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Abstract: This review provides relevant advances in detecting fungal aflatoxins from agro-industrial
products during their development, storage, and processing. For real-time monitoring of these toxins,
methodologies were modified and adapted over time. The description of the current literature and the
evolution of detection and quantification of aflatoxin in agro-products contaminated by fungi is carried
out with the description, mainly of chromatographic, immunochemical, spectroscopic, and genomic
methods. In addition to equipment, several methodologies were developed and adapted to improve the
specificity of mycotoxin detection through faster analyzes focusing on food safety.
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1. Introduction

It is known that microbial toxins have been causing damage to human health through
cumulative effects, mainly by fungi. As microbial selection characteristics, when there is an
increase in its biomass, metabolites are produced that can confer mutagenic advantages to each
species or strain [1]. Fungi from grain and cereal crops have shown adaptive changes to
assimilate different types of nutrients and thus become a threat to crops. The fungal aflatoxins
of Aspergillus flavus, A. parasiticus, and A. nomius are commonly found in cereal grains,
oilseeds, and nuts. Aflatoxins promote tissue damage infections as well as have cumulative
effects in both animals and humans that can progress to serious diseases such as hepatomegaly
and liver cancer, classified in group three of evidence of carcinogenicity to animals by the
International Agency for Research on Cancer [2].

Analysis of aflatoxins from fungi has been carried out for more than 50 years by various
chromatography and immunoassay methods, often using these in combination, which can result
in increased detection sensitivity and process costs.

The identification of the fungal species or fungal toxin can be performed by high or low
sensitivity. This will depend on each country's internal regulations for the consumption of
aflatoxins B and G (1 and 2), which have already been documented in countries with permission
to consume higher levels of toxins.

Nanosensors and protein and antibody coupling were the main advances in the real-
time detection of aflatoxins in the development and storage of agro-industrial products. This
review includes a summary of aflatoxin methods and sensors and the implementation of new
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possibilities to detect and monitor products in development and stored to preserve food
contaminated by aflatoxins, which can be valuable in the development of new methods.

2. Fungal Toxins

2.1. Formation, significance, and types.

Fungi, organisms - uni and multicellular - incapable of producing their food, develop
in aquatic, aerial, and terrestrial environments. Some fungi species under different biological,
chemical, physical, and environmental conditions produce, in addition to biomass, primary and
secondary metabolites that can be toxic to humans [1,2]. Which can be cited: the genetic fitness;
temperature and humidity conditions; oxygen, and carbon dioxide concentrations, and nutrients
[3.4]

Mycotoxins comprise many low molecular weight chemical structures, grouped
according to the degree and type of toxicity, namely: acute, chronic, mutagenic, and
teratogenic[5]. The main groups of fungi capable of producing mycotoxins are Aspergillus,
Penicillium, Fusarium, and Alternaria. While fungal toxins from Fusarium and Alternarium
are often classified as "field fungi”, the species Aspergillus and Penicillium are "storage fungi"
because they produce mycotoxins correlated to agro-industrial storage conditions[6].
According to Singh et al. [7], among the various mycotoxins (aflatoxin and cyclopiazonic acid
(ACP)) linked to Aspergillus species considered relevant. Although this review focuses on
fungi and mycotoxins linked to aflatoxin production, a brief taxonomy of the most important
species of fungal toxins will be outlined.

Fungi of the Fusarium species produce one of the most contaminating mycotoxins in
grains such as corn. Depending on an environmental condition that requires a moisture
concentration of 20 to 21% and water activity between 0.80 and 0.90, the development of
Fusarium adapts favorably to the tropical climate, both in field production and in post-harvest
conditions (mainly in storage) [8]. Penicillin from Penicillium chrysogenum is one of the most
used medications to treat infections caused by some bacteria. Therefore, not all fungal toxins
refer to the contamination of animals and humans, but they are also toxic to certain bacteria[9].
This review focuses on contamination linked mainly to human beings, among the most relevant
mycotoxins of this genus. Arternaria toxins produce a series of toxins capable of infecting food
crops in the post-harvest period, predominant in cereals, sunflower seeds, olives, and fruits.
Due to the substantial evidence of the carcinogenic effects of toxins in living organisms,
research on the subject is on the rise in academia [9].

