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Abstract

Mycotoxins such as aflatoxin and ochratoxin A are secondary metabolites
secreted by Aspergillus and Penicillium species. These fungal species flourish in
foodstuff and feeds under appropriate temperature and humidity conditions to
produce mycotoxins. Aflatoxins are known carcinogens and ochratoxin A causes
nephrotoxicity. The contamination of mycotoxins in food and feed, persistence
during food processing, and toxicity make them a primary health hazard.
Therefore, determination of aflatoxin and ochratoxin A contamination bears a
critical importance. Classical methods like chromatographic separation includ-
ing thin-layer chromatography, high-performance liquid chromatography, and
mass spectroscopy are described. Detection of the causal organism by molecular
approaches employing PCR and real-time PCR may contribute in early detec-
tion. Recently, immunochemical-based methods like enzyme-linked immuno-
sorbent assay and electrical, optical, and piezoelectric immunosensors are being
used for the screening purposes. Such detection platforms are portable, reducing
the dependence on costly instrumentation. Current strategies to improve the
mycotoxin detection involve nanotechnology-enabled sensors. One of the main
challenges for the detection of mycotoxin contamination is the co-occurrence of
two or more toxins in food and feed samples. The incorporation of novel recogni-
tion elements such as antibodies, peptides, or aptamers with nanoparticles for
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LFA and immunosensors has immense potential for simultaneously sensitive,
specific, and cost-effective multitoxin analysis. Such devices will contribute to
improved detection of toxic secondary fungal metabolites critical in food safety,
human health, and food trade.
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15.1 Introduction

Mycotoxins are secondary metabolites produced by fungi that contaminate food and
feed leading to mycotoxicosis. FAO has estimated that 25% of food is contaminated
with mycotoxins causing annual losses of around 1 billion metric tons of foods and
food products globally (Smith et al. 2016). Mycotoxins are hepatotoxic and nephro-
toxic causing diarrhea, vomiting, hemorrhage, and immune suppression, thus result-
ing in increased susceptibility to disease and possible death among animals and
humans (Binder 2007; Bryden 2012). Mycotoxins are thermostable and generally
resistant to sterilization. A recent study among patients suffering from kidney dis-
ease in Sri Lanka reported 93.5% of patients with presence of OTA in urine
(Desalegn et al. 2011). The apathy toward the problem of mycotoxins is mainly due
to low awareness about mycotoxins, their adverse health effects, and the approaches
needed to control mycotoxin contamination at pre- and post-harvest stages.
Mycotoxin detection and monitoring will contribute to better grain quality, health,
and trade when carried out as a preliminary and routine activity in food testing.
Remediation approaches incorporate strategies for prevention of mycotoxin con-
tamination at pre- and post-harvest stages, detoxification of mycotoxins in food and
feed, and inhibition of mycotoxin absorption in the gastrointestinal tract.

Major mycotoxins found in cereal grains such as wheat, maize, barley, oats, and
rye and cereal-based products are aflatoxins (AF), ochratoxin A (OTA), deoxynivale-
nol, and zearalenone produced by the fungal genera of Aspergillus, Penicillium, and
Fusarium (Smith et al. 2016). Mycotoxins are produced by growth of the fungus in
adverse conditions of temperature, water activity, and oxygen content (Magan et al.
2002). Recent climate change with untimely rain and floods increases risk of myco-
toxin contamination. According to hazard associated critical control point (HACCP)
concept, mycotoxin contamination should be detected at every stage of production,
harvesting, processing, and distribution; that warrants the requirement of toxin detec-
tion systems (FAO/WHO/UNEP 2001). Worldwide, HACCP is implemented for
aflatoxin, while other mycotoxins are largely ignored. Worldwide, one or more
mycotoxins may be found to contaminate cereal grains (Alshannaq and Yu 2017). In
Europe, multi-mycotoxin studies reported that 75%—100% of animal feed samples
contained more than one mycotoxin which could impact animal health and in turn
the human health (Streit et al. 2013). In India 78% of feed is contaminated with more
than one mycotoxin (https://en.engormix.com 2010). Aflatoxins and ochratoxins are
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secondary metabolites produced by the polyketide synthase pathway of the fungus.
Aflatoxins produced by A. flavus and A. parasiticus in food and feedstuft are impli-
cated in hepatocarcinogenesis. Aflatoxins have a difuranocoumarin structure, afla-
toxins B1 and B2 exhibit blue fluorescence, and G1 and G2 display green fluorescence.
Aflatoxins M1 and M2, found in milk and milk products, are the hydroxylated prod-
ucts of AFB1 and AFB2. The carcinogenicity of AFB1 is due to its interaction with
DNA and alternation of the base sequence by transversion (Wacoo et al. 2014).
Another mycotoxin, ochratoxin A, displaying a dihydroisocoumarin structure cou-
pled to a phenylalanine amino acid by peptide linkage, is produced mainly by fungal
strains belonging to Aspergillus ochraceus, Penicillium verrucosum, and P. carbon-
arius. OTA exposure leads to kidney toxicity due to the competitive binding of OTA
with phenylalanine t-RNA synthase and interference in protein synthesis (Ha 2015).

Mycotoxins in human and animal food supply have been recognized as safety
issue for many years and regulatory levels are defined by WHO and other national
agencies. Wheat is a staple cereal consumed worldwide. Wheat and its by products
are commonly contaminated by microbial organisms and their metabolites, con-
tamination may survive and carry through cereal grain and their processed food.
The European Commission has established regulatory limit of 5 pg/kg for OTA in
processed cereal and baby foods (EC 2006). In India, a limit of 20 pg/kg of OTA and
15 pg/kg AFT has been defined by the Food Safety and Standards Authority of India
in wheat and wheat-based products (Table 15.1).

Analytical methods for rapid, sensitive, and accurate determination of these
mycotoxins in unprocessed food products are generally applied for the assessment
of toxicological risk in tune with the regulatory levels. These methods generally
involve toxin extraction from the matrix with an adequate extraction solvent,
cleanup step designed to eliminate interference from the extract, and detection/
determination by suitable analytical instruments/technologies. Often, commercial
immunochromatographic assays, such as enzyme-linked immunosorbent assays
(ELISA) are frequently used for screening purposes (Schneider et al. 2004). In addi-
tion, chromatographic methods such as high-performance liquid chromatography
(HPLC) coupled with ultraviolet (UV); diode array (DAD), fluorescence, (FD) or

Table 15.1 Permissible regulatory limits for aflatoxin and ochratoxin A worldwide

Contaminant | Country | Maximum level (ppb) | Structure
Aflatoxin USA 20

Europe | 4-15
Japan 10
China 5-20

India 0.5-30

Ochratoxin | USA 0.5-2

Europe |2-10
Japan 0.5-20
China 5

India 20

[+]




380 S.Rahietal.

mass spectrometry (MS) detectors; and gas chromatography (GC) coupled with
electron capture (ECD), flame ionization (FID), or MS detectors are used (Shephard
2008). These methods though available are expensive and require skilled personnel.
A variety of rapid methods are proposed for mycotoxin analyses including infrared
spectroscopy, immunochromatographic detection, electrochemical sensors, and
biosensors (Wacoo et al. 2014).

Identification and characterization of fungal spoilage organisms by molecular
methods such as polymerase chain reaction (PCR) or quantitative PCR (qPCR) can
contribute to their early detection. The main efforts taken into ochratoxin and afla-
toxin detection are directed toward causal organisms, i.e., Aspergillus and
Penicillium spp. Molecular methods are used for validation with ITS regions of 18S
RNA gene, conserved genes, and specific mycotoxigenic genes (Schmidt-Heydt
et al. 2011; Sadhasivam et al. 2017).

