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Abstract: Nanotechnology is the field of science which has been recently applied in different field of
biomedical sciences, targeted drug delivery, imaging, theranostics, etc. The vast surface area to volume
ratio of engineered nanostructures is utilized for designing many biosensors. Food production,
processing, packaging, storage, and transport engage many kinds of chemicals and materials that may
contribute some harmful effects on human health. These altogether are named as food toxins if their
amount exceeds the safe limits for human consumption. We have searched the relevant articles in
PubMed and Google scholar to write this review and selected the appropriate articles to prepare the
manuscript. The detection of such food toxins can be done using conventional methods, but their
sensitivity, time, and limit of detection and cost cost-effectiveness are a matter of concern.
Nanotechnology has been used for designing different kinds of biosensors to overcome the barriers of
low sensitivity. In this review, we will discuss nanotechnology’s application in the detection of different
kinds of food toxins, especially dairy products.
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1. Introduction

Nanotechnology involves the ability to reformulate metals and non-metals into new
nanosized particles, with measurement under 100 nm in size and at the nanometer scale, the
physical, chemical, and organic properties of different types of nanomaterials are generally
unique compared to their bulk counterparts [1,2]. The difference is found due to the elevated
surface area to volume ratio and quantum impacts. A huge surface area leads to progressively
responsive compound properties and influences the mechanical or the electrical properties
whereas, the quantum impacts influence the electrical, magnetic, and optical properties of the
nanomaterials. Nanoparticles have been utilized in various fields like sanitization of material
textures, water sterilization, biomedical imaging [1-4], theragnosis [5-6], nano-enabled drug
delivery [7-8], food packaging, detection of food microorganisms and toxins, etc. Magnetic
nanoparticles have been used for the immobilization of hydrolases to prevent their degradation.
The different subclasses of the enzyme hydrolases are known to be immobilized on the
magnetic nanoparticles with or without surface modification or are entrapped inside polymeric
network support that contains magnetic nanoparticles. The applications of such immobilized
hydrolases were elaborately reported earlier [9]. In another review article, the different types
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of glucose biosensors designed where GOx was immobilized on the electrode surface of the
simple and surface modified single and multiwalled carbon nanotubes (CNTSs) or the different
kinds of derivatives of carbon nanostructures have been discussed [10]. Cantilever-based nano
biosensors have also shown promising results in detecting pesticides in the soil, thereby
showing the different applications of nano biosensors [11].

2. Food Toxins
Food toxins can be natural, chemicals, additives and pesticides, presence of metals.
2.1. Natural toxins.

These are the toxicants that are produced naturally by living organisms and do not cause
any harm to the organisms themselves. Although these chemical compounds can be toxic to
humans and other animals when consumed. These natural toxins have a range of chemical
structures, have different biological functions, and are produced by the plants for their natural
defense against microorganisms, predators, and insects or as a result of mold infestation or
extreme climatic conditions. Other sources are known for the natural toxins like microscopic
planktons and microorganisms present in oceans or lakes, producing chemical compounds that
can be toxic for humans but may not be for the aquatic biota. The fish and shellfish which
consume these organisms may not get affected, but when humans consume those shellfish, they
can quickly get intoxicated. Some of the natural toxicants are Pyrrolizidine Alkaloids (PAS),
poisonous mushrooms, solanines and chaconine (glycoalkaloids), Mycotoxins, goitrotgens,
lectins, furocoumarins, cyanogenic glycosides (phytotoxins), aquatic biotoxins (algal toxins)
etc.

2.2. Chemicals.

In food, many chemicals are incorporated intentionally or unintentionally during food
processing, packaging, heating, and preparation. Industrial chemicals like dioxins, bisphenol
A (BPA), etc., and chemicals related to heating like acrylamide are found in foods. Other
chemicals like butylated hydroxytoluene (BHT), ethyl carbamate, perchlorate, furan, benzene,
calcium propionate (microbial retardants), polychlorinated biphenyls (PCBs), etc. are
incorporated into the food as an additive or a part of food processing and packaging. The
different pesticides and herbicides used to prevent the crops are also retained by the grains and
get incorporated into humans through their consumption. Food texturing agents, refining
chemicals, flavor enhancers, antibiotics, and other drugs used in livestock are the further
sources of harmful chemical incorporation through the food chain.

2.3. Metals.

Metals and metalloids are present in the air, water, as well as soil and a certain level is
present in different types of foods depending on the growth condition of the crop, industrial
manufacturing, and processing, processes used in agriculture, the DNA present in the food
crops as well as the environmental conditions and geographic location of the food grown or
harvested. Sometimes metals like iron or non-metals like iodine are also added externally in
the foods such as breakfast cereals, infant formulas, salt, etc., as a nutritional supplement.
However, there is a safe limit of metal concentrations in our body, and a metal overload may
lead to toxic effects rather than any benefit. Iron poisoning can occur if we consume too much
https://biointerfaceresearch.com/ 14156



https://doi.org/10.33263/BRIAC116.1415514172
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC116.1415514172

iron leading to severe vomiting, abdominal pain, diarrhea, dehydration followed by lethargy.
Heavy metals like arsenic, mercury, and lead can cause severe illness and impairment if
consumed at a high dose and can even lead to death [12].