2.2. Chemical, biological, and environmental aspects.

In chemical terms, aflatoxins "are polycyclic compounds containing a coumarin
nucleus fused to a bifuran and a pentanone. These compounds strongly fluoresce in UV light"
([10], 2008, p. 23). An interesting point to be highlighted is that, although both species — A.
parasiticus and A. Nomius — trigger the development of aflatoxins of types B and G, the
morphology of Nomius is similar to that of A. flavus [10]. The names B and G come from their
fluorescence under UV light (blue or green). According to Pitt [11], 50% of A. flavus isolates
produce aflatoxins.

In general, aflatoxin contamination is predominant in the following foods by A. flavus
in peanuts, nuts, corn, cereals, and coffee, A. parasiticus in peanuts, A. nomius centers its
development in corn and Brazil nuts. Regarding environmental aspects, the availability of
https://biointerfaceresearch.com/ 4991
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water available in the substrate (Aw: water activity) of the fungus development can
considerably increase its capacity to produce spores and metabolic activity. According to
Lacey, the ideal range of Aw-type water activity for aflatoxin proliferation, both for A. flavus
and A. parasiticus, ranges from 0.83 to 0.87 [12]. Aflatoxins are normally produced between
12°C and 46°C, with specific optimal ranges for each type and pH in the range of 3.5 to 8.0.
Therefore, they can be produced from hot, dry climates to high moisture content and water
concentrations. The exposure and ingestion of foods with high concentrations of aflatoxins can
cause the illness and death of living organisms, mainly humans and animals [13].

2.3. Toxicity and impact on humans and animals.

Investigative studies of acute aflatoxicosis as a cause of the increase in cases of human
liver failure began in the 1960s. The carcinogenicity of aflatoxin was first linked to the
susceptibility and development of liver tumors in rats and monkeys. In 1963 the results
established from tests of carcinogenic activity in rats with peanut aflatoxin from Aspergillus
flavus showed that toxin is an active carcinogen for the subcutaneous tissue of the rat [14]. In
1966, ultrastructural and biochemical abnormalities were demonstrated in the liver of rats and
monkeys by aflatoxin B1 (ATBL1). In 1971, twenty-four young female monkeys who received
0 to 40.5 mg/kg ATB1 by weight by oral administration had a median lethal dose of 7.8 mg/kg
for 148 hours, which was detected in the brain, liver, kidney, heart, blood, and bile in some of
the animals[15]. In 1980, the carcinogenesis of the precursors of the compounds (versicolorin
and sterigmatocystin) of aflatoxin biosynthesis was also determined in rainbow trout
embryos[14].

An outbreak of aflatoxicosis in India in 1974 was associated with the consumption of
maize contaminated with 2-6 mg/day per month of aflatoxin from Aspergillus flavus[16]. From
then on, the problem of exposure of humans to high doses of aflatoxins could awaken to cause
irreversible damage to the liver by intoxication (aflatoxicosis). The clinical symptoms
described in these cases are vomiting, abdominal pain, liver necrosis, and immunodeficiency.
The main indication of this lesion is accompanied by the activity of enzymes in the temporal
aspect of the development of the disease. The main related enzymes are y-glutamyl
transpeptidase, aspartate aminotransferase, alkaline phosphatase, sorbitol dehydrogenase,
ornithine carbamyl transferase, and isocitric dehydrogenase [16-18].

In the 70s, studies of AFB1's toxicity mechanisms demonstrated mycotoxin
hepatocarcinogenicity. AFB1 (AFB1 8,9-oxide, or AFB1 epoxide) covalently binds to DNA,
RNA, or proteins and performs toxic effects on cells through enzymatic and chemical synthesis
of monooxygenase associated with liver cytochrome P-450 and acid 3 -chloroperbenzoic[17].
The covalent binding of AFB1 with guanine at the N-7 position induces displacement
mutations with intercalation of the AFB1 molecule and base substitution mutations resulting
in an incorrect DNA repair. The AFB1 epoxide modifies hepatocellular DNA to a large extent
and by the toxin metabolites to a lesser extent [17].