Recently, several nanotechnology-enabled detection sensors are being developed
for mycotoxin detection. Nanotechnology can contribute in rapid, sensitive detec-
tion of mycotoxins and their producers with nanoparticles as labels for signal detec-
tion. Nanoparticles can be used in monitoring food quality by detection of aflatoxins,
OTA, as well as mycotoxin producers to provide safe and healthy food and improve
food security regulations. Nanoparticles conjugated with antibodies, peptides,
enzymes, or oligonucleotides are devised into sensitive detection sensors or lateral
flow formats in diagnostic approaches (Baptista et al. 2005; Gao et al. 2009; Piro
et al. 2016). Improved detection of toxic secondary fungal metabolites in food
safety is of critical importance for human health and food trade.

15.2 Ochratoxin and Aflatoxin Detection
15.2.1 Spectroscopic Methods

Fluorescence spectrophotometry is used for recording the fluorescence emitted by
ochratoxin and aflatoxins. The presence of aflatoxins and ochratoxin in grains and
raw peanut was determined with this method. However, since crude samples show
interference in fluorescence, may require derivatization, and often have a high LOD,
these methods are limited to the initial screening for presence of toxins in food and
feed samples (Wacoo et al. 2014). Fourier transform spectroscopy identifies organic
compounds on basis of their specific infrared spectrum. FTIR analyses was used to
identify the presence of aflatoxins in peanuts, peanut cake, and single corn kernels.
Mirghani et al. (2001) used transmittance and reflectance spectroscopy to detect
aflatoxin in maize kernels that were grouped with high (>100 ppb) or low (<10 ppb)
aflatoxin concentrations.

15.2.1.1 Thin-Layer Chromatography

Thin-layer chromatography (TLC) is simple, robust, and qualitative method used
for mycotoxin detection and can be optimized for their rapid screening. The sam-
ples are loaded on TLC plates, separated chromatographically by solvent mobile
phase and analyzed by UV exposure by comparison to the standard. The presence
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of ochratoxin A (OTA) was analyzed in different cereals and feeds using TLC. Boudra
et al. (1995) extracted OTA from Aspergillus ochraceus contaminated wheat using
acidified chloroform and analyzed it by bidirectional TLC. Samples were loaded on
silica gel aluminum sheet activated for 1 h at 100°C and developed first with mobile
phase of anhydrous diethyl ether and later with toluene/ethyl acetate/formic acid
(6:3:1) and exposed to UV for OTA detection (Boudra et al. 1995). Production of
OTA by Aspergillus ochraceus on feed-grade wheat was confirmed by chloroform
extraction followed by TLC detection using ethyl acetate and acetic acid for separa-
tion (Xiao et al. 1996). Pittet and Royer (2002) reported a rapid, low-cost method
for detection of OTA in green coffee using bidirectional TLC with the detection
limit of 10 pg/kg. Two varieties of green coffee obtained from Thailand, India,
Kenya, Uganda, Salvador, and Guatemala were extracted using dichloromethane
containing 0.1 M phosphoric acid and qualitatively screened using bidirectional
TLC method that gave 98% OTA recovery.

A reliable, rapid, and inexpensive method to screen cereals for total and indi-
vidual B1, B2, G1, G2 aflatoxins (AFs), as well as OTA, was developed by Braicu
et al. (2008). After chloroform extraction, 43 cereal samples (wheat, maize, rye, and
triticale) were separated by TLC with toluene/ethyl acetate/acetic acid and quanti-
fied using densitometry. Among them, 25 samples (58.14%) were contaminated
with different mycotoxins: total aflatoxin, 11.2-10.8 mg/kg; individual AB1, AB2,
AGl1, and AG2, ranged from 0.89 to 5.7 mg/g; and ochratoxin A, 4.3-30 mg/kg.
Wheat samples (62.5%) showed the highest contamination. Kushiro et al. (2017)
carried out TLC-based rapid analysis of AFs, in presence of dichlorvos, an inhibitor
of aflatoxin biosynthesis, using toluene/ethyl acetate/acetic acid (60:30:4) as a
mobile phase. Inhibition of AF production was observed in aflatoxigenic A. oryzae,
A. parasiticus, and A. flavus strains.

TLC determination of aflatoxin B1, B2, G1, and G2 was carried out for a total of
2668 brown rice, white rice, broken rice, Sella rice, and parboiled rice samples from
Pakistan during 2006-2010 (Nisa et al. 2014). Anhydrous ether, chloroform, and
acetone were used as the mobile phase. AFB1 contamination in these samples
ranged from 22% to 39%, and AFG1 was low (3.6%), while AFG2 was absent in all
samples. Aflatoxin B2 was found in 33% white rice, 23% brown rice, and 3.03%
broken rice samples. In Ghana, maize kernels and groundnut seeds were studied for
aflatoxin contamination, and the distribution of aflatoxin-producing potential of
Aspergillus species were associated with both crops (Agbetiameh et al. 2018). Out
of 326 maize and 183 groundnut samples, aflatoxin level exceeded the threshold
limits of 15 and 20 ppb, respectively, set by the Ghana Standards Authority for 15%
of maize and 11% of groundnut samples.

15.2.1.2 High-Performance Thin-Layer Chromatography
High-performance thin-layer chromatography (HPTLC) is an automated and sophisti-
cated form of TLC. The efficiency of HPTLC is much enhanced due to the automated
sampler, thinly layered sorbent HPLTC plates, and short migration distance in a con-
trolled development chamber. The qualitative and quantitative scanning is recorded by
an advanced densitometer. The semi-qualitative method is easy to use, robust and uti-
lized for preliminary screening of food and feed for mycotoxin contamination.
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Skarkova and Ostry (2000) employed HPTLC for the confirmation of aflatoxin
M1 level in human urine samples using HPTLC after cleanup on immunoaffinity
columns, with the mobile phase comprising of chloroform/acetone/2-propanol
(85:10:5). The limit of quantification (LOQ) of aflatoxin M1 in urine was
5 ng/L. Twofold enhancement of the sensitivity of the HPTLC method was achieved
by immersion of the chromatographic plate in a solution of paraffin oil in
n-hexane.

OTA in wines was analyzed with HPTLC and HPLC after a dispersive liquid—
liquid microextraction (Antep and Merdivan 2012). A linearity of 0.03—1.00 pg/L
was established for HPTLC with a high correlation with the HPLC method.
Additionally, the HPTLC method achieved the simultaneous analysis of different
wine samples and standard of OTA on the same plate.

Welke et al. (2010) optimized the HPLTC method for wine that showed a mean
recovery of 90.4% with a limit of quantification (LOQ) and limit of detection (LOD)
of 0.1 pg/L and 0.016 pg/L, respectively. Quantification of OTA in 34 Brazilian red
wine samples demonstrated that one sample exceeded (4.5 pg/L) the 2 pg/L limit of
the Scientific Commission of the European Communities.

Kupski and Badiale-Furlong (2015) standardized the HPTLC method using hex-
ane, ethyl acetate, and acetic acid (18:4:1.5) as mobile phase. The typical fluores-
cent spots of mycotoxin were observed under UV light plate after the development
of plate with aluminum chloride in 15% methanol. The addition of dried magne-
sium sulfate and sodium chloride as salts to the extraction solvent acetonitrile/water
(2:1) resulted in improved recovery of the toxin. The developed method could detect
contamination of OTA from 0.22 to 0.85 pg/kg in 20 wheat flour samples.

Aflatoxin M1 (AFM1) levels in dairy products of South Korean origin were
determined with HPTLC after immunoaffinity column purification (Yoon et al.
2016). The LOQ for milk, yoghurt, and cheese was 0.003, 0.07, and 0.05 pg/kg,
respectively. Among 224 samples, the AFM1 contamination ranged from 0.001 to
0.1 pg/kg for milk and 0.015 to 0.136 pg/kg for yoghurt and cheese. The dairy prod-
ucts were safe for consumption according to the maximum limit of 0.5 pg/kg set by
Korea Food and Drug Administration.

