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Abstract

Aflatoxins, toxic secondary metabolites produced primarily by Aspergillus flavus and As-
pergillus parasiticus, pose a significant global health concern due to their frequent presence in
crops, food, and feed—especially under climate change conditions. This review addresses
the growing threat of aflatoxins by analyzing recent advances in detection and mitigation.
A comprehensive literature review was conducted, focusing on bioremediation, physical
and chemical detoxification, and fungal growth inhibition strategies. The occurrence of
aflatoxins in water systems was also examined, along with current detection techniques,
removal processes, and regulatory frameworks. Emerging technologies such as molecular
diagnostics, immunoassays, biosensors, and chromatographic methods are discussed for
their potential to improve monitoring and control. Key findings highlight the increasing
efficacy of integrative approaches combining biological and technological solutions and the
potential of Al-based tools and portable devices for on-site detection. Intelligent packaging
and transgenic crops are also explored for their role in minimizing contamination at the
source. Overall, this review emphasizes the importance of continued interdisciplinary
research and the development of sustainable, adaptive strategies to mitigate aflatoxin risks,
thereby supporting food safety and public health in the face of environmental challenges.

Keywords: aflatoxins; mycotoxins; food safety

1. Introduction

Aspergillus flavus and Aspergillus parasiticus are the primary fungal species responsible
for the production of aflatoxins. The four main types of aflatoxins are AFB1 (aflatoxin B1),
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AFB2 (aflatoxin B2), AFGI1 (aflatoxin G1), and AFG2 (aflatoxin G2), ranked from most to
least toxic as follows: AFB1, AFG1, AFB2, and AFG2 [1,2]. Most A. flavus isolates secrete
aflatoxins B1 and B2, while some strains can also produce aflatoxin types G1 and G2. In
contrast, A. parasiticus synthesizes all four types of aflatoxins [3]. These mycotoxins are
highly hazardous, as they have been classified by the International Agency for Research on
Cancer as group 1 human carcinogens [4]. It has been shown that aflatoxins exhibit strong
carcinogenic, hepatotoxic, nephrotoxic, teratogenic, and mutagenic properties, and they
can also cause autoimmune issues in animals and humans. The primary route of exposure
to aflatoxins is through oral ingestion [2,5-8].

Aflatoxin Bl is one of the most potent naturally occurring toxins, with a toxicity
up to 68 times greater than arsenic [9]. In mammals, AFB1 is metabolically converted
to AFM1, which can subsequently contaminate milk and dairy products [10]. Aflatoxin
contamination of food can occur at various stages, including crop cultivation, seed storage,
animal feed production, and processing of plant and animal products. Aflatoxins have also
been detected in meat, milk, water, and soil [6]. It is estimated that aflatoxins are present in
one-quarter of the global food supply [3,7]. Acute aflatoxin poisoning can cause symptoms
such as fever, abdominal pain, vomiting, edema, and liver failure [11]. Chronic exposure
may lead to immune system suppression, hepatocellular carcinoma, birth defects, and
neurological damage [12]. Although the WHO and FAO have established guidelines on
maximum allowable levels of aflatoxins [13], climate change is expected to exacerbate the
problem [14].

Therefore, the development of new and effective methods for detecting and eliminating
aflatoxins is crucial. Advances in analytical technologies and information systems have
significantly improved the speed, accuracy, and accessibility of detection techniques [15].
However, many current decontamination approaches have shown limited effectiveness or
face challenges such as high costs, and continuous chemical use, and potential reductions
in the nutritional quality of food [16].

Various strategies for controlling aflatoxin levels can be broadly categorized into two
main groups: (1) prevention of fungal contamination and inhibition of fungal growth,
and (2) detoxification of already contaminated products [17,18]. Disinfection techniques
involving physical, chemical, and biological agents are employed to reduce or eliminate
aflatoxins from food, thereby minimizing associated health risks [19].

This introduction highlights the critical importance of aflatoxin B1 as a persistent food
safety threat. While numerous reports have documented its toxicological profile, there
remains an urgent need to contextualize aflatoxin-related risks within emerging challenges
such as climate change and the globalization of food systems. This review examines current
methods for aflatoxin detection and various inhibition strategies, including bioremediation
agents, physical agents, and both botanical and non-botanical chemical compounds with
antifungal and antitoxic effects. Additionally, it explores technological advancements
in detection and mitigation, such as artificial intelligence, machine learning, intelligent
packaging, and active packaging, based on studies published between 2014 and 2025.

2. Regulations on Aflatoxins in Animal Feed: An Analysis of Key
Producing Countries

An important consideration is the variation in permissible aflatoxin concentration
limits in animal feed, which has significant implications for human health, given that
people consume animal-derived products. In animals that ingest aflatoxin-contaminated
feed, toxic metabolites formed through biotransformation can accumulate in tissues, pass
into eggs, and be excreted in milk [20]. In the European Union, aflatoxin levels are regulated
under Commission Regulation (EU) 2023/915 for food and Regulation (EC) 1881/2006 for
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animal feed. The established maximum levels of aflatoxin B1 (assuming a moisture content
of 12%) are as follows:

e  Feed materials: 20 pg/kg.
e  Complementary and complete feed mixtures: 10 ug/kg.
e  Feed mixtures for dairy cattle and calves, dairy sheep and lambs, dairy goats and kids,
piglets, and young poultry: 5 pug/kg.
e  General feed mixtures for other categories not specified above: 20 pug/kg [21].
In comparison, the standards set by the Missouri Department of Agriculture are
summarized in Table 1.