Several experimental studies have shown varied mutations of carcinogenic lesions
relating to the toxin's chemical structure and the molecular biology of damaged DNA. In the
review, the study of the carcinogenic effect was correlated by computational chemistry of the
functional groups of the toxin in the conformational model of DNA and during DNA
replication in mutation repair situations[19]. Aflatoxin-N7-guanine is an adduct excretion
product of aflatoxin-DNA and can serve as a biomarker associated with a high risk of liver
cancer (Figure 1).
https://biointerfaceresearch.com/ 4992
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The aflatoxins of type B1, B2, G1, G2, M1, and M2 of A. flavus, Aspergillus nomius,
and Aspergillus parasiticus have been affecting products such as corn, rice, pasta, peanuts,
peanut butter, pistachio, cassava, tobacco, oilseeds, milk, cheese, yogurt in Algeria, Brazil,
India, Italy, Malaysia, Kenya, Nigeria, Sierra Leone, Mexico Monte Carlos, Sub-Saharan
Africa, Turkey, Uganda and the United States affecting weight loss, reproduction,
teratogenesis, immunosuppression, mutagenesis, kidney cancer, liver cancer and death in
animals and hepatomegaly, jaundice, hepatitis, cirrhosis, liver cancer, Reye's syndrome,
kwashiorkor and immunosuppression in humans [20-22].

Regarding the degree of toxicity of aflatoxin, Smith points out that B1> G1> B2> G2
in addition, of course, to the consequences related to the time of exposure to the toxin, namely:
(1) high doses can contribute to the development of acute illnesses and death, mainly linked to
liver dysfunctions; (ii) chronic sublethal doses can cause nutritional and immunological
problems; and (iii) all doses have a cumulative effect on cancer risk.

3. Conventional Methods for Determination of Mycotoxins

3.1. Analytical methods.

In 1974 the Walt King method of analysis using densitometric procedures estimated
aflatoxin dosages, and regression analysis indicated the concentration of aflatoxin in a
population by several variable components[23]. In 1975 a three-part study was carried out to
determine the recovery of aflatoxin M from pasteurized and stored cow's milk by cellulose
column and two-dimensional thin layer chromatography with acetone-chloroform as solvent.
A search for aflatoxin in California peanuts found 14 to 74% of aflatoxins B and G determined
by an FDA — Food and Drug Administration approved fluorescent light method. In 1976 New
Zealand white rabbits immunized with covalent conjugates prepared with AFB1 O-
carboxymethyl oxime produced antibodies that bind to AFB1, and the specificities of the
aflatoxin antisera Bl, B2a, G1, G2, Q1, P1 were determined by immunoassay, which was
sensitive and did not require purification of the samples by chromatography before analysis. In
1980, a systematic investigation was carried out with the conditions employed for iodination
after reverse phase HPLC to increase the fluorescence sensitivity of aflatoxins B1 and G1
reaching a maximum sensitivity of 20 pg of B1 injected into the column. In 1985 highly specific
IgM monoclonal antibodies to aflatoxins were covalently linked to Sepharose 4B to isolate
aflatoxin from the urine of people and animals exposed to the carcinogen in the environment
or under laboratory conditions. In 1994 a method to determine aflatoxin M from parmesan
cheese was based on the extraction of aflatoxin M from cheese by chloroform and high-pressure
liquid chromatography. Qualitative analytical methods of aflatoxin were compared with
column and thin layer chromatography methods, and most were not statistically different. In
1997 the commercial pasteurized milk samples from the Athens market were analyzed for the
combination of Enzyme-Linked Immunosorbent Assay (ELISA) and modified HPLC methods
for the fast and reliable determination of aflatoxin M. Aflatoxin contamination in feed and
food is monitored in developed countries using ELISA and HPLC, which can be expensive for
routine use in many developing countries, highlighting alternative approaches such as aflatoxin
B1 blue fluorescence and enhanced by the inclusion of B- cyclodextrin in the medium, in
addition to the yellow pigment production of biosynthetic intermediates in the aflatoxin
production pathway that are pH indicators [24—26].
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The selective methods can present disadvantages with the generation of residues in
chromatographic methods and high analysis costs in permanent chemical bonds in surfaces
functionalized with enzymes and antibodies. Immunoassays are highly specific to epitopes but
have cross-reactivity due to the specific identification of chemical substances. Aflatoxins are
small non-immunogenic molecules capable of being linked to proteins that generate immune
responses identified by methods of producing recombinant antibodies [27]. An optical
immunosensor (Figure 1(a-b)) is developed to determine aflatoxins in assay systems that
generate specific absorbance when bound to antibodies immobilized in a sensitive optical
component. The response angle is increased with the increase in the amount of bound aflatoxin.