3. Detection of Food Pathogens and Toxins

Several foodborne microorganisms are responsible for causing foodborne diseases due
to the consumption of contaminated foods by different microorganisms like bacteria, viruses,
and fungi. These foodborne pathogens cause food and water poisoning. Some of the well-
known bacteria are Salmonella enterica, Escherichia coli, Campylobacter Jejuni, Listeria
monocytogens, Staphylococcus aureus, Bacillus cereus, and many more. Sometimes the
pathogenic microorganisms themselves cause food poisoning, and sometimes the toxins
released by them may pose health hazards to humans. The toxins produced by pathogenic
microorganisms can target the eukaryotic cells by three mechanisms: (i) They can bind to the
cell-specific receptors or general receptors present on the surface of the eukaryotic cells and
exert their toxicity by cleaving the molecules exposed to the surface or generating pores in the
membrane of the cell and break the permeability barrier. (ii) They can have some intracellular
target, cross the cell membrane, and usually have two active domains. One of these domains
they use to cross the cell membrane and the other for modifying the toxin's target. (iii) They
have an intracellular target and get delivered directly by the bacteria [13].

Many methods are known for detecting pathogens and Gram-negative bacterial
endotoxins or for the detection of endotoxin only. The only endotoxin detection method is
capable of detecting the lipopolysaccharide (LPS) structure present on the Gram-negative
bacterial outer membrane. The various kinds of detection methods for pathogens and
endotoxins are discussed by Alahi & Mukhopadhyay (2017) [14]. Listeria monocytogens are
the food pathogen that can cause listeriosis characterized by encephalitis, meningitis, and
septicemia, and its virulence factor is listeriolysin O (LLO). This LLO is produced by Listeria
monocytogens and the LLO- encoding gene (hlyA) can be detected in the virulent strains where
they are present. Blood agar and hemolysis assay can be easily employed to detect the protein
toxin LLO and the different methods for its detection are discussed in a previous study
mentioning the usefulness and drawbacks of these methods [15].

On the other hand, the food toxins from Gram-positive bacteria are detected using
immunological, biological, molecular assays, and mass spectrometry. The most important
toxins related to Gram-positive pathogens are the emetic toxins and diarrheal enterotoxins
secreted from Bacillus cereus, enterotoxins released from Clostridium perfringens, neurotoxins
from Clostridium botulinum, and an enterotoxins family produced from Staphylococcus aureus
as well as some different staphylococci. All these toxins are the major virulence factors
responsible for foodborne diseases, and the different detection methods are discussed by
Rajkovic et al., 2020 [16]. Botulinum toxins detection using the mouse bioassay method has
been discussed as we know that this toxin is used for cosmetic purposes. However, this method
had limitations due to the small number of samples that can be analyzed at a time. The other
methods of detection of this toxin are digoxigenin ELISA, biosensors, particularly
multichannel immunosensors, electrochemiluminescence, Immunochromatographic assays, or
lateral flow tests or simply strip HHASs were discussed in detail by other researchers [17]. The
different kinds of lateral flow immunoassays (LFIA s) used to detect food toxins in agricultural
foods have been extensively reviewed. The advancements in this assay regarding how the

labels, the recognition elements, or the strategy for toxin detection were discussed. The LFIAs
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used to detect different bacterial toxins like Botulinum Toxin, Staphylococcal enterotoxin,
Cholera toxin, Shiga toxin, = Mycotoxins (Aflatoxins, Ochratoxin A, Fumonisins,
Deoxynivalenol Zearalenone), and other miscellaneous toxins like Okadaic acid,
Microcystins, Chlorpyrifos, Carbofuran and triazophos, Brevetoxins, Abrin-a has been
discussed elaborately by Tripathi et al., 2017 [18]. The different immunoassay-based kits
available for detection of toxins produced by Bacillus cereus and Staphylococcus aureus are
discussed elaborately by Brett (2006) [19] with a detailed comparison between the efficiency
of the different detection methods. There are some biochemical methods or conventional
methods, antibody-based detection, as well as nucleic acid-based detection methods for the
detection of various food toxins. The current applications, limitations of the known methods,
and the future perspectives of the detection of pathogens and food toxins are reported earlier,
mentioning the rapid detection methods [20-23]. An in silico approach has also been discussed
using peptidomics, proteomics, and metabolomics along with food comic methods to describe
the detection of foodborne pathogens like fungi and bacteria. They have also overviewed the
applications of these techniques in biomarker discovery for pathogenicity of the foodborne
pathogens, determined the mechanism of action, and studied the resistance of these pathogens
upon inactivation in the food from animals and plants [24]. Some of the studies exploiting the
methods for detecting food toxins are summarized below in Table 1.

Table 1. The different types of toxins produced by microorganisms and their detection methods.

S No.

Assay used

Nature of the Toxin
and Producer
Organism

Finding of the study

Reference

HPLC conjugated
with the diode array
(DAD).
Fluorescence (FLD)
detectors were used
for toxin detection

Aflatoxin B1,B2,G1,G2
Producer organism:
Aspergillus flavus

A new method has been developed for rapid,
sensitive, and simultaneous detection of Aflatoxin
B1, B2, G1, G2 quantities isolated from Fungus
Aspergillus flavus grown in laboratory culture
conditions. Here they have used HPLC, which is
equipped with a conventional diode array (DAD)
conjugated with a fluorescence detector (FLD).
Data was collected by growing the fungus in
different culture types, namely liquid slant culture,
submerged shake culture, and solid-state culture.
The conventional and improvised detectors both
detected the AFs with high sensitivity. This
method showed a recovery percent of 76%-88%
from the medium, spiked with different
concentrations (2.5, 10, 50, 100, and 500 ng/mL)
of AFs.

