as point-of-care tools in
food, medical, diagnostic, and environmental fields.

Aptamers and antibodies are the common recognition elements of band
biosensors. Generally, the strip detection is completed on the prefabricated nitrocel-
lulose strip. Firstly, the prefabricated reagent is sprayed on the nitrocellulose. After
drying, the liquid sample can activate the signal mechanism. This kind of sensor is
usually colorimetric or fluorescent method. Colloidal Gold (CG), Blue Latex Parti-
cle, and Red Quantum dot (QD) were used as the signal reporter in the detection,
respectively.

Although there are many advantages of lateral chromatography test strips, they
are often developed to detect a single target per assay (Berlina et al. 2013). Thus, in
order to detect multiple analytes on a single strip, several lateral flow immunoassays
(LFIAs) multiple detection techniques have been developed, which further provides
an opportunity to improve the speed and reduce the cost by analyzing multiple
targets simultaneously. However, these LFIAs could have nonspecific binding and
crossover reactions, which can lead to false-positive results. These may be caused by
the use of antibodies. Compared to antibody, the aptamer is easier to modify and tag,
which is employed in lateral flow aptamer assays (LFAAs). Based on this, Jin et al.
(2018) developed a smart phone portable multiple detection device based on lateral
flow aptamer analysis (Fig. 10.14). This device mainly uses aptamer-functionalized
polychromatic upconversion nanoparticles as probes, which can accurately detect
mercury ion, ochratoxin A, and Salmonella on the test strip with high sensitivity. In
detection zone, this strip biosenser achieved the test based on the principle of nucleic
acid hybridization. And finally, a smartphone was used to read the fluorescent
signals.

10.2.6 Surface-Enhanced Raman Scattering Detection

In 1928, Raman scattering was discovered by C. V. However, weak effect of the
Raman scattering greatly limits the application and development of Raman spectros-
copy. Whereafter, Fleischmann and Jeanmaire et al. have systematically studied how
to improve the intensity of Raman scattering signal by changing the surface rough-
ness of the substrate through systematic experimental study, which is called the
surface-enhanced Raman scattering (SERS). Subsequently, SERS technology devel-
oped rapidly to be a very powerful analysis tool and has been applied in various
fields. Of course, the use of SERS to detect pathogen has attracted great attention.
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Then, a magnetically assisted surface-enhanced Raman scattering (SERS) bio-
sensor based on aptamer recognition was established (Wang et al. 2015), with the
application of good dispersity superparamagnetic magnetic NPs and a novel SERS
tag, the sensor obtained a satisfactory detection limit for Staphylococcus aureus.
Another aptamer-based SERS detection method is shown in Fig. 10.15 (Pang et al.
2019). In the schematic illustration, Fig. 10.1a shows the synthetic process of
vancomycin-SERS tags (Van-SERS tag) that is on the surface of AuNPs modifying
Van. The synthetic process of aptamer-Fe3O4@AuMNPs is illustrated in Fig. 10.8b.
Briefly, Fe3O4@AuMNPs were synthesized firstly. Then, the Fe3O4@AuMNPs get
surface carboxylation by sonicating in a 11-mercapto-undecanoic acid (MUA)
ethanol solution for 2 h. After that, COOH-Fe3O4@Au MNPs were dispersed in
MES buffer with EDC to activate the carboxyl. Finally, mixing the NH2-aptamer and
Fe3O4@Au, aptamer would be fixed on the surface of Fe3O4@Au MNPs through of
amino-carboxyl condensation. Figure 10.8c shows the operating procedure of this
strategy for S. aureus detection that is based on aptamer recognition.

10.2.7 Flow Cytometry Detection

Flow cytometry (FCM) is a high-throughput analysis technology, which is mainly
used to quantitatively analyze single cell or other biological particles by monoclonal
antibodies at the cellular molecular level. Light source, fluid flow pathway, signal
detection and transmission, and data analysis system are the main components of

Fig. 10.14 Schematic illustration of LFAA for simultaneous multiple targets detection (Jin et al.
2018)
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FCM. It is widely used in oncology, immunology, toxicology and other medical
fields, and also used in the quantitative analysis of bacterial cell subsets. Moreover, it
can also be used to analyze heterogeneous cell mixtures and characterize cells. And
we can use the proper fluorescent markers or probes that are antibodies conjugated to
dyes or fluorescent phycobiliproteins and small molecules that bind to nucleic acids
to characterize the same type of cells that possess different biochemical or biophysi-
cal properties.

As we all know, fluorescent materials (e.g., organic fluorophores, fluorescent
proteins, or QDs) would be employed in the flow cytometry detection. Among the
fluorescent materials, semiconductor QDs provide more advantages to be employed
in biological labeling. The broad excitation spectra and narrow emission spectra of
QDs allow for simultaneous excitation and detection. This will make it possible to
detect different targets using multicolor QDs in a single multiplex analysis. It is
difficult to modify antibodies with a variety of fluorescent dyes or other tags, and the
activity of antibodies may be affected. So, we can use aptamers selected by SELEX
instead of antibodies as biosensing elements because of their high affinity and
specificity towards targets. A paper published by Duan et al. describes a dual
functional platform for the simultaneous detection of two pathogenic bacteria
using quantum dots as fluorescence markers coupled with aptamers as the molecular
recognition element by flow cytometry (Duan et al. 2013). In Fig. 10.16, we can see
that QD 535 nm and QD 585 nm were used to detect Vibrio parahaemolyticus and
Salmonella typhimurium.

Therefore, the application of suitable aptamers is promising for the sensitive
detection of pathogenic bacteria in food matrix. The combination of aptamers and
QDs used as biomolecule probes also provides a potential platform for detection of
pathogens in flow cytometry.

Fig. 10.15 Schematic illustration of (a) the synthesis of Au-Van SERS tags, (b) the synthesis of
aptamer-modified Fe3O4@AuMNPs, and (c) the operating procedure for S. aureus detection via the
dual-recognition SERS biosensor (Pang et al. 2019)
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Abstract

Immunosensors are the type of affinity biosensors that work on the basis of
antigen–antibody interactions. These devices can be highly advantageous to
develop a portable and point-of-care system for living and non-living food
contaminants. The utilization of nanomaterials in the fabrication of
immunosensors is found to improve several sensing parameters of an
immunosensors. In general, the nanomaterials are used as transducer materials
for the fabrication of immunosensors. Till now, nanomaterials are found to show
significant improvements in the sensing capabilities of electrochemical, optical,
and piezoelectric immunosensors. The use of nanomaterials is found to enhance
sensitivity, specificity, rapidness, and portability of the immunosensors. Herein,
we have covered the key achievements of nanomaterials for the development of
immunosensors. This book chapter covers the important aspects of
immunosensors types, nanomaterials-based immunosensors fabrication, and
accomplishments of nanomaterials-based electrochemical, optical, and piezoelec-
tric immunosensors for the analysis of food contaminants, e.g., pesticides,
pathogens, toxins, pharmaceuticals, allergens, and adulterants.
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11.1 Introduction

These days, contamination in food is very common due to inappropriate agricultural,
animal husbandry, food processing, and food storage practices (Njobeh et al. 2009;
Nerín et al. 2016; Kumar et al. 2020a, b). For example, the extensive use of
pesticides/herbicides in improving the agricultural yield can cause contamination
in food crops (Kumar et al. 2020a, b). Likewise, chemicals are used to enhance
unnatural growth of animals, food preservation, and disease control can also be part
of food in the form of contaminants (Kolok et al. 2018; Falleh et al. 2020; Kumar
et al. 2020a, b). In addition to that, the improper storage conditions of the food may
lead to the growth of pathogenic microorganisms as biological food contaminants
(García-Díaz et al. 2019; Choi et al. 2020). The contaminated food can pose acute to
severe threat to human beings or other animals. Specifically, in humans these
contaminants can cause irritation, food poisoning, headaches, nausea, diabetes,
neurological disorders, asthma, cancer, and even death (Ahmed Adam et al. 2017;
Hassan et al. 2017; Vikrant et al. 2018; Agache et al. 2019; Kumar et al. 2020a, b).
So, the food samples should be analyzed before consumption for the presence of
contaminant to avoid any acute/chronic health issues.

In past, several analytical tools, such as chromatographic techniques, nuclear
magnetic resonance, capillary electrophoresis, flow injection calorimetry, and mass
spectroscopy have been explored successfully to determine the presence of food
contaminants (Patra et al. 2017; Malvano et al. 2020). Interestingly, these techniques
are adequately precise and sensitive. However, a good number of limitations are
associated with these techniques, e.g., time-consuming methodologies,
non-portability, expensive methodologies/instrumentation/ procedures, and require-
ment of expert manpower, and involvement of multiple pre-treatment steps. All
these limitations restricted the current contaminant sensing techniques to develop a
point-of-care device in fulfilling the food security demand for common people (Suri
et al. 2009; Kumar et al. 2020a, b; Malvano et al. 2020).

In this context, easy, faster, sensitive, cost-effective, and specific sensing is in
high demands. The development of immunoassays is one of the most viable ways to
achieve the aforementioned sensing goals. In case of an immunosensor, the sensitive
and specific interactions between antibody and antigen have been utilized to detect
the levels of antigen in the food samples (Kumar et al. 2020a, b). The generated
signals are captured and transferred by the transducer to the detection unit. In
general, the specificity and sensitivity of an immunosensor is defined by the antigen–
antibody (Ag–Ab) interaction and characteristics of the transducer. Since, the incep-
tion of radioimmunoassay technique, researchers are working hard to substitute
conventional methods of analysis by replacing radioactive material with more
promising options (Tian et al. 2012; Mistry et al. 2014). To achieve this, a number
of chemicals/molecules (e.g., enzyme, fluorophore, and chromophore) have been
explored as a tag for antibodies to sense the analyte molecule, i.e., antigen (Ricci
et al. 2007). For example, immunoassay-based pregnancy examination can be
achieved by sensing human chorionic gonadotropin via enzyme-coupled antibodies
(Makaraviciute and Ramanaviciene 2013). Further advancements in the
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immunosensors have been achieved by the incorporation of nanomaterials (Mahato
et al. 2018; Pottathara et al. 2019; Chandra and Prakash 2020; Kumar et al. 2020a, b;
Purohit et al. 2020a, b). In general, nanomaterials have been explored as transducer
material to amplify the sensitivity of an immunosensor. In this regard, diverse
nanomaterials, such as carbon nanomaterials (e.g., carbon nanotubes; CNTs,
graphene-materials, carbon nanorods, and carbon-based nanoparticles), metal-
based nanomaterials (e.g., metal nanoparticles, metal oxide nanostructures, and
metal sulfide nanomaterials), semiconductor nanostructure (e.g., quantum dots;
QDs), and hybrid materials (e.g., metal organic frameworks; MOF) have been tested
to enhance the sensing capabilities of immunosensors (Zhang et al. 2016a, b; Patra
et al. 2017; Xu et al. 2017; He et al. 2018a, b; Sun et al. 2019; Fan et al. 2020). The
use of nanomaterials provided multiple benefits in the development of
immunosensors. For instance, nanomaterials were found to enhance sensing
parameters (e.g., sensitivity, rapidness, stability, and portability) of the
immunosensor (Kumar et al. 2020a, b). Moreover, it was also observed that the
use of nanomaterials can enhance antibody loading capacities on the working
electrode. On the basis of nanomaterials characteristics, these structures have been
employed successfully for the development of diverse immunosensors including
optical, electrochemical, and piezoelectric immunosensors (Goud et al. 2018; Bansal
et al. 2020; Bhardwaj et al. 2021; Kukkar et al. 2021; Kumar et al. 2021).

In this book chapter, we have provided the in-depth knowledge of all the aspects
of nanomaterials-based immunosensors for food contamination analysis. To under-
stand the importance of nanomaterials in the advancements of immunosensors, we
have discussed the immunosensing of diverse food contaminants (e.g., biological
and non-biological) in diverse food samples, e.g., meat, food grains, dairy products,
and poultry products. A discussion on the types of immunosensors with a special
focus on the biorecognition molecules, immunosensing methods, and role of
nanomaterials is provided in the next section. In Sect. 11.3, the key strategies
(e.g., bioconjugation of immunogen and sensing strategies) involved for the fabrica-
tion of a nanomaterials-based immunosensors is described. The development, func-
tioning, mechanism, and performances of nanomaterials-based electrochemical,
optical, and piezoelectric sensors are discussed in Sect. 11.4. In the last section,
conclusion of this chapter is provided with special focus on the research gaps
remained and their possible solutions.

11.2 Immunosensors

Immunosensors are one of the most explored affinity biosensors (Mollarasouli et al.
2019). The sensing outcome of immunosensors is specifically based on Ag–Ab
interactions. In general, an immunosensor is composed of an immunoreceptor and
signal transducer to generate sensing signals for analyte (e.g., food contaminants,
clinical samples, and environment pollutants) (Duffy and Moore 2017; Mollarasouli
et al. 2019).
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On the basis of target analyte, the receptor (or capture probe) can be made up of
an antigen or antibody (Banica 2012). Specifically, the immunoreceptor components
recognize target analyte by forming an immunochemical complex with analyte
molecule (Lara and Perez-Potti 2018). The interactivity in immunocomplex are
majorly controlled by non-covalent interactions such as electrostatic, hydrogen
bonding, hydrophobic, and van der Waals interaction (Ahmed et al. 2019). Upon
the formation of immunocomplex, the signals generated due to affinity immuno-
chemical interactions are monitored with diverse transducers (Malvano et al. 2020).
For example, the signals generated in the form of mass variation, upon formation of
immunocomplex on the surface of quartz microbalance, can be monitored to know
the analyte level in piezoelectric immunosensors. Similarly, in electrochemical
sensors, the alterations in the electric charges on the surface of sensing materials,
due to formation of immunocomplex, can be used to determine antigen
concentrations (Malvano et al. 2020).

A variety of immunosensors have been tested and explored for the determination
of diverse analytes. Fascinatingly, immunoassay kits are also commercially available
for the detection of various key analytes (e.g., enzyme-linked immunosorbent assay
(ELISA)-based kits for the detection of aflatoxin, food allergen, and histamine in fish
are commercially available (https://www.biofronttech.com/products/food-safety-
prognosis-biotech-histamine-kits/1/24/). With time, several developments witnessed
the ascent of immunosensors. After all such development, the modern
immunoassays are highly specific, simple, non-destructive, and devoid of compli-
cated sample preparation. Excitingly, the introduction of nanotechnology with
immunochemistry not only enhanced the sensing parameters to a great extent, but
also helpful in enhancing the stability, simplicity, and portability of the
immunosensors (Krishna et al. 2018). A number of nanomaterials found excellent
for the immunosensing applications in food sample analysis. On the basis of the type
of sensing signals generated, the nanomaterials-based immunosensors can be classi-
fied as (1) electrochemical, (2) spectroscopic, and (3) colorimetric immunosensor.

11.2.1 Bioreceptors in Immunosensor

Antibodies are one of the key components in any immunoassay. These are proteina-
ceous molecules generated in defense of foreign antigen by the immune system of
higher organisms (Lara and Perez-Potti 2018). Antibodies are highly specific due to
variable domain at terminus of its fragment antigen-binding (Fab) region (Lara and
Perez-Potti 2018). This biospecificity of antibodies for its target made them relevant
for specific analytic applications. An antibody can be categorized in monoclonal
(binds to single epitope of antigen) or a polyclonal (binds to multiple epitopes) (Felix
and Angnes 2018). On the basis of extent of sensing application, either of the
aforementioned antibody type can be used. In particular, monoclonal antibodies
(mAbs) have negligible probability to involve in cross reactivity with nonspecific
antigen and are thus better in terms of specificity for immunoassays (Felix and
Angnes 2018). In certain situations (e.g., for the determination of pollutant classes),
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polyclonal antibody are also suitable (Felix and Angnes 2018). In general, the target
for antibodies-based bioreceptor is antigens. Till now, a number of immunoassays
have been employed for the determination of several antigens (e.g., food
contaminants, pollutant, drugs, and allergens) (Banica 2012). At several instances,
the antigen were also used as bioreceptor in immunosensors for the detection of
antibodies (e.g., detection of specific disease by diagnosing antibodies linked with
the disease) (Mollarasouli et al. 2019).

11.2.2 Methods in Immunoassays

The Ag–Ab interaction was explored by Yallow and Berson in year 1959 for
analysis purpose in the form of radioimmunoassay (Turner 1997). This technique
involves the usage of competitive binding of sample antigen to its specific antibody
displacing the previously bound known radiolabeled antigen (Cristea et al. 2015).
Immunosensors can be classified as indirect and direct immunosensors, where it
allows measurement of immunochemical reaction with and without employing label,
respectively (Pei et al. 2013; Cristea et al. 2015). In general, label-free
immunosensors are less laborious and avoid interference of the labels in analysis
process (Saito et al. 2008; Wang and Park 2020). The non-labeled immunosensors
could detect physical changes (e.g., mass in case of piezoelectric sensor) induced by
immune-specific interactions (Cristea et al. 2015; Wang et al. 2016; Filik and Avan
2019).

In case of indirect immunosensors, the labeling of antibodies helped in enhancing
sensitivity of the sensor by supporting signal generation (Aranda et al. 2018). The
common examples of labels used during immunosensing are enzyme, radioactive
isotopes, and fluorophores (Wang et al. 2016; Niu et al. 2019). Depending upon the
type of labeling, the immunoassays can be categorized as (1) radio immunoassay,
(2) chemiluminescent immunoassay, (3) enzyme immunoassay, and
(4) fluoroimmunoassay techniques (Cristea et al. 2015). In case of radio immunoas-
say, the labeling of molecules with radioisotopes allow highly sensitive detection of
analyte (Felix and Angnes 2018; Wang and Park 2020). Unfortunately, the hazards
associated with the exposure of radioactive materials restricted the use of radio
immunoassay.

On the other hand, the enzymes are most common label for immunosensing due
to its exceptional signal amplification and specificity (Cristea et al. 2015). ELISA is
most widely utilized for enzyme-based immunoassay and is well-known for its
speed, specificity, and precision. In brief, the enzyme-tagged antibody is allowed
to bind Ag–Ab complex and the unbounded antibodies are washed away. Only in
case of attachment between antigen and antibody, a color is observed on subsequent
addition of substrate. This happens due to conversion of substrate by enzyme tagged
to the antibody (Cristea et al. 2015). The resulted color intensity is used to quantify
the analyte levels. The most common enzyme labels used to develop ELISA are
horseradish peroxidase (HRP), alkaline phosphatase (ALP), luciferase, catalase
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(CAT), and glucose oxidase (Ricci et al. 2007; Cristea et al. 2015). Furthermore,
ELISA is equally effective for the determination of antigen or antibody.

11.2.3 Nanomaterials in Immunosensor

The use of nanomaterials is found excellent for the fabrication of label-free
immunosensors. In case of nanomaterials-based immunosensors, the molecular
tags are usually replaced by nanomaterials (e.g., metal nanoparticles, carbon
materials, and semiconductor nanostructures). In general, nanomaterials possess
extraordinary properties, e.g., high surface area to volume ratio, high biocompatibil-
ity, and elevated redox activity (Lara and Perez-Potti 2018). Additionally, these
materials also exhibit exceptional optical, electrical, and electronic properties suit-
able to replace molecular labels (Wang et al. 2016; Lara and Perez-Potti 2018). In
particular, the CNTs, carbon nanorods, graphene-materials, metal-based
nanomaterials, and semiconductor QDs have been employed to enhance the sensing
capabilities of immunosensors (Zhang et al. 2016a, b; Patra et al. 2017; Xu et al.
2017; He et al. 2018a, b; Sun et al. 2019; Fan et al. 2020). In general, nanomaterials
help to generate sensitive sensing signals with respect to the analyte levels. More-
over, they also displayed improved loading/immobilization capacity for recognition
molecule by offering large surface and more number of active sites.

On the basis of unique properties of nanomaterials, a good number of
nanomaterials have been employed to generate diverse immunosensors. For exam-
ple, the gold nanoparticles (AuNPs) with tunable surface plasmonic properties are
excellent for colorimetric immunosensing (Daliri et al. 2019). Similarly, fluorescent
QDs were found suitable for the fabrication of fluorescent immunosensor (Daliri
et al. 2019). Note that QDs exhibited high photostability, quantum yield (QE), and
narrow/symmetric emission and broad absorption spectrum (Krishna et al. 2018; Pu
et al. 2018). Likewise, the metal nanoparticles, e.g., gold, palladium, platinum, and
silver nanoparticles (AgNPs) exhibit appropriate redox properties to generate elec-
trochemical signals (Iglesias-Mayor et al. 2019). Interestingly, many nanostructures
(e.g., graphene oxide; GO, magnetic nanoparticles, and Pd-Pt nanoparticles) imitate
the activity of natural enzymes, e.g., CAT, peroxidase, oxidase, and superoxide
dismutase enzymes (Iglesias-Mayor et al. 2019; Niu et al. 2019). Consequently,
these nanozymes have the potential to replace short lived and costly natural enzyme
in immunosensors (Chang et al. 2017; Zhou et al., 2018; Yao et al. 2020). It should
be noted that the nanozymes displayed better stability, sensitivity, cost-effectiveness,
and production easiness, when compared to the natural enzymes. Overall, a number
of ways are possible to explore nanomaterials in the development of immunosensors.
Out of these nanomaterials-based immunosensors, several sensors have been
employed in food analysis to determine the contaminant levels. The specific discus-
sion on the performance of nanomaterials-based immunosensors for food analysis is
discussed in Sect. 11.4.
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11.3 Fabrication of Immunosensor in Food Assay

A biosensor mainly consists of three major units: (1) receptor, (2) transducer, and
(3) detector. In general, the interaction between receptor and analyte is converted
into measurable signals by the transducer. A receptor molecule can be conjugated to
transducer through various immobilization strategies. The type of immobilization
strategies and transducer is one of the most crucial components for the fabrication of
a biosensor.

11.3.1 Bioconjugation of Immunogens on Nanomaterials

Generally, immobilization method can be selected on the basis of transducer type,
biorecognition element, and operational conditions (e.g., temperature, pH, and ionic
strength) (Ahmed et al. 2019; Tsekenis et al. 2019). Depending on the type of
sensors, immunogen, and sensing material, a number of bioconjugation strategies
can be used to conjugate biomolecule to develop immunosensor for food
contaminants. These conjugation methods can be majorly classified into three:
(1) adsorption, (2) covalent, and (3) affinity interactions (Fig. 11.1) (Welch et al.
2017). The performance of an immunosensor is greatly influenced by (1) accessibil-
ity of binding site on the capture probe, (2) specificity of capture probe, (3) sensitivity
of the designed probe, and (4) density of antibody immobilized on the sensor surface
(Kausaite-Minkstimiene et al. 2010; Tsekenis et al. 2019). Usually, a capture probe
in immunosensor can be immobilized in random or specific orientation
(Makaraviciute and Ramanaviciene 2013). Physical adsorption is the most common
and simplest approach to immobilize antibodies in which antibodies are irregularly
attached to the surface of nanomaterials (or material of choice) (Makaraviciute and
Ramanaviciene 2013). Despite being simple and easy, this method has some major
disadvantages, e.g., no protection in harsh conditions and easy detachability from the

Fig. 11.1 Major bioconjugation strategies for the immobilization of biomolecules on the surface of
immunosensors
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surface. Consequently, such immunosensor are poorly reproducible in most
situations (Makaraviciute and Ramanaviciene 2013; Tsekenis et al. 2019).

The covalent attachment of antibodies is another most explored immobilization
approach with high success rate (Jung et al. 2008). In covalent immobilization, a
covalent bond is formed between antibody and nanomaterial with the help of a linker
molecule (e.g., ethyl(dimethylaminopropyl) carbodiimide/ N-hydroxysuccinimide
(EDC/NHS), glutaraldehyde, glutathione, epoxy-lysine, and epoxy-thiol
(Baniukevic et al. 2013; Kumar et al. 2020a, b). The EDC/NHS is one of the most
efficient covalent immobilization approaches in which the carboxyl or amine group
of antibodies are attached with nanomaterials via carbodiimide bond (Welch et al.
2017). To perform EDC/NHS coupling in nanomaterials, their surfaces can be
modified by self-assembled monolayer of alkane having different functional groups
(Welch et al. 2017; Haddada et al. 2018). These modifications facilitate formation of
covalent bond between the surface and antibody (Makaraviciute and Ramanaviciene
2013). Generally, amine and carboxylic group of lysine and aspartic acid/glutamic
acid of antibodies are involved in carbodiimide bond formation with nanomaterials
surface functionalities, respectively (Welch et al. 2017).

Likewise, the disulfide bond present between thiol group of two cysteine mole-
cule and carbohydrate present on Fc region of antibody can be reduced and oxidized,
respectively, for covalent immobilization of antibodies with nanomaterials (Jung
et al. 2008; Welch et al. 2017). It has been postulated that the covalent conjugation of
antibodies on nanomaterials are highly stable and facilitate denser antibody immo-
bilization on the surface of sensor for the sensitive determination of analytes.
Nonetheless, the random distribution of amine and carboxylic groups on antibody
can cause their disoriented attachment on sensor surface. A number of studies have
witnessed the improved sensing capabilities due to directed antibody immobilization
on nanomaterials (Jung et al. 2008; Kausaite-Minkstimiene et al. 2010; Baniukevic
et al. 2013).

In a few studies, the use of affinity tag for conjugation of antibodies on
nanomaterials is found excellent in site-oriented antibody immobilization (Welch
et al. 2017). The most common examples of affinity tags are biotin-streptavidin,
protein A and G, and deoxyribonucleic acid (DNA). In biotin-streptavidin-based
conjugation of antibodies, the biotin-tagged antibody was immobilized on
streptavidin-modified surface (Abdallah et al. 2019). Likewise, in case of DNA
directed antibody immobilization, single-stranded (ssDNA) antibody complex con-
jugated on nanomaterials was explored for the sensing of complementary ssDNA.
The affinity of bacterial proteins A and G for Fc region of antibodies was used for
site-directed antibody immobilization (Kausaite-Minkstimiene et al. 2010; Haddada
et al. 2018). Other than this, affinity of certain metals toward amino acids of antibody
(e.g., histidine and cysteine) and molecular printed technology have also been
employed for the oriented immobilization of antibody (Welch et al. 2017). For
instance, zinc from zinc-doped magnetic nanoclusters form strong bond with thiol
group of fragmented antibody, which can be employed for pathogen detection (Pal
et al. 2017).
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11.3.2 Sensing Strategies

A wide range of sensing strategies has been explored for the quality and safety
assessment of food. On the basis of transduction mechanism, immunosensors can be
classified into (1) electrochemical, (2) optical, and (3) piezoelectric immunosensors
(Mollarasouli et al. 2019).

In general, electrochemical immunosensors (ECM-IS) are simple and effective
tools to sense target contaminant, especially if the target analyte is present in trace
levels (Aydin et al. 2019). It is a combination of electrochemical analysis and
immunological techniques, which led to the generation of highly sensitive and
specific sensing signals (Wang et al. 2013). An ECM-IS is composed of
biorecognition element (e.g., antibody), transducer (e.g., electrode), and detector.
The electrochemical transducers usually convert the changes associated with
bio-recognition event (e.g., interaction of antibodies with antigens) into an electrical
signal (e.g., current-, potential-, resistivity-, and impedance-change) (Thakur and
Ragavan 2013; Kumar et al. 2015; Kumar et al. 2017a, b; Goud et al. 2018; Kumar
et al. 2020a, b). Accordingly, the detector can be selected to determine the intensity
of the generated signals (Aydin et al. 2019). Till now, various electrochemical
immunosensing techniques have been used to analyze the food samples for the
presence of contaminants. The most common of them are voltammetry (e.g., cyclic
voltammetry; CV) and amperometry (Capoferri et al. 2018). Fascinatingly, the
sensing capabilities of the electrochemical electrodes can be improved by several
fold via employing the nanomaterials, e.g., CNTs, graphene materials, nanowires,
and metallic nanoparticles (Cho et al. 2018).

The optical immunosensor detect the analyte levels through measuring the
variations in the optical signals (e.g., fluorescence, absorbance, and color) of trans-
ducer (Daliri et al. 2019). The optical sensing can be performed by measuring
fluorescence, absorbance, surface plasmon resonance (SPR), and colorimetric
signals (Capoferri et al. 2018). In particular, the SPR mainly depend upon changes
in refractive index of the transducer originated due to Ag–Ab interaction. The
obtained signals can be quantify to detect different levels of analyte antigen (Ricci
et al. 2007). The fluorescence immunosensors generally work on the measurement of
decrease/increase in the fluorescence of fluorescent material (Capoferri et al. 2018).
The common signals monitored in the fluorescence immunosensor are fluorescent
intensity, fluorescence lifetime, and fluorescence resonance energy transfer (FRET)
(Bhatnagar et al. 2016; Kempahanumakkagari et al. 2018; Kukkar et al. 2018;
Berhanu et al. 2019; Kabir et al. 2019; Kumar et al. 2019). Likewise, chromogenic
reactions have been employed for colorimetric immunosensing. Importantly, the
colorimetric immuno-detection can also be performed visually or by digital image
colorimetry (Suman and Chandra 2020). The nanoparticles-based engineering was
found crucial for the development of such types of immunosensor (Mohamad et al.
2019). For instance, the AuNPs-based colorimetric immunosensor used to detect
human immunoglobin through aggregation of functionalized AuNPs (Iarossi et al.
2018). Note that the change in color of AuNPs from red to purple was observed due
to AuNPs aggregation in the presence of target analyte (Iarossi et al. 2018; Vaid et al.
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2020a, b). Especially, AuNPs are very beneficial for colorimetric detection owing to
their high extinction coefficient (especially in the visible region) (Zhang et al. 2019).
Further, ultraviolet-visible (UV-vis) absorption spectroscopy is also a detection
method used in optical immunosensors where absorbance is measured parameter
to know the analyte levels (Kłos-Witkowska 2016).

The immune reactions specificity and high sensitivity of quartz crystal are utilized
in piezoelectric immunosensing of food samples (Chen et al. 2011). In a piezoelec-
tric immunosensor, antibody or antigen is immobilized on a quartz crystal and upon
immunointeraction, a shift in the oscillation frequency was monitored corresponding
to the change in mass on quartz crystal or analyte levels (Pohanka 2018). A variety of
nanomaterials (such as metal nanoparticles, CNTs, graphene, and semiconductor
nanomaterials) have been explored to enhance the performances of abovementioned
sensing devices. All the nanomaterials-based achievements are discussed in
subsequent sections.

11.4 Food Analysis Using Nanomaterials-Based Immunosensors

Food adulterant and contaminants detection is an international concern to achieve
healthy human lifestyle. Purposely, immunosensors have been successfully coupled
with different transducers assisted with nanomaterials for better performance. Sev-
eral food contaminants such as biological toxins, pathogen, food allergen, veterinary
drug residues, pesticides, and chemical additives are major concerns in food analysis
have been analyzed through immunosensors. As discussed above, on the basis of
transducer material, a number of sensing methods are employed to detect signals
generated due to immune interactions. Out of all the explored detection techniques,
electrochemical, optical, and quartz crystal microbalance (QCM)-based sensing
approaches are employed most for nanomaterials-based immunosensors.

11.4.1 Electrochemical Immunosensors (ECM-IS)

In electrochemical sensors, the bioreceptors conjugated on modified/bare-electrode
surface are used to examine the analyte. In general, a number of electrodes can
function as working electrode for electrochemical immunoassays, e.g., screen-
printed electrode (SPE), gold electrode (AuE), glassy carbon electrode (GCE), and
screen-printed graphene electrode (SPGE) (Duffy and Moore 2017). The surface
architecture and transducer materials (e.g., nanomaterials) is crucial in defining the
performance of an ECM-IS (Ahmed et al. 2019). To enhance the performance of an
ECM-IS, single as well as composite form of nanostructures can be used to modify/
develop working electrode or used as label for ECM-ISs (Campuzano et al. 2020).
Usually, nanomaterials were found to improve sensing signals of an ECM-ISs via
several ways, such as by enhancing the conductivity of the electrodes, improving the
immobilization efficiency, enhancing the charge transfer efficiency, increasing the
sensitivity and specificity, and biocompatibility of electrodes (Campuzano et al.
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2020). Till now, a good number of nanomaterials have been tested to fabricate
sensitive ECM-IS (Pan et al. 2017). Broadly, these nanomaterials can be classified
into (1) metal/metal oxide/metal sulfide nanostructures (includes nanostructures
made of Au, Ag, Pt, ZnO, Fe3O4, MoS2, and etc.), (2) carbon-based nanomaterials
(includes CNT, graphene, and carbon-consisting QDs), and (3) composites of
nanomaterials mentioned in the above two categories among themselves or with
other potent materials.

11.4.1.1 Metal Nanostructures-Based ECM-IS
AuNPs have been used explicitly as an preferable nanomaterial to modify working
electrode due to its extraordinary electrical/optical properties, availability, simplicity
(in terms of synthesis), biocompatibility, stability, and structural uniformity (Pan
et al. 2017). In a report on AuNPs-based ECM-IS, Alves et al. (2015) prepared an
AuNPs coated SPCE for the detection of 1–100 ng/mL peanut allergen (Ara h 6)
with limit of detection (LOD) 0.27 ng/mL (Alves et al. 2015). (Note that LOD of a
sensor is the lowest level of analyte that can be reliably sensed by it.) The presence of
AuNPs on the surface of screen printed carbon electrode (SPCE) facilitated stable
immobilization of anti-Ara h 6 through strong affinity interaction of thiol group of
antibody with Au. Upon addition of the target analyte (e.g., Ara h 6), analyte
molecule was captured between immobilized antibody, i.e., anti-Ara h 6 and
biotinylated anti-Ara h 6 (Alves et al. 2015). In subsequent steps, streptavidin-
ALP was added. The specific conjugation of biotin and streptavidin led to the
attachment of streptavidin-ALP on to biotinylated anti-Ara h 6. The ALP enzyme
catalyzed 3-indoxyl phosphate by precipitating Ag+ into Ag (Fig. 11.2).

The presence Ara h 6 was monitored by the electrochemical signals generated due
to catalytic precipitation of silver ions (Alves et al. 2015). In contrast, biotinylated

Fig. 11.2 Development and working of AuNPs-based immunosensor for Ara h 6. The SPCE was
first modified with AuNPs to immobilize capture antibody (1), followed by the addition of blocking
agent (casein) to block the remaining active sites (2), addition of Ara h 6 (3), addition and
incubation of biotinylated-antibody (detection antibody probe) (4), Addition and interaction of
streptavidin-ALP with detection antibody (5), addition of substrate (e.g., 3-indoxyl phosphate; 3-IP)
for ALP and reduction of Ag+ ions into Ag (6), and voltametric determination by measuring the
deposited silver (7). Adapted with permission from Alves et al. (2015)
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anti-Ara h 6 was not bound on the electrode surface, when Ara h 6 was absent and
therefore, no change in the electrochemical signal was observed. Likewise, gold
nanorods (AuNRs) were employed to analyze milk samples for the presence of
S. aureus. The AuNR-based sensor could detect 1.8 � 102–1.8 � 107 CFU/mL of
S. aureus with an LOD of 2.4 � 102 CFU/mL (Chen et al. 2016; Han et al. 2020).

The iron-based nanomaterials are another metal-based structure used for the
fabrication of ECM-IS. Generally, the iron-containing nanomaterials were explored
in the form of magnetic beads to provide excellent surface area for antibody
immobilization (Pan et al. 2017). In two different studies, the carboxylated magnetic
beads were tested for immunosensing of food allergens, e.g., shrimp tropomyosin
(TPM) and Sin a protein (present in yellow mustard seeds) (Angulo-Ibanez et al.
2019; Gamella et al. 2020). Interestingly, magnetic beads performed the function of
nanocarriers as well as facilitator to capture the immunogen on SPCE surface. In
general, the analyte specific antibodies were immobilized on magnetic beads via
EDC/NHS linkage and sandwich immunoassay was performed for evaluation of
target analyte concentration. The allergen protein was sandwiched between capture
and detector antibody. The HRP labeled secondary antibody was utilized for H2O2/
hydroquinone (HQ) system based ECM signal for TPM of Shrimp (Angulo-Ibanez
et al. 2019; Gamella et al. 2020) (Fig. 11.3).

The above-mentioned magnetic beads immunosensors were found excellent for
efficient detection of food allergens. The magnetic beads-based immunosensor
displayed a LOD of 0.047 and 0.82 ng/mL for TPM and Sin a protein, respectively
(Angulo-Ibanez et al. 2019; Gamella et al. 2020).

