Advances in Colloid and Interface Science 286 (2020) 102297

Contents lists available at ScienceDirect

Advances in Colloid and Interface Science

journal homepage: www.elsevier.com/locate/cis

Historical Perspective

Detection of food spoilage and adulteration by novel ()
nanomaterial-based sensors e

Zahra Mohammadi, Seid Mahdi Jafari *

Department of Food Materials and Process Design Engineering, Gorgan University of Agricultural Sciences and Natural Resources, Gorgan, Iran

ARTICLE INFO ABSTRACT

Atrticle history:

Food industry is always looking for more innovative and accurate ways to monitor the food safety and quality

13 October 2020 control of final products. Current detection techniques of analytes are costly and time-consuming, and occasion-

Available online 24 October 2020
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1. Introduction

Food security and safety are recognized as one of the most critical
human priorities since the world's population is continuously growing.
The industrialization of food and agriculture is a strategy that guaran-
tees continued access to food. However, microbial, chemical, and phys-
ical contaminants from harvesting to storage and marketing of products
affect food quality and safety. On the other hand, profiteers have always
posed a serious threat to public health since they are looking for differ-
ent tactics to reduce production costs and achieve higher profits by
adulteration. Unfortunately, millions of people die every year from dis-
eases caused by unhealthy and adulterated foods [1]. Long-term analy-
sis from several hours to several days and various pre-treatment stages
are the main drawbacks of the current methods for assessing food safety
such as cell culture, microbiological techniques [2,3], and chemical as-
says [4]. Also, these techniques are expensive and insensitive or demand
considerable scientific expertise. Hence novel methods of the monitor-
ing of food quality and safety not only reinforce the capacity to control
the food cycle from farm to table but also provide efficient surveillance
systems to ensure human health and consumer confidence [5,6].

Nanotechnology has presented innovative solutions to meet the chal-
lenges of many industries, including the food and pharmaceutical indus-
try. Nanostructured materials can be classified into four different groups
depending on how many dimensions they have on the nanoscale
(1-100 nm): (i) zero dimensions (nanoparticles, nanoclusters, and
quantum dots); (ii) one dimension (nanorods, nanotubes, and nanofi-
bers); (iii) two dimensions (nano-thin films); and (iv) three dimensions
(nanocomposites and bulk nanomaterials); these nanomaterials can be
produced by top-down or bottom-up methods [7]. Nanostructures ex-
hibit unique properties and thus open a new window of opportunity
for the creation of innovative and high-performance materials that
have significant effects on the control of food safety and quality. In this
regard, nanomaterials have been used to achieve more accurate, rapid,
and selective sensors and biosensors [8-10]. These nanosensors can be
utilized for monitoring the food processes [11], detecting the contamina-
tion and adulteration at source and during the production chain [12,13],
and the product spoilage [14-17]. In this regard, a recently published
chapter gives more information about the detection methods of
foodborne pathogens, including the nanosensors, and their advantages
and disadvantages [18].

The main purpose of this paper is to present a focused review of the
investigations published in the field of nanosensors for the detection of
adulteration and spoilage in food products during the last few years; we
will not cover earlier published articles unless they were considered nec-
essary. After a general overview and evaluation of trends in this field, the
fundamental concepts of nanosensors and the properties of nanostruc-
tures mostly used in nanosensor construction will be presented. Finally,
recent advances in the detection of spoilage and adulteration in food
products by nanomaterial-based sensors will be discussed. Although
there have been some previous reviews on the application of nanosensors
for the detection of pathogens and microbial toxins [19-23], there are
very limited review papers on the application of nanosensors for the diag-
nosis of food spoilage and adulteration. To the best of our knowledge, this
is one of the first attempts in this important field.

2. A general overview of nanosensors

Nanosensors are highly advanced yet precise and sensitive systems
capable of detecting one or more specific physical or chemical phenom-
ena based on a particular signal. These sensors operate on a nanometer
scale and even react to the presence of several atoms in a single gas,
which offer significant enhancements in speed, selectivity, and sensitiv-
ity in comparison with conventional chemical and biological tech-
niques. Chemical nanosensors usually detect the presence or absence
of an analyte or its concentration. Moreover, the nanosensors which
their recognizing part has a biological nature (such as DNA strands, an-
tibodies, enzymes) are known as nanobiosensors. Also, the application
of different nanomaterials in the construction of biosensors can pro-
mote their sensitivity and other properties [19].

In general, nanosensors are fabricated by combining a receptor and a
transducer. Any organic or inorganic substance can play the role of re-
ceptor and interact with the analyte or its derivatives, as shown in
Fig. 1. However, the role of the transducer is to convert the response
to the determinable signal [24]. This signal comes in various forms, in-
cluding electrical [25], electrochemical [26], and optical [27] signals.
Nanosensors are evaluated with several main characteristics. “Selectiv-
ity” is a vital characteristic of the sensors that indicates to what extent
the system can separate the analyte from the other materials in the
sample. In other words, the higher selective sensors can detect and mea-
sure the analyte with the least disturbance from the other materials
within the sample. The next important characteristic is “sensitivity”.
High sensitivity means that with the slightest variations in the analyte
concentration, a significant change in the sensor output signal is ob-
served. “Repeatability” is another essential characteristic defined by
the word precision. The high precision indicates that the results of the
repeated measurements are close together. Accuracy indicates that the
measurement results are close to the actual value [28].

A literature review using the Web of Science database showed that
from 2015 to 2020 (April 7), published articles on the nanosensors in
various sciences such as materials science, analytical chemistry, nano-
technology, applied physics, electrochemistry, and optics have been in-
creased substantially (55,380 in total), about 2.9% of which were
conducted in the Food Science (1,960 articles). About 21.1% of Food Sci-
ence nanosensor studies have focused on the detection of adulteration
and spoilage in food products (414 articles) published mainly by re-
searchers from China, India, USA, South Korea, Iran, Turkey, and Brazil,
as shown in Fig. 2a. Moreover, the total number of citations of these
publications in the recent five years has been 4,540 times (10.97 aver-
age citations per article), about 77% of them were between 2018 until
2020 (3480 citations), which is considerable. Expanding the number
of articles published in the detection of adulterants and spoilage in
foods, mostly in high-impact factor Journals prove the importance of
this domain of research (Fig. 2b). The distribution of nanosensor appli-
cations in the detection of adulterants and spoilage species is given in
Fig. 2c. Accordingly, around 70% of these studies were related to the de-
tection of spoilage species, 44.4% of them focusing on the diagnosis of
Escherichia coli, Salmonella, and Staphylococcus aureus, which is notable.
Changes in pH value have been used to detect both spoilage and con-
tamination of food products (7.7%). On the other hand, the most
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Fig. 1. Schematic of a nanobiosensor showing the recognition, reporting, and transducing elements. Adapted and reprinted with permission from [29].

adulterants that have been considered are dyes, glucose, and melamine
(11.8%).

3. Sensory properties of nanostructures

Nanostructures mainly used for the construction of nanosensors in-
clude nanoparticles (metal, magnetic ones, quantum dots), carbon
nanomaterials (nanotubes, graphene and its derivatives, and nanofi-
bers), nanowires, and electrospun polymeric nanofibers. In general,
the sensitivity and efficiency of sensors and biosensors are improved
by employing these nanomaterials in construction. In the following sec-
tions, some properties of these nanomaterials related to the design of
the nanosensors are presented, as summarized in Table 1.

3.1. Nanoparticles

Nanoparticles (NPs) are particles between 1 and 100 nm in diame-
ter, the most important of which are metal, metal oxide, magnetic,
quantum dots, semiconductor, and ceramic NPs. These NPs are found
in various forms such as spheres, needles, rods, and plates. In general,
the ratio of surface to volume and distance of energy level changes by
varying the size of NPs. These two variables cause many of the NP
properties to change. Although NPs play critical roles in various electro-
chemical procedures regarding their unique properties, the main per-
formances of NPs can be generally classified as follows: (1) catalysis of
electrochemical reactions; (2) increase in the electron transfer; (3) im-
mobilization of biological molecules; and (4) labeling of biological
molecules [30].

3.1.1. Metal nanoparticles

Metal NPs have investigated substantially amongst the researchers
and the applied industries of Nanoscience and Technology [31]. Scien-
tists have been researching metal NPs, also called colloidal metals or
fine metal particles, for the past 150 years.

Generally, Localized Surface Plasmon Resonance (LSPR) is the cause
of the optical properties of metal NPs, which is one of the distinctive
properties of these particles from large-scale materials. When light
hits metal surfaces, some light waves scatter along metal surfaces, creat-
ing surface plasmons (in fact, they give part of their energy to surface
electrons and cause vibrations). When plasmons are produced in bulk
metals, electrons can transfer freely in materials without any effect. In
the NPs, the surface plasmon is confined to space, such that electrons
in this small space oscillate in the same direction. This effect is called
the LSPR. In most metals, the surface plasmon frequency is at the fre-
quencies of ultraviolet (UV) light, so almost all visible light is reflected.
Thus, the appearance of most metals is white and bright (perfectly
reflecting visible light). The size and morphology of metal NPs and the
dielectric properties of their surrounding environment significantly af-
fect their surface plasmon properties. Metals such as gold and silver
have a very strong visible plasmon resonance, while many other inter-
mediate metals have only a weak and broad absorption band in the
UV region. It is recalled that metals in the form of NPs have a much
higher surface area and thus have a higher surface plasmon activity.
On the other hand, the dielectric properties of an environment can be
significantly altered by the presence of a chemical agent (analyte).
These two points lead to a new concept: surface plasmons of metal
NPs can be used to detect various types of molecules and proteins pres-
ent in the environment. In other words, this concept has brought about
widespread applications to surface plasmon resonance phenomena,



Z. Mohammadi and S.M. Jafari

Advances in Colloid and Interface Science 286 (2020) 102297

[a]

[c]

E. coli 20.3
Salmonella
S. aureus
NH3

pH
Aflatoxin
Dye
Ochratoxin

Glucose

H2S

2015 2016 2017 2018

Publication year

2019 2020

CHINA
34%
140 - - 1800
Saos] I 1600
0 I 1400
5 100 | 1200
= [ 2
£ By I 1000 &
° S
% 60 - - 800 _g
- 60 =
€ 40 ]
2 L 400
20 - 200
o0 - F o

S02
Melamine
Bisphenol

Others

Pork
Preservative
B. cereus

Urea

Ethylene

L L I I )

5.0 15.0 25.0

0.0

10.0
Publications (%)

20.0

Fig. 2. Overview of the publications focusing on detection of spoilage and adulterants in foods during 2015-2020 (April 7) in relevance to (a) countries, (b) publication year, and
(c) analytes. Source: Web of Science database using "nano* AND sensor AND food AND (spoilage OR adulteration)" (or derivative words), and the specific substances as keywords.

some of which are: enhanced surface spectroscopy, biological, chemical,
and molecular sensors [32].

