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15.1 Introduction

Mycotoxigenic fungi have received special attention due to their threat to food
safety and toxicological profiles to human and animal health. Mycotoxins are sec-
ondary metabolic products of toxigenic fungi, secreted in food and feed (Rai et al.
2015). They have a great capacity to cause damage to cells, through the activation a
cascade of variety of signaling pathways (e.g., MAPK, NRF2, Wnt, P53, and PI3K),
known to have detrimental effects to health through causing oxidative stress, cyto-
toxicity, and genotoxicity to the liver and kidneys (Chen et al. 2022), thus making
them extremely dangerous for both humans and animals, even resulting in death,
depending on the amount and type of mycotoxin ingested. Fungal growth occurs
naturally in food and is more common in grains (e.g., maize, peanuts, etc.), but this
growth can be enhanced by humidity and temperature, as well as irregular condi-
tions of production and storage. Fungal poisoning in food and feed through myco-
toxin contaminations causes large economic losses; it is estimated that approximately
25% of food worldwide is contaminated by mycotoxins (SILVA et al. 2021).

These mycotoxigenic fungi exist in diverse environments and can contaminate a
wide range of agricultural products (Shanakhat et al. 2018). The contamination of
agricultural food products by mycotoxins has received a lot of attention in recent
decades, due to their high acute or chronic toxicity in humans and animals and due
to consumption and exposure time to food or feed contaminated with mycotoxins.
This is exacerbated by the impact of the Covid-19 pandemic, civil wars, and con-
flicts (e.g., Russia-Ukraine conflict, Yemen, Ethiopia, Afghanistan, and other oth-
ers), further straining food security and nutritional status of the most vulnerable
demographic groups, which are anticipated to continue to deteriorate because of
health and socioeconomic factors. According to the UN report in 2020, one in three
people in the world (~2.37 billion) lack access to adequate safe and nutritional
food — an increase of nearly 320 million people from 2019 (FAO, IFAD, UNICEF
2021; Vos et al. 2022). The presence of these mycotoxins in food and feed affects
public health and the economy; therefore, it is of great importance to detect and
quantify these toxins in agricultural lots. Early detection is essential to maintain
food quality and reduce the impact on human and animal health (Li et al. 2021).

Efforts of killing the fungus does not certify nor guarantees that the mycotoxins
have been eliminated, because mycotoxins are highly stable (SILVA et al. 2021).
There are different types of mycotoxins, mainly categorized into the following
groups with the prevalently occurring being: aflatoxins (AFs), AFB,; ochratoxins
(OTs), OTA, fumonisins (FMs), FB,; deoxynivalenol (DON), patuline, and zearale-
none (ZEA), respectively (Rai et al. 2015). The most common mycotoxigenic gen-
era include Aspergillus, Alternaria, Fusarium, Penicillium, and Stachybotrys
(Dobrucka and Dhugaszewska 2016). A single species of fungus has the capabilities
of producing different types of mycotoxins, just as different fungi can produce dif-
ferent types of mycotoxins (SILVA et al. 2021).

It is estimated that more than 300 mycotoxins, which are of concern, have been
identified; the growth and proliferation of fungi producing these toxins occur mainly
in field cultivation, during the transport and storage of commodities. The main fungi
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responsible for mycotoxins are Aspergillus, Penicillium, and Fusarium species. The
Aspergillus fungal species generally produces mycotoxins that are divided into
three different groups. Aflatoxins B (AFB,; and AFB,), aflatoxins G (AFG; and
AFG,), and aflatoxins M (AFM, and AFM,), where AFB, is considered the most
dangerous to health due to its high carcinogenic potential. Additionally, the myco-
toxin ochratoxin A (OTA) is highly toxic and prevalent; it is produced by Aspergillus
and Penicillium species (Nayaka et al. 2013), exhibiting nephrotoxic and nephrocar-
cinogenic effects (Ingle et al. 2020), and can be found in several animal products.
Another mycotoxin produced by these two species is patulin, which is more com-
mon in agricultural commodities such as vegetables, fruits, and cereals. Patulin tox-
icity is associated with gastrointestinal disorders (Oancea and Stoia 2008).