Fig. 11.3 The scheme showing tropomyosin capturing on the working electrode for amperometry
detection. Adapted with permission from Angulo-Ibanez et al. (2019)
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11.4.1.2 Carbon Nanomaterials-Based ECM-IS
The carbon nanomaterials are well known for their unique electrochemical
properties, high surface area, abundance binding sites for antibody immobilizations,
and stability (Zhu 2017; Kour et al. 2020). Furthermore, due to their biocompatibil-
ity and catalytic efficiency they are preferential choice to develop ECM-IS (Pan et al.
2017). The most common carbon nanostructure employed for the fabrication of
ECM-IS are CNTs and graphene materials (Pan et al. 2017). For instance, single-
walled CNTs (SWCNTs) were used for the determination of AFB1 (Zhang et al.
2016a, b), Staphylococcus aureus (Bhardwaj et al. 2017), and antibiotic cephalexin
(Yu et al. 2020). In another carbon-based immunosensor, multi-walled CNTs
(MWCNT) and poly(3,4-ethylenedioxythiophene)-coated SPCE was used for elec-
trochemical sensing of 0–250 ng/mL clenbuterol (Talib et al. 2018a, b). Note that
clenbuterol is an illegal drug used in poultry to produce lean meat which can cause
serious health issues if consumed. The MWCNT-based clenbuterol immunosensor
was developed by immobilizing anti-clenbuterol antibody on the MWCNT-modified
SPCE through EDC/NHS linker. During EDC/NHS linkage, the carboxyl groups of
MWCNT were activated to interact with the amine group on antibody for the
formation of carbamide bond. In the detection step, the HRP-labeled clenbuterol
compete with free clenbuterol to bind immobilized anti-clenbuterol antibody. ECM
study was performed on the basis of redox activity of HRP (HRP conjugated with
antigen). After the addition of substrate (e.g., tetramethylbenzidine), the substrate
was reduced due to catalytic activity of conjugated HRP. The exchange of electrons
during the catalytic reduction of substrate led to generation of electrochemical
signals. Thus, the amount of current produced was proportional to the clenbuterol-
HRP bounded to MWCNT-antibody conjugate. Furthermore, the use of
nanomaterial is speculated to amplify the sensing signals by improving electron
transport to the working electrode. The MWCNT-based immunosensor
demonstrated an LOD value of 4.66 ng/mL for clenbuterol (Talib et al. 2018a, b).
Working on the similar sensing strategy, GO-based direct competitive assay was
used to determine the amount of clenbuterol in beef samples with LOD value of
0.196 ng/mL (Talib et al. 2018a, b). The efficient immobilization of anti-clenbuterol
(due to functionality of GO surface) and high conductivity were postulated for the
generation of excellent sensing signals in GO-based immunosensor (Talib et al.
2018a, b). It was also observed that the controlled structural defects in reduced GO
(rGO) exerted positive impact on its electrochemical sensing properties (Pan et al.
2017). The rGO with controlled defect levels can be beneficial in measuring the
sensing signals for 1.2–34 ng/mL gliadin and exhibited an LOD value of 1.2 ng/mL
(Chekin et al. 2016). In another report, graphene nanosheets were used for the
construction of miniatured electrode to detect saxitoxin lower down to
0.299 � 103 ng/mL (Bratakou et al. 2017).

Apart from 2D morphology of graphene-materials, 0D structures, e.g., graphene
QDs (GQD) have also been explored to develop immunosensors for food
contaminants (Bhardwaj et al. 2018; Savas and Altintas 2019). The anti-
Y. enterocolitica immobilized GQD (via EDC/NHS) was also used to modify the
working electrode for electrochemical sensing of 1–61.23 � 108 CFU/mL of
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Y. enterocolitica (Savas and Altintas 2019) (Fig. 11.4). Upon addition of test sample,
the anti-Y. enterocolitica (immobilized on GQDs) captured the Y. enterocolitica,
which led to the blockade of charge transfer and thus decrease in electrical signal.
This sensor can monitor the levels of Y. enterocolitica bacteria in spiked milk
samples with a good LOD of 5 CFU/mL. The superior quantum confinement and
peroxidase like activity of the GQDs were postulated for enhanced performance of
GQDs-based sensor (Savas and Altintas 2019).

11.4.1.3 Composite Nanomaterials-Based ECM-IS
The composite form of nanomaterials also displayed excellent characteristics, which
can be employed for the development of efficient ECM-IS (Kumar et al. 2017a, b;
Kumar et al. 2020a, b; Mahato et al. 2020; Vaid et al. 2020a, b). Recently, conjuga-
tion of carbon and metal nanostructure has been tested to sense contaminations
levels in diverse food samples (Shukla et al. 2018; Wang et al. 2018a, b; Sun et al.
2019; An et al. 2020; Hong et al. 2020). In particular, mycotoxin T-2 (0.01–100 ng/
mL) was successfully detected electrochemically in feed and swine meat with
SWCNT/AuNP-based indirect competitive assay (Wang et al. 2018a, b). This sensor
was fabricated by immobilizing T-2 ovalbumin antigen analog on SWCNT/AuNP-
modified GCE. The testing of antigen was performed by the addition of anti-T-
2 antibody, followed by introduction of ALP labeled anti-antibody (secondary
antibody). The ALP enzyme attached on the secondary antibodies hydrolyzed the
substrate (e.g., α-naphthyl phosphate) to produce electrochemical signals. In the
presence of T-2 toxin (in the test sample), T-2 complete with the immobilized T-2
ovalbumin toxin to form T-2: anti-T-2 immunocomplex. (Note that upon washing,
the antibodies formed immunocomplex with the T-2 present in test solution was
washed away). The formation of immunocomplex with the analyte present in test
solution led to the decrease in the number of antibodies attached with the T-2

Fig. 11.4 Steps involved in the fabrication of GQDs-based immunosensor for Y. enterocolitica
(EA Ethanolamine, GQD Graphene quantum dots). Adapted from Savas and Altintas (2019)
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immobilized on SWCNT/AuNP. Correspondingly, on the basis of interaction
between ALP and α-naphthyl phosphate, dropped peak current was observed with
respect to the T-2 levels. This SWCNT/AuNP exhibited 0.13 ng/mL LOD for T-2
(Wang et al. 2018a, b).

In addition to the metal nanostructures and carbon nanomaterial composites,
composites of metal-organic frameworks with metal and carbon nanomaterials
have also been explored for ECM-IS of food contaminants (Hu et al. 2019). In a
study on MOF-based composites for ECM-IS, synergic effect of MOF
(Zn/Ni-ZIF-8-800), graphene, and AuNPs has been exploited for the diagnosis of
0.25–100 ng/mL monensin in milk samples (Hu et al. 2019).

MOF was used for its selectivity and porosity whereas graphene and AuNPs
enhanced the conductivity of electrode. The resultant modified electrode possessing
high surface area, high conductivity, and biocompatibility. Using EDC/NHS, anti-
monensin antibody was immobilized on hybrid matrix and the ECM signals were
generated due to Ag–Ab interaction derived decreased in the current. The decrease in
current is attributed to the insulating effect of antigen (Fig. 11.5) (Hu et al. 2019). A
few key nanomaterials ECM-based immunosensors developed for food analysis are
summarized in Table 11.1.

Fig. 11.5 Fabrication of graphene, MOF, and AuNPs-based immunosensor for monensin analysis.
(a) Synthesis of MOF (Zn/Ni-ZIF-8-800), (b) sequential steps of electrode modification and signal
generation for monensin. Adapted with permission from Hu et al. (2019)
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11.4.2 Optical and Spectroscopy-Based Immunosensors

A large number of nanomaterials exhibited superior optical properties. These
materials mainly include metal/metal-oxides nanomaterials, carbon nanomaterials,
and composite nanomaterials (Ding et al. 2020). These optical nanomaterials can be
employed for the fabrication of optical immunosensors in food analysis. The optical
properties of these materials can be assessed by SPR, absorbance, fluorescence, and
Raman spectroscopies to determine the level of analyte contaminants (Zhang et al.
2020). This section will cover the role of different nanomaterials used for monitoring
food contaminants with discussion on selected recently published reports.

11.4.2.1 Colorimetric and Absorbance-Based Immunosensors
Colorimetric is one of the simplest approaches for on-site analysis of various analyte
(Tsagkaris et al. 2021). Analysis through colorimetric immunosensors can be
performed in several forms such as microfluidic chip devices, lab-on-a-chip devices,
lateral flow assay, and paper-based assays (Tsagkaris et al. 2021). Furthermore, the
results can be visualized with naked eyes (Guo et al. 2018) or smartphone-coupled
devices/programs (Zheng et al. 2019). In general, noble metal-based nanostructures
have been employed most in colorimetric immunosensors for food analysis (Zhang
et al. 2020). In particular, metal nanoparticles have significant place in colorimetric
immunosensors due to their special ability to display change in color with change in
their dispersion state (Zhang et al. 2020). Among all the metal nanostructures, gold
nanostructures are most commonly used to develop colorimetric immunosensors.
This wonder structures exhibit high extinction coefficient in visible light and
functionality-dependent sensitive/selective response to analyte, which give rise the
possibility of analyte detection in very low concentration via spectroscopy as well as
naked eye (Zhang et al. 2019). The antibody conjugated AuNPs can be utilized for
the colorimetric immunosensing of antibiotic residues (Guo et al. 2018). An
immunochromatographic strip (ICTS) was fabricated by employing AuNPs for
cyproheptadine antibiotic residues examination in pig urine. (Note that cyprohepta-
dine is a prohibited drug usually used for weight gain in animals and its detection in
urine can be correlated with its level in pig’s body). This ICTS chip was good
enough to show 5 ng/mL LOD (Guo et al. 2018). Interestingly, different forms of
gold nanostructures can be used to determine four different types of mycotoxins. For
example, four mycotoxins (fumonisin B1; FB1, ochratoxin A; OTA, zearalenone;
ZEN, and anti-AFB1) were detected simultaneously by different color gold
nanostructure, e.g., with nanospheres (red color), nanoflowers (blue color),
nanocacti (purple color), and hyperbranched blackbodies morphologies (black
color), respectively, for the fabrication of ICTS (Wu et al. 2020). The respective
antibodies for the abovementioned gold nanostructure were conjugated through
physical absorption. Moreover, the antigen-bovine serum albumin (BSA) was con-
jugated as a test line on ICTS. The ICTS-based sensing was performed by exposure
of the test sample to the strip followed by addition of gold nanostructure-antibody
probe. (Note that the ICTS consisted of test (T) and control (C) line and T line was
developed by immobilizing antigen on its surface). In the presence of toxins in the
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test samples, the toxin antigens compete with the antigen conjugated on the strip
surface to make immunocomplex with gold nanostructure-immobilized antibodies.
A decrease in the color intensity of the test line was observed with respect to the
increase in the toxin levels in test sample. This ICTS could monitor FB1, OTA, ZEN,
and AFB1 with LOD of 3.27, 0.10, 0.70, and 0.06 ng/mL, respectively (Wu et al.
2020). An metal nanoparticles-based ICTS was also developed for the colorimetric
detection of 3-[(4-carboxyphenyl) monomethyl] amino-2-oxazolidinone with LOD
0.044 ng/mL (Yu et al. 2018).

In case of absorbance-based immunosensing, UV-vis spectroscopy is majorly
employed for quantification of signals. For example, the change in absorbance of
AuNPs (ratio of absorbance intensity at 520 and 630 nm) was monitored to detect the
OTA levels (Liang et al. 2018; Zhang et al. 2019). Specifically, a sandwich type
immunoassay was constructed for the determination of staphylococcal enterotoxin
(SEA) by immobilizing anti-SEA on glass slide through affinity protein A (Fig. 11.6)
(Zhang et al. 2019). Successively, SEA and AuNP/anti-SEA antibody was added to
monitor the levels of SEA. The interaction of immobilized anti-SEA with SEA
followed by attachment of AuNP/anti-SEA detection probe induces naked eye
visible color in the testing strip, which was further analyzed by UV-vis spectroscopy
(at 530 nm). Thus, the color intensity and absorbance of AuNPs increased with an
increase in the amount of SEA in test sample. This AuNPs-based sensor exhibited
LOD of 1 ng/mL for SEA (Zhang et al. 2019).

In another study, AuNP’s tendency of aggregation in cysteine was utilized for
amantadine (AMD) drug residues determination in poultry (Yu et al. 2018). The
technique involves combination of conventional ELISA with Fenton’s reaction to

Fig. 11.6 Schematic of AuNPs-based colorimetric immunoassay for SEA. The glass slide was first
modified with the anti-SEA followed by the addition of SEA and anti-SEA immobilized on AuNPs.
The color as well as absorbance intensity was increased in the presence of SEA is the test sample.
Adapted with permission from Zhang et al. (2019)
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measure the sensing signals for AMD. Firstly, the microtiter plate was modified by
AMD and incubated with mAb 3F2 (antibody against AMD) which was followed by
addition of goat anti-mouse IgG labeled with glucose oxidase (gtAm-GOx). AMD in
the test sample compete with the attached AMD and displaced surface bound mAb
3F2 antibody, which led to the less binding of secondary antibody gtAm-GOx. The
enzyme glucose oxidase labeled on antibody produces H2O2 by glucose metabolism
and H2O2 further oxidizes cysteine. This originally slow process (cysteine oxidation
by H2O2) was triggered by hydroxyl radicals released though Fenton’s reaction
where Fe2+ catalyze H2O2 to form hydroxyl radicals. This leads to re-dispersion of
cysteine aggregated AuNPs and cause blue shift in absorbance under visible light.
The results were further quantified by calculating ratio of absorbance between
640 nm and 520 nm (A640nm/A520nm) (Fig. 11.7) (Yu et al. 2018).

In another immunosensing studies, Au nanostructures facilitate colorimetric
analysis of Salmonella typhimurium (LOD: 35 CFU/mL) and alternariol
monomethyl ether (mycotoxin) (LOD: 0.16 ng/mL) was performed with magnetic
nanoparticles-based immunocomplex separation (Man et al. 2018; Guo et al.
2020a, b).

It was also observed that nanomaterials (such as MOF, platinum nanoparticles,
GO, and AuNPs) were very beneficial in improving the sensitivity of ELISA-based
immunoassays (He et al. 2018a, b; Xu et al. 2021). These nanomaterials can be
employed as antibodies carrier (He et al. 2018a, b) or due to enzyme like activity
(Wang et al. 2020a, b; Xu et al. 2021). (Note that a few nanomaterials exhibit
enzyme like activity and are much more stable in comparison to enzymes). SiO2

nanoparticles have good biocompatibility and high surface area. A competitive type
immunoassay was tested to examine 2,4-dichlorophenoxyacetic acid pesticide with
LOD 0.079 ng/mL. Here, SiO2-conjugated antigen competes with antigen in the
sample to attach with HRP-anti-2,4-D antibody (Wang et al. 2017a, b). In another

Fig. 11.7 Scheme elucidating process after immunocomplex formation in AuNPs-based immuno-
assay. (i) glucose oxidation by immobilized glucose oxidase enzyme, (ii) the Fenton reaction
triggered cysteine oxidation, and (iii) images of AuNP in aggregated and re-dispersed state.
Adapted with permission from Yu et al. (2018)
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study, parvalbumin (PV) allergen was detected using nanomaterials assisted ELISA
in spiked dish sample (Wang et al. 2020a, b). The allergen protein was captured on
magnetic beads through glutaraldehyde linker and was separated from sample using
magnetic property of magnetic beads. Anti-frog PV was immobilized on GO via
EDC/NHS linker and HRP/anti-mouse IgG2a heavy chain antibody was conjugated
with AuNP by direct adsorption. For the detection of PV, PV/magnetic nanobead
(PV/MNB) and GO/anti-frog PV antibody were mixed to form the immunocomplex.
Subsequently, secondary antibody, AuNP, and HRP labeled anti-mouse IgG2a was
added, which was followed by 3,30’,5,5’-Tetramethylbenzidine (TMP) addition.
TMP is a chromogenic substrate for HRP catalyst to produce a product having
absorbance at 450 nm. With an increase in PV concentration, an increase in antibody
conjugation and thus absorbance was observed (LOD ¼ 4.29 ng/mL) (Fig. 11.8).
The obtained signals were five times better in comparison to the conventional
ELISA. The use of GO and AuNPs was mainly suspected for the enhancement in
the sensing signals whereas, MNB are responsible for reducing operation time
(Wang et al. 2020a, b). The nanomaterials-based colorimetric sensors are listed in
Table 11.2.

11.4.2.2 Surface-Enhanced Raman Spectroscopy (SERS)-Based
Immunosensors

The Raman spectroscopy is another efficient tool, which can be utilized to monitor
signals generated by the nanomaterials in response to immunointeractions. SERS
(an improved version of Raman spectroscopy) is a highly sensitive, portable,
non-destructive, and cost-effective method for detection of food contaminants
(Guo et al. 2020a, b). Till now, SERS has been successfully tested for the detection
of diverse food contaminants, e.g., pesticides (Xu et al. 2020), mycotoxins (Zhang
et al. 2020), drug residues (Li et al. 2019; Fan et al. 2020), and pathogens
(Chattopadhyay et al. 2019) (Table 11.2). It provides “fingerprint” information of
the test sample through its molecular vibration even if present in very low concen-
tration (Guo et al. 2020a, b). SERS is based on the Raman scattering where light is
scattered due to inelastic collision between sample and incident light (optical sensor
in food analysis) with enhanced signals (due to the presence of metal nano-rough
surfaces) (Guo et al., 2020). The physical (e.g., electromagnetic field due to localized
SPR; LSPR) and chemical characteristics (e.g., change in polarizability due to
charge transfer) of incorporated metal structure (or nanostructure) are usually
responsible for signal enhancement in SERB (Neng et al. 2020). Metal
nanomaterials (especially gold and silver-based nanostructures) are most explored
for the fabrication of SERS-based immunosensor due to their plasmonic resonance
properties (Guo et al. 2020a, b). In SERS-based immunosensing, nanomaterials or
nanomaterial and Raman reporter-labeled antibodies usually served as Raman
nanoprobe to detect analyte. In a report on SERS-based competitive immunoassay,
three mycotoxins aflatoxins, e.g., B1 (LOD ¼ 0.061–0.066 μg/kg), ZEN
(LOD ¼ 0.53–0.57 μg/kg), and OTA (LOD ¼ 0.26–0.29 μg/kg) were successfully
detected in food samples (Li et al. 2018). In this sensor, Raman probe was developed
by the attachment of AuNPs with anti-mycotoxin and Raman reporter, e.g.,
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5,5-dithiobis(succinimidyl-2-nitrobenzoate) (DSNB). The sample containing target
mycotoxin competed with the capture substrate (immobilized on plate well) for this
Raman nanoprobe (Li et al. 2018). Consequently, the corresponding Raman signal
variations were analyzed with respect to the mycotoxin levels. Likewise, lateral flow
immunochromatographic assay (LFIA) was developed for the SERS-based food
analysis (Li et al. 2019). For example, an AuNPs SERS LFIA was developed for
0.12–10 ng/mL ng/mL of colistrin (veterinary antibiotic) (Li et al. 2019). This LFIA

Fig. 11.8 Development and working of graphene and AuNP-based immunosensor. (A) Modifica-
tion of magnetic beads with parvalbumin (PV-MB), (B) Modification of GO with mAb (anti-frog
PV) (GO-mAb), (C) Modification of AuNP with HRP-antibody (HRP-Ab-AuNPs), and
(D) schematic detection process. Note: here HRP represent anti-mouse IgG2a heavy chain antibody.
Adapted with permission from Wang et al. (2020a, b)
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sensor was developed on nitrocellulose paper and LFIA strip is consisted of test line
and a control line. A capture antigen and goat anti-mouse antibody was immobilized
on test and control line, respectively. 5,5-dithiobis-2-nitrobenzoic acid (DTNB)
(another Raman reporter) conjugated anti-colistin mAb was labeled with AuNPs
and was used as Raman probe. Further, the target evaluation was performed by
following competitive immunoassay where Raman probe was added in the microti-
ter plate. The Raman probe is attached to LFIA strip and generates Raman signals
only when the test sample was devoid of colistrin (Fig. 11.9). The sensor could
detect colistrin with LOD 0.10 ng/mL (Li et al. 2019).

Similarly, an Au@Ag core shell nanoparticles-based SERS LFIA was
constructed to simultaneously sense six different mycotoxins, i.e., aflatoxin B1

Fig. 11.9 Sensing of colistrin with DTNB-based Raman probe. (a) synthesis of Raman probe (b)
Illustration of signal generation on LFIA strip in the absence/presence of colistrin. Adapted with
permission from Li et al. (2019)
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(AFB1), FB1, ZEN, OTA, DON, and T-2 toxin in maize samples (Zhang et al.
2020). The Au@Ag nanoparticles were conjugated with Raman reporters, (e.g.,
DTNB and 4-mercaptobenzoic acid) and specific antibodies for abovementioned
mycotoxins to develop the Raman probe. The test line on nitrocellulose strip was
modified by mycotoxin antigens and control line with secondary antibody. Perfor-
mance analysis of nitrocellulose strip showed that the Raman probes peak was
quenched in the presence of mycotoxin due to hindrance in its interaction with the
capture antigen, whereas control line interact with Raman probe independently for
the presence of mycotoxin (Zhang et al. 2020). Moreover, similar approach was
exploited for penicillin and tetracycline determination (in milk) (Fan et al. 2020),
brombuterol (BB) (in swine meat and urine sample) (Fu et al. 2017) using bimetallic
flowered nanostructures made of gold and silver to construct Raman probes.

A SERS-based sandwich immunoassay was also employed for foodborne
pathogens sensing, e.g., Salmonella typhimurium with the aid of AuNPs
(Chattopadhyay et al. 2019). The CSA-1-Ab (antibody against Salmonella) was
immobilized on AuNPs conjugated DSNB. Further, functionalized polymer mag-
netic nanoparticle-assisted CSA-1-Ab as capture probe. The target was sandwiched
between capture probe and Raman probe and an immunocomplex was obtained. The
presence of AuNPs was speculated for the enhancement in the Raman signals, while
magnetic core facilitated facile analyte separation. This Raman probe was efficient
enough to detect Salmonella typhimurium lower down to 10 cells/mL
(Chattopadhyay et al. 2019). Magnetic structures have also assisted SERS-based
immunoassay for pesticide (Xu et al. 2020) and mycotoxin detection (Ding et al.
2020).

SPR is the collection of oscillations generated by conduction band electrons of
metals (Li and Zhang 2017). Basically, SPR is a physical phenomenon in which
incident light photons excite the metal (mainly gold) surface electrons, which cause
resonant oscillation of conduction electrons (Zhu and Gao 2019). In brief, when
incident monochromatic beam falls onto the metal surface, it causes generation of
evanescent waves. These waves interact with the plasmons (free electrons) of metal
surface at a special angle of incidence (SPR angle) (Fig. 11.10) (Poltronieri et al.

Fig. 11.10 Basic principle of
an SPR sensor. Adapted with
permission from Yu et al.
(2015)

290 N. Sarawagi et al.



2014; Yu et al. 2015; Radhakrishnan and Poltronieri 2017). This SPR angle is highly
sensitive for any change occurring at the metal-dielectric interface (Radhakrishnan
and Poltronieri 2017). Thus, change in the SPR angle can be correlated with the
amount of analyte reacted with the metal surface. In case of SPR immunosensor, the
metal surface can be modified with the antibodies to sense specific antigen.

In general, SPR immunosensors is considered as a non-destructive optical analy-
sis technique, which works on the measurement of change in SPR angle after
interaction of thin-layered biomolecules, particularly Ag–Ab, on the sensor metal
chip surface (Xu et al. 2010; Yu et al. 2015). The change in refractive index (SPR
angle shift) can be used to calculate the change in mass of surface film due to
formation of Ag–Ab complex on sensor surface, which can be used further to
quantify the levels of target analyte (Karunakaran et al. 2015; Yu et al. 2015;
Radhakrishnan and Poltronieri 2017). The change in angle is analyzed as a plot of
resonance signal (proportional to change in mass) versus time (Xu et al. 2010; Yu
et al. 2015).

As in other immunoassays, SPR-based immunosensing can be performed by
(1) direct, (2) competitive, (3) sandwich, and (4) inhibition immunoassays
(as shown in Fig. 11.11) (Xu et al. 2010; Yu et al. 2015; Vezocnik et al. 2017).
Briefly, in direct format detection, the biorecognition element (such as antibody) is
immobilized onto the SPR sensor surface (such as metal film) and target analyte in
solution is allowed to flow as shown in Fig. 11.11a. Thus, the formed complex
produces a change in refractive index; the alteration in the refractive index can be
measured with SPR sensor to know the levels of target analyte. In sandwich type
format (Fig. 11.11b), an additional second antibody is used to bind for the capturing
of target analyte. This improves the specificity and LOD of the immunosensor

Fig. 11.11 Detection formats used in SPR immunosensing. Adapted with permission from Xu
et al. (2010)
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(Xu et al. 2010). Inhibition and competitive type immunoassays are usually used for
small analytes (e.g., with molecular weight <5 kDa). The general mechanism for
inhibition and competitive SPR immunoassays is shown in Fig. 11.11c and d. In
both inhibition and competitive type of format, the sensing signals usually decreases
with increasing analyte levels (Xu et al. 2010; Yu et al. 2015).

In SPR sensors, metal surfaces (e.g., gold) has been employed to generate the
sensing signals. The sensing capability of SPR immunosensors has been further
enhanced with the introduction of nanomaterials (e.g., metal nanoparticles, in
particular AuNPs and AgNPs, CNTs, and MNBs (Pollet et al. 2011; Antiochia
et al. 2016; Zhu and Gao 2019). In general, nanomaterials-based SPR
immunosensors can be explored in three different configurations: (1) bulk SPR,
(2) LSPR, and (3) SPR imaging (Fig. 11.12) (Antiochia et al. 2016).

1. Bulk SPR: In this case, the sensing of analyte molecules can be achieved by
observing the small changes in the refractive index of a thin metal film due to
conjugation of analyte molecule with transducer. The metal nanomaterials are
employed to enhance the bulk SPR sensitivity, thus lowering the LOD. These can
be arranged either to modify the sensing surface (e.g., metal surface) and/or
secondary biorecognition element (e.g., secondary antibodies) to be used in
sandwich immunoassays as shown in Fig. 11.12a and b (Antiochia et al. 2016).

2. LSPR: When charge density oscillations are confined to metal nanostructures, the
LSPR phenomenon takes place as shown in Fig. 11.12c. LSPR not only deals
with light scattering, but also absorbance, thus resulting in local electromagnetic
field. This absorbance depends on type of nanomaterial and its morphology.
Thus, sensitivity and selectivity could be improved depending on these factors
(Antiochia et al. 2016).

Fig. 11.12 Configurations of LSPR immunosensors. Adapted from Antiochia et al. (2016)
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3. SPR imaging (SPRi): It is a combined phenomenon of SPR and spatially resolved
measurement in which two-dimensional charge-couple device (CCD) detector is
employed. The output of SPRi is an image consisting of spots indicating the light
intensities when different concentration of analyte interacts with biorecognition
element (Fig. 11.12d) (Antiochia et al. 2016).

The SPR immunosenors, being very sensitive and selective, have been utilized for
sensing applications in diverse fields, e.g., biomedical, food, and environment (Ricci
et al. 2007). In case of food analysis, the SPR immunosensors are employed for
analysis of microorganisms, toxins, and allergens (Table 11.3) (Ricci et al. 2007;
Mustafa and Andreescu 2018). For example, LSPR-based immunosensor was
designed for label-free casein detection in the cow milk by employing gold-coated
silica nanoparticles modified sensor surface (Hiep et al. 2007). (Note that casein is
one of the abundant proteins found in the cow milk and can cause allergy in younger
children). The biorecognition element for casein, for example, Ara h1antibody (anti-
casein Ab) was attached onto the sensor surface via 4,400-dithiodibutyric acid (DDA)
and N-hydroxysuccinimide (NHS) linkers. This affinity SPR immunosensor
exhibited the ability to detect 105–107 ng/mL casein (Hiep et al. 2007). In another
SPR immunosensor, MNBs were used to analyze arachis hypogaea (Ara h1)
(a peanut butter allergen). The magnetic beads were functionalized with polyclonal
Ara h1 antibodies via carbodiimide reaction to give sandwich type immunoassay
with 0.09 � 103 ng/mL LOD (Pollet et al. 2011).

Likewise, the nanomaterials are also capable of enhancing the SPR
immunosensing of various food toxins (e.g., mycotoxins) (Xu et al. 2013; Hu
et al. 2014). For instance, AuNPs-based competitive SPR immunoassay was used
for the analysis of ochratoxins (a mycotoxins produced by fungi) (Yuan et al. 2009).
This involvement of AuNPs was found to show LOD values of 0.3 and 0.5 ng/g in
cereals (oats and corns) and beverages (wine and juices), respectively (Yuan et al.
2009). The use of AuNRs for the fabrication of competitive type SPR immunosensor
was found excellent to detect AFB1 (Xu et al. 2013). The AuNRs-based sensor
worked efficiently in the range of 0.5–20 ng/mL with 0.16 ng/mL LOD (Xu et al.
2013). Fascinatingly, the AuNP-enhanced SPRi strategy was efficient enough to
detect multiple toxins present in the food samples, e.g., AFB1, OTA, and ZEN using
competitive type immunoassay (Hu et al. 2014). The sensing surface of this
microarray-type SPR sensor was fabricated by the uniform attachment of mycotoxin
antigens on modified SPRi gold chip. The detection of mycotoxins (AFB1, OTA,
and ZEN) was performed through competitive immunoassay by adding respective
antibodies. After competitive binding, AuNPs-conjugated secondary antibody
interacted and bound on the captured mAbs to further amplify the SPRi signal.
The designed sensor achieved an LOD of 8 � 10�2, 3 � 10�2, and 1.5 � 10�2 ng/
mL for AFB1, OTA, and ZEN, respectively (Hu et al. 2014).

As mentioned earlier, the nanomaterials-based SPR immunosensors are also
applicable for the sensing of microorganisms in food. In a report on the SPR
immunosensors, antibody functionalized carboxyl-modified Fe3O4 magnetic
nanoparticles were found to be highly sensitive and selective detection of Salmonella
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enteritidis in egg shell (Liu et al. 2016). This magnetic nanoparticles-based sensor is
tested on 1.4 � 101–1.4 � 109 cfu/mL of S. enteritidis and exhibited 14 cfu/ mL
LOD, while in the absence of nanoparticles, the LOD was 1.4 � 104 cfu/mL for
S. enteritidis (Liu et al. 2016). Likewise, poly(carboxybetaine acrylamide) was
employed for the fabrication of SPR immunosensor to examine E. coli and Salmo-
nella (Vaisocherová-Lísalová et al. 2016). This assay worked in three steps: (1) cap-
turing of the microbial species (from the test samples), (2) addition and capturing of
biotinylated secondary antibody (specific for the target analyte), and (3) signal
enhancement with streptavidin-coated AuNPs. Streptavidin, being a biotin-binding
protein, interacts with biotinylated secondary antibody. This sensor was evaluated
by sensing of bacterial strains in cucumber and hamburger. The aforementioned
sensor exhibited an LOD of 57 and 17 cfu/mL for E. coli whereas 7.4 � 103 and
11.7 � 103 cfu/mL for Salmonella sp. in cucumber and hamburger, respectively
(Vaisocherová-Lísalová et al. 2016).

The modification of SPR immunosensor with optical fibers has also been
explored to improve the applicability of these sensors in food analysis. The fiber
optic SPR (FOSPR) sensor can show LOD of 5.0 � 102 cfu/mL for E. coli (Zhou
et al. 2018a, b). To develop FOSPR, antimicrobial peptides, e.g., Magainin I and
AgNPs-rGO were used as a biorecognition elements and signal amplifier, respec-
tively. The developed sensor is assured to have high selectivity, efficiency, repro-
ducibility, and sensitivity (Zhou et al. 2018a, b).

Not only this, SPR-based nano-immunosensors were also designed for rapid
analysis of food characteristics such as flavor and fragrant. For example, a highly
regenerable polyethylene glycol (PEG)-dialkanethiols and AuNPs-based SPR
immunosensor was fabricated by Gobi et al. (2008) for trace level detection of
benzaldehyde (BZ). (Note that BZ is a characteristic fragrant compound of peach).
This sensor was based on competitive SPR immunosensing, where BZ analog was
covalently bound to PEG monolayer sensor chip. The modified sensor chip was
treated with solution mixture containing sample and fixed amount of BZ-Ab. The
free BZ (present in sample) and its analog compete to bind with BZ-Ab. Thus, more
the amount of BZ in the sample, more the formation of antigen (BZ)-antibody
(BZ-Ab) complex and thus lower the sensor response. The sensor exhibited a
good sensitivity for BZ and can be effective for the sensing of 0.1–80 ng/mL of
BZ. It is worth mentioning that the use of secondary antibody functionalized AuNPs
improved the strength of sensing signals by 15–18 folds, which was reflected in
exceptionally low LOD value of 0.7 � 10�2 ng/mL for BZ detection (Gobi et al.
2008).

Overall, the use of nanomaterials in SPR immunosensing was found to show
several fold enhancements in the sensing parameters. The signal enhancement due to
metal nanoparticles occurs due to contribution of LSPR of metal nanoparticles
(Wang et al. 2010). The key sensing characteristics of nanomaterials-based SPR
immunosensors is shown in Table 11.3.
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11.4.2.3 Fluorescent-Based Immunosensor
Another convenient way to immunosense food contaminant is to rely on the fluores-
cent nanomaterials. The fluorescent-based immunosensors work on principle of
recognizing an analyte molecule through fluorescently active molecules (Kłos-
Witkowska 2016). Accordingly, the detection of the analyte can be performed on
the basis of variations in fluorescent intensity.

In food analysis, the nanomaterials-based fluorescent immunosensors mainly
tested for the determination of food-borne pathogens (Table 11.4). To test the
applicability of fluorescent mercaptopropionic acid-capped CdTe QDs
(MPA-CdTe QDs) in immunosensing, E. coli O157:H7 was analyzed using H2O2-
sensitive fluorescence properties of MPA-CdTe QDs (Chen et al. 2016). The
immuosensing of bacteria via MPA-CdTe QDs was performed by employing rabbit
anti-E. coli O157:H7 polyclonal antibody as the capture antibody. In addition, the
biotinylated mouse anti-E. coli O157:H7 mAb was used as detection antibody
(Fig. 11.13). The mAb was connected with enzyme CAT via streptavidin-biotin
system. In the absence of E. coli O157:H7 in test sample, the MPA-CdTe QDs
fluorescence was quenched due to H2O2. On the contrary, in the presence of target
bacteria, CAT bound to the bacterial surface consumed H2O2 present in the solution,
which led to no decrease in the fluorescence of MPA-CdTe QDs. It is worth
mentioning that the change in the fluorescence signals of MPA-CdTe QDs was
used to measure E. coli O157:H7 concentrations. This CAT-mediated fluorescence
immunoassay exhibited a high sensitivity with an LOD of 5 � 102 CFU/mL for
E. coli O157:H7. This test was also effective to analyze E. coli O157:H7 spiked milk
samples. Moreover, this fluorescence-based immunoassay was ~140 times more
efficient when compared with HRP-based colorimetric immunoassay.

A H2O2-induced decrease in fluorescence was also used to sense ochratoxin A
(OTA) by MPA-CdTe QDs (Huang et al. 2016). The OTA was conjugated with
CAT; CAT acts as competitive antigen against mouse anti-OTA mAb, which has
relatively high affinity for OTA. After the addition of OTA-CAT, it is attached with
mAb and the immobilized CAT consumed the available H2O2 (Huang et al. 2016).
The absence (or decreased levels) of H2O2 led to no or less quenching of QDs
fluorescence signals (Huang et al. 2016). In contrast, in the absence of OTA-CAT,
the H2O2 is free to quench the fluorescence of QDs. This CdTe QDs-based method
can work efficiently for the detection of 0.05–10 pg/mL OTA with LOD of 0.05 pg/
mL. It is worth to mention that the LOD value of CdTe QDs-based method was
~300-times better than HRP-based conventional ELISA.

Similarly, a cow milk allergen called bovine β-lactoglobulin (BLG) (125–4000
and 0.48–62.5 ng/mL) was detected by fluorescent sandwich ELISA (sELISA) with
fluorescence of thiolated CdTe QDs (He et al. 2018a, b). This sELISA rely on
mAb1G9 BLG-specific IgE and antigen interaction. As discussed earlier, the sensing
signals were generated on the basis of CAT-mediated fluorescence extinction
thiolated CdTe QDs by H2O2. This QDs and CAT-based sELISA method exhibited
an LOD value of 0.49 ng/mL (16-fold better LOD in comparison to HRP-based
sELISA). In another study on CdSe/ZnS QDs-based fluorescence probe,
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0.1–1000 ng/mL of bovine α-lactalbumin (α -La) was examined successfully in
dairy products with LOD value of 0.1 ng/mL (Yang et al. 2014).