Contamination of livestock feed causes detrimental effects in both animal and
human beings (Kotinagu et al. 2015). Analysis of 97 livestock feed and feed ingredi-
ent samples for aflatoxin B1 contamination showed that 33% of livestock feed and
24.5% of feed ingredients were positive.

15.2.1.3 High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) allows detection and identifica-
tion of aflatoxin and ochratoxin from food samples by recording the retention time
through sensitive fluorescent, ultraviolet, or diode array detectors and mass spec-
troscopy (MS). In practice, the HPLC technique employs a chromatography column
such as C-18 as the stationary phase, a mobile phase that moves through the column
and a detector that displays the retention times of the separating molecules. Often,
HPLC analysis for mycotoxin requires immunoaffinity column purification to elim-
inate other contaminants.
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Commonly, the reversed phase HPLC method is used for separation and determi-
nation of aflatoxins. HPLC detection of aflatoxins with a sensitivity of 0.1 ng/kg
using FLD (fluorescent detector) has been reported (Herzallah 2009). Occasionally,
chemical derivatization using acid and halogens was employed to enhance the sen-
sitivity of aflatoxins B1 and G1 detection when their natural fluorescence was not
sufficient to reach the required detection limit (Kok et al. 1986). Recently, HPLC
coupled to mass spectroscopy was able to overcome the challenges associated with
derivatization processes in aflatoxins analysis. The HPLC-MS/MS uses low sample
volumes to generate structural information (Rahmani et al. 2009). However, HPLC—
MS/MS is a bulky, expensive equipment and requires skilled personnel for
operation.

Aboul Enein et al. (2002) reported the use of HPLC-FLD for the determination
of OTA from wheat, corn, red pepper, cheese, and wine. The retention time was
11.7 min using a mobile phase consisting of acetonitrile/water/acetic acid (99:99:2,
v/v/v). The LOD and LOQ was 0.1 ng/ml and 3.3 ng/ml, respectively. Durguti et al.
(2014) analyzed 54 wine samples by HPLC-FLD after sample cleanup using immu-
noaffinity columns. The OTA levels were below the EU limit of 2 ng/ml, and the
LOD and LOQ were 0.05 and 0.1 ng/ml, respectively.

Infant formulas are an important food source for infants during the early stages.
Ochratoxin A levels were analyzed from 150 samples of infant foods (50 infant
formulas, 50 follow-on formulas, and 50 cereal-based supplementary foods for
infants and children) from various supermarkets and pharmacies from Istanbul
(Hampikyan et al. 2015). Among these, 52 (34.7%) analyzed samples were con-
taminated with OTA, though none exceeded the Turkish Food Codex maximum
limit of OTA (0.5 pg/kg) in baby, infant, and young children foods.

Meuccia et al. (2010) surveyed the presence aflatoxin M1 (AFM1) and OTA in
14 leading brands of infant formulas marketed in Italy. Mycotoxin levels were
determined by immunoaffinity column cleanup and HPLC-FLD. Among 185 sam-
ples, OTA was detected in 133 (72%) samples (range 35.1-689.5 ng/L). Ready-to-
use preparations and powdered samples displayed 80% and 63% OTA contamination,
respectively. The aflatoxin AFM1 was detected in two samples at levels below the
European legislation limit of 25 ng/L.

Aflatoxin-contaminated livestock feeds are a potential health hazard as they can
move up the food chain (Eun-mee et al. 2006). Screening of 249 feed samples col-
lected in Korea by ELISA showed that ~10% contained AFB1. Among these,
HPLC-FLD and LC/MS analysis confirmed that only one sample contained 11 ppb
AFB1, while other samples did not contain AFB1. It was suggested that screening
by ELISA should be followed by HPLC-FLD analysis for rapid and accurate detec-
tion of AFBI1.

Yazdanpanah et al. (2013) analyzed AFB1 in rice, bread, puffed corn snack,
wheat flour, and peanut samples with a HPLC method and obtained an average
recovery of 94.4-100%. The LOD was 0.01 ng/g. Among 90 samples collected
from Tehran retail market in June 2005, the bread and wheat flour samples were not
contaminated, while rice, puffed corn snack, and peanut samples showed AFB1
level below 5 ng/g, the maximum tolerated level (MTL) in Iran. One rice sample



384 S.Rahietal.

and two peanuts samples tested positive for AFB1 contamination. In a study from
Karaman, Turkey, aflatoxin analysis for 45 dried apricots, raisins, dried figs, nuts,
peanuts, almonds, corn, red pepper, black pepper, bread, and moldy cheese samples
was carried out by HPLC-FLD method after post-column derivatization (Kilicel
et al. 2017). The total AF concentration in eight red pepper samples exceeded the
MTL of 10 pg/kg that also exceeded the European MTL for AFB1 of 8 pg/kg. The
amount of aflatoxin in other samples was negligible. AFs were present in 100% of
raisins, dried figs, black pepper, red pepper, and corn, 75% of dried apricots, nuts,
bread, and moldy cheese, and 50% of peanuts and almonds.

Kim et al. (2017) detected aflatoxins (B1, B2, G1, and G2) and OTA in animal
feeds by a sensitive and robust HPLC-FLD method with a photochemical reaction
device after immunoaffinity column purification. Aflatoxin and OTA were found in
44 of 496 samples with a concentration range of 1.76-162.69 pg/kg for AFB1 and
3.38-45.42 pg/kg for OTA for 2 years. The developed method was suitable for the
routine analysis of aflatoxin in animal feed.

15.2.1.4 Liquid Chromatography Coupled Mass Spectroscopy

The technique of liquid chromatography coupled with tandem mass spectroscopy
utilizing database searching has a high degree of sensitivity and accuracy that can
be used in specific mycotoxin analysis. The accurate masses of protonated fungal
metabolite molecule ions are obtained by optimizing the electrospray conditions,
retention times, and UV spectra. Sulyok et al. (2006) used a single extraction step,
without any cleanup step, followed by liquid chromatography with electrospray ion-
ization triple quadrupole mass spectrometry (LC/ESI-MS/MS). They developed a
validated method for the determination of 39 different mycotoxins in wheat and
maize that included trichothecenes, zearalenone, fumonisins, ergot alkaloids, ochra-
toxins, aflatoxins, moniliformin, etc. The multianalyte analyses was carried out with
positive as well as the negative ion ESI mode in two consecutive runs to accommo-
date the diverse mycotoxins. The limits of detection ranged from 0.03 to 220 mg/kg.

Jung et al. (2012) carried out the quantitative determination of aflatoxins (B1,
B2, G, G2), OTA, deoxynivalenol, fumonisins, zearalenone, etc. in roasted and
ground grains using LC-MS. The co-extraction of 11 mycotoxins was carried out
by a double extraction using a phosphate buffer solution and methanol followed by
cleanup with a multitoxin immunoaffinity column. The LODs of mycotoxins were
0.1-6.1 pg/kg, and LOQs were 0.3-18.4 pg/kg. Among 47 samples collected from
Seoul, Korea, OTA was detected in 17% of samples, while aflatoxins were not
detected in all samples.

LC-MS-based determination was carried out in a study on occurrence and levels
of OTA in 98 infant formula (milk- and soy-based samples) and 155 infant cereal
(barley-, rice-, oat-, wheat-, and mixed grain-based) products available in the US
market. None of the infant formula samples tested positive, while 30% of infant
cereals were contaminated with OTA in the range of 0.6-22.1 ng/g. Regulatory
limits for OTA are lacking in the USA; however all positive samples were above the
European Commission limits of 0.5 ng/g for OTA in baby foods. Oat-based infant
cereals (59%) and mixed grain cereals (34%) showed the highest incidence and
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concentrations of ochratoxin contamination. Surveillance for OTA levels in grains
used in infant foods can reduce exposure of infants and young children to OTA from
cereal products.