In the case of FLD detector, the LOD (Limit OF
Detection) and LOQ (Limit of Quantification) for
assessing AFB1 and AFG1 were 1.0 ng/mL and
2.5 ng/mL, respectively, and the LOD and LOQ
for AFB2 and AFG2 were 0.01 and 0.025 ng/mL,
respectively. On the other hand, DAD could detect
as low as 1.0 ng/mL and quantify all the AFs as
low as 2.5-5.0 ng/mL.

[25]

Tag Man assay
along with an SYBR
green | real-time
PCR assay

Emetic toxin cereulide.
Producer organism: B.
cereus

Rapid, sensitive, and conclusive identification of
emetic B. cereus was made using TagMan assay
along with an SYBR green | real-time PCR assay.
To eliminate false-negative results, the TagMan
assay included an IAC. The SYBR green I-based
assay was found to be cost-effective for the
analysis of a large number of samples. This assay
has been being extended further to a duplex real-
time PCR which can perform one-step
differentiation of the emetic pathogens, B. cereus
and S. aureus.

[26]

Endopep-MS
method

Botulinum Toxins A, B,
E,and F

https://biointerfaceresearch.com/

Here Endopep-MS method, a mass-spectrometric-
based endopeptidase method, has been used to
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S No. Assay used

Nature of the Toxin
and Producer
Organism

Finding of the study

Reference

Producer organism:
Clostridium
botulinum

detect botulinum neurotoxins (BoNTSs). Using the
above method, investigators have detected in
foods the BoNT/A, /B, /E, and /F levels spiked
below the limit of detection involving mouse
bioassay. This assay has been used to detect BONT
in more than 50 foods.

4. Liquid
Chromatography-
Tandem

Mass Spectrometry
Method

Mycotoxins
Producer organism:
Molds and Fungi

A chromatographic method for the detection of
multi-mycotoxin was developed, which detected
the aflatoxins (AFB1, AFB2, AFGL, and AFG2),
zearalenone (ZON), ochratoxin A (OTA),
diacetoxyscirpenol ~ (DAS),  deoxynivalenol
(DON), nivalenol (NIV), fumonisins (FB1, FB2,
and FB3), HT-2 toxin (HT-2) and T-2 toxin (T-
2)in the foods simultaneously. The extracts were
prepared using three techniques for multi-
mycotoxin detection, namely,

a)  Immunoaffinity

b) solid-phase extraction and

c¢) QUEChERS (quick, easy, cheap,

effective, rugged, and safe) method

These methods were compared based on analyte
recovery (Rec.) and the relative standard deviation
(RSD), and the best was optimized. Good
recoveries were found was seven in method (a)
(immunoaffinity), eight in method (b) (solid-phase
extraction), and nine in method (c) (QUEChERS).
There was significant detection enhancement for
DAS, FB1, and OTA compared to the 14 analyzed
mycotoxins. The method of QUEChERS involved
extraction of a sample with acetonitrile followed
by salting-out and lipid removal. The samples
were then reconstituted in methanol/water to
improve MS responses and further analyzed using
LC-MS/MS. The recovery range was 70-100% for
DON, DAS, FB1, FB2, FB3, HT-2, T-2, OTA,
ZON, AFG1, AFG2, AFB1 and AFB2 and 55%
for NIV when the spike range was 2—80 ug/kg.

[28]

5. Liquid
Chromatography-
Tandem

Mass Spectrometry
Method

Mycotoxin  (Type B
trichothecenes)
Producer Organism:
Fusarium genera (F.
graminearum

and F. culmorum)

Simultaneous  determination  of  multiple
mycotoxins like deoxynivalenol (DON), 3-
acetyldeoxynivalenol (3Ac-DON), 15
acetyldeoxynivalenol  (15Ac-DON), DON-3-
glucoside (DON-3Glc), nivalenol and fusarenone-
X was executed using liquid chromatography-
tandem mass spectrometry for feedstuff. The
different types of immunoaffinity columns used
for sample preparation were:

a) solid-liquid-extraction,

b) QUECHERS,

c) solid-phase extraction with OASIS HLB

columns

d) immunoaffinity columns

e) Mycosep 225 Trich column.
No cross-reactivity was shown for any of the
abovementioned mycotoxins for all the six types
of immunoaffinity columns. The clean-up
methods using Mycosep 225 T rich column were
most effective in the preparation of the samples.
The recovery was apparently between 92% and
97%, and the limit of quantification was in the
range of 1.30 to 50 ug/kg range and nearly 99 feed
samples could be analyzed using the developed
method.

[29]

6. Amplified
Digoxigenin-
Labeled Enzyme-
Linked

Type A, B, E, and F
botulinum neurotoxins.
Producer Organism:
Clostridium botulinum

https://biointerfaceresearch.com/

An amplified enzyme-linked immunosorbent
assay (ELISA) was utilized to detect different
botulinum neurotoxins such as type A, B, E, and F
in various types of foods (liquids, solids, and
semisolid). The sensitivity of detection for these

[30]
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S No. Assay used Nature of the Toxin | Finding of the study Reference
and Producer
Organism
ImmunosorbentAss botulinum complex serotypes was obtained to be
ay Antibodies 60 pg/ml (1.9 of 50% lethal dose [LD50]) for

botulinum neurotoxin type A (BoNT/A), 176
pg/ml (1.58 LD50) for BoNT/B, 163 pg/ml for
BoNT/E (4.5 LD50), and 117 pg/ml for BoNT/F
(less than 1 LD50) in casein buffer. This assay was
very much effective in large-scale screening.