Table 1. Standards for aflatoxins in animal feed established by Missouri Department of
Agriculture [22].

AF Level

Class of Animal Commodities
[ug/kgl
Dairy animals, animals not specified in ~ For corn, peanut products, cottonseed
20 other categories, or animals with meal, and other animal feeds and

unknown use feed ingredients

For corn, peanut products, and other
20 Immature animals animal feeds and feed ingredients,
excluding cottonseed meal

For corn, peanut products, cottonseed
20 Pets of all ages (e.g., dogs, cats, rabbits) meal, other food ingredients, and
complete pet food

Breeding cattle, breeding swine, and

100 mature poultry (e.g,, laying hens) For corn and peanut products
200 Finishing swine (weighing 100 pounds For com and peanut products
or more)
300 Beef cattle, swine, and Poultry For cotton seed meal
(regardless of age or breeding status)
300 Finishing beef cattle (e.g., feedlot cattle) For corn and peanut products

On a global scale, studies indicate that regions such as Africa, the Middle East, South
Asia, and parts of Southern Europe typically exhibit high concentrations of aflatoxins.
China, one of the countries most affected by mycotoxin contamination, has tightened its
regulations in recent years concerning permissible levels of mycotoxins in animal feed and
raw materials [23]. These regulatory limits are differentiated based on animal age, species,
intended use, and type of feed component (see Table 2). Notably, feed samples collected in
China in 2021 demonstrate a relatively low incidence of aflatoxin contamination [22].

Climatic conditions in Brazil—one of the world’s leading agricultural producers—
are highly conducive to the proliferation of toxigenic fungal species and the subsequent
production of mycotoxins [20]. In 2011, the Brazilian Ministry of Agriculture issued an
executive order recommending a maximum allowable concentration of aflatoxins B1, B2,
G1, and G2 in raw materials used for feed production of 50 ug/kg. For peanuts and corn,
the limit is set at 20 pg/kg [24]. However, studies have shown that these standards are
frequently exceeded, underscoring the urgent need for effective measures to prevent and
remove aflatoxin contamination [20].

In India, the Bureau of Indian Standards (BIS) has set a uniform maximum limit of
20 pg/kg for aflatoxin B1 across all types of animal feed. Like Brazil, India experiences
climatic conditions favorable to mold proliferation. Recent research highlights the need
for India and other developing nations to adopt sustainable preventive strategies for
managing crops both pre- and post-harvest. These strategies should include continuous
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monitoring and targeted interventions during storage and processing (e.g., in corn silage) to
reduce aflatoxin levels [25]. Implementing such approaches—alongside stricter regulatory
thresholds—would mitigate economic losses and enhance the safety of animal-derived
food products for consumers.

Table 2. Standards for AFB1 in animal feed established by the Chinese government [22].

Feedstuff ABI1 Level [ug/kg]
m:::gals Maize processing products, peanut meal <50
Vegetable oil <10
Maize oil, peanut oil <20
Other plant-based feed materials <30
Products Concentrated feed for piglets and young birds <10

Concentrated feed for meat ducks, growing ducks,

and ducks for egg production s15

Other concentrated feed <20

Calf and lamb concentrate supplement <20

Concentrate supplement for lactation <10

Other concentrate supplements <30

Compound feed for piglets and young birds <10

Compound feed for meat ducks, growing ducks, <15
and laying ducks

Other formula feed <20

Regulatory thresholds for aflatoxins vary significantly across regions, reflecting not
only climatic differences but also disparities in analytical capabilities and food safety prior-
ities. These inconsistencies can result in uneven levels of consumer protection worldwide.
The harmonization of aflatoxin limits, particularly for trade-sensitive commodities, remains
a critical policy objective. Moreover, future regulations may need to evolve dynamically in
response to shifting aflatoxin prevalence driven by climate change.

3. Aflatoxin Detection

The detection of aflatoxins is critical to ensuring the safety of both food and feed. Detec-
tion methods are commonly categorized into six main groups: macroscopic culture-based
techniques, molecular assays, immunochemical approaches, electrochemical biosensors,
chromatographic systems, and spectroscopic tools (Figure 1).

3.1. Macroscopic Culture-Based Methods

Macroscopic culture methods, employing media such as coconut agar medium (CAM),
coconut milk agar (CMA), yeast extract sucrose (YES), and aflatoxin-producing ability
(APA) medium, enable the detection of toxigenic Aspergillus strains by observing blue
fluorescence under UV light [26-28]. Results are typically visible within 32 to 120 h. Palm
kernel substrates may also differentiate aflatoxigenic isolates through the appearance of
yellow pigmentation [29].

