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ARTICLE INFO ABSTRACT
Keywords: Mycotoxins, harmful compounds produced by fungal pathogens, pose a severe threat to food
Mycotoxin contamination safety and consumer health. Some commonly produced mycotoxins such as aflatoxins, ochratoxin

Human health A, fumonisins, trichothecenes, zearalenone, and patulin have serious health implications in

EII;LSA humans and animals. Mycotoxin contamination is particularly concerning in regions heavily
Biosensors reliant on staple foods like grains, cereals, and nuts. Preventing mycotoxin contamination is
CAP crucial for a sustainable food supply. Chromatographic methods like thin layer chromatography
Polyphenols (TLC), gas chromatography (GC), high-performance liquid chromatography (HPLC), and liquid
NEOs chromatography coupled with a mass spectrometer (LC/MS), are commonly used to detect my-
Emerging technologies cotoxins; however, there is a need for on-site, rapid, and cost-effective detection methods.

Currently, enzyme-linked immunosorbent assays (ELISA), lateral flow assays (LFAs), and bio-
sensors are becoming popular analytical tools for rapid detection. Meanwhile, preventing
mycotoxin contamination is crucial for food safety and a sustainable food supply. Physical,
chemical, and biological approaches have been used to inhibit fungal growth and mycotoxin
production. However, new strains resistant to conventional methods have led to the exploration
of novel strategies like cold atmospheric plasma (CAP) technology, polyphenols and flavonoids,
magnetic materials and nanoparticles, and natural essential oils (NEOs). This paper reviews
recent scientific research on mycotoxin toxicity, explores advancements in detecting mycotoxins
in various foods, and evaluates the effectiveness of innovative mitigation strategies for controlling
and detoxifying mycotoxins.

1. Introduction

Mycotoxins are secondary metabolites synthesized by filamentous fungi, such as Aspergillus, Fusarium, and Penicillium, and can
cause serious diseases in humans and animals [1]. Mycotoxin-producing fungi contaminate food and feed, leading to socio-economic
and health implications [2-4]. Mycotoxin contamination is a global risk to food crops, including cereals, (corn, rice, wheat, barley),
lentils, fruits, peanuts, almonds, walnuts, pistachios, coffee, cotton seeds, spices (pepper, paprika, ginger), and meat [5-7]. According
to Mesterhazy et al. [8] contamination with mycotoxins is responsible for the wastage of approximately 1.3 billion metric tons of food
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annually, equivalent to one-third of global food production.

To date, around 400 mycotoxins have been discovered, with only 30 known to be harmful to humans and animals [1,9]. Some
well-known mycotoxins include aflatoxins (AFs), ochratoxin A (OTA), Alternaria toxins (alternariol (AOH), alternariol mono-
methylether (AME), tentoxin (TEN) and altenuen (ALT), fumonisins (FMNSs), trichothecenes (T-2/HT-2 toxins, deoxynivalenol (DON),
nivalenol (NIV)), citrinin (CIT), zearalenone (ZEN), ergot alkaloids, and patulin (PAT). Among mycotoxins, AFs are particularly
concerning as they are highly toxic and considered as Group 1 human carcinogens by the International Agency for Research on Cancer
(IARC) [10,11].

Mycotoxins can also cause cancer, allergies, and organ toxicity [12]. The severity of their effects relies on the degree of exposure
and their mutagenic and teratogenic effects. For instance, consuming certain fungal-contaminated foods can lead to various long-term
health effects, including liver cancer, immune suppression (AFB;, OTA), abdominal pain (DON), endocrine disruption (ZEN), stunted
growth (T-2 toxin), and genotoxicity [13-16]. Long-term exposure to multiple mycotoxins may also result in synergistic health impacts
[17,18]. Efficient and reliable mycotoxin detection is crucial for maintaining food safety and preventing health issues. Chromato-
graphic techniques like gas chromatography (GC), high-performance liquid chromatography (HPLC), and liquid chromatography
coupled with a mass spectrometer (LC/MS) are widely employed for mycotoxin determination. Nevertheless, these methodologies are
not feasible for quick examination of raw materials owing to their high cost and the requisite for skilled workers [19,20].

To address this, some innovative detection methods, including enzyme-linked immunosorbent assay (ELISA), lateral flow assays
(LFAs), and biosensors, have been devised to detect and quantify mycotoxins rapidly. Meanwhile, developing strategies for preventing
and eliminating mycotoxins in food products is important. Some physical, chemical, and biological methods are traditionally used to
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Fig. 1. Chemical structure of major mycotoxins.
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control and reduce fungal growth and mycotoxin contamination in various foods. However, it is important to consider that these
techniques often cause changes in food substrates, including taste, texture, and nutritional composition [21].

Moreover, some mycotoxins are stable during food manufacturing, suggesting that traditional heat methods may not effectively
reduce mycotoxin levels [22]. Consequently, there is a growing trend towards using non-heat methods to reduce mycotoxin levels in
food while improving sensory qualities. Therefore, it is imperative to thoroughly analyze novel strategies to enhance their efficacy in
mitigating mycotoxins and ensuring food safety. This paper provides a comprehensive review of scientific research on the toxicity of
mycotoxins and examines recent advancements in methods for detecting mycotoxin contamination in various food products.
Furthermore, this study explores the potential implications and outcomes of current preventive measures, such as cold atmospheric
plasma (CAP) technology, polyphenols and flavonoids, magnetic materials and nanoparticles, and natural essential oils (NEOs).

2. Mycotoxins’ toxicity

Myecotoxins, produced by pathogenic fungi, pose a health risk when they contaminate cereal crops, fruits, and vegetables [23].
Around 25 % of global grain products are infected with mycotoxins [24]. The chemical structures of major mycotoxins are depicted in
Fig. 1, while their extent of toxicity is given in Table 1.

2.1. Aflatoxins

AFs constitute a group of toxic compounds that have been extensively studied, with approximately twenty known types [25-27].
Among these, AFB;, AFG;, AFM;, and AFRo are of particular importance for human health. These toxins are primarily produced by
fungi like A. flavus, and A. parasiticus in hot and humid environments, commonly found in tropical and subtropical regions. Agricultural
commodities like wheat, corn, barley, and peanuts are susceptible to AF contamination, especially under conditions of insect damage,
drought stress, and suboptimal storage [28,29]. Stricter regulations in the EU set permissible limits for AFs in food, with a lower
threshold (0.1 pg/kg) for infants due to their higher vulnerability [30]. The discovery of AF dates back to the “Turkey X disease”
incident in 1969, revealing its association with contaminated peanut meal that caused considerable losses in a poultry farm [31]. AFs
are linked to various harmful effects, including hepatotoxicity, immunotoxicity, mutagenicity, carcinogenicity, and teratogenicity [32,
33]. Aflatoxicosis, resulting from the consumption of AF-contaminated food or feed, primarily effects the liver due to its important
metabolic function [34]. Acute exposure to AFs can cause liver malfunction characterized by hepatocyte necrosis, while prolonged

Table 1
Toxic effects of mycotoxins in various food products.