The need for highly sensitive multi-analyte methods of the chemical diversity of
mycotoxins of heterogeneous biological occurrence is increasingly necessary. Methodologies
for determining aflatoxin in agricultural products have already been described by sample
preparation with liquid-liquid extraction, solid-phase extraction, enzyme immunoassay,
accelerated solvent extraction, solid-phase extraction, solid-phase matrix dispersion followed
by instrumentation using high-performance liquid chromatography with fluorescence
detection, mass spectrometry, capillary electrophoretic methods, microemulsion electrokinetic
chromatography, supercritical fluid chromatography, near-infrared spectroscopy, thin layer
chromatography, protein c-reactive, and Fourier transform infrared spectroscopy [28-32].
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Figure 1. (a-b) An optical immunosensor is developed to determine aflatoxins in assay systems that generate
specific absorbance when bound to antibodies immobilized in a sensitive optical component; (c-d) experimental
apparatus, similar to an ellipsometer with the addition of a prism in optical contact with a gold-coated blade, and
a typical spectrum of the TIRE method.
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3.2. Biosensors based on the optical method.

As previously described, mycotoxins are secondary metabolites produced by fungi [33].
Its universal character is due to the ease with which mycotoxin-producing fungi grow on a wide
variety of substrates under different conditions, such as humidity, oxygenation, and
temperature [34]. The main problem caused by mycotoxins is the degradation of agricultural
products, which depends on environmental and storage conditions. It is estimated that
mycotoxins contaminate around 25% of the world's grain production. Additionally, Eskola et
al. presented a critical study of this data, as it has been widely cited since its publication in
1985 [35]. In their analysis, the authors concluded that the prevalence of mycotoxins strongly
depends on the analytical methods used and that their incidence can reach 80% in some cases.

Mycotoxins have a wide variety of matrices with differences in their chemical structure,
which leads us to a great challenge for their detection. Mycotoxins are often found as traces,
so monitoring them requires instruments capable of detecting toxins at ppb and even ppt levels.
Furthermore, it is possible to have the presence of more than one type of mycotoxin in the same
sample. This requires a broad effort from the scientific community to develop and improve
various analytical techniques for monitoring the different types of mycotoxins. Traditional
methods, although efficient, are expensive and require laborious sample purification and
protocols and trained personnel. Highly sensitive optical immunosensors are leading this
development [36], as they are the most suitable for the detection of biotoxins, as they combine
the high sensitivity of optical transducers with the high selectivity of immunological reactions.

The vast majority of optical detection methods are referenced to detect changes in the
refractive index in the molecular layer, not to mention specific analytes. Instead of presenting
the sensitivity, it is very common to be presented with the low detection limit (LDL) [37].
Another important parameter is related to the recovery levels and characteristics of the sensor
times. These are related to response and recovery kinetics, depend on adsorption and desorption
rates, and association and affinity constants. These parameters are important as they describe
the specificity of the binding of the analyte molecule to the receptor.

The optical immunosensors are divided into two categories, luminescence sensors,
where the sensing elements such as proteins, antibodies, enzymes, nanoparticles are combined
with fluorescent markers. In this case, the answer can be easily visualized without the aid of
robust equipment. An example of this method is the Enzyme-Linked Immunosorbent Assay
(ELISA) [38]; this method has been established as a standard biosensing method in analytical
laboratories and used as a comparative basis with other methods. The ELISA has a relatively
high sensitivity, generally below ng/mL. However, the fact that it cannot be applied in the field
and the use of expensive chemicals and high-test preparation time is its weak point.