There are many methods of detection of food toxins using nanotechnology, and several
biosensors have been designed. Before discussing the applications of these biosensors in food
toxin detection, we shall discuss in brief about biosensors.

4. Biosensors

A biosensor is a device that has a biological element that recognizes an analyte and then
transduces the event to produce a signal which is proportional to the analyte concentration and
conveys it to the detector. The recognition element should be highly specific and can combine
with only the analyte of interest and not with any other interfering species. The analyte that can
be detected can be an antigen, toxin, DNA, RNA, enzyme-substrate, protein, amino acid,
microRNA, cell-specific antigen, and various disease biomarkers. The recognition element can
be protein, enzyme, antibody, aptamer, microorganism, cell, sSSDNA/RNA, etc. The types of
transducers can be optical (absorbance/Fluorescence/Luminescence), calorimetric, change in
pH, electrochemical (Electrical conductivity, current or potential change), piezoelectric (mass
change), acoustic, etc. The different types of sensing techniques used in biosensors are
Fluorescence, DNA Microarray, SPR (Surface plasmon resonance), Impedance spectroscopy,
SPM (Scanning probe microscopy, AFM, STM), QCM (Quartz crystal microbalance), SERS
(Surface Enhanced Raman Spectroscopy), Electrochemical-Potentiometric, Amperometric,
Conductimetric.

The detail about biosensors used in medical diagnosis is already discussed earlier
[31-34]. A schematic diagram for biosensors is given in Figure 1.

The common types of biosensors used in detecting food toxins are electrochemical
sensors, immunosensors, aptasensors, etc. Some of them are briefly discussed below:

4.1. Electrochemical sensors.

These particular analytical devices transduce energy obtained from biochemical
reactions such as antigen-antibody reactions or enzyme-substrate reactions to electrical signals.
The electrical signals include current, voltage, impedance, frequency, etc. An electrode is a key
component in electrochemical biosensors that provides solid support for biomolecules'
immobilization like an antibody, enzyme, and nucleic acids. The journey of electrochemical
biosensors started with the development of the 1% version of the blood glucose sensor. Presently
an ample number of electrochemical biosensors are introduced and commercialized for diverse
applications.

A common electrochemical biosensor consists of a bioreceptor that can bind to a
specific target to generate the signal in the form of an electron that will be measured
electronically using a transducer and data analysis devices [35]. The biorecognition element
can be antibodies, enzymes, nucleic acids, aptamers, proteins, etc. The addition of
nanomaterials as a part of biosensors has given a new direction towards better sensitivity due
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to their high surface-to-volume ratio. The capacity of loading biomolecules or the
immobilization of biorecognition elements has also improved due to the same reason.

. 4

Analyte of
interest Interfering species

Biocomponent

Transducer

Processor

Signal

Figure 1. A schematic representation of biosensors. The analyte of interest is recognized by the biocomponent
or recognition element, and the binding event is converted to a detectable signal by the transducer. The
processor reads this signal.

Another important factor in the electrochemical biosensors is the transducer. The
transducer is a combination of electrodes and electrolytes [36, 37]. The sensitivity depends on
the specific materials used to design the transducers, and the signal translation rate is related to
the properties of the surface. In this regard, gold electrodes, carbon-based electrodes,
conducting polymers, metal oxides, and nanocomposites are well known [38-41].

The electrochemical biosensors' operating principle depends on the specific transducers
that convert biochemical signals to the detectable electronic response. It can be potentiometric
or amperometric, or impedimetric. Potentiometric transducers generally work on the ion-
selective principle, and they are widely used to detect several bioanalytes like glucose,
triglycerides, pesticides, etc. [42]. Potentiometric transducers generally have poor sensitivities.
Typically noble metals are used to design the working electrodes of the amperometric
transducers [43]. The current produced at the working electrode is measured concerning a
reference electrode after application of certain potential. The current produced is directly
proportional to the degree of oxidation or reduction of the analytes to be identified. These types
of biosensors are comparatively simple and cost-effective. The impedimetric biosensors are
label-free and highly sensitive biosensors. In impedimetric biosensors, the receptor-analyte
interaction is related to the impedance change. The working electrode's surface plays a crucial
role in this type of electrochemical biosensor [44]. The change in impedance is monitored to
analyze the frequency change concerning the time. It should be noted that the impedance is
related to two major factors — resistance and capacitance. This type of electrochemical
biosensors' major drawbacks are slow response time and complicated models to calculate the
response. The electrochemical biosensors can be employed to detect toxins like food additives
present in foods. Several synthetic dyes like metanil yellow etc., are illegally added into the
food items to generate bright colors to attract food consumers. These synthetic dyes are banned
by the food regulatory bodies even though these are available and regularly added in sauces,
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soft drinks, spices, juices, etc. These banned synthetic dyes are a great threat to human health,
and most of them are potent mutagen [45]. WHO has already classified these dyes like metanil
yellow as category Il toxin that promotes cancer and can damage the gastric mucin. Some
classified food additives like fast green were also established as neurotransmitter blockers.
Therefore, it is necessary to quantify the food additives for the benefit of public health and
quality control assurance. In addition to synthetic dyes, foodborne contaminants are also
present, including microbial pathogens and their toxins. Electrochemical biosensors and
nanosensors were developed worldwide to assess the various targets causing health hazards
like pesticides, neurochemicals, mycotoxins, pathogens, etc. [37, 46, 47].