Mycotoxins

Fungi

Foods

Toxicity

References

Aflatoxins By, By, Gy, Go,
M, and M,

A. flavus, A. parasiticus, A.
nomius,

A. pseudotamarii, A.
ochraceoroseus, and A.

Cereal grains, legumes, fruits,
vegetables, and peanut

Hepatocellular carcinoma, mutagenic and
teratogenic effects
AFM; causing abnormalities in fetal development

[28,53-55]

bombycis
Ochratoxins (OTA, OTB, A. ochraceus, A. niger, A. Cereals, legumes, fruits, OTA exhibits hepatotoxic, neurotoxic, [25,45,
and OTC) carbonarius, vegetables, nuts teratogenic, and nephrotoxic properties, causing ~ 56-58]
P. nordicum, P. viridicatum, nephropathy in pigs.
and P. verrucosum OTA is associated with renal failures, interstitial
nephropathy, urothelial tumors, and BEN in
humans.
Fumonisins By, By, By F. oxysporum Corn, beans, soybeans, Inhibiting sphingolipid synthesis [56,59-63]
F. nyagamai sorghum, rice, oats Linked to esophageal and liver cancers in people.
F. proliferatum In monkeys, associated with ELEM.
In horses, causing respiratory inflammation
Trichothecenes e.g., F. graminearum Corn, wheat, barley, and T-2 toxins and DON permeate cellular [26,64-68]
DON, T-2/HT-2 F. culmorum animal-based foods like eggs, membranes, hindering the translation process by
toxins F. poae, F. langsethiae, kidney, and milk interacting with ribosomes.
F. sporotrichoides T-2 toxins exposures cause ATA in humans.
Trichoderma It also hinders the production of DNA, RNA, and
Stachybotrys proteins, causing apoptosis, lipid peroxidation,
Trichothecium and cytokinesis.
Zearalenone F. cerealis Corn, wheat, oats, barley, rye ZEN induces liver cancer, tumors in the uterus, [69-71]
F. graminearum and thyroid adenoma in rats.
F. equiseti, F. culmorum, and ZEN causes testicular atrophy, retinopathy,
F. vertillioides nephropathy, and cataracts in rats.
ZEN regulates enzyme expression within
biosynthetic pathways.
Patulin P. expansum Apples, apple products, cereals,  PAT induces carcinogenicity, mutagenicity, [25,72-75]
P. patulum legumes, seeds, fruits, nuts, teratogenicity, and neurotoxicity effects in
P. urticae vegetables humans.
P. crustosum PAT exhibits immunotoxic and neurotoxic
P. griseofulvum properties in animals.
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exposure may lead to chronic degeneration, fibrosis, and cirrhosis [35,36]. AFs can also affect other organs, including the lungs,
myocardium, and kidneys. The susceptibility to these effects can vary among animals based on factors, such as age, sex, health
condition, and method of dose administration. Among AFs, AFB; is particularly potent, classified as a Group 1 human carcinogen,
associated with liver and lung cancer [37]. AFB; exposure primarily occurs through diet intake, and its metabolism involves the
formation of reactive intermediates like AFB; 8,9-epoxide (AFBO). AFBO can induce oxidative stress, bind to DNA and proteins, and
contribute to hepatocarcinoma development by causing mutations in genes such as the p53 tumor suppressor gene [38]. AFB; and its
metabolites are excreted via urine and feces [39].

The health effects of AFB; exposure range from oxidative stress, DNA damage, and severe liver damage, to symptoms like
abdominal pain, diarrhea, jaundice, anorexia, and even death [40]. Acute aflatoxicosis incidents, like the one in Kenya, have resulted
in 150 deaths from 2004 to 2005 [41]. On the other hand, chronic exposure to low doses of AFB; is associated with hepatocarcinoma,
immunosuppression and teratogenicity, stunted growth, and lower birth rates [42,43]. Additionally, AFB; exposure is a risk factor for
enteropathies and rickets in children.

2.2. Ochratoxin A

OTAs are mycotoxins produced by Aspergillus molds, including A. ochraeus, A. niger, A. alliaceus, and A. glaucus [44]. These molds
contaminate cereals, canned meat, cheese, grapes, coffee, cocoa, and their byproducts (Table 1), particularly in tropical and sub-
tropical regions [45]. OTA is associated with various detrimental effects, including nephrotoxicity, mutagenicity, carcinogenicity,
immunotoxicity, teratogenicity, and neurotoxicity [46,47]. It causes ochratoxicosis in humans and animals by disrupting various
biological processes, including protein production, lipid peroxidation, calcium metabolism, mitochondrial respiration, and sugar
metabolism [48,49]. Experimental data suggests that OTA can pose nephrotoxicity risks to pigs, rats, and chickens. OTA is primarily
absorbed in the gastrointestinal tract, with a maximum absorption of 85 % in humans [50]. OTA binds to plasma albumin and is
metabolized into OTAa before being eliminated through urine and feces [51]. The mode of action of OTA’s carcinogenicity is debated,
as animal studies have shown it has both nephrotoxic and carcinogenic effects [52]. Moreover, the genotoxicity of OTA is contro-
versial, with some studies suggesting it indirectly causes DNA damage via oxidative stress.

2.3. Fumonisins

FMNs are mycotoxins predominantly produced by Fusarium species, specifically F. moniliforme, F. verticilioides, and F. oxysporum
[59,60]. The main types of FMNs are fumonisin B; (FB;) and fumonisin By (FB2), primarily found in corn and grapes, with FB; being a
major contaminant in cereals (Fig. 1). FMNs are highly toxic to livestock, causing fatalities in cattle, horses, and rats. In rates, they
negatively affect the liver, lungs, and kidneys, while in horses, their exposure can lead to equine leukoencephalomalacia (ELEM), a
fatal neurological disease characterized by various symptoms [76]. FMNs are also linked to pulmonary inflammation in swine, and
liver cancer in rodents [62]. The IARC categorizes FB; and FB, as potential carcinogens (Group 2B), suggesting their potential
involvement in the development of human tumors [77]. FB; competes with ceramide synthases, disrupting cellular processes, and
leading to cell damage and apoptosis [78,79]. Recent studies in mice indicate the involvement of nuclear receptors LXR a and f in FB;
toxicity, effecting cholesterol metabolism [80]. Moreover, FB; exposure in animals causes hepatotoxic, nephrotoxic, immunotoxic, and
carcinogenic effects [81]. Symptoms like bronchial inflammation and cardiac dysfunction in swine and neural tube and utero
developmental defects in mice have also been documented [82]. Besides, the consumption of FB; and FB, correlates with an increased
risk of throat cancer in humans, leading to their classification as group 2B human carcinogen by the IARC [48].