Fumonisins are mainly produced by Fusarium proliferatum, Fusarium verticil-
lioides, and Fusarium nygamai and are a group of non-fluorescent mycotoxins. The
main contaminant is corn and its derivatives; consumption of food contaminated
with fumonisins leads to leukoencephalomalacia in horses, hydrothorax, and pul-
monary edema in swine (Nayaka et al. 2013). Many other mycotoxins, such as
trichothecenes (T-2) and zearalenone (ZEA), are present in agricultural products.
The identification of multiple toxins in large batches is of great importance to reduce
the negative impact on public health. Effective, sensitive/selective, and low-cost
methods are required for the qualitative and quantitative detection of mycotoxigenic
fungi that can produce mycotoxin in small quantities.

The main toxicological effects caused by mycotoxins predominantly include car-
cinogenesis, hepatotoxicity, neurotoxicity, immunosuppression, and mutagenicity
(SILVA et al. 2021). A variety of mycotoxins have been classified as carcinogenic,
with Aflatoxin B, (AFB,) being the most potent carcinogen and usually the major
aflatoxin produced by toxigenic strains (Rai et al. 2015). Mycotoxin exposure is
increasingly becoming a global problem, especially with the increase in a signifi-
cant number of people switching to a vegan diet (Penczynski et al. 2022). Chronic
exposure can lead to the development of serious pathologies already mentioned
above; therefore, mitigation and elimination of these mycotoxins is essential.

15.2 Conventional Diagnostics for Mycotoxins in Agriculture

All conventional analytical procedures used for mycotoxin detection and quantifica-
tion include three basic steps: (i) extraction, (ii) purification and cleaning, and (iii)
identification and quantification (Shanakhat et al. 2018) as shown in Fig. 15.1 (Li
et al. 2021).

(i) Extraction

The detection of mycotoxins is governed by effective sample extraction, assign-
ing the correct methods according to their specificity. In this situation, good sam-
pling guarantees a more accurate result for the overall sample. Generally, the sample
is ground, homogenized in extraction solvent and filtered for the purification step.
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Fig. 15.1 Schematic representation of several methods of mycotoxin detection

In the extraction process, the analyte (mycotoxin) will move in the extraction sol-
vent and thus the desired mycotoxin compound will be removed for analysis
(Shanakhat et al. 2018).

(ii) Purification and cleaning

Before identification and quantification of mycotoxins, sample extracts must
undergo cleanup to remove co-extracted materials (such as interfering compounds
such as proteins, lipids, and carbohydrates). Cleanup is done with an immunoaffin-
ity column (IAC), which has a high selectivity which is achieved by passing the
sample through prepackaged cartridges, centrifugation, and extraction techniques in
solid phase (Nayaka et al. 2013).

(iii) Identification and quantification

The detection of these mycotoxins in samples can be done through several con-
ventional techniques, such as thin-layer chromatography (TLC), high-performance
liquid chromatography (HPLC), gas and/or liquid chromatography often coupled
with an ultraviolet detector or with mass spectrometric detectors (GC/GC-MS and
LC/LC-MS, respectively), or immunochemical methods such as radioimmunoassay
(RIA), enzyme-linked immunosorbent assay (ELISA), column immunity assay
(ICA), and lateral flow immunochromatographic strips (ICSTs).
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The TLC technique are widely used for their speed, simplicity, and low cost. This
technique is very popular, because it can detect more than one mycotoxin in a sam-
ple with a detection limit of approximately 0.01 ppm (Oancea and Stoia 2008). TLC
is based on the separation of substances by their migration in a specific matrix with
a specific solvent (Nayaka et al. 2013). On the other hand, HPLC method has
become popular and is often used for analyzing aflatoxins with UV fluorescence
detection, with detection limit below ng/g of the product (Oancea and Stoia 2008).
Thus, it is a technique that has high sensitivity and a high degree of precision. In
agricultural samples, reversed-phase chromatography (RP) is widely used.