The change in voltammetric behavior of metanil yellow present in curcumin was
assessed recently on glassy carbon electrodes, and carbon dots modified glassy carbon
electrodes [48]. Gupta et al. have reported the importance of reliable, sophisticated, sensitive,
and cost-effective electrochemical biosensors for food toxin detection [44]. Nanomaterials-
based electrochemical biosensors were employed for the detection of mycotoxins. Metanil
yellow and fast green were also detected recently on glassy carbon electrodes coated with
calixarene and gold nanoparticles. The sensitivity was established using electrochemical
impedance spectroscopy, cyclic voltammetry, and differential pulse voltammetry [49].

4.2. Immuno-chemical biosensors.

Immunoassays are -established bio-analytical and clinical methods used in the
laboratory regularly to quantify the analytes using the reactions between an antigen and an
antibody. The immunochemical assays include Enzyme-linked immunosorbent assay
(ELISA), radioimmunoassay, immunoaffinity column assay, and immunosensors.
Radioimmunoassay is the simplest immunoassay technique that was initially developed for the
biorecognition of insulin molecules.

L
i)
o
Electric 3
: o
signal .=§
<‘.:' m
Antibody
:2 Immunoreaction
X 9
Electric »~ Substrate
signal
g DNA Products
: NNV Hybridization

Figure 2. The schematic diagram showing (a) the specificity of a bioreceptor (b) the interaction between
antigen-antibody, enzyme-substrate, DNA hybridization, which is to be detected by the biosensor.

The immunosensing phenomenon has numerous applications, including the
development of a new class of biosensors. Therefore, a sensor that detects analytes or antigens
of interest with the concept of immunoassay utilizing specific antibodies to generate stable
immunocomplex is termed as an immunosensor. The amount of stable immunocomplex is
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measured by combining this reaction to the surface of specialized transducers. After the
detection of immunocomplex, the transducer converts it to the electrical signal to be processed.
The ideal immunosensors should have the ability to identify the target antigens fast and
generate stable immunocomplex without supplementary reagents. The high reproducibility and
ability to detect the target analytes in real samples are also required for the ideal
immunochemical biosensors [50]. The affinity-based biosensors like immunosensors, DNA-
based biosensors, etc., are shown in Figure 2.

4.3. Aptamer-based biosensors.

Aptamers are known to be single-stranded nucleic acids that can specifically bind to the
target molecules to generate a secondary structure. The binding of aptamers with their specific
molecules generates distinct conformations such as G-quadruplex and hairpin. The
conformational variations before and after binding specific biomolecules offer a great
opportunity and feasibility for designing aptamer-based biosensors. The aptamers for the
specific biomolecules are generated using Sequential Evaluation of Ligands by Exponential
Enrichment (SELEX) methods, a combinatorial biology technique [51]. Aptamers can replace
the antibodies in ELISA due to their behavior, like affinity ligands. Aptamers are well
established for their adaptive binding to bring a large conformational change. These
conformational changes alter the local environment and are crucial to avoid non-specific
interaction, which is very important to design the biosensors. Aptamers are promising in the
present day due to their certain advantages over antibodies. Aptamers can be synthesized via
chemical progress that is more cost-effective than the production of antibodies. Since Aptamers
are nucleic acids, they can more easily be modified using simple chemistry for signal
improvements and the attachment of electrochemical probes, optical probes, or quenchers.
These advantages have made them an ideal candidate for the fabrication of biosensors.
Aptamers can interact with DNA or RNA molecules like DNAzymes to fabricate a new class
of oligonucleotide instruments for biosensing applications.

5. Nanotechnology-Based Detection of Food Toxins

Various systems have been developed to tackle food safety-related issues to recognize
biological and chemical contaminants in food. Among these methodologies, nanomaterial-
dependent biosensors contribute a rapid, sensitive, proficient, and compact detection, defeating
the limitations and restrictions of conventional techniques, for example, rigorous pre-treatment
of samples, long recognition time, and depending on costly instruments and skilled personnel
to execute the experiment. In a previous study, an extensive review has been done for the class
of food contaminants, including pathogens/toxins, metals, pesticides, veterinary medications,
and non-permissible additives. In every food contaminant classification, the nanobiosensing
procedures are summarized, including optical, colorimetric, fluorescent, electrochemical, and
safe biosensors; the important analytes nanomaterials biosensors are explained elaborately
along with future limitations [52]. We have seen in the previous section that the food pathogens
and toxins produced by different food pathogens can be detected using various analytical
methods. In the following table 2 we have summarized nanotechnology's use in the detection
of food pathogens and toxins.
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Table 2. The different nanomaterials and nanobiosensors used for the detection of pathogens present in food and

S No.

Nanomaterial used/ discussed

food toxins.
Finding of the study

Reference

1.

Carbon nanomaterials- Carbon
Nanotubes, Fullerenes,
Graphene and its derivatives like
Reduced  Graphene  Oxide,
Graphene Oxide.

The review paper discussed the different carbon-based
nanomaterials elaborately and the different food
toxins like Plant Toxins, Bacterial Pathogens,
Mycotoxins and Aflatoxin. They mainly focussed on
the detection of different types of Aflatoxins using
carbon nanostructure-based biosensors. The carbon
nanotubes are profoundly used in designing
electrochemical sensors for Aflatoxin detection by
growing the CNTs directly on the surface of the
electrodes or adsorption of CNTs on the existing
electrodes, or embedding the CNTs on the polymer
coatings or to use them in binders for designing paste
electrodes. The electrochemical properties of reduced
Graphene oxide were also used to design biosensors
for the detection of Aflatoxins.