2.4. Trichothecenes

Trichothecenes are cyclic sesquiterpenes synthesized by various fungi, including Fusarium, Trichothecia, and Stachybotrys [59,65].
They are classified into four types, including A, B, C, and D (Fig. 1). Type A trichothecenes are typically found in cereals, such as oats,
corn, barley, and oats. Trichothecenes hinder protein synthesis, resulting in membrane dysfunction, cell death, and immune system
suppression [83,84]. T-2/HT-2 toxins damage the gastrointestinal tract and skin epithelium, leading to symptoms like nausea,
vomiting, and diarrhea. Chronic exposure to such toxins increases susceptibility to infections due to their immunosuppressive effect.
T-2 toxin, when converted into HT-2 toxin, has immunological and hematological effects on pigs [85]. The TDI for T-2/HT-2 toxins is
100 ng/kg bw/day for humans. Consuming bread contaminated with T-2 toxin can cause alimentary toxic aleukia (ATA), characterized
by severe symptoms, such as necrotic angina, hemorrhaging rash, nosebleeds, fever, nausea, diarrhea, convulsions, and even death
[86]. Similarly, T-2 toxin penetrates the skin, causing redness, blisters, burns, and necrosis. Inhaling aerosolized T-2 toxins can damage
the respiratory, eyes, and digestive tract [87,88]. Conversely, DON, a mycotoxin classified as Group 3, is non-carcinogenic for humans
but induces harmful effects on the upper intestine after being absorbed [89]. DON targets ribosomes, inducing ribotoxic stress, in-
flammatory responses, and apoptosis [90]. Acute exposure to DON causes vomiting and anorexia while chronic exposure is linked to
intestinal lesions, inflammation, and immune modulation. Similarly, chronic exposure to DON worsens inflammation, influencing
gastrointestinal epithelial cells and immune responses [91-93].

2.5. Zearalenone

ZEN is a type of mycotoxin produced by Fusarium fungi that contaminates wheat, rice, corn, and oats (Fig. 1). ZEN is predominantly
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produced by F. moniliforme, F. verticillioides, F. oxysporum, and F. equiseti. ZEN primarily contaminates cereals, chocolate, and some
fruits (Table 1). ZEN is primarily absorbed by the proximal intestinal tract and undergoes metabolism, with some metabolites being up
to 60 times more potent than the parent molecule [94]. ZEN binds to estrogen receptors, causing a hyperestrogenic effect and dis-
rupting endocrine systems [95]. Elevated levels of ZEN induce toxicity, leading to oxidative stress, and cytotoxicity. The toxicity of
ZEN depends on the reactivity of the target organ to estrogens and exposure conditions [96]. Research on pigs as a model population
shows that ZEN effects reproductive systems, leading to hyperplasia of the reproductive tract, infertility, and hormonal dysfunctions.
Human exposure to ZEN is linked to the development of breast cancer and endometrial hyperplasia. Furthermore, ZEN is hazardous to
various organs, including the liver, kidneys, immune cells, and intestines [97,98].

2.6. Patulin

PAT is a mycotoxin synthesized by P. expansum, P. crustosum, P. patulum, and A. clavatus (Fig. 1). It frequently contaminates apples,
and apple-derived products [73]. Regulatory authorities have set a threshold of 10 pg/L for PAT in fruit drinks [99]. PAT exposure
varies among individuals, with adults having an average exposure range of 0.63-21.2 ng/kg body weight/day [100]. The maximum
levels of PAT in fruit juices are 50 pg/kg for adults and 10 pg/kg for infants and children’s products. PAT is categorized as Group 3,
indicating its non-carcinogenic activities in humans. Animal studies show that 50 % of PAT is absorbed in the stomach, metabolized in
the liver or kidneys, and excreted via urine [101]. PAT’s toxic effects are characterized by synthesizing covalent bonds with sulfhydryl
substances, resulting in oxidative stress, apoptosis, and reduced cell viability [102,103]. High doses of PAT can cause acute toxicity,
including renal damage, pulmonary congestion, ulcerations, convulsions, edema, and gastrointestinal inflammation [104].

PAT exposure in animals is linked to weight loss, reduced food intake, increased mortality rates, and skeletal malformations in mice
[75]. The carcinogenic classification of PAT is currently under review due to insufficient data [105]. Hence, additional research is
required to examine its toxicity and potential risks. Understanding the mycotoxin’s toxicological profiles and their reliable detection is
crucial for assessing the health risks and implementing some suitable prevention and mitigation strategies. Selecting a detection
method relies on the target mycotoxin, sample nature, sensitivity, specificity, and availability of the technique. Regular monitoring and
testing of mycotoxins are essential to ensure the safety of food products and protect the health of humans and animals.

3. Mycotoxin detection

Compliance with legal regulations on mycotoxins requires implementing proper agricultural practices, adhering to regulated

Sampling

L

Sample preparation

+

Sample analysis

1

Chromatographic Analysis

Qualitative analysis Quantitative analysis
(TLC, Rapid test strips) (LC, GC, ELIZA)
Single mycotoxin analysis Multiple mycotoxin analysis
HPLC-DAD, GC LC-MS, ELIZA, LFA, Biosensors

Fig. 2. Flowchart of common steps involved in mycotoxins analysis.



R. Khan et al. Heliyon 10 (2024) e28361

storage conditions, and maintaining clean food processing procedures. Routine product analysis is mandatory due to complex
contamination paths. The detection of mycotoxins to ensure their presence within legal limits is crucial due to their toxic nature.

3.1. Sample preparation

Sampling is the initial step in mycotoxin analysis, requiring a representative sample to detect contamination is of key importance.
Mycotoxin contamination in samples is not homogenous and can be concentrated in a small area [106,107]. It is crucial to prepare a
representative sample using appropriate analytical methods to extract mycotoxins from a matrix. Mycotoxin heterogenic molecular
structures (Fig. 1) and different chemical and physical properties (solubility in polar and non-polar solvents) pose a challenge to
extracting diverse mycotoxins from a matrix. The water solubilities of DON, ZEN AFB;, and OTA are 16 pg/mL, 100 pg/mL, 55 mg/mL,
and 0.4 pg/mL, signifying the difficulty in extracting mycotoxins simultaneously using water (Fig. 2) [108].

By the end of 2022, around 5500 publications are available on PubMed focused on mycotoxin extraction, discussing strategies for
isolating single or multiple toxins. Solvent-based extraction using organic solvents like ethanol, methanol, acetonitrile, or chloroform
is frequently employed in the food sector to extract mycotoxins [109-111]. However, using such organic solvents of a toxic nature
should be minimized due to their environmental and consumer health risks. Solvent-free methods have also been developed besides the
QuEChERS method (Quick, Easy, Cheap, Effective, Rugged, and Safe). Polymers such as polyethylene glycol, detergents, and pro-
teinogenic solubilizers (bovine serum albumin, BSA) can be used for mycotoxins extraction with superheated steam. Such substances
are also used in commercial kits like Romer Labs [112,113]. Similarly, naphthyl compounds, specifically naphthalene-1,5-disulfonic
acid can extract mycotoxins from samples due to their hydrophobic properties [114]. Sample preparation should produce a solution
where the mycotoxins have been fully extracted [115,116]. Sample contamination can be calculated in ng/g by comparing it to the
extract contamination in ng/ml extraction buffer [117].

3.1.1. Sample analysis

Mycotoxins can be identified and quantified through various detection methods, including TLC, GC, and HPLC coupled with MS/
MS. Currently, immunological techniques, including ELISA or immunoanalytical rapid test methods like test strips (LFA) and bio-
sensors, are becoming popular for the detection of mycotoxins.

3.1.1.1. Chromatographic analysis. TLC is an economical approach for analyzing mycotoxins in different food and feed samples. It
involves dissolving the extracted mycotoxins in a solvent and applying it to a silica gel-coated plate [116]. Polar mycotoxins adsorb to
the surface, allowing for their separation and detection using UV or fluorescence signals. Due to advancements in chromatographic
methods, however, GC and HPLC have replaced TLC due to their improved sensitivity, and better reproducibility [117]. GC is a useful
approach for the analysis of volatile organic substances (benzenes and ethanes) but is not fit for mycotoxins due to the low volatility
and high polarity of these compounds [118]. Hence, to analyze mycotoxins using GC, their derivatization is necessary to increase
volatility, making them suitable for analysis. Coupling GC with mass spectrometry (GC-MS) allows precise detection of mycotoxins
after derivatization [119].