These methods are simple and cost-effective; however, they require microbiological
expertise. Due to their time-consuming nature, they are more suitable for laboratory
confirmation than for high-throughput screening in routine inspections.
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Figure 1. Types of AFB1 detection methods.
3.2. Molecular Methods
Molecular assays target aflatoxin biosynthesis genes such as aflD, afIM, afIR, and afl],
most commonly utilizing conventional or real-time PCR [30-32]. Table 3 summarizes the
application of molecular techniques in detecting contaminated food.
Table 3. Molecular methods used to identify contaminated food.
Method Amplified Gene Detected Strain Limit of Detection References
Polymerase chain reaction aflP Aflatoxigenic strain Not calculated [31]

Real-time polymerase

chain reaction aflD, aflM (ver), aflP, aflQ Aflatoxigenic strain Not calculated [33]

Polymerase chain reaction
and real-time polymerase aflR, aflM (ver), aflD (nor) Aflatoxigenic strain Not calculated [34]
chain reaction

Polymerase chain reaction  afM (ver), afl], afIR, afID (nor)  Aflatoxigenic strain Not calculated [30]
100-999 picograms of DNA
Loop-mediated isothermal (loop-mediated
amplification and real-time aflT Aflatoxigenic strain isothermal amplification) [32]
polymerase chain reaction 160 femtograms of
DNA (qPCR)

Although highly sensitive, these methods detect the presence of aflatoxigenic fungi
rather than the aflatoxins themselves. They require specialized equipment and trained
personnel, resulting in relatively high operational costs.

3.3. Immunochemical Methods

Immunochemical assays, particularly enzyme-linked immunosorbent assay (ELISA)
and lateral flow devices, are widely applied for the rapid detection of aflatoxins in various
food matrices such as milk, edible oils, peanuts, cereals, and spices [35-37]. Examples of
these applications are provided in Table 4.
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These methods are accessible, easy to use, and cost-effective, enabling the simultaneous
detection of multiple mycotoxins. However, they may be affected by matrix interferences,

exhibit limited sensitivity, and often provide only semiquantitative results [38].

Table 4. Inmunochemical methods used to detect aflatoxins in food.

. . Detected Limit of Detection
Method Detecting Matrix Aflatoxin for Aflatoxins [ug/kg] References
Rapid immunochromatographic Monoclonal antibody-gold
strip nanoparticles (mAb-AuNP) AFBI 10 (391
Monoclonal antibody-based
fluorescent microsphere Fluorescent
immunochromatographic test microspheres—mAb AFM1 44 (401
strip
One-step : 0.05 (EU)
immunochromatographic assay mAb-AuNP AFM1 0.5 (others) [41]
Quantum dot nanobead-based .
multiplexed Quantum dot nanobead with AFBI 0.00165 [42]
. . antibody
immunochromatographic assay
Gold nanoparticle-based AuNPs conjugated with AFB1
conjugated antibody and bovine serum AFB1 10 [43]
AFBI1 antifungal strips albumin
. - Biotinylated mAb, magnetic
Nanop art%clfe-based comp e.tltlve particles functionalized with AFB1 1.1 [44]
magnetic immunodetection - 1
streptavidin
Protein conjugates
(AFM1-OVA (aflatoxin
Two-analyte M1-ovalbumin conjugate) and
immunochromatographic strip chloramphenicol-ovalbumin) AFM1 01 451
and goat anti-rabbit IgG
(immunoglobulin G)
Immunochromatographic test Antigen-modified Fe;O3 AFB1 0.0125 [36]
nanoprobes
Pressure/colorimetric
. dual-readout . Dendritic plfitmum AFB1 003 [46]
immunochromatographic test nanoparticles
strip
Sprayed coupled antigens
Lateral flow AFB1-ovalbumin (AFB1-OVA) AFBI 50 [47]
immunochromatographic assay =~ and ochratoxin A—ovalbumin '
(OTA-OVA)
Monoclonal capture antibody
Noncompetitive and a unique
. P anti-immunocomplex antibody AFB1 0.07 [48]
immunocomplex immunoassay ¢ .
ragment isolated from a
synthetic antibody repertoire
. Lateral flow mAbs-AuNP AFB1 1.0 [49]
immunochromatographic assay
Dual immunochromatosraphic Double antibodies labeled with
. grap time-resolved fluorescent AFM1 0.018 [37]
test strip .
microspheres
Gold 1mmunochr9matograph1c mAbs-AuNP AFB1 05 [50]
test strip
Avi-tag (avidin
Lateral flow tag)/streptavidin-oriented AFB1 0.095 [51]

immunochromatographic assay

coupling strategy
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3.4. Electrochemical Biosensor-Based Methods

Electrochemical biosensors combine biorecognition elements (e.g., antibodies, ap-
tamers) with electrochemical transducers to enable highly sensitive detection of aflatox-
ins [52,53]. These platforms include impedimetric, amperometric, and voltammetric sensors.
Recent advancements have introduced polymer-based biosensors and portable devices
integrated with smartphone technologies [54,55].