The second category is based on label-free biosensors; most of these methods are based
on the evanescent field phenomenon, which uses the change in the refractive index when an
electromagnetic wave propagates between two different materials. The simplest form of this
technique is simply a fiber optic tip coated with sensitive material; the intensity of the reflected
light provides information about the interaction between the receptor and the analyte
molecules. The method described above, although practical and easy to apply in the field, has
limitations in terms of sensitivity, usually below ppm.

The most common optical biosensor is related to the surface plasmon resonance (SPR)
phenomenon [39]. Figure 1(a-b) shows a classical Kretschmann SPR geometry. In this method,
the evanescent wave propagates on the surface when the angle of incidence exceeds the critical
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angle of total internal reflection. However, if the wave vector Kx is equal to the vector Ks.p of
the plasmons on the surface of thin metallic films, energy is transferred to the plasmons, and
the reflection intensity drops. The relationship between the reflection intensity and the angle of
incidence has an abrupt drop called surface plasma resonance (SRP), see Figure 1b. Since the
evanescent wave penetrates beyond the metallic film, any molecular adsorption on the metallic
surface will cause a shift in the SRP peak to high angles. These can be calibrated in terms of
molecular concentrations. The designs for the SPR effect are the most varied; you can vary the
angle of incidence, the wavelength of the incident light resulting in a spectroscopic SPR;
portable SPR instruments have also been developed. The SPR detection has a detection
sensitivity that can depend very much on the configuration used; the highest reported was 10-
9 RIU achieved using special gold plates coated with a porous layer of 10 nm thicknesses of
dextran, providing a wide range of detection surface. However, the most quoted values for SPR
instruments are 3-4 orders of magnitude smaller.

Another widely used optical analytical method is ellipsometry, which is based on
detecting changes in the polarization of light after its reflection from the surface to be studied
[40]. Ellipsometry is a very sensitive analytical tool used to characterize various thin films and
coatings with an accuracy of 0.01 nm for thickness and 10-5 for refractive index. In this
method, the state of polarization of light is described by two ellipsometric parameters, ¥ and
A that represent the ratio of the amplitudes and the phase shift between the pes components of
polarized light, ¥ = Ap/As and A = ¢p— @s. These changes (¥ and A ) are related to the optical
parameters of the reflected surface through Fresnel equations. The presence of any thin film on
the reflected surface, which may be a layer of adsorbed molecules, affects amplitude and phase
values. Solving the Fresnel equations leads us to determine the adsorbed molecular layer's
thickness and refractive index values from the measured values of ¥ and A. Thus, ellipsometry
can be used to detect different chemical reactions on the surface. The main commercial
ellipsometers, although they present high sensitivity, are difficult to apply as a biosensor. For
its use, a cell has to be attached to the instrument allowing the insertion of different substances,
both liquid and gaseous. Initially, they believed that the fact that light travels through the cell
seemed to be the main obstacle to applying the sensor. Cells can be used relatively easily for
gas detection but not for liquid detection. Performance is affected by different refractive index
values in addition to the liquid medium absorbing or scattering light. Commercial cells are of
high volume (tens of millimeters), which is not ideal for biodetection, normally using smaller
volumes. This limitation was circumvented by combining the ellipsometry method with SPR
[41], known as the total internal reflection (TIRE) ellipsometry method [42].

The TIRE method (Figure 1(c-d)) was developed by Professor A. Nabok's group and
proved to be ideal for detecting low molecular weight analytes, such as mycotoxins[43]. The
Figure below shows the experimental apparatus, similar to an ellipsometer with the addition of
a prism with an angle of 68° in optical contact with a gold-coated blade. A PTFE cell is sealed
against the gold surface by means of a silicone O-ring; the cells have inlet and outlet tubes that
allow the injection of different solutions. Figure 1(c-d) shows a typical spectrum of the TIRE
method. The TIRE method is similar to traditional SPR with the difference that it uses a mixture
of p and s polarized components instead of just p polarized light. The A spectrum represents a
new amount of phase shift between the p and s components of polarized light, which does not
exist in SPR. The method showed 10 times better sensitivity of the parameter A than of W to
small changes in thickness and refractive index in the adsorbed molecular layer. Therefore, it
is better to use spectra; the TIRE method can be termed as SPR phase. In SPR and ellipsometry,
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adjusting experimental data to Fresnels equations allows finding the optical parameters of thin
molecular films, such as thickness (d) and complex refractive index N = n - jk (where n is the
refractive index and k is the extinction coefficient ). However, the limitation of SPR and
ellipsometry is that, for transparent dielectric films (k = 0, n > 1) with thicknesses less than 10
nm, it is impossible to find the values of d and n simultaneously.