The second review (2015) discusses the carbon
nanomaterials used for the detection of mycotoxins.

[53, 54]

Noble metal-based
nanomaterials- gold, silver and
bimetallic nanomaterials

This review discussed the different types of noble
metal nanomaterial-centered aptasensors and their
development to detect a microbial toxin. The metal
nanomaterials discussed in this review are gold
nanoparticles, gold nanoclusters, gold nanorods, silver
nanoclusters, silver nanoparticles, and bimetallic
nanomaterials. The different types of Aptasensors
based on these metal nanomaterials showed high
selectivity as well as sensitivity and can become a
promising tool for the detection of pathogenic toxins.

[51]

Electrochemical biosensors,
aptasensors,  immunosensors,
Molecular imprinted polymer
(MIP), optical biosensors etc. for
the detection of mycotoxins

This book chapter discussed the different purification
methods of mycotoxins using Supercritical fluid
extraction (SFE), Liquid-liquid extraction (LLE), and
solid-phase  extraction (SPE), as well as
nanobiosensors for the detection of mycotoxins. The
other types of detection like mimotope and detection
using inhibition of enzymes like acetylcholinesterase
(AChE) was also described.

[55]

Biosensors for detection of food
toxins

This monograph  summarises the enzymatic
biosensors, antibody-based biosensors, ion channel
switch-  and lipid  film-based biosensors,
oligonucleotide and nucleic acid-based biosensors,
and tissue, microorganisms, organelles, and cell-based
biosensors for the fast detection of food toxins.

[56]

Aptamers

The review paper discusses the different DNA
aptamers utilized for the detection of food toxins and
heavy metals. It elaborately explains the use of
different kinds of aptamer-based biosensors like
fluorophore-modified aptamer sensors, including
single fluorophore aptamer probes and (II)
bischromophoric probes, FRET aptamer probes used
in molecular beacon showing conformational change
for the output signal, and FRET structure-switching
probes for aptamers. Different types of DNAzymes-
aptamer interactions for the detection of mycotoxins
are also discussed. The quenching of aptamers using
graphene oxide (GO) was shown as it is known that
GO demonstrates intrinsic  characteristics  of
energy/electron transfer over a broad range of
wavelength.

[57]

Magnetic
competitive
immunodetection
Aflatoxin B1.

nanoparticles  for
magnetic
(cMID) of

https://biointerfaceresearch.com/

In this study, a highly sensitive assay technique for
aflatoxin B1 is described using competitive magnetic
immunodetection (cMID), and a competitive ELISA
was optimized as a reference method by checkerboard
titration. The immunofiltration columns used for this
cMID process were layered with aflatoxin B1-BSA
conjugate and used for the purpose of competitive
enrichment of the biotinylated aflatoxin B1- specific
antibodies. Furthermore, the magnetic nanoparticles
were functionalized with streptavidin and were

(58]
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applied for magnetic labeling of retained antibodies.
With the help of frequency mixing technology, the
particles could be detected, and quantification was
done to determine the sample's aflatoxin content. The
novel technique had a limit of detection of 1.1 ng
aflatoxin B1/ ml sample to the reference method using
CELISA.

7. | Aptamers In this study, a non-labeled fluorescent aptasensor has | [59]
been described for sensitive detection of the
mycotoxin ochratoxin A (OTA). The high selectivity
of the parameters and amplification using non-enzyme
hybridization chain reaction (HCR) is utilized for its
detection. In OTA's presence, the portion of the
aptamer hairpin probe H1 combines with OTA to
make OTA-aptamer complexes and the remaining part
of the opened H1 then subsequently acts as an initiator
for starting HCR in between two hairpin probes. This
makes H1 and H2 open sequentially and assemble to
form continuous DNA duplexes with many G-
quadruplexes embedded in them, resulting in a
significant fluorescence enhancement signal produced
after with N-methyl-mesoporphyrin  IX (NMM)
binding. The detection limit is as low as 4.9 pM,
making the method useful for detecting OTA with
high sensitivity.

8. | DNA hairpins The study utilizes three types of DNA hairpins in | [60]
combination; one has both the aptamer sequence and
its trigger sequence; the other two hairpins are used for
signal amplification by HCR. Ochratoxin A was
detected with high sensitivity where the signal
visualization was done using the peroxidase-like
function of the G-quadruplexes, which were formed
by the terminal sequences present nearby of the two
adjacent fragments of the DNA nanowire. The lowest
limit of detection of OTA was 0.08 ppb.

6. Toxins in Dairy Products

Milk is viewed as the ideal food because of its neonates, children, and adults'
requirements and is probably the best source of protein, fat, sugar, nutrient, and minerals.
Tragically, milk and milk products are mostly adulterated worldwide to fulfill the demand and
supply gap, the low purchasing capacity of the client, the perishable nature of milk, and the
absence of reasonable detection tests [61]. The toxins involved in the dairy products include
bisphenol A, melamine, aflatoxin, Bacillus cereusis, etc.