Recently, liquid chromatography has become the preferred method due to its ability to handle increased workloads without
derivatization or chemical changes. MS or MS/MS efficiently separates mycotoxins based on their mass/charge ratio, allowing them to

Mycotoxin bioreceptors

and detection format

Fig. 3. Schematic illustration of mycotoxins recognition elements and their application.
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be detected simultaneously [120]. This method enables the detection of toxins below legal limits by analyzing the peak area mea-
surement signal because of its high sensitivity and reliability [121-123]. However, GC and LC techniques have limitations due to the
high cost of the laboratory equipment and expertise required. Due to these limitations, alternative methods like immuno-based assays
(ELISA and LFA) have been explored that provide cost-effective, user-friendly, and rapid approaches for mycotoxin detection and
quantification.

3.1.1.2. Immuno-based analytics. Immunoanalytical methods like ELISAs and LFAs offer alternatives to chromatographic methods,
relying on antibody-antigen binding. ELISA requires substrate conversion for detection, while LFA involves a specific accumulation of
gold particles.

3.1.1.3. Enzyme-linked immunosorbent assay. The ELISA is a widely used immuno-based analysis system for mycotoxin determination
(Fig. 3) [124-126]. It uses two competitive formats: direct competitive ELISA (dcELISA) and indirect ELISA (icELISA). The dcELISA
involves competition between mycotoxin in samples and the analyte-enzyme conjugates for the anti-mycotoxin antibody on the assay
plate, while icELISA involves immobilization of analyte-protein conjugates on a microplate. The main antibody targeting
anti-mycotoxins can be directly labeled with an enzyme or a secondary antibody-enzyme conjugate to facilitate color development.
Horseradish peroxidase (HRP) is commonly used to catalyze the oxidation of tetramethylbenzidine (TMB) oxidation by hydrogen

Table 2
Methods for mycotoxin determination.
Detection Method Description Mycotoxins LOD Reference
ELISA
QD-based multiplex assay Use of CdSe-based QDs with varying sizes DON, ZEN, 3.2 pg/kg, 0.6 pg/kg, [131]
AFB,; 0.2 pg/kg
Monoclonal Antibodies (MAbs) in ELISA Use of MADbs in ELISA AFB; 0.5-25 ng/mL [137]
rAb-Based ELISA with Reporter Fusions rAb-based ELISA with rAb-reporter fusions AFB;, OTA, 0.38 ng/mL,
ZEN 10 pg/kg,
12 pg/kg
Nanoluciferase (Nluc) Fusion Assay Use of Nanoluciferase (Nluc) as a luminescent tracer Tenuazonic 8.60 ng/mL [147]
acid
Aptamer-Based ELASA Enzyme-linked aptamer sorbent assay (ELASA) OTA 1 ng/mL [134]
Modified Microplate Plate coated with antigens or complementary DNA OTA, OTB 1 ng/mL, 0.8 ng/mL [134]
Techniques strands in indirect competitive ELISA (icELASA)
Aptamer Functionalization Aptamers functionalized with various reporter molecules ~ AFB1, OTA, 10 pM, 20 pM, 20nM  [135,
(e.g., HRP, thrombin, fluorescein) ATP 1371
Peptide Receptors in dcELISA Design of a peptide-based dcELISA for OTA detection OTA 2 pg/L [138]
Peptide Mimotopes Epitope-mimicking peptides used as viable alternatives ZEN 20 pg/mL [139]
to mycotoxin-protein conjugates in competitive
immunoassays dcULISA
MIPs Nanoparticle-Based Assay (MINA) 22-fold higher sensitivity than ELISA using mAb. FB, 1.9 pM [146]
LFAs
PDA-coated gold nanoparticles (AuNPs) PDA-coated AuNPs-based LFA ZEN 7.4 pg/mL [148]
LFA
AuNPs and time-resolved fluorescent AuNPs and time-resolved fluorescent microspheres AFB,, ZEN, 0.59ng/mL, 0.24ng/  [14]
microspheres-based LFAs (TRFMs) as signal labels DON, mL, 0.9 ng/mL
Immunochromatographic strip using Anti-idiotypic nanobodies (Aldnb) as surrogate antigens ~ AFB;, ZEN 0.59 ng/mL, 0.24 ng/ [149]
anti-idiotypic nanobodies (Aldnb) mL
Phage-displayed peptide and peptide- Phage-displayed peptide and peptide-MBP fusion FB,, ZEN, 0.25 ng/mL, 3.0 ng/ [150]
MBP fusion OTA mL, 0.5 ng/mL
Aptamer-based LFAs AFB,, ZEN, 20 ng/mL [151]
OTA
BIOSENSORS
Impedimetric Inmunosensor Impedimetric immunosensor using OTA-specific pAbs OTA 0.055 pg/mL [152]
Chemiluminescence Immunosensor Chemiluminescence immunosensor using specific mAbs ~ AFB; 2.1 pg/mL [153]
and antigens
Impedimetric Inmunosensor Impedimetric immunosensor OTA 0.055 pg/mL [152]
Electrochemical Immunosensor Electrochemical immunosensor for ZEN using Pt- ZEN 0.005 ng/mL [114]
conjugated anti-ZEN mAb
Photoelectrochemical Immunosensor Photoelectrochemical immunosensor AFB; 1.0 pg/mL [154]
FRET-Based Immunosensor Competitive fluorescence resonance energy transfer OTA 5 pg/mL [152]
(FRET)-based immunosensor
Enzyme-Linked-Immunomagnetic- ELIME test DON 100-4500 ng/mL [155]
Electrochemical (ELIME)
Peptide-based electrochemical Peptide-based immunosensor AFB,; 9.4 x 10™-4 pg/L [156]
immunosensor
Aptasensor with HCR and DNA walkers Aptasensor OTA 3.3 fg/mL [137]
MIP electrochemical Sensor Electrochemical MIP sensor PAT 0.66 pM
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peroxide, resulting in a blue color. Alkaline phosphatase (AP) exhibits greater stability and sensitivity than HRP but with a higher cost.
Several reporters have been devised to enhance signal amplification alongside enzymes, such as polyHRP, fluorophores, functionalized
magnetic beads, and upconverting luminous nanoparticles [127-129].

Glucose oxidase (GOx) has been used as a reporter, converting glucose into gluconic acid and hydrogen peroxide (H203) using
molecular oxygen [130]. HRP catalyzes the conversion of HyO, into hydroxyl radicals, which prompts the aggregation of gold
nanoparticles (AuNPs) through tyramine. This led to a significant change in color and dynamic light scattering (DLS) intensity that can
be measured using a DLS analyzer [131]. Quantum dots (QDs) with varying sizes exhibit distinct colors, enabling the advancement of a
microplate immunoassay to detect several mycotoxins simultaneously. Beloglazova et al. [131] synthesized CdSe-based QDs with
varying emission spectra and developed a double-analyte multiplex assay (DAM) that can simultaneously detect AFB; and ZEN.
Furthermore, various monoclonal antibodies (MAbs) have been designed and utilized in the ELISA to detect AFB;, OTA, FB,, T-2/HT-2
toxins, DON, ZEN, PAT, and citrinin (CIT). One major advantage of using recombinant antibody (rAb)-based ELISA is to create
rAbs-reporter fusions through genetic engineering, preventing the need for chemical production of antibody-reporter compounds or
dependence on commercially available secondary antibodies [132,133].