Despite their high sensitivity and rapid performance, biosensors often require cus-
tomized fabrication and skilled operation, which currently limits their widespread adoption.

Selected examples are presented in Table 5.

Table 5. Electrochemical biosensors used to detect aflatoxins in food.

. . . Detected Limit of Detection
Method Detection Matrix Detection Method Aflatoxin for AFs [ug/kgl References
Fluorescently labeled aptamers bind
Fluorescent aptamer aflatoxins, blocking DNA Fluorescence AFBI, 0.009 [56]
p nanostructures and AFM1 0.00624
quenching fluorescence
MiSer'ls silicone dioxide biochip MiSens and HPLC
consisting of 2 sets of Au electrode (high-performance
MiSens biosensor chip  arrays with 3 working electrodes each, & Ilji uid AFB1 390 [57]
surface modified with protein hrom. ii raphy)
A-aflatoxin antibody conjugate chromatograpiy
imglli;tcl;g(eﬁ:g:aﬁn Multi-walled carbon Differential pulse
i & nanotubes/chitosan/screen-printed P AFB1 0.0003 [58]
modified carbon electrode voltammetry
MWCNTs/CS/SPCE
Flexible, Dispense-printed electrodes, which
dispense-printed are functionalized with single-walled .
electrochemical carbon nanotubes and subsequently Chronoamperometric AFM1 0.02 5]
biosensors coated with specific antibodies
Anti-idiotypic Two phages displaying the variable .
nanobody : . Real-time
roximity-dependent domain of the heavy chain uantitative
P y-aep anti-idiotypic nanobody that binds to d . Total AFs 0.03 [60]
immuno-polymerase an aflatoxin- or zearalenone-specific polymerase chain
chain reaction monoclonal antibod reaction
(PD-IPCR) y
Luminescence method
using ATP-releasing Magnetic bead aptamer complex Luminescence AFB1 0.000009 [61]
nucleotides
Hyperbranched gold
plasmonic blackbody- Hyperbranched gold Optical density of AFB1 0.016 [62]
enhanced immunochro- plasmonic blackbody test and control line ’
matographic test strip
Self-replicating
catalyzed hairpin Hairpin auxiliary probes, H1 and H2 Fluorescence AFB1 0.13 [63]
assembly
Gadolinium-based metal-organic
Gd-MOF/USPIO framework (Gd-MOF) and ultrasmall Magnetic resonance AFBI 0.00054 [64]

magnetic field sensor

superparamagnetic iron
oxide (USPIO)

3.4.1. Ultrasensitive Devices Based on Polymer-Based Biosensors

The future of electrochemical biosensor-based methods lies in the development of mo-
bile, user-friendly, and cost-effective devices with enhanced sensitivity and lower detection
limits for aflatoxins. High-sensitivity devices enable early detection of toxins, allowing
timely interventions to reduce fungal contamination and eliminate associated metabolites.

An ultrasensitive plastic optical fiber (POF) biosensor coated with polyaniline has
been developed for the detection of AFB1 [54]. Tested on a variety of matrices, including
nuts, grains, beer, and biological fluids (e.g., serum and urine), the sensor demonstrated
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limits of detection (LOD) ranging from 0.061 ug/kg (peanuts) to 0.112 pg/kg (serum).
The POF biosensor shows great promise due to its ease of use, replaceable cartridges, and
high sensitivity.

Magnetic relaxation switching (MRS) immunosensors utilizing polystyrene beads
and 150 nm superparamagnetic nanoparticles (SMRs) have also been introduced [55].
These sensors can detect AFB1 in wheat and corn, with a quantification range of
0.02-200 ng/mL and a detection limit of 14.3 pg/mL, representing exceptional sensitivity for
trace-level detection.

Ultrasensitive polymer-based biosensor devices enable rapid and highly sensitive
detection of aflatoxins, thereby enhancing food safety and minimizing economic losses [65].
Although these devices may be more expensive than simpler biosensors due to the use
of advanced materials and technologies, they are more cost-effective in the long term
compared to conventional analytical methods, such as chromatography or spectroscopy,
owing to lower operational costs and minimal maintenance requirements.

3.4.2. Sensitive Portable Devices

A key advancement in electrochemical biosensor-based methods is the development
of sensitive portable devices designed for mobility, rapid measurement, and high analytical
sensitivity. These devices are often more cost-effective than traditional laboratory-based
instruments, such as chromatographs and spectrometers.

One promising approach for AFB1 detection involves the use of DNA-based intelligent
hydrogels incorporating aptamers: single-stranded DNA or RNA molecules capable of
binding specific targets with high affinity. Aptamers serve as versatile tools for detecting
small molecules, including toxins, drugs, and environmental contaminants [66]. A DNA
aptamer specifically targeting AFB1 has been developed, and a hydrogel system incorpo-
rating these aptamers along with gold nanoparticles (AuNPs) was constructed. Upon AFB1
binding, the hydrogel undergoes degradation, releasing AuNPs and inducing a visible
color change in the solution. This method achieved a detection limit of 0.55 pg/kg and is
well suited for portable, point-of-care testing (POCT) applications.