On the other aspect, two types of surface plasmons are used to pro-
duce plasmon-based sensors: Propagating Surface Plasmon Resonance
(PSPR), and LSPR. In the PSPR method, the fading electromagnetic
waves are surrounded by the metal-dielectric contact surface, while in
the LSPR, the electromagnetic waves are confined to the metal nano-
structures. Sensors made by both methods are sensitive to local refrac-
tive index variations so that by binding the target particle onto the
surface, the refractive index variations can be detectable. In this ap-
proach, the particle-to-surface bonding is directly converted to a signal
and does not require labeling; whereas, in conventional optical sensors,
chromophores and fluorophores are needed. Due to the high surface
sensitivity, label-free, and real-time measurement of events, the num-
ber of PSPR-based sensors is increasing and researchers are developing
them for the identification of molecular binding through binding sites.
The LSPR-based sensors are easily adjustable and modifiable so that
the shape, size, and chemical composition of NPs as the primary sensing
elements can be tuned. This advantage, along with the other benefits of
PSPR, will help researchers. LSPR-based nanosensors are used to identify
chemicals and biomaterials. In most cases, when a specific bond is cre-
ated between the target analytes and the surface, the plasmonic band
is displaced, which is used as a signal for detection [33].

Metal NPs such as gold (Au), and silver (Ag) NPs and metal oxide
NPs such as titanium dioxide (TiO,), zinc oxide (ZnO), and silica
(Si02) NPs are used in many high-tech applications including sensors,
adsorbent materials, drug delivery systems, and antimicrobial materials,
among many others [34-37].

3.1.2. Magnetic nanoparticles

Magnetic NPs (MNPs) are referred to as particles of an independent
nature with a maximum size of 100 nm and containing magnetic ele-
ments. These particles have unique physical and chemical properties

that are dramatically different from the bulk state of the material [38].
In nature, three elements of iron, nickel, and cobalt, and other elements
combined with them have magnetic properties. One limitation is that
only certain compounds can have magnetic properties. One of the inter-
esting and very useful properties of nano-dimensional properties is that
many materials without magnetic properties in ordinary dimensions
can have magnetic properties in the nanotechnology domain. For
instance, aluminum oxide and Au NPs can be some examples. This elim-
inates the limitations mentioned above and, given the wide application
of magnetic materials, new materials with improved properties can be
produced. For instance, the magnetic properties of some NPs are used
in medicine for drug delivery. The reason for no magnetic properties
of some materials in ordinary dimensions is the large increase in their
surface area and the formation of broken bonds on their surface.
When a bond is formed, two electrons are in an orbital in opposite direc-
tions, neutralizing each other's magnetic fields. Though, the incomplete
or broken bond implies that there is a single electron in the orbital and
the other electron does not neutralize its magnetic field. At the nano-
scale, most materials have magnetic properties since many atoms and
the broken bonds are on their surface [7].

Among NPs, MNPs have attracted the most attention due to their
easy separation with an external magnetic field and their high capacity
for use in a variety of areas such as advanced materials, medicine, diag-
nostic techniques, energy, and food [39-42]. Furthermore, MNPs at-
tached to diagnostic biomolecules can be used to magnetically
separate and empower samples for detection [43]. In the food applica-
tion of MNPs, it is crucial to examine the safety or toxicity of these par-
ticles. Hence among the types of MNPs, iron oxide (I0) NPs, especially
superparamagnetic Fe304 (magnetite) NPs, have been the most com-
monly used in food due to their lack of toxicity, excellent compatibility,
and lack of preservation of residual magnetism after removal of the ex-
ternal magnetic field. Also, by modifying the surface, I0 NPs can be func-
tionalized with special groups such as NH,, -COOH, -OH to be suitable
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Summary of sensory properties of some nanomaterials used in the construction of nanosensors.

Nanomaterials ~ Type Example material

Sensory properties

Description

Nanoparticles Metal Pure metals (e.g., Au, Ag, Pt, Ti, Zn, Fe,
NPs and TI) or their compounds
(e.g., oxides, hydroxides, sulfides,
phosphates, fluorides, and chlorides)

Magnetic Magnetic material, often Fe, Ni, and Co Easy separation with an external magnetic
NPs field/Empowering samples for detection through
bioconjugation and immobilization

Quantum Semiconductors, metals, magnetic
dots materials
Carbon CNTs Carbon
nanomaterials

Optical properties due to the LSPR and PSPR

Fluorescent behavior

Change in their conductivity and semiconductor
based on their geometric shape/unique ballistic
conduction/high thermal conductivity/distinctive

Au and Ag NPs have a powerful visible plasmon
resonance, while many other intermediate metals
have only a weak and broad absorption band in
the UV region.

10 NPs, especially superparamagnetic Fe;0,4
(magnetite) NPs, have been the most commonly
used in food due to their lack of toxicity, excellent
compatibility, and lack of preservation of residual
magnetism after removal of the external magnetic
field.

The emission of QDs is usually in the range of
450-850 nm. Stokes' Shift improves their tracking
sensitivity.

SWCNTs: excellent mechanical and electrical
properties/production, along with stabilizing their
properties, is expensive and very difficult.

electrical and mechanical properties/emission and MWCNTs: easier manufacturing, availability, and

absorption of light/high surface density/high
tensile strength

Quantum Hall effect/high electron mobility at
room temperature/ability to absorb 2.3%

Graphene Carbon

commerciality/lower strength compared to
single-walled type.

GO, rGO, and GQDs are the main representatives of
this group.

light/exceptional thermal conductivity/high
mechanical strength/large specific surface area

CNFs Carbon
activated

Nanowires Metal Metals, semiconductors, oxides,
NWs sulphides, nitrides
Nanofibers ENFs Natural polymers, polymer blends,
nanoparticle- or drug-impregnated
polymers, and ceramic precursors

Very conductive/their entire surface can be

One of the significant limitations of CNFs is low
electrical conductivity. Methods that can be used
to increase their electrical conductivity include
coatings with metals, metal oxides, CNTs, and
graphene.

Performing well in the process of electron transfer Using NWs as electronic channels to detect based
and light activities

High surface area relative to unit volume/high
porosity/strong mechanical properties/high axial
tensile with high flexibility/low weight

on the direct recording of electrical conduction
Their morphology can be adjusted/their surface
structure can be modified to create different
properties/controlling the secondary structures to
provide core-shell structures, hollow or porous
internal structures

NPs = nanoparticles; LSPR = localized surface plasmon resonance; PSPR = propagating surface plasmon resonance; Au = gold; Ag = silver; Pt = platinum; Ti = titanium; Zn = zinc;
Fe = iron; Tl = thallium; Ni = nickel; Co = cobalt; UV = ultra violet; I0 = iron oxide; CNTs = carbon nanotubes; SWCNTs = single-walled CNTs; MWCNTs = multi-walled CNTs; GO =
graphene oxide; rGO = reduced GO; GQD = graphene quantum dots; CNFs = carbon nanofibers; ENFs = electrospun nanofibers.

for further binding to molecules with various applications [44]. Switch-
able systems that can be used as hydrogen peroxide biosensors are also
made with MNPs [45]. In addition, magnetic cell separation techniques
apply magnetic field gradients for separation and manipulation, and
magnetically labeled cells [46]. Further, magnetic immunoassay tech-
niques have also been developed in which the magnetic field generated
with magnetically labeled targets is detected directly with a magnetom-
eter [47,48]. In this technique, in order to quickly detect biological tar-
gets, supermagnetic NPs and a microscope based on high temperature
transfer of direct current of a superconducting quantum interference
device are used. Also, through chemical functionalization of magnetic
nanomaterials, it is possible to bioconjugate these nanoparticles to the
desired analyte, which has been used in sensory systems. Electrochem-
ical and optical sensors have been produced to detect hemoglobin, per-
oxide, Listeria, E. coli, and lysozyme by this method [49].

3.1.3. Quantum dots

In the last decades, numerous investigations have been prepared on
fluorescent NPs (FNPs), including quantum dots (QDs). Semiconductor
QDs (SQDs), carbon QDs (CQDs), and graphene QDs (GQDs) are fluores-
cent dots. The fluorescent behavior of these NPs is altered by interac-
tions with molecules and surrounding materials. There are various
studies that show this property of QDs can be adopted to detect and
measure particular analyte [50-54].

SQDs are nanocrystals that consist of a semiconductor core and an-
other semiconductor as a shell with a larger energy gap. They were
first used in 1982 to study surface kinetics. The core of SQDs usually con-
sists of elements of groups Il and VI of the periodic table, or groups III

and V, while the shell is composed of materials with more energy
gaps. SQDs are usually 1 to 10 nanometers in size, allowing them to in-
teract one by one with biological molecules such as proteins with a size
range of 1 to 20 nanometers [55]. Due to the special electrical properties
and the type of response that results from the interaction of a species
with quantum dots in the fluorescence emission of these nanoparticles,
the application of quantum dots to develop various sensors has become
a key factor in recent years.