Gas chromatography has a limitation, as it requires volatilization. It has a detec-
tion of approximately 0.0001 ppm and can be coupled to mass spectrometry (GC-
MS), where it combines superior separation in capillary columns with a variety of
specific and general detectors. In immunochemical methods, the RIA has a high
sensitivity that is due to radiolytic detection, and, therefore, a large amount of sam-
ple is not required. The ELISA is the most used immunoassay to identify OTA; the
method has simplicity, the ability to immobilize antibodies, and efficiency in ana-
lyzing multiple mycotoxins with low molecular weight that would hardly be
detected in a single sample with other available methods (Ingle et al. 2020).

15.3 Nanosurveillance to Mitigate Mycotoxins

There is a myriad of conventional techniques for detecting mycotoxins, which
include enzyme-linked immunoassay (ELISA), gas chromatography (GC), thin-
layer chromatography (TLC), high-performance liquid chromatography (HPLC),
etc. The burden of mycotoxin contamination in the global market for testing is at
compound annual growth rate (CAGR) 7.9% from 2021 to 2026, which will account
for 1052.86 million USD (BCC Research Publishing 2022). Extreme rainfall and
drought promote mycotoxin production, and once mycotoxins are released, they are
difficult to control and nearly impossible to eradicate. Mycotoxins are the largest
toxin that contaminates food and feedstuff, thus causing the largest burden in global
food market (Fig. 15.2). Therefore, it is crucial to do mycotoxin testing on every
crop produced. Small food processors rely on visual inspection and only test when
mycotoxin contamination is identified or suspected. In addition, the risk of myco-
toxin contamination in crops and stored food products is anticipated to grow, lead-
ing to an increase in the incidence of both human and animal diseases.

The Food and Agriculture Organization (FAO) advocated for improved surveil-
lance and traceability and acknowledged the need to invest in radical new technolo-
gies such as nanodiagnostic tools to achieve these goals. Thus, there is a need to
develop more advanced, specific, selective, sensitive, and portable methods that
require minimal expertise for operation. Microfluidics, lab-on-a-chip, smart nano-
spectroscopy, and sensor technologies are some of the most important technical
interfaces that have been refined from micro- to nano-sizes. The beneficial proper-
ties of this size transformation are the result of increased surface-to-volume ratio
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Fig. 15.2 Global market for testing toxins. (Adapted from BCC Research Publishing 2022)

due to the availability of surface atoms, multifunctionality, better catalysis, and
reactivity. Moreover, the antimicrobial potential of nanomaterials increases due to
the high contact surface-to-volume ratio with fungal surfaces or biomolecules
(Kalia et al. 2020b). By interacting with fungal cells, nanomaterials adsorb to oppo-
sitely charged functional groups and exhibit the advantage of bypassing intact cell
membranes. They can form complexes with biomolecules leading to damage and
inactivation of a cascade of pathways involved in maintaining fungal cell homeosta-
sis. These interactions and transformations of biomolecules result in inhibition of
fungal growth and mycotoxin production (Kalia et al. 2020a). Microfluidic/optoflu-
idic lab-on-a-chip technologies are a common detection method for mycotoxins.
The use of nanotechnology opens up the avenue for the miniaturization and devel-
opment of nanobiosensors that can be used to detect mycotoxins (Eskola et al. 2020;
Thipe et al. 2018).

15.4 Nanodiagnostics for Mycotoxins

15.4.1 Sensors Based on Nanomaterials
Jor Mycotoxin Surveillance

Nanomaterial-based sensor technologies provide diversified mitigation methods for
quantifying single or multiple analytes, since mycotoxin co-occurrence in a single
matrix has become more prevalent. This can aid in early detection with high sensi-
tivity/selectively of mycotoxigenic fungi and the respective mycotoxin they pro-
duce (Kalia et al. 2020a).



15 Nanodiagnostic Tools for Mycotoxins Detection 367
15.4.2 Metallic Nanoparticles

Many chemical, physical, and biological methods have been used to synthesis of
metallic nanoparticles, such as gold (Thipe et al. 2015), silver (Guilger-Casagrande
and Lima 2019), copper (Raafat et al. 2021), iron/iron oxide (Devi et al. 2019), zinc
(Kalia et al. 2020a), and many others, including their bi- or tri-metallic complexes.
Metal and metal oxide nanoparticles demonstrate excellent antimicrobial activities
and have bactericidal, fungicidal, viricidal, and algaecide action (Kalia et al. 2020a).
Kalia and coworkers showed that oxide nanoparticles can control the production of
mycotoxins, in addition to neutralizing or adsorbing already secreted mycotoxins.
Zinc-derived nanomaterials at substantially low concentrations demonstrate spori-
cidal activity and inhibit vegetative mycelial growth of filamentous fungal plant
pathogens (Kalia et al. 2020a; Li et al. 2021).