A smartphone-powered mobile microfluidic lab-on-fiber device (SMILE) employing
immunoassay techniques has also been introduced for rapid, on-site quantification of
AFB1 in feed samples [38]. This device integrates a nanobiosensor into an optical fiber
and is powered by a smartphone, enabling a detection limit of 0.08 ng/L. The analysis is
completed in just 12 min, offering high sensitivity, specificity, and reproducibility.

Furthermore, the immunochromatographic strip test has been improved through the
incorporation of biotinylated nanobodies and a dual-probe signal amplification system [67].
This method achieved an ultralow detection limit of 0.03 ng/mL, providing fourfold greater
sensitivity than traditional strip tests. It remains simple, rapid, and cost-effective, making
it a promising tool for on-site AFB1 detection in diverse settings.

3.5. Chromatographic Methods

Chromatographic techniques, including high-performance liquid chromatography
(HPLC), liquid chromatography—tandem mass spectrometry (LC-MS/MS), and gas
chromatography-mass spectrometry (GC-MS), remain the gold standard for aflatoxin
analysis due to their high precision and reliability [68-70]. Sample preparation typically
involves extraction methods such as QUEChERS (quick, easy, cheap, effective, rugged, and
safe) or solid-phase extraction.

Although chromatographic methods offer unparalleled sensitivity and analytical accu-
racy, they are labor-intensive, expensive, and require advanced laboratory infrastructure.
Applications across various food matrices are summarized in Table 6.
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Table 6. Chromatographic methods used to detect aflatoxins in food.
. Limit of Detection
Method Detector Detected Aflatoxins for AFs [ug/kg] References
High-performance liquid Q-Trap 5500 LC-MS/MS system AFBI1, AFB2, 0.04-0.05 [68]
chromatography with a turbo ion spray source AFG1 ' '
TSQ Quantum Discovery system:
. a high-performance triple-stage AFBI1, AFGI,
Liquid chromatography quadrupole mass spectrometer AFG2 0.04 [69]
with electrospray ionization
Liquid Triple-quadrupole mass
chromatography-tandem spectrometer with an AFB1 0.03 [71]
mass spectrometry electrospray ionization source
High-performance liquid Fluorescence detector AFM1 0.002 [72]
chromatography
Online solid phase extraction
coupled with ult}‘a-hlgh Triple-quadrupole AFM1 0.0007 73]
performance liquid mass spectrometer
chromatography
Ultrahigh-performance Triple-quadrupole electrospray AFB1, AFB2, 0.25-0.32 [74]
liquid chromatography ionization mass spectrometer AFG1, AFG2 ' '
. . AFB1, AFB2,
['Jltr'ahlgh—performance Quadrupole orbitrap AFG1, AFG2, 0.0003-0.0080 [75]
liquid chromatography mass spectrometer
AFM1
Triple-quadrupole mass AFB1, AFB2,
Liquid chromatography spectrometer with an AFG1, AFG2, 0.02-10.14 [76]
electrospray ionization source AFM1
Ultrahigh-performance Tandem-quadrupole AFBL, AFB2,
liquid ch b h + A AFG1, AFG2, 0.14 [77]
iquid chromatography mass spectrometer AFM1, AFM2
AFB1, 0.07
Ultrahigh-performance AFB2, 0.08
liquid chromatography Fluorescence detector AFG1, 0.06 (78]
AFG2 0.09
High-performance liquid AFB1, AFB2,
chromatography Fluorescence detector AFG1, AFG2, 0.1 [79]
High-performance liquid Fluorescence detector AFB1 16.5 [80]
chromatography
Quantitative thin-layer Thin layer chromatography AFB1, AFB2, <0 [81]
chromatography scanner (fluorescence) AFG1, AFG2 '
Ultrahigh-performance AFB1, AFB2,
liquid chromatography Fluorescence detector AFG1, AFG2 2 (821

3.6. Spectroscopic Methods

Spectroscopic techniques, including infrared (IR), near-infrared (NIR), fluorescence,
and Raman spectroscopy, enable non-destructive and rapid screening of aflatoxins [83-85].