The combination of two types of nanomaterials (e.g., AuNPs and QDs) are also
impressive for the development of immunosensor for common pathogen Vibrio
parahaemolyticus (V. parahaemolyticus) (Liu et al. 2017). In this sensor, the
V. parahaemolyticus-specific antibody (IgY) immobilized AuNPs was used as a
fluorescence quencher for CdSe/ZnS QDs (Fig. 11.14) (Liu et al. 2017). Note that
the IgY was obtained from the egg of immunized hens and extracted IgY was

Fig. 11.13 Schematic of H2O2-sensitive MPA-CdTe QDs-based immunoassay for the of E. coli
O157:H7 sensing. The bacteria captured by the sensing probe restricted the quenching of QDs by
consuming the H2O2. On the basis of alteration in the fluorescence signals, the levels of E. coli
O157:H7 were monitored. Adapted with permission from Chen et al. (2016)

Fig. 11.14 Representation of steps followed for V. parahaemolyticus detection by AuNPs and
CdSe/ZnS QDs-based immunosensor. (a) Immunization of specific pathogen-free (SPF) hen to
generate anti-V. parahaemolyticus, (b) Extraction and purification of antibodies, (c) Conjugation of
IgY antibodies on the surface of AuNPs, (d) fluorescence quenching of CdSe/ZnS QD upon
interaction with AuNPs-IgY, and (e) Aggregation of AuNP-IgY in the presence of
V. parahaemolyticus and restoration of fluorescence signal to achieve sensing of
V. parahaemolyticus. Adapted with permission from (Liu et al. 2017)
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attached on AuNPs through electrostatic self-assembly (Fig. 11.14). The sensing
signals were generated on the basis of charge-transfer derived QDs fluorescence
quenching for V. parahaemolyticus sensing. In this work, a quick aggregation of
IgY-AuNPs was observed in the presence of V. parahaemolyticus and halted the
interaction of AuNPs with QDs, which resulted in recovery of QDs fluorescence.
The QDs and AuNPs-based fluorescence sensing was tested for 10–10,000 CFU/mL
of V. parahaemolyticus with 10 CFU/mL LOD.

The carbon nanomaterials, especially GQDs was also found effective for the
fluorescent sensing of food toxins, e.g., OTA (Wang et al. 2017a, b). In this context,
GQDs were tagged as a fluorophore to the OTA-specific aptamer (Fig. 11.15). Upon
addition of complementary DNA (cDNA), against the recognition aptamer, a DNA
duplex (aptamer-cDNA) is formed, which caused aggregation of GQDs and hence
quenching in the fluorescence signals of GQDs (Wang et al. 2017a, b). Further, the
addition of OTA (specific for aptamer) caused unwinding of DNA duplex and
formation of aptamer-OTA complex. The unwinding process led to the dissociation
of aggregated GQDs and thus recovering their fluorescence. Hence, this sensor
uniquely works with ON/OFF mechanism depending on the absence or presence
of OTA, respectively. Moreover, this aptasensor works well for 0–1 ng/mL of OTA
and exhibited an LOD of 13 pg/mL.

The use of a few drug molecules, e.g., Paracetamol (PD) (also known as
p-hydroxyacetanilide) has also found to be useful for the AuNPs-based fluorescence
immunosensing of pathogens (Sahoo et al. 2012). The PD is used as fluorophore and
displays an emission at 435 nm after excitation by 320 nm light wavelength (Sahoo
et al. 2012). (Note that in PD-AuNPs, PD functioned as stabilizing agent for
AuNPs.) Interestingly, PD also exhibits the affinity to interact with the bacterial
cell wall. In the presence of bacteria, the attachment of PD on bacterial cell wall
(if present) and destabilizes/aggregates the AuNPs. This aggregation led to the
fluorescence quenching of PD-AuNPs. Thus, the fluorescence intensity was

Fig. 11.15 Sensing mechanism of GQDs-based fluorescence aptasensor for OTA. Adapted with
permission from Wang et al. (2017a, b)
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decreased in the presence of bacterial cells. This method was found excellent for the
analysis of six different strains of bacteria and exhibited sensitivity value of
100 CFU/mL. It was observed that Gram-positive (Bacillus cereus MTCC 1305,
Pediococcus acidilactici CFR K7, and Enterococcus faecalis MTCC 439) and
Gram-negative bacteria (Enterobacter aerogenes MTCC 2822, Escherichia coli
MTCC 433, and Pseudomonas aeruginosaMTCC 2488) quenched the fluorescence
of PD-AuNPs composite.

Like antibodies-based sensors, nanomaterials-based aptasensors have also
employed for the testing of bacteria, e.g., Pseudomonas aeruginosa (Gao et al.
2018). The 5-carboxyfluorescein (FAM)-conjugated complementary DNA
(FAM-cDNA) hybridized in the absence of P. aeruginosa with partial aptamer
sequence, which led to the quenching of FAM fluorescence by graphene oxide
QDs (GOQDs). In contrast, the fluorescence of FAM was recovered in of aptamer
conjugated P. aeruginosa. The FAM-cDNA hybridized with the aptamer (present
with P. aeruginosa) to release of FAM-cDNA from GOQDs, which led to the
recovery of FAM fluorescence. On the basis of abovementioned FRET phenome-
non, linear response for P. aeruginosa sensing was achieved for 1.28 � 103 –

2.00 � 107 CFU/mL. This GOQDs-based fluorescence sensor exhibited an LOD
and response time of 100 CFU/mL and 2 h, respectively. This platform was also
applied successfully to detect P. aeruginosa in water, juice, and popsicle (Gao et al.
2018).

In another report on OTA immunosensor, aptamer (against OTA)-conjugated
AuNPs were tested for 25–300 nM of OTA to achieve an LOD of 22.7 nM (7 ng/mL)
(Lv et al. 2017). To fabricate AuNPs-based aptasensor for OTA, FAM-modified
aptamers were adsorbed onto the surface of AuNPs. The adsorption of aptamers on
AuNPs makes them stable even in high salts concentration (e.g., NaCl). On the other
hand, after attachment with AuNPs, FAM-aptamer fluorescence was quenched by
AuNPs. On the contrary, the conformation of FAM-aptamer changes to binds with
OTA, which caused the recovery of FAM fluorescence signals. The process of OTA
interaction with FAM-aptamer led to the AuNPs aggregation under high salt levels.
Thus, the sensing signals can be obtained from the FAM (fluorescence signals) and
AuNPs (colorimetric signals) to determine the presence of OTA.

Another toxic allergen AFB1, readily produced by fungi has also been targeted
through aptamer-conjugated QDs fluorescence immunosensors (Sabet et al. 2017).
Upon addition of citrate-AuNPs into the test solution, the aptamers (conjugated with
QDs) adsorbed on the surface of citrate-AuNPs, which caused quenching of QDs
fluorescence (Sabet et al. 2017). After the addition of analyte molecules, i.e., AFB1
is added, the aptamer specifically binds with AFB1 leaves, which released AuNPs
and hence recovery of QDs fluorescence. On the basis of QDs fluorescence recovery,
10–400 nM (30–125 ng/mL), of AFB1 was sensed by this system with LOD value of
3.4 nM (1 ng/mL) in rice and peanut samples. The optimum response time for this
sensor was reported to 15 min. The performances of nanomaterials in the form of
fluorescent sensors are shown in Table 11.4.

Overall, diverse materials from semiconductor to metal nanostructures (alone or
in combination of other nanomaterials) have been tested for fabrication of
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fluorescent nanobiosensors for food contaminants. These sensors usually work on
the decrease or increase in the nanoprobe fluorescence in the presence of target food
contaminant.

11.4.3 Piezoelectric-Based Immunosensor

The QCM-based sensors usually work on the piezoelectric principle and exhibit
great potentials in the development of label-free immunosensor (Cervera-Chiner
et al. 2018; Cervera-Chiner et al. 2020). However, a scanty research is available on
the utilization of nanomaterials-based piezoelectric immunosensor for food
contaminants (Table 11.5). In majority of nanomaterials-based immunosensors,
gold-based structures were majorly explored (Karczmarczyk et al. 2017; Haddada
et al. 2018) . For example, in a study on piezoelectric sensor, Au- or Si-coated quartz
crystal sensor chip was modified by AuNPs to detect SEA (Haddada et al. 2018). It
was speculated that AuNPs increased the surface area of the working electrode and
modify surface topography to improve accessibility of binding site of the biosensor.
Anti-SEA was immobilized via affinity interaction on protein A-modified AuNPs.
The AuNPs-based direct QCM sensor was found more sensitive (e.g., LOD ¼ 8 ng/
mL), when compared to the non-AuNPs-modified QCM-immunosensor
(LOD ¼ 20 ng/mL). Furthermore, the sandwich assay was performed with exhibited
lower LOD, i.e., 1 ng/mL for SEA detection (Haddada et al. 2018). A similar
observation was realized for the immunosensing of AFB1 by electrochemical
QCM-based immunosensor developed by covalent (EDC/NHS linker) immobiliza-
tion of anti-AFB1 on the AuNPs surface (Chauhan et al. 2016). The interaction of
AFB1 with anti-AFB1 was monitored in the form of current and frequency change in
QCM. The increase in the AFB1 levels increased the current and frequency of the
QCM sensor. This QCM sensor exhibited a good LOD of 8 pg/mL for AFB1
detection (Chauhan et al. 2016).

The AuNPs were also involved in the amplification of sensing signals of
QCM-based immunosensors. For instance, AuNPs-conjugated secondary antibody
(Ab2-AuNP) was used to amplify the weak signals of OTA QCM sensor
(Karczmarczyk et al. 2017). In this case, the sensing of OTA was achieved by
incubation of toxin containing samples with primary antibody (Ab1). In the presence
of OTA in test sample, OTA-Ab1 complex was formed, which was removed in
subsequent washing steps. As a result, the binding of secondary antibody (Ab2)-
AuNPs was less. Correspondingly, the sensor displayed a mass gain in comparison
to the samples without OTA. The resultant change in the oscillation frequency was
used to determine OTA with 0.16 ng/mL LOD (Karczmarczyk et al. 2017). Simi-
larly, AuNP-conjugated Ab-based sandwich immunoassay displayed an LOD value
of 150 CFU/mL for Campylobacter jejuni (a food-borne pathogen) (Masdor et al.
2016). In another study, QCM sensing of C. jejuni was performed with two anti-
C. jejuni. The first anti-C. jejuni was conjugated on the surface of QCM sensor,
while second anti-C. jejuni was linked with MNBs; the attachment of antibodies
with magnetic beads was helpful for their easy removal from the sample (Wang et al.
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2018a, b). The C. jejuni from sample was allowed to sandwich between these two
anti-C. jejuni to form an immunocomplex on QCM electrode. Subsequently, anti-
rabbit Ig G (from goat) conjugated with gold was allowed to bind with above
immunocomplex. Both MNBs and AuNP-conjugated antibodies amplified the signal
of QCM sensor by increasing mass change and hence the relative frequency shifts.
The sensor could detect C. jejuni with LOD value of 20–30 CFU/mL (Wang et al.
2018a, b).

In another study, piezoelectric immunosensor was used to detect AFB1, where
anti-AFB1 conjugated with glucose encapsulated nanoliposome for signal augmen-
tation (Tang et al. 2018). The QCM gold chip surface was modified and activated
with dextran and AFB1-BSA-concanavalin A (Con A), respectively. After the
addition of anti-AFB1-nanoliposome on modified QCM electrode, it formed
immunocomplex with AFB1. In the subsequent step, Triton X-100 was added to
the aforementioned immunocomplex. The addition of Triton X-100 led to the
bursting of nanoliposome to release encapsulated glucose. Further, due to strong
affinity of Con A toward glucose than the dextran, AFB1-BSA-Con A established
interactions with the glucose and detached from the QCM gold chip. However, in the
presence of toxin, AFB1 competes with toxin present in the samples to interact with
the antiAFB1-nanoliposome present on QCM surface. Consequently, on the basis of
amount of AFB1 toxin present in the test sample, less amount of AFB1-BSA-Con A
was detached from the QCM surface, which led to the increase in the frequency of
QCM electrode. This QCM sensor exhibited an LOD value of 0.83 ng/kg for AFB1
(Tang et al. 2018).

All the abovementioned immunosensors (electrochemical, optical, and
QCM-based) displayed excellent performances for the detection of food
contaminants. In the context of futuristic sensors, the portability and applicability
of these sensors can be further improved by incorporation of new technologies. Out
of several key methodologies, the paper and smart phone-based sensor exhibited
tremendous potential to be used in the futuristic immunosensors (Rateni et al. 2017;
Lu et al. 2019; Mahato and Chandra 2019; Purohit et al. 2020a, b). The involvement
of these new technologies in immunosensors will be highly beneficial for the
development of point-of-care devices.

11.5 Conclusion and Future Prospective

The nanomaterials are found to enhance the sensing characteristic of an
immunosensors to a great extent. A number of carbon nanomaterials and metal/
metal oxides/metal sulfides have been examined successfully as a part of
immunosensors for food contaminants sensing. These nanomaterials are found
excellent in improving sensitivity, portability, response time, and procedural steps
for the analysis of diverse food contaminants. The nanomaterials are mainly
employed for the immunosensing of food contaminants via electrochemical, optical,
and piezoelectric approach. All the explored sensing approaches are efficient enough
to detect the food contaminants below the allowed limit. These nanomaterials,
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especially metal nanostructures are also capable of fabricating sensors as simple as
paper strip. Such paper strips are excellent in performing the food contaminant
analysis in a very simple manner. Likewise, easily readable signals were generated
by the ECM-IS in response to food contaminants. Overall, the nanomaterials-based
immunosensors can be the future of the easy, sensitive, and rapid sensing devices for
food contaminations. Moreover, by manipulating the biorecognition element, these
sensing devices can also be applicable for other potential sensing services, e.g.,
detection of diseases, pathogenic microorganisms, pollutants, explosives, and haz-
ardous materials. Nonetheless, a number of gaps are still present in nanomaterials-
based immunosensors, which may restrict the point-of-care use of nanomaterials-
based immunosensor. The first and major aspect of immunosensors is the cost and
stability of antibodies. Due to expensive procedures, the final cost of antibodies is
very high, which can be suspected for increased cost of immunosensing. However,
the cost can be reduced by increasing the efficient production of antibodies. Like-
wise, for long-term stability, low storage temperature is needed for immunosensors.
The alternative molecules such as aptamers and synthetic antibodies can be helpful
in resolving the antibodies-related issues in immunosensors.

The cost of nanomaterials can be counted as another hurdle in the fabrication of
cost-effective immunosensors. However, it can be assumed that in future the
increased production of nanomaterials can lower their cost. In addition to that, on
the basis of types of food, a variety of components are present in food, which may
hinder the final sensing signals of an immunosensor. So, these sensing devices
should be examined on complex food samples to test their applicability on extended
range of food products.

A very few nanomaterials-based immunosensing devices are present in the
market; the future research should be oriented for the development of
immunosensors as per the market need. It will increase the commercialization aspect
of these sensors. Moreover, nanomaterials array-based immunosensor can be the
focus of upcoming research to detect multiple analytes by a single device.
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Role of Analytical Techniques in Food
Quality Control and Safety 12
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Abstract

Food quality control and analysis have many attributes that are discussed in this
chapter. Quality and safety are the major parameters in any food industry, the
importance of which is discussed in this chapter. Food analysis involves various
steps along with different methods, the selection of which depends on various
factors such as composition of food product which are mentioned in this chapter.
The brief overview of different analytical techniques including sample prepara-
tion techniques, general analysis techniques, determinative and separation
techniques, biological techniques, rheological techniques, radiochemical and
electrochemical techniques, and their selection methods are also discussed in
this chapter.
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12.1 Quality and Safety

Food is any product or substance, which when eaten by human or animals provides
them energy in the form of nutrition. It is considered to be the most important and
basic need of any living being, which comes prior to other basic needs like clothing
and shelter. Food, when consumed serves various functions in body, such as it is
responsible for body’s maintenance, growth, repairment as well as reproduction
(Rajput et al. 2019). Thus, quality along with the safety of food is among the crucial
parameters for underdeveloped, developing, and developed economies. The quality
of food determines its characteristics which are desirable and are acceptable among
the customers. These characteristics can be chemical, physical, sensory (e.g. smell,
taste) or convenience (e.g. steps in preparation). Therefore, it can be undoubtedly
stated that the term food quality applicable over broader range than food safety.
Hazard free or food safety is one of the most important parameter of the food quality
system. Setting up the measures to achieve consistent quality is not just an option in
any industry but every batch must reach up to the quality standards as set by the
industries, thereby maintaining the consistency in quality. These systems somehow
are mandatory by law while some are implemented voluntary by the members of
food chain in industry (Sikora and Strada 2005).

Nowadays, consumers are exposed to diversified range of food products due to
increased international trade of different food products, as a result of which, the
consumers are getting prone to various risks associated with food safety. Thus,
FSMS (Food Safety Management System) which includes GMP (Good
Manufacturing Practices), HACCP (Hazard Analysis Critical Control Points), and
GHP (Good Hygiene Practices) needs to put proper vigilance over the food hygiene
and its supply. In recent years, the trend for implementation of these systems has
come into existence in different countries. Despite this, the public health issues are
still prevailing and are continuously arising along with other food-borne diseases.
These food-borne diseases generally produce symptoms related to gastro-intestinal,
the severity of which may result in organ failure or may cause cancer (Oldewage-
Theron and Egal 2016). These food-borne diseases have emerged as a global health
challenge for public due to various reasons. While the former diseases are cured from
time to time but the new threats emerge continuously. Also, due to increased length
of food supply chain and its globalization, various food items are available through-
out the world, which in turn is responsible for spreading of pathogens to various
geographical regions, and therefore the consumers get exposed to such unfamiliar
food-borne diseases in such a new environment. Besides this, changes in
microorganisms in different environment have led to evolution of novel pathogens
which are resistant to antibiotics. The food usually prepared outside the home in poor
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hygienic conditions poses greater risk for causing the food-borne diseases (WHO
2008). Thus, there is an urgent need to establish the reliable sanitary-surveillance
system for identification of risk analysis, potential hazards and to control the spread
of food-borne disease (Camino Feltes et al. 2017). However, majority of government
across the globe are concerned for the persisting issues of food-borne diseases and
are putting their efforts to solve this problem.

Protection of the consumer is the most important parameter and ultimate goal of
any food industry in terms of its quality control and in order to ensure these protocols
in terms of consistency and reliability. Several sets of laws, rules, and regulations
have been made which covers different acts that affect the market in one form or the
other. As discussed above, these include HACCP, GMP, GHP, along with various
federal laws, regulations, and regular inspections related to factory, import, and
export. These systems comprise of systematic approach which assures the particular
traits of food product at particular stage of manufacturing, production as well as
distribution.

GMPs or good manufacturing practices are the set of regulations that are to be
followed and must be fulfilled during the manufacturing process that assures the
safety of the food being produced. In a similar way, GHPs or good hygienic practices
are the set of regulations that are to be followed to maintain proper hygienic
conditions which should be monitored during all the steps of food chain and this
in turn assures the safety of food. The prerequisites of good manufacturing practices
and good hygienic practices when incorporated together forms another broader term
related to food safety assurance system, called HACCP or hazard analysis and
critical control point, the relation of which can be illustrated through Fig. 12.1.
HACCP is a systematic method which assures food safety. It functions by identifi-
cation, evaluation, and controlling the food hazards. It acts as a tool for the safety and
management of product, which is further, linked with various management systems
as given in Fig. 12.2. The complete HACCP system includes overall 12 stages,
which is further composed of 7 principles and 5 preliminary tasks, which are as
follows:

Fig. 12.1 Diagram
illustrating the relationship
between GHP, GMP, and
HACCP (Sikora and
Kołożyn-Krajewska 2001)
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12.1.1 Principles of HACCP

• Conduct hazard analysis.
• Determination of CCP, i.e. critical control point.
• Establishing the critical limits.
• Establishing the monitoring protocols.
• Establishing the corrective actions.
• Establishing the verification protocols.
• Documenting and record keeping.

12.1.2 Preliminary Tasks of HACCP

• Assembling of HACCP team.
• Food description and distribution.
• Description regarding the intended use of food to the consumer.
• Developing the flow diagram describing the process.
• Verification of flow diagram.

Several parameters are taken into consideration and are evaluated by various
instruments to ensure the proper quality of the food products, viz. physico-chemical
parameters, rheological parameters, phytochemical parameters, and packaging
materials.

Pre-requisite programmesHACCP

Total Food Safety

Quality Management System

� HACCP Study

� HACCP Plan

� HACCP Team

� Training and awareness

� Commitment

� Hygiene

� GMP

� Sanitation

� Pest control

� Preventive 

maintenance

�SQA

�SPC

�Complaint 

management

�Recall

Fig. 12.2 Food safety within the QMP (Quality management programme)
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12.2 History of Utilization of Analytical Techniques in Food
Quality Control and Safety

Since 2500 years back, prevention of meat and meat products was done by Egyptian
and Mosaic laws. At the same time around 2000 years back, countries like India had
established the regulations for pro by Egyptian and Mosaic laws. At the same time
around 2000 years back, countries like India had established the regulations for
prohibiting adulterations in fats and grains. It was mentioned in the books of Old
Testament to restrict the consumption of the meat of such animals which were not
slaughtered and died of unnatural cause. Regulated weights were used for measure-
ment purposes. As per the records mentioned by Lasztity et al. (2004), wines were
inspected and control on beers was done just to ensure the purity and quality of these
commodities. Roman government had strict control over the supplies of food and
helps the customers to prevent themselves from fraudulence and bad quality. How-
ever, it was still observed that during scarce conditions, there was resultant increase
in the demand and enhanced fraudulent practices were observed (Adamson 2004).

During the middle ages, tradesmen with specific speciality were given
responsibilities to control and supervise the quality of products. For instance,
specific troops were deployed in 1419 to prohibit the blending of wines collected
from various geographical regions. Different countries opt different ways for
controlling the food quality in one form or the other, just in order to assure the
safety to the consumers. Later in eighteenth century, concept of chemistry came into
focus, where the chemistry was used as analytical tool against the adulteration
practices. Robert Boyle proposed the use of specific gravity’s principle to detect
the adulteration in various foods (Adamson 2004).

In the mid of the nineteenth century, periodic standardization was done in an
organized manner for various analytical techniques. This was the time when the
industries were not limited to specific regions but started spreading themselves to far
off places. This was basically the period of ‘Industrial revolution’ when the
industries started expanding themselves in various fields without following proper
hygiene and sanitization. The society changes from rural to urban, domestic factories
got converted to food factory system thereby placing strains on production and
distribution of food. Adhering to such changes within such a short span, poverty
came into existence leading to the development of various health issues among the
population. Unfortunately, the awareness regarding the adulteration, hygiene, and
quality was limited and was not taken into that much consideration. In 1858,
municipal services were set up in Amsterdam to control beverages and foodstuffs.
This was later followed by England in 1860 and with this the first modern food law
was introduced in the world, i.e. ‘An act to prevent Adulteration of Foods and
Drinks’. The scientific approaches were made with this act to tackle the problems
related to food and analyst was appointed to check the purity of drinks and foods
(FAO 1999). Few years later, municipal services were established to control the
drinking water. Various laws were then established in different countries like
Belgium, Austria, Hungary, Italy, etc. Various institutions were established working
on food quality and inspection. The efficacy of such institution can be measured by
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the reports of food and drug inspection, which records for controlling 176,000
samples, of which 11,000 were adulterated. The major activities based on quality
and safety was observed in industrialized nations and countries like Canada, the
USA, and Australia enacted these laws.

During the twentieth century, there occurred substantive development in India.
Various laws related to adulteration of food and quality control were amended to
ensure consistency in the quality of food articles sold in country from 1919 to 1941.
Prevention of Food Adulteration Act was enacted in India and was then amended
later on, which is still applicable. Other nations such as Portugal and Spain also
amended their laws with significant differences and efforts are still being made after
a number of amendments to harmonize these laws with proper functionality. It is
quite obvious that there is still need of adjustments in various regulations as
conditions at present varies from the past, when these regulations were made.
Also, soon after the industrial revolution, there felt the need of developing such
mechanisms that detect frauds and maintain financial accountability, the conse-
quence of which, investors started depending on the financial organizations
associated with the joint stock market. The concept of auditing was made mandatory
after the crash of stock market in 1929. Along with establishments of modern
standards, BRC, i.e. British Retail Consortium Global Standards were introduced
which aimed to protect the consumer’s health. It offers consistency, upgrades the
supplier’s standard, and helps in preventing the product from failure, thereby
reducing the units of audits to be performed in manufacturing units.

12.3 Importance of Quality and Safety in Food Industry

Quality is considered to be the most important parameter in any product’s market
success. Earlier, the quality of food defines the lack of defects in it. Food safety is
another important parameter in food industry that comes after assurance of food
quality. It is the first ever demand and expectation of the consumer that the food he
eats should be of good quality and must be safe. It is considered as integral part of
food security. FAO defines food security as a situation where all people have
constant physical, economic, and social access to food, which accomplish the
nutritional requirement of an individual (World Health Organization 2020). For
end users, i.e. customers, food safety is considered as the valuable parameter of
food quality. Customers from the industrialized countries demand the product with
consistent and high quality throughout the time. Various strategies have been opted
by various governing bodies and food industries to ensure food safety due to
increased risk of contamination. Examples of such contamination include unautho-
rized or illegalized food ingredients in various food supplements, melamine in
different milk products, mercury-tainted milk powder, carbendazim’s presence in
juices, especially that of orange juice, etc. The food is considered unsafe mainly due
to the three hazards, viz.
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(a) Physical hazard—includes extraneous matter such as insect matter, wood, metal,
and glass.

(b) Chemical hazard—includes the presence of toxic chemicals such as herbicides,
pesticides, and insecticides.

(c) Biological hazard—includes the presence of harmful microbes such as Salmo-
nella and Listeria.

However, it is solely the responsibility and duty of manufacturer to eliminate the
foreign particles from the produce he produces, which can be done by practising
strict good manufacturing practices. The ultimate aim of following all these
protocols is to ensure the safe delivery of products from farm to fork. The relation
between quality control, quality management, and quality assurance is given in
Fig. 12.3.

The major objective of HACCP is to prevent the human from the risks associated
with food and to prevent the adulteration of food by various control measures in
various steps of production as various health hazards are usually related with each
step. It is applicable to every single step in production process, beginning from the
cultivation of animal or plant (i.e. primary production process) including processing,
manufacturing by the industry till its consumption by the customer. Various
programmes like good manufacturing practices and other prerequisite SOPs (Stan-
dard Operating Procedures) should be established and followed before the imple-
mentation of HACCP (de Oliveira et al. 2016). Beside this, various other factors are
also responsible for variability in the quality of finished products, for instance,

Fig. 12.3 Relation between
QC, QA, and QM
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defects in equipment, technologies, or methods used in process. Proper use of
statistical process is a must to ensure and assure the good quality of the product.

The loopholes in food quality and safety, if not handled and managed properly
may lead to social, economic and environmental consequences. As per the reports of
WHO 2002, waterborne and foodborne diseases have consumed around 2.2 million
lives, out of which 1.9 million were children. Outbreak of these diseases causes
damage to trade, tourism which ultimately leads to unemployment and loss of
earning among the population, resulting in social disturbance in the society. The
prevalence of these diseases in countries highlights the major food safety concerns
(WHO 2007). Besides targeting the people’s health, these foodborne diseases also
pose some economic consequences. They directly or indirectly impose burden on
hospitals and other healthcare systems. According to a study in the USA, around
6.5–35 billion US dollars were spent in year 1995 to tackle 3.3–12 million cases
suffering from foodborne diseases. Annual cost expenditure on healthcare system in
European Union is about 3 billion euros, which persists solely due to Salmonella
infections. Also, it is well understood that due to increased international food trade,
the distance of the farm, from where the food was produced to the end user,
i.e. customer has no longer been same. Thus, utilization of resources, energy, and
exhaustion of gases (GHS) during the processes including consumption, transporta-
tion, and other factors is unavoidable. Therefore, the concept of food miles (distance
from farm to end user), food chain should be sustainable so as to reduce the indirect
burden on the environment. Food spoilage is another issue which arises due to poor
quality and safety of food. Usually, every food product has limited shelf life and is
perishable. High-quality food needs rapid minimal temperature conditions during the
processing, the temperature abuse of which may lead to microbial growth, thereby
causing spoilage of the food and onset of foodborne illness. According to Interna-
tional Institute of Refrigeration, around 300 MT of the produce is wasted annually
because of improper refrigeration. Such big wastage of food along with resources is
a big environmental persisting issue. Thus, considering the proper importance of
food quality and safety in mind and by following the strict hygienic practices, these
social, economic, and environmental loses can be overcome.

12.4 Steps in Food Analysis

Food analysis is said to be completed after completion of a number of steps, viz.
sample preparation, performing analytical procedures, statistical data analysis, and
reporting. The first step in food analysis starts from sample collection followed by
sample preparation, which is further followed by performing of various analytical
procedures. The selection of the sample should be done in such a way that it must
represent the whole population. ‘Population’ refers to whole material, the properties
of which have to be analysed, while ‘sample’ refers to some fraction of the selected
population. The sample may be either one or more selected from the variable region
of same population. The amount of sample is usually increased by keeping in mind
the size of population. Further ‘laboratory sample’ is the one which is subpart of the

326 V. Kumar et al.



sample obtained from the population due to its larger size. This fraction is actually
used for the laboratory analysis. The analyst should perform this task with very
precise and accurate measurements in order to obtain the accurate results. Also, this
fact cannot be denied that the samples provide only the estimate of true value of
whole population.

12.4.1 Sample Preparation

Before getting the sample ready for analysis, there are many other terms that need to
be focused on. These includes sample size, sample location, and sample collection.
Sample size is mainly dependent upon the expected disparity in properties of a
population so that the sample may be able to represent whole of the population.
Subsamples are taken in cases where the population size is too large and is
performed till the ratio of good and bad sample lies under the predefined value, on
the basis of which the population can be rejected or accepted. In case of homogenous
population, sample location doesn’t interfere with the result as all the subsamples
possess similar properties. However, in case of heterogeneous populations, the
location of collection of subsamples extremely matters. In such cases where there
is heterogeneous population of large size, random sampling is preferred as there are
less chances of human bias in it. Other parameters of sample location includes
systematic sampling, in which the samples are taken from systematic time or
location, say every eighth box from the batch to be analysed or sample to be
collected from conveyor belt after every single minute; judgement sampling, in
which subsamples are taken from the population by experience and judgement of
the analyst. The collection of sample can be done either manually or by sampling
devices. Picking the samples from conveyor belt or taking out samples from the sack
using special containers or cups is a commonly practised example of manual
sampling (Lazzaro and Pike 2014).

12.4.1.1 Homogenizing the Sample
Once the sample is collected by above-mentioned means, making the sample
homogeneous is the very next step. The samples collected from the population are
usually heterogeneous in majority of the cases and therefore, there is higher proba-
bility of variation in properties of samples collected from different location from
same population. It is therefore compulsory to have the samples in homogeneous
before they are analysed. Homogenization can be performed by the use of various
mechanical devices depending upon the type of food (liquid, semi-solid, or solid).
Usually mixers, slicers, blenders, and grinders are employed as mechanical devices
for homogenization purposes. Other methods for homogenization include chemical
methods where strong acids, base, and detergents are used; enzymatic method
involves the use of enzymes like lipases, proteases, cellulases, etc.
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12.4.1.2 Reducing the Sample Size
The homogenized sample is used to draw the manageable portion which is known as
laboratory sample. This laboratory sample represents the properties of population
and is used for further analysis.

12.4.1.3 Preservation of Sample
After the collection of sample, it is necessary to preserve the sample so as to maintain
itself in its original form. Delaying in preservation of sample may lead to significant
changes in sample, which may be physical, chemical, microbial, or enzymatic.

• Physical changes include loss or gain of moisture due to evaporation or conden-
sation, disturbance in structural properties. The extent of physical changes can be
reduced by means of adjusting the temperature where the sample is kept and by
controlling the forces it experiences.

• Every sample contains loads of microorganisms in them, which exceeds above
the safe levels, if not kept properly, leading to spoilage of the sample. Various
treatments such as heat treatments, drying, freezing, and chemical preservatives
can be used alone or in combination to limit the extent of microorganisms
growing in food.

• Many food samples contain enzymes that may lead to various changes in
properties of food before analysis is performed. Such enzymes include lipases,
cellulases, and proteases. This ultimately ends up by providing erroneous data.
Therefore, these enzymes must either be eliminated or inactive soon after the
collection of samples, which can be done by the use of chemical preservative,
heat treatment, freezing, drying, or combination of these, depending upon the
type of sample.

• Samples rich in fat content may be prone to lipid peroxidation. Various factors
such as elevated temperature, light exposure, pro-oxidants, and oxygen increase
the rate of these reactions leading to spoilage of the sample at much faster rate.
Such samples with higher content of unsaturated lipid can be stored under inert
gas packaging such as nitrogen in dark rooms at refrigerated temperatures
(Nielsen 1998).

12.4.1.4 Labelling the Sample and Its Identification
Samples should be labelled carefully from the very first day it is obtained so that if
the problem persists during later stages, its origin can be identified. Following
information is to be labelled before keeping the sample to storage:

(a) Description of sample
(b) Time when the sample was collected
(c) Location of sample
(d) Name of the person responsible for sample collection
(e) Selection method of sample
(f) Unique coding of sample
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The analyst performing the tests should maintain a notebook in which detailed
documentation of sample selection, its preparation procedures, and other results are
to be recorded. As stated above, the samples must be labelled with unique code, the
details of which should be properly recorded in the notebook by the analyst, so that
in case if problem arises in future, the sample can be easily identified.

12.4.2 Analytical Procedures

Various analytical methods such as mass spectroscopy, liquid chromatography, gas
chromatography, infrared spectroscopy, polymerase chain reaction, and many other
analytical methods are widely used to assess the quality of food products (Tang et al.
2019). The detailed description regarding various analytical techniques and their
selection for analysis of food is discussed later in this chapter.

12.4.3 Data Analysis and Reporting

Number of measurements is done on same sample to obtain the best value of data
which indicates the value’s reliability. Various techniques are used which enable us
to gather the information of the laboratory sample, such as measure of central
tendency, measure of spread data, sources and propagation of errors, rounding of
significant figures, standard curves, and regression analysis. Measure of central
tendency is the most commonly practised parameter. It gives the mean value that
represents the overall properties for the number of measurements. Though it is not
sure that which value is nearest to the true value, therefore we measure the mean
using all the values and represent the result in the form of mean. Mean of the data is
considered as the best estimated experimental value derived from measurements.
Mean is calculated using the equation:

x ¼ x1 þ x2 þ x3 þ . . . . . . . . . . . .þ xn
n

¼
P

xi
n

where x  ¼ mean, x1 + x2 + x3 + . . .. . .. . .. . . + xn ¼ individually measured values,
n ¼ number of measurements.

Median is another method that is used for determination which depicts the mid
value of numbers within the group. Usually few values of the experiment lies above
the mid value while other lies below it. Median is not commonly used as mean is
considered as superior estimator.

The measure of spread of data depicts the closeness of the repeated
measurements. Standard deviation is used as measure of spread in experimental
measurements. Following equation is used to determine the standard deviation
during experimental measurement:

S:D: ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1 xi � xð Þ2
n� 1

s

12 Role of Analytical Techniques in Food Quality Control and Safety 329



where SD is standard deviation, ∑ is to sum, Xi is each score in distribution, x  is
sample mean, n is number of cases in sample.

Sources of errors—Accuracy as well as precision are considered to be very
important in all analytical determinations. Also, it is impossible to expect that
analytical technique will be entirely error free. The best we can expect during
analytical measurements is less variation and consistent data. Errors can be classified
as determinate or systematic error, indeterminate or random error, blunder or gross
error. Systematic error produces result which deviates consistently from expected
value in one or the other direction. It is not only difficult but also time consuming to
identify the source of such errors as it may happens due to inaccurate instruments or
devices. For instance, an impaired pipette consistently delivering the incorrect
amount of reagent and gives the result with high precision but would be ultimately
inaccurate. Sometimes the quality of chemicals is the issue creator, poor quality, or
impure chemicals give improper results. Such systematic errors can be overcome by
timely calibration of the instruments, running blank samples, etc. indeterminate
errors or the so-called random errors always there in an analytical measurement.
As the name suggests, these errors fluctuate randomly and are unavoidable. For
instance, detection of end point during titration, using of pipette, reading analytical
balance, all these causes random errors. Although it is difficult to avoid such errors,
but fortunately these are usually small. Gross errors produce the results with values
that are too far from the true value. Using wrong reagent, incorrect techniques cause
such errors. These blunders or gross errors can be identified and corrected easily
(Garfield 1991).