The presence of aflatoxins B1, B2, G1, and G2 in four categories (oils, proteins,
polysaccharides, and fatty oils) of traditional Chinese medicines was analyzed using
ultra-performance liquid chromatography tandem mass spectrometry (Zhao et al.
2016). The aflatoxin concentrations ranged from 0.2 to 7.5 pg/Kg in 14 out of 22
samples. Fatty oils were most prone to contamination as compared to polysaccha-
rides, proteins, and volatile oils.

15.2.1.5 Gas Chromatography
As other chromatographic methods, gas chromatography (GC) is based primarily
on differential partitioning of analytes between the stationary phase consisting of
inert particles coated with a layer of liquid in a column by the carrier gas as the
mobile phase. The sample is vaporized into gaseous phase, and detection of the
volatile products is carried out using either a flame ionization detector or an electron
capture detector and mass spectrometer (MS). In case of aflatoxins, there is a need
for derivatization in order to be detected, due to their nonvolatile nature (Scott
1995). Detection by GC-MS and an electronic nose did not find a correlation
between odor and ochratoxin level, as samples with OTA levels both below and
above 5 pg/Kg displayed pronounced or strong off-odors (Olsson et al. 2002).
However, due to the availability of other cheaper chromatographic methods, gas
chromatography is less common in commercial analysis of mycotoxins (Wacoo
et al. 2014). Besides, gas chromatography also requires a preliminary cleanup and
derivatization before analysis, and it is therefore limited to analysis of a few myco-
toxins, such as type A and B trichothecenes. Even in such analyses, the GC displays
disadvantages of non-linearity of calibration curves, drifting responses, memory
effects from previous samples, and high variation in reproducibility and
repeatability.

15.2.1.6 PCR and Quantitative Real-Time PCR Detection

Mycotoxins are metabolites produced by the interaction of several biochemical
pathways during later stages in fungal growth, while genes are involved in myco-
toxin pathway expressed much earlier. Therefore, detection of the mycotoxin gene
expression may contribute to early detection of mycotoxins. Conventionally, poly-
merase chain reaction (PCR)-based molecular methods are used for detection of
mycotoxins producing fungi such as Aspergillus and Penicillium from food
(Edwards et al. 2001). Gene-based methods reported in the literature are mainly
based on unique ITS (internal transcribed spacer) regions of fungal species which
are genus- and species-specific for identification purpose but do not confirm the
production of toxins by the isolates. Genes of important enzymes in the mycotoxin
biosynthetic pathway can be good targets for diagnostic tests as they can add to the
specificity for detection of mycotoxin production and sensitivity of the test (Schmidt-
Heydt et al. 2011).
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Shapira et al. (1996) employed the genes coding for enzymes involved in
Aspergillus parasiticus polyketide synthase pathway, namely, apa-2, ver-1, and
omt-1, which are responsible for regulation, oxidation, and methylation, respec-
tively, during aflatoxin synthesis. The presence of the fungus was detected by PCR
method when 10? spores/g were inoculated in corn flour.

In a Korean study, multiplex PCR and high-performance liquid chromatography
(HPLC) analyses were used to assess the ability of mycotoxin production in 32 A.
niger isolates (Kim et al. 2014). Though multiplex PCR and HPLC analyses of A.
niger isolates showed that OTA-producing strains exhibited positive PCR patterns
for ochratoxin biosynthetic genes, it did not explain the presence of positive PCR
products in the non-mycotoxin-producing strains.

A PCR method for differentiation and detection of OTA-producing Penicillium
species was developed by utilizing polyketide synthase and non-ribosomal peptide
synthetase genes of the ochratoxin A biosynthetic pathway (Bogs et al. 2006). An
analysis of 62 strains showed that 11 PCR-positive (18%) strains produced ochra-
toxin A. However, some OTA-negative strains also tested PCR-positive, that was
attributed to the presence of non transcribed biosynthetic gene.

Currently, ochratoxin A contamination in coffee beans was found to be associ-
ated with Aspergillus carbonarius, A. niger, and A. ochraceus (Sartori et al. 2006).
A multiplex PCR method that detected PCR amplicons of 809, 372, and 260 bps for
detection of A. carbonarius, A. niger, and A. ochraceus species, respectively, in cof-
fee beans was developed.

A highly specific multiplex PCR method was developed using species-specific
and mycotoxin metabolic pathway gene primers for detection of Fusarium and
Aspergillus species (Sadhasivam et al. 2017). Stored wheat grain samples (34) were
analyzed for the presence of mycotoxin-producing fungi by PCR and mycotoxin
production by LC/MS/MS. The analyses had a strong correlation, and contamina-
tion of six samples with at least one mycotoxin, above EU regulatory limits was
confirmed by both the methods.

As many of the genes involved in toxin biosynthetic pathways also contribute to
other secondary metabolites, there is a lack of specificity for the PCR detection of
toxin production. Detection of aflatoxin production by Aspergillus versicolor and
Aspergillus nidulans is difficult as the genes involved in aflatoxin production are
also involved in sterigmatocystin biosynthesis (Levin 2012). Aflatoxin and ochra-
toxin gene pathway provide an advantage in early monitoring of the mycotoxins
producing Aspergillus and Penicillium spp. (Baptista et al. 2005). Dao et al. (2005)
optimized the PCR amplification using primers toward the acyl transferase domain
of a polyketide synthase gene involved in the OTA biosynthesis in OTA-producing
fungi such as A. carbonarius, A. melleus, A. sulfurous, A. ochraceus, and P. verru-
cosum. Other studies indicate the role of several enzymes, such as polyketide syn-
thase, non-ribosomal peptide synthase, halogenase, and P450 oxidase in OTA
biosynthesis. Recently a multiplex PCR, based on genes of aflatoxin and sterig-
matocystin biosynthesis metabolic pathways, was reported for the identification of
AFT producers among Aspergillus spp. (Criseo et al. 2001). Such studies promote
our understanding of the mechanisms of OTA production and regulation.
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Quantitative real-time PCR systems may be useful for determining associations
between detection of a gene at critical control points in food production and quanti-
fication of the mycotoxin contamination in the final product (Rodriguez et al. 2012).
Though quantitative real-time PCR has been applied to monitor expression of
mycotoxin biosynthetic genes, it is expensive.

The rapid and accurate differentiation of toxigenic and atoxigenic isolates was
evaluated with PCR and real-time PCR in 22 A. flavus isolates from peanut kernels
(Mahmoud 2015). The PCR amplification of genes did not correlate with aflatoxin
production capability. Among the four aflatoxin biosynthetic pathway genes (afiD,
aflM, aflP, and aflQ), the expression of aflD and aflQ was a good marker for differ-
entiating the toxigenic from atoxigenic isolates. The real-time PCR and agar culture
method for detection of A. flavus presence had 95% agreement. Aflatoxin produc-
tion by these strains was confirmed by HPLC with 72% of isolates producing the
toxin.

Rodriguez et al. (2012) proposed real-time PCR for the early detection and quan-
tification of aflatoxin in peanut, spices, and sausages. The sensitivity and specificity
of real-time quantitative PCR (qPCR)-based on SYBR Green and TagMan were
evaluated using the o-methyltransferase gene (omt-1) aflatoxin biosynthetic gene.
Both gPCR methods gave a good linear correlation from 4 to 1 log cfu/g per reac-
tion and a detection limit of 1-2 log cfu/g in the different food matrices tested.

The ochratoxin-producing fungus Aspergillus carbonarius is often associated
with grapes and wine contamination (Atoui et al. 2007). Specific primers to the
acyltransferase (AT) domain of polyketide synthase sequence of A. carbonarius
amplified a 141 bp PCR product. These primers were also used for qPCR in 72
grape samples for direct quantification of the fungus. The expression of acyltrans-
ferase gene showed a positive correlation with the OTA concentration. Therefore,
rapid detection of A. carbonarius by qPCR in grapes may offer an alternative to the
traditional methods of OTA detection and culture identification.