A widespread method based on the evanescent field is optical spectroscopy in
waveguide light mode (OWLS) [44]. It is similar to SPF with light coupled to a waveguide
plate using a diffraction grating. The coupling angles depend on the type of light polarization
used p-(TM) and s-(TE). These angles are recorded continuously by swinging the chip at a
small angle +70, and the two peaks of coupling intensity are recorded at angles as and ap. If
the adsorption of molecules takes place at the top of the waveguide, the positions of both the
as and ap peaks shift to higher angles. As s-polarized light is less affected than p-polarization,
changes in the adsorbed molecular layer make the difference between the coupling angles A =
as - ap can be used as a sensor response calibrated in concentrations of adsorbed molecules.
The OWLS method has a similar sensitivity to the SPR method, in the range of 10-6 RIU. The
method in question has an additional advantage; the exact solution of the model equations
allows the simultaneous determination of n and d of the adsorbed molecular layer. However, it
has a disadvantage because the experimental apparatus has a large volume, is relatively
expensive, and cannot be applied in loco.

Even as the interferometric methods are widely used as very sensitive analytical tools
in optics, we have a dual-polarization interferometer (DPI) [45]. The DPI works based on the
interference of two waves that propagate in adjacent layers and on the formation of the
interference pattern. Once the upper waveguide plate is exposed to the environment, the
molecular adsorption that affects the propagation wave causes the interference pattern to shift,
which can be quantified in the concentrations of adsorbed molecules. This method has a
sensitivity of 10”7 RIU, comparable to that presented by the SPR method. This method presents
a direct analysis of the results, easy to interpret, depending only on the change of parameters
such as refractive index or thickness or optical density of the molecular layer. One downside is
its high value, and it is not possible to analyze it in the field.

One of the most promising instruments for biosensing application is the Mach Zehnder
interferometer [46]. This technique uses an optoelectronic device to mix and modulate optical
signals. An opening in the case of one of the arms acts as a sensing element, while the second
arm serves as a reference. The interferometer presents a multiperiod signal proportional to the
phase shift between the two arms: R sins-r, where the indices s and r represent the detection
and reference arms. The MZ interferometer has a sensitivity in the range of 107 - 10° RIU.

In 1908, Mie was the first to observe the phenomenon of localized surface plasmon
resonance (LSPR), a promising technique for application as a biosensor [47]. The LSPR
phenomenon is caused by oscillations of electron surfaces normally in metallic nanostructures,
such as nanoparticles with dimensions in the order of the wavelength of light. The LSPR effect
is easily detectable using a standard spectrophotometer. The position and shape of the peak
strongly depend on the refractive index of the surrounding medium. Fulano et al. showed that
the refractive index (nm) causes a shift in peak (ALser) for longer wavelengths in relation to the

plasmon peak in the bulk material (lo): A 5pr = Ag+/2na%, + 1. The previous paragraph
describes the principle of sensors based on the LSPR phenomenon. The molecules adsorbed on
the surface of the metallic nanostructures change the local refractive index in the vicinity of the
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metallic nanoparticles, changing the adsorption band that can then be quantified and calibrated
against the concentration of the adsorbed molecules.

Another method used for biodetection is surface-enhanced Raman scattering (SERS),
long known as the method of substantially increasing the sensitivity of Raman spectroscopy
using rough surfaces due to the scattering of electromagnetic waves and the associated local
increase in the electric field [48]. The SERS effect can be particularly useful for chemical
detection. Biotoxins of different types can be identified by their characteristic vibration
spectrum signatures; in this case, the detection sensitivity could actually go down to the level
of a single molecule. However, SERS acts in a very narrow spectrum band and can only
increase specific vibration bands. Recently, the SERS of "band-gap” was observed, which
provides great resolution with accent 10°-10° in a wide spectrum range, covering virtually the
entire infrared spectrum.