Rejecting data—Sometimes it is observed that while performing an analytical
experiment, one of the observation is deviated too much from the mid value and
other value which might be due to blunder in the protocol. In such cases, that
particular value can be rejected and is considered to be incorrect. For such type of
cases, Q-test is usually performed in order to decide either to accept or reject that
particular value.

Q ¼ XBAD � XNEXT

XHIGH � XLOW

where XBAD is questionable value, XNEXT is next closet value to XBAD, XHIGH is the
highest value of data set, XLOW is the lowest value of data set.

It is to be noted that sample can be rejected if Q-value is greater than given value
in Q-test table for number of samples that are to be analysed (Nielsen 1998).

12.5 Selection of Analytical Methods for Food Analysis

Food analysis or the analysis of food is an interdisciplinary approach as it includes
the impact of various spheres including health, economic impact as well as societal
impact. The chief objective of analysing any food material is to ensure that the food
which is supposed to be consumed by the consumer is appropriate and acceptable in
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terms of its chemical constituents, quality aspect, organoleptic properties, safety, and
also the nutritional value. There are major factors which can play in significant role
in affecting the molecular and chemical composition of food products such as
geographical distribution, genetic origin, environmental conditions, farming
practices, breeding, soil fertility, water quality, processing conditions, presence of
adulterants as well as any type of contaminant can affect the food material. There-
fore, the proper analysis of food products is very essential as it can pose a significant
effect on the health of consumers. Till date, it has not become possible to establish a
single perfect method for analysing each and every component of food so the
different analytical methods are used in association with each other to come to a
final conclusion. Taking this into consideration, researchers and scientists are trying
to develop a reliable, powerful, and relatively inexpensive analytical tool in order to
analyse the quality and quantity of food products rapidly and at the same time, the
results should be accurate too. Mass spectroscopy (MS), liquid chromatography
(LC), gas chromatography (GC), infrared spectroscopy (IR), capillary electrophore-
sis (CE), enzyme-linked immunosorbent assay (ELISA), polymerase chain reaction
(PCR), and nuclear magnetic resonance spectroscopy (NMR) are some of the most
widely and extensively used analytical methods to assess and analyse the quality of
food products (Tang et al. 2019).

Selection of a particular type of analytical food for carrying out food analysis
largely depends upon certain inherent characteristics such as specificity, selectivity,
precision, and accuracy. The food analyst must address any kind of interferences
among the different properties of food, ensure high degree of specificity, variability
of test results, percent recovery of the sample to be measured, and must compare the
method being employed with the standard or traditional method of food analysis in
terms of accuracy. Moreover, there are some other factors also which affect the
selection of a specific type of analytical method to be used such as sample size,
reagents, equipment, cost of method, usefulness in terms of time requirement,
reliability as well as the need of method. The food analyst must ensure that the
sample size must fit his needs as it should neither be too small not too large. At the
same time, the sample should fit the equipment or glassware intended to be used for
the procedure. The stability of equipment and reagent is equally important while
selecting a suitable analytical method as it must be addressed whether the equipment
being used is able to withstand temperature and pressure conditions or not. Cost of
the analytical method to be employed must be taken into consideration as it should
be apt in terms of reagents, equipment as well as personnel. Thus, these points are
quite advantageous in order to evaluate the suitability of any particular analytical
method being considered (Nielsen 2017).

Objective of the assay or measurement plays a major part in the selection of
appropriate analytical method. For instance, in case of a rapid processing measure-
ment, a less reliable and less precise method can be employed rather than using an
official or stand test method. On the other hand, the official, reference, definitive, or
primary methods are employed in settings or analytical laboratories which are very
well equipped and have trained personnel. It is a common practice among the food
industries and companies that they use the rapid and unofficial analytical methods as
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they are less time consuming and then validate their results against the standard or
official analytical test procedures. For example, the moisture content can be deter-
mined using a calibrated moisture balance rather than hot air oven method which is
more time consuming (Wetzel and Charalambous 1998).

Another major factor affecting the selection of analytical method include the
characteristics of food constituents as the chemical components of food matrix such
as carbohydrate, protein, and lipids affect the performance of several analytical
methods. For instance, it has been reported in research studies that different types
of disturbances are observed in the high-sugar and high-fat food products as com-
pared to the low-sugar or low-fat food materials. Therefore, it is possible that the use
of multiple analytical techniques may be required rather than a single technique for a
specific food component owing to the complexity of food materials. The nature of
food matrix or food system determines the digestion trials as well the extraction steps
required for the accurate and precise analytical test results. A schematic layout of the
food matrix (triangle scheme) based on the chemical composition of food products
(carbohydrates, lipid, and protein) was suggested by AOAC International (Associa-
tion of Official Analytical Chemists) in which foods were categorized into different
levels and were rated as ‘high’, ‘low,’ or ‘medium’. These key nutrients, viz.
carbohydrates, fats, and proteins are known to have a significant effect on the
performance of any specific analytical method. By doing so, nine different
combinations of high, medium, and low levels of carbohydrates, fat, and proteins
were created which helps in determining the suitability of an analytical method based
upon the composition of food matrix (Ikins et al. 1993; Lovett 1997; Ellis et al. 1997;
Devries and Silvera 2001; Sharpless et al. 2004; Nielsen 2017).

Specificity, accuracy, sensitivity, and precision are the important characteristics
while selection of any analytical method. At the same time, the variability of the data
obtained from analytical method must be addressed considerably in order to detect
and accept the differences related to a specific characteristic to the consumer.
Sampling must be carefully done so to ensure that the number of selected samples
to be analysed is a representative of the whole population. The equipment used for
analysis must be appropriately standardized in order to obtain valid, accurate,
comparable, and reproducible test results. Moreover, any limitations or drawbacks
related to the performance of equipment must be addressed properly (Latimer Jr
1997; Nielsen 2017).

Method validity can also be determined by analysing the control materials or
samples (check samples) against the samples to be tested which is an important part
of quality control. These check samples services are provided by numerous govern-
ment and non-government organizations (NIST, IRMM, BCR, AACC, etc.) in order
to evaluate the dependability and reliability of any analytical method. The results so
obtained after the analysis are then evaluated statistically followed by its comparison
with other laboratory results to assess the degree of precision and accuracy. For
instance, control samples of cereals-based samples are available for the analysis of
ash content, moisture, protein, sugars, minerals, vitamins, total fibre (soluble and
insoluble), etc. Similarly, another organization, viz. AOCS (American Oil Chemists’
Society) offer check samples for oilseeds, marine oils, toxins (aflatoxin), minerals,
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specialty oils, and trace minerals for determining the suitability of fatty acid compo-
sition as well as for nutritional labelling. The data so obtained is then analysed by the
trained researchers from different countries to determine the degree of accuracy of
work done by the personnel (Ambrus 2008; Nielsen 2017).

It is not necessary to obtain the standard reference materials from outside
organizations only, instead the check samples can be prepared internally in the
laboratory as well because standard reference materials or the check samples are
an important tool to ensure the reliability and accuracy of any data obtained using
analytical methods. For doing so, the control sample of appropriate type must be
selected, gathered, mixed, and prepared so as to ensure uniformity. Moreover, the
packaging and storage must be done carefully and a routine analysis of the control
samples must be done along with the test samples. It is important that the sample
which is intended to be used as a reference or control must be similar to the food
matrix of test sample being considered for analysis (Nielsen 2017).

12.6 Brief Overview of Various Analytical Techniques

Currently, a large number of analytical techniques or methods are being used for the
analysis of food products for quality control. The various methods widely employed
in food processing industries and laboratories include techniques of sample prepara-
tion, biological, separation, spectroscopic, rheological, thermal, radiochemical, elec-
trochemical, and enzymatic analysis. Sample preparation technique involves
headspace, microwave-assisted extraction, supercritical fluid extraction, solid-
phase extraction, purge and trap, pressurized liquid extraction, flow injection analy-
sis, and microextraction. PCR, biosensors, recombinant DNA technology,
microbiological analysis, immunological assay, and others can be used as biological
techniques. Similarly, for the separation of different food components from a food
matrix or system, techniques like LC, GC, SDS/PAGE, supercritical fluid chroma-
tography, capillary electrophoresis, and LC-GC can be used. Techniques including
mass spectrometry, NMR, fluorescence, infrared, X-ray, ultraviolet, atomic spec-
troscopy, light scattering, electron spectroscopy, and circular dichroism can be
employed for the qualitative and quantitative analysis of food materials. Creep,
oscillatory shear, rheometry, viscometry, stress relaxation, normal stress, etc. can
be used to determine the rheological properties of food products. Differential thermal
analysis, DSC, thermogravimetry, and thermochemical techniques are used for the
thermal analysis. Radiochemical and electrochemical techniques involve radioim-
munoassay, isotropic method, radiochemical, radiometric, radioisotope, radiotracer,
radiolabelling, biosensors, voltammetry, potentiometry, amperometry, polarogra-
phy, conductometry, and coulometry. AACC International has also listed the
procedures for the quantitative analysis of food materials including ash content,
moisture, acidity, amino acid composition, crude fat, fibre, nitrogen, reducing sugar,
total sugar, vitamin, mineral, and physicochemical tests (Cifuentes 2012). A brief
overview of the various techniques is represented in Table 12.1.
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Table 12.1 An overview of various qualitative and quantitative analytical techniques

Sr.
no

Analytical
technique Application Reference

A Sample preparation techniques
1. Subsampling • The most important and

potential source of error in
analysing any food material is
the sample selection.
• The test sample withdrawn
from the whole lot of sample is
the representable sample.
• The sample must be drawn
based upon the relationship of
test sample with the whole lot
of food.

Nielsen (1998), Cifuentes
(2012), Moldoveanu and
David (2021)

2. Compositing • The admixture of either two
or more than two portions of any
food material after subsampling
is known as compositing.
• The average of normal
variation between the two
different samples is done as a
result of compositing.
• It is essential that the
individual samples selected by
using subsampling technique
should have same size, volume,
and weight so as to make the
sample homogenous and
uniform in nature.

Nielsen (1998)

3. Chopping,
grinding, mixing

• The type of equipment used
for the physical and mechanical
processing of food products
depends largely upon the food
product to be treated as well as
the moisture content of food.
• The various equipment
involved in this technique
include mechanical choppers,
grinders, mixers, mill, and
blenders.
• The food analyst must ensure
that the mechanical process
should prevent any changes in
the food product as it can result
in inaccurate and biased
analytical results.

Nielsen (1998)

4. Freezing and
thawing

• Freezing is done to prevent
any change in a food prior to
analysis or to reserve storage.
• The composition of the food
should not be changed while

Nielsen (1998)

(continued)
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Table 12.1 (continued)

Sr.
no

Analytical
technique Application Reference

thawing; therefore, it should be
done gradually, without giving
heat and in a closed container so
as to reserve the moisture content
of food.

5. Microwave-
assisted extraction
(MAE)

• This method involves the
extraction of compounds by
using microwaves and can result
in getting a higher yield in short
span of time.
• This technique is based on
the mechanism in which the
energy absorption takes place as
soon as the microwave is passed
through the solvent and gets
converted into thermal energy.
• Dipole rotation and ionic
conduction accompany the
heating caused by microwaves.
• MAE is superior as it can be
employed at the same
temperature by the use of less
solvent as compared to the
conventional extraction
techniques.
• This technique can be used to
extract various phenolic and
biological compounds such as
essential oils, organic acids, and
fatty acids.

Proestos and Komaitis
(2008), Sonar and Rathod
(2020)

6. Solid-phase
extraction (SPE)

• SPE technique is a method of
sample preparation in which a
fused silica fibre is coated with a
suitable stationary phase as a
result of which the analyte
present in the sample gets
extracted and concentrated onto
the fibre coating.
• This technique is cost-
effective in terms of solvent and
disposal cost as well as
saves time.
• This method is generally used
in combination with other
techniques like gas
chromatography and mass
spectroscopy and is used to
extract organic compounds
(volatile as well as non-volatile)

Kataoka et al. (2000),
Hanhauser et al. (2020)

(continued)
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Table 12.1 (continued)

Sr.
no

Analytical
technique Application Reference

from the biological,
environmental, and food
samples.
• It is applied for the analysis
of different aromatic and
flavouring compounds present in
the food samples.
• This technique can also be
employed in order to monitor the
water quality for the
identification of heavy metals
and other contaminants in water
samples.

7. Supercritical fluid
extraction (SFE)

• SFE technique involves the
use of supercritical CO2 for the
selective separation of desirable
compounds without causing any
degradation or toxicity of the
food product.
• It is used as an effective
technology for the quantitative as
well as qualitative analysis of the
constituents which are naturally
occurring and heat-labile in
nature.
• This technique can be used
for the separation of high-quality
essential oils (such as lemon oil,
rosemary oil, lavender oil) and
its derivatives, extraction of
edible fats and oils, antioxidants,
pesticides as well as for the
detoxification of shellfish.
• It is a promising technique for
the extraction of microalgal
compounds and thermolabile
molecules and at the same time
reduces energy costs by
preserving the natural properties
as well as qualities of
compounds considered to be
bioactive in nature.

Mohamed and Mansoori
(2002), Molino et al. (2020)

8. Flow injection
analysis (FIA)

• FIA technique is widely used
by researchers in order to analyse
the sulphite content present in
foods and beverages.
• It is a cheap, accurate, simple,
and quick analytical method by
using relatively less amount of

Claudia and Francisco (2008),
Bezerra et al. (2020)
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reagent, small sample volume,
less toxicity, and simple
instrumentation.
• It has been suggested through
research studies that the
implementation of FIA is
accompanied by an increase in
the throughput of analyte,
decreased losses, minimized
generation of waste as well as
less chances of contamination.
• The procedure involves two
phases, viz. the former being
extraction of sulphating agent
and latter involves the injection
of extracted sulphating agent into
the liquid extract and its
detection in the FIA system.

9. Pressurized liquid
extraction (PLE)

• This technique is also known
as accelerated solvent extraction
(ASE), pressurized hot solvent
extraction (PHSE), pressurized
fluid extraction (PFE), high
pressure solvent extraction
(HPSE), subcritical solvent
extraction (SSE) and high
pressure, high temperature
solvent extraction (HPHTSE).
• PLE involves the extraction
of compounds using solvents at
high temperature and pressure.
• This technique is considered
to be a green and sustainable
technique for extracting
bioactive compounds from its
natural as well as synthetic
sources. It is also used in the
detection of various bioactive
compounds present in different
food samples.
• Various contaminants
including polycyclic aromatic
hydrocarbons, polychlorinated
compounds, alkylphenols,
pesticides, metals, drug residues,
natural toxins, and other matrix
components like polyphenols,
essential oils, fat matter,
pharmacologically active

Carabias-Martínez et al.
(2005), Alvarez-Rivera et al.
(2020)
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compounds can be extracted by
using PLE technique as an
analytical method in food
analysis.

B General analysis techniques
1. Heating and drying • Various heating devices used

in laboratory include hot plates,
mantles, steam baths, water
baths, burners, convection oven,
vacuum oven, desiccator, etc.
• In order to ensure uniform
heating of sample, ovens are
most extensively used.
• Steam bath followed by oven
heating must be used for
extremely wet food materials as
steam bath treatment allows
evaporation of moisture prior to
drying.

Nielsen (1998), Cifuentes
(2012)

2. Ashing and
digestion

• The removal of organic
matter to obtain inorganic
residue by employing heat
treatment using muffle furnace is
known as ashing.
• It is used to determine the
total inorganic residues as well
as for the analysis of trace
minerals present in the sample.
• The major drawback
associated with dry ashing is that
it is generally difficult to extract
the metal completely from the
ignited residues.
• Another method involving
the destruction of organic matter
to estimate the inorganic residues
is by acid digestion in which
acids like H2SO4 and HNO3 are
used either individually or in
conjunction.
• Acid digestion technique
used for the analysis of metal
residue is accompanied with
high chances for the sample to
become contaminated.
• Grossbier and Schoenfuss
(2021) conducted a research
study to do the comparative
analysis between conventional

Nielsen (1998), Grossbier and
Schoenfuss (2021)
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digestion and microwave-
accelerated digestion (MAD)
method for the determination of
equivalency. It was concluded
that the rate of MAD was much
faster than the conventional one
for the sake of mineral analysis.

3. Extraction • Extraction involves the
partitioning of material between
two phases.
• Liquid–liquid extraction is
based upon the extractant
solubility in the two liquids. On
the other hand, liquid–solid
extraction is bit complicated due
to the physical occlusion of
extractant inside the solid
material (inert in nature).
• Extraction of fat content from
a meat sample is one example of
extraction technique where
Soxhlet unit is utilized. The
finely divided solid sample is
mixed with extractant (solvent)
which provides a good siphoning
action.
• Multiple extractions are often
necessary for the quantitative
analysis of food sample as a
single extraction may not be
suitable for partitioning of a
substance.

Nielsen (1998)

4. Distillation • Distillation (simple, steam,
and fractionation) is an analytical
method used for the purification
of a substance.
• Simple distillation involves a
liquid solution which is heated to
a temperature when vapours
begin to form followed by
condensation of vapours and its
collection.
• A steam distillation unit
consists of steam generator,
sample flask and a condenser.
Fractional distillation involves
the process of separating a liquid
mixture consisting of two or
more constituents with close
boiling points.

Nielsen (1998)
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• It allows the separation of
components on the basis of their
volatility.

5. Titration • Titration is one of the most
extensively used analytical
techniques for the analysis of
check samples in laboratories.
• It allows the quantitative
determination of the
concentration of an unknown or
known analyte by using a titrant
or titrator which is a standard
solution of known volume and
concentration.

Nielsen (1998), Rohindra and
Lata (2020)

C Determinative and separation techniques
1. Paper

chromatography
• Paper chromatography is an
important method used in food
analysis for the extraction,
identification, and isolation of
synthetic food colours from
various food products such as
soft drinks, candies, and jellies.
• It is based upon the principle
of partition of compounds in
which they get distributed
between stationary phase (paper
fibres) and mobile phase
(developing solvent).
• The components are
identified and separated on the
basis of Rf value of standard
solution and samples.

Bachalla (2016)

2. Gas-liquid
chromatography

• This analytical technique is
extensively used for the
qualitative and quantitative
analysis of food constituents,
additives, flavouring
compounds, aromatic
components, contaminants,
pesticides, preservatives,
pollutants, natural toxins,
transformation products, drugs,
packaging materials, etc.
• Gas chromatography helps to
analyse the semi-polar,
non-polar, volatile, semi-volatile
chemicals, sterols, oils, fatty acid
chains, off-flavours, etc. present
in the food materials.

Lehotay and Hajšlová (2002),
Cortes (2020)
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• The time consumed in the
analysis can be shortened by
increasing the flow of carrier gas,
increasing column diameter,
heating the column, shortening
the column length, or by
reducing the viscosity of carrier
gas. It ensures the required
selectivity.

3. High performance
liquid
chromatography
(HPLC)

• HPLC is employed for the
separation of a mixture of
compounds for the identification,
quantification followed by
purification of individual
constituents of the mixture.
• It plays an important role in
food industries for quality role as
it is used to analyse and separate
food additives, preservatives,
toxins, contaminants, and other
food components.
• It is based on the principle of
column chromatography in
which a high pressure of the
mobile phase is applied to pump
it through a packed column.

Nollet and Toldra (2019),
Akash and Rehman (2020)

4. Spectrophotometry • Spectrophotometry is based
upon the principle of reflectance
of light by the sample material
when it is exposed to a source of
polychromatic light.
• It helps in the detection of
impurities, quantitative
estimation of concentration of a
component, characterization of
proteins, structure elucidation of
organic compounds, detection of
functional groups in food
constituents, determination of
food dyes, quality evaluation of
agricultural commodities, and
many more.

Polesello et al. (1983)

5. Refractometry • Refractometry technique is
used to determine the nature of
food products. It is a method for
the qualitative analysis of an
unknown compound based upon
the refractive index of the
compound being considered, and

Bradley (2010)
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it varies with the concentration
of compound, wavelength of
light as well as temperature.
• It is used to determine the
moisture of condensed milk,
liquid sugar products, total
soluble solids of fruits and fruit
products.

6. Microscopy • Electron microscopy works
on the principle at which
imaging is performed at room
temperature and under high-
vacuum since gas molecules may
scatter electrons that reduce
image resolution.
• The wavelength range of
visible light should be from
400–800 nm which adheres to
the resolution of optical
microscopy techniques.
• High resolution imaging can
be achieved using electron
microscopy especially in food
powders.

Burgain et al. (2017)

7. Capillary
electrophoresis
(CE)

• CE is a technique used for the
determination of free amino
acids using optical detection,
which is mainly based on the
derivatizing agent, 4-Chloro-7-
nitrobenzo-2-oxa-1,3-diazole
(NBD-Cl), which employs laser-
induced fluorescence (LIF)
detector.
• Other derivatizing reagents
such as 6-aminoquinolyl-N-
hydroxysuccimidyl carbamate
(AQC), 9-fluorenylmethyl
chloroformate (FMOC-Cl),
naphthalene dicarboxaldehyde
(NDA), o-phthalaldehyde
(OPA), phenylisothiocyanate
(PITC), and dansyl chloride are
used for this detection.
• It is used for the analysis of
food additives, herbicide, animal
nutrition, and detergents.

Omar et al. (2017)

8. Supercritical fluid
chromatography

• SFC allows the use of higher
flow rates with lower pressure
falls through the column. It leads

Bernal et al. (2013)
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to better efficiency in a short
duration of time as well as
reduced utilization of organic
solvents, which is carried out in
subcritical conditions.
• CO2 is the most frequently
used supercritical fluid owing to
its correlating properties such as
non-toxic, non-explosive,
considered generally recognized
as safe (GRAS) reagent and
easily achievable experimental
conditions, such as temperature
31 �C and pressure 73 bar.

9. Mass spectroscopy
(MS)

• MS is based upon the
principle of generation of ions
from organic and inorganic
compounds followed by their
separation and detection both
quantitatively as well as
qualitatively.
• It is used for the analysis of
pesticides, lipids, drugs,
mycotoxins, caffeine,
contaminants, volatile
compounds, toxins, phthalates,
metabolites, amino acids,
plasticizers, etc.

Nollet and Munjanja (2019)

10. Fluorescence • Fluorescence spectroscopy
technique is used for the
monitoring of food standards and
analyses the food quality.
• It is a quick, easy, rapid, and
non-destructive method of
analysing the quality of foods
including dairy products, meat
and seafood, eggs, vegetable
oils, honey, wines, beers as well
as detecting the various
contaminants present in food
products.
• It is known to be a
consolidated technique for the
quantification of dissolved
organic matter in a fast matter.

Sádecká and Tóthová (2007),
Carstea et al. (2020)

11. Nuclear magnetic
resonance (NMR)
spectroscopy

• NMR spectroscopy is an
analytical technique which
works on the principle of
magnetic properties of
substances.

Hatzakis (2019)
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• It is used for the structural
characterization of apple
allergens and analysis of organic
acids, conjugated linolenic acid,
amino acids, antioxidants,
carbohydrates, sugars, pectins,
coffee, flowers components,
phytochemicals, tea, fish, honey,
spices, etc.

12. Infrared
spectroscopy

• It is based upon the principle
of absorption of electromagnetic
radiation between 780 and
2500 nm wavelength.
• The physical properties and
chemical composition of food
components (carbohydrates,
water, proteins, fat) can be
determined using IR
spectroscopic technique.
• It finds its application in the
analysis of cereals and cereal
products, dairy products, meat,
fish, fruits, vegetables,
confectionery, beverages and to
assess the authenticity of food
products.

Osborne (2006)

13. X-ray spectroscopy • X-ray spectroscopy is a
non-destructive analytical
technique for mineral analysis in
cement industry, geology,
petroleum, chemical, medical,
and food industries.
• Estimation of minerals like
chromium, lead, titanium, iron,
and zinc can be done by using
this non-invasive analytical
method.

Sosa et al. (2018)

14. Ultraviolet
spectroscopy

• This technique is extensively
used in food industries for
quality control and helps to
detect adulterants, contaminants,
identify the origin of food
materials, variety of wine,
analysis of food matrices (milk,
coffee, wine, oil, meat), and
differentiation between
decaffeinated and caffeinated
coffee.

Power et al. (2019)
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15. Circular dichroism
(CD)

• It is a spectroscopic
technique involving
conformational study of proteins,
nucleic acids, and biomolecules.
• CD data involves the study of
structural composition of
proteins, unfolding of proteins as
a result of temperature or
addition of chemical denaturants,
stability of proteins, and effect of
mutations on the structure of
protein molecules.

Martin and Schilstra (2008)

D Biological techniques
1. Biosensors • Biosensors are widely used in

food industries which involves
the interaction of a biological
element with the sample under
observation (test sample) as a
result of which a biological
response is obtained. It is further
transcribed into electrical signals
with the help of a transducer.
• This technique is used for the
detection of toxic compounds,
organophosphates, ammonia,
methane, pathogenic organisms,
water-soluble vitamins,
antibodies, and chemical
compounds.
• It is used to test the quality of
water and to measure
carbohydrates, proteins,
alcohols, phenols, acids, gases,
inorganic compounds, amides,
and certain heterocyclic
compounds.
• It plays an important role in
the quantitative detection of
ultra-low concentration of
biomarkers in a very sensitive,
robust, reliable, and selective
manner.

Scott (1998), Mello and
Kubota (2002), Purohit et al.
(2020),
Chandra et al. (2012),
Choudhary et al. (2016),
Deka et al. (2018), Mahato
et al. (2018)

2. PCR (polymerase
chain reaction)

• It is a precise method of
amplification of a desired
fragment of DNA from a mixture
of molecules of DNA.
• PCR is used to detect
genetically modified organisms,
food toxic components

Klančnik et al. (2012)
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(pathogens and contaminants),
identify various species of dairy
and meat products. It helps in
quality control and protects
human health against harmful
consequences of toxicological
compounds and hence ensures
microbiological safety.

3. Microbiological
analysis

• Microbiological analysis of
food products is based upon
accuracy of test, recovery of
target organism, limit of
detection of method,
comparability of results,
microbial growth inhibition, and
competitive growth.
• It assists in the Hazard
Analysis Risk in management of
food safety, verifying HACCP
plans as well as to assess the
storage stability or shelf life of
food products.

Stannard (1997)

4. Immunological
technique

• Immunosensors are
employed for the detection of
any toxic substance present in
food products which can pose
deleterious effects on human
health.
• Immunological technique is
used to detect veterinary drugs,
anabolic steroids, pathogenic
bacteria, aflatoxins, mycotoxins,
GMOs, and pesticides present in
the food samples.
• SPR immunosensor helps to
analyse food materials to
determine the presence of food-
borne pathogens and toxic
compounds in food
commodities.

Ricci et al. (2007)

E Rheological techniques
1. Oscillatory shear • It is a common rheological

technique used for the
determination of viscoelastic
properties performed on
rheometers either stress-
controlled or strain-controlled.
• This testing can be divided
into two types, viz. small

Melito et al. (2012)
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(SAOS) and large amplitude
oscillatory shear (LAOS), where
the former testing is performed in
the linear viscoelastic region
(LVR) and latter beyond the
region of linearity.
• LAOS has been used to study
the mechanical properties of
dispersed systems, such as
emulsions, suspensions, and
foams.

2. Rheometry • Rheometry describes the
relationship between the stress
acting on a given material and
the resulting deformation and/or
flow that takes place in a specific
period of time.
• Stress is the measurement of
force per unit of surface area and
is expressed in Pascals (Pa).
while strain represents a
dimensionless quantity of
relative deformation of a material
that took place.
• It is widely used to analyse
rheological properties of food
gels such as gelatin, jellies, and
cooked egg whites; baked
products, in starch and dairy
products.

Tabilo-Munizaga and
Barbosa-Cánovas (2005)

3. Viscometry • Capillary viscometer works
on the principle of the drop of the
pressure along the capillary
which is transformed into a shear
stress at the wall and the
volumetric flow rate to
shear rate.
• It is used to analyse the
viscosity and textural properties
of food such as in wheat dough,
soups, butter, honey, and sauces.

Campanella et al. (2002)

4. Stress relaxation • Stress relaxations provide
information on permanent cross-
linking, effects of different
chemicals and enzymatic
additives on baking quality as
well as distinguish products from
different origins.
• It is an objective method for

Bhattacharya (2010)
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the quality assessment of bread,
wheat, and pulse-based doughs.
Practical applications include
design of product formulation,
dough handling systems, and for
the purpose of sheeting/
flattening.
• The desirable characteristic
for flattening purpose is that
dough needs to possess a low
value of residual stress for the
preparation of chips and flakes.

F Radiochemical and electrochemical techniques
1. Radioimmunoassay • Radioimmunoassay evaluates

the quality and wholesomeness
of food which requires a sample
containing the antigen of
interest, a complementary
antibody, and a radiolabelled
version of the antigen. When the
radiolabelled antigen is added, it
competes with the sample
antigen and displaces it from the
antibody.
• The solution containing
antigen–antibody complex is
denser, so centrifuging the
mixture is essential which allows
separation, resulting in a pellet
containing the bound sample
antigen/radiolabelled antigen.

Grange et al. (2014)

2. Radiometric • Radiometry is a temperature
measurement technique which is
based on the principle where
microwave frequency range, the
thermal noise power emitted by a
dissipative body is directly
proportional to its temperature.
So, the temperature inside a
dissipative material can be
determined using a radiometric
system.
• Quality control has one of the
main concerns which is
temperature control which is
measured by infrared, optic fibre,
and thermocouples
measurements.

Cresson et al. (2008)
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3. Voltammetry • Stripping voltammetry is the
most sensitive electroanalytical
technique. The analyte is
accumulated on a working
electrode by controlled potential
electrolysis followed by the
dissolution of the deposit when a
linear ramp is applied to the
electrode. It results in the
production of a detectable
current at the electrode surface.
• Anodic stripping
voltammetry (ASV) was the first
technique to be developed. It was
mainly applied to trace analysis
of heavy metal ions using a
hanging mercury drop electrode.
• It is generally used for the
determination of food
contaminants (toxic metals,
pesticide, fertilizers, and
veterinary drugs residuals), trace
essential elements, food additive
dyes, etc.

Alghamdi (2010)

4. Potentiometry • The basic principle of
potentiometry is voltage
measurement at null current.
When an electrode is placed in a
solution, it tends to send its ions
into the solution and those ions
in the solution react with the
electrode.
• Its advantages include low
cost, ease of commercial
production, and the possibility of
obtaining selective sensors.
• They are used to monitor
cheese fermentation, evaluation
of the impact of micro-
oxygenation and oak chip
maceration on wine
composition, monitor changes
during beer brewing, etc.

Pomeranz and Meloan
(1994), Sliwinska et al.
(2014)

5. Amperometry • Amperometry is the
electroanalytical technique that
involves the application of a
constant reducing or oxidizing
potential to an indicator
electrode as well as measurement

Adeloju (2005), Scampicchio
et al. (2008)
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of the resulting steady-state
current.
• Amperometric biosensors
include electronic tongue, which
works on the principle of an
electrochemical conversion
occurring at an electrode and the
resulting current is measured.
• Biosensors are used for the
analysis of complex mixtures
such as wine and must.

6. Conductometry • Conductometric sensors
work on the principle of changes
in conductivity, which result
from the interactions with the
volatile odorants, leading to the
changes in the sensor’s electrical
resistance.
• The three types of
conductometric sensors used
most commonly in electronic
noses include metal oxide
semiconductors (MOS),
conductive polymer
(CP) sensors, and metal oxide
semiconductor field-effect
transistors (MOSFET).
• Some of the food applications
include the monitoring of
spoilage (like red wine), the
dehydration of tomatoes,
determination of the meat
freshness, classification of fruits
based upon ripeness and
detection of aflatoxins in corn.

Sliwinska et al. (2014)

G Some other techniques
1. Microfluidics • Microfluidics is a new and

emerging technology that is
utilized in 3D printing which
offers various advantages in
terms of less generation of waste,
consumption of reagent, cost,
and other factors.
• Different methods including
micromilling, micromachining,
hot embossing, etc. are used to
develop microfluidic devices.
• This analytical technique is
used for the chemical and

Nielsen et al. (2020)
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biological analyses and is
considered to be one of the most
advanced, well developed, and
emerging technology in the field
of 3D printing.
• There has been an emerging
research to study the application
of 3D printers for the
development of microfluidic
devices. But it was concluded
that the creation of small interior
fluidic features is quite difficult
with the use of 3D printers. On
the other hand, surface feature
devices are beneficial for the
development of microfluidic
structures.

2. Smartphone-based
food analysis

• Smartphone-based food
analysis technique has gained
much attention recently different
sectors, viz. food industry,
agriculture sector, healthcare,
and environmental monitoring.
• Owing to the numerous
useful components of
smartphones such as Bluetooth,
Wi-Fi, battery, processor,
cellular data, camera, video, and
visual display; it allows the
rapid, low-cost, and easy
measurement as well as detection
of components.
• Unlike laboratory equipment
and tests, the smartphone-based
technology can’t be used alone.
• This technology can be used
along with other methodologies
like fluorescent imaging,
microsphere fluorescent
immunoassay, colorimetric
assays, microfluidics, lateral
flow immunoassay, colorimetric
imaging, voltammetry assay for
the detection of bacteria in water,
antibodies in milk, allergens in
food samples, aflatoxin in maize,
fluoride, and catechols in water..

Rateni et al. (2017)
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3. Paper-based
diagnostics

• This technology is highly
appreciated identification of the
causative agent of any
underlying disease in the
healthcare sector and also for the
detection of contaminants in
food samples.
• The utilization of paper-
based biosensors has gained
commercial attraction due to its
suitability for the analysis of
biofluids being portable in
nature, specific, user-friendly,
rapid, easily transportable,
highly sensitive, affordable, and
easily available.
• Various types of paper-based
biosensors used are dipstick type
paper-based biosensor, paper-
based lateral flow assay, μ-PAD,
and smart accessories-based
paper bio-analyser.
• This technology is used for
the detection of glucose, uric
acid, protein, pH, lactate, etc.

Mahato et al. (2017)

4. Bluetooth devices • Automated dietary
monitoring assessment is a
nutritional approach which helps
in the analysis of food in terms of
nutrition, assists dietary recall
and nutritional assessment.
• Nowadays, Bluetooth
devices are being used widely for
monitoring an individual’s
dietary behaviour. The advanced
automated dietary monitoring
systems help in the estimation of
calorie (energy) consumption
based on the number of detected
bites by an individual.
• Gao et al. (2016) conducted a
research study in order to study
the sound pattern of different
food samples for the detection of
eating behaviour. Food samples
were categorized into four
groups, viz. very soft, soft, hard,
and very hard.

Gao et al. (2016)
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12.7 Conclusion

With compliance to food and trade laws, the analysis of food products is very
important in order to avoid contamination of foodstuffs, study the chemical compo-
sition, food processing, and quality control. For the sake of achieving high standard
in terms of food safety, various analytical techniques are compulsorily and indis-
pensably employed in food industries. It has been concluded in many researches that
food industries often face serious challenges with respect to adulteration and high
capital cost of food control systems. Therefore, it is highly desired to develop rapid,
effective, and sensitive analytical techniques for quality control and food analysis.
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Electronic Noses and Tongue-Based Sensor
Systems in Food Science 13
Gurlovleen Kaur, Ranjeeta Bhari, and Kuldeep Kumar

Abstract

Food safety is a multifaceted term and also a predominant element in food and
beverage industries. It ensures safe handling, storage, and preparation of food and
drinks to prevent food-related illness and diseases. The worldwide significance of
food safety is continuously growing. With the advent of new technologies,
innovative methods are being developed for the identification, assessment, and
monitoring of the foodborne hazards. Great technological advances are being
made for the development of electronic nose (e-nose) and electronic tongue
(E-tongue)-based sensors for food safety.

Keywords

Sensor · Food safety · Electronic nose · Electronic tongue · Food science

13.1 Introduction

The most important part in the food and liquid drinks manufacturing is ensuring the
standardization of products. The quality of the food, beverages, and various chemi-
cal products can be measured by means of different analytical devices. Many
industries use the analytical tools that can sense the smell and the taste in the food
which is produced due to the specific and nonspecific molecular interactions. The
conventional methods, namely plasma atomic emission spectrometry, high
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performance liquid chromatography (HPLC), gas chromatography (GC), and elec-
trophoresis are employed for the odor and flavor analysis, but they are costly as well
as inappropriate for the real-time quality control (Ghasemi-Varnamkhasti et al.
2012). Among all the analytical devices, Electronic nose (e-nose) and Electronic
tongue (e-tongue) are being increasingly used to monitor the quality of food and
drinks. Electronic nose (e-nose) can recognize the odor and electronic tongue
(e-tongue) can sense the taste of the sample.