Aptamers can be used as bioreceptors in microplate assays, specifically enzyme-linked aptamer sorbent assay (ELASA). The
immobilization technique used for aptamers on the plate is crucial in preserving their strong binding affinity. A biotinylated aptamer
can be immobilized on a streptavidin/avidin surface, and modified microplates are widely used to preserve their binding affinity
[134]. The aptamer can be functionalized with various reporter molecules, including HRP, thrombin, and fluorescein, which may
reduce detection time and enhance assay sensitivity [135-137].

Several peptide receptors have been engineered and employed as antibody substitutes in mycotoxin analysis using ELISA. Bazin
et al. [138] designed a peptide-based dcELISA for detecting OTA via immobilizing the anti-OTA peptide NFO4 on a microplate. The
assay detected OTA at up to 2 pg/L concentrations in wine samples, highlighting its high sensitivity. Epitope-mimicking peptides have
also been developed as viable alternatives to mycotoxin-protein conjugates in competitive immunoassays. Analyte-protein conjugates
have been used as competitive binders in competitive immunoassays alongside the antibody. However, synthesizing mycotoxin protein
conjugates can be challenging due to their complexity, time requirements, and potential risks to humans and the environment.
Therefore, phage-displayed peptides, or mimotopes, have been proposed as a potential solution to those limitations [139].

Peptide mimotopes are considered an ideal option as antigen surrogates due to their cost-effectiveness and the ease of genetic
engineering involved [140]. Several peptide mimotopes have been discovered and utilized to determine mycotoxin, including AFB;,
ZEN, OTA, FB;, and DON [141].

Molecularly imprinted polymers (MIPs) have been suggested as substitutes for primary antibodies for developing biomimetic or
pseudo ELISAs to detect and quantify mycotoxins. Immobilizing MIPs onto a microplate surface is crucial in establishing a biomimetic
ELISA [142,143]. Chianella et al. [144] introduced an innovative approach for immobilization using MIP nanoparticles, similar to the
physical adsorption of antibodies in the ELISA [145]. Munawar et al. [146] developed a MIPs nanoparticle-based assay (MINA) to
detect FB;, showing a 22-fold higher sensitivity than an ELISA using monoclonal antibodies (mAb) (Table 2). Comparing
antibody-coated microplates to MIP-coated plates, MIP-coated plates offer higher stability, and sensitivity making them suitable for
cost-effective storage and transportation at room temperature.

3.1.1.4. Lateral flow assay. LFAs have been widely used in diagnostic tests across various fields, including medicine, veterinary sci-
ence, and the environment. They allow the analysis of analytes using qualitative and quantitative approaches with shorter detection
durations and simpler execution processes compared to microplate-based assays (Fig. 3). Researchers have developed LFAs using
polyclonal antibodies (pAbs) and monoclonal antibodies (mAbs) for detecting mycotoxins. The test involves applying a small sample
onto a strip, allowing the analytes to pass through the membrane. A test line (T-line) appears after a certain duration, indicating
qualitative or semi-quantitative results. The quantification process can also be achieved by utilizing an optical reader. Gold nano-
particles (AuNPs) have been employed as labels in LFA due to their advantages, such as a prominent red color, high stability, simple
production, and minimal toxicities [157]. Xu et al. [148] developed polydopamine (PDA)-coated gold nanoparticles (AuNPs) to
improve the chromatic intensity and sensitivity of LFA for detecting ZEN in corn. PDA-coated AuNPs showed increased stability,
reduced aggregation, and more pronounced color brightness. The assay for mycotoxin detection exhibited a limit of detection (LOD) of
7.4 pg/mL, which was ten times lower than that of AuNP-based LFA [158,159]. Various detecting agents, such as quantum dots (QDs),
upconverting nanoparticles (UCNPs), magnetic nanoparticles, and near-infrared (NIR) luminescent colorants, are used in LFA for
signal generation [160]. Similarly, various multiplex LFAs have been developed, simultaneously detecting up to six different
mycotoxins.

Li et al. [149] developed a TRF LFA utilizing two anti-idiotypic nanobodies (Ald-Nbs) for detecting AFB; and ZEN in corn products
(Table 2). Their study found that Ald-Nbs effectively retained probes on T-lines for negative specimens, while toxins reacted with the
mAD probe in positive samples, reducing capture on T-lines [148]. Yan et al. [150] employed phage display peptide (PDP) and myelin
basic peptide (MBP) mixture to create a mimetic antigen, which was then placed onto the T-line. Moreover, aptamer-based LFA has
been developed for detecting AFB;, OTA, and ZEN. Wu et al. [151] devised an LF test strip with aptamers for ZEN detection, relying on
competitive binding with the toxin and complementary DNA. Shim et al. [161] constructed a dipstick assay using aptamers to measure
AFB; levels, which takes 30 min to complete and has a LOD of 0.1 ng/mL when conducted in a buffer solution (Table 2). Aptamers
provide superior characteristics and faster test speed than ELIZA, making them useful for monitoring mycotoxin contamination in food
processing plants [162].
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3.1.1.5. Biosensors. Biosensors are analytical tools that detect and quantify target molecules using biological recognition elements and
a signal transducer [163]. They are classified into different types, including immunosensors, aptasensors, peptide-based sensors, and
MIPs-based sensors based on bioinspired recognition elements (Fig. 3) [164,165]. They enable real-time monitoring of reactions by
generating digital output formats. Mycotoxin screening methods can be enhanced by improving sensitivity, simplicity, robustness, and
reusability. Various transducers, including electrochemical, calorimetric, optical, and magnetic, are being investigated for developing
mycotoxin sensors [166]. In 2009, Tang and colleagues [127] developed an immunosensor to detect OTA in wines, using pAbs specific
for OTA. The electrode immobilizes OTA-BSA, which competes with OTA molecules for binding sites on graphene oxide nanosheets
tagged with anti-OTA PAbs. The LOD of the immunosensor was determined to be 0.05 pg/mL, along with an operational range between
0.1 pg/mL and 30 ng/mL (Table 2). Zong et al. [153] devised a chemo luminescence immunosensor to detect AFB; and citrinin (CIT),
employing mAbs and antigens immobilized on glass slides. Moreover, Lin et al. [167] constructed a novel photoelectrochemical
immunoassay for AFB;, using MnO; nanosheets to promote the dissociation of carbon dots. The photocurrent positively correlated
with AFB; concentration with a 2.1 pg/mL LOD. Moreover, Tang et al. [152] developed a pressure-dependent immunosensor using a
microtiter strip to immobilize diacetoxyscirpenol-OVA.