15.2.2 Immunochemical Methods

Immunochemical techniques are based on the high affinity and specificity of anti-
body—antigen (Ab-Ag) binding. The binding event is recognized by signal amplifi-
cation using labels such as enzymes, fluorophores, etc. Inmunochemical methods
such as immunosensors, immunoaffinity column assay (ICA), and enzyme-linked
immunosorbent assay (ELISA) are sensitive, specific, and less labor-intensive,
require less time, and allow simultaneous processing of several samples. Though
radioimmunoassay technique was used for determination of aflatoxin B1 and afla-
toxin M1 levels, the disadvantages such as requirement of antigen in a pure state and
potential health hazards due to use of radioactive isotope have discouraged the
method (Rauch et al. 1987). However, other immunochemical methods such as
ELISA and immunosensors are in wide usage.
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15.2.2.1 Enzyme-Linked Inmunosorbent Assay (ELISA)

ELISA methods for mycotoxin detection rely on the recognition of specific myco-
toxin by specific antibodies coated in microtiter plate wells. Mycotoxin capture is
subsequently detected by antibodies, often labeled with horseradish peroxidase or
alkaline phosphatase enzymes. The assay is rapid, simple, specific, and sensitive for
the detection of mycotoxins in foods and feeds. This technology is available for
more than two decades, and ELISA test kits require low sample volumes with less
sample cleanup procedure as compared to conventional TLC and HPLC methods.
This method has application for high throughput assays and simultaneous detection
in several samples.

The ELISA technique is presently applied for detection of aflatoxins in food and
feedstuffs, and a number of commercially available ELISA kits are widely used
(Devi et al. 1999, 2002; Prestani et al. 2011). A commercial ELISA system and
HPLC method were used to analyze the total aflatoxins in 178 foodstuff samples.
The two methodologies had a high correlation for nuts, nut products, peanuts, and
peanut butter samples (Azer and Cooper 1991).The presence of four types of afla-
toxin (B1, B2, G1, and G2) in dairy cattle feeds and aflatoxin M1 in the milk sam-
ples was measured by HPLC and ELISA methods (Prestani et al. 2011). There was
no significant difference by the two procedures, though the sensitivity and specific-
ity of HPLC method were higher. Li et al. (2016) generated specific monoclonal
antibodies that recognized G class aflatoxins, G1 and G2. A competitive indirect
ELISA (CI-ELISA) was developed with a LOD of 0.06 ng/ml and low cross-
reactivity toward aflatoxin B1. The CI-ELISA and HPLC methods were comparable
for analysis of uncontaminated peanut samples spiked with different concentrations
of aflatoxins G1 and G2.

Though antibodies are highly specific and sensitive toward the target mycotoxin,
many a time, compounds with similar chemical groups also interact with the anti-
bodies. Additionally, ELISA methods are restricted to certain food matrices for
which they were validated. Sun et al. (2015) conducted an extensive study to evalu-
ate the quality of five commercial ELISA kits from different suppliers for detecting
aflatoxin B1 in 30 HPLC-verified feed samples such as corn, distillers dried grains,
wheat, soybean meal, and poultry feed. The accuracy and precision of these kits
were tested with positive controls. The authors reported that the qualities of five
tested ELISA kits were significantly different and two kits had high false positive
rates. Therefore, the complete validation for an ELISA method is critical for its
application to a wide range of commodities.

ELISA technique for OTA was used for analyses of dry fruit samples from
Central Iran that exhibited average concentrations of 6.7 = 3.9 ng/g in 21% of sam-
ples (Rahimi and Shakerian 2013). Concentrations of OTA higher than the European
Union maximum tolerance limit of 10 ng/g were detected in 7.9% of dried raisin
samples and 2.1% of dried fig samples.

An anti-OTA monoclonal antibody-based indirect competitive ELISA was devel-
oped for OTA detection in coffee and coffee products with a detection limit of
3.73 ng/g (Fuji et al. 2007). The comparison between ELISA and HPLC methods
resulted in high correlation for the green, roasted, and instant coffee samples.
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A sandwich dot-ELISA method was developed for the simple, fast, and sensitive
detection of OTA from contaminated food grain samples with a limit of detection of
5.0 ng/ml (Venkataramana et al. 2015). The ELISA method detected contamina-
tions in 72 (19 maize, 38 wheat, 15 rice) of 195 samples, which was in agreement
with the HPLC method. The mAb-based method was specific and did not show any
cross-reactivity toward deoxynivalenol, fumonisin B1 fumonisin, or AFBI.

Similarly, Ekhtelat et al. (2018) established a good correlation between the
ELISA and HPLC methods for determination of OTA levels in the medicinal herbs
of Zataria multiflora and Foeniculum vulgare from Ahvaz, Iran.

A competitive direct ELISA format was developed and showed IC50 value of
0.07 ng/ml. A simple, rapid, and efficient method for extraction with 50% methanol
and the ELISA method resulted in 74—110% recoveries of spiked samples. Dilution
with PBS was applied for food samples such as barley, wheat, oat, corn, rice, and
raisins, grape juice, and beer samples. The developed ELISA method and the HPLC
method showed a good correlation.

15.2.2.2 Immunosensors

Immunosensors are based on a signal transducer which detects the binding of the
antibody and antigen. The electrochemical, optical, and piezoelectric immunosen-
sors detect changes in electrical current, mass, or optical signals (color or fluores-
cence), respectively, during Ab—Ag binding.

Electrochemical Immunosensors

An electrochemical immunosensor records the electroactive signals generated by
the Ab—Ag interactions by differential pulse voltammetry, cyclic voltammetry, chro-
noamperometry, electrochemical impedance spectroscopy, or linear sweep voltam-
metry transducers (amplifiers). A potential difference is generated by the reaction
conditions which is measured to establish the relationship between the potential
difference and antigen concentration. Electrochemical immunosensors developed
for aflatoxin detection mostly employ enzymes as the active biological component
to generate signals.

Badea et al. (2016) developed an impedimetric immunosensor by immobilizing
anti-OTA antibody on bovine serum albumin-modified gold electrodes for ochra-
toxin A (OTA) detection.

Modification of the impedance due to the specific antibody—antigen reaction at
immunosensor surface was used in order to detect OTA. Linear proportionality of
the charge transfer resistance to the OTA concentration allowed OTA detection in
the range of 2.5-100 ng/ml.

Lietal. (2016) developed a portable immunosensor comprising of an impedance
detector and a 3D-printed USB-compatible sensor chip for rapid and in situ detec-
tion of AFB1 in rice. The detection time was below an hour, and the limit of detec-
tion was 5 ng/ml. Such portable devices for detection offer the possibility of analyses
of clinical and environmental samples.

A fast, sensitive, and efficient electrochemical immunoassay was developed by
forming self-assembled monolayers by 2-aminoethanethiol on a gold electrode for
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AFBI1 capture (Kong et al. 2018). The noncompetitive immunoassays resulted in a
significant current change at a minimum concentration of 0.01 ng/ml of AFB1. The
immunosensor displayed excellent stability and sensitivity after storage for 7 days.

A simple, cost-effective, and portable antibody-modified screen-printed carbon
working electrode with carbon counter was developed for direct aflatoxin M1 analy-
sis with milk (Parker and Tothill 2009). An electrochemical detection scheme was
constructed on the electrode surface in a competitive ELISA format with horserad-
ish peroxidase (HRP) as the enzyme label. Milk samples were pre-treated with
18 mM calcium chloride to stabilize the whey proteins and eliminate the interfering
signal. The sensor achieved a detection range up to 1000 ng/L and a LOD of
39 ng/L. The sensitivity of the immunosensor was comparable to the commercial
ELISA kit and an a HPLC method.

Muchindu et al. (2011) produced an impedimetric immunosensor composed of a
platinum disk electrode coated with polyaniline—polyvinyl sulfonate and anti-OTA
antibody and calibrated it for OTA detection. When applied to the certified reference
materials of corn, wheat, and roasted coffee, the sensor detected OTA concentra-
tions of 21.1, 8.6, and 2.5 mg/kg, respectively. The immunosensor had a LOD of
10 pg/kg, and impedimetric estimation for corn was in agreement with the ELISA
measurements.