QDs are inorganic fluorophores that have a size-tunable emission,
meaning that the wavelength of their emission increases with increas-
ing size. Strong optical absorption, bright emission, narrow and sym-
metrical emission spectrum, and high optical stability are other
properties. QDs also maintain their emission intensity after binding to
biological molecules. The emission of QDs is usually in the range of
450 to 850 nm. If the QDs are single-core, the quantum efficiency is
10%, but with the shell, this efficiency increases to 80%. The large gap be-
tween the excitation and emission spectrum (Stokes' Shift) improves
their tracking sensitivity. The unique optical properties of QDs and
their surface properties provide biological stability and various bind-
ings, making these nanoparticles a fluorescent indicator for biological
applications compared to classic organic fluorescents [56].

QDs are derived from the name of the quantum confinement effect,
which is the basis of their function. This effect is observed in the optical
properties of semiconductor materials less than 10 to 20 nanometers.
Moreover, the relationship between the size of the QDs and the wave-
length of their emission is related to this effect. When the QDs are
smaller than the exciton Bohr radius, the energy level for a photon is
quantized, and there is a direct relationship between the size of the
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QDs and the quantum energy values. When QDs are exposed to light,
photons absorb energy with higher energy than the gap, which excites
the electrons. Therefore, the possibility of energy absorption at higher
wavelengths leads to a wider stimulus spectrum. Therefore, the possi-
bility of energy absorption at higher wavelengths leads to a wider stim-
ulus spectrum. When excited electrons return to lower energy levels, a
narrow and symmetrical emission spectrum occurs. The duration of the
molecules remaining in the excited state is almost long (10 to 40 nano-
seconds), making the fluorescence stable and strong [57].

3.2. Carbon nanomaterials

Among the various nanostructures, carbon nanomaterials have re-
ceived much attention because of their excellent thermal stability, elec-
trical conductivity, and high contact surfaces [58]. Carbon compounds
have been recognized as functional electron transfer intermediates
due to their properties such as low field emission, large potential win-
dows, chemical inertness, and low cost [59]. Since carbon is entirely
inert, the deposition of nano-crystalline metals on the carbon nanotubes
(CNTs) and carbon nanofibers (CNFs) provides a unique opportunity to
fabricate new types of composite electrode structures with high stabil-
ity and electrical conductivity [60]. Various carbon structures such as
graphite, glassy carbon, nanofibers, nanotubes, non-crystalline pow-
ders, and diamond have been used as electrodes [61,62]. Recently,
graphene, as one of the new carbon allotropes, is surpassing CNTs in
the production of sensors. One of the most major reasons for the devel-
opment of carbon nanomaterial-based sensors is that these materials
have considerable stability in addition to having a regular nanoscale
structure. Hence, they are stable even when not functional [63].

3.2.1. Carbon nanotubes

Nanotubes are one of the candidates for constructing chemical and
mechanical nanosensors. CNTs were discovered in 1991 by Japanese sci-
entists which are graphite tubes. Tiny size, changes in their conductivity
and semiconductors based on their geometric shape, unique ballistic
conduction, high thermal conductivity, distinctive electrical and me-
chanical properties, high Young modulus, emission and absorption of
light, high surface density, and high tensile strength are some of the sig-
nificant attributes of CNTs that have led to their applications in various
industries [64].

The nanotubes are divided into two groups of single-walled
(SWCNTs) and multi-walled (MWCNTSs). SWCNTSs consist of only one
single layer of graphene cylinders (a sheet of regular hexagons);
whereas in MWCNTSs, many graphene sheets (approximately 50) are
piped. The reason for interest in SWCNTSs is due to their special charac-
teristics, such as their conductive or semiconductor ability and their ex-
cellent mechanical and electrical properties. On the other hand, the
production of SWCNTSs, along with stabilizing their properties is costly
and very difficult. Unlike SWCNTSs, easier manufacturing, availability,
and commerciality of MWCNTs have led to further advances in this
area. These nanomaterials also have disadvantages, including a lower
strength compared to single-walled types. However, since the employ
of CNTs is mostly due to their thermal and electrical properties, the uti-
lization of MWCNTs is more widespread than SWCNTs [65].

CNTs have created an important attraction in nanosensors and
nanoelectronic devices due to their unique properties. These properties
are highly dependent on physical appearance, including diameter,
length, catalyst presence, and chirality. For instance, SWCNTs can be
metallic or semiconductor depending on the natural distance between
the bond and torsion [66]. SWCNTs are used in field-effect devices.
Plus, semiconductor CNTs reveal outstanding conductivity changes in
response to the physical adsorption of various gases. Thus, SWCNTs-
based nanosensors can be fabricated founded on the field-effect transis-
tor design, in which the adsorbed molecules that regulate the nanotube
conductivity replace the valve in the closed position [67]. Semiconduc-
tor SWCNT is the preferred nanomaterial for sensors since its mobility
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is high and all its atoms are on the surface. These sensors have several
advantages in detecting and identifying biological species: first, they
form the conductor channel in the transistor configuration. Second,
nanotubes are usually placed on the surface and are in direct contact
with the environment. The geometric shape of this device contrasts
with the metal oxide semiconductor field-effect transistors, where the
conducting channel is covered in bulk material and a vacant layer is
formed. Finally, all the current flows on the surface of the CNTs. All of
these remarkable features lead to a field-effect transistor device that is
extremely sensitive to minor changes in the environment [68-70]. The
binding of biological molecules to these nanomaterials has also been in-
vestigated. Small proteins can be trapped by simple physical adsorption
into the inner channel of opened nanotubes. Binding of small proteins to
the outer surface of CNTs is also possible by hydrophobic and electro-
static interactions through covalent bonding or functionalization
around the nanotubes with polymer coatings [71].

3.2.2. Graphene and its derivatives

Graphene is the name of one of the carbon nanostructures. In this
material, atoms of carbon are formed in a single, flat layer in a two-
dimensional hexagonal lattice structure with a carbon-carbon bond
length of 0.142 nm. In this structure, carbon atoms have an sp? hybrid-
ization. These bonds and orbital arrangements are the causes of the ex-
traordinary characteristics of this nanosheet, which will be mentioned
below. It can also be assumed that each graphite-based material is
composed of graphene, including dimensionless fullerenes, one-
dimensional CNTs, and three-dimensional graphite, and despite its flex-
ibility, it is harder than diamonds and conducts electricity faster than
anything else at room temperature. Electrons in graphene behave like
particles without mass, which leads to extraordinary properties such
as the quantum Hall effect. Graphene has numerous other interesting
properties, including high electron mobility at room temperature
(250,000 cm?/Vs) and the ability to absorb 2.3% light, exceptional ther-
mal conductivity (5,000 W/mK), high mechanical strength (based on
Yang module equal to 1 TP, which is 200 times higher than steel) and
large specific surface area (2630 m?/g, which is twice of single-layer
CNTs) [72].

By reducing the dimensions of graphene to narrow chips with a
width of 1 to 2 nm, a separate strip gap is created in graphene, which
makes graphene quasi-conductive and produces potential applications
in the construction of transistors [73]. Graphene oxide (GO), reduced
graphene oxide (rGO), and graphene quantum dots (GQDs) are the
main representatives of this group. GO is the most common graphene
derivative produced during the oxidative reaction of graphite by Hum-
mer's method. [74,75]. rGO can be gained by thermal and chemical re-
duction of GO [76]. On the other hand, 1 to 10 layers of graphene or
reduced graphene form the structure of GQDs. The reason for using
this nanomaterial in the design of biosensors is its low toxicity and de-
sirable biocompatibility [77].

On account of the remarkable physical and electrochemical charac-
teristics mentioned above, graphene has been extensively explored in
the field of electroanalytical chemistry. In addition to the electrical con-
ductance over the large surface of graphene, it also efficiently attaches
onto the analyte molecules and transfers electron very fast, leading to
a higher sensitivity of graphene-modified electrodes [78]. Diversity in
graphene surface modification with chemical and biological functional
groups such as amine, hydroxyl, sulfonate, and carboxyl causes different
properties and behaviors [79]. Similarly, there are different techniques
to improve the surface of graphene by employing nanomaterials and
long-chain polymers. A wide range of analytes such as urea, glucose, hy-
drogen peroxide, cholesterol, and cancer cells, are detectable by
graphene used in biosensors [80,81]. Graphene is also used to transfer
electrons from oxidation and reduction centers in metalloproteins
[82]. In optical applications, graphene has the ability to amplify Raman
diffraction for organic molecules [83,84]. Graphene also suppresses a
wide range of fluorescents [85,86]. Therefore, the application of
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graphene and its derivatives in a wide range of sensors, including fluo-
rescence sensors, surface-amplified Raman sensors, electrochemical
sensors, sensors based on field-effect transistors, has been investigated.

3.2.3. Carbon nanofibers

CNFs are cylindrical nanostructures with different arrangements of
graphene sheets. These clumps can be in the form of small graphene
clumps in fluid systems with lattice surfaces or precise channels.
Other structures are also seen as ribbon or herringbone, stacked cones,
cups, plates, tubular, and no hollow core with many edge sites on
their outer wall. Normally, their diameter is in nanoscale, while their
length is micrometers. Vapor grown carbon fibers and their smaller
counterparts, vapor grown CNFs, are in the category of short carbon fi-
bers. CNFs have received a great deal of attention due to their excellent
potential for improving thermal, electrical, frequency, and mechanical
properties. These materials are widely used in various systems such as
composites due to their exceptional properties and low cost [87].

In contrast to electrical properties, the mechanical strength of CNFs
is similar to that of CNTs (although CNTs are very conductive). The
main differentiation of CNFs from CNTs is the aggregation of graphene
sheets in different shapes, which causes more defects on the outer
wall of CNFs than CNTs [88]. Further defects at the edges can facilitate
the electron transfer to the electroactive analytes. Moreover, CNFs are
unique so that their entire surface can be activated. Because CNFs have
a higher level of functionalization than CNTs, the ratio of the surface
area of the active groups to the volume of these materials is more exten-
sive than CNTs. These properties indicate that CNFs can operate as elec-
trochemical signal transducers. All these unique characteristics of CNFs
make them useful for the construction of a wide range of high-
performance electrochemical sensors and biosensors.