6.1. Aflatoxin.

Aflatoxins are generated by three types of Aspergillus species - A. flavus, A. parasiticus,
and A. nomius. Aflatoxin B1 (AFB1) is the most common product of the Aspergillus species
and is harmful for lactating animals, for example, cows, humans, and goats, if they consume
foodstuffs contaminated with AFB1. AFB1 can pass on to the milk in the form of aflatoxin M1
(AFM1) at 0.3-6.3 % level. AFM1, the monohydroxylated derivative of AFBL1, is similarly
harmful to AFB1, but the cancer-causing and mutagenic potential are lower. AFM1 can be seen
in various food products such as dried milk, milk, yogurt, butter, cheese, and infant formula. It
is known that milk and milk products are significant sources of nutrients for humans; the
AFM1contamination is likely to harm human health [62].
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6.2. Melamine.

Melamine (2,4,6-triamino-1,3,5-triazine, MA), has a chemical formula as C3H6NG6 and
has a wide application in industry for the production of plastic silverware and fire retardants,
MA-formaldehyde polymer resins for producing covers, coatings, glues, and plastics. The high
nitrogen content (66.6% by mass) of MA was used to adulterate the dairy products to elevate
the clear protein content falsely. A delicate, simple, and quick detection of small MA amounts
in milk products were accomplished using a reusable, convenient optical sensor dependent on
the guideline of immunoassay and evanescent wave-excited fluorescence. This upgraded
immunosensor used MA-BSA conjugates on the test surface and detected MA using EWFI
platform yielding higher affectability, better specificity, and simple to-utilize accessibility for
quick identification of MA contamination in dairy products. They have also shown
simultaneous detection of many other contaminants using the proposed EWFI system utilizing
the quantum dots of various sizes to capture various antibodies that can bind with various
contaminants [63].

6.3. Bisphenol A.

Bisphenol A (BPA) is an organic material commonly used to synthesize epoxy resins,
polyvinyl chloride, and polycarbonate plastics. In the packaging of milk and milk products,
plastics are used, and during the storage of these dairy products, BPA gets leached into the
food. This leaching may cause the food to have more than the permissible amount, which can
pose a health hazard because it is an endocrine disruptor. It has pseudoestrogenic properties
due to the presence of phenolic structure; thus, it can interact with the estrogen receptors and
play a role as an agonist or antagonist through the estrogen receptor (ER) mediated pathways
signaling. This enables BPA to contribute significantly in different diseased conditions like
infertility in female and male, the formation of tumors which are hormone-dependent like
breast and prostate cancer, precocious puberty, and a variety of metabolic disorders such as
polycystic ovary syndrome (PCOS). BPA gets metabolized by the liver to produce bisphenol
A glucuronide, and most of this compound is eliminated through the urine. Everyday exposure
and the bioaccumulation in our body warrants its biomonitoring [64]. Thus, this is a major toxin
that needs to be monitored for its dairy products.

6.4. Bacillus cereus.

Bacillus cereus is a universal, spore-forming microscopic organism that can tolerate
pasteurization and most of the dairy industry's sterilization procedures. Being a pathogen, it is
shown to be responsible for various sorts of food contamination, and one kind of foodborne
disease brought about by B. cereus is the diarrheal disorder, which is caused due to vegetative
cells ingestion that produces toxins in our digestive system. The toxins responsible for the
diarrheal condition are hemolysin BL (HBL), cytotoxin K (CytK), and nonhemolytic
enterotoxin (NHE). Furthermore, enterotoxin T (BceT), FM (EntFM), and hemolysin 11 (Hly
I1) were additionally depicted as possible diarrheal toxins, even though there is a lack of
evidence that can demonstrate that they can cause food contamination. HBL is a three-segment
toxin that comprises two lytic proteins, L1 and L2, which are encoded by hblD and hbIC genes,
respectively, and a binding segment B encoded by hblA gene. For the exertion of effective
toxicity, the presence of each of the three segments together is essential [65].
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7. Nanotechnology-Based Toxin Detection in Dairy Products

Many reports have exploited the use of biosensors for food contaminants detection, and
the most common nanomaterials used for the detection are (i) Gold nanoparticles (GNPs),
silver nanoparticles (AgNPs) because they possess surface platform resonance (SPR)
characteristics and have high conductivity which is required in optical as well as
electrochemical sensors, (ii) magnetic NPs, e.g., Fe20s NPs which can provide magnetic
functions that can be utilized for the separation of the analytes efficiently (iii) carbon nanotubes
(CNTs) and all the graphene-based nanomaterials which can amplify the electrochemical
signals because of their high electrical conductivity [66].