Radi et al. (2009) modified an electrochemical immunosensor comprising of a
screen-printed gold electrode with glutaraldehyde and tagged it with the anti-
ochratoxin antibody. The competitive immunoassay between a horseradish
peroxidase-labeled ochratoxin A (HRP-toxin) and ochratoxin A for antibody dem-
onstrated a dynamic range up to 60 ng/ml and detection limit of 12 ng/ml. The bind-
ing of the antibody and HRP-toxin was measured by chronoamperometry in the
presence of the substrate tetramethylbenzidine. The developed immunosensor dis-
played precision, accuracy, and stability.

Monoclonal antibodies were immobilized on disposable screen-printed elec-
trodes to develop an electrochemical competitive enzyme-linked immunosorbent
assay for quantitative determination of OTA (Alarcon et al. 2006). The assay had a
working range from 0.05 to 2.5 and 0.1 to 7.5 g/L and detection limit of 60 and
100 g/L, respectively, in the direct and indirect assay formats. The immunosensor in
the direct format was selected for the determination of OTA in wheat. Analysis of
spiked and naturally contaminated wheat samples with the electrochemical assay
and HPLC showed good correlation.

Optical Immunosensors

Optical immunosensors record the signals by surface plasmon resonance, optical
waveguide light-mode spectroscopy, photoluminescence, etc. Surface plasmon reso-
nance (SPR) measures the refractive index changes as a shift in the resonance angle
during the Ab—Ag interactions. AFB1 detection and quantification was attempted
with monoclonal as well as polyclonal antibodies using the SPR technology (Daly
et al. 2000). Monoclonal antibodies encountered regeneration problems due to their
high-affinity binding to the sensor surface. Immobilization of polyclonal anti-AFB1
antibodies on the sensor surface achieved a linear detection range of 3.0-98.0 ng/ml
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with good reproducibility. Regeneration was achieved using alkaline solution of
methanolamine and acetonitrile.

Van der Gaag et al. (2003) utilized the SPR immunosensor for multiple detection
of mycotoxins. Therefore, SPR immunosensors should offer label-free detection of
aflatoxins if the current regeneration problems are overcome. Optical waveguide
light-mode spectroscopy (OWLS) measures the resonance angle of polarized grat-
ing diffracted light, coupled into a thin waveguide. The Ab—Ag interaction on the
surface of sensor chips results in multiple internal reflections within the waveguide
layer which is detected by photodiodes. Aflatoxin and ochratoxin detection was car-
ried out using OWLS in both competitive and direct immunoassays (Adanyi et al.
2007). A detection range of 0.5-10 ng/ml for aflatoxins was achieved when barley
and wheat flour samples were analyzed.

Myndrul et al. (2018) fabricated a porous silicon (PSi) based photoluminescence
immunosensor metal-assisted chemical etching procedure and modified by coating
with protein A and binding with anti-OTA antibodies. The PL spectroscopy of PSi
at room temperature resulted in an emission band at 680 + 20 nm. The binding of
OTA resulted in the photoluminescence quenching of the anti-OTA/protein A/PSi
surface as compared to bare PSi. The response time of the immunosensor was in the
range of 500-700 s.

Another immunosensor was developed by layering photoluminescent ZnO
nanorods (ZnO-NRs) on glass substrate followed by coating for binding with pro-
tein A and binding anti-ochratoxin antibodies (glass/ZnO-NRs/protein A/anti-OTA)
(Vitera et al. 2018). The immunosensor was integrated with portable fiber optic
detection system and tested in a wide range of OTA concentrations, and the sensitiv-
ity and limit of detection were 0.1-1 ng/ml and 0.01 ng/ml, respectively. Response
time of the immunosensor toward OTA was in the range of 500-800 s.

Piezoelectric Quartz Crystal Microbalances (QCMs)

This label-free direct detection method relies on changes in mass when the antibody
immobilized on the quartz crystal surface interacts with the antigen (Janshoff et al.
2000). Spinella et al. (2013) immobilized anti-aflatoxin B1 antibody on gold-coated
quartz crystals and achieved aflatoxin B1 detection in the range of 0.5-10 ppb.
Antibody binding to the gold-coated surface was facilitated by 3,3’dithiodipropionic-
acid-di-N hydroxysuccinimide ester. Jin et al. (2009) also detected 0.01-10.0 ng/ml
aflatoxin B1 in spiked milk samples with the QCM-based sensor.

A label-free quartz crystal microbalance (QCM)-based immunosensor was
developed by immobilization of OTA-bovine serum albumin conjugate on gold-
coated quartz crystals (Vidal et al. 2009). An indirect competitive format was used
to detect the binding of the excess of anti-OTA antibodies to the immobilized OTA
that led to linear decrease in the resonant frequency at OTA concentration from 10
to 128 ng/ml, with a detection limit of 8 ng/ml. The quartz electrode was reusable
after regeneration with a pepsin solution (pH 2.1).

Pirincci et al. (2018) developed OTA detection by direct immobilization of
OTA to amine-bearing sensor surfaces using 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistry. The QCM
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immunosensor was developed with a detection range between 17.2 and 200 ng/
ml with the possible use for on-site detection of contamination in feedstuffs.
The sensor was reusable up to 13 times without loss of performance after regen-
eration with 50 mM NaOH and 1% SDS.

15.3 Nanotechnology for Mycotoxin Detection

Nanotechnology can contribute to the detection of contaminated food and feed.
Nanoparticles can be used in detection of mycotoxins and mycotoxin producers,
monitoring food quality, and help in food security regulations to provide safe and
healthy food. Nanoparticles, due to their size- and shape-dependent physical and
chemical properties, have potential for development in various colorimetric, fluoro-
metric enzymatic, and electrochemical diagnostic assays (Vo-Dinh 2007, Selvan
et al. 2009, Gao et al. 2009, Kim and Park 2005). Semiconductors, noble metals,
and metal oxide nanoparticles are used in various imaging and sensing applications
(Fig. 15.1). Nanoparticles as labels can be conjugated with molecular recognition
elements such as DNA, RNA, antibodies, or enzymes to offer a detection method by
signal amplification (Fig. 15.1). Gold nanoparticles are often used in the lateral flow
immunochromatographic devices that operate on a simple chromatographic flow
separation to give a colorimetric visual signal based on the affinity of the gold
nanoparticle- labeled atibodies to the antigen in either a direct or indirect format.

The early detection of mRNA expression was demonstrated in a cultured mela-
noma cells using nanoparticles carrying an imaging probe. The probe incorporated
citrate-capped gold nanoparticles covalently bound to thiol-terminated hairpin oligo-
nucleotides. The hairpin DNA-coated gold nanoparticles positively identified tyrosi-
nase mRNA in melanoma cells (Harry et al. 2010). Gold nanoparticles functionalized
with oligonucleotides which are complementary to unique sequences, present on the
heat shock protein 70, were used for detection of the human parasite Cryptosporidium
parvum (Javier et al. 2009). The use of oligonucleotide gold NPs for the molecular
diagnosis of mycotoxins offers new opportunities for the further development of
point of care diagnostic assays with low-cost, robust reagents and simple colorimet-
ric detection (Baptista et al. 2005). Nanoparticle aided mRNA detection to identify
the spoilage organism leading to early intervention by regulatory agencies. Therefore,
the development of a diagnostic assay for rapid, sensitive detection of mycotoxin
producers is the need for proper food safety in a country like India.