These nanofibers have been used as a suitable substrate for the im-
mobilization of a variety of enzymes, including oxidases, dehydroge-
nases, and other biomolecules for the production of biosensors, which
are highly sensitive and maintain enzyme activity at their surface [60].
Mesoporous CNFs with a relatively high surface area (20-200 m?/g)
have been well defined as a tunable nanostructure. So these materials
appear to be appropriate substitutes for activated carbon [89]. As men-
tioned, one of the major limitations and drawbacks of CNFs is their low
electrical conductivity. Some methods that can be used to increase their
electrical conductivity include coatings with metals, metal oxides, CNTs,
and graphene [90].

3.3. Nanowires

Nanowires (NWs) are an essential and significant category of one-
dimensional nanomaterials since they perform well in the process of
electron transfer and light activities. These two properties play a vital
and decisive role in the application of this category of nanostructures
in the manufacture of nanometer instruments. Due to the large ratio
of surface to volume and the capability of controlling the electrical con-
ductivity due to quantum constraints, the electrical properties of these
nanostructures are effectively changed by the least disturbance
[91,92]. One of the advantages of one-dimensional systems compared
to two-dimensional systems is that by connecting a molecule to their
surface, a great change in their electrical properties happens. This prop-
erty in one-dimensional nanostructures makes it possible to use them
as electronic channels to detect based on the direct recording of electri-
cal conduction. Similarly, if appropriate receptors are used, the interac-
tion of the receptor located at the nanowire surface can be investigated
simultaneously in response to a suitable substrate and thus measuring
the substrate [93,94].

The main mechanism of the nanowire-based sensor is the field effect,
which is converted to a field-effect transistor. This bottom-up method in
bionanoelectronics has several diverse features: First, NWs are extremely
sensitive to detect molecular interactions at their surface due to their
long length-to-diameter ratio. Second, NWs provide electronically
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interchangeable properties of high-quality, signal-free, electrically read-
able sensor semiconductor nanowires. Third, NWs can be easily adjusted
to smaller sizes below 100 nm, resulting in a higher density of a device on
the chip. Therefore, it will be possible to construct a scaled-down tool to
detect multiple samples in real time. Fourth, the unrestricted candida
material as NWs provides researchers with more flexibility in selecting
lightweight and useful materials for the sensor [95,96].

The construction of sensors based on metal NWs and arrays made of
NWs began at the same time as the development of nanosystems and is
still expanding. NW-based sensors are a large group of highly sensitive
electrical sensors that can directly detect chemical and biological spe-
cies. The size of nanostructures is the same as chemical and biological
species [95]. As a result, due to the possibility of electrical communica-
tion between nanosystems and species, it is easy to detect them
[97,98]. For example, a modified glass carbon electrode with Au NWs
has been used to detect glutamate [99] and ZnO NWs have been pre-
pared to construct lipid-based nanobiosensors [100].

3.4. Electrospun polymeric nanofibers

Nanofibers are nanoscale structures with unique characteristics such
as a high surface area relative to unit volume, high porosity, strong me-
chanical properties, high axial tensile with high flexibility, low weight,
and cost-effective compared to other nanostructures [101]. One of the
interesting characteristics of nanofibers is that not only their morphol-
ogy can be adjusted, but also their surface structure can be modified
to create different properties. It is also possible to control the secondary
structures of nanofibers to provide core-shell structures, and hollow or
porous internal structures [102]. Conventional methods of nanofibers
synthesis include wet spinning [103], dry spinning [104], melt spinning
[105], sol-gel spinning [106], and electrospinning (ESP) [107].

ESP is a process for the production of thin and ultra-thin fibers,
which was first invented in the year 1930. This unique, fast, simple,
and low-priced technique is used to produce a variety of fibers, includ-
ing polymer and ceramic fibers with diameters from 1 nm to several mi-
crons [108]. By definition, electrospun nanofibers (ENFs) refer to fibers
<1000 nm in diameter. Typical ESP equipment consists of four main
parts [109], as represented in Fig. 3: (i) a high voltage power supply;
(ii) a syringe pump; (iii) a metallic spinneret; and (iv) a conductive
collector.

The principle of this process is based on applying a very high voltage
to a capillary needle and pulling the polymer solution out of it due to the
electrostatic force generated by strong fields with a high potential dif-
ference (10-50 kV) [110], which transforms, accelerates and narrows
the small volume of polymeric solution [111]. It becomes very thin in
the form of fibers. In this process, a drop of solution is held by the surface
tensile force on the tip of the nozzle and becomes heavily charged under
the strong electric field between the nozzle and the collector. When the
voltage reaches the threshold, the electrostatic force overcomes the sur-
face tension of the solution and a cone is formed at the end of the drop,
called the Taylor cone [112]. Then a very thin jet exits the Taylor cone. A
very sharp decrease in diameter occurs during the transition from rela-
tively large cone-shaped to thin fibers as a result of the bending instabil-
ity of the jet that plots a turbulent path during rotation. Fibers with a
diameter of 20-20000 nm can be produced in this method by choosing
the appropriate polymer and solvent [16].

A comprehensive review paper investigated the methods and appli-
cations of ESP and ENFs [113]. By conjugating other nanomaterials such
as graphene, CNTs, NPs to the surface of nanofibers, it is possible to fab-
ricate multi-purpose nanostructures, produce novel ENFs, and improve
sensing performance.

4. Nanosensors for detection of food spoilage

Every year, many people get foodborne diseases and in some cases
die from eating food contaminated with bacteria, viruses, parasites, or
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Fig. 3. Illustration of a typical electrospinning equipment setup for the production of nanofibers.

chemical substances. According to the World Health Organization, one
in 10 people worldwide fall ill from contaminated food each year. So
early detection of food spoilage has long been the focus of many re-
searchers. The process of detecting spoilage alongside the chain of pro-
duction, distribution, and consumption of perishable foods can lead to
the construction of an intelligent system that monitors the quality of
food in each part of the chain and warns if necessary. In general, the
characterization of spoiled food is done by the detection of foodborne
pathogens and non/toxic gases released from perishable foods, such as
meat, fish, poultry, eggs, fruits, vegetables, and beverages. A summary
of studies in this field is given in Table 2.

4.1. Detection of food spoilage pathogens

4.1.1. Escherichia coli and Salmonella

Enterobacteriaceae are a large group of Gram-negative, spore-free
bacilli that normally live in the intestines of humans and animals.
There are several genera in this family, the main of which are E. coli
and Salmonella, which are the most significant causes of gastroenteritis
and the microbial indices of water and food contamination. Their pres-
ence in drinking water and food indicates the contamination of these
substances with other intestinal pathogens [119]. Research has shown
that electrospun polyacrylic acid/polyvinyl alcohol (PAA/PVA) hydrogel
nanofibers can be successfully used in the detection of E. coli in water as
a sensing layer with a LOD of 20 CFU/mL. The reason for the high sensi-
tivity of this biocompatible biosensor in this potentiometric method is
the high sensitivity of these nanofibers to pH changes [114]. Another
similar study using these pH-sensitive nanofibers was conducted to de-
tect E. coli in a sample of orange juice with a LOD of 10> CFU/mL in less
than 1 hour. The metabolic activity of E. coli toward sugar molecules and
the production of acidic products such as lactates and acetates are the
sensing mechanism of this portable sensor [115]. A case study was per-
formed on E. coli and a threshold of 5 log CFU/mL bacteria was reported.
This non-contact and wireless radio frequency identification (RFID)
compatible sensor tag can be used for real-time quality monitoring of
milk over the supply chain. In this method, cells that attach to conduc-
tive nanoparticles enable RF investigation [116]. In another exciting re-
search, a combination of the isothermal recombinase polymerase

amplification (RPA) with unmodified Au NPs were used to detect Sal-
monella in milk (with a LOD = 50 CFU), which was a more accurate,
faster, and less expensive method than the national standard detection
method (GB4789.4). This study was based on macromolecular adsorp-
tion of an enzyme, ssDNA, and unmodified Au NPs. This adsorption is af-
fected by the subtle change of the solution due to amplification [120].

Yi, et al. [121] proposed an aptamer-based method for determining
Salmonella typhimurium. In this method, carboxymethyl chitosan was
loaded with improved amine aptamer against S. typhimurium and then
adsorbed by electrostatic interaction on Au NPs to produce a composite
that acted as a molecular diagnosis element, as shown in Fig. 4a. In an-
other recent study, based on a specific matching between two aptamers
embedded MNPs and cDNA-upconversion NPs (UCNPs), a fluorescence
sensor was designed to screen E. coli (Fig. 4b). The fluorescence sensor
achieved a lower limit of detection (LOD) (10 CFU/mL) in the linear
range of 58-58 x 10° CFU/mL. One of the highlights of this work was
the use of this sensor to detect E. coli in adulterated pork samples
[117]. In another work, an electrochemical biosensor based on a Prus-
sian blue-MWCNTSs - Au NPs composites have been fabricated to iden-
tify E. coli. This PC based system was portable and can be employed for
on-site monitoring using the cyclic voltammetry (CV) method to con-
trol food products as it is able to detect and measure the electrochemical
activities of biomolecules [118]. Also, rGO-CNTs nanocomposites were
used to prepare an accurate aptasensor to detect S. typhimurium. In
this study, Salmonella bacterial cells were identified by combined
amino-modified DNA aptamer to the nanocomposite without any pre-
treatment or DNA extraction steps. Under optimal experimental condi-
tions, this label-free electrochemical sensor could detect S. typhimurium
in a wide linear dynamic range from 10 to 108 CFU/mL with a 10 CFU/mL
LOD [122]. Finally, Au NPs-assisted multiplex PCR assay was developed
for the simultaneous detection of three pathogens, including
S. typhimurium, Listeria monocytogenes, and E. coli 0157:H7. The high
performance of this color sensor made it possible to recommend it for
the detection of pathogenic strains in food samples [119].