3.3. Electrochemical biosensor.

Amperometric immunosensors have become a widely used technique for detecting
contaminants in grain, mainly based on the ELISA technique [48]. With the advantages of fast,
sensitive, and selective quantification - when functionalized, this method has been employed
to determine mycotoxins without the requirement of complex sample preparation as optical
methods. These sensors are gauged based on chronoamperometry techniques; a constant
electrical potential is applied, and the electrical current is analyzed. Arevalo et al. constructed
an electrochemical microfluidic immunosensor to detect citrinin in rice samples [49]. The
advantage of this type of biosensors is that they can be produced on demand and applied in
loco.

Another class of electrochemical sensors is potentiometric. Both differential pulse
voltammetry (DPV) and cyclic voltammetry (CV) are employed to detect mycotoxins.
Differential pulse voltammetry (DPV) reduces the effect of load current on sample
measurement by sensing the current before the potential change. DPV can serve to detect single
mycotoxins and multiple mycotoxins [50]. An application of DPV biosensors used an
electrochemical aptamer sensor to detect ochratoxin in a wheat starch sample, reaching a
detection limit of 1.0 pg/mL. DPV was obtained with signal amplification, which was achieved
by the simultaneous formation and release of the aptamer-ochratoxin cluster with exonuclease
consumption. The variation in the signal before and after the addition of ochratoxin was
detected to quantify this analyte. The cyclic voltammetry method has also been used to detect
mycotoxins. Technique in which a potential is applied to the working electrode and the
originating electrical current is measured. Hervas et al. presented a study presenting a dual T
microchip for monitoring zearalenone in infant foods [51]. In the experiment, the authors
showed a negative correlation between the signal and concentration of mycotoxin. Based on
competitive binding between zearalenone and enzyme-labeled derivatives to a specific
antibody, quantitative detection was achieved by adding electrochemical mediators and
enzyme substrates. By using both channels as immune and enzymatic reaction sites, non-
specific adsorption can be avoided.

3.5. Nanomaterial-based sensors.

With the advent and development of certain researches towards miniaturization — as in
the case of microelectronics — a variety of materials reduced to a nanometer level (0.1-100
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nanometer) have been designed and prepared, such as carbon nanomaterials (carbon nanotubes
and graphene), metal nanoparticles, nanowires, nanocomposites, and nanostructured metal
oxide nanoparticles. These nanoparticles or nanomaterials - when associated with biosensors -
show potential and properties in integrated devices, such as increased sensitivity and accuracy
in relation to measured data, amplification of the transmitted signal, reduction of sample
preparation, in addition, of course, to the miniaturization of devices. In this context,
nanobiosensors are classified according to the type of nanoparticle that constitutes it, in
addition to its advantages and limitations conditioned to the inherent properties of the material
used.

The biosensors mentioned above are used in the detection of aflatoxin B1. Although
immunosensors and aptamer integrated electrochemical are potentially more sensitive and
consistent in detecting B1, they are cumbersome and non-specific due to the binding of non-
target molecules with immobilized antibodies and require qualified personnel and device for
their operation, respectively. Impedimetric biosensors are fast methods, but their detection
processes are expensive and unreliable due to the presence of electrolytes in the solution.
Potentiometric biosensors have a simple and very sensitive detection but depend on other
parameters such as pH and temperature. Colorimetric biosensors are fast, sensitive, and simple
but are less reproducible and sometimes give false-positive results. Conductometric biosensors
are economical but exhibit limited sensitivity and accuracy and can measure pseudo results.

4. Fungal Toxins in Stored Agricultural Products

4.1. Regulations.

The concentration of mycotoxins found in products of agricultural origin does not
produce acute toxic effects in consumers or farm animals [52,53]. Differently, chronic exposure
or consumption of adults according to substances can lead to health risks due to the frequent
consumption of material contaminated with casualties, leading to the appearance of health
problems[54,55].