15.3.1 Nanoparticle-Assisted Electrochemical Inmunoassay

Liu et al. (2013) fabricated an electrochemical sensor in the indirect competitive
immunoassay format for detection of OTA by modifying a glassy carbon elec-
trode with a composite film of polythionine and self-assembled gold nanoparticle
monolayer. The sample OTA competed with the ochratoxin antibody—ovalbumin
conjugates immobilized on the film for binding with the anti-ochratoxin
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Fig. 15.1 Nanobiosensors for mycotoxin detection are devised with three main components: bio-
receptors, an immobilization platform, such as nanoparticles, and a transducing element. The dif-
ferent variants for each component can be assembled for mycotoxin detection

monoclonal antibodies. The alkaline phosphatase-labeled secondary antibodies
bound to the monoclonal antibody to give the electrochemical signal by oxida-
tion of I-naphthyl phosphate substrate. The electrochemical response was
inversely proportional to the OTA concentration from 1 to 1000 ng/ml with a low
detection limit of 0.2 ng/ml.

Rivas et al. (2015) developed an electrochemical impedance-based sensor by
electropolymerizing a polythionine film on a screen-printed carbon electrode fol-
lowed by the assembly of iridium oxide nanoparticles (IrO2 NPs). The aminated
aptamer selective to OTA was bound by electrostatic interactions to the IrO2
NPs. Aptamers are single or double-stranded synthetic oligonucleotides that bind
specifically to the target and are more advantageous as compared to antibodies due
to their thermal and chemical stability and low-cost production. The sensor detected
14 pM OTA in white wine samples and exhibited high reproducibility.

Sharma et al. (2017) devised an electrochemical immunosensor by deposition of
poly(3,4-ethylenedioxythiophene) functionalized gold nanoparticles and immobili-
zation of monoclonal anti-aflatoxin antibodies. The immunosensor displayed a
LOD of 0.0045 ng/ml and LOQ of 0.0156 ng/ml by amperometric measurement.
Spiked maize samples were detected a high reproducibility.

A sandwich-type nonenzymatic electrochemical immunosensor was reported by
Masoomi et al. (2013) by modification of glassy carbon electrodes with chitosan,
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gold nanoparticle, anti-aflatoxin B1, and iron III oxide (Fe;O,) magnetic core with
a gold shell functionalized with 3-(2-mercaptoethylimino) methyl) benzene-1,2-
diol. Aflatoxin B1 detection was achieved in the range of 0.6-110 ng/ml with a
detection limit of 0.2 ng/ml.

Linting et al. (2012) developed an immunosensor by electrodepositing graphene
oxide and gold nanoparticles on the surface of gold electrode. A conducting poly-
mer film, ionic liquid, and chitosan solution was dropped onto this electrode for
AFBI1 antibody immobilization. The detection range was 3.2-0.32 picomoles, and
the detection limit was 1 femtomole with excellent long-term stability.

15.3.2 Nanoparticle-Assisted Lateral Flow Assay

Recently, lateral flow immunochromatographic assays (LFAs), which are sensitive,
simple, easy, fast, and ready-to-use devices, are used to detect the presence of a
target analyte in sample without the need for specialized and costly equipment. The
method uses a low-cost test device consisting of conjugation pad, membrane, sam-
ple pad, and absorbent pad. The antibody labeled with gold nanoparticles is pre-
adsorbed on the conjugate pad, and the capturing reagents are immobilized in
spatially confined zones on the nitrocellulose membrane (Quesada-Gonzalez and
Merkogi 2015). The detection is based upon either the competitive or direct formats
(Moon et al. 2013). The high sensitivity and specificity of antibody—antigen reac-
tions and the colorimetric visibility of the gold nanoparticles as labels are the basis
for the rapid detection of analytes, as a red band on the membrane (Fig. 15.2).

An immunochromatographic strip test was developed and optimized for the
rapid detection of aflatoxin B1 (AFB1) by nanocolloidal gold coupled with mono-
clonal antibody for AFB1 (Won-bo et al. 2007). The antibody showed cross-
reactivity toward aflatoxin B2, G1, and G2. The test took 15 mins and the visual
detection limit 0.5 ng/ml. Analyses of 172 grain samples by the immunochromato-
graphic strip test was in agreement with the HPLC estimation. Gold nanoparticle
coated with monoclonal antibodies was used as a detection agent for aflatoxins in
soybean, a major Brazilian agricultural commodity (Santos et al. 2017). The mono-
clonal antibody displayed specificity toward aflatoxins B1, M1, G1, G2, and B2,
and the strip test detected up to 0.5 pg/kg of aflatoxins in 10 min. Similarly Delmulle
et al. (2005) developed a rapid lateral flow device for detecting aflatoxin B1 in pig
feed rapidly within 10 min. Though most LFA platforms employ gold nanoparticles,
recently Ren et al. (2014) employed quantum dots or semiconductor nanoparticles
that show robust fluorescence as detection labels. Fluorescent CdSe/ZnS quantum
dot beads (QBs) were synthesized for ultrasensitive detection of AFB1 in maize by
polymer encapsulation of quantum dots (QDs) (Ren et al. 2014). The surface block-
ing method was used to prevent non-specific binding to the lateral flow membrane.
The developed sensor had an LOD of 0.42 pg/ml in maize extract and twofold
higher sensitivity than a gold nanoparticle-based immunoassay. This method com-
pared favorably with the commercial ELISA and liquid chromatography tandem
mass spectrometry measurements.
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Fig. 15.2 Multitoxin detection by lateral flow assay. Aflatoxin and ochratoxin A can be simulta-
neously detected in the LFA visually and quantitatively. In the competitive format, the presence of
red color bands due to gold nanoparticle on the control line indicates the presence of toxins. The
presence of red bands on the test line indicates the absence of toxins. The color intensity can be
compared to the standards for quantification

Anfossi et al. (2012) detected OTA semiquantitatively in wines and grape musts
by a one-step lateral flow immunoassay. Matrix-matched calibration curves carried
out in blank wines showed a detection limit of 1 pg/L and IC50 of 3.2 pg/L. The
developed assay could detect OTA accurately and sensitively in 5 min. The assay
was in agreement with the reference method of HPLC with 38 wines and 16 musts.
A rapid immunochromatographic assay was combined with a simple, sample treat-
ment of cereals for the quantitative determination of OTA with LOD as low as
1.5 pg/kg. Ochratoxin A was extracted from the cereal samples in presence of poly-
ethylene glycol that reduced the matrix effects caused by different cereals (maize,
wheat, and durum wheat) (Anfossi et al. 2011). The recoveries ranged from 87% to
119%. Fifteen maize, four wheat, and six durum wheat samples were analyzed by
the developed assay that showed a good correlation when compared with a refer-
ence method.
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A monoclonal antibody against OTA was raised to develop a rapid immunochro-
matographic assay for efficient OTA detection (Cho et al. 2005). Up to 500 ng/ml of
OTA was detected in 10 min. Wang et al. (2007) developed a colloidal gold immu-
noassay in a flow-through format for the rapid detection of OTA in various food
matrices. OTA-BSA conjugates were used to produce polyclonal antibodies in rab-
bits. The assay was completed within 10 min, and the visual detection limit of the
developed assay was 1.0 ng/ml.

In most cases routine LFA can only detect one target molecule at a time. By
comparison, the multiplexing format of LFA can simultaneously detect several tar-
get chemicals, thus it can further reduce operating cost and improve detection effi-
ciency (Fig. 15.2). Multiplexed antibody-based immunochromatographic LFAs are
reported for detection of AFs, OTA, deoxynivalenol, and zearalenone in various
studies (Kolosova et al. 2008; Song et al. 2014; Chen et al. 2016). A multiplex lat-
eral flow immunoassay (LFA) was reported for the simultaneous, on-site determina-
tion of AFB1, OTA, and zearalenone in corn, rice, and peanut (Chen et al. 2016).
The size of gold nanoparticles, conjugation of antibody-gold nanoparticle, and loca-
tion of capture antigen on the assay strip were optimized for the assay. The devel-
oped LFA visually detected 10, 15, and 50 pg/kg of AFB1, OTA, and zearalenone
with a LOD of 0.10-0.13, 0.19-0.24, and 0.42-0.46 pg/kg, respectively. The recov-
ery of mycotoxins were > 86% in the spiked samples. Song et al. (2014) reported a
multiplex lateral flow immunoassay for qualitative and/or semiquantitative determi-
nation of AFB1, zearalenone, and deoxynivalenol in maize samples. The monoclo-
nal antibodies used were specific toward each mycotoxin, and cross-reactivity was
not reported. The LFA strip had a visual LOD of 0.03, 1.6, and 10 pg/kg and calcu-
lated LOD of 0.05, 1, and 3 pg/kg for AFBI, zearalenone, and deoxynivalenol,
respectively. The mycotoxin recoveries ranged from 80% to 122%. The multiplex
LFA and LC — MS/MS analyses of naturally contaminated maize samples were in
a good agreement.