Often integrated into automated food sorting systems, these methods provide real-
time analysis with minimal sample preparation, offering a practical alternative to traditional
manual inspection. Applications of spectroscopic methods are summarized in Table 7.
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Table 7. Spectroscopic methods used to detect aflatoxins in food.
Method Detected Aflatoxin LOD for AFs [ug/kg] Ref.
Fluorescence spectroscopy and multispectral imaging AFB1 Not calculated [86]
Laser-induced fluorescence spectroscopy Aflatoxins Not calculated [871]
. . AFB1, AFB2,
Fourier transform near-infrared reflectance spectroscopy AFG1, AFG2 <4.0 [88]
Colorimetric competitive enzyme immunoassay AFB1 0.1 [89]
Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectrometry AFMI 0.02 (501
Custom-built ultraviolet-visible-near infrared .
spectroscopy system (UV-vis-NIR) Aflatoxins Not calculated [91]
Near-infrared and mid-infrared spectroscopy with AFB1, AFB2,
chemometrics AFG1, AFG2 Not calculated [92]
Multiplexing fiber optic laser-induced fluorescence AFB1 Not calculated (93]
spectroscopy system with one-, two-, and three-probe
Fluorescence spectroscopy AFB1, AFB2 0.2 [94]
Shortwave near-infrared spectroscopy AFB1 Not calculated [95]
Visible-near-infrared spectroscopy AFBI, aflatoxins Not calculated [96]
Terahertz spectroscopy with chemometric methods AFB1 1.0 [97]
On-line fluorescence spectroscopy system AFB1 <6.20 [98]
Hyperspectral imaging technology (UV) Aflatoxins Not calculated [99]
Near-infrared ref}ectanpe spectroslcopy—based fast AFB1 8.26 [100]
versicolorin A detection
Laser-induced fluorescence spectroscopy AFB1 6.86 [101]
Fourier transform infrared spectroscopy AFM1 10.0 [102]
Colorimetric enzyme-linked immunosorbent assay AFB1 0.06 [103]
Ultraviolet-visible-near-infrared spectroscopy Aflatoxins Not calculated [104]
Fluorescence spectroscopy and multispectral imaging AFB1 Not calculated [105]
Fourier transform near-infrared spectroscopy AFB1 Not calculated [106]
Handheld fluorescence spectrometry AFB1 0.6 [107]

3.7. Summary of Detection Methods

Recent advances in detection technologies have significantly improved aflatoxin mon-
itoring. Emerging biosensor platforms, smartphone-integrated assays, and intelligent
packaging represent promising future directions, aiming to provide faster, more affordable,
and portable solutions for aflatoxin detection.

These technological developments have enhanced food and feed safety surveillance
by offering a wide array of tools with varying levels of sensitivity, specificity, cost, and
applicability in field settings. Figure 2 presents a schematic overview of six core detection
strategies commonly employed for identifying aflatoxins in diverse matrices.

The first approach, macroscopic culture-based methods, relies on the visual inspec-
tion of fungal colonies grown on selective media under ultraviolet light. Toxigenic As-
pergillus strains are typically identified by their characteristic blue fluorescence. Although
this technique is simple and inexpensive, it is time-consuming and primarily suited for
preliminary screening.
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Figure 2. Schematic representation of major aflatoxin detection methods (top left to bottom right):
macroscopic culture-based, molecular (PCR), immunochemical (lateral flow), electrochemical biosen-
sors, chromatographic (HPLC, LC-MS/MS), and spectroscopic techniques (UV-vis Nanodrop).

In contrast, molecular techniques, such as conventional PCR and quantitative PCR
(gqPCR), target key genes involved in aflatoxin biosynthesis (e.g., afIR, afID). These methods
offer high sensitivity and enable early detection of potentially toxigenic fungi; however,
they do not quantify actual toxin levels and require advanced laboratory infrastructure.

Immunochemical assays, including ELISA and lateral flow immunoassays, allow
direct detection of aflatoxins via antigen—antibody interactions, typically generating a
colorimetric or fluorescent signal. These tests are rapid, user-friendly, and cost-effective,
making them suitable for on-site applications. Nevertheless, their semiquantitative nature
and susceptibility to matrix interferences may affect analytical precision.

Electrochemical biosensors represent a rapidly evolving domain. These devices com-
bine biorecognition elements (e.g., antibodies, aptamers) with electrochemical transducers,
offering excellent sensitivity and potential for miniaturization. Despite their promise, they
are not yet widely adopted due to fabrication complexity and cost.

Among traditional methodologies, chromatographic techniques, such as HPLC and
LC-MS/MS, remain the gold standard for confirmatory analysis. These approaches offer
precise quantification and reproducibility across multiple toxin types, but are limited by
labor-intensive sample preparation, high costs, and the need for skilled personnel.

Lastly, spectroscopic methods, including infrared (IR), near-infrared (NIR), flu-
orescence, and Raman spectroscopy, enable rapid, non-destructive screening. Com-
monly integrated into automated sorting systems, these techniques are suitable for high-
throughput analysis, although their sensitivity is limited when detecting trace concentra-
tions of aflatoxins.

Collectively, these methods illustrate a dynamic and rapidly evolving field, with
growing emphasis on portability, cost-effectiveness, and user accessibility, particularly in
low-resource settings and high-risk regions.
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3.8. Comparative Summary of Aflatoxin Detection Methods

A wide range of analytical methods has been developed for aflatoxin detection, each
offering distinct advantages and limitations depending on the context of application. While
certain techniques provide high sensitivity and specificity required for regulatory com-
pliance, others are optimized for rapid, on-site screening or cost-effective monitoring in
resource-constrained settings. To facilitate the selection of the most appropriate method,
Table 8 provides a comparative overview of the main detection techniques currently em-
ployed in aflatoxin analysis. This comparison outlines key parameters such as sensitivity,

complexity, speed, and suitability for field application.

Table 8.

and limitations.