4.1.2. Staphylococcus aureus
Staphylococcus aureus is the most pathogenic species of the Staphylo-
coccus genus which belongs to the Staphylococcaceae family and has
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Table 2
Examples of nanomaterial-based sensors for the detection of spoilage in food analysis.
Target analyte Nanomaterial Method/technique Linear range Limit of detection Recovery  Food matrix Reference
(%)
Escherichia coli ENFs (PAA/PVA hydrogel) LAPS 103-107 CFU/mL 20 CFU/mL - Water [114]
ENFs (PAA/PVA hydrogel) LAPS 10%-10° CFU/mL 102 CFU/mL - Orange juice [115]
d-Au NPs RFID - 5 log CFU/mL - Milk [116]
MNPs/cDNA- UCNPs UCNPs coated with 58-58 x 10° CFU/mL 10 CFU/mL 97-107 Pork [117]
aptamer
MWCNTs - Au NPs composite cv - 5x 10% CFU/mL - - [118]
Au NPs Colorimetric - 50 pg/uL - - [119]
Salmonella Au NPs RPA - 50 CFU - Milk [120]
Au NPs Colorimetric 102-10° CFU/mL 16 CFU/mL 92.4-97.2 Milk [121]
rGO-CNTs nanocomposite DPV 10-10® CFU/mL 10 CFU/mL - Chicken meat [122]
Au NPs Colorimetric - 10 pg/uL - - [119]
Staphylococcus Ag NPs DPV 10-10° CFU/mL 1 CFU/mL - Water [123]
aureus SWCNTs DPV 10-10° CFU/mL 13 CFU/mL - Milk [124]
GNDs CV/DPV - 0.1 nM - Fruit juice [125]
FNPs (UCNPs@GDN) SFUCFS 103-10® CFU/mL 1.3 x 10> CFU/mL 70-118.2  Water/milk/beef  [126]
Silica NPs DPV 10-2 x 10° CFU/mL 11 CFU/mL 90-102 Milk [127]
Listeria Au nanostars SERS- microfluidics - - - - [128]
monocytogenes  Au NPs SERS-LAMP- - - - UHT milk [129]
microfluidics
Aflatoxin Fe304 NPs/Gr/CdTe QDs/CNTs ECLIA 1-10° pg/mL 0.3 pg/mL 90-120 Milk [50]
ZnS QDs MIP 2-20 pg/L 3.56 ug/kg 93 Fish feed [51]
Ochratoxin BFNS Voltammetric 0.3-10 pg/mL 18 ng 98.8-103.3 Beer/grape juice  [130]
ZnCdSe QDs Turn off-on fluorescent 0.5-80 ng/mL 0.33 ng/mL 98.3-103.7 Milk/coffee [52]
sensor
Au(core)@Au-Ag(shell) SERS 0.01-50 ng/mL 0.004 ng/mL 92-112 Red wine [131]
nanogapped/MNPs
CdTe QDs/MoS2 nanosheets Fluorescence aptasensor ~ 4-100 pg/mL 1 ng/mL 92-123 Red wine [53]
SWCNH Fluorescence aptasensor ~ 20-50 nM 17.2 nM 93-104.9  Red wine [132]
pH changes Halochromic NFs ESP - - - - [133]
Halochromic NFs ESP - - - Fish [134]
Halochromic NFs ESP - - - Fish [135]
Hydrogen Pd decorated MnO;nanowalls Resistance change - 10 ppm - - [136]
Ammonia SWCNTs Chemiresistive detection 0-10 ppm <0.5 ppm - Chicken/pork/cod [137]
Ag Nps Plasmonic nanopaper 10-1000 pL 30.3 ppmv - Fish/meat [138]
SiO,-reinforced PDA NFs FS/colorimetric - 7 ppm - Fish/meat [139]
GO Electrical resistance - 1 ppm - - [140]

ENFs = electrospun nanofibers; PAA = polyacrylic acid; PVA = polyvinyl alcohol; LAPS = light addressable potentiometric sensor; CFU = colony forming unit; d-Au NPs = dextrin-
capped Au NPs; RFID = radio frequency identification; RPA = recombinase polymerase amplification; MNPs = magnetic NPs; UCNPs = upconversion NPs; MWCNTs = multi-walled
carbon nanotubes; CV = cyclic voltammetry; rGO = reduced graphene oxide; DPV = difffrential pulse voltammetry; Ag NPs = silver NPs; SWCNT = single-walled CNTs; GNDs =
graphene nano dots; FNPs = fluorescent NPs; UCNPs@GDN = guanidine-functionalized upconversion FNPs; SFUCFS = straightforward upconversion fluorescence sensing; Gr =
graphene; CdTe QDs = cadmium tellurium quantum dots; ECLIA = electrochemiluminescent immunoassay; ECISP = electrochemical immunosensing platform; MIP = molecularly
imprinted polymer; BFNS = black phosphorene nanosheets; SERS = surface-enhanced raman scattering; LAMP = loop-mediated isothermal amplification; SWCNH = single-walled car-
bon nanohorn; ESP = electrospinning; PDA = polydiacetylene; ppmv = part per million by volume; FS = forcespinning.

become one of the world's health problems due to its potential pathoge-
nicity and resistance to antimicrobial drugs. Usually, 5% of all microbial
food poisoning is caused by enterotoxins of this bacterium [141].
Aptamer-conjugated Ag NPs (Fig. 4c) [123], antibody-SWCNTs bio-
conjugate modified electrode [124], and paper based geno-interface in-
corporated with graphene nano dots (GNDs) and zeolites [125] are
some sensors used successfully to detect this pathogen. Moreover, The
use of FNPs made it possible to identify seven foodborne pathogens si-
multaneously, including E. coli, Salmonella, Cronobacter sakazakii, Shigella
flexneri, Vibrio parahaemolyticus, S. aureus, and L. monocytogenes.
Guanidine-functionalized upconversion (UCNPs@GDN) FNPs were ap-
plied to make this nanosensor for the quantifiable detection of these bac-
teria in actual samples of water, milk, and beef with appropriate recovery
values (Fig. 4d) [126]. In another research, an electrochemical
immunosensor based on nano mesoporous SiO, was applied to detect
the bacterium. Based on differential pulse voltammetry (DPV) and elec-
trochemical impedance spectroscopy (EIS), the LODs were 10 to 2 x 10°
and 12 CFU/mlL, respectively. This label-free sensor could determine the
analyte within 20 min, and it was tested on the spiked milk sample [127].

4.1.3. Listeria monocytogenes
Listeria monocytogenes is one of the most serious foodborne patho-
gens due to its high mortality rate and ubiquity. According to reports,

it has one of the highest mortality rates in Europe at 13.8% in 2017.
The standard method for detecting this bacterium is a microbial culture,
which takes 30-48 hours [142]. Therefore, it is valuable to have tech-
niques that can show the presence of this bacterium in the sample in
any situation. One of the attractive detection techniques that has been
considered in recent years is the integration of surface enhanced
Raman scattering (SERS) and microfluidic devices. This synergy is also
known as lab-on-a-chip SERS (LoC-SERS) or nano/micro-optofluidics
SERS. Hence, SERS measurements have been dramatically developed
because processes previously performed on a large scale in the labora-
tory and prone to human error can now be conducted automatically
and repeatably in nanoliter volumes. Besides, microfluidic platforms re-
quire detection methods that can be sensed in small volumes, and
therefore, SERS is ideal for this responsibility [143]. In this regard, a
study using Au nanostars and the combination of these two techniques
succeeded in detecting L. monocytogenes. The Au nanostars synthesized
were tagged with a Raman molecular probe. In the next step, the SERS-
tagged Au nanostars were coated with a silica thin mesoporous layer
and functionalized with a selective monoclonal antibody (mAb) for
the detection of L. monocytogenes. A mixture of bacteria and tagged-
NPs was incubated and injected into the microfluidic device placed
under a Raman microscope. Then, the laser was concentrated in the cen-
ter of the outlet channel. Notably, this strategy distinguishes
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Fig. 4. (a) Schematic representation of carboxymethyl chitosan-aptamer-Au NPs composites for the colorimetric detection of S. typh. [121] (b

) Schematic diagram of the aptamer based

magnetic and upconversion NPs conjugated fluorescence sensor for screening E. coli. [117] (c) Schematic description of the aptamer-conjugated Ag NPs for electrochemical
determination of S. aureus. [123] (d) Schematic illustration of bacteria sensor detection based on UCNPs@GDN FNPs [126].

L. monocytogenes from L. innocua in just 100 s [128]. In another investi-
gation, a combination of loop-mediated isothermal amplification
(LAMP) and SERS was applied to detect this pathogen in a buffer and
ultra-high temperature milk, which is an outstanding option for DNA
ultradetection. The researchers proposed an indirect SERS detection
method employing multifunctional Au NPs based on the formation of
pyrophosphate generated during the DNA amplification by LAMP. The
use of LAMP facilitates the integration process in microfluidic devices
since it does not require a temperature cycle [129].

4.2. Detection of toxins

Toxins are harmful substances produced by living organisms, includ-
ing animals, plants, bacteria, and fungi. These materials are distin-
guished from industrial toxins in some respects and humans do not
interfere in their production. Toxins do not convert to vapor and have
very high toxicity relative to their weight. Fungal toxins (mycotoxins)
are known to be highly biologically hazardous substances, such as afla-
toxins and ochratoxins, which are important mycotoxins. Due to the
high toxicity of these toxins, their rapid and timely detection in
human food and animal feed is a major necessity. Many of the methods
used to detect aflatoxins and ochratoxins are advanced instrumental
methods or highly specialized biological methods that, in addition to
time and high cost, require experienced personnel to perform the
tests, while in many cases where it is necessary to identify the toxins,
these devices are not available and make the detection process more
difficult [144].