15.3.3 Aptamer-/Peptide-Coupled Nanoparticles for Mycotoxin
Detection

Aptamers and peptides can enhance the sensitivity of the sensors (Piro et al. 2016).
Aptamers are interesting short strand single or double oligonucleotides that are
being incorporated into various assay formats to assist the mycotoxin detection.
The aptamer-target recognition and the aptamer-controlled growth of gold nanopar-
ticles (Au NPs) were used to develop a versatile, sensitive and visual colorimetric
assay for rapid detection of OTA. The aptamer coverage on the Au NPs determined
the development of the varied nanostructure morphologies that resulted in forma-
tion of different colored solutions. A red-colored solution was associated with
spherical Au NPs with low aptamer coverage, whereas blue colored solutions pro-
duced branched Au NPs with high aptamer coverage. Thus, Soh et al. (2015)
achieved visible colorimetric response for OTA detection at nanomolar levels
(1 nM) for red wine samples, as well as cocaine. The sensitive and specific visual
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detection of contaminants without the need for sophisticated equipment makes
such assays relevant for diagnostics and food sampling.

Zhang et al. (2018) described a competitive lateral flow strip format containing a
fluorescent aptamer for the one-step determination of OTA in corn samples. In
short, biotin-cDNA was immobilized on the test line on the nitrocellulose mem-
brane. In the absence of OTA, the Cy5-labeled aptamer combined with the cDNA to
form a stable double helix. The presence of OTA led to the formation of Cy5-
aptamer/OTA complexes, therefore reducing the capture of free aptamer in the test
zone and subsequently decreasing the fluorescent signals on the test line. A linear
relationship from 1 to 1000 ng/ml with the LOD of 0.40 ng/ml and recoveries from
96.4% to 104.67% were reported for spiked corn samples.

Velu and DeRosa (2018) explored two different formats using 5’-biotin-modified
OTA aptamer probes in combination with silver or gold nanoparticles in lateral flow
colorimetric assays for the detection of OTA. First, in the “adsorption—desorption”
approach, aptamers were adsorbed onto the metal nanoparticle surface and, in addi-
tion of OTA, lead to aptamer—ochratoxin binding, thereby releasing the NPs. A
detection limit of 6.3 nM was achieved for both metal nanoparticles with this
approach. The second approach involved a linkage inversion assembled nano-
aptasensors (LIANAs) using a DNA linker containing a 5’-5’ linkage inversion (5'-
5’ linker) to assemble biotinylated aptamer-functionalized metal nanoparticles.
Briefly, OTA bound specifically with its aptamer triggered the release of the linker
and disassembly of LIANA aggregates into dispersed nanoparticles. A LOD of
0.63 nM was achieved in the LFA format. A comparison of the LIANA-based LFA
strips and the “adsorption—desorption” LFAs showed that the former were more
sensitive.

On site rapid detection of OTA contamination in Astragalus membranaceus,
used in Chinese medicine, was developed with a lateral flow strip in the competitive
format using aptamers against OTA (Zhou et al. 2016). The sample extraction was
optimized with 2.5 ml of methanol/water (80:20, v/v) for 1 g, followed by fourfold
dilution with running buffer to eliminate the matrix and methanol interferences. A
visual LOD of 1 ng/ml with no significant cross-reactivity with other similar toxins
was achieved within 15 min. Analyses of A. membranaceus samples showed one
OTA-positive sample among nine that were in agreement with the LC-MS/MS
analysis.

In place of antibodies, which are expensive and unstable, peptides can also be
used for recognizing ochratoxin in the LFA format. Ochratoxin-binding peptides
were identified (Bazin et al. 2013; Giraudi et al. 2007). Using such peptides in lat-
eral flow assay technology could provide a promising approach for semiquantita-
tive, rapid, easy, and cost-effective mycotoxin detection. In an approach to develop
a user-friendly lateral flow strip and avoid the direct use of ochratoxin in the assay
due to its hazardous nature, a mimotope peptide to mimic OTA was screened from
a random seven-peptide M13 phage-display library (Lai et al. 2009). The user-
friendly lateral flow strip assay was developed by coating the mimotope peptide on
the test line, replacing the ochratoxin—-BSA conjugates, for capture of the gold
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nanoparticle-labeled anti-ochratoxin antibodies. The rapid, inexpensive, on-site
ochratoxin testing LFA could detect up to 10 ppb ochratoxin in 10 min.

15.3.4 Nanoparticle-Aided Molecular Detection

The use of oligonucleotide gold nanoparticles for the molecular diagnosis of myco-
toxins offers new opportunities for the further development of point of care diagnos-
tic assays with low-cost robust reagents and simple colorimetric detection (Rosi and
Mirkin 2005, Harry et al. 2010). The early detection of mycotoxins was correlated
with mRNA expression of toxin gene; the detection of these mRNA by nanoparti-
cles carrying oligonucleotide probe could contribute to rapid detection for myco-
toxin (Baptista et al. 2005; Schmidt-Heydt et al. 2011). Gold nanoparticles can be
conjugated to the biomolecules such as DNA and RNA to develop rapid diagnostic
methods.

A gPCR aptasensor for sensitive detection of AFT (M1) was used through a
strong interaction with biotin—streptavidin as a molecular recognition element (Guo
and Wei 2005). The aptamer was used as a molecular recognition element for the
complementary ssDNA. Real-time amplification showed a linear relationship from
0.0001 to 1 pg/L with an LOD of 0.03 ng/L.

15.4 Conclusions

Among the mycotoxin detection methods, traditional methods like HPLC-FLD and
LC-MS are the gold standards. However, these methods lack field-level operational
portability and ability for screening of large number of samples simultaneously,
which is a challenge for mycotoxin detection in food and feed samples. The HACCP
concept requires detection at each level to ensure safe and healthy food and feed.
There is still a lack of worldwide awareness toward the health problems caused by
mycotoxin consumption.

European Countries have better awareness with several food alert notifications
on OTA occurrence being issued over the time. In 2008, 20 alerts concerning OTA
in various cereal products were issued by the Rapid Alert System of Food and Feed
of the European Union. In October 2014, notification of high OTA levels (14 pg/Kg)
was issued in whole emmer wheat pasta from Italy that was distributed to other
European countries. The Panel on Contaminants in the Food Chain (CONTAM) of
the European Food Safety Authority (EFSA) has specified that consumers like
infants and children are vulnerable and have specified a tolerable weekly intake
(TWI) of 120 ng/Kg body weight for OTA.

It would be highly desirable if the same kind of alertness existed worldwide;
however the sheer logistics is a great challenge considering the quantum of food and
feed sources. In order to meet these challenges, portable screening methods like
electrochemical sensors and LFA can be utilized. Newer strategies, involving nano-
technology, harness nanomaterials to increase the sensitivity and decrease the limit
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of detection. The use of simple, stable nanoparticle labels to enhance signal ampli-
fication will contribute in fabrication of sensitive biosensors. One of the main chal-
lenges for detection of mycotoxin contamination is the co-occurrence of two or
more toxins in food and feed samples. The incorporation of novel recognition ele-
ments such as antibodies, peptides, or aptamers with nanoparticles for LFA and
immunosensors has immense potential for simultaneous multitoxin analysis.
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