Gold nanoparticles possess extraordinary optical properties at their nanoscale, being
wine red in color of gold nanoparticles (GNPs) which become blue in color when they
aggregate. This property has been exploited to design many biosensors for dairy toxins
detection. Radoi et al. established five various clones of antibodies against the aflatoxin M1
and employed the classical indirect and direct competitive Enzyme-Linked Immunosorbent
Assay (ELISA) assays which the direct competitive ELISA utilized the superparamagnetic
nanoparticles. The investigation aimed to improve the detection time of classical ELISA
techniques by decreasing the coating, blocking, and competition step. The study demonstrated
that a total dc-ELISA (coating, blocking, and the step of competition) using superparamagnetic
nanoparticles reduced the detection time to 40 min, including a 20 min coating step. The
detection limit of AFM1 in milk had a broad working range between 4-250 ng/L with an 1C50
value of 15 ng/L. The matrix impact and the rate of recovery showed nearly 100 % recovery
[67]. A rapid aflatoxin M1 (AFM) detection method exhibiting high sensitivity was designed
based on dynamic light scattering using a gold nanoprobe that was coupled with
superparamagnetic beads. These nanoprobes were made by conjugation of bovine serum
albumin (BSA) and AFM (AFM-BSA), BSA, and GNPs. The magnetic beads-based
immunosorbent assay (MBISA) was capable of measuring the AFM concentration by directly
competing with the nanoprobes, and the concentration of the nanoprobes was detected using
DLS. There was a positive proportionality observed between the AFM concentration and DLS
results. Moreover, the TEM imaging confirmed the as-prepared nanoprobes' attachment with
the magnetic beads via antigen-antibody reaction. In comparison with conventional ELISA,
MBISA reduced the time of incubation significantly to 15 min, and there was no time required
for the development of color, thereby simplifying the process of AFM detection. The detection
limit for AFM was 37.7 ngL! in buffer solution and 3-27.5 ngL* for AFM present in milk [68].
A recent review paper has explored the other methods of nanotechnology using nanomaterials
such as Au/Ag nanoparticles (Au/Ag NPs), magnetic nanoparticles (MNPs), carbon-based
nanoparticles (CBNs), Quantum dots (QDs) as well as novel nanomaterials, which includes up-
conversion nanoparticles (UCNPs), nanomaterial-functional DNA intelligent hydrogels and
metal-organic frameworks (MOFs) and other hybrid nanostructures for the detection of
aflatoxin [69].

Wei et al. described a procedure for fast and easy identification of melamine in food
and different substances using unmodified gold nanoparticles, which can give an enhanced
colorimetric signal when they precipitate with the chemical-specific for melamine. Cyanuric
acid, which can form precipitates when interacting with melamine through highly specific
hydrogen bonds, was used to detect melamine in milk. In this study, the signal outcome from
the change in color due to specific precipitation with gold nanoparticles and cyanuric acid was
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combined, resulting in accurate melamine detection. The melamine specificity was confirmed
by adding another amine, ATP, to see the effect of interfering species, and the results showed
that the GNPs were specific for melamine only, and the sensitivity of detection was nearly ~40
ppb [70]. In another study, melamine was detected in milk using 3-mercapto-1-
propanesulfonate-changed gold nanoparticles (MPS-GNPSs) probe using a colorimetric assay.
Since melamine has many —NH2 groups, the MPS could interact with these amine groups and,
through strong hydrogen bonding, can precipitate the MPS-GNPs resulting in a color change
from wine red to blue. The detection of this color change was recorded using a
spectrophotometer. A further modification was made by introducing NaCl to the GNPs
solution, which enhanced detection limits. The absorbance ratio at 650 nm to 520 nm was linear
in a range of melamine concentration, and the lower limit of detection was 8 ng which was far
less than the safe limit of consumption of melamine [71].

BPA was detected using poly(amidoamine) (PAMAM) and Fes3Os4 magnetic
nanoparticles improvised glassy carbon electrode (GCE) using an electrochemical biosensor.
The modified electrode significantly increased the oxidation peak current of BPA and reduced
the oxidation overpotential, thereby improving the BPA detection level. There was a linear
increase in oxidation current with the increase in BPA concentration in the range between
1 x 1078-3.07 x 107® M having a correlation coefficient of 0.9996, showing a limit of detection
5 x 107 M. The steady-state current reached 95% within 6s, and a biosensor with improved
sensitivity was obtained [72]. A SERS method using GNPs along with Zn*? as an aggregation
agent was used to detect BPA. The BPA detection limit was 4.3 x 10°mol/L (equal to 0.98 x
10°mg/kg and the assay had a good linear relationship (R? = 0.990) calculated between the
SERS signal intensity and the logarithm of the concentration of BPA in the range of 1.0 x 10
8.1.0 x 103mol/L. A sensitive BPA detection method in milk was thus established [73].

Aptamer sequence was designed to bind with B. anthracis and B. cereus spores, and an
impedimetric aptasensor was designed for its detection. The molecular beacons designed by
these aptamers detected the spores of B. cereus and B. thuringiensis with enhanced
fluorescence intensity but did not detect the vegetative cells. The B.cereus spores were detected
in a linear range of 10* CFU/mI to 5x10° CFU/ml [74, 75]. B. cereus vegetative cells were also
detected in another study using phage endolysin modified SPR chips utilizing subtractive
inhibition assay. The limit of detection was 10> CFU/ml [76]. A detailed application of
nanotechnology in detecting food additives and toxins is reviewed by Vidic et al., 2020 [77].

8. Conclusion

Advances in nanotechnology have exhibited its appropriateness in the territories of food
production, packaging, processing, and safety. The different types of food toxins and their
detection using conventional methods and nanotechnology investigated so far have been
discussed. It has been found that there are various kinds of biosensors, like immunosensors,
electrochemical sensors, aptamer-based electrochemical sensors etc., that are being used to
facilitate food toxin detection. The different food toxins and microorganisms present in dairy
products are also described in the above review. The leaching of bisphenol A from the
packaging of the dairy products; aflatoxins, the kind of mycotoxins that pose health hazards;
melamine with high nitrogen content, and adulteration of milk and some microorganisms
whose spores do not get killed even after pasteurization of milk, were discussed. The
application of nanotechnology in detecting these additives in dairy products gives us an insight
into the rapid and sensitive methods. Even though nanotechnology in foods has advanced a
https://biointerfaceresearch.com/ 14168
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long time, further study is essential to augment the number of uses inside the food industry.
Moreover, it is vital to standardize test methods to estimate the effect of these engineered
nanomaterials.
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