15.5 Smart Nanosensors

15.5.1 Nanoparticles with Conductivity-Based Sensors

Biosensors are the combination of a biological component (in this case, secondary
metabolites) with a physicochemical detector or transducer. The transducer trans-
forms the signal received from the interaction between the analyte and the biologi-
cal component into quantified and easily measurable signals. These signals are then
displayed by the signal processor by digital output signals (Rai et al. 2015). Sheini
(2020) produced a paper-based sensor array with gold and silver nanoparticles;
color changes provide colorimetric signatures attributed by aggregation of nanopar-
ticles from the interaction with mycotoxins (AFB,, AFG,, AFM,, OTA, and ZEN)
with a LOD of 2.7, 7.3, 2.1, 3.3, and 7.0 ng/mL, respectively (Sheini 2020).

Liu et al. (2020) designed a smartphone-based multiplexed dual detection mode
device integrated AuNPs and time-resolved fluorescence microspheres (TRFMs)
LFIA for mycotoxins (AFB;, ZEN, DON, T-2, and FB,) in cereals with LODs of
2.5,0.5,0.5, 2.5, and 0.5 pg/kg, respectively. Nanoparticles have been incorporated
into biosensors to improve analytical parameters, which include limit of detection/
quantification, linear range, assay stability/selectivity/sensitivity, and cheap produc-
tion cost, among other things. In the development of nanosensors, nanoparticles
serve as an immobilization support, signal amplifier, mediator, and artificial enzyme
label in mycotoxin analysis as shown in Fig. 15.3 (Zhao et al. 2022).

Xiulan and coworkers developed an immunochromatographic method for detect-
ing AFB, using a combination of an antibody and a conjugated nanogold probe
(Xiulan et al. 2005). Several mycotoxigenic fungi produce diffusible exotoxins,
which can be used as markers for the identification and confirmation of phytopatho-
genic fungi. An indium-tin oxide electrochemical impedance sensor with nano-ZnO
film was developed by co-immobilizing antibodies and BSA protein to detect



368 V. C. Thipe et al.

£100
Aflatoxin B1 2 " 1
Fumenisin B1 0.1-10 54
Zearalenone gw T X-10 g
Trichothecene-A -%-: @ R2=0.9657
Deoxynivalenol s>
1 ol
" 0 2 H [ . "
Multiplex Concentration of mycotoxin
Enrichment

SLEL IR

Magnetic, quantum dots, fluorescent

GOLD Nano particles

LLELTTEEEEE

MultiplexICSTs -

Fig. 15.3 Schematic overview of multiplex detection of mycotoxins employing the enrichment
for samples with various nanoparticles based on laminar flow strips and smartphone readouts. This
utility functions by (i) using multimodal nanoparticles coated with mycotoxin antibodies to
enhance the limit of detection (LOD) of the mycotoxin; (ii) utilizing different labels (e.g., mag-
netic particles, quantum dots, fluorophores on gold nanoparticles), which may be feasible choices
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ochratoxin-A in agricultural and other plant-derived products (Ansari et al. 2010).
Hernandez et al. (2020) developed a label-free surface-enhanced Raman spectros-
copy (SERS) and localized surface plasmon resonance (LSPR) gold nanosensor
constructed by immobilizing OTA-, FB,-, and AFB;-aptamers on gold nanoprisms
(AuNTs) for detecting OTA, FB, and AFB, in cereals and grains (e.g., green coffee
beans, wheat, and amaranth) in complex matrixes, demonstrated by the response of
the plasmonic nanosensors with detection at 10-22 ppb (Hernandez et al. 2020).
Similarly, Zhang et al. (2020) developed a multiplex SERS-based lateral flow
immunosensor for the simultaneous detection of AFB,, ZEN, OTA, T-2, FB,, and
DON in maize, with LOD of 0.96, 6.2, 15.7, and 8.6 pg/mL, while FB, and DON
were at 0.26 and 0.11 ng/mL, respectively (Zhang et al. 2020). The work by Zhao
et al. (2021) demonstrated the use of novel a-Fe,O; nanocubes as lateral flow immu-
noassays (LFIA) labels for the simultaneous detection of AFB; and DON in corn,
mung bean, and millet with the visual LOD of 0.01 and 0.18 ng/mL, respectively
(Zhao et al. 2021).