Socio-economic factors such as the level of economic development and food security
of a country or region are important components of regulations that protect consumers against
foods contaminated by fungal toxins. Assessments are built based on available information
about their toxicity and transport potential by animals that ingest these molecules.

In products of plant origin, to establish tolerable levels, limits of mycotoxins in food
and feed are defined by different sanitary and regulatory authorities of agricultural production,
such as the Food and Drug Administration (FDA) of the United States, the World Health
Organization (WHO), a Food Agriculture Organization (FAQO) and the European Food Safety
Authority (EFSA) [54,55]. Compliance with acceptable limits for mycotoxins is the
responsibility of the Codex Alimentarius Commissions (CAC). The objective of harmonizing
acceptable mycotoxin limits is to facilitate world trade in agricultural commodities and prevent
the exposure of humans and animals to unacceptable levels of mycotoxins[56]. More than 168
countries are currently members of Codex Alimentarius and follow methods developed in the
Codex Manual of Procedures for Mycotoxin Regulations and their Acceptable Limits in Grains,
Food, and Animal Feed[57].

The International Agency for Research on Cancer (IARC) categorizes some
mycotoxins by evidence of carcinogenicity through toxicological studies in humans. Rapid
Alert System for Food and Feed (RASFF) monitors the contamination of food and feed by
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mycotoxins in Europe [58]. Through RASFF, all EU Member States can be informed through
an information exchange system and measures to ensure food and feed safety [59]. In 2019
RASFF reported 534 notifications of mycotoxins in food, most related to the presence of
aflatoxins in products such as nuts and grains, cereals, fruits, and vegetables, or herbs and
seasonings [58]. Developed countries with more elaborate scientific and technical knowledge
tend to adopt stricter regulatory limits than those created by food safety regulatory bodies [52].

With the assurance of consumer protection, many locations set maximum limits for
aflatoxins and other mycotoxins in food and feed. In the United States, the FDA elevated a
maximum concentration of 10-15 ppb of total aflatoxins (in products such as hazelnuts,
almonds, pistachios, and Brazil nuts) and 0.5 ppb of AFM1 in whole milk and dairy products
[60]. In the European Union, the standard levels range from 0.1 to 12 ppb for AFB1; 4-15 ppb
for total aflatoxins, and 0.025-0.05 ppb for AFM1. FDA allows a maximum of 300 ppb of total
aflatoxins in cottonseed meal, corn, and peanut products when these raw materials are used in
finishing beef cattle, swine, and poultry: 100 ppb for reproduction and 20 ppb for other animals
(https://www.fda.gov/media/121202/download). In the European Union, the limits for AFB1
vary between 5 and 20 ppb for the materials used in animal feed.

In Latin America, several countries, including non-Mercosur group members, have
enacted regulations to prevent aflatoxins in food and feed [61]. Almost all states in Asia have
written regulations for aflatoxin, mainly for cereals, nuts, and their products [62]. Gulf
Cooperation Council members (United Arab Emirates, Saudi Arabia, Qatar, Oman, Kuwait,
Bahrain) have also jointly adopted regulations related to aflatoxin [63]. Although the high
occurrence of aflatoxins is frequently reported in Africa, only a few countries have adopted
regulations for these substances in food. Among them are Nigeria, Cote d'lvoire, Senegal,
Egypt, Morocco, Tunisia, South Africa, Kenya, and Zimbabwe [64].

5. Conclusions

To explore the chemical and structural properties of agricultural products and foods
contaminated by aflatoxins, adaptations in the means to detect and quantify these mycotoxins
have been adapted. It is still necessary to increase the effectiveness of aflatoxin measurements
in these products at the production and storage site and to specify this, and it is necessary to
improve the current knowledge of aspects of specific products in order to detect aflatoxins in a
more precise and simple way. So far, it has been highlighted that the main methods used to
determine significant levels of aflatoxins are chromatographic, immunochemical, and
spectroscopic. However, new methods are needed to increase the specificity of detection in
agricultural products and foods with rapid analysis techniques that would lead to safe food
consumption.
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