10

4.2.1. Aflatoxins

Aflatoxins are among the most serious fungal toxins that cause de-
structive effects on the biological systems, they are mainly produced
by different species of the fungus Aspergillus belonging to the Flavi
group. Four different aflatoxins are commonly produced in plant prod-
ucts such as pistachios, peanuts, and corn, which are called aflatoxins
B1, B2, G1, and G2. However, other biologically altered aflatoxins, such
as aflatoxins M1 and M2, may also be present in milk [145]. In 2013,
Gan et al. designed an extremely sensitive immunosensor to detect afla-
toxin M1. At first, IO NPs stabilized on graphene oxide were used as ad-
sorbents for aflatoxin M1. Then, using an aflatoxin M1 antibody and
cadmium tellurium quantum dots (CdTe QDs) as a detector, they were
able to detect aflatoxin M1 with a LOD of 0.3 pg/L [50]. Recently, room
temperature phosphorescent has been applied to detect and measure
aflatoxins in fish feed using molecularly imprinted polymer (MIP) -
Mn-doped ZnS quantum dots with a LOD of 3.56 pg/kg. This simple,
low-cost technique has been suggested for assessing the aflatoxins in
complex materials [51].

4.2.2. Ochratoxin

One of the most important mycotoxins is ochratoxin, produced by
some fungi of the genus Penicillium and Aspergillus in food and feed, es-
pecially in areas with cold and humid climates. Its main forms are och-
ratoxin A, B, and C. The most important and common form of this group
is ochratoxin A (OTA), and its presence has been reported in a wide
range of foods, including cereals, coffee, dried fruits, grape juice,
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legumes, milk, and processed and dried meat products [146]. Given the
potential health risks of ochratoxin, many countries and the European
Union (EU) have set a low threshold for the possible presence of ochra-
toxin in food. The maximum allowable level of this toxin is 10, 2, 3, and
0.5 ng/g in dried fruits and coffee, grape juice and grape products, ce-
reals and their products, and infants food, respectively.

A nanosensor based on black phosphorene nanosheets (BPNS) was
designed to detect the OTA in food samples such as beer and grape
juice, which was based on the voltammetric analysis. This modified
electrochemical electrode showed a great linear reaction to OTA in
the range of 0.3-10 pg/mL with a LOD of 18 pg under optimal conditions.
The described mechanism for the electrocatalytic oxidation of OTA is an
irreversible electrochemical response with an adsorption-controlled
process, and the nitrogen amide atom in OTA is oxidized to N+0O-
[130]. Quantum dots and self-assembled porphyrin were also employed
to fabricate a nanosensor to detect OTA. It was able to identify the toxin
in milk and coffee within 5 min during a two-step process [52]. Other
detection methods such as SERS aptasensor [131], and fluorescent
aptasensor [53,132] are also applied to detect OTA, as shown in Fig. 5a.

4.3. Detection of pH changes to reveal spoilage

One of the modern technologies that has the potential to revolution-
ize the packaging industry is the use of sensors and detectors whose
color changes as a result of variations in the characteristics of the pack-
aged product. One of these detectors is halochromic material whose its
color changes in response to pH variations. In fact, the word chromic is
defined as a substance that can change its color reversibly under the in-
fluence of a factor. For halochromic sensors, the cause of the color
change is the pH value. In this type of smart packaging, as soon as the
spoilage begins, accompanied by pH changes, the color of the packaging
changes and warns the consumer. This system is much more accurate
and reliable than the expiration date.

One of the applications of ENFs is in halochromic packaging. For ex-
ample, in a study by Devarayan and Kim (2015), an eco-friendly, revers-
ible, and universal sensor based on electrospun cellulose nanofibers
with natural pigments extracted from red cabbage (anthocyanin) was
investigated. The results showed this sensor could detect pH values in
the range of 1-14 and its sensitivity to pH was stable at different tem-
peratures and for a long time [133]. Moreover, cellulose acetate nanofi-
bers have been used to detect the spoilage of Rainbow Trout [134], as
depicted in Fig. 5b. In another study, a nanosensor based on zein ENFs
was used to detect the fish spoilage. No color changes occurred in the
first four days of storage, but later, a light purple color was observed
in the sensor by the naked eye [135].

4.4, Detection of gases to reveal spoilage

There have been many studies in the field of gas sensors in which, a
wide range of target gases have been identified. Many of these gases,
such as the NO, family and CO, are potentially dangerous and cause
death [147]. Detection of some other types of gases such as oxygen
[148] and hydrogen [136] have also been used in the process control
and industrial production. Ammonia gas, formed from the decomposi-
tion of organic matter, is one of the signs of food spoilage, released in
minimal amounts (<30 ppm) as a result of food spoilage. High-
efficient sensors and appropriate responses are required to detect
such small amounts of ammonia gas.

There are many methods for detecting gases with the help of sen-
sors, including electrochemical sensors, mass sensors, and optical sen-
sors. Although non-functionalized SWCNTs are known to detect
amines chemiresistively, a study improved the sensitivity and specific-
ity of nanotubes to amines by functionalizing them. Chemiresistive de-
tectors made of cobalt porphyrin/SWCNTs composites were used to
detect biogenic amines (BA) such as putrescine and cadaverine and in-
vestigate the spoilage of raw meat. The reasons for the rapid detection of
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low concentrations of amines with high sensitivity include changes in
the oxidation state of the metal, the electron-withdrawing character
of the porphyrin ligand, and the counteranion [137]. In another study,
a plasmonic membrane was used as a hybrid material based on Ag
NPs embedded in bacterial cellulose. When the nanopaper was exposed
to ammonia gas released due to meat and fish spoilage, the population
density of Ag NPs was reduced which was associated with a decrease
in UV-Vis spectroscopy absorption. In these conditions, the color of plas-
monic nanopaper was turned from amber to grey. LOD also changed
from 30.3 to 0.574 ppmv of ammonia at higher exposure time (2-8 h)
[138]. Furthermore, researchers have constructed polydiacetylene
(PDA) nanofibers using the forcespinning (FS) method for the optical
sensing of BA. In this way, the freshness of meat products can be moni-
tored by changing the color from blue to red with a LOD of about 7 ppm
in 7 min. This fluorescent sensor is more sensitive than other methods of
detecting this analyte such as chromatographic and chemilumines-
cence, which is able to detect 100 ppm in the most sensitive cases
[139]. One of the recent studies for ammonia detection is a sensor
based on nanocomposites of phosphate-functionalized rGO/polyaniline
immobilized on microstrip resonators with a low LOD of 1 ppm [140].

5. Nanosensors for detection of food adulteration
5.1. Detection of food additives

One of the critical aspects of food health monitoring is the control of
the amount and type of food additives added by producers into various
foods. Food additives vary widely, and some of them could have severe
detrimental effects on human health. For this reason, the use of some
additives is prohibited, so-called illegal food additives [149]. Conven-
tional methods for the detection and measuring of different food addi-
tives include thin-layer chromatography [150], DPV [151], adsorptive
voltammetry [152], capillary electrophoresis [153], traditional chroma-
tography [154], and high-performance liquid chromatography [155].
The long sample preparation process and inefficiency in multi-color
mixtures are among the weaknesses of most of these methods. Given
that the allowable values for most additives are in the range of a few
ppm or less, regulatory organizations must have appropriate and accu-
rate detection methods for identifying and determining the amounts of
food additives [156]. Therefore, nanomaterial-based sensors could be a
promising solution.

5.1.1. Detection of dyes

One of the most widely used types of food additives is food colorants,
to compensate for the natural color of the food, destroyed during the
production process as well as during the storage period of the product
until consumption. Food colorants in the food industry are divided
into two categories [157]: (1) natural dyes that have a natural origin
and formulation; and (2) synthetic dyes which are actually chemical
compounds produced in the chemical and dye industries. The molecular
structure of these dyes generally differs significantly from that of natural
dyes. Synthetic dyes have advantages over natural dyes (for example,
lower price and higher stability to light, oxidation, and pH changes)
and may be preferred [158]. Therefore, the possibility of excessive
amounts of these additives in food products increases. Due to the bio-
logical effects of these dyes and the dangers of overconsumption, it is
critical to precisely control their amounts in food products [159].

Sudan I (1-phenylazo-2-naphthol) is a synthetic azo-colorant dye,
frequently found in adulterated chili powder, curry products, and
sauces. Yin et al. (2011a) developed a simple and sensitive electrochem-
ical method for measuring Sudan I dye based on the carbon electrode
modified with cyclic voltammetric (CV) magnetite NPs. The modified
sensor compared to the unmodified carbon electrode clearly showed
the electrocatalytic activity towards Sudan I oxidation, corresponding
to an increase in the peak oxidation current and a decrease in the
peak oxidation potential [160]. According to other studies, it has also
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Fig. 5. Schematic representation of (a) the single-walled carbon nanohorns -based fluorescent ochratoxin A detection [132], and (b) a halochromic sensor of cellulose acetate nanofibres

and alizarin for detection of fish spoilage [134].

been suggested to use the glassy carbon electrode modified with
graphene (CV) [161], rGO/Au NPs (DPV) [162], and electrochemically
rGO (linear sweep voltammetry) [163] to detect Sudan I. This adulterant
is also detectable by platinum NPs decorated graphene-B-cyclodextrin
modified electrode with a LOD of 1.6 nM and sensitivity of 2.82 pA M~
cm~2[164]. Recent advances have investigated the use of La3+-doped
Co304 nanocubes [165] and ZnO-CuO nanoplates [166] to modify
screen-printed electrode sensing. Besides, the researchers were able to
prepare bismuth tungstate (Bi,WOg) nanosheets modified glassy car-
bon electrode with a high sensitivity and low LOD of 3.056 mu A mu
M~ and 0.002 mu M, respectively [167].