In another study, an anti-M13 bacteriophage antibody coupled with HRP was used to treat a sensor, which was then quantified
using voltammetry. This peptide-based immunosensor demonstrated exceptional sensitivity, detecting OTA at concentrations as little
as 2.04 fg/mL. In a recent study by Jiang et al. [114], MoS2-thionins were employed to alter a glassy carbon electrode (GCE) following
the application of anti-ZEN mAb. Furthermore, Pei et al. [154] devised a photoelectrochemical immunosensor using g-C3N4/Au/WO3
photocatalyst and antibodies, detecting AFB; within a concentration ranging between 1.0 ng/mL and 100 ng/mL (Table 2). In 2020,
Tang and coworkers [152] constructed a fluorescence resonance energy transfer (FRET)-based immunosensor, utilizing QDs marked
with OTA and nanobody. The nanobody-FRET immunosensor showed high sensitivity in detecting OTA, with the capacity to detect
quantities as small as 5 pg/mL in 5 min. Romanazzo et al. [155] devised an enzyme-linked-immunomagnetic-electrochemical (ELIME)
test to detect DON, utilizing anti-DON Fab fragments with a sensor’s functional range of 100-4500 ng/mL. Similarly, Liu et al. [156]
used molecular docking and amino acid mutation techniques to generate a peptide library targeting AFB;. The assays showed a
9.4 x 10™-4 pg/L LOD alongside a linear range between 0.01 pg/L and 20 pg/L for AFB;. Molecularly imprinted polymers (MIPs) are
gaining considerable interest in electrochemical sensor development due to their excellent stability and simplicity [168]. MIP-based
electrochemical sensors have already been used to detect AFB;, FB;, DON, OTA, and PAT [169]. It is essential to evaluate MIP pro-
duction and electrode modification methods to optimize MIP-based sensors. Techniques used to produce MIPs include electro-
polymerization, precipitation polymerization, and bulk polymerization. Electropolymerization is a practical method for generating
MIP-based membranes on electrode surfaces, offering quick preparation, easy film thickness regulation, and enhanced cohesion.
The photoacoustic technique (PAT) effectively decreased the electrochemical signal, achieving a LOD of 0.66 pM. In conclusion, while
various analytical methods such as TLC, GC, HPLC, and MS/MS are relevant, new approaches such as ELISA, LFA, and biosensor-based
methods are gaining popularity in the food industry due to their remarkable sensitivity, cost-effectiveness, and portability. However, in
addition to developing reliable mycotoxin detection tools, it is important to adopt effective mitigation strategies for mycotoxin
contamination.

4. Preventive and control strategies for mycotoxins

Mycotoxin contamination prevent strategies can be pre-harvest or post-harvest measures [19]. Preventive measures during the
harvesting process include ensuring timely harvesting, avoiding harvesting with excess moisture, and, if necessary, drying crops before
storage [21,32]. Today, the agri-food industry strives for a high standard of quality and safety, using modern technology such as
filtration, air sterilization, overpressure sectors, and disinfection of atmospheres and surfaces to produce food under aseptic conditions.
Currently, in agriculture, preventing fungal contamination is a challenging task. However, it is essential to avoid superinfection of
seeds and fruits through contact with soil and contaminated equipment. Additionally, these contacts cause injuries, which facilitate the
penetration of hyphae into the plant. When handling fungal contamination, it is imperative to prevent conidial germination and hyphal
development. When mycotoxins are already present in food, it is necessary to implement control strategies to minimize their adverse
effects [19,21]. Various decontamination methods can be employed to process food, including physical, chemical, or biological ap-
proaches. Most of them can partially destroy or inactivate mycotoxins, but they rarely eliminate them [170].

4.1. Decontamination of food

Decontamination procedures are necessary to reduce mycotoxin contamination in food products [171]. In this context, physical,
chemical, and microbiological approaches are applicable. Combining multiple strategies with an integrated approach is often more
effective [172]. The Food and Agriculture Organization (FAO) established guidelines for decontamination procedures, such as
reducing mycotoxins, preventing toxic residue production, preserving product nutritional and technological attributes, and elimi-
nating spores or mycelial filaments that can produce mycotoxins. Following the given guidelines can effectively reduce the incidence of
mycotoxins in foods and feeds, ensuring the safety of both humans and animals.

4.1.1. Conventional approaches

Physical methods, like cooking, baking, and roasting, are often used for food preparation. Some methods, like ozonization or ra-
diation, can help reduce mycotoxin levels in food. However, these methods may not eliminate mycotoxins [173-175]. Chemical
compounds, such as hydrogen peroxide, sodium hypochlorite, ascorbic acid, calcium hydroxide, ammonium hydroxide, sulfur dioxide,
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and ammonium carbonate, can convert mycotoxins into non-toxic substances. However, these chemicals are unsuitable for food or feed
meant for direct consumption [175]. Various additives like vitamin C, bisulfides, curcumin, bentonite, activated carbon, silicate, and
glucan-based adsorbents could mitigate the impacts of mycotoxins in infected foods. Similarly, esterified glucomannan has been shown
to bind AFs, FMNs, and ZEN simultaneously when added to feed; caution must be exercised as these binders could intensify the harmful
effects of certain mycotoxins [173]. Mycotoxins are harmful substances that may contaminate food products. Missiological methods
aim to mitigate their toxicity through microbial biodegradation and transformation. For example, the Flavobacterium aurantiacum
bacterium degrades AFB; in milk and meat [173]. Bacteria like Lactobacillus, Bifidobacterium, Streptococcus thermophilus, and Lacto-
coccus lactis can bind AFs to their cell walls, rendering them harmless. Additionally, Kliyveromyces yeast inhibit Aspergillus growth and
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AF production, suggesting they could help reduce AF contamination [176]. Microbial binders and inhibitors are being investigated for
their efficacy in fighting mycotoxin contamination. Naturally occurring macroorganisms show promise in mitigating mycotoxin
toxicity in food products, ensuring safety for humans and animals.

4.1.2. Innovative mitigation strategies

Researchers are exploring new strategies to combat mycotoxin toxicity, addressing customer concerns about food hygiene, and
improving control measures. These strategies include cold atmospheric plasma (CAP), polyphenols, magnetic materials and nano-
particles, and natural essential oils (NEOs), which aim to mitigate mycotoxin-related health risks without leaving harmful residues on
food products (Fig. 4).

4.1.2.1. Cold atmospheric plasma. CAP is a state of matter achieved by subjecting a neutral gas to an electric field, which ionizes
certain atoms or molecules within the gas, producing plasma. Reactive oxygen and nitrogen species are produced when the voltage
exceeds the breakdown threshold, leading to the formation of CAP at ambient temperature and atmospheric pressure. CAP utilization
involves exposing water, buffer solutions, and acids to plasma discharge, which generates sanitizers for washing and disinfection [177,
178]. The system’s antimicrobial activity and aptitude to reduce complex biochemical compounds are attributed to a combination of
reactive chemistries, including O—2 (superoxide), O3 (ozone), HyO, (hydrogen peroxide), OH (hydroxyl radicals), ONOO— (perox-
ynitrite), NOy— (nitrite), NO—3 (nitrate), ultraviolet (UV) radiation, and a voltage.