Wau et al. (2020) developed a novel multicolor immunochromatographic test strip
nanosensor composed of gold nanoparticles that exhibit different multicolored
labels based on the SERS and LSPR of the different morphologies and size of the
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Fig. 15.4 Multicolor immunochromatographic test strip (ICTS) nanosensor: (a) characterization
of four different sized or shaped AuNPs (AuNSs, AuNCs, AuNFs, and AuPBs); (b) schematic
illustration of multicolor AuNP-based multiplex ICTS nanosensor, where test lines (T, T, Ts, and
T,) represent the simultaneous detection FB,, ZEN, OTA, and AFB,, and one control line indicates
the validity of our method; (¢) interpretation of qualitative test results; and (d) quantitative test
results of multicolor AuNP-based multiplex ICTS nanosensor. (Adapted with permission from Wu
et al. 2020)

gold nanoparticles (gold nanospheres (AuNSs), gold nanocacti (AuNCs), gold
nanoflowers (AulNFs), and hyperbranched Au plasmonic blackbodies (AuPBs)) for
simultaneous and accurate detection of AFB,, FB,, OTA, and ZEN at 0.06, 3.27,
0.10, and 0.70 ng/mL, respectively, as shown in Fig. 15.4 (Wu et al. 2020).

This can also be achieved utilizing quantum dots (QDs), which are semiconduc-
tor nanoparticles with exceptional optical properties (e.g., size-tunable emission,
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wide adsorption, narrow photoluminescence spectra, strong photostability, a signifi-
cant Stokes’s shift, and a long fluorescence lifespan). Duan et al. (2019) designed a
tricolor QD nanobead (QB)-based multiplex immunochromatographic assay
(mICA) for simultaneous qualitative detection of FB;, OTA, and ZEN in maize that
serves as point-of-care testing (POCT) device. The QBs exhibited distinguishable
yellow, orange, and red luminescence and conjugated with anti-FB,, anti-OTA, and
anti-ZEN monoclonal antibodies for the detection of FB,, OTA, and ZEN, respec-
tively. The QB-mICA revealed an LOD of 5, 20, and 10ng/mL for OTA, FB,, and
ZEN within 10min, respectively, as shown in Fig. 15.5 (Duan et al. 2019).

15.5.2 Antibody-Coupled Nanomaterials

Antibodies are widely used as molecular recognition receptors for toxin detection
due to their specificity and sensitivity (Tothill 2011). Nanomaterials are not only
promising absorbents but are also capable of coupling different molecules. Recently,
synthetic receptors, such as aptamers, peptides, proteins, and printed polymers,
have been coupled to nanomaterials for the development of nanosensors for the
detection of mycotoxins (Thipe et al. 2018). Direct coupling via adsorption requires
specific surface properties that allow interaction with the antibody. Preferably, the
covalent binding of the antibody allows interaction with antigen-binding sites
(Horky et al. 2018). Table 15.1 presents and compares studies of LFIAs utilized for
the detection of mycotoxins in recent years. Additionally, activated carbon has been
used as an absorbent to eliminate mycotoxins for a long time, so the use of carbon
nanoforms was thought to be a promising successor to activated carbon. Carbon
nanomaterials have high adsorption, stability, inertness, large surface area by
weight, and colloidal stability at various pH ranges. Chemically, the carbon-carbon
covalent bonds and the crystal structure provide specific properties, such as strength,
elasticity, and optimal conductivity. Graphene, graphene oxide, nanodiamonds,
fullerenes, fibers, and nanotubes have great potential to become new adsorbents for
mycotoxins. Nanocarbon structures are amphoteric, and their surface can be proton-
ated or deprotonated, which results in the binding capacity of polar or nonpolar
compounds (Horky et al. 2018).