Sunset yellow and tartrazine are also toxic synthetic dyes that can be
detected by nanosensors. Yang and Li [168] prepared hexadecyl
trimethyl ammonium bromide functionalized GO/multiwalled CNTs
modified glassy carbon electrode (CTAB-GO/MWNT/GCE) that can si-
multaneously detect sunset yellow and tartrazine with a LOD of
1x 1078 Mand 5 x 10™° M, respectively. Also, the operational param-
eters optimized in this study included accumulation time, solution pH,
and scan rate, which affect the analytical performance of determination.
In another study, green synthesized fluorescent carbon dots were
employed for the selective detection of tartrazine in food samples,
which were spherical carbon dots with an average diameter of 5 nm
[54]. Moreover, an electrochemical sensor based on B-cyclodextrin/
ionic liquid/Au NPs functionalized magnetic GO was used to detect sun-
set yellow with a wide linear range from 5.0 x 107 t0 2.0 x 10~° mol/L
and a LOD of 2.0 x 10~ mol/L [169]. The most recent studies that can be
mentioned are novel and high-sensitive graphene/poly(L-phenylala-
nine) [170] and spark generated molybdenum NPs [171] modified
graphite electrodes with recovery values of 98-104% and 94-109%, re-
spectively. An overview of the application of nanosensors for the detec-
tion of food adulteration is provided in Table 3.

5.1.2. Detection of preservatives

Preservatives are natural or synthetic chemicals added to food to
preserve and reduce spoilage (loss of quality or nutritional value) and
food degradation by microorganisms [191]. Parahydroxybenzoates, or
parahydroxybenzoic acid esters, commonly known as parabens, have
been used as a preservative in various industries for more than seventy
years. Parabens have preservative effects and are easily added to a vari-
ety of pharmaceutical and food products since they do not cause any
odor or taste and do not change the color or firmness of the product.
The integration of N-methacryloyl-Lphenylalanine into the polymeric
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structure makes it possible to mimic the biological recognition ability
of biological molecules through secondary interactions via the aromatic
ring in its structure and carboxylic acid groups. Accordingly, an electro-
chemical sensor was prepared using a polymer nanofilm modified
screen-printed Au electrode to detect parabens. Under optimal condi-
tions, the linear working range was found to be 1-30 uM with a LOD
as low as 0.706 uM [172]. Sulfite is an inorganic anion, used in the
food and pharmaceutical industries as a preservative and antioxidant,
and in the tea industry as an antibacterial agent. Due to its potential tox-
icity and harmful effects on human health and other organisms, the
amount of sulfite in food and beverages should be controlled. In a
study, cetyltrimethylammonium bromide fluorescent organic NPs
(CTAB-FONs) were applied as a nanosensor to detect this substance in
the aqueous medium, food samples, and cells with an ultrafast detection
time (15 s) and an ultralow LOD (7.4 nM). The paper-based device of
this nanosensor is also provided. This diagnosis was provided by the Mi-
chael addition reaction of sulfite to CTAB-FONs [173].

5.2. Detection of sugars

One of the biggest frauds in the juice industry is the addition of
cane and beet invert sugars to fruit juices to imitate the natural
sucrose-glucose-fructose profile. Numerous investigations have been
reported for the detection of sucrose by electrodes with the three
types of enzymes, including invertase, glucose oxidase, and peroxi-
dase/mutarotase. However, they have limitations such as cross-
reactivity with feedback enzyme inhibition and a low sensitivity [174].
Lietal. [176] evaluated the glucose detection mechanism using systems
based on semiconductor SWCNTSs with a paradigmatic sensor configura-
tion computationally and reported that the sensitivity of these systems
to this analyte is higher than the sensitivity of metallic nanotube-based
systems. In another interesting research, an electrochemical platform
was fabricated for saccharide or sucrose analysis using biocomposite
of nanomaterials. For this purpose, hydrogels were prepared from two
natural polysaccharides, gum Arabic and cornflour, and reinforced by
platinum NPs anchored with carboxyl-functionalized CNTs. Then, inver-
tase and glucose oxidase were entrapped in the gum Arabic-corn flour
hybrid matrix. Screen-printed carbon electrodes were modified with
the aim of developing a highly sensitive electrochemical biosensor sys-
tem for detecting sucrose using this enzyme-nanocomposite matrix.
The reported LOD was 1 x 10~° mol/L [175].
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Table 3
Examples of nanomaterial-based sensors for the detection of adulteration in food analysis.
Target Nanomaterial Method/technique Linear range Limit of Recovery (%) Food matrix Reference
analyte detection
Sudan I Fe304 NPs/GCE DPV 0.01-20 uM 0.001 pM 96.2-103.6 Chilli powder/sauce/duck egg yolk  [160]
rGO/GCE LSV 0.04-8.0 uM/L 0.01 uM/L 84-110 Chili sauce/tomato sauce [163]
Gr/p-CD/PtNPs/GCE DPV 0.005-66.68 pM 1.6 nM 96-99.3 Chili powder/chili sauce/tomato [164]
sauce/ketchup
La>*-doped Co304 v 0.3 t0 300.0 pM 0.05 pM 95.6 to 104 Tomato paste/ketchup sauce/chilli ~ [165]
NCs/SPE powder
Zn0-CuO NPIs/SPE DPV/CV 0.6 to 600 uM 0.18 uM 97.1-103.2 Tomato paste/ketchup sauce/chilli  [166]
powder
Bi,WOg DPV 0.02 to 114.6 uM 0.002 uM 96.8-98.6 Apple juice/chili powder [167]
Nanosheets/GCE
Catechol =~ GO@PDA-AuNPs v 0.3-67.55 uM 0.015 pM 96-97.5 Water [161]
Dopamine Gr/B-CD/GCE DPV 0.1-58.5 uM 0.011 pM about 97.6% in human serum sample and 96.1% in Biological samples [162]
pharmaceutical samples
Sunset GO/MW(CNTSs/GCE DPV 10772 x 107> M 108 M 90 to 110 Soft drink [168]
yellow  Au NPs CV/EIS 5 x 1079-2 x 107% mol/L 2 x 107 mol/L  97-105 Water sample/mirinda [169]
drink/minute maid
Mo NPs DPV(0x) 0.005-0.25 nM 2 nM 96.3 to 109 Orange sweetie/Green [130]
sweetie/cocktail margarita
Tartrazine GO/MWCNTSs/GCE DPV 3x10%-6x 107 M 5x10°M 93-111 Soft drinks [168]
CQDs Fluorescence analysis 0.25 to 32.5 yM 73 nM 87.3-106.6 Steamed buns/honey/candy [54]
Gr/PLPA/PGE DPV 1.54 to 5.14 uM 1.54 umol/L 98.71-104.44 Orange juice [170]
Mo NPs DPV(Ox) 0.005-0.25 nM 2 nM 94.5-106 Orange sweetie/green [171]
sweetie/cocktail margarita
Paraben =~ PHEMA-MAPA CV/SWV 1-30 uM 0.706 uM 91.88-119.60 - [172]
nanofilm
Sulfite CTAB-FO NPs Fluorescence analysis 2-7 WM 7.4 nM 96.6-102.4 Granulated sugar [173]
Sucrose Au NPs Voltammetric - 9 uM - - [174]
Carboxylated-MWCNT ~ SPCE 1 x 1074-1 x 10~° mol/L 1x10 " mol/L - Commercial fruit, vegetable, [175]
and mix juice
Glucose CNTs Electrical conductance - 300 nM - - [176]
Melamine Au NPs Colorimetric 0.1-2 mg/L 0.05 mg/L 95-105 Milk [177]
Crown ether-Au NPs Colorimetric 10-500 ppb 6 ppb 98.4-105.6 Milk [178]
Au NPs Colorimetric - 1 ppb - Milk [179]
Au NPs Chemiluminescence resonance energy 3.2 x 107'2-3.2 x 10~ mol/L 3 x 107> mol/L 94.1 to 104.2 Milk [180]
transfer
Ag NPs Colorimetric 4-170 uM 2.32 uM 88.83-114.29 Milk [181]
Ag NPs Colorimetric 0.033-1.50 mg/L 0.009 mg/L 61.9-96.3 Milk [182]
Ag NPs Colorimetric 0.2-1.6 mg/L 0.04 mg/L 92.5-99.4 Milk [183]
Ag NPs Colorimetric 0-5 ppm 0.1 ppm - Milk [184]
Ag NPs Colorimetric probe 500-10000 ppb 252 ppb 96-122 Milk [185]
Ag NPs Colorimetric/interference-biosynthesis 0.1-5 ppm 0.5 ppm 96 Milk [186]
Urea NF/Ag-N-SWCNTs/GCE Non-enzymatic electrochemical 66 nM-20.6 mM 4.7 nM 95.3 Milk/water [187]
detection
GNPIt-CNT Amperometry 0.1-0.8 mg/mL 33 pA - - [188]
(mg/mL)~"
GNPIts/GND SPCE 0.1-0.9 mg/mL 0.005 mg/mL - Water [189]
PA6-PPy NFs/ZnO ESP 0.1-250 mg/dL 0.011 mg/dL 97-99 Milk [190]
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NPs = nanoparticles; GCE = glassy carbon electrode; DPV = differential pulse voltammetry; GO = graphene oxide; PDA = polydopamine; AuNPs = gold NPs; CV = cyclic voltammetry; CD = cyclodextrin; rGO = reduced GO; LSV = linear sweep
voltammetry; Gr = graphene; PtNPs = platinum nanoparticles; NCs = nanocubes; SPE = solid-phase extraction; NPIs = nanoplates; Bi,WOgz = bismuth tungstate; MWCNTs = multi-walled carbon nanotube; CQDs = carbon quantum dots; EIS =
electrochemical impedance spectroscopy; PLPA = poly(L-phenylalanine); PGE = pencil graphite electrode; Ox = oxidative determination; Mo NPs = Molybdenum NPs; PHEMA-MAPA = poly-(2-hydroxyethyl methacrylate-N-methacryloyl-L-phe-
nylalanine); SWV = square wave voltammetry; CTAB = cetyltrimethylammonium bromide; FO NPs = fluorescent organic NPs; NF = Nafion; N = nitrogen doped; GNPIt = graphene nanoplatelets; GND = graphitized nanodiamond; SPCE =
screen-printed carbon electrode; PA6 = polyamide 6; PPy = polypyrrole; ZnO NPs = zinc oxide nanoparticles; ESP = electrospinning.
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5.3. Detection of melamine