13.2 Electronic Nose (e-nose)

The word “electronic nose” came into being in the late 1990s (Craven et al. 1996).
Electronic nose is defined as an instrument that is composed of a multisensor array
which is accountable for detection of one or more chemical components. It can also
be defined as “an instrument which contains an array of electronic chemical sensors
with the partial specificity and a suitable pattern recognition system, able of
recognizing simple and complex odor.” Due to the prerequisite of the authentic
solution, compactness, cost-effectiveness, and rapidity, the idea of the electronic
nose has become popular in the food and water industry, agricultural system,
security systems, pharmaceuticals, and many more other areas. This was all possible
due to the improvement of technology in sensors and is encouraged from sensation
of smell. It is also known as an artificial nose, odor detector, multisensor array,
aroma sensor, mechanical nose, smell sensing system, electronic olfactometry, and
flavor sensor (Dymerski et al. 2011).

The olfactory systems of the living beings make them conscious of their environ-
ment, potential dangers, and help them in recognition as well as classification of
food. But the challenge here is to automatically identify and classify odors as there is
natural intercommunication of the smells in the chemical mixtures. This natural
communication is mainly of three types: compensation, masking, and synergism
(Fig. 13.1). Compensation is a process in which one component of the odor
counteracts another component. Masking is defined as a process in which combina-
tion of one pleasant odor occurs with an unpleasant one. Synergism is a process in
which interaction of two or more separate components produces a shared odor which
is quite stronger than any of those individual constituents.

Electronic nose is similar to human nose in various aspects (Table 13.1). Human
nose brings the smell to the epithelium layer with the help of lungs whereas
electronic nose utilizes a pump to sense the odor. In human nose, hair and mucus
membrane act as a filter and in electronic nose filtration is provided by an inlet
sampling system. There is an olfactory epithelium in human nose that contains
millions of sensing cells which interacts with the odors while electronic nose acts
in a different manner by sensing odors by making use of range of sensors that
interact in a diverse way with the odor molecules. In human nose, the distinctive
patterns of the chemical response are perceived by the human receptors which are
further converted into the nerve impulse. This nerve impulse is passed on to neurons
and finally reaches the olfactory cortex of the brain for ultimate interpretation.
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Whereas, chemical sensors are present in electronic nose that reacts to the sample
and which results in generation of electrical signals. Final interpretation of electrical
signals takes place by the pattern classification algorithm, and this exclusive pattern
of signals is read by computer. Different gas mixtures can be characterized with the
help of electronic nose as well as by human nose. But there are also a few differences
between them. The evaluation by the human sensory system is subjective. There is
also individual variability as the same individual can present dissimilar valuation
information in diverse experiments. So, the sensory panels are not consistent.
Furthermore, it also depends upon the physical and mental state of an individual
and the evaluation can be imprecise (Dutta et al. 2003).

Table 13.1 Comparative study of human and electronic noses

Properties Human nose Electronic nose

Odor
identification

Epithelium layer Pump

Filter Mucus and Hair Inlet sampling system

Type of
sensors

Olfactory
epithelium
receptors

Metal oxide semiconductor sensors (MOS), Optical
sensors, Conducting polymer sensors (CP), Piezoelectric
sensors, etc.

Type of
signal

Chemical signals Electronic signals

Final
interpretation

Olfactory cortex
in Brain

Pattern recognition by Computer

Types of Natural
interac�on or

communica�on  

     Masking     Synergism 

  Compensa�on 
Fig. 13.1 Types of natural
intercommunication between
the odors that occurs during
the automatic identification of
chemical mixtures
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13.2.1 Components of the Electronic Nose

An Electronic nose consists of hard and software constituents, briefly described in
Fig. 13.2.

Firstly, sensor array absorbs the released gas mixture. Its results in the change in
the current, frequency, voltage according to the type of compounds reaching the
sensor array and input signals are detected. Different type of sensors are grouped to
form sensor arrays so preprocessing of signals is must which helps to identify the
physical changes accurately. Then dataset is formed by digitalizing the obtained
signals. Thus, suitable manipulation which includes filtration as well as amplification
of the sensed signals occurs. Now the signal can be straightforwardly used for the
subsequent stages. Next step is data gathering in which the analysis of the processed
signals is done according to their specific properties. Adequate data is obtained from
signals and preprocessing of data is done as per necessity of the working pattern
recognition algorithm. Last of all, pattern recognition phase classifies the odor.

13.2.1.1 Sensors and Chemicals
Sensing system has developed speedily which resulted in the advancement of variety
of sensors as well as in intricate microarray sensors. It is a major reactive component
of the device. In 1980, sensors array with distinct sensitivity and selectivity were
assembled together to improve the instrument (Ampuero and Bosset 2003; Bajpai
et al. 2018; Chandra 2016; Purohit et al. 2020a, b). Qualitative and quantitative
information is gathered from each sensor of the sensor array which creates the
fingerprint of the sample. Hence, dataset or collected library is created which
resembles a digital signature or fingerprints of specific odors. So, a particular sensor
is required for the detection of specific odors and targeted chemicals are detected in

Odor released by 
the Sample

Electronic senor 
array

Conditioning of 
the Signal

Processing of 
Signal

Collection of Data

Preprocessing of 
Data by 

Preprocessor

Pattern 
recognition

Categorization of 
odor

Fig. 13.2 Sequence of events that occur during the detection of odor by the electronic nose device
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the sample by sensor arrays as main purpose of the electric nose is to sense various
chemicals (Boeker 2014). The properties of the suitable sensor are mentioned in
Fig. 13.3.

Types of Sensors

Metal Oxide Sensor (MOS)
MOS sensors form major type of sensors which are normally used in electronic nose
device because of its appropriateness for broad variety of gases (Fig. 13.4) (Wang
et al. 2010).

According to the response to distinct gases, MOS sensors are divided into two
types:

1. n-type
In n-type sensors, reaction occurs in between the surface of sensor and oxygen
molecules of air. It results in the entrapment of the free electrons on the surface of
the sensor and the resultant potential barrier is formed between the grains. It
inhibits the mobility of carrier which results in the production of huge resistance
areas.

2. p-type
The p-type sensors are most frequently used sensors in electronic nose instrument
due to high sensitivity as well as high selectivity. Their reaction with oxidizing
gases removes the electrons which lead to production of holes. Main characteris-
tic of the p-type sensors is absorption of oxygen and surface reactivity which
greatly increases the functioning of the sensor. It enhances the speed and reduces
the reliance of signals on humidity (Kim and Lee 2014).

Conducting Polymer Based Sensor
They are extensively used sensors in electronic nose devices because of their
capability for regulating the conductivity in response to organic compounds

Quality control and 
monitoring of process

Suitable for different 
gases

Fast response time 
and small size

Operated at high 
temperatures

Advantages of the 
MOS sensor

Fig. 13.3 Properties of a
suitable sensor array used in
the electronic nose device
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(Fig. 13.5). Active layer is the critical component of this sensor, and it can be
manufactured by using different techniques such as electrochemical deposition,
vapor deposition polymerization, Langmuir-Blodgett method (LB) , layer-by-layer

PROPERTIES OF A 
SUITABLE SENSOR 
ARRAY

COST EFFECTIVE

REUSABLE

HIGH STABILITY

HIGH 
SELECTIVITY

SMALL IN SIZE AND 
INEXPENSIVE

HIGH SENSITIVITY

EASY TO 
OPERATE

INSENSITIVE TO 
VARITION IN 
TEMPERATURE

INSENSITIVE TO 
VARITION IN 
HUMIDITY

MINIMUM 
RESPONSE TIME

Fig. 13.4 Advantages of the metal oxide sensors in the field of food safety

Low cost 
Fast response 

to odors

Resistant to 
sensor 

poisoning
Reliable

Advantages of  
Conducting polymer 

sensors

Fig. 13.5 Advantages of
conducting polymer sensors in
the field of food safety
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self-assembly method (LbL), thermal evaporation, and many more. Different
polymers are used for the manufacturing of this sensor, for example, polyaniline
and polythiophene (Bai and Shi 2007). The principle behind this sensor is that when
an analyte interacts with the material, the alteration in the material takes place which
changes resistance of sensor under ambient temperature conditions and detection of
the various gases takes place.

Optical Sensors
Optical sensors are one of the most attractive sensors that have many applications
and usually volatile molecules are excited by the light source. Optical sensors are
used for the measurement of light polarization, fluorescence, absorbance, reflec-
tance, optical layer thickness, chemiluminescence, and colorimetric dye response
(Esfahani and Covington 2017). The odors in the immediate environment can be
detected by these optical changes (Fig. 13.6). Different detectors are used for the
detection of output signals which include photodiodes, charged-coupled device, and
many more (Chodavarapu et al. 2007).

Optical sensors are mainly of two types:

1. Colorimetric sensors
The optical sensors are sensors in which the process of detection is based on the
variation of color. Chemically reactive dyes are used to make the thin films of this
sensor.

2. Fluorescence sensors
The fluorescence sensors are the sensors in which detection is based on the light
emitted by the sample. They are relatively more sensitive than the colorimetric
sensors and can be used for the detection of particular compounds in the sample
mixture.
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But there are few limitations such as high cost of the associated electronic and
software system. Also its operation is pretty complex. Also they have short life span
which further increases the cost of the instrument.

Acoustic Wave-Based Sensors
They are a type of piezoelectric sensors. It includes tube acoustic wave device, bulk
acoustic wave (BAW) sensor, flexural plate device, fiber acoustic sensor, transverse
device, and surface acoustic wave (SAW) sensor (Fig. 13.7). Above all most widely
used sensors are BAW and SAW. They are comparatively small sized more sensitive
and are cost-effective as compared to others. Moreover, they respond to just about all
the gases (Cheeke andWang 1999). A surface acoustic wave sensor generates bigger
change in frequency as they typically operate at high frequencies (100–1000 MHz).
Interdigital transducer is the central part of the SAW sensor and is used as an output
as well as input transducers. If the gas molecules are absorbed, it will result in the
change of atmosphere of the transducer which results in the transformation of the
vibration frequency. So, by comparison of the output and input interdigital signal
weight information of the gas molecules can be provided.

However, the limitation of these sensors is the inadequate performance of the
sensors in the liquid medium. Due to the high operating frequencies, the signal-to-
noise ratio of surface acoustic wave is high (Fig. 13.8).

Quartz Crystal Microbalance Sensor (QCM)
QCM sensors are also a type of piezoelectric sensors. They have various applications
in food safety, medicine, security, and environment monitoring (Fig. 13.9). The
properties of the various chemicals can be determined by this sensor as it can operate
in gas as well as in liquid environments (Turner et al. 2017). Surface of the sensor is
covered by the receptive coating. Released gas from the surroundings is received by
the sensitive coating of crystal which raises the total mass of the crystal. It leads to
reduction in the frequency as there is change in the mass of gold surface. So,
frequency of the resonator of the quartz crystal microbalance changes and even a
small difference on sensor surface can be measured accurately. Hence, QCM sensor
senses small variation on their surface by measuring the frequency change on the
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quartz crystal resonator (Huang et al. 2017). Surface layers of the quartz crystal
microbalance are coated by different coatings such as acidized-multiwalled carbon
nanotubes, biomimetic peptide-based sensing materials, molecularly imprinted
polymers (MIPs), gold films, multiwall carbon nanotubes, calixarenes, and many
more.

Fig. 13.8 Schematic diagram of (a) MOS sensor, (b) CP sensor, (c) optical fiber and (d) SAW
sensor (Adopted from Zou et al. 2015)
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Electrochemical Gas Sensors (EC)
Electrochemical sensors are mostly employed for the industrial, food and security
monitoring operations (Fig. 13.10). They consist of catalytic electrode on which the
reduction or the oxidation of the molecules takes place. Hence, the current produced
is proportional to the amount of gas released.

Catalytic Bead Sensors (CB)
Catalytic bead sensor is a type of sensor which detects the gas based up on its
combustion. Major advantage of catalytic bead sensor is that only small amount of
sample is required. Gas of interest is burned and combustion enthalpy is found. This
method is chiefly utilized for detection of combustible gases (Liu et al. 2012).

Photo Ionization Detector Sensors (PID)
This method is based on the ionization of the molecules of the target gas by means of
the ultraviolet light using high energy photons. Electric current is produced due to
the formation of ions. Photo ionization detectors are used for the detection of the
produced electric current.

13.2.1.2 Pattern Recognition System
Pattern recognition is a process to identify the individual patterns by machine
learning (ML) algorithms. It can also be defined as an ability to recognize the
definite patterns within the data. Machine learning is defined as the ability of a
computer to learn despite being explicitly programmed for a particular work
(Fig. 13.11).

Machine learning algorithms are mainly divided into four types:

• Supervised learning
Supervised learning is generally used for the regression, forecasting as well as for
the classification. ML algorithm is provided with dataset having well-known
labeled inputs and outputs. Vigorous mapping model obtained from input and
output enables the system to calculate outputs for new original input data.

• Semi-supervised learning
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Semi-supervised learning dataset consists of labeled along with unlabeled data.
Computational complexity can be reduced by using the semi-supervised machine
learning algorithm, and it is used to solve problems having huge quantity of
unlabeled data as a result it helps to save time.

• Unsupervised learning
Dataset used for the unsupervised learning contains simply inputs. Dataset is
investigated by the machine learning algorithm and learns inbuilt structures from
the input data as well as try to recognize the particular patterns by finding out the
relationships and correlations among the data points. Unsupervised learning is
used for the problems such as association, dimensionality reduction, and
clustering.

• Reinforcement learning
Reinforcement learning is a type of ML algorithm which is based upon the
learning from the past experiences and is considered as an adaptive method. It
works automatically and determines the ultimate performance of the system while
maximizing performance for the specific task. System evaluates a new input
sample and accurate output is produced (Fig. 13.12).

(a) Stepwise discriminant analysis (SDA)
SDA is a widely used tool as it is easy to operate and has linear decision
boundary. Moreover, it is a rapid method for the classification applications.
But there are few disadvantages such as prominent computational time for
training and is based on the Gaussian assumption.

(b) Linear discriminant analysis (LDA)
The tool LDA is utilized to observe associated features that distinguish and
classify more than one substances and is employed for dimensionality reduction.
This method is often used for pattern recognition, machine learning, and statis-
tics (Wei et al. 2017). It is directly linked to PCA as both of them find out the
linear arrangement of the variables which specifically describes the data. But the
difference between the two is that LDA gives superior results for bigger multiple
class datasets, and it is also a supervised technique.

(c) Support vector machines (SVMs)
It is a supervised learning method and rapid, memory efficient technique utilized
for multi-class as well as for binary classification. It functions great with the
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linear as well as for the nonlinear data and is efficient in high dimensional
spaces. Moreover, it is effectual even in the conditions where the sum total of
dimensions is larger than the amount of data samples. It can also be utilized for
the regression problems (Leal et al. 2019). There are few limitations of the SVM
such as large computational time is needed with data in huge amount.

(d) Principle component analysis (PCA)
PCA, an unsupervised tool, is broadly utilized to lessen the data dimensionality
and also provides the position of uncorrelated constituents. Moreover, it is used
to measure the probability evaluation of high dimensional data as well as
maintain the variance arrangement of data up to rotation. The key inadequacy
of this method is that high computational time is required with the huge amount
of data (Romani et al. 2012).

(e) Artificial neural networks (ANNs)
They are essentially the computational tool which is influenced from the opera-
tional principle of the biological neural systems. ANNs has adaptive nature as
they are proficient in machine learning and in pattern recognition. The informa-
tion processing unit is a crucial component of the artificial neural networks and
consists of processing elements which are interconnected with each other. Their
working is similar to that of neurons of human neural system and similarly work
together to unravel particular problems. An artificial neural network is
divaricated into three distinct layers (Fig. 13.13). First layer is an input layer
that consists of input signals, second layer is hidden layer that usually consists of
more than one layers and final layer, an output layer that provides the output
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Fig. 13.12 Various tools used in the pattern recognition algorithms of electronic nose
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signals. There is change in the number of hidden layers according to the nature
of work to be performed. Signal processing nodes of the hidden layers as well as
of output layers are connected to each other to form a network and coupling
weight sets the power of the interconnections. The whole process is interlinked
as activation of the hidden layer is determined by input layer along with the
weights connecting the input and hidden layers. Likewise, output layer activa-
tion depends upon the hidden layers as well as the weights linking them. ANN is
chiefly used for nonlinear data classification as ANN model is nonlinear.

(f) Deep learning
It is defined as a capability of a device to detect selected information automati-
cally, and then its classification is done in the raw database. It is a set of advance
methods that are frequently used for learning of neural networks (Lecun et al.
2015). It has different industrial plus medical applications, for example, classi-
fication as well as recognition of object and image, recognition of speech and
face, and for the analysis of image and of video. There are various deep learning
methods such as CNN (Convolutional neural network), Boltzmann machines,
RNN (Recurrent neural networks). But CNNs have been commonly used among
others, and it is a layered structure and consists of diverse layers such as an input
layer, numerous convolutional layer, then pooling layer, after that nonlinear
activation layers, last but not least fully connected layer furthermore, an output
layer. Key advantage is that, there is no need to preprocess the input data and
selection as well as feature extraction is carried out automatically (Qi et al.
2017). It is employed in the e-nose technology for identification along with
classification of the gases and liquors. They are also used to carry out the rapid
gas recognition and prevent the misidentification of the aromas by using dimen-
sion reduction along with the clustering (Tang et al. 2015).

Input Hidden layers Output

Fig. 13.13 Different layers of an artificial neural network (ANN)
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13.2.1.3 System Performance Evaluation
System performance evaluation metrics are calculated by the inserting the (Karakaya
et al. 2020):

Result of accurate predictions ¼ True positive (TP) + True negative (TN)
Result of inaccurate predictions ¼ False positive (FP) + False negative (FN)
Most repeatedly used electric nose system evaluation metrics are:

(a) Accuracy
Accuracy is the sum total of accurately calculated values among all the
predictions and is represented as under:

Accuracy ¼ TPþ TN
TPþ TNþ FNþ FP

(b) Precision
Precision is to be defined as value which provides data regarding rightly
calculated affirmative label among entire positive values. It is evaluated as
given:

Precision ¼ TP
TPþ FP

(c) Sensitivity
Sensitivity is to be defined as number of correctly categorized definite positive
values. It is found as under:

Sensitivity ¼ TP
TPþ FN

(d) Specificity
Specificity is to be defined as the rate of accurately determining the actual
negative values and is represented as under:

Specificity ¼ TN
TNþ FP

(e) F1-score.
F1-score is to be calculated as harmonic mean of sensitivity and precision. It is
found as under:

F1‐score ¼ 2� Precision� Sensitivity
Sensitivityþ Precision

13.3 Electronic Tongue (e-tongue)

Electronic tongue (e-tongue) is a diagnostic tool that includes an arrangement of
wide ranging chemical sensors that are extremely stable and have cross-sensitivity to
various components of solution along with the suitable technique of multivariate
calibration for the data processing. As per the IUPAC definition, electronic tongue is
defined as the “a multisensor system, which consists of a number of low selective
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sensors and uses advanced mathematical procedures for signal processing based on
the pattern recognition (PARC) and/or multivariate data analysis” (Vlasov et al.
2005). They can also be defined as the analytical devices that can artificially or
unnaturally reproduce the sensation of taste plus have collection of sensors which are
joined to the chemometric processing unit and are used to distinguish the complex
liquid solutions. The postulation of the electronic tongue was initiated from the
functioning of the gustatory system of human beings (Fig. 13.14). The five tastes that
include sweet, salty, bitter, umami, and sour are detected by the human tongue by
means of the gustatory receptor cells that are clustered together and are known as
gustatory buds. Therefore, different tastes are detected by these receptor cells and the
information is further transmitted to the brainstem nuclei by the cranial nerves.
Finally, cerebral cortex of brain analyzes the information and distinct tastes are
interpreted as shown in Fig. 13.8. Identical goal is achieved by the electronic tongue
which employs the chemometric technique along with the artificial intelligence and

Fig. 13.14 The working of the gustatory system of the human beings (Adapted from the
Brainstem.org)

13 Electronic Noses and Tongue-Based Sensor Systems in Food Science 371

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.brainfacts.org%2Fthinking-sensing-and-behaving%2Ftaste%2F2012%2Ftaste-and-smell&psig=AOvVaw2GUGnDxXff4K27atQWch1q&ust=1620384682741000&source=images&cd=vfe&ved=0CAMQjB1qFwoTCPDBgcrxtPACFQAAAAAdAAAAABAD


discriminates, identifies or else quantify the samples (Ciosek andWróblewski 2007).
Sensor arrays emerged in early 1990s and were employed for the detection of heavy
metals along with the assessment of spoilage and flavor of the food stuffs (Winquist
et al. 1998). Moreover, e-tongue also measures the quantitative as well as qualitative
constituents of the multicomponent solutions of contrasting characters. The system-
atic demonstration of the mechanism of an electronic tongue is shown in Fig. 13.9.

The e-tongue is extremely advantageous in conditions where human professional
board cannot be employed for the analysis of the sample components. It has different
functions such as:

• To keep control on process conditions, for example, at industrial scale electronic
tongues are used for the automatic process control

• To keep check on the poisonous and severe condition samples such as repeated
testing of pharmaceuticals and drugs

• To make the process cost-effective and to reduce the cost of the product

Hence, e-tongue is a physical object that contains numerous incorporated sensors
and also consists of collection of various resources of data that are obtained from
different liquid samples in spite of their nature such as spectroscopic, electrochemi-
cal, and many more (Fig. 13.15). Data from the apparently unrelated sensors was
included and improvement was found in the performance of the separate sensors in
terms of the selectivity along with the limit of detection. These diverse sensor
assemblages are considered to be highly effective and have much wider applications,
for example, in testing of the food, beverages, pharmaceuticals, drugs, and many
more. So, broad varieties of sensor arrays are employed in the electronic tongue
devices.

13.3.1 Types of Chemical Sensors

Varieties of chemical sensors are utilized in the electronic tongue devices
(Table 13.2). First are electrochemical which are further classified into amperomet-
ric, potentiometric, impedimetric, are conductometric. Next are optical sensors
which include surface plasmon resonance, bioluminescence, reflectance, and another
is gravimetric. A perfect matrix is mainly made up of both selective as well as of
cross-sensitive sensors. Cross-sensitivity is to be defined as capability of the sensor
in detection of various analytes present in the sample and to respond consistently to
the different analytes. The most frequently employed sensor among the above
mentioned sensors are electrochemical. Voltammetric and potentiometric are mainly
used sensors in the electronic tongue devices. A voltammetric sensor produces more
complex data as compared to potentiometric sensors but it provides the superior
information.
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13.4 Applications of Electronic Nose and Electronic Tongue
in Food Science

13.4.1 Coffee Analysis

Coffee is an expensive commodity and is consumed by almost all the individuals
throughout the world. Hence, improvement in its taste is of utmost importance.
Therefore steps starting from the selection of grains, drying process, treatment,
roasting, grinding as well packaging is carefully controlled. So, proficient quality
control devices are required during the production for the monitoring of the flavor,
aroma, adulterants, and other bioactive molecules present in the coffee. Different
bioactive components present in the coffee are chlorogenic acid, caffeine, and
polyphenols (Table 13.3).

Different electrochemical techniques such as differential pulse voltammetry
(DPV), square wave voltammetry (SWV), potentiometry were employed for
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detection of bioactive components in the coffee which helps to improve the quality.
An additional sensor was reported in which electronic nose combined with gas
chromatography (GC) technique to detect volatile compounds present in Arabica
coffee beans (roasted) collected from the various countries such as Costa Rica,
Brazil, Peru, Ethiopia, and many more. It was found that the coffee from different
countries contains diverse volatile compounds which resulted in production of
dissimilar odors. After the quantitative determination of volatile compounds, it
was found that azines, alcohols, hydrazides, acids, ketones, and aldehydes are
most abundant. As a result, highest amount of pyridine (azine) was present in the
coffees from the Peru and Brazil that is 21.9% and 28.7%, respectively, and is
responsible for the bitter odor. Moreover, santos coffee collected from Brazil
contains about 30% aromatic compounds. Most of aromatic compounds were azines,
then aldehydes (17.5%); hydrazine, and acids are about 12–13% and ketons are
nearly 7%. Similarly, coffees from the Guatemala and Costa Rica, consist compara-
ble percentage of volatile compounds. Hydrazides were found to be about 23–25%,

Table 13.2 Types of chemical sensors

Types of sensors Principle

1. Electrochemical

Amperometric Measurement of current among a working electrode and a counter
electrode resulting from the oxidation or reduction of a electro-sensitive
biological element at working electrode which provides definite analytical
information.

Potentiometric Concentration of an analyte is determined by measuring the potential
difference among the working electrode and reference electrodes in
electrochemical cell under zero current flow condition.

Impedimetric Biological recognition element is immobilized onto the electrode surface
which monitors the reaction and the output of the electrical impedance
signal is proportional to analyte activity.

Conductometric Analyte changes the concentration of ionic species in the medium which
alters the electrical conductivity of medium which can be measured.

2. Optical

Surface plasmon
resonance

SPR phenomena takes place on surface of the metal or some another
conducting material on boundary of media typically glass with liquid
while illumination is done by polarized light at a definite angle, results in
the generation of the surface plasmon’s and therefore a decrease in
intensity of reflected light occurs at particular angle that is identified as
resonance angle. This result is proportional to mass on the surface.

Bioluminescence This method mainly utilizes the recombinant technology and recombinant
bioluminescent cells producing bioluminescent signals that are
transmitted from analyte by an optical fiber.

Reflectance This photoelectric sensor emits a visible or infrared light from the light
emitting component and the sensor detects the light reflected from the
sample.

3. Gravimetric This method works on the principle that every mass has a related
gravitational potential, and it is used to measure the gravitational
acceleration.
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then alcohols nearly 18%, aldehydes and azines (15–17%), and finally, ketones
about 8–10% (Marek et al. 2020).

13.4.2 Detection of Aroma and Taste of Olive Oil

Olive oil is extracted from the olive fruits. Large amount of triglycerides are present
in the olive oil along with the small proportion of hydrocarbons, fatty acids,
diglycerides, monoglycerides, phenolic compounds, and sterols. Different types of
phenolic compounds are found in the olive oil that is mentioned in Fig. 13.16. These
small compounds are incredibly essential for the taste as well as for the aroma of
olive oil. So, quantitative as well as qualitative analysis of these compounds is
important for validation and to detect the adulterants in the oil (Boskou 2006).
Several volatile compounds are also present in the olive oil that are associated
with the aroma and they are hydrocarbons, ketones, alcohols, esters, aldehydes,
acids, pyrazines, thiophene derivatives, ethers, furan derivatives, and thiols. Differ-
ent flavors of the olive oil are due to different compounds present in them. For
example, fatty flavor is due to the presence of hepatanal, 2-nonenal, 3-nonenal,
2-octenal; fruity flavor is due to ethyl isobutyrate, hexyl acetate, ethyl 2--
methylpropanoate, ethyl 2-methylbutyrate; green flavor is due to 2-hexenal, cis-3-
hexenal, 2-hexen-1-ol, cis-3-hexen-1-ol; grassy flavor is due to hexanal, 3-hexen-1-
ol; soapy flavor is due to octanal, nonanal; sweet flavor is due to hexyl acetate,
phenyl acetaldehyde; bitter flavor is due to 2-hexenal, 2-hexen-1-ol, and
blackcurrant flavor is due to 4-methoxy-2-methyl-2- butanethiol (Apetrei et al.
2016).

Table 13.3 Range of Bioactive components detected in Samples of Coffee

Bioactive
component

Sample
of Coffee

Concentration
detected Method employed Reference

Chlorogenic
acid

Coffee 3.7 mg/mL Differential pulse
voltammetry

de Santos et al.
(2011)

Caffeine Coffee 163 mg/L Square wave
voltammetry

Mersal (2012)

Caffeine Coffee 82 mg/L Differential pulse
voltammetry

Khoo et al. (2013)

Caffeine Nescafe
sachet

229.5 mM Differential pulse
voltammetry (bare GCE)

Carolina Torres
et al. (2014)

Caffeine Coffee 64.1 � 2.5 mg/
L

Differential pulse
adsorptive stripping
voltammetry

Tyszczuk-Rotko
and Beczkowska
(2015)

Caffeine Espresso
coffees

325 � 24 mg/
100 mL
(At 89 �C)

– Buratti et al.
(2016)

Chlorogenic
acid

Espresso
coffees

178 � 15 mg/
100 mL
(At 89 �C)

– Buratti et al.
(2016)
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To overcome the shortcomings of gas chromatography (GC), mass spectrometry
(MS) and human sensory evaluation; electronic noses and tongues are utilized for
determination of aroma in addition to flavor of olive oil. For instance, deterioration
of the olive oil occurs mainly by oxidation and lipolysis. So, electronic nose and
electronic tongue were used along with multivariate analysis to keep check on
oxidation of the olive oil in different storage conditions (Casio et al. 2007). Bitter-
ness of extra virgin olive oils was determined by developing a multisensor system
and is an accurate and cost-effective method. Voltammetric electrodes which are
based up on the polypyrrole are employed as sensing units. This arrangement of the
sensors was introduced to extra virgin olive oil emulsions. The redox properties of
electro-active compounds such as antioxidants, which are found in the olive oil
emulsions, are monitored by cyclic voltammetry. A comparison was done by
evaluation of this method with the bitterness data obtained from the group of experts
as well as by the physiochemical methods. In calibration, a fine correlation of 0.997
was attained along with root mean square error of calibration (RMSEC) was found to
be 0.0762 and in the prediction, correlation of 0.995 was achieved along with root
mean square error of prediction (RMSEP) of 0.1043 (Apetrei 2012). Also, quantita-
tive as well as qualitative anaylsis of phenolic compounds present in olive oils was
done via employing the voltammetric electronic tongue device. This device was
constructed from an array of screen-printed electrodes altered by polypyrrole. Cyclic
voltammetry (CV) technique was used for the analysis of the emulsions prepared
from various samples of virgin olive oil. In calibration as well as in prediction
excellent correlation coefficient of about 0.9976 and 0.9884 was obtained, in the
range of 111.75 to 482.42 mg � kg�1 (Apetrei and Apetrei 2013). Another low-cost
method known as fusion technique was discovered in which the Taguchi gas sensor
(TGS) electronic nose and voltammetric electronic tongue were combined. This
method was devised to overcome the shortcomings of the independently used
electronic noses and electronic tongues. It was used for classification of the five
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different virgin olive oils collected from diverse geological areas of Morocco and the
results outperformed the previously found results from the simple electronic tongue
and nose system (Haddi et al. 2013).

A technique was developed to examine the quality of olives during the storage
period. It was determined by observing the oxidative stability, free acidity, and
peroxide values. The combination of electronic tongue and chemometric tools was
utilized to monitor quality of extra virgin olives oils. This method was a success as
analysis time and cost was reduced. And it was found that quality of the stored olives
depends upon the storage time and storage lighting environment (Rodrigues et al.
2016). Another sensor was constructed by combining the electronic tongue, nose,
and eye for categorization of extra virgin, olive as well as pomace olive oils along
with the establishment of appropriate storage conditions for extra virgin olive oils.
Data processing was done by principle component algorithm (PCA) and two
categories of the olive oils were determined which are fresh and oxidized. Accuracy
of 94% was accomplished. So, characterization and shelf-life assessment of olive oil
was done (Buratti et al. 2018). Moreover, a method was developed for the post-
harvest quality monitoring of olives which determines the quality of the produced
olive oil. Electronic nose sensor along with the pattern recognition algorithm (PCA)
was employed for prediction of status of olive oil by keeping a check on the
harvested olive fruits. The experimentation was done on 82 samples and superior
results were achieved with the multilayer perceptron-artificial neural network
(MLP-ANN) with the accuracy of 90.2% (Gila et al. 2020). A new technique was
reported to find out the ripe and green intensities of the olive fruits. Olives were
classified into the ripened fruit or light greenly fruit or medium greenly fruit or
intense greenly fruit by electronic nose device that is made up of nine (9) metal oxide
sensor (MOS) (Teixeira et al. 2021).

13.4.3 Analysis of Meat Quality

Meat is among the most consumed foods all over the world and is a major source of
proteins, vitamins, and minerals. But it is a perishable product and the deterioration
rate of the meat is too rapid due to the presence of nutrients which results in change
of its odor, flavor, and texture. So, it’s safe storage and handling is of utmost
importance. Electronic noses and electronic tongues are used for quality assessment,
shelf-life examination, and verification of food products as well as for freshness
assessment of foods (Gliszczynska-Swiglo and Chmielewski 2017). The quality of
the meat can be analyzed by the e-nose devices by determining presence of volatile
compounds (VOCs) such as alcohols, esters, methyl acetate, ethyl acetate, carbox-
ylic acids, lactones, acetone, methyl ethyl ketone, furans, dimethyl sulfide, hydrogen
sulfide, methyl mercaptan, propylene sulfide, pyridines, and dimethyl disulfide in the
spoiled meat (Fig. 13.17).

Types of the sensors mainly employed for the meat sensing are metal oxide
semiconductors and conducting polymers. The sensor was developed for detection
of the Pseudomonas aureofaciens and assay time was low as 1–2 min along with the
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detection limit that ranges from ppm (parts per million) to ppb (parts per billion)
(Balasubramanian et al. 2016). Another commercial electronic nose device known as
PEN3 was reported. It was used to investigate the meat samples of tilapia which were
exposed to ozonated water of various concentrations. Principle component analysis
(PCA) tool was employed for analysis of data and freshness of the meat was
estimated by the reactive substances such as thiobarbituric acid and TVB-N. It was
found that 10 min treatment of 5 mg/L of ozonated water results in the considerable
reduction in the rate of declination of freshness of tilapia fillet (Yan et al. 2015).
Another method was devised, in which eight (8) types of volatile compounds were
detected in smoked chicken drumsticks. Electronic nose, electronic tongue along
with the headspace solid-phase microextraction gas chromatography mass spectrom-
etry (HS-SPME/GC-MS) were employed for assessing effect of different sugar
smoking time periods on taste as well as aroma of the chicken drumsticks. The
moisture content of drumsticks decreased to 65.23% from 71.2%, pH decreases from
6.66 to 5.36, and water activity decreased from 0.987 to 0.979 (Zhang et al. 2021).

Adulteration of the beef with the pork and turkey with chicken meat is a
widespread problem. So, sensors based on the e-noses and e-tongues are employed
to check the adulteration. A cost-effective method based on the colorimetric sensors
was developed for the quantitative and qualitative detection of adulteration of beef
meat with the pork meat. Three (3) samples containing pure pork, beef–pork
combination and the pure beef were taken into considerationand were analyzed by
the fisher LDA (linear discrimination analysis) as well as by the ELM (extreme
learning machine). Prognosis of the adulteration level was made by the BP-ANNs
(Back propagation artificial neural networks). It was found, ELM method is superior
and identification rate of 91.27% was found in training set and 87.5% was found in
prediction set was achieved, respectively (Han et al. 2020). An additional study
based on the electronic tongue was done to find out the best possible dilution levels
of the meat extract, and three systematized meat extraction methods were developed.
This method aimed to study the small amount of adulterants present in meat, for
example, adulteration of chicken in turkey and adulteration of pork in the beef. The
optimum dilution factor was found to be 1% w/v of the liquid meat extract. Higher
linear analysis accuracy (LDA) was achieved for instance recognition of 78.13% and
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Fig. 13.17 Spoilage causing microbes and their related volatile compounds produced in the meat
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89.2% for the chicken and pork, respectively, as well as validation of 64.77% and
68.77% for the chicken and pork, correspondingly (Zaukuu et al. 2021).

Smart packaging of the meat products is a new trend in the meat industries. More
and more advancements are being made in this field. One such innovation is the
development of the electronic nose device for the quick assessment of the beef
quality. Moreover, this device is rapid, cost-effective, and is easy to use as compared
to the previous methods such as LDA (linear discriminant analysis), MLP (multi-
layer perceptron), SVM (support vector machine), SVR (support vector regression),
k-NN (k-nearest neighbor), and standard long short-term memory (LSTM) (Wijaya
et al. 2021). The technique was used to examine the microbial population as well as
the quality of the beef. Usually, electronic nose signal are contaminated with the
noise, and the specialty of this method is to generate the contamination-free data. So,
DWTLSTM (discrete wavelet transform and long short-term memory) was
suggested for controlling the noise produced in the electronic nose signal during
the examination of the beef quality. As expected, DWTLSTM method was far better
than the conventional methods. Hence, this technique outperformed and average
accuracy of 94.8% was achieved. Also, average of F-measure was found to be
85.05% and was effective for the calculation of the microbial population.