For the detection of mycotoxins, commercial test kits are often used as an appro-
priate alternative as a more inexpensive, user-friendly, and quick analysis. These
commercial kits often include called the ELISA kits, fluorescence polarization
immunoassays (FPIAs), membrane-based immunoassays such as LFIAs, and
immunoaffinity column coupled with fluorometric assay. These kits are predomi-
nantly based on an immunoassay format that relies on the specific interaction
between antigen and antibody. All the commercial kits are designed with nanopar-
ticles to facilitate increase quantification, sensitivity, and selectivity, all attributed to
the properties of nanoparticles. Additionally, colorimetric kits are preferred due to
its ability to show results for the naked eye. LFIAs are strong competitors in the
mycotoxin analysis market due to its acceptable sensitivity, portability, accuracy,



15 Nanodiagnostic Tools for Mycotoxins Detection 371

A
Wﬁ"‘"ﬁ*’" .

Sonication and Evaporation iC NIFEIC SRR
B = - = m(‘_-'—————-
- = - o T, J— Fo— —
T ]
T, — — — ==
(jzr } QD (a)
P A
s - ® o.wm
T @ ZEN-BSA
A 1 » OTA-BSA

ZEN probe  OTA probe I~'B, probe ® FB-BSA

I‘;E Hesow —_— e
-+ Ty L Fur FIy detectin
z 3 Ty e for OT A detection
- T — Ty e B ZEN detrction
N ¥
12008
'y
o]
\?,. Fodos
L]
3
£ 09
=
S -
&)
Addng
2000
’
' s " »
Time (min)

Fig. 15.5 Tricolor QD nanobead (QB)-based multiplex immunochromatographic assay (mICA)
for simultaneous qualitative detection of FB;, OTA, and ZEN: (a) schematic illustration of emulsi-
fication evaporation method for the synthesis of tricolor QB; (b) schematic representation of tri-
color QB-based mICA, T1 — ZEN, T2 — OTA, T3 - FB,, and C - control; (¢) qualitative result
visualization with naked eye; (d) evaluation and optimization of the cross-reaction for each
QB-mAbs probe on three T lines, where \/ ” represents the optimal interpret time; (e) relationship
between reaction time and the gray values on T lines and C line; and (f) sensitivity of QB-based
mICA for ZEN, OTA, and FB, detection, where “\/ ” represents LOD for ZEN, OTA, and FB;

ease of use, short detection time, and no need for specialized personnel (Majdinasab
et al. 2020).

The commercially available LFIAs test strips commonly use AuNPs or QDs for
signal amplification as colored labels. This method can deliver qualitative or semi-
quantitative results. For semiquantitative analysis, portable readers are developed
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for on-site detection. Commercially available test kits are developed for the deter-
mination of individual or multiple mycotoxins in single sample matrix. The latest
trend in LFIA technology is the development of strips with multiple test lines for
simultaneous detection of various mycotoxins. ELISA-based kits hold a major por-
tion of the market of mycotoxin detection methods, after the LFIA test strips.
Numerous companies offer ELISA kits for the detection of the most commonly
occurring mycotoxins. Some of which can detect more than one type of mycotoxins

Table 15.2 Main companies providing commercial colorimetric immuno-kits for mycotoxins

analysis

Company Kit Type of Detection
Astori Tecnica ELISA QTN, semi-QTN for OTA

LFIA QLT, QNT
Charm Sciences Inc. LFIA QNT
CUSABIO ELISA QNT

LFIA QNT
Elabscience ELISA QNT

LFIA QNT
EnviroLogix LFIA QLT, QNT
Eurofins ELISA QNT

LFIA QNT
Helica ELISA QNT
Neogen ELISA QNT

LFIA QLT, QNT
R-Biopharm ELISA QNT

LFIA Semi-QNT, QNT
Romer Labs ELISA QNT

LFIA QLT, QNT
Vicam LFIA Semi-QNT, QNT
Beacon Analytical Systems ELISA QNT
Creative Diagnostics ELISA QNT