These elements collectively maintain a temperature comparable to the ambient levels, giving the nonthermal characteristics of
CAP. The efficacy of CAP is influenced by mycotoxin’s molecular structure and the conditions under which they are processed. For
instance, the effectiveness of degrading DON in wheat-based food is influenced by various factors, including gas type, processing
duration, matrix attributes, water, and plasma voltage. Similarly, nitrogen-based CAP produces reactive nitrogen species (RNS) like
nitric oxide (NO) and nitrogen dioxide (NO3), which have antimicrobial properties and are used in food safety, sterilization, and
surface disinfection. On the other hand, oxygen-based CAP produces reactive oxygen species (ROS) like ozone (Os), singlet oxygen (1
03), and atomic oxygen (O), which are also used in surface decontamination of mycotoxins. Inert gases like argon or helium serve as
carriers for reactive species produced by electrical discharge. Despite its lower reactivity, inert gas-based CAP is still effective in
applications such as material surface modification. Therefore, researchers must select an appropriate gas for CAP that aligns with the
desired reactive species and specific application requirements, such as antimicrobial treatment.

Chen et al. [97] found that exposing samples to 50 kV atmospheric air plasma for 8 min reduced DON by 25.82 % while increasing
water content from 8 % to 20 % enhanced its effectiveness by 36.10 %. Similarly, reducing T-2/HT-2 toxins in oatmeal is affected by
factors like relative humidity, time of exposure, and types of gases employed in CAP production. Kis et al. [179] found that CAP
efficiently oxidized samples through nitrogen (N3), reducing T-2 and HT-2 toxins to 42.24 % and 37.53 %, respectively. Wang et al.
[180] discovered that adjusting voltage from 10 to 30 kV reduced alternariol and alternariol monomethyl ether by 1.3 %-56.5 % in
jujube juice.

Similarly, corona discharge plasma effectively degrades AFB; in rice and wheat samples by 45-56 % after 30 min [181]. This is
attributed to the lack of a C8-C9 double bonding in the furofuran rings and modifications in lactone, cyclopentanone, and methoxyl
groups caused by oxidative impact from various chemicals. CAP has also been more efficient than gamma irradiation in lowering AFB;
(70-73 %) and AFB; (15-47 %) in hazelnuts, with minimal impact on the sensory properties. Wielogorska et al. [182] found that CAP
effectively produces safe products during mycotoxin detoxification. They found that the decrease in AFB;, OTA, FB;, DON, ZEN, and
enniatin B (ENB) exhibited a first-order kinetic pattern. In their study, ENB and DON had a half-life of 1.1 and 74 min, respectively.

Besides, a 10-min exposure decreased FB; and AFB; by 64 and 65 %, respectively. The detection of degradation products, spe-
cifically AFB; and ZEN, was limited and did not affect the cytotoxicity of liver cancer cells. Multiple mechanisms are suggested for the
degradation of mycotoxins using CAP, which can be influenced by plasma features like oxygen concentration, hydroxyl radicals,
photons, and UV light. Similarly, CAP species function across various spots within fungal cells, leading to structural damage, inac-
tivation, and cellular death. They also degrade toxins via different processes, producing less toxic byproducts [183]. According to
Gavahian and Cullen [184] the plasma-produced reactivity may disrupt fungal cellular walls, leading to cytoplasmic discharge and cell
deactivation. Lee et al. [185] proposed deactivating Cordyceps bassiana spores by altering their structure through plasma-generated
reactive species. Later, Wu et al. suggested that CAP detoxifies AFs by disrupting fungal cell walls, cytoplasm, and cell metabolism
(Fig. 4A). Overall, plasma-generated reactive compounds can deactivate cells by impacting cell membranes. CAP can enhance cell
membrane permeability through oxidation, which damages cell walls. This leads to DNA breakdown, leakage, and degradation of
protein molecules in cells. These processes also cause cellular apoptosis and fungal spore contraction [186].

4.1.2.2. Polyphenolic compounds. Polyphenols are garnering attention for their diverse properties including antimicrobial, antiviral,
and anti-inflammatory effects [187]. They have different modes of action towards mycotoxins, such as antioxidant properties, lip-
ophilicity, suppression of mycotoxin production-related genes, and inhibition of enzymatic activity linked to mycotoxin synthesis
(Fig. 4B). Hamad et al. [188] found that plant-based extracts and polyphenolic compounds possess inhibitory properties against fungal
development and can effectively decrease mycotoxins. According to Sanzani et al. [189], umbelliferone and quercetin can decrease
gene expression involved in PAT biosynthesis, resulting in decreased accumulation. Likewise, chlorogenic and gallic acids inhibit AFB;
in beans [190]. Moreover, Salas et al. [191] found that citrus-derived flavanones such as hesperidin and naringin can reduce PAT
production by 95 %. Similarly, a B-cyclodextrin-based nanosponge with bioactive phenols can prevent fungal attacks and detoxify
mycotoxins [192]. These natural food products have antioxidant and medicinal properties, potentially mitigating mycotoxin-related
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harm [193]. Recent studies on polyphenols suggest their potential to mitigate the detrimental effects of fungi and mycotoxins, indi-
cating their promising prospects for future applications.

4.1.2.3. Natural essential oils (NEOs). NEOs are eco-friendly additives that can limit fungi growth and reduce mycotoxin levels in
various foods. These additives disrupt essential enzymes in carbohydrate degradation, mycotoxin production (Fig. 4C), and fungal cell
structure integrity [194]. They modulate fungal gene expression and interfere with cell membranes through polyphenols, causing
damage to cell membranes [195]. Research has shown that NEOs can inhibit mycotoxins.Origanum majorana L. essential oil has
demonstrated antifungal properties in vitro studies, inhibiting the growth of A. flavus and AF production. This indicates its ability as an
emerging food-preserving agent to enhance food safety [196]. Further research revealed that capsaicin can inhibit OTA production by
A. niger. Additionally, garlic, rosemary, sage, and mint EOs effectively inhibit OTA production [197]. Similarly, turmeric oil exhibits a
strong antifungal effect against A. flavus, reducing AF infestation in corn. According to Kedia et al. [198], Mentha spicata essential oils
effectively inhibited mycotoxins produced by A. flavus in chickpeas by targeting the plasma membrane. On the other hand, EOs from
lemon, grapefruit, and eucalyptus effectively inhibit ZEN production. Similarly, recent studies showed that EOs from Curcuma longa
effectively inhibited Fusarium graminearum growth and ZEN production [199]. While NEOs show promise in mitigating mycotoxins in
food, it is important to be aware of their limitations. For example, the effectiveness of NEOs may be reduced in comparison to synthetic
or chemical alternatives and can vary based on the type of mycotoxin and environmental factors. Additionally, the flavors and enticing
aromas of these ingredients can affect the overall sensory characteristics of processed foods. The lack of regulations and limitations
pose challenges to achieving widespread acceptance, while safety concerns arise due to instability and risk of allergies. The practicality
of these products is limited due to concerns regarding their cost, residue, and negative environmental impacts during their production.