Comparative overview of aflatoxin detection methods:

principles, advantages,

Detection Method

Advantages

Limitations

Macroscopic Culture-Based

Low cost; simple setup; suitable for
preliminary fungal screening

Time-consuming (32120 h); requires
microbiological expertise; not specific to toxins

Molecular Techniques

High sensitivity and specificity; enables
detection of toxigenic strains

Does not detect actual toxin levels; costly
equipment; technical expertise required

Immunochemical

Rapid; low cost; suitable for screening;
can detect multiple toxins simultaneously

Cross-reactivity; matrix effects; lower
quantitative accuracy; may need confirmation

Electrochemical Biosensors

High sensitivity; miniaturizable; potential
for on-site use

Limited standardization; device-specific
calibration; still in early-stage commercialization

Chromatographic

Gold standard; precise quantification;
multi-analyte detection

Expensive instrumentation; time-consuming
sample preparation; requires trained personnel

Spectroscopic Techniques

Rapid; non-destructive; no need for
chemical reagents

Lower sensitivity; affected by matrix complexity;
limited detection of low toxin concentrations

Although numerous detection methods are available, each entails trade-offs among
sensitivity, speed, cost, and field applicability. Inmunochemical and biosensor-based ap-
proaches are increasingly favored for point-of-care applications, whereas chromatographic
techniques remain the gold standard for regulatory confirmation. However, their practical
implementation—especially in resource-limited settings—remains constrained. Future de-
velopments should focus on affordable, accurate, and portable devices that require minimal
technical expertise.

4. Inhibitory Agents

This paper proposes a classification system for aflatoxin inhibitors and Aspergillus
species responsible for aflatoxin production, grouping them into four categories: bioremedi-
ation agents, physical agents, botanical agents, and non-botanical chemical agents. Figure 3
provides a visual summary of this classification along with representative examples for
each category.

4.1. Bioremediation Agents

Bioremediation—the use of biological organisms to detoxify aflatoxins—offers a cost-
effective and environmentally sustainable alternative to conventional decontamination
methods [108]. This strategy is favored due to its ecological safety, economic viability, broad
applicability to a wide range of mycotoxins, and its potential to produce minimal or no
toxic by-products or intermediates [109-111].
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Figure 3. Overview of aflatoxin inhibitors and Aspergillus species: classification and examples
of agents.

Recent studies have identified various bacterial strains (e.g., Bacillus, Pseudomonas,
Lactobacillus) capable of inhibiting Aspergillus growth and degrading AFB1 by up to 90%
in vitro [9,111,112]. Some strains, such as Lactobacillus rhamnosus and Kluyveromyces marxi-
anus, have demonstrated efficacy in animal models, significantly reducing aflatoxin absorp-
tion and toxicity [113,114].

However, the underlying degradation mechanisms remain poorly understood, high-
lighting the need for further investigation to enhance degradation efficiency and practical
applicability in real-world settings [115]. A detailed overview of bioremediation agents—
including their target mechanisms and reported efficacy—is provided in Table 9, summariz-
ing strains shown to inhibit Aspergillus growth, suppress aflatoxin biosynthesis, or directly
degrade aflatoxin molecules.

Table 9. Bioremediation agents blocking the growth of Aspergillus, inhibiting aflatoxin secretion, or
causing aflatoxin degradation.

Aflatoxin and/or Fungus Inhibitor Model Effects References
- ‘ e  growth inhibition of A.
A. pamsn?zcus; Lactobaczlly’s planturum. in vitro parasiticus by both strains [116]
aflatoxins L. delbrueckii subsp. Lactis aflatoxin production reduction
e inhibition of afIR expression
e  aflatoxin level reduction: AFB1
AFBL Bacillus shackletonii by S AFE?)Z by 88.1%
AFB2 Vs in vitro AFMI by 90.4% [112]
AFM1 s e L7 culture supernatant more
effective than live cells or
extracts
e  significant inhibition of A.
AFB1 p seudomo;?as fluorescens in vitro flavus growth and aflatoxin [9]
strain 3JW1 production