LFIA QLT, semi-QNT, QNT
PerkinElmer ELISA QNT

LFIA QNT
Unisensor LFIA QNT
Pribolab ELISA QNT

LFIA QLT, QNT
Randox ELISA QNT

Biochip Arrays QNT
Novakits ELISA Semi-QNT, QNT

LFIA QNT
Bio-Check ELISA QNT

LFIA QNT

ONT Quantitative, Semi-QNT Semi-quantitative, QLT Qualitative


https://www.astorilab.com/index.php/en/products-catalogue/11-aflatoxins-mycotoxins-elisa-kits
https://www.charm.com/products/test-and-kits/mycotoxin-tests/
https://www.cusabio.com/mycotoxin.html
https://www.elabscience.com/Products-mycotoxins-215.html
https://www.envirologix.com/mycotoxin-testing/mycotoxin-test-kits/
https://abraxis.eurofins-technologies.com/home/products/rapid-test-kits/mycotoxins/mycotoxin-elisa-kits/
https://gentaur.com/search/Supplier/Helica
https://www.neogen.com/en-gb/categories/mycotoxins/?q=12&s=MostPopular
https://food.r-biopharm.com/analytes/mycotoxins/
https://www.romerlabs.com/en/products/test-kits/mycotoxin-test-kits/
https://www.vicam.com/products
https://www.beaconkits.com/mycotoxins
https://www.creative-diagnostics.com/food-analysis/tag-mycotoxins-2.htm
https://www.perkinelmer.com/uk/category/mycotoxins-in-food
https://unisensor.be/en
http://www.pribolab.com/
http://www.novakits.com/20-mycotoxines
https://www.biocheck.uk/mycotoxins/
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in a single sample matrix. Commercial ELISA Kkits are selective, sensitive, and high
throughput, with minimum sample separation steps. Furthermore, the detection
time has been shortened, so that most of them can detect a targeted mycotoxin
within 1-2 h. In some kits, cross-reactivity of antibodies can lead to overestimation
of results, while matrix effect can play a key role in false-positive results. In order
to avoid those effects, most kits define the limited matrices to which ELISA Kits can
be used (Majdinasab et al. 2020). There are many commercial detection kits avail-
able in the current market, as shown in Table 15.2.

While conventional methods are always improving, current research is looking
for more innovative solutions. The utilization of nanotechnology is a promising,
low-cost, and effective way to minimize the impact of mycotoxins (Horky et al.
2018). There are a number of commercial nanoformulations already in the market
used as nanodiagnostic tools for mycotoxins detection (Thipe et al. 2018), as shown

in Table 15.3.

Table 15.3 Commercial products with nanoformulations used in agriculture

Commercial brand

Content

Company

Nano-pro™

Nanofertilizer for agriculture and better
farming

Aqua-Yield, Utah, United
States

Biozar Nano-Fertilizer

Combination of organic materials,
micronutrients, and macromolecules

Fanavar Nano-
Pazhoohesh Marzaki
Company, Iran

CelluForce NCC™ Cellulose matrix for heat stability to CelluForce Inc.
prevent microbial growth Montreal, Canada
MycoFLEX BAT Multiplex mycotoxin detection device | Randox Food
Diagnostics, Crumlin,
United Kingdom
Nano-Ag Answer® Microorganism, sea kelp, and mineral | Urth Agriculture, CA,
electrolyte United States
Nano-Gro™ Plant growth regulator and immunity Agro Nanotechnology
enhancer Corp., FL, United States
Nano Green Extracts of corn, grain, soybeans, Nano Green Sciences
potatoes, coconut, and palms Inc., India
Nanolook™ Nanodispersed silicates to prolong food | InMat, Inc., Raritan,
shelf life United States
Nano Max NPK Fertilizer | Multiple organic acids chelated with JU Agri Sciences Pvt.

major nutrients, amino acids, organic
carbon, organic micronutrients/trace
nutrients, vitamins, and probiotics

Ltd, Janakpuri, New
Delhi, India

Master Nano Chitosan
Organic Fertilizer

Water soluble liquid chitosan, organic
acid and salicylic acid, phenolic
compounds