4.1.2.4. Magnetic materials and nanoparticles. Recent research has found that magnetic materials and nanoparticles can effectively
manage mycotoxin contamination. These techniques are eco-friendly, cost-effective, and efficient in mitigating mycotoxins. Chitosan-
coated magnetic particles (Fe304) have been shown to adsorb PAT from fruit juice efficiently. However, chitosan-coated magnetic
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particles could interact with other components in the juice, leading to changes in taste, aroma, color, or texture. This could affect the
sensory attributes and overall quality of the juice. Moreover, nano-cellulose and retinoic acid effectively adsorbed AFB; from different
food sources. These approaches are non-toxic, and effective in optimal pH levels [199]. Various magnetic nanoparticles, including
surface-active maghemite (SAMNs), silver nanoparticles (SLN), copper nanoparticles (CN), selenium nanoparticles (SEN), and zinc
oxide nanoparticles (ZON), are effective in removing mycotoxins from food products [200]. SEN derived from Trichoderma harzianum
JF309 has been shown to reduce FB; by 63 % and DON by 76 % [201]. SLN inhibits the proliferation of mycotoxin-producing molds,
suppressing the synthesis of AF and OTA in corn-based media. Besides, ZON efficiently suppresses the development of Aspergillus,
Penicillium, and Fusarium species [202].

Magnetic carbon nanocomposites derived from corn byproducts efficiently remove AFB; in poultry, achieving a 90 % removal at pH
7 within 3 h. A mixture of chitosan and glutaraldehyde demonstrated excellent adhesion capacities for various mycotoxins [203].
Nano-fungicides containing phytochemicals like tannins, phloretin, catechols, eugenol, and thymol exhibit optimal antimicrobial
properties without posing any risks to humans or animals [204]. Nanoparticle-mediated mycotoxin risk mitigation involves molecular
mechanisms like oxidative stress, nucleic acid interactions, and inflammatory responses, which eliminate microbes in plants and
mammals (Fig. 4D) [205]. Cell membrane interactions can trigger apoptosis, generate reactive oxygen species, inhibit mitochondrial
activities, and facilitate lipid peroxidation or autophagy. For instance, ZON induces ROS production, disrupting fungal cell membranes
as observed through scanning electron microscopy (SEM) [206]. Recently, a study suggested that quercetin (Q)-loaded chitosan
nanoparticles can induce a hepato-protective cascade, enhancing antioxidant defense mechanisms. This cascade commences with the
activation of nuclear factor erythroid 2-related factor 2 (NRF2), leading to heme-oxygenase-1 (HO-1) synthesis. Quercetin inhibits the
activity of nitric oxide synthase (NOS) and the production of nitric oxide (NO) induced by lipopolysaccharide through IxB kinase (IKK)
and p38 mitogen-activated protein kinases (p38MAPK). The antioxidant response element (ARE) in detoxication promoter genes
triggers the transcriptional reaction. The interaction between carbon nanoparticles, including fullerenes, carbon nanotubes, and
graphene with mycotoxins has been comprehensively reviewed [205]. However, additional research is necessary to fully comprehend
the interaction between nanoparticles and specific components of fungal cells.

4.1.2.5. Other innovative strategies. Pulsed electric fields (PEFs) have emerged as important approaches for preventing A. flavus
contamination and the synthesis of AFB; and AFG; [184]. PEFs are efficient in detoxifying mycotoxins in foods. Food-target assess-
ments should be done before implementing PEF methods in food production. Zhang et al. [207] investigated the potential decrease of
AFB; in corn employing WMTs. The results showed that WMT effectively reduced AFB; in corn and prevented heat damage to corn
kernels, suggesting the potential of microwave strategies for reducing AFB;. On the other hand, Gavahian and Cullen [184] explored
the use of high-pressure treatment (HPT) to reduce mycotoxins in juices. They also highlighted the potential of active packaging in
managing pathogenic molds and mycotoxins in fruits, vegetables, nuts, pastries, and milk products (Fig. 5).

Moreover, biopolymers, including proteins and lipids, are gaining recognition for removing mycotoxins due to their cost-
effectiveness, eco-friendliness, and biodegradable nature. Currently, nano-scaled adsorbents, such as calcium and sodium benton-
ites, are also investigated as food additives to remove OTA from cheese. Hamad et al. [188] assessed the detoxification effectiveness of
bentonites in both in vitro and in vivo settings. Calcium bentonite exhibited better adsorption capacity than sodium bentonite in
phosphate-buffered saline (PBS). In vivo tests on rats showed similar enzymatic reactions to control samples when OTA and bentonite
were present, compared to OTA alone. SEM and Fourier transform infrared spectroscopy (FTIR) confirmed that bentonites are effective
OTA binders. Additionally, Ca-bentonite-supplemented feta cheese had enhanced sensory qualities, suggesting its potential as a
food-grade adsorbent for separating and eliminating OTA in food products [188]. Fig. 5 depicts the mechanism of binding interaction
between mycotoxins and nano-scaled adsorbents.

5. Conclusions and future prospects

Myecotoxins, including AFs, OTA, FMNs, T-2 toxins, ZEN, and PAT, can exhibit a wide range of toxic effects on both humans and
animals. AFs, particularly AFB;, pose hepatotoxic, immunotoxic, and carcinogenic risks, leading to both acute and chronic health
complications. OTA specifically targets the kidneys and induces nephrotoxic, mutagenic, carcinogenic, and teratogenic effects, while
its genotoxicity remains a subject of debate. FMNs are linked to liver cancer and developmental issues in humans. T-2/HT-2 toxins
inhibit protein synthesis, resulting in immunosuppression effects, as well as gastrointestinal, and dermatological complications. ZEN, a
non-carcinogenic estrogenic toxin, affects the reproductive systems and various other organs, while PAT induces oxidative stress and
acute toxicity. Therefore, it is imperative to regularly monitor foods and feeds and implement preventive measures to effectively
mitigate the health risks associated with mycotoxins. While extensive research has been conducted on regulated mycotoxins in food
and feed products, emerging mycotoxins lack specific regulations, posing risks to human and animal health. There is still a need for
continued research on toxicity, risk assessment, and detection methods for emerging mycotoxins like NX-toxins, and their degradation
byproducts such as cis-ZEN, and enniatins. In this connection, the development of improved recognition components, analytical
methods, and diagnostic kits can play a pivotal role in ensuring food safety amidst the ever-changing mycotoxin challenges.

The mitigation of fungal contamination in foods necessitates the implementation of an integrated approach that involves physical,
chemical, and microbiological detoxification methods. Moreover, the emergence of novel fungal strains has prompted scientific
research into cutting-edge techniques, such as CAP technology, polyphenolic inhibitors, magnetic materials, nanoparticles, and NEOs.
The effectiveness of these methods can be influenced by various internal and external factors, including substrate type, contaminants,
water content, chemical components, and processing environments. The utilization of CAP technology presents a viable and
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sustainable approach to mitigating mycotoxin contamination in food products. However, it is imperative to exercise caution and
adhere to precise application parameters to mitigate the production of related harmful compounds. Further research is required to
enhance the effectiveness of CAP, considering variations in mycotoxins, food matrices, and processing. Besides, polyphenolic com-
pounds showed the potential to inhibit mycotoxin production, however, additional research is required to fully comprehend their
mechanisms and efficacy. Furthermore, the potential of NEOs demands careful consideration, particularly in response to challenges
related to bioavailability, volatility, oxidation susceptibility, and insolubility. Magnetic materials and nanoparticles possess promising
potential for the adsorption of mycotoxins. However, additional research is required to ensure their safe and efficient implementation
within the food, agriculture, and livestock industries. Continued research and development in these areas, along with a focus on
understanding the factors influencing the effectiveness of these methods, are crucial for reducing mycotoxin risks, ensuring food safety,
and protecting consumer health.
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