Melamine (1,3,5-triazine-2,4,6-triamine, C3HgNg) is an organic
chemical-based substance commonly found in white crystals form
which contains 66.6% nitrogen. This substance is illegally added into
food products, particularly milk and dairy products, to provide a high in-
correctly reading in measuring total protein, since standard tests such as
Kjeldahl and Dumas measure the amount of food protein through mea-
suring the nitrogen. Thus, these tests are unable to detect nitrogen from
non-protein sources and nitrogen-rich compounds such as melamine to
foods [76]. In the year 2007, melamine was discovered in wheat gluten
and protein fortified rice exported from China. It was used in animal
feed in the United States and killed many dogs and cats for kidney fail-
ure [192]. Besides, in the year 2008, thousands of Chinese infants and
children were poisoned and at least six of them confirmed to have
died from consuming melamine-contaminated infant milk powder.
Other cases of melamine adulteration in eggs and different types of
milk-based products such as biscuits, candies, and yogurt desserts
have also been reported [193]. The maximum limit of melamine content
in infant formula is 1.0 ppm, whereas, for other foods and animal feeds,
itis 2.5 ppm [179].

Gas chromatography/mass spectrometry (GC/MS) is the official
method for melamine detection specified by the FDA, which has quan-
tification limits of 0.05-10 ppm. Other methods, such as liquid chroma-
tography, infrared spectroscopy, and electrochemical methods, have
been employed for the detection of melamine [182]. Although each
of these methods has high sensitivities, most of them are time-
consuming and expensive. In colorimetric evaluation, Au NPs have
been used more for their unique inherent properties, including simple
preparation, high biocompatibility, stability, and extinction coefficient.
According to this fact, extensive studies have been conducted on the de-
tection of this adulterant using Au NPs in simple, low-cost, and highly
sensitive methods with a LOD of 0.05 ppm [177], 6 ppb [178], and
even 1 ppb [179]. As shown in Fig. 6a, the main mechanism governing
most of these methods is that the colloidal solution of Au NPs has a
red color, indicating proper dispersion of Au NPs. After exposure to mel-
amine, these NPs aggregate, and as a result the color of the solution
changes to the blue [177].

Au NPs-based chemical resonance energy transfer was also
proposed as a novel strategy for the highly sensitive detection of
melamine. Based on this technique, the chemical signal of bis(2,4,6--
trichlorophenyl) oxalate (TCPO)-hydrogen peroxide-fluorescein is at-
tenuated in the presence of Au NPs, and when NPs are exposed to
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melamine, the chemical signal increases. As a result, chemilumines-
cence severity is restored. With this method, the values of 3.2 x 10™12
to 3.2 x 1077 melamine can be measured with a LOD of
3 x 107> mol/L[180].

Ag NPs similar to Au NPs aggregate in the presence of melamine
and result in a yellow-to-red color change, due to the shift of surface
plasmon band to longer wavelengths. Some studies have been done
on the detection of melamine using Ag NPs. Label-free Ag NPs were
used as a probe with a LOD of 2.32 uM. In this study, the borohydride
reduction method was used to synthesize Ag NPs, which leads to
homodisperse of Ag NPs. The negatively charged citrate ions cover
Ag NPs and the electrostatic force counteracts the Van der Waals’
force effects between the molecules [181]. An interesting strategy
was suggested for the synthesis of stable colloidal Ag NPs via the
use of factorial design to optimize the concentrations of AgNOs and
NaBH,4. The stability of synthesized NPs with a mean diameter of
14 nm was reported for at least 5 days at 4 °C. Strong interactions
were established between the Ag NPs and the amine groups, which
increased the sensitivity of detection for melamine in milk products
because no stabilizing agents were used in this method. NPs synthe-
sized by this method have been applied in the detection of melamine
with a LOD of 0.009 mg/L [182].

In other studies, rapid sensing of melamine in milk by 35 nm diam-
eter unmodified Ag NPs [183] and green synthesized Ag NPs [184] were
reported with a LOD of 0.04 mg/L and 0.1 ppm, respectively. AgNO3 was
used as a precursor and ascorbic acid as a reducing agent for green
synthesis of Ag NPs in the mentioned research. Dispersed Ag NPs give
strong absorption in UV-Vis spectra around 397 nm. On the other
hand, the exocyclic amino groups of melamine (positive charge) attach
to these citrate ions on the surface of Ag NPs (negative charge). Thereby,
hydrogen bonding between Ag NPs and melamine molecules causes
aggregation of Ag NPs which produce visual color changes with the ap-
pearance of new absorption maxima around 540 nm as shown in Fig. 6b.
More and more Ag NPs aggregate as the concentration of melamine in-
creases and the absorption spectra around 540 nm increases simulta-
neously [183]. The green synthesis of Ag NPs with leaf extracts,
including Jatropha gossypifolia [185] and Parthenium [186] also yielded
good results for the single-stage melamine detection. In general, mela-
mine detection with Ag NPs is performed in two steps. The first step
requires the synthesis and functionalization of Ag NPs, and the second
step involves the detection of melamine using functionalized Ag NPs.
Green synthesis of Ag NPs is not only an eco-friendly process but also
a rapid (<20 s) and one-step method for analyte detection. In this
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Fig. 6. Schematic representation for the mechanism of melamine detection in milk products using (a) gold nanoparticles [177]; and (b) silver nanoparticles [183].
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strategy, the analyte interferes with the biosynthesis of the NPs and
then is detected by the NPs.

5.4. Detection of urea

Urea is another adulterant that is added to diluted milk to show a
higher nitrogen content. Naturally, the concentration of urea in milk is
3.1 to 6.6 mM, whereas the maximum amount of urea that can be in
milk is between 0.2 and 0.4 mg/mL. More than this value, it is consid-
ered an adulteration. Enzyme-based sensors are commonly applied to
detect this analyte [194-198]. As the research progressed, these enzy-
matic biosensors were improved over the years 2008 to 2017, so that
their sensitivity was changed from 124.84 pA mM~' cm™2 to
0.32 nA mM ™!, their LOD from 499 to 2 uM, and the response time
from 10 to 3 s. These enzymatic techniques have several drawbacks, in-
cluding high construction costs and inadequate stability.

A non-enzymatic electrochemical method to detect urea has been
reported in which a glassy carbon electrode was modified using Ag
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NPs decorated nitrogen-doped SWCNTs (Ag-N-SWCNTs) and a layer
of Nafion. Higher sensitivity, a lower LOD, and fast response time of
this fabricated electrode were reported as 141.44 pAmM~'cm ™2,
4.7 nM, and 3 s, respectively. This modified electrode is also capable of
storage under ambient conditions without loss of activity and exhibited
high selectivity toward urea with excellent repeatability and reproduc-
ibility (Fig. 7a) [187]. In another study to detect urea, graphene
nanoplatelets conjugated with urease were applied. Urea is hydrolyzed
by urease, producing ammonium and carbonic ions. The principal aim of
this investigation was to detect these ions effectively. The conjugated
compound was immobilized on a CNTs- covered electrode, which can
be applied around 20 times [188].

Urease-immobilized graphene nanoplatelets and graphitized
nanodiamonds nanocomposites have also utilized for electrochemical de-
tection of this analyte with 20 s response time and a LOD of 5 pg/mL. The
proposed sensor can directly detect urea and has advantages such as
higher enzyme loading, higher charge transfer to the electrode surface,
and more efficient surface area, which leads to higher sensitivity
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Fig. 7. (a) Schematic illustration of non-enzymatic electrochemical detection of urea on Ag Nps anchored N-doped SWCNT modified electrode [187]. (b) Schematic representation of
graphene nanoplatelet/graphitized nanodiamond-based nanocomposite for electrochemical sensing of urea [189].
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(Fig. 7b) [189]. Another way to detect urea is to use ENFs modified with
ZnO NPs and enzyme urease applying a simple electrostatic process.
ZnO results in hydrogen bonding or electrostatic interactions between
the carboxylic groups (-COOH) from the Liosperse 511 (dispersing
agent) and the amino groups from PPy and amide nitrogen from PAG, re-
spectively. A biosensor is designed to detect urea using this strategy that
has a LOD of 0.011 mg/dL, which is lower than other similar studies
(2-13.5 mg/dL) [190].

6. Conclusions and future outlook

Nanomaterials have unique sensory properties, the most important
of which as described in this paper, include the optical and magnetic
properties of NPs, the thermal and electrical properties of CNTs, the
electron transfer of NWs, and the high porosity of ENFs. An overview
of their application in the design of sensors for the detection of spoilage
and adulteration in food products and their recent developments were
presented. The fabricated nanosensors can quickly, accurately, and se-
lectively detect analytes with a minimum sample. Among the various
nanomaterials, metal NPs, mainly Au and Ag, and CNTs have been
used widely in this field. Of course, new nanostructures such as
graphene and its derivatives will undoubtedly lead to future advances
due to their unique surface features. Moreover, the use of pH-sensitive
nanofiber sensors in the field of smart food packaging and its applica-
tion in spoilage monitoring is novel. The ability to detect complex matri-
ces, reduce costs, and portable features are among the goals that can be
developed in the future for the design and fabrication of nanosensors.
Also, economic points should be considered for the commercialization
and scale-up of these sensors for the food industry and regulatory orga-
nizations responsible for the monitoring of food quality and safety.
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