Pannaraj Intertrade,
Thailand

TAG NANO (NPK, PhoS,
zinc, Cal, etc.) Fertilizers

Proteino-lacto-gluconate chelated with
micronutrients, vitamins, probiotics,
seaweed extracts, humid acid

Tropical Agrosystem
India (P) Ltd., India
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Fig. 15.6 Smart antifungal packaging based on (a) RFID technology and nanodisks (nanoparti-
cles-based artificial sensing) of mycotoxin and (b) nanoparticle-based active antifungal package
for improving food quality controls. (Adapted with permission from Caon et al. 2017 and Akhila
et al. 2022)

15.6 Smart and Antifungal Packaging Nanosurveillance

Mycotoxin contamination predominately occurs in the field, during pre- and post-
harvest, transportation, processing, and improper storage of food and feedstuft. This
is evident, since when food is stored properly and exposed to air and moisture, it
often deteriorates allowing for the manifestation of fungi with subsequent myco-
toxin production. Individual packets of food are not amenable to laboratory-based
food deterioration testing. Most recently, technological advances through nanotech-
nology have utilized nanoparticles-based artificial sensing as nanodisks in spot indi-
cators for sensitive mycotoxin detection on packages (Akhila et al. 2022; Kumar
et al. 2017), as shown in Fig. 15.6, while Table 15.4 shows some studies that utilize
nanoparticle-based active antifungal packaging.
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Table 15.4 Nanoparticle-based active antifungal package

Matrix/other components | Microorganism
Active nanoparticle | in packaging tested Major findings References
Zinc oxide (ZnO) | Soy protein isolate A. niger SPI + CIN + ZnO | Wu et al.
(SPI) + cinnamaldehyde film showed (2019)
(CIN) 1.56- and
1.24-fold
stronger
inhibition than
those of
SPI + ZnO and
SPI + CIN films
Titanium oxide Poly (lactic acid) A. fumigatus Showed 99.99% | Fonseca
(TiO,) effectiveness et al.
under the UVA (2015)
irradiation
Titanium oxide Chitosan C. albicans, A. | Red grapes Xiaodong
(TiO,) niger 22 days before Zhang
mildew occurred | et al.
(2017a, b)
Gold and silver Chitosan A. niger Effectiveness Youssef
increased with et al.
concentration of | (2014)
nanoparticles
addition
Copper oxide Polyurethane Penicillium Film with 2% Ghorbani
(CuO) CuO showed et al.
optimal (2018)
Concentration for
inhibition

Adapted from permission from Akhila et al. (2022)

15.7 Concluding Remarks

Due to their unique physiochemical properties, nanomaterials provide a multitude
of design options for mycotoxin nanodiagnosis utilizing nanosensor fabrications.
The nanomaterials enhanced sensitivity due to surface-atom availability, when
functionalized, can exhibit structure-switchable conformational changes upon
mycotoxin binding for multiplex detection of mycotoxin. Due to their nanoscale
size and reversibility, structure-switchable nano-based assays are widely used for
continuous and real-time monitoring of mycotoxins. In this approach, a great num-
ber of innovative and new nanomaterials for mycotoxin detection platforms have
been investigated. The production of composite/hybrid nanomaterials, quantum
structures, and nanomaterials with functionalized surfaces allows for multiplex
detection of different mycotoxins within a single sample matrix. In the construction
of smart nanosensors, gold and silver nanoparticles are the mostly utilized nanopar-
ticles in the development of nanosensors, particularly due to their plasmon reso-
nance for signal amplification. However, depending on the pH, temperature,
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medium, and size of the nanoparticles, their properties can change dramatically
under a variety of physiological conditions. In contrast to immunoassays, immuno-
chromatographic assay composed of a variety of nanoparticles or composite/hybrid
nanoparticles for the detection of major mycotoxins (AFB,;, FB,, OTA, and ZEN)
are still in the development phase. Future research and investment are required to
address the obstacles in the approach for the commercialization of nano-based
assays that can be utilized as point-of-care testing (POCT) devices for mycotoxin
detection.
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