In another approach, e-tongue was utilized for the examination of non-volatile
compounds present in beef muscles when exposed to different temperature and time
mixtures (Table 13.4) (Ismaila et al. 2020).

An additional study was reported for the quick detection of PV that is peroxide
value and IMF that is intramuscular fat of the pork meat. In this technique, informa-
tion gathered from e-nose and hyperspectral imaging was combined and pork meat
was exposed to different NaCl concentrations and temperatures (Aheto et al. 2020).
A further method was invented for the monitoring of the spoilage of Salmon fish
which is a highly perishable food product due to the changes in the pH, odor,
temperature, and texture during the frost storage. An electronic nose device and
the IoTMS (IoT-enabled monitoring system) were combined and were used for
determination of the freshness as well as the quality of the Salmon fish. Experimen-
tation was performed by combinations of the different temperature (0 �C, 4 �C, 6 �C)
with changeable time periods (0, 3, 6, 9, 12 to 14 days). Electronic nose device

Table 13.4 Comparison of the flavor produced by the single-stage and double-stage Sous-vide
during treatment with various temperature and time combinations

Stages of
Sous-vide Temperature

Time-
period

Flavor
detected by
e-tongue Compounds detected

Single-
stage

70 �C 12 h Unami Adenosine-5-monophosphate
(AMP), Guanosine-5-
monophosphate

Single-
stage

60 �C 3–
12 h

Astringent and
sour

Leucine, hypoxanthine, histidine,
inosine

Double-
stage

60 �C 6–
12 h

Astringent and
sour

Leucine, hypoxanthine, histidine,
inosine
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information was clustered by the PCA that is a principle component analysis and the
accuracy rate of more than the 90% was achieved (Feng et al. 2020).

In one another technique, electronic nose, electronic tongue was united with the
microextraction gas chromatography–mass spectrometry (SPME-GC/MS) for
checking the taste as well as the volatile compounds (VOCs) present in Harbin red
sausages made traditionally and conventionally (Table 13.5). During the experimen-
tation, four varieties of each traditional and conventional sausage were selected and
131 VOCs were detected. Out of 131, 50 volatile compounds (VOCs) were present
in all the samples of sausages and the remaining 77 volatile compounds were present
either in traditionally or conventionally prepared sausages. It was observed that
number of volatiles found in traditional sausages was much more than the number
of volatiles found in conventional sausages as mentioned in Table 13.5 (Yin et al.
2021):

13.4.4 Other Applications

Electronic noses and electronic tongues have many other functions, for example,
assessment of freshness of the fruits (Jiang et al. 2018); categorization, and quality
control of edible oils; detection of quality of beer, wine, and many other alcoholic
drinks; qualitative and quantitative evaluation of tea (Xu et al. 2019); qualitative
detection of spicy foods (Paup et al. 2019) and many more.

13.5 Conclusion

So, Electronic nose is a contrived olfaction technology which mimics the differenti-
ation capacity of human olfactory system and is an odor examination technique.
Whereas, Electronic tongue is a device that artificially reproduces the sensation of
taste. Electronic nose and electronic tongue are devised of multisensor array along
with an appropriate pattern recognition system. They are extremely beneficial
devices and have many applications in food and beverage analysis, healthcare,
drugs, pharmaceuticals, agriculture, forestry, military security system, civilian secu-
rity system, indoor and outdoor monitoring, environmental monitoring, and medical
diagnostics. Among all, most of them are from the food and beverage category. It
includes the monitoring of quality from the procurement of raw materials to the final
product fabrication and its packaging along with supervision of the storage
conditions. More technical advancements are being made in this field to create
miniature, portable, less arduous, more efficient, logical and easy-to-operate food
analysis sensors.
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Table 13.5 Types of volatile compounds and their concentration found in the traditional and
conventional sausages

Volatile
compounds

Examples of VOCs found in
sausages

Concentration of
VOCs in
traditional
sausages (ug/kg)

Concentration of
VOCs in
conventional
sausages (ug/kg)

Alcohols Hexanol, heptanol, octanol,
ethanol, nonanol, benzyl alcohol

46.57 � 2.60 72.53 � 14.10

Aldehydes Hexanal, 2-methyl-2- butenel,
hetanal, octanal, nonanal,
2-heptenel, benzaldehyde

211.32 � 44.65 80.56 � 9.19

Ketones 2-heptanone, 3-hydroxy-2-
butanone, 2-methyl-2-
cyclopentane-1-one, 2-nonanone,
1-indanone, 3-ethyl-2-
cyclopentane-1-one

404.28 � 48.55 291.99 � 23.97

Acids Acetic acid, propionic acid,
butyric acid, pentanoic acid,
heptanoic acid, sorbic acid,
palmitic acid, benzoic acid, lauric
acid

156.61 � 50.47 120.45 � 31.75

Esters Methyl benzoate, terpinyl acetate,
butyrolactone

7.09 � 0.91 34.81 � 7.09

Phenols Cresol, guaiacol, 2-methoxy-3-
methylphenol, eugenol, 3-ethyl
phenol, 2-
methoxy-4-methylphenol,
3,4-dimethylphenol, 2-
isopropylphenol

1795.40 � 382.75 783.97 � 68.93

Terpenes Pinene, camphene, sabinene,
terpinene, limonene, ocimene,
cymene, styrene, terpinolene,
elemane

1695.61 � 283.40 2223.70 � 198.34

Non-terpene
hydrocarbons

Octane, toluene, 2-methylstyrene,
naphthalene

496.30 � 189.22 386.48 � 98.97

Sulfur-
containing
compounds

Propylene sulfide, diallyl sulfide,
dimethyl trisulfide,
3-methylthiophene

1842.20 � 352.53 2397.50 � 445.44

Furans Furfural, furfuryl acetate,
2-acetylfuran, methyl-2-furoate,
5-methyl-2-acetylfuran

928.73 � 236.59 226.70 � 6.91

Pyridine – 6.46 � 2.67 2.41 � 1.26

2-Picoline – 1.99 � 0.82 5.13 � 1.82

3-Picoline – 9.50 � 4.83 4.54 � 1.62

4-Picoline – 0.81 � 0.42 2.14 � 0.85

2-Acetyl
Pyrrole

– 1.02 � 0.41 0.31 � 0.16
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The exopolysaccharide botryosphaeran produced by the ascomycetous fungus,
Botryosphaeria rhodina MAMB-05, and its chemical-derivative form
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recent years as a platform for immobilizing the enzyme laccase on carbon-based
electrodes. The bioelectrochemical devices fabricated have presented excellent
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14.1 Introduction

The widespread interest and attention on phenolic compounds in foods are due to the
effect of these compounds sequestering free radicals with consequent benefits to
human health. Their concentration in foodstuffs is variable and related to sensory
characteristics (flavor and taste), which can influence the nutritional value of teas,
beverages (wines, fruit juices), and other products (Spanos and Wrolstad 1990;
Herrmann 1989).

Enzyme biosensors based on amperometric or voltammetric detection have
shown an incredible potential to replace the most complex analytical procedures
used to determine phenolic compounds, ensuring selectivity, sensitivity, and quanti-
tation (Rodríguez-Delgado et al. 2015). In the analytical procedures that use these
types of devices, there is no need for tedious sample pretreatment or large amounts of
reagents to be used, and the measurements are rapid, reproducible, direct, and
reliable.

In developing electrochemical enzyme biosensors, the techniques of
immobilizing enzyme on carbon-based electrodes are highly significant because
the enzyme should maintain its catalytic activity and stability. Proper immobilization
will aid good operational and storage stabilities, besides featuring high reproducibil-
ity of the device.

Recently, the exopolysaccharide botryosphaeran produced by the ascomycetous,
filamentous, endophytic fungus Botryosphaeria rhodina MAMB-05 was success-
fully used to immobilize laccase on a glassy carbon electrode modified with multi-
walled carbon nanotubes (MWCNTs) based upon non-covalent interactions between
the enzyme and botryosphaeran (Coelho et al. 2019; Mattos et al. 2019). Another
novelty that can be highlighted is the use of a derivative form of botryosphaeran
(carboxymethyl-botryosphaeran) for the immobilization of laccases on the
carboxymethyl-botryosphaeran in an aqueous solution, which subsequently is
added onto the surface of a carbon black paste electrode (Gomes et al. 2020). Both
approaches provided excellent analytical performance of the biosensors, as short
time response, selectivity, stability, and also maintained the catalytic activity of the
enzyme at the electrode/solution interface for more than 200 analytical
measurements.

On this basis, this chapter presents a brief overview of the fundamentals of
phenolic compounds, enzyme electrochemical biosensors, and the enzyme laccase
when applied to the determination of phenolic compounds in food materials. A
special focus is given to laccase immobilization on the surface of carbon-based
electrodes by platform materials, botryosphaeran and its carboxymethylated form.
The analytical applications of electrochemical (bio)sensors developed with these
materials are also presented and discussed.
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14.2 The Importance of Phenolic Compounds in Food Samples
and Their Determination

Phenolic compounds are classified as secondary metabolites produced in plants.
They present antioxidant activity due to their ability to donate hydrogen atoms or
electrons acting in the defense mechanisms of plants against environmental damage
for their survival, and are of nutritional interest, promoting several human health
benefits (Jorge 2006). The consumption of antioxidant-rich vegetables and fruits
avoids chronic cardiovascular and neurodegenerative diseases, some types of cancer,
and also prevents premature aging (Swallah et al. 2020). They collectively act by
inactivating the action of free radicals and reactive oxygen species before damaging
vital biomolecules and body tissues, preventing or minimizing the triggering of
oxidative reactions that cause oxidative stress which progressively leads to cell
dysfunction and cell death (Lobo et al. 2010).

A phenolic compound is chemically defined as a molecule that has the presence
of at least one aromatic ring with one or more hydroxyl groups directly bonded onto
the cyclic structure (De Beer et al. 2002). The antioxidant action of phenolic
compounds is related mainly to their chemical structure, which depends on the
number and position of hydroxyl groups and the extent of conjugation in the
molecule of interest. Flavonoids (e.g., quercetin) and phenolic acids (e.g.,
chlorogenic acid) are two of the main classes of phenolic compounds with known
antioxidant activity (Tohma et al. 2017). Both classes protect food from oxidation
and provide a beneficial effect on the health and well-being of consumers, and also
contribute to the taste, bitterness, and aroma of the food (e.g., wines, green teas, fruit
juices, and coffee-based beverages) (Spanos and Wrolstad 1990; Herrmann 1989).

The determination of the content of phenolic compounds is an effective way to
determine food quality. Besides, it may be used to assess the market value, clonal
variations, and seasonal quality variations of teas, wines, and fruit juices. Phenolic
compounds may negatively affect the sensory characteristics of foods with an impact
on their quality and they can cause browning reactions (Spanos and Wrolstad 1990;
Herrmann 1989). Consequently, the food industry carries out strict quality control of
the concentration of phenolic compounds in the composition of foods, especially in
beverages, e.g., wines, spirits, and fruit juices.

A spectrophotometric method based upon a reagent proposed by Otto Folin and
Vintila Ciocâlteu is one of the oldest methods extensively employed to quantify
phenolic content in many types of samples (Musci and Yao 2017), including fruit
juices and red/white wines. The Folin–Ciocâlteu reagent is composed of a mixture of
phosphotungstic acid and phosphomolybdic acid in which the tungsten and the
molybdenum are in the +6 oxidation state. This promotes electron-transfer reactions
between the Folin–Ciocâlteu reagent and the phenolic compounds to form
chromogens in an alkaline solution (pH of ~10, by adding sodium carbonate). The
reagent, originally intense yellow, changes to blue during the redox reaction, which
is directly proportional to the content of the reducing substances in the reaction. The
Folin–Ciocâlteu assay presents sensitivity and precision, but lacks specificity due to
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the potential reducing substances added, or naturally present in the sample matrices
that can respond in the same way with this reagent (Musci and Yao 2017).

Among the wide variety of known dosage procedures for the determination of
phenolic compounds, those that employ electrochemical enzyme biosensors have
great potential for the determination of these compounds in food samples
(Rodríguez-Delgado et al. 2015; Della and Compagnone 2018). The incorporation
of redox enzymes on the surface of carbon-based electrodes provides selectivity and
sensitivity for analytical procedures applied to determine phenolic compounds in
rather complex sample matrices, in a sustainable, environmentally friendly, rapid,
and economical ways (Nguyen et al. 2019). Some of these devices may identify and
determine individual phenolic compounds in complex matrix samples. The excellent
performance of electrochemical enzyme sensors for analytical purposes requires the
judicious choice of the redox enzyme(s), their form of immobilization (physical
adsorption, ionic binding, covalent bonding), and the appropriate electrochemical
transducer.

14.3 Electrochemical Enzyme Biosensors for the Determination
of Phenolic Compounds in Food Samples

Novel electrochemical enzyme biosensors developed have evolved from the classic
and successful glucose biosensor model. On the device originally developed by
Clark and Lions in 1962 (Clark and Lyons 2006), the enzyme glucose oxidase
(EC 1.1.3.4), obtained from Aspergillus niger, was immobilized in a semipermeable
dialysis membrane combined with a Clark-type oxygen electrode for measuring
glucose levels in the management of diabetes. This device measured either the
oxygen reduction or hydrogen peroxide oxidation after the enzymatic reaction,
with the main advantages of high sensitivity and low response times. Glucose
oxidase, like other oxidases that liberate H2O2 in converting substrate to product,
can also use other cofactors, such as nicotinamide adenine dinucleotide (NAD+),
flavin adenine dinucleotide (FAD), or nicotinamide adenine dinucleotide (NADH),
to assist in transferring electrons, in which they can be externally supplied or
immobilized into the electrochemical sensor (Bollella and Katz 2020).

A different approach to the electron-transfer method that has been used for the
measurement of the enzymatic reaction was the replacement of oxygen by an
electron mediator (i.e., ferrocene derivatives, ferrocyanide, conducting organic
salts, and quinones) (Mohammad et al. 2013). Mediators are small electroactive
molecules shuttling electrons between the redox center at the enzyme active sites and
electrode surface (Bollella and Katz 2020). Briefly, the electrons generated in the
enzymatic reaction are transferred to the mediator, which, in turn, is reduced. In the
next step, the oxidation of the mediator on the electrode surface produces a current
signal that is directly proportional to the concentration of the analyte (e.g., phenolic
compound). An advantage of this type of biosensor is that the electrochemical
detection of the phenolic compound occurs at a potential closer to zero, but the
mediators can also facilitate the electron transfer from secondary redox reactions and

388 C. A. R. Salamanca-Neto et al.



present low chemical stability. Subsequently, electrochemical biosensors have also
been developed in which the electron transfer takes place between the active center
of the enzyme and the electrode surface without the use of mediators (Freire et al.
2003). With this setup it is possible to obtain a simplified and miniaturized device
that operates at potentials closer to those of the enzyme, minimizing the effects of
concomitant compounds from complex samples.

In general, electrochemical detection techniques can be categorized and based
upon voltammetric, amperometric, impedimetric, potentiometric, or conductometric
procedures. Comparatively, amperometric or voltammetric methods are those most
used, and the ones with much interest due to their economical qualities, high
sensitivity, fast response times, simple design, and construction (Nguyen et al.
2019).

Figure 14.1 presents a brief schematic illustration of an electrochemical enzy-
matic biosensor that employed voltammetry as an electrochemical detection tech-
nique. An electrochemical enzyme biosensor consists of a redox enzyme layer
properly immobilized onto an appropriate electrode (transducer). In an aqueous
solution, the phenolic compound diffuses into the enzyme layer, where the biochem-
ical reaction will take place. As a result, the electrical parameters of the solution
change due to the electron-transfer processes.

The detection system will measure the current flowing through the system of
electrodes by varying the potential applied between the biosensor (working elec-
trode) and the reference electrode. Generally, the system contains three electrodes
immersed in a supporting electrolyte: biosensor (working electrode—where the
electrochemical action takes place), reference electrode (all measured potentials
are referenced), and the counter electrode (completes the circuit). The current
measured is associated with oxidation or reduction of the reactant or the product
of the enzymatic reaction which is correlated to the concentration of the analyte in
solution. If measurements of the current are carried out at constant potential, an
amperometric system is obtained.

Carbon-based materials are outstanding transducers for the immobilization of
redox enzymes. Pyrolytic graphite, glassy carbon, and carbon black electrodes are a

Fig. 14.1 Enzyme-based conversion of substrate into products and reverse electrochemical pro-
cess monitored by voltammetry
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more economical alternative when compared to noble metals, and have attractive
electrochemical properties, such as a wide range of working potentials, fast electron-
transfer kinetics, and reasonably chemical inertness. The readily available carbon-
based electrodes provide sensitivity in conjunction with the high selectivity of the
immobilized enzyme, ensure stability, the device can be reusable, operates with
small sample volumes, and a clean-up of the samples is unnecessary (Nguyen et al.
2019; Sassolas et al. 2012).

The most carbon-based material used as a transducer is the glassy carbon
electrode (GCE), while pyrolytic graphite and carbon black-paste electrodes are
also widely used, due to their low cost, easy preparation, renewability, and stable
responses (Švancara et al. 2009). Carbon pastes usually are constituted of a mixture
of carbon powder and a hydrophobic organic liquid binder (Adams 1963). Several
strategies of modification of carbon-based electrodes may be used in the develop-
ment of biosensors, as they provide a new sensor device with desired, often
predefined, properties.

The modification may be realized with a nanostructured material including multi-
walled carbon nanotubes (MWCNTs) to improve the performance of detection
platforms that allow an enhancement of conductivity, and an extensive surface
area on the sensor (Della and Compagnone 2018; Merkoçi 2006; Luong et al.
2008; Balasubramanian and Burghard 2006). By definition, MWCNTs are formed
by two or more concentric cylindrical shells of graphene sheets with spacing
between the layers of 0.34 nm. Smaller tubes are contained within the larger outer
shell. Most commercially available MWCNTs are synthesized by chemical vapor
deposition techniques during the pyrolysis of hydrocarbon gases at high
temperatures (Jacobs et al. 2010). MWCNTs can be added to graphite paste, in an
appropriate proportion, as well as by drop-casting them onto the surface of a GCE.
GCEs modified with MWCNTs display a low detection limit, high sensitivity, and
rapid sensor kinetics (Balasubramanian and Burghard 2006).

Another attractive alternative that has long been practiced for biosensor fabrica-
tion is the use of carbon black (CB) paste electrodes as transducers. CB is an
inexpensive material, abundant, and does not require any prior treatment before
use. This carbonaceous material is produced from heavy aromatic petroleum oils by
several well-established manufacturing processes including oil furnace, e.g., thermal
black, acetylene black, lamp black, channel black, and gas black (Long et al. 2013).
Among these, the oil furnace process presents a highly efficient method that permits
rigid control of the chemical and physical properties of CB (Cabot 1960). As the
final product of this process, a fine black powder in fluffy form is produced that is
composed of spherical primary particles in diameters ranging from 10 to 100 nm,
and with surface areas from 25 to 1500 m2/g, with a semi-graphitic structure of
nearly pure elemental carbon (Cabot 1960). CB primary particles fuse, forming
aggregates, which connect to form agglomerates. A more recent overview (Arduini
et al. 2020) has highlighted interesting electroanalytical properties of CB in the
design of sensors and biosensors besides cost-effectiveness, and current trends of
this carbonaceous material.
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Redox enzymes have also been immobilized onto nanostructured materials
mainly by physical absorption or covalent interactions to develop sensitive
biosensors.

14.4 Laccase as a Powerful Biocatalyst in Analysis of Phenolic
Compounds in Foods

Laccases (EC 1.10.3.2) belong to the polyphenol multicopper oxidase class of
enzymes and are a promising candidate to act as a biorecognition element in
bioelectrochemical devices (Cannatelli and Ragauskas 2017). Their structure is
based on a glycoprotein chain and a copper cluster in the active site, which acts as
a cofactor on the biocatalysis of the oxidation process of (ortho- and para-) (poly)-
phenols in the reduced form to the corresponding quinones, simultaneously reducing
molecular oxygen (final electron acceptor) to water, as exemplified in the scheme
below (Fig. 14.2) (Mogharabi and Faramarzi 2014). These enzymes are obtained
from several biological sources, including bacteria, plants, insects, and fungi. Fungal
laccases have gained much importance in the design of electrochemical biosensors,
especially due to their higher oxidation potential compared to laccases from other
sources, and their ability to catalyze electron-transfer processes without additional
cofactors or chemical mediators (Moraes et al. 2019).

In view of the application of laccase-based biosensors in the food industry, some
electrochemical biosensors have been developed using laccase from different
sources, including the basidiomyceteous fungi, Coriolus versicolor, andGanoderma
spp., that biodegrade lignin a (poly)phenolic/aromatic plant cell wall biopolymer
(Rodríguez-Delgado et al. 2015). These devices are employed to specifically deter-
mine phenolic compounds and ensure the quality of the final products, as discussed
above. For this purpose, laccase has been immobilized on the surface of carbon-

Fig. 14.2 The laccase-catalyzed oxidation reaction of ortho-/para- phenols to ortho-/para-
quinones and electrochemical reduction of molecular oxygen to water
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based electrodes by usual enzyme immobilization procedures, and the devices were
applied to determine phenolic compounds in tea leaves at different stages of tea
production (Ghindilis et al. 1992) and commercial fruit juices (Chawla et al. 2011).

The ascomyceteous ligninolytic fungus Botryosphaeria rhodina MAMB-05
produces an extracellular laccase constitutively, which can be induced to higher
enzyme titer levels by veratryl alcohol, a laccase inducer (Vasconcelos et al. 2000).
Recent studies reported in the literature describe the use of crude enzyme extracts
obtained by submerged fermentation of fungi (Coelho et al. 2019; Mattos et al. 2019;
Gomes et al. 2020; Moraes et al. 2019). The application of crude laccase extracts in
the architecture of bioelectronic devices may result in selectivity problems. How-
ever, this procedure reduces the cost of preparing the biosensor on a large scale, in
addition to being simpler and ensuring a longer lifetime of the biocatalytic activity
when compared to the purified enzyme.

Laccase from B. rhodina MAMB-05 has been applied in electrochemical
biosensing of several (poly)phenolic compounds, with simple and complex organic
structures, including hydroquinone (Mattos et al. 2019), dopamine (Coelho et al.
2019), chlorogenic acid (Salamanca-Neto et al. 2020a), flavonoids (Gomes et al.
2020; Mattos et al. 2021), and also for indirect determination of spironolactone
(Coelho et al. 2019) based on a mechanism of enzyme inhibition. Although these
studies have used different electrochemical platforms in the transduction system, the
mechanism of monitoring is derived from the same laccase-based reaction. The
laccase activity based on a stereospecific and selective reaction promotes the forma-
tion of large amounts of the oxidized species (ortho-/para-quinones) at the interface
electrode/solution, which results in a greater signal of current arising from the
electrochemical reduction of those species.

14.5 Enzyme Immobilization Methods for Electrochemical
Biosensing in Food Analysis

The type of enzyme immobilization procedure on an electrochemical support
directly affects the analytical performance of the biosensor. Each immobilization
method has advantages and disadvantages; thus, each type of procedure must be
studied taking into account the lifetime and stability of the biorecognition element
(enzyme), accuracy, precision, reproducibility, sensitivity, limits of detection, and
quantification of the proposed device (Sassolas et al. 2012). The most well-known
types of enzyme immobilization include gel occlusion, physical adsorption, micro-
encapsulation, and covalent bonding, as illustrated in Fig. 14.3.

Immobilization by occlusion is based on the confinement of the enzyme within
the interstitial spaces of a gel, allowing the diffusion of substrates and products in
and out of the polymer matrix and retaining the enzyme of interest. Several materials
have been used for enzyme occlusion, such as polyvinyl alcohol, polyacrylamide
gels, anionic and cationic groups, among others. A disadvantage of the occlusion
method is related to the possible loss of enzyme activity due to leaching, which is
governed by the pore sizes of the gel (Fernández-Fernández et al. 2013).
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Physical adsorption is the simplest method of enzyme immobilization which has
the advantages of low cost and ease of immobilization based on weak physical
forces/interactions between the enzyme and the immobilized matrix; they include
van der Waals forces and hydrogen bonding. Compared to other methods of enzyme
immobilization, the disadvantages of physical adsorption include low stability of the
immobilized enzyme under severe conditions of temperature, pH, and ionic strength,
which may lead to a fast washing-out of the biomaterial from the electrode surface.
However, this method has been widely applied in biosensor projects since it remains
the fastest and most applicable procedure for the immobilization of biocatalysts
(Brady and Jordaan 2009).

Microencapsulation is based upon trapping the enzyme within a membrane
deposited on the electrode surface. This material retains the enzyme, and its porosity
allows the diffusion of the substrate and the products formed in the reaction, which
are monitored on the interface electrode/solution. Examples of membranes include
nylon, chitosan, cellulose acetate, and polycarbonates. A remarkable disadvantage of
this method is related to the impediment of the mass transfer of the substrate and the
reaction products caused by the membrane (Rochefort et al. 2008).

The covalent attachment of the enzyme is the most stable and efficient method in
the immobilization of enzyme onto a support material. This procedure occurs
through chemical bonds between functional groups on the enzyme (the part not
essential for catalytic activity) and reactive groups on the support material that may
include hydroxyls, carbonyls, amines, phenolic groups, imidazole, and thiols. The
most widely applied support materials include insoluble polymers such as chitosan,
cellulose, dextran, and sepharose. Examples of covalent binding agents used in the
construction of electrochemical enzyme biosensors have included: 1-ethyl-3-
[3-dimethylaminopropyl] carbodiimide (EDC), N-hydroxysuccinimide (NHS), epi-
chlorohydrin, glyoxal, aminothiols, and glutaraldehyde (Casero et al. 2013).

Fig. 14.3 Pictorial representation of different enzyme immobilization methods
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14.6 The (1 → 3)(1 → 6)-b-D-Glucan from Botryosphaeria
rhodina MAMB-05 as a Natural Stabilizer for the Enzyme
Laccase

Some fungi and bacteria produce exocellular carbohydrate biopolymers that are
named exopolysaccharides (EPSs). These biomaterials have been widely explored
in the development of new enzyme-based bioelectronic devices. Chitosan and
carboxymethyl-cellulose are some of the most applied exo-biopolymers for this
purpose considering some remarkable characteristics, including biocompatibility,
biodegradability, ability to form adherent thin films on support electrochemical
platforms, renewable, abundant in nature, and usually are non-toxic (Hernández-
Ibáñez et al. 2016; Fu et al. 2015). These organic materials are obtained by extraction
of fungal mycelia, microalgae, plant cell walls, and crustacean and insect
exoskeletons. EPSs have advantages over other natural polysaccharides as they are
produced by fermentation by microbial species, and can be obtained from the
fermentation broths by precipitation using alcohol with consequent high yields,
and resulting in lower production costs.

Apart from laccase secreted extracellularly, B. rhodinaMAMB-05 also produces
an exopolysaccharide of the (1 ! 3)(1 ! 6)-β-D-glucan type (named
botryosphaeran, BOT) when cultivated by submerged fermentation on glucose
(or sucrose) as sole carbon source. This exocellular biopolymer consists of a
backbone chain bound by β-(1 ! 3)-linked D-glucose residues with approximately
22% side-branching through C-6 of glucose and gentiobiose residues via β-(1 ! 6)
bonds along the backbone chain (Crognale et al. 2007; Barbosa et al. 2003; Dekker
et al. 2019) as shown in Fig. 14.4.

As aforementioned, the fungus B. rhodina MAMB-05 produces both
botryosphaeran and laccase under conditions of fermentation optimized for the
production of either laccase or botryosphaeran. An attractive characteristic of this
system is that botryosphaeran constitutes a biofilm upon which laccase can assemble
providing a natural biochemical environment for enzyme immobilization. This
feature was of interest to develop a new method for laccase immobilization on
bioelectrochemical devices (Coelho et al. 2019; Mattos et al. 2019; Gomes et al.
2020).

Botryosphaeran was employed in the construction of a laccase-based biosensor
for monitoring chlorogenic acid content to discriminate different types of brewed

Fig. 14.4 Chemical structural representation of botryosphaeran
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coffee (Salamanca-Neto et al. 2020a). A chemometric study based on statistical
mixture design revealed that the presence of botryosphaeran enhances laccase
activity. The absence of the biomolecule was expected to increase the analytical
response for the target analyte due to lower resistance of charge transfer, but a
decrease in the response was observed. On the other hand, the addition of the
exopolysaccharide botryosphaeran to the composition of the biosensor promoted
an increase in the current for chlorogenic acid even with an increase in the resistance
to charge transfer. The biosensor response was due to the catalytic effect of the
laccase in the oxidation of the polyphenolic compound to the ortho-quinone form,
and this was followed by reduction by the transducer. The results indicated that the
natural biochemical environment for laccase immobilization increased the catalytic
effect of the enzyme with the need for small amounts of the biocatalyst on the
chemical makeup of the biosensor. The biosensor based on laccase immobilized on
botryosphaeran was successfully applied in the discrimination of specialty and
traditional coffee beverages by using principal component analysis where the
laccase-catalyzed reduction peak of chlorogenic acid was an important factor for
the discrimination (Salamanca-Neto et al. 2020a).

14.7 Carboxymethylated-Derivative of Botryosphaeran and Its
Application in Biosensing.

The derivatization of polysaccharides is performed by chemical modification
methods where active functional groups are added to the polysaccharide chain.
The different types of derivatization include ether and ester functional groups on
the polysaccharides and are performed in cases where expected specific
characteristics of the product are desired. For example, the addition of
hydroxypropyl and methyl groups to cellulose provides solubility, increases viscos-
ity in solution, and promotes stability against biodegradation; features that are very
useful in the preparation of tablets in the pharmaceutical industry (Shokri and Adibki
2013). Carboxymethylation is the most commonly used chemical modification
method of polysaccharides to increase water solubility and their biological activities.
This reaction is based on the Williamson ether synthesis with several adaptations
implied in low-cost procedures (Kagimura et al. 2015; Theis et al. 2019; Chakka and
Zhou 2020). The modification of botryosphaeran by carboxymethylation resulted in
increased water solubility and produced film characteristics of the natural
exopolysaccharide, which have been used for the purpose of developing electro-
chemical sensor devices (Eisele et al. 2019; Salamanca-Neto et al. 2020b). The
application of biosensing fabrication relies upon a covalent linkage of the enzyme to
the carboxyl-terminal groups of the modified biopolymer using the cross-linking
agents EDC and NHS. The covalent attachment of laccase to carboxymethyl-
botryosphaeran (CMB) was carried out in a one pot-sequential reaction in phosphate
buffer solution (pH 6.0), in which EDC was allowed to react with CMB, followed by
the addition of NHS, and finally the laccase. An aliquot of the solution of laccase
covalently bound to CMB was layered on the top surface of a carbon black paste
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electrode and allowed to cure. The reaction was accompanied by electrochemical
impedance spectroscopy and revealed that this type of immobilization led to a very
stable, reproducible, reusable, and sensitive biosensing platform. The biosensor
device fabricated responded favorably to quercetin, and it was possible to selectively
quantify this phenolic compound in complex matrices as red wine, green tea, fruit
juices, pharmaceuticals, and human urine using square-wave voltammetry (Gomes
et al. 2020).

14.8 Other Applications of Botryosphaeran and Its
Carboxymethylated-Derivative in (Bio)Sensing

As stated above, both botryosphaeran and CMB were used in the construction of
electrochemical biosensing devices for monitoring of chemical components in food
products. On the other hand, botryosphaeran was also employed in the construction
of laccase-based biosensors for monitoring hydroquinone (Mattos et al. 2019) and
dopamine and spironolactone (Coelho et al. 2019), while CMB was explored in the
construction of sensors for the phenolic compounds, paracetamol and dopamine
(Eisele et al. 2019), and the antihistamine drug desloratadine (Salamanca-Neto et al.
2020b).

A carbon black paste electrode modified with gold nanoparticles was simulta-
neously covered by an aliquot of botryosphaeran and laccase in which the enzyme
was immobilized by physical adsorption, eliminating the need for reagents acting as
cross-linking agents. The fabricated biosensor provided a very sensitive response for
hydroquinone over uric acid and other phenolic compounds. The biosensing device
was applied to the determination of quercetin in dermatological cream, urine, and
river water without any prior treatment being required (Mattos et al. 2019). The same
procedure of layering botryosphaeran and laccase onto a glassy carbon electrode
modified with MWCNTs was used to fabricate another biosensor device. This
biosensor was employed in the determination of dopamine with satisfactory selec-
tivity over other phenolic compounds. Additionally, using the same biosensor
architecture, we found that the pharmaceutical spironolactone interacted with the
dopamine-quinone, the oxidized form of dopamine catalyzed by laccase, forming an
imine, which consequently reduced the reduction signal of dopamine. This behavior
led to a novel bioanalytical method for the indirect determination of spironolactone
by reducing the signal of the dopamine-quinone formed from the catalytic action of
laccase (Coelho et al. 2019).

The first electrochemical use of CMB was published by Eisele et al. (Eisele et al.
2019). They employed CMB as an adherent layer of carbon black placed on the
surface of a GCE. The properties of CMB promoted ionic interactions and hydrogen
bonding between the electrode surface and the phenolic molecules, and such
interactions resulted in an increase of the surface concentration of these species on
the modified electrode surface assembly thereby increasing the voltammetric
response. This kind of sensor was employed in the determination of paracetamol
and dopamine in pharmaceutical formulations and synthetic cerebrospinal fluid.
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While the botryosphaeran appears to act as a stabilizer of laccase, as it provides a
natural environment for the enzyme favoring its catalytic effect, the derivatized form
of the exopolysaccharide was successfully used to stabilize pristine multiwalled
carbon nanotubes in an aqueous dispersion. In constructing MWCNTs modified
electrode, it is first necessary to disperse the MWCNTs in solution. CMB could
disperse the carbon nanostructured material in water without any previous
functionalization. The dispersion resulted in a homogeneous distribution of the
nanomaterial when layered onto the surface of a glassy carbon electrode, which
was employed to determine the antihistaminic drug desloratadine in samples of
pharmaceutical products and in rat serum (Salamanca-Neto et al. 2020b).

14.9 Conclusion and Future Perspectives

It is important to present novel biomaterials (e.g., botryosphaeran and its derivative
forms) to design biosensors that have the potential for diverse applications. Both
biomaterials are still little explored in the development of sensors and biosensors. In
view of this, we hope that this brief overview will pique the interest of researchers to
focus on these biotechnologically derived bio/sensors, which can contribute to
reducing the expenditure of potentially toxic reagents used in alternative analytical
procedures. The natural environment for laccase immobilization was responsible for
its high catalytic activity, and higher stability of enzyme biosensors can be attained
through different types of immobilization procedures (physical adsorption and
covalent attachment). The carboxyl groups of CMB have strategically been used
for the covalent attachment of laccase using cross-linking agents in an aqueous
solution, allowing these devices capable of being produced in bulk for multiple
bio/sensing applications.

Future work should focus on the application of botryosphaeran and its derivative
forms (carboxymethyl-, sulfonated-, acetylated- and phosphorylated-
botryosphaerans) to immobilize enzymes (laccases and other oxidoreductases)
from other sources in developing novel carbon-based electrodes for determining
drugs and other analytes.
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Application of Nano-ELISA in Food Analysis 15
Long Wu

Abstract

ELISA is a widely applied technique with good reliability, sensitivity, and
specificity. Compared to other immunoassays, ELISA has been intensively used
in many fields like biology, toxicology, immunology, and medical diagnosis due
to its simple operations and high reliability. Recently, ELISA has been widely
used in food safety and control. Though ELISA has so many applications and
superior advantages, it encounters a lot of restrictions, especially the relatively
low sensitivity and stability. Based on this, abundant work has been done to
improve the detection performances of conventional ELISA (c-ELISA), includ-
ing the limit of detection (LOD), accuracy, and stability. Fortunately, combined
with nanomaterials, various ELISA-based methods have been developed to
address the limitations of c-ELISA. The nanomaterials-based ELISA (nano-
ELISA) behaves additionally mechanical, electrical, magnetic, optical, and cata-
lytic properties. Based on this, in this chapter, we summarize ELISA methods and
provide an overall description of the history, principles, designs, and applications
in analysis of food contaminants, which is expected to help facilitate the food
safety and control in compliance with legislation and consumers’ demands.
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15.1 Introduction

It is known that ELISA is a popular biochemistry assay using a solid-phase enzyme
immunoassay to analyze a target with a form of antibody-antigen recognition model,
in a plate well or solutions (Voller et al. 1978; Butler 2000). As a golden standard in
immunoassay, ELISA has been widely applied in laboratories and industries, which
acts as a verification method, or a detection means in sample quality tests (Buss et al.
1997; Salomone et al. 2004; Török et al. 2015). Owing to its advantages such as
good convenience, high specificity and feasibility, ELISA or ELISA-based method
has been regarded as a powerful tool in analytical science (Gao et al. 2019a, b). Yet,
c-ELISA suffers from inherent shortcomings like low efficiency, complicated
operations, and single detection mode (usually antigen-antibody detection). Thus,
it is vital to develop an effective method to solve the problem.

Since the extensive applications of ELISA, different ways have been tried to
solve the existing problems. For instance, many studies have been carried out to
enhance the LOD and detection accuracy of c-ELISA (He et al. 2016; Fadlalla et al.
2020). So far, not only the range of application of ELISA but also its detection
performance has been developed a lot (Byer et al. 2008; Jaria et al. 2020). To be
specific, from c-ELISA to avidin-biotin ELISA (ABS-ELISA), the immunoassay has
been extended to in vivo detection with higher sensitivity (Peng et al. 2014). Besides
that, it is an ultimate goal to achieve higher stability, better accuracy, simpler
operations, and lower cost of the ELISA method.

Recently, a lot of work related to ELISA have been reported in the applications of
food analysis. In particular, Zhang et al. summarized the application of ELISA in
pesticide residues detection in food products, which emphasized the accuracy and
universality of ELISA in pesticide residues analysis (Zhang et al. 2008). Besides,
Aydin et al. gave a detailed description on the history, working principles, and
different classifications of ELISA, as well as how to analyze peptide or protein using
an ELISA method, including discussing what we can do with ELISA analytical
errors (Aydin 2015). To be specific, Toh et al. introduced the application of aptamers
in ELISA, that is aptamer-based ELISA, which uses aptamers to recognize the
analytes or give signal outputs (Toh et al. 2015). After that, based on the localized
surface plasmon resonance of nanomaterials such as nanogold or nanosilver
particles, Satija et al. discussed the plasmonic-ELISA that used in visual detection
applications (Satija et al. 2016). Later, Wang et al. reported the advances in ELISA
for antibiotics detection in food matrices involving different immunosensors from
electrochemical ELISA to fluorescence-ELISA (Wang et al. 2017). At present, nano-
ELISA has been developed by integrating nanotechnology with ELISA, which
brings much more convenience and superiority in food analysis. For example, Wu
et al. introduced the development of c-ELISA in combination of nanomaterials
(Wu et al. 2019a, b), especially the latest development of nano-ELISA and their
applications in food safety. By modifying c-ELISA with nanomaterials, it shows
superior performance with lower LOD and cost, higher stability, and accuracy. Thus,
it is vital to develop nanomaterials (nanopolymer, nanoantibody, nanoprobes)-based
ELISA and applied them in food analysis.
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Based on the above background, the development of c-ELISA via nanomaterials
(nano-ELISA) is given in this chapter, mainly referring to the four construction units
of ELISA: substrate of sorbents, recognition models, enzyme labels, and chromo-
genic agents (Fig. 15.1). Also, advantages and disadvantages of c-ELISA and nano-
ELISA are summarized and discussed. Different nanomaterials are described to
improve or rebuild c-ELISA, which offer valuable guidance and strategies to design
and construct nano-ELISA. In addition, different applications of newly developed
nano-ELISA are described in food samples. Finally, challenges and perspectives on
nano-ELISA are discussed, as well as their applications in food analysis and safety
verification.

15.2 History and Development of ELISA

Before the development of the ELISA, radioimmunoassay was the only choice to
carry out an immunoassay, which adopted radioactively labeled antigens or
antibodies. At first, radioimmunoassay was proposed to achieve detection of

Fig. 15.1 Schematic presentation of emerging strategies for enhancing the sensitivity of c-ELISA.
Reproduced from Ref. (Xiong et al. 2020) with permission from Elsevier
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endogenous plasma insulin (Yalow and Berson 1960). In the method, radioactive
isotope like iodine-125 as labeled signal can indicate the existence of target in the
sample, usually a specific antigen or antibody. The innovative idea brings conve-
nience to the identification of certain targets. However, as radioactivity may do
potential harm to human health, a safer alternative must be developed.

As the radioactivity of such label can pose potential risks on human health, the
urgent affair is to replace the radioactive signal with safer labels. Fortunately, a color
change occurs as peroxidase (e.g., HRP) reacts with substrates like OPD or TMB,
which can be used as signal equals to radioactive isotope. The limitation is that the
color variations must be initiated by certain enzyme, so enzymes linked with
antibody was developed to provide labels that react with substrates, which was
defined as enzyme immunoassay (EIA) (Nakane and Pierce Jr 1967). To conve-
niently remove the references through simple washing procedures, antibody/antigen
must be anchored on the bottom of plate wells. Based on a sorbent substrate and
enzyme-labeled antibody, the prototype of enzyme-linked immunosorbent assay
(ELISA) was reported for the quantitative detection of IgG for the first time (Engvall
and Perlmann 1971).

Typically, the signal transducer of conventional ELISA consists of enzyme and
substrates that can react to produce color changes when analyte exists (Johnson et al.
1992; Hosseini et al. 2018). Based on the fundamental structures of ELISA, optical,
electrochemical, and magnetic reporters are frequently used to generate signals for
other ELISA-like techniques, which can outcompete c-ELISA in sensitivity, flexi-
bility, and stability (Bouças et al. 2008; Phillips and Abbott 2008; Al Ghounaim
et al. 2016). In technical terms, some of the assays cannot be classified as ELISAs, as
they are not linked with enzyme or absorbed on a solid surface of well plates.
However, they are instead linked to some nanozymes or anchored on other solid
surfaces. Generally, their working principles are the same, so we accepted them as
ELISAs. Till the year of 2012, De La Rica reported an ELISA using AuNP as a
reporter to achieve the colorimetric detection of prostate-specific antigen and HIV-1
capsid antigen, which is the very beginning of nano-ELISA (De La Rica and Stevens
2012).

15.3 The Working Ways of ELISA

Conventionally, the specificity of antigen-antibody type reaction is used because it is
easy to raise an antibody specifically against an antigen in bulk as a reagent. (Gaastra
1984). Taking food sample detection as an example, the specific substance to be
detected (an analyte) is anchored on a solid substrate with specific recognition
captured by antibody (a “sandwich”mode) (Fig. 15.2). After the analyte is anchored
on the solid plate, a liquid sample is added onto a stationary solid phase with special
binding properties, followed by multiple liquid reagents that are sequentially added,
incubated, and washed. Finally, color development with some optical change can be
observed in the final liquid in the well, which can be used to analyze the amount of
analyte qualitatively and quantitatively.
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In addition, the analyte is also called the ligand because it will specifically bind or
ligate to a detection reagent, thus ELISA falls under the bigger category of ligand
binding assays (Ma and Shieh 2006). The ligand-specific binding reagent is usually
coated and dried onto the transparent bottom and sometimes also an interface to
generate a signal. In this regard, the recognition element-like aptamer can also be an
alternative. On the other hand, for each washing step, the signal label and nonspecific
or unbound components are washed away, but the reaction products immunosorbed
on the solid phase (Heaney et al. 2020). That’s to say, the ligand, immobilized
antibody are parts of the plate, which is difficult to be developed into reusable
ELISAs.

Generally, as a heterogenous assay, ELISA separates some components of the
analytical reaction mixture by adsorbing certain components onto a solid phase
which is physically immobilized (Kwong et al. 2002). In the most simple form of
an ELISA, antigens from the sample to be tested are attached to a surface. Then, a
matching antibody is applied over the surface so it can bind the antigen. This
antibody is linked to an enzyme and then any unbound antibodies are removed. In
the final step, a substance containing the enzyme’s substrate is added. If there was
binding, the subsequent reaction produces a detectable signal, most commonly a
color change.

15.4 Structure of ELISA

As described above, from bottom to up, ELISA method consists of four main parts:
solid substrates, sorbent antibody/antigen, enzyme labels, and chromogenic reagents
(Fig. 15.3). To conduct the ELISA detection, the supporting substrate like microplate
well provides a surface for antibody/antigen to bound to, then the enzyme-linked
complementary biomolecules (a new specific antibody or a secondary antibody) will
bind with the primary antibody/antigen and generate a bioconjugation (Waritani

Fig. 15.2 Scheme
illustration of the principle of
direct ELISA and indirect
ELISA
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et al. 2017). To realize visual detection, chromogenic reagents are used to generate
visual detection signal (chemiluminescence, fluorescence color, etc.). In the ELISA
structure, solid substrate acts as bounded foundation, biomolecules recognition as
the framework, labeled enzyme as the reaction initiator, and reagent substrate as the
signal indicator (Wu et al. 2019a, b).

In this part, to make it more understandable in designing the ELISA-based
methods, the construction of c-ELISA will be introduced from the solid substrate
to biomolecules recognition, then to the color development, as well as the washing
and blocking steps. Based on the fundamental units, the improvement of c-ELISA
with other new technology is introduced and discussed, especially the
nanotechnology-directed ELISA method, also known as nano-ELISA.

15.4.1 Nanomaterials-Based Substrate

The most common solid substrate of ELISA is polystyrene used for most optical
detection microplates (Hosseini et al. 2018). It can be colored blue by the addition of
TMB/H2O2 for optical absorbance or luminol/H2O2 for luminescence detection or
black by adding silver nanoparticles for biological assays (Wu et al. 2019a, b).
Typically, a microplate has 6, 12, 24, 48, 96, 384, or 1536 sample wells, which is
designed to allow low-volume and high-throughput assay for the samples. The plate
well provides a solid surface for analytes, antibody, antigen, or other reagents to
attach on, which are usually physically immobilized. The physical binding force
between the bottom surface and the adsorbent provides a bridge for biomolecules
conjugation, thus called “immunosorbent.” In this regard, the solid substrate can be
regarded as the foundation of signal recognition to be connected. So, an ideal
substrate should meet the requirements of low cost, high light transmission, and
weak-nonspecific adsorption.

As mentioned above, nonspecific adsorption is not welcome in the ELISA
methods. However, most of the cases, the binding force of adsorbents comes from
the physical adsorption of plate wells. So, the nonspecific adsorption is inevitable,
which can pose great effects on the detection results, for example, false positive or
negative, depending on the ELISA detection type. Thus, it is vital to develop
appropriate substrate by using new materials to build the ELISA method. For

Fig. 15.3 Structure of ELISA for the detection of analytes (indirect ELISA method, E: enzyme)
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instance, poly (dimethylsiloxane) (PDMS) membrane (Wang et al. 2013), nano-
fibers (Pan et al. 2015), molecularly imprinted polymers (MIPs) (Li et al. 2017) and
magnetic nano-beads (Al Hamshary et al. 2020) are popular and reliable adsorbent
substrate in ELISA.

15.4.2 Recognition Models

When adsorbents are bound to the surface of plate wells, the recognition between
antibodies and antigens should be constructed for the detection of targets. To meet
the requirements of practical assay, different models are designed with different
detection intentions. For example, small molecules like pesticides are firstly conju-
gated with BSA and coated on the plate wells, then an antibody labeled with enzyme
is applied to detect analyte, which is called direct ELISA. On the other hand, for the
bigger molecules such as proteins, primary antibody firstly adsorbed on the plate
wells, then the proteins are recognized and captured by the primary antibody, finally
a second antibody labeled with enzyme is applied to give signals, which is called
indirect ELISA. Thus, direct ELISA, indirect ELISA, sandwich ELISA, and com-
petitive ELISA are the four main models used in immunoassay.

For the direct ELISA, several steps should be followed: (1) the antigen to be
tested for is added to a microtiter plate and incubate for a certain time; (2) the block
agent-like bovine serum albumin (BSA) or casein, is introduced to each well to cover
any uncoated surface in the well; (3) the primary antibody labeled with enzyme is
added to the well in order to specifically combine with the antigen; (4) a coloring
substrate-like TMB/H2O2 is added to generate color variations. Obviously, the
higher level of primary antibody present, more significantly the color changes. The
major problem of the direct ELISA is that it lacks sensitivity using antigen immobi-
lization. Taking serum detection as an example, when serum acts as the source of test
antigen, all proteins in serum may adhere to the plate well, only a small amount of
analyte in serum compete with other serum proteins. As a result, the color variations
will not be that significant, which is the limitation for the detection sensitivity and
accuracy.

Indirect ELISA can solve the above issue by using a labeled secondary antibody.
Similar to the direct ELISA, antigen is bound by the primary antibody and then
detected by a second antibody. A sandwich ELISA is distinct from an indirect
ELISA by the recognition model of antibody-antigen-antibody. Despite from direct
ELISA, the other ELISA methods are based on two antibodies. Nevertheless,
antibody itself suffers from some disadvantages, such as high cost, hard to store
long term, easy denaturation, and limited application conditions. Besides that, due to
the steric effect of antibody, it cannot be easily applied to ELISA easily when come
to the detection of small molecules. Thus, a special class of nucleic acid molecules
that named aptamers has been developed to specifically recognize small molecules,
which are poised to replace the monoclonal antibodies in therapeutics, diagnostics,
and drug development (Toh et al. 2015; Lee and Zeng 2017; Wu et al. 2020; Her
et al. 2017).
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15.4.3 Nanozyme Labels

The enzyme acts as an amplifier to accelerate chemical reactions of substrate. Due to
the high catalytic activity of enzyme, even though few enzyme-linked antibodies are
bound, they will produce many signal molecules that can give special color. The
more enzyme-labeled antibody is bound, the faster the color will develop. To a large
extent, the quality of enzyme plays a crucial role in the construction of ELISA
methods. Thus, the enzyme label should have the characteristics including high
purity, good specificity, excellent stability, and long-term activity.

Among the natural enzymes, horseradish peroxidase and alkaline phosphatase,
are the most commonly used antibody labels. Both can produce a colored, fluori-
metric, or luminescent derivative when incubated with a proper substrate, allowing it
to be detected and quantified. Compared to ALP, HRP is much better in ELISA
applications as it is smaller, more stable, and less expensive. The enzyme label is
directly related with the signal output, so it is the most concerned part in ELISA
method. However, natural enzymes suffer from the limitations such as hard to be
separated and purified, hard to store long term and mass produce, high cost, easy
denaturation, and limited application conditions.

To solve the problem, nanozymes, a kind of nanomaterials with peroxide activity,
have been introduced to replace natural enzymes. At the same time, due to the large
specific surface area, nanozymes can also act as loading substrate to achieve signal
amplification, thus enhancing the detection sensitivity of ELISAs. Compared with
natural enzymes, nanozymes are easier to be modified and purified. Moreover, a
variety of new nanomaterials have been found to mimic the activity of enzymes,
such as metal–organic frameworks (MOFs), covalent organic frameworks COFs,
and Prussian blue (PB). Given the advantages like low cost, recyclable utilization,
high catalytic activity and stability, nanozymes are widely used in food safety. For
instance, based on MOFs, an indirect competitive ELISA method was developed by
replacing natural enzyme with MOFs nanozymes for the sensitive detection of AFB1
(Xu et al. 2021). To achieve high sensitivity, Tian et al. proposed a cascade reaction-
based colorimetric aptasensor for the detection of OTA (Tian et al. 2019).

15.4.4 Enzymatic Markers

When the structure of ELISA is well constructed, enzymatic markers are needed to
provide the readout signal for the targets. Usually, the markers are the catalytic
substrate of the labeled enzyme, which can be oxidized by certain enzyme and
produce the colored, fluorescent, or luminescent product. Most of the substrates
(TMB, ABTS, OPD, etc.) are used in the presence of hydrogen peroxide (H2O2). For
instance, the commonly used HRP enzyme could oxidize TMB when H2O2 exists,
generating a blue color variation that is detectable. Based on the principle of electron
donor and receptor, ABTS and OPD with H2O2 also behave a color change in the
presence of peroxidase. Owing to its good stability, low toxicity and high sensitivity,
TMB/H2O2 as a coloring system is widely applied in the colorimetric assays.
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Till now, most of the ELISA methods adopt the TMB/H2O2 coloring system for
signal output. For the visual detection, the system is only a single-color measure-
ment, which rely on the gradation of color development to indicate the analyte.
However, the single-color mode requires higher demand for the naked eye and is
difficult to achieve multi-sample detection. In the view of visual detection, multi-
color assay is easier to realize sensitive and accurate detection. Therefore, it is of
great importance to develop new chromogenic mode or multi-color reagents.

To achieve multi-color signal output, metallic nanoparticles such as gold or silver
are intensively studied. Based on their localized surface plasmon resonance
properties, they behave specific optical performance such as red shift in spectra.
For instance, based on the principle that TMB2+ can etch gold nanoparticles, Guo
et al. proposed a dual-color response for prostate-specific antigen, with color
variations from wine red to colorless and then to yellow (Guo et al. 2016a, b). On
the basis of the principle of iodine etched gold nanorods, an ALP-based plasma
ELISA strategy was developed for the sensitive detection of human immunoglobulin
G (Zhang et al. 2017a, b). Both methods provide examples of nanoparticles as
enzymatic markers.

15.4.5 Washing and Blocking Agents

Actually, to obtain accurate, stable, and sensitive ELISA results, washing and
blocking steps are indispensable. As the ELISA method is constructed based on
the immunosorbent strategy, the nonspecific adsorption and instable adhesion are
inevitable, which could lead to false-positive or negative results. Thus, in each step
of the establishment of ELISA, washing step is essential to remove excess antigen or
antibody. The washing agent we used is a kind of buffer solution with 0.05% Tween-
20 in PBS solutions. When antigen or antibody are attached to the well surface,
washing buffer is needed to wash away the unbound biomolecules. Similarly, in the
antibody-antigen recognition step, the washing is also acquired to remove excess
biomolecules and remain the reacted ones. A relatively low concentration detergent
can be used because high dosage of detergent would cause damage to biomolecules.

Usually in a direct or sandwich ELISA, a solution of nonreacting protein is added
to each well to block any other surface in the plate wells. This kind of protein
solution is known as blocking agent, which is prepared by introducing certain
proteins in the washing buffer. The proteins can be all kinds of animal serums
such as bovine serum albumin (BSA), rabbit serum, horse serum, or casein. After
a known quantity of capture antibody is attached on the well surface, the blocking
procedures are carried out to block any nonspecific-binding sites on the surface. The
blocking step is usually performed once in the ELISA construction process. Typi-
cally, the blocking step can be completed by incubating certain volume of blocking
agent in the wells for 2 h at 37 �C.

It was reported that various proteins as blocking agents can produce quantitative
differences. So, many researches have been conducted to explore the effects of
different proteins on ELISA performance. For example, Vogt Jr. et al. explored
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the influences of instantized dry milk, serum albumin, casein, gelatins on blocking
nonspecific adsorption of ELISA, indicating that casein and instantized milk showed
the best blocking property (Vogt Jr et al. 1987). Moreover, Xiao and Isaacs reported
that different BSA preparations used as a blocking agent in an ELISA can give
different amounts of nonspecific binding of ELISA reactants (Xiao and Isaacs 2012).
The report reminded that critical controls are needed to ensure that ELISA reactants
are appropriately bound to the blocking agent.

15.5 Applications of Nano-ELISA in Food

15.5.1 Detection of Biotoxins

Biotoxins are toxic secondary metabolites produced by living organisms, which are
usually harmless to the organism itself, but after consumption, it will affect the health
of humans or animals (Fletcher and Netzel 2020). Biotoxins can be divided into five
categories according to their sources: mycotoxins, bacterial toxins, marine toxins,
animal toxins, and phytotoxins. They can enter food through various ways, causing
people to appear food poisoning and other phenomena, which are serious or even
fatal. Therefore, how to efficiently and quickly detect these toxins is particularly
important. On the other hand, nanomaterial-modified ELISA overcomes the rela-
tively low stability and sensitivity of c-ELISA. Through its inherent nanostructure,
stability and specificity are improved, and a more efficient and rapid detection
method can be constructed (Fig. 15.4).

15.5.1.1 Detection of Mycotoxins
Mycotoxins, a kind of secondary organic metabolites, are produced by distinct fungi
like Aspergillus, Penicillium, and Fusarium (Avery et al. 2019). In food, mycotoxins
are toxic metabolites produced when fungi contaminate food, and they are also the
most commonly seen toxins among different food toxins (Moretti et al. 2018).
Generally, the most common mycotoxins include aflatoxin, ochratoxin,
trichothecenes, zearalenone, and fumonisins. Humans and animals ingest food
containing high level of mycotoxins at one time will cause acute poisoning, and
long-term intake of food containing mycotoxins will also cause chronic poisoning,
and even cause cancer and teratogenic effects.

Aflatoxins are common mycotoxins that contaminate food and agricultural
products. The nano-ELISA based on direct competition and indirect competition
can detect aflatoxins in grains and milk more sensitively, quickly, and specifically.
Combining immunomagnetic beads (IMBs) with direct competition ELISA, Zhang
et al. proposed a strategy using monoclonal antibody 5H3-modified
immunomagnetic beads as capture probes, and AFB1-CMO-labeled horseradish
peroxidase as probes. Competing with free aflatoxin, the total amount of aflatoxin
in corn samples was determined (Zhang et al. 2017a, b). Subsequently, Zhou Xu
et al. developed an indirect competitive ELISA based on an MOF material MIL-88,
to construct AFB1 antigen, AFB1 antibody, and MIL-88-modified antibody solid-
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phase antigen-tested antibody-enzyme label secondary antibody complex (Xu et al.
2020). By adding a substrate solution of TMB and H2O2 to observe the degree of
color development, it can be used for the high-throughput determination of aflatoxin
B1 in peanut milk and soy milk. The linear range of this method is 0.01–20 ng mL�1,
and the detection limit is 0.009 ng mL�1.

In addition, the combination of various detection methods with ELISA is also a
new trend in aflatoxin detection. Based on nanoenzymes, aptamers, and Fe3O4

magnetic nanoparticles (MNP), Long Wu has established a simple operation and
separation of nanoenzymes and aptamer immunosorbent assay (NAISA) for afla-
toxin B1 (AFB1) detection. In this work, mesoporous SiO2/Au-Pt (m-SAP) was used
as a signal marker with high catalase activity, and AFB1 in peanut was specifically
recognized by an aptamer, and MNP was used to achieve magnetic separation. In
order to verify the performance of NAISA, traditional ELISA (c-ELISA) and
enhanced ELISA (e-ELISA) based on MNP and m-SAP nanozymes were applied
to the detection of AFB1. The lowest detection limit of NAISAmethod is 5 pg mL�1,
which is 600 times and 12 times lower than c-ELISA (3 ng mL�1) and e-ELISA
(0.06 ng mL�1), respectively (Wu et al. 2020). Zherdev immobilized the antibody on
the surface of magnetic particles, changed the solid phase of ELISA, and constructed
a microplate-based enzyme-linked immunoassay. The immobilized antibody reacts
with the natural antigen and the labeled antigen in solution, thereby shortening the
interaction time to 5 min without affecting the analysis results. The adsorption of
immunoglobulins on the surface of magnetic nanoparticles increases their stability in
water-organic media, thereby minimizing the degree of dilution required for

Fig. 15.4 Schematic illustration of nano-ELISA analytical techniques for biotoxins in food.
Reproduced from Refs. with permission from Elsevier (A: Xu et al. (2020); B: Liu et al.
(2019); C: Chen et al. (2011); D: Orlov et al. (2013))
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samples. The detection of barley and corn extracts showed that the detection limit of
aflatoxin B1 was 20 pg mL�1 with a total detection time of 20 min (Urusov et al.
2014). Pang et al. combines electrochemistry with enzyme-linked immunosorbent
assay, introduces rolling circle amplified DNAzyme and covalent organic frame-
work to modify the electrode to improve and expand the electrochemical response
signal, and then a sandwich structure was formed via primer-antigen-aptamer and
anti-AFM1 antibody to specifically recognize AFM1 in milk (Pang et al. 2020).

Similarly, fumonisins, as one of the most common mycotoxins in cereal products,
have established a detection method similar to that of aflatoxin. Lu et al. developed a
competitive fluorescent enzyme-linked immunosorbent assay (cFELISA) based on
CdTe quantum dots (MPA-QDs) to detect fumonisin B1 (FB1) in corn (Lu et al.
2018). They labeled the analyte FB1 on catalase (CAT), outputted MPA-QDs
sensitive to H2O2 as a signal, and adjusted the fluorescence conversion of
MPA-QDs to achieve high-sensitivity detection. The linear range of this method is
0.39–12.5 ng mL�1, and the detection limit is 0.33 ng mL�1. On the other hand, Li
et al. constructed an enhanced indirect competitive enzyme-linked immunosorbent
assay (IC-ELISA) based on gold nanoparticles modified with mercaptoundecanoic
acid (AuNPs-MUA) (Li et al. 2018a, b). Three hybridoma cell lines were obtained
by immunization and cell cloning methods, which secreted monoclonal antibodies
against fumonisin B1 (FB1); AuNPs-MUA was used as horseradish peroxidase
(HRP)-goat antibody. The mouse IgA vector is used to observe the degree of color
development by adding a substrate solution of TMB and H2O2, so as to quantita-
tively detect the total content of fumonisins (FB1, FB2, and FB3) in corn. The
detection limit of this method is 0.078 � 0.013 μg L�1.

Ochratoxin A is a natural mycotoxin, which has been found in several food
matrices. Due to its high toxicity, effective monitoring of its presence in food is
particularly important. Zhu et al. prepared botryoid-shaped Au/Ag nanoparticles
(BSNP) via a tailored galvanic reaction. In the presence of ascorbic acid, the silver
nanoprism-BSA complex is used as a template to react with HAuCl4. The formed
BSNPs-HRP-IgG was used as a carrier of HRP-IgG to amplify the detection signal
of indirect competitive ELISA against ochratoxin A. The linear range of this BSNPs-
enhanced ELISA method is 0.016–0.05 ng mL�1 (Zhu et al. 2017). Karczmarczyk
et al. used gold nanoparticles for QCM-D signal enhancement and successfully
established an indirect competitive bioassay for the detection of ochratoxin A in
red wine (Karczmarczyk et al. 2017). Based on the form of indirect competition, a
specific rabbit PAb and a second goat anti-rabies PAb labeled with gold
nanoparticles were used for signal amplification. The linear range of the method is
0.2–40 ng mL�1, and the detection limit is 0.04 ng mL�1.

Mak et al. reported an ultra-sensitive magnetic nanoparticle immunoassay that
can detect more than one mycotoxin (Mak et al. 2010). The use of magnetic
nanoparticles as the solid phase allows a significantly increased surface area for
the immobilization of reactants and their uniform distribution in the entire volume of
the reaction medium, thereby eliminating the diffusion limitation of traditional
ELISA. The application of the magnetic field allows the reactants to be separated
simply and quickly and simplifies the washing steps required for traditional
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microplate-based ELISA. Taking advantage of these advantages, an MNP-based
immunoassay protocol was developed and implemented in the wells of ELISA
microplates to detect AFB1, zearalenone, and HT-2 mycotoxins.

15.5.1.2 Detection of Bacterial Toxins
It is reported that more than half of food-borne diseases are caused by pathogenic
bacteria, among which botulism caused by Clostridium botulinum, gastroenteritis,
and staphylococcal poisoning caused by E. coli strains are the most common
(Hernández-Cortez et al. 2017). In order to reasonably control-related food pollu-
tion, it is necessary for people to strictly manage food from the primary production to
the final consumption. Therefore, it is necessary to construct feasible analytical
techniques to monitor bacterial toxins in food samples.

Bhairab Mondal uses staphylococcal enterotoxin B (SEB)-binding body (SEB2)
as capture, and unmodified gold nanoparticles (AuNPs) as colorimetric probes to
construct a simple, sensitive, and specific detection of SEB (Bhairab et al. 2018).
This method is based on the color change from red to purple caused by the
conformational change of the aptamer in the presence of SEB, and the aggregation
of AuNPs induced by salt, which can be monitored with the naked eye or UV-Vis
spectrometer. The results show that AuNP can effectively distinguish SEB-induced
conformational changes of nucleic acid aptamers at a certain high salt concentration,
and the stability is effectively tested in artificially added milk samples. The linear
range of this method is 50 μg mL�1 ~ 0.5 ng mL�1, the lower limit of visual
detection (LOD) reaches 50 ng mL�1 within a few minutes, and the spectrophoto-
metric method increases to 0.5 ng mL�1.

Orlov et al. determined two staphylococcal toxins in milk by a magnetic sandwich
immunoassay (Orlov et al. 2013). The capture monoclonal antibody is fixed on the
3D fiber solid phase in the kit, and the recognition monoclonal antibody is conju-
gated to the magnetic nanoparticles through the biotin-streptavidin binding. When
the interlayer is formed, the magnetic particles are captured by the cartridge and
detected with extremely high sensitivity and selectivity by combining frequencies.
The signal is read from the entire volume of the non-transparent 3D fiber structure
used as the solid phase, providing a large reaction surface, rapid reagent mixing, and
antigen immunofiltration directly during the measurement process. This method
showed that the limits of detection (LOD) of Staphylococcal Enterotoxin A (SEA)
and Toxic Shock Syndrome Toxin (TSST) were as low as 4 and 10 pg mL�1,
respectively.

15.5.1.3 Detection of Marine Toxins
Marine toxins are a kind of toxic natural active micromolecules that exist in marine
organisms and have high toxicity. According to the different carrier, it can be divided
into shellfish toxin, tetrodotoxin (TTX), and cigar toxin (CTX) (Wang et al.
2020a, b). After they enter the human body through food, they will act on the
nervous or digestive system, causing food poisoning symptoms such as diarrhea,
paralysis, and even lead to death (Grasso et al. 2019). These marine toxins not only
affect food safety and human health, but also cause serious economic losses.
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Therefore, in order to prevent the occurrence of food-borne marine toxin poisoning,
the early diagnosis and detection of marine toxins is of great significance.

Campbell has developed a nano-array planar waveguide biosensor for detecting
tetrodotoxin (TTX). The technology consists of a nanoprinted toxin-conjugate array
constructed by an indirect competitive immunoassay, and it is used to analyze
pufferfish samples under high flow conditions. By studying the matrix effect and
the toxin recovery rate, the applicability to natural samples was studied. The
biosensor can detect TTX in 0.4–3.29 μg g�1 puffer fish tissue (Reverte et al. 2017).

Liu et al. combined ELISA with nanozymes and established a sensitive colori-
metric immunosensor to visually detect microcystin-LR (MC-LR) (Liu et al. 2019).
The microchip is modified with flaky nickel silicate-coated silica nanospheres
(SiO2@Ni Silicate) to immobilize the antigen. The copper hydroxide nanozyme
acts as a marker to capture the secondary antibody used for immune response and
couples with the G-quadruplex/heme DNA enzyme to form a dual integrated mimic
enzyme, which reflects the peroxidase activity of ABTS. Greatly improve the visual
signal. The linear range of this method is 0.007–75 μg L�1 with the LOD of
6 ng mL�1.

15.5.1.4 Detection of Phytotoxins
Phytotoxins are natural phytochemicals or secondary metabolites formed by plants,
which can protect themselves from various threats, such as bacteria, fungi, insects,
and natural enemies (Bucheli 2014). According to different chemical structures, they
can be divided into three main chemical structures: alkaloids, terpenes, and phenols.
Among them, furanocoumarin, lectin, carbohydrate alkaloid, and pyrrolidine nuclear
alkaloid are the most studied (Gunthardt et al. 2018). In food, due to non-edible plant
pollution, it can be specifically divided into two types: phytotoxins inherent in food
crops and phytotoxins that enter food. For example, alkaloids and cyanogenic
glycosides are phytotoxins inherent in potatoes and cassava (Mol et al. 2011). In
order to effectively control food safety, it is of great necessity to construct a variety
of detection methods for analyzing phytotoxins in food.

The ELISA method based on colloidal gold particles significantly shortened the
measurement time of ricin. Xu et al. modified the gold-coated AFM tip with
polyethylene glycol derivatives to add anti-ricin antibodies to identify ricin. The
sensitivity is as high as the level of fg mL�1, and the LOD is as low as 1 ng mL�1

(Chen et al. 2011). Christopher et al. used sensitive electrochemical biochip technol-
ogy combined with ELISA to detect ricin. The capture antibody immobilized on the
gold electrode facilitates the specific binding of ricin. The detection of bound ricin is
achieved by applying an antibody-enzyme conjugate and measuring the current of
the enzymatic redox reaction on the electrode. Among them, the high conversion of
the enzymatic reaction facilitates signal amplification, and the built-in redox cycle
program provides a second signal amplification, which can be very sensitive to
identify ricin at about 50 �C within 20 min (Phlmann et al. 2017).
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15.5.2 Detection of Pesticide Residues

Pesticide is a chemical agent used in agriculture to prevent plant diseases and insect
pests and regulate plant growth (Xu et al. 2017a, b). There are many varieties of
pesticides, which can be divided into nine categories according to their usage,
including insecticides, acaricides, nematicides, molluscicides, rodenticides,
fungicides, herbicides, defoliants, and plant growth regulators (Bhandari et al.
2019). The sources of pesticide residues in food mainly include three aspects:
(1) the direct pollution of crops by pesticides; (2) the absorption of pesticides by
crops from the polluted environment; (3) the accumulation of pesticides in
organisms due to the effect of food chain. Foods containing residual pesticides can
cause habitual headaches, dizziness, fatigue, sweating, depression, memory loss,
weakness, and other hidden effects. Long-term consumption can cause cancer,
arteriosclerosis, cardiovascular diseases, and other diseases (Samsidar et al. 2018;
Silva et al. 2019). Therefore, so as to ensure the food safety of consumers, it is
crucial to analyze pesticide residues in food samples.

So far, the applications of ELISA to mainly detect pesticide residues in food are
insecticides, fungicides, and herbicides (Fig. 15.5). ELISA is a detection method
based on the specific and reversible binding reaction of antigen and antibody. Highly
selective antibodies can be obtained by preparing antigen hapten and its carrier
conjugate, so that ELISA for detecting pesticide residues can be established, includ-
ing indirect competition method, direct competition method, and labeled antigen
competition method (Wu et al. 2019a, b). Therefore, nano-ELISA is becoming
increasingly popular in food contaminants analysis. It can detect pesticide residues

Fig. 15.5 Schematic illustration of nano-ELISA analytical techniques for pesticide residues in
food samples. Reproduced from Refs. with permission from Elsevier and American Chemical
Society (A: Yan et al. (2019); B: Wei et al. (2020); C: Guan et al. (2021))

15 Application of Nano-ELISA in Food Analysis 415



in vegetables and fruits more sensitively, quickly, and specifically, and its detection
level can reach ng or even pg level (Jia et al. 2009).

15.5.2.1 Insecticides
Insecticides were used to eliminate or reduce any kind of pests, such as insects and
wheat aphids. Nowadays, different types of pesticides are widely used in agriculture
to achieve high yields. The application of pesticides has ensured nearly one third of
the world’s crop production. Pesticides improve food production to meet the needs
of a growing population (Nsibande and Forbes 2016). The prevention and control of
plant diseases and insect pests is conducive to the prevention of harmful diseases of
crops. Pesticide residues were found in many food samples, such as pyrethrins,
dimethoate, imidacloprid, and triazophos. For example, In order to detect the
residual content of triazophos in food, Yan et al. designed a biomimetic nano-
ELISA based on molecularly imprinted polymers (MIP) and nanoenzyme markers
for the detection of DDT (Yan et al. 2019). Wherein, MIP as a biomimetic antibody,
Pt@BSA-hapten as a competitive probe to recognize the binding site of MIPs, and
AuNP as a substrate for SERS enhancement. The detection limit of this method is
1 ng mL�1. Based on competitive binding and biological barcode amplification,
Zhang et al. designed an immunoassay method for the detection of triazophos
(Zhang et al. 2018). The Au nanoparticles (AuNPs) are modified by monoclonal
antibodies and single-stranded thiol-oligonucleotides labeled with
6-carboxyfluorescein, then bound to ovalbumin with antigenic haptens that coated
on the bottom of the microplate to compete with triazophos in the sample. So, the
fluorescence intensity of 6-FAM quenched by AuNPs was negative correlation to the
triazophos concentration. The linear range of this method is 0.01–20 μg L�1, and the
limit of detection (LOD) is 6 ng L�1. The recovery rate was 85.0%–110.3%, and the
relative standard deviation was 9.4%–17.4%. This method performed competitive
fluorescent biological barcode immunoassay in water, rice, cucumber, cabbage, and
apple samples. These methods provided an idea for the rapid detection of other small
molecule pesticide residues. Application the enzyme-like activity of nanomaterials
and the quenching effect of fluorescent dyes, SERS, and fluorescence may bring
prospects for the detection of other pollutants.

Acetylcholinesterase (AChE) activity was inactivated by the presence of
acetamiprid. Based on AChEand choline oxidase (CHO), Wu et al. proposed a
dual-enzyme-mediated Fe2+/Fe3+ determination of acetamiprid residues in
vegetables and fruits by an Fe2+/Fe3+ conversion magnetic relaxation switch method
(Wu et al. 2021). The linear range of this method was 0.01–1000 μg L�1 (R2¼ 0.99),
and the detection limit is 2.66 ng mL�1 (S/N ¼ 3, n ¼ 3), which is better than the
traditional enzyme inhibition method (0.89 μg mL�1) increased by 335 times. This
method provides a simple and convenient analytical tool for detecting pesticide
residues in food.

15.5.2.2 Fungicides
Fungicides were a class of chemical reagents, which used to inhibit or kill patho-
genic spores to protect crops, including bactericidal streptomycin, carbendazim,

416 L. Wu



bordeaux mixture, zinc methylarsenate, and so on. For example, streptomycin (STR)
is an antibiotic extracted from the culture broth of Streptomyces griseus (Yin et al.
2017). STR residues in food can have serious effects on human health, such as
nephrotoxicity and ototoxicity. In order to detect aminoglycoside streptomycin, Wei
et al. established a new type of lateral flow immunoassay (LFA) platform with
Au@Pt as a marker with enzyme-like activity, with the limit of detection (LOD)
of 0.1 ng mL�1 (Wei et al. 2020). This method was applied to the content of
streptomycin in milk. LFA based on nanoenzymes is a promising tool for detecting
pesticide residues in food.

15.5.2.3 Herbicides
Herbicides can inhibit the growth of weeds in the field and increase the yield of
crops. For example, atrazine, 2,4-D, trifluralin, and glyphosate (GLYP) are the main
pollutants of soil and water ecosystems. For example, atrazine molecules can be fully
degraded (100%) by Fe3O4-TiO2/rGO nanozyme under irradiation of natural sun-
light. Based on competitive ELISA, Kwon et al. developed a peroxidase-like Pd@Pt
nanoparticle-conjugated primary antibody as an enzyme marker to detect atrazine
(Kwon et al. 2020). The method has high sensitivity, LOD is 0.5 ng mL�1, and the
recovery rate is between 99% and 115%, indicating that the immunoassay can detect
atrazine and other small molecule herbicides and pesticides. Wang et al. developed a
direct competitive enzyme-linked immunosorbent method (Wang et al. 2016). Using
ovalbumin-2,4-D (OVA-2,4-D)-modified nano-silica (OVA-2,4-D-SiO2 NPs) as a
capture probe, horseradish peroxidase labeled with anti-2,4-D antibody as a probe,
and competed 2,4-D in the samples. Thus, 2,4-D was detected to prevent the abuse of
2,4-D in the commercial production of bean sprouts. The linear range of this method
was 1–350 ng mL�1, and LOD was 0.079 ng mL�1.

Further, in view of the wide application prospects and advantages of oligonucleo-
tide functionalized AuNPs in biological analysis. Naiyu Guan et al. synthesized anti-
GLYP antibody and double-stranded oligonucleotide bifunctional AuNP probe and
established AuNP biological barcode immuno-PCR (AuNP-BB-iPCR) to detect
GLYP (Guan et al. 2021). GLYP and OVA-GLYP coating to compete with
functionalized antibodies, thereby releasing signal DNA and detecting by real-time
PCR. The detection linear range of GLYP was 61.1 pg g�1

–31.3 ng g�1, and LOD
was 4.5 pg g�1. This method was seven orders of magnitude lower than the
conventional ELISA method (70 μg�g�1) established with the same antibody. The
recoveries of soybean, rape, and corn samples were 99.8%, 102.6%, and 103.7%,
and the relative standard deviations were all less than 12.9%. The detection time of
AuNP-BB-iPCR (including food sample preparation) was 4 h, which can be used for
sensitive detection of GLYP in food and environment.

15.5.3 Detection of Veterinary Drug Residues

Residues of veterinary drugs in food are mainly due to the residues in animal foods
such as meat, eggs, and milk after the animals are used for drugs (Baynes et al.
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2016). Veterinary drug residues in food are mainly antibiotics, sulfonamides, furans,
antiparasites, and hormones. Therefore, it is necessary to detect veterinary drug
residues in food. Using the enzyme-like activity of nanozymes, a new ELISA
based on direct competition, indirect competition, and labeled antigen competition
can be used to detect veterinary drug residues in animal foods more sensitively,
quickly, and specifically. In this chapter, nano-ELISA detects pesticide residues in
food mainly antibiotics, sulfonamides, and hormones (Fig. 15.6).

15.5.3.1 Antibiotics
Antibiotics are used to prevent and treat animal diseases and improve the perfor-
mance of modern animal husbandry (English and Gaur 2010). Commonly used
antibiotics include tetracyclines (TCs), maduramycin (MD), chloramphenicol,
macrolides, etc. Illegal or excessive addition of antibiotics may cause animal poi-
soning or remain in animal muscle tissue (Ben et al. 2019). It is a potential hazard to
human and environmental health. Therefore, the development and application of the
nano-ELISA method is of great significance in food safety. For example, the use of
nanomaterials (MBs and SiO2) as absorption substrates greatly improves the sensi-
tivity, accuracy, and stability of nano-ELISA. Antibody-functionalized MB (IMB)
was synthesized based on the production of a specific anti-MD MAb. Song et al.
established an IMBs-based indirect competitive ELISA (ic-ELISA) to detect MD in
three chicken tissues (Song et al. 2018). The detection limits of MD in chicken
muscle, skin and fat, and liver were 72, 74, and 173 μg kg�1, respectively. The
recovery rate was 80.0%–115.8%, and the coefficient of variation was less than
11.3%. Tao et al. proposed a competitive direct chemiluminescence immunoassay

Fig. 15.6 Schematic illustration of nano-ELISA analytical techniques for veterinary drugs
residues in food. Reproduced from Refs. with permission from Elsevier (A: Song et al.
(2018); C: Han et al. (2018); B: Peng et al. (2013a, b); D: Yu et al. (2018))
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method based on MBs separation and AuNPs labeling technology for the detection
of chloramphenicol (CAP) in milk (Tao et al. 2013). In two different extraction
methods, the IC50 values of the chemiluminescent magnetic nanoparticle immuno-
assay (CL-MBs-nano-ELISA) were 0.017 and 0.17 μg L�1, respectively.

Further, by nucleic acid aptamers replace antibodies and nanozymes replace
biological enzymes, nano-ELISA improves the selectivity and sensitivity of tradi-
tional ELISA. For example, Sheng et al. reported an ultra-sensitive Apt-modified
AuNPs (AuNPs-Apt) analysis method to detect tetracycline residues in honey based
on the high selectivity of aptamers for analytes and the enhanced catalytic ability of
AuNP (Sheng et al. 2020). TCs-BSA were coated on a microplate. Then, the
TCs-BSA coating in the microplate competes with the free TCs in the sample for
the limited AuNPs-Apt. As a kind of nanoenzyme, AuNPs show peroxidase activity,
oxidized 3, 30, 5, 50-tetramethylbenzidine (ox-TMB) from colorless to blue, and
measured at 652 nm.

15.5.3.2 Sulfonamides
Sulfa drugs are mainly used for antibacterial and anti-inflammatory, such as
sulfadimethoxine (SDM), sulfamidine, and sulfadiazine. After long-term intake of
animal food containing sulfa drug residues, the drug will continue to accumulate in
the body, causing damage to the urinary system, causing crystaluria, hematuria, and
tubular urine, etc. (Chang et al. 2020). Therefore, it was clear to regulate and control
the useful dose of sulfa drugs at all over the world.

Due to its easy coupling of biomolecules and maintaining the biological activity
of labeled molecules (antibodies and DNA), AuNPs make it widely used in the field
of biosensors (Chandra et al. 2013; Chandra et al. 2010; Kumar et al. 2020; Mahato
et al. 2019). The use of nanozymes to improve the sensitivity of traditional ELISAs
brings prospects for the analysis of contaminants in food. For example, Peng et al.
developed an ultra-sensitive nano-ELISA to detect SDM in chicken tissue, increas-
ing the sensitivity of traditional ELISA by 20 times (Peng et al. 2013a, b). Using the
biological coupling of AuNPs and enzyme-labeled antibodies as signal probes, a
simple and sensitive detection of SDM residues in animal tissues is achieved. The
sensitivity of nano-ELISA in the buffer was 5 pg�mL�1 and the LOD was
0.2 μg�kg�1 that can be obtained by simply extracting chicken liver with the buffer.
The strategy was convenient and sensitive, which can be applied to improve the
performance of the ELISA to detect small molecule contaminants.

15.5.3.3 Hormones
Hormonal drugs are mainly used to improve the reproduction and growth of animals.
The hormones suitable for animals are sex hormones and corticosteroids, and sex
hormones are the most commonly used. For example, testosterone, progesterone,
and ractopamine hydrochloride. Excessive hormone drugs in foods will affect the
normal physiological functions of consumers and have certain carcinogenicity,
leading to health problems such as precocious puberty and abnormal growth of
children (Hoga et al. 2018).
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Ractopamine, also known as clenbuterol, is a common hormone veterinary drug
residue in animal food. Pingli He et al. developed a colorimetric ELISA based on
indirect competition with a linear range of 2–512 ng mL�1 and the LOD was
0.35 ng mL�1 (Han et al. 2018). Obtaining anti-ractopamine polyclonal antibodies
by preparing antigenic ractopamine-glutaric acid-bovine serum albumin antigen.
Based on Mn(VII)/Mn(II) conversion-induced change in low-field nuclear magnetic
resonance of the transverse relaxation rate, Wang et al. report a magnetic
immunosensor for the detection of food-borne pathogen and residue of veterinary
drug (Wang et al. 2019a, b, c). This Mn-mediated magnetic immunosensor not only
maintains the good stability of the traditional paramagnetic ion-mediated magnetic
sensor, but also greatly improves the sensitivity of the sensor. And the LOD improve
from ng mL�1 to pg mL�1. This method provides a promising platform for sensitive,
stable, and convenient biological analysis.

In addition, 19-nortestosterone (19-NT) was also a common hormonal veterinary
drug residue in animal food. Peng et al. proposed a nano-ELISA method based on
the coupling of AuNPs with goat anti-rabbit IgG and HRP for the highly sensitive
detection of 19-NT in beef (Peng et al. 2013a, b). The AuNPs-IgG-HRP conjugate
was simple prepare and stable. The sensitivity of this method in buffer was
0.01 ng mL�1, which was 10 times that of c-ELISA. After simple pretreatment of
beef samples, the LOD was 0.3 mg�kg�1.

15.5.3.4 Other Drugs
In addition, there are other types of veterinary drugs that are also easy to contaminate
animal food, such as antiviral drugs and antiparasitic drugs. Antiviral drugs on the
market mainly include amantadine (AMD), rimantadine, ribavirin, and other drugs
represented by the symmetrical tricyclic amine structure (De Clercq 2001).
Praziquantel (PZQ) is an antiparasitic drug for mammals and fish. Shen et al.
developed an ic-ELISA to detect PZQ residues (Shen et al. 2019). The hapten
PZQ-HS synthesizes the immunogen and the coating antigen with carrier protein
by introducing an amino group into the benzene ring, thereby preparing a highly
sensitive monoclonal antibody. Finally, an immunochromatographic test strip (ICS)
for rapid detection of PZQ residues in mackerel was developed. Yu et al. developed
an ic-ELISA that introduced Fenton reaction and gold nanoparticle aggregation
(Yu et al. 2018). By Fenton reaction to form hydroxyl radicals, it significantly
accelerates and controls the oxidation of cysteine, and amplifies the signal. At the
same time, through the strong Au-S interaction and the AuNPs aggregation, led to a
pronounced color change from red to dark purple in the solution, which could be
easily distinguished with the naked eye, thereby detecting the residue of amantadine
(AMD) in poultry. The detection limit of this method is 0.095 ng mL�1.

15.5.4 Detection of Microorganism

Microbial contamination in food is the most important factor affecting food safety,
and pathogenic microorganisms are the food safety issue that has the greatest impact
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on consumer health. Therefore, microbial contamination in food has caused wide-
spread concern in society. Common food-borne microorganisms are bacteria, fungi,
and viruses. In particular, microorganisms that cause food spoilage and decay and
food-borne pathogenic microorganisms have attracted great attention from society.
They can multiply bacteria in food and even produce toxic metabolites, causing food
poisoning or harmful infections. So far, the application of ELISA to detect
microorganisms in food is mainly bacteria and viruses. However, traditional
ELISA is limited by complicated procedures, relatively low detection limit, and
large sample size. The nano-ELISA has been widely developed to enable simple and
sensitive detection of microorganisms in food (Fig. 15.7).

15.5.4.1 Bacteria
Bacteria are the main pathogens in food, including Escherichia coli, Salmonella,
Listeria, Staphylococcus aureus Botox, Shigella, Streptococcus haemolyticus, Vib-
rio parahaemolyticus, and so on. Among them, Salmonella has been the major cause
of the food-borne contaminants in vegetables, egg, chicken pork, beef, or vegetable
row crops (Vinayaka et al. 2019). The World Health Organization (WHO) reported
that over 105 million diarrheal cases in the world every year are related to food-borne
pathogens (Bull et al. 2020). Among them, Salmonella have drawn the most
concerns because it is frequently found in food stuffs and may cause severe diseases
(Wang et al. 2019a, b, c).

Based on gold nanoparticle-based enzyme-linked antibody-aptamer sandwich
(nano-ELAAS), Wu et al. proposed a immunoassay for robust detection of Salmo-
nella enterica serovar Typhimurium (STM) with high specificity (Wu et al. 2014).
The STM in the sample is captured and pre-concentrated from the aptamer-modified
magnetic particles, and then combined with the detector antibody. Then, a
nanoprobe carrying a large number of reporter antibodies, and HRP is used for
colorimetric signal amplification. The quantitative detection range of nano-ELISA
was 1 � 103–1 � 108 cfu mL�1, and the detection limit was 1 � 103 cfu mL�1. The

Fig. 15.7 Schematic illustration of nano-ELISA analytical techniques for food-borne pathogenic
microorganisms. Reproduced from Refs. with permission from Elsevier (Zhang et al. 2016)
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selectivity for STM in high concentration other bacterial samples was more than
10 times, and the detection time was less than 3 h. To achieve immunomagnetic
separation and simple target concentration, Herzig et al. described a magnetic bead-
based immunoassay for Salmonella with tyramide signal amplification (Herzig et al.
2016). The LOD Salmonella typhimurium and Salmonella enteritidis in beef and
poultry samples were increased to 800 and 200 cfu mL�1, respectively. Farka et al.
introduced a method by combining Prussian blue nanoparticles (PBNPs) with
antibodies and used it to detect microbial contamination of Salmonella typhimurium
in powdered milk (Farka et al. 2018). Furthermore, the LOD was 6� 103 CFUmL�1

and working range up to 106 CFU mL�1. Moreover, Vinayaka et al. proposed a
combination of magnetic beads and direct PCR to detect Salmonella vulgaris from
food samples without bacterial culturing, DNA isolation, and purification steps
(Vinayaka et al. 2019). Based on urease-induced silver metallization on gold
nanorods (AuNR), Gao et al. reported an improved ELISA for the determination
of Salmonella enterica Choleraesuis (Gao et al. 2019a, b). As aspect ratio (length
divided by width) of AuNR decreased, AuNR solution showed a multi-color change,
and it also behaved a significant blue shift in the absorption peak (Δλmax) of AuNR.
Hence, the LOD of this method were as low as 1.21 � 102 cfu mL�1 for qualitative
detection with naked eyes, and 1.21 � 101 cfu mL�1 for quantitative analysis.

Furthermore, E. coli O157:H7 (E. coli) is a highly infectious pathogen that
spreads widely in food and water and poses a major challenge to public health
(Scallan et al. 2011). Wei et al. synthesized anti-E. coli antibody-HRP-Cu3(PO4)2
nanocomposites to replace HRP-conjugated antibody, and then the nanozyme label
was applied in ELISA for E. coli detection (Wei et al. 2016). Based on DNA-based
hybridization chain reaction (HCR) and biotin–streptavidin signal amplification,
Guo et al. reported on a novel sandwich ELISA for the sensitive determination of
E. coli (Guo et al. 2016a, b). The method behaved a detection range of
5 � 102 cfu mL�1 to 1 � 107 cfu mL�1; and an LOD of 1.08 � 102 cfu mL�1

that is 185 times lower than that of traditional ELISA.
Listeria as a food-borne pathogen has posed great threats on human health all over

the world (Li et al. 2018a, b). Based on nucleic acid hybridization reaction and
magnetic signal readout, Qi et al. proposed a magnetic DNA sensor for sensitive
detection of Listeria in ham sausage samples (Qi et al. 2021). The method can be
realized in a one-step detection with LOD as low as 50 cfu mL�1 within 2 h, and the
average recovery can reach 92.6%. Zhou et al. developed a sandwich enzyme-linked
immunosorbent method, based on nanoparticle clusters (NPC), using vancomycin
(Van) as the loading substrate to capture Listeria, Fe3O4 nanoparticle clusters (NPC)-
modified aptamers are used as signal amplification nanoprobes to identify Listeria
monocytogenes, thereby effectively detecting food-borne pathogens-Listeria
monocytogenes in milk and other foods bacteria (Zhang et al. 2016). The linear
range of this method was 5.4 � 103 ~ 108 cfu mL�1, and the detection limit was
5.4 � 103 cfu mL�1. Y. Wu et al. developed a sandwich pELISA for Cronobacter
detection in powdered infant formula samples by mediating AuNP growth through
DNA (Wu et al. 2019a, b). The catalase–hydrogen peroxide (Cat–H2O2) system was
introduced to bridge the DNA-directed AuNP growth and pELISA, as such DNA
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can be cleaved into fragments by the hydroxyl radical generated from oxidation of
H2O2 through Fenton reagents. The proposed pELISA can qualitatively detect
Cronobacter species by the naked eye with a cut-off limit of 3 � 105 cfu mL�1.
This method linear range was 3 � 102 to 3 � 107 cfu mL�1.

15.5.4.2 Virus
Viruses are also food-borne pathogenic microorganisms. Currently, common food-
borne viruses mainly include hepatitis A and E viruses, rotavirus, astrovirus, entero-
virus, and norovirus. Noroviruses is the family of Caliciviridae, which has been
identified in human beings and several other animal species (Mauroy et al. 2009).
Human norovirus (NoV) may cause viral gastroenteritis for human and viral food-
borne outbreaks globally. Weerathunge et al. proposed a colorimetric sensor based
on the combination of AuNPs and aptamers, which produces a blue color when
norovirus was present. The concentration of the virus was detected by the shade of
the color (Weerathunge et al. 2019). Khoris et al. proposed a colorimetric sensor
based on peroxidase-like activity of silver ion-incorporated gold nanoparticles,
which can make TMB develop color (Khoris et al. 2019). NoV-LPs were assayed
with an LOD of 10.8 pg mL�1, corresponding to at least 100-fold higher sensitivity
compared to the traditional immunoassay.

15.5.5 Detection of Food Allergens

Food allergens refer to ingredients in food that can cause abnormal reactions in the
body’s immune system, which can cause a strong allergic reaction in the human
body and harm to the body if you consume or contact with them (Sicherer 2001;
Sathe et al. 2005; Ekezie et al. 2018). With the occurrence of food allergic diseases
increasing year by year, the problem of food allergy has become a more prominent
problem in the field of food safety (Monaci et al. 2018; Liu and Sathe 2018).
Accurately determining the type and content of allergens in food and providing
information about the background level of allergens in food and information about
hidden or unlabeled allergens is of great significance for preventing and avoiding
food allergies.

Food allergens can be divided into major allergens and minor allergens, which are
generally proteins or glycoproteins with a relative molecular mass of 10,000–70,000
(Burgess et al. 2019). Major allergens are derived from peanuts, milk, nuts,
crustaceans, and so on (Table 15.1). Those people who are allergic to food allergies
can prevent them by avoiding the foods with allergens, which is also the most
effective risk management measure (Chan et al. 2018). Therefore, manufacturers
are required to correctly label allergic ingredients on food labels to prevent
consumers from accidentally eating and causing allergies.

Allergic reactions will not only seriously affect the quality of life of patients, but
also life-threatening. For example, more and more studies believe that allergic
reactions can cause idiopathic inner ear disease—Meniere’s disease (Sicherer and
Sampson 2014). Therefore, it is important to analyze the inevitable allergens in food
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samples. The characteristic fragments present in trace amounts in allergens are
usually lost due to pretreatment operations, making the analysis result lower than
the actual value. ELISA is still the most extensive detection method at present, and
the introduction of nanomaterials enables c-ELISA to overcome their own
shortcomings and achieve more sensitive, stable, and low detection limits (Alves
et al. 2016). On the other hand, modern analytical techniques have made significant
progress in improving the accuracy, sensitivity, and stability of c-ELISA
(Andjelkovic et al. 2017). Interestingly, the nano-ELISA has greatly developed the
ELISA, which provides more ideas for the detection of food additives (Wu et al.
2019a, b).

15.5.5.1 Peanut Allergies
Peanuts, which are a type of nuts frequently encountered in daily life, are important
food allergens and may cause extremely serious allergic reactions (Barnett et al.
1983; Chassaigne et al. 2007). According to British researchers, in the UK, about
one in 200 people are sensitive to peanuts. Unfortunately, according to research
investigations, peanut allergy is usually caused by childhood and is accompanied by
life (Hebling et al. 2013; Turcanu et al. 2003). At the same time, it is also the one
with the largest number of food allergy deaths, and 90% of deaths caused by food
allergies are caused by peanuts. In the United States, about 100 people die every year
from anaphylactic shock caused by peanut allergy (Hua et al. 2016; Vierk et al.
2007). The main peanut allergens are Arah1 (63.5 kDa), Arah2 (17 kDa), other
related antigens are Arah3 (60 kDa), Arah4 (14 kDa), and the minor antigens are
Arah 6, Arah7, and actin.

Although correct and decisive food labeling will enable consumers to avoid
peanut allergens during food processing, cross-contamination, or ingredients
containing hidden allergens during food processing will greatly weaken this task
(Breiteneder and Radauer 2004). For example, the ELISA inhibition test confirmed
that Ara h2 is the main antigen causing the cross-reaction of peanuts, hazelnuts,
almonds, and so on. In addition, individuals who are allergic to eggs, milk, or
walnuts are also allergic to peanuts, but no cross-reactions with walnuts have been
found protein (Pele et al. 2007). Therefore, food manufacturers usually include

Table 15.1 The common
food sources of food
allergens

Food sources Allergens

Peanuts Ara h1

Ara h2

Wheat Gliadin

Shrimp Tropomyosin

Eggs Ovalbumin

Ovomucin

Milk Casein

Lactoglobulin

Lactalbumin

BSA
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precautionary words (“may contain traces of peanuts”) on their packaging, not only
to protect sensitive individuals, but also to protect themselves. From this perspective,
a reliable, accurate, highly sensitive and selective method is needed to safely assess
the presence of peanut allergens in food.

At present, the detection of allergens is mainly focused on the traditional ELISA,
which is used to quantify the low-level food allergens in food ingredients and the
preparation and processing of foods and beverages (Khedri et al. 2018). However,
this method has many disadvantages, such as time-consuming and expensive. With
the development of nanotechnology, more researchers have applied nanomaterials in
ELISA for the detection of allergens, such as gold nanoparticles (AuNPs), grapheme
oxide (GO), and even microfluidic technology (Xing et al. 2018; Arya and Estrela
2018; Tan et al. 2018; Cao et al. 2019). Alves et al. developed an electrochemical
immunosensor based on AuNPs, using a screen-printed carbon electrode coated with
AuNPs as the sensor to detect Ara h1. AuNPs are generated electrochemically on the
surface of the electrode, and then two monoclonal antibodies are used to electro-
chemical detect the antibody–antigen interaction through the stripping analysis of
the deposited silver by alkaline phosphatase (Alves et al. 2015). The immunosensor
has been identified to be used in analyzing complex food matrices, with a detection
limit of 3.8 ng mL�1, RSD less than 8.7%, and recoveries above 96.6%. Based on
the cyclic electrodeposition of alternate monolayers of graphene and AuNPs, Sun
et al. reported a biosensor to detection Ara h1 on the surface of a GCE with a
multilayer graphene–gold nanocomposite (Sun et al. 2015). Weng et al. applied
microfluidic technology to the traditional enzyme-linked immunosorbent platform,
combined with a designed light sensor to detect the proteins of Ara h1 and wheat
gluten (Weng et al. 2016). Compared with commercial enzyme-linked immunosor-
bent kits, the developed microfluidic ELISA shortens the total detection time from
several hours to 15–20 min, and reduces the sample consumption to 5–10 μL with
higher sensitivity. At the same time, it shows that nanotechnology has a broader
prospect in c-ELISA.

In addition to the Ara h1 protein, there are other allergen plant proteins that have
been quantitatively and qualitatively analyzed by modified ELISA strategies.
Glutathione-modified AuNPs (GSH-AuNPs) were used by Liu et al. to develop an
electrochemical immunosensor for the detection of Ara h2 antibodies (Liu et al.
2010). The AuNPs were functionalized by 28 amino acid peptide fragments of the
main IgE binding epitope of Ara h2 and coated on pyrolytic graphite on the surface
of the electrode. Otherwise, Manfredi et al. developed a disposable amperometric
biosensor based on AuNP-modified screen-printed carbon electrodes for rapid
analysis of cytotoxic gliadin (Manfredi et al. 2016).

15.5.5.2 Crustaceans Allergens
As seafood is favored by more and more people, reports of such food allergies are
gradually increasing. Among them, shrimp allergens have attracted much attention
(Ho et al. 2014). It is reported that 0.6–2.8% of patients with allergic diseases are
allergic to shrimp. People have detected at least 13 IgE-binding proteins in shrimp
meat, but tropomyosin (TM) has been identified as the only major allergen with a
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relative molecular mass between 34,000 and 39,000. According to reports, TM is an
important antigen of invertebrates such as shrimp, crab, oyster, and squid and has a
highly conserved amino acid sequence.

TM is extremely stable, not only resistant to the effects of the digestive tract, but
also resistant to heat, proteolysis, hydrolysis, and digestion. As a highly conserved
muscle protein, TM, accounting for more than 90% of all food allergens, has cross-
reactivity in many arthropods; therefore, it is also one of the most dangerous
allergens (Moonesinghe et al. 2016; Wong et al. 2019). Angulo-Ibáñez et al. used
carboxyl-functionalized magnetic microbeads in sandwich immunoassays, com-
bined with disposable screen-printed electrodes, and developed an electrochemical
immunoassay strategy based on H2O2 as the enzyme substrate and hydroquinone as
the redox mediator to analyze shrimp TM (Angulo-Ibáñez et al. 2019). Specifically,
the author used EDC/NHS to chemically activate carboxyl-functionalized MBs,
covalently bind to the capture antibody with polyclonal rabbit anti-shrimp TM
antibody, and use ethanolamine hydrochloride (ETA) to block unbound active
sites to avoid specific adsorption. Next, functionalized MBs are used to specifically
capture shrimp TM in all components of food extracts or standard solutions. Finally,
a detection antibody and a secondary labeling antibody sandwich the bound TM to
form complete sandwich immunity. Not surprisingly, MBs with sandwich immune
complexes were brought to the surface of the working electrode, and then Abe was
detected in the presence of H2O2 enzymatic substrates.

In addition, based on the less conserved sequence of TM in different phylogenetic
species, this biosensor is currently being used to identify the adulteration of shellfish
products using TM as a biomarker (Wang et al. 2019a, b, c). Jiang et al. embedded
fluorescein isothiocyanate (FITC) on the SiO2 modified Fe3O4 core, and then
wrapped it in liposomes to form cationic magnetic fluorescent nanoparticles,
which were used for electrochemical immunoassay for the detection of shrimp
allergen myosin and fish allergen parvalbumin (Jiang et al. 2015). Interestingly,
Wang et al. reported a novel immunomagnetic bead-derived ELISA method, which
uses antibody-functionalized GO and AuNPs to amplify the detection signal of
parvalbumin (Wang et al. 2020a, b).

15.5.5.3 Other Allergens
In addition, there are other types of food allergens that are also easy to hide in food or
production lines, such as α-lactoglobulin, ovalbumin, ovomucoid, and casein. These
allergens are also not to be ignored. They are easy to be contaminated on the
production and processing lines but are most easily ignored. Especially for allergens
in eggs, the positive rate is as high as 35% in children with food allergies, and as high
as 12% in adults.

Maier et al. reported a sandwich-type immunoassay that can analyze ovalbumin
and ovomucin at the same time, using AuNPs as an optical immune chip for signal
sensor (Maier et al. 2008). Yang et al. used quantum dots (QDs) to covalently bind
anti-α-lactic acid monoclonal antibodies to establish an immunoassay method for the
detection of α-lactoglobulin in commercially available dairy products, which they
called fluorescence enzyme-linked immunosorbent assay (FELISA). Compared with
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traditional competitive ELISA, best detection limit (0.1 ng mL�1) and wide dynamic
range (0.1–1000 ng mL�1) of FELISA are better (Yang et al. 2014). He et al. used
H2O2-mediated cadmium telluride sulfide QDs as an immunosensor for fluorescent
signal output to detect β-lactoglobulin (He et al. 2018).

According to the foregoing, it can be seen that the application of nanomaterials
such as AuNPs, QDs, and GO, to traditional ELISA has significantly improved the
many shortcomings and defects of ELISA, and the accuracy and sensitivity have
been greatly improved (Chen et al. 2016; Huang et al. 2016). Therefore, it is of great
significance to accelerate the development of the combination of nanotechnology
and traditional technology.

15.5.6 Food Additives

Food additives are micro-preparations added to food that can improve the color,
flavor, and prevent food spoilage (Martins et al. 2019). It is mainly divided into
natural extracts and artificial compounds and is an important part of the food
industry. However, most of the food additives currently used is artificial compounds,
and excessive use will cause varying degrees of harm to the human body (Carocho
et al. 2017; Siegrist and Sütterlin 2017). Since the development of additive residue
detection technology lags far behind the development of the food additive industry,
illegal and excessive use of additives in the food production process is still very
serious.

As necessities of the modern food industry, food additives have as many as 2000
varieties, including antioxidants, colorants, sweeteners, preservatives, and bleaching
agents (Young et al. 1987). However, improper use of food additives may cause
serious damage to human organs, such as diabetes and heart disease (Corkey 2012;
Rangan and Barceloux 2009). Therefore, it is particularly important to construct
effective strategies to detect illegal additives in food.

At present, the main analytical methods for food additives are chromatography or
other liquid chromatography related to various detectors. Generally, chro-
matographic methods are a little time-consuming, complex pre-processing, and
high cost, so it is particularly important to develop other technologies for additive
detection (Zhang et al. 2008). For example, Han et al. reported a combined molecular
imprinting technology with high-performance liquid chromatography for the selec-
tive detection of Sudan dyes in food (Han et al. 2007). However, the ELISA that has
received much attention is rarely used in the detection of food additives. Compared
with traditional detection methods, the most significant advantages of enzyme-linked
immunosorbent assay are its sensitivity and specificity, simple preparation, and high
throughput. Moreover, ELISA has been widely used in biology, agriculture, envi-
ronment, and other fields, such as detecting proteins, microorganisms, antibiotics,
and pesticides (Wu et al. 2019a, b).

In recent years, ELISA has attracted attention in the field of food additives due to
the high specificity of the antigen–antibody interaction, making the sample analysis
process simple and detecting one or more analytes at the same time. Berlina et al.
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used Sudan dyes monoclonal antibody combined with AuNPs to establish a lateral
flow immunoassay method to detect the food colorant Sudan (Berlina et al. 2017).
The conditions of this experiment are optimized for the qualitative and quantitative
control of Sudan in food matrix, and its detection limit is 2.5 ng mL�1. In addition,
indirect competitive chemiluminescence enzyme immunoassay (CLEIA) has also
been applied to colorant detection. Based on polyclonal antibody and horseradish
peroxidase-labeled antibody chemiluminescence system, a CLEIA analysis strategy
for malachite green in seafood was established (Zhang et al. 2015). Secondly, the
dye FB (Chr FB) can be detected by the horseradish peroxidase-luminol-H2O2

system, with p-iodophenol as an enhancer, combined with polyclonal antibodies to
establish a chemiluminescence immunoassay method. This method can be used for
rapid screening of Chr FB in yogurt candy, vitamin drinks, and bread. Compared
with the traditional method, its sensitivity is improved by two orders of magnitude
(Xu et al. 2017a, b). It can be seen that the analysis of food additives by ELISA
method is very promising. The introduction of nanomaterials can improve the
sensitivity of ELISA for trace detection in complex matrices; therefore, nano-
ELISA needs to be developed in the field of food additive analysis.

15.6 Advantages and Disadvantages of c-ELISA and Nano-ELISA

Though c-ELISA in immunoassay behaves various disadvantages, it still suffers
from many limitations. To improve c-ELISA, a lot of work been done to enhance the
detection robustness and make it more convenient in operations. By introducing
nanomaterials, c-ELISA has been greatly improved in sensitivity and flexibility,
making nano-ELISA a powerful tool in many fields. As mentioned above, tons of
functional nanomaterials are developed for ELISA to illustrate their potential appli-
cation in food safety. The advantages of nano-ELISA are obvious, including higher
sensitivity, faster response, richer detection strategies. However, many new
problems appear when come to construct all kinds of nano-ELISA.

For instance, for the development of solid substrate, nano-fibers, MIPs, and
magnetic nano-beads are commonly used in nano-ELISA, which can provide high
specific surface area and easier operations. But their stability and reproducibility
may become new problems for nano-ELISA. For the antibody recognition improve-
ment, nanobody and aptamer and are the potential substitutes in ELISA, but the
binding force with analytes needs to be further evaluated. For the enzyme labels,
nanozymes (CuS nano-sheets, CuO, MnO2, and CeO2 nanoparticles) with peroxi-
dase- or oxidase-like activity are widely used to replace natural enzymes, which is a
good beginning for the development of enzymes, but how to take count of the
advantages of natural enzymes (e.g. selectivity, biocompatibility) is another prob-
lem. From this point of view, it seems impossible to put all good things in one
method. The detailed advantages and disadvantages of c-ELISA and nano-ELISA
are listed in Table 15.2.
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15.7 Perspectives and Challenges

The introduction of nanomaterial into ELISA (nano-ELISA) brings convenience to
paper- and fiber-based ELISAs and the miniaturization of ELISA, which also
provides a new avenue for other biosensors in electrochemistry, optics, and magne-
tism. Here, we mainly focused on the development and application of nano-ELISA.
As a powerful visual method, ELISA has attracted intensive attention in many fields,
and the improvement towards the c-ELISA is becoming more and more popular.
Clearly, the performance of c-ELISA has been greatly improved, and the technique
is intensively used in food safety. However, concerns still exist the developed
ELISA, such as lack of stability and standards, time-consuming, and tedious
operations. Hence, it is an alternative to construct facile ELISA by combining new
nanomaterials and other techniques.

Up to now, nano-ELISA has been given sufficient attention in food analysis. A
large number of studies have been reported on the development of c-ELISA. But
most of the ELISA are enhanced in only a part, either the enzyme label or the
recognition model. There is no doubt that some properties like sensitivity and
simplicity can be greatly enhanced, but in most cases new problems appears. For
example, the stability and specificity remain to be explored after applying
nanozymes modified detection antibody in ELISA measurements. So, how to evalu-
ate the whole performance of nano-ELISA is a critical issue. It is believed that in the
near future the new developed nano-ELISA could have the golden standards like
c-ELISA does.

On the other hand, nano-ELISA combined techniques such as electrochemical
method, surface-enhanced Raman scattering technique, electrochemiluminescence,

Table 15.2 Comparison between c-ELISA and nano-ELISA

c-ELISA Nano-ELISA

Advantages High selectivity of enzyme Controllable catalytic activity of nanozyme

Good substrate selectivity Multienzyme mimetic activity

Excellent biocompatibility Low cost

Clear standards Easy to mass produce

Mild reaction conditions Long-term storage

Stable structure Robust to harsh environments

Simple recognition model Unique physicochemical properties

Disadvantages High cost Limited types of nanozymes

Hard to be purified Limited substrate selectivity

Hard to store long term Limited biocompatibility

Limited application conditions Limited stability

Easy denaturation Lack of standards
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and smartphone are new arising analytical methods, which can realize rapid, sensi-
tive, or even intelligent detection of analytes. Therefore, the combination of nano-
ELISA with these techniques is a new trend in future applications. However, the
nanomaterials also have problems in real applications due to their relatively low
stability and bioconjugate efficiency. Thus, engineering stable and high-performance
nanomaterials is still the challenge remained to be addressed. Overall, it remains a
great challenge in developing stable and reliable ELISA methods in food safety, and
the combination of nanomaterials and methodology can provide a good direction.
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