88.3% degradation of AFB1
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Table 9. Cont.
Aflatoxin and/or Fungus Inhibitor Model Effects References
e  inhibition of A. parasiticus
growth
Bacillus e  inhibition of AFB1 and AFG1
A. parasiticus . . ducti
amyloliquefaciens S production
AFB1 Y U[ZI"BJZ( in vitro e disruption of mitochondrial [117]
AFG1 B. subtilis UTB3 and cell membrane functions
e  alterations in the shape and
structure of fungal hyphae and
vesicles
AFB1 degradation of 91.5%
AFB1 Bacillus velezensis in vitro e  highest degradation capacity of [111]
the supernatant
A. flavus Lactobacillus e  growth inhibition of both
A. niger plantarum in vitro fungal species [118]
AFB1 strain ITEM 17215 *  reduced aflatoxin B
bioavailability
‘ o  slowed A. parasiticus growth
A. parasiticus ) Baczl.lus o reduced AFB1 production
AFB1 mojavensis RC1A In vitro B. mojavensis RC1A strain [119]
B. subtilis RC6A exhibits the highest inhibition
of fungal growth
Volatile organic e  complete inhibition of A. flavus
A.ﬂavus Compounds from . . mycglium, embryos, and
AFB1 Streptomyces alboflavus mn vitro conidial germination [120]
TD—1 e inhibition AFBI secretion
e  mitigated growth-retardant
effect in calves
e  reduced activity of aspartate
aminotransferase (AST) and
) . lactate dehydrogenase (LDH)
AFB1 Lactobacillus Dglry Fattle e reduced AFBI1 absorption in [113]
thamnosus GG In Vivo the gastrointestinal tract
e  increased excretion of AFB1
and AFM1 in feces and urine
e  significant reduction in AFB1
and AFM1 toxicokinetics in
calf urine
AFB1 Recombinant laccase C30 e  binding affinity to aflatoxins:
AFB2 from Saccharomyces in vitro .AFBl > AFG2 > AFGl > AFBZ [121]
AFGI cerevisiae e increased AF degradation with
AFG2 prolonged incubation time
On YES media:
e  maximum reduction of
aflatoxins produced by A.
A. flavus parasiticus with L. rhamnosus
A. parasiticus Lactobacillus strain
AFB1 rhamnosus o e  reduced reduction rate of AFs 12
AFB2 L. gasseri mn vitro produced by A. flavus [122]
AFG1 L. plantarum On wheat grains:
AFG2

e  optimal inhibition of aflatoxin
secretion produced by A.
parasiticus with L. rhamnosus
strain
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Table 9. Cont.
Aflatoxin and/or Fungus Inhibitor Model Effects References
72.08% reduction in AFM1
concentration
Kluyveromyces marxianus lowest AFML1 levels following
AFB1 CPY1 Dairy cattle CPY1 and RSY5 strain (114]
AFM1 K. marxianus RSY5 in vivo administration )
Pichia kudriavzevii YSY2 enhanced dry matter intake
and milk composition
decreased transfer of AFB1
from feed to AFM1 in milk
reduction by live isolates
Lactobacillus (73.9%-80.0%) and nonviable
aracasei 108 . . isolates (72‘90/0—78.70/0)
AFM1 L.pplantarum 49 in vitro L. paracasei 108 strain exhibits [123]
L. fermentum 111 the highest AFM1 removal
capacity in both living and
non-living cells
AFB1 Lactobacillus in vitro 90% AFBI reduction during [124]
plantarum fermentation
Aspergillus oryzae
A. versicolor
AFB1 A. ochraceus Human skin aflatoxin reductions after one
‘:115221 Cladosporium subcinereum fibroblast cells year of fermentation: 92.58% [125]
Bacillus in vitro (AFB1), 100% (AFG1), 98.69%
AFG2 albus (AFB2), 100% (AFG2)
B. velezensis
minimal inhibition of fungal
growth
significant or complete AFB1
A. flavus Bacillus degradation, dependent on
‘ ; ; in vitro concentration [126]
AFB1 amyloliquefaciens WF2020 .
reduced expression of 10
aflatoxin pathway genes and
two transcription factors (afIR,
aflS) in A. flavus
inhibition of AFB1 production
in 77% of strains on solid PDA
medium
) myecelial growth suppression
Asp erﬁlébéslﬂ aous Pseudomonas 50 isolates in vitro on both PDB and PDA media, [127]

to varying degrees
Chlororaphis isolates 66, 68, and
4 fully inhibited AFB1
production on both media

types

4.2. Physical Agents

Physical factors such as radiation, heat treatment, and atmospheric pressure plasma

are employed to eliminate aflatoxins. Although heat treatment is commonly used, it

demonstrates limited efficacy, as aflatoxins can withstand temperatures ranging from
237 °C to 306 °C [7]. For instance, boiling rice at 100 °C for 12 min reduced aflatoxin levels
by 25%-56%, with brown rice showing the greatest reduction. However, the effectiveness of

detoxification depends on several factors, including temperature, water volume, treatment

duration, and initial contamination level.
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Ultraviolet irradiation, known for degrading mycotoxins via photolysis and advanced
oxidation processes, offers another potential strategy; however, aflatoxins are only mini-
mally degraded by UVC (ultraviolet light, C band) radiation [6,128]. Gamma irradiation
at doses up to 10 kGy (kilogray) has been shown to reduce AFBI1 toxicity without signifi-
cantly compromising food quality [129]. UVC has also demonstrated efficacy in reducing
fungal growth and mycotoxin concentrations in rice [130], achieving over 70% reduction in
AFBI1 levels at doses of 4.88 J/cm? [6].

Electron beam irradiation has similarly been applied to reduce aflatoxin levels in
pistachios. Doses ranging from 4 to 6 kGy significantly decreased both A. flavus spore
viability and AFB1 content, though higher doses may adversely impact product quality [19].

A novel and highly promising method is non-equilibrium cold atmospheric plasma
(CAP), which produces reactive oxygen and nitrogen species capable of degrading complex
chemical compounds [131]. CAP has demonstrated remarkable effectiveness, achieving a
96% reduction in AFB1 within 60 s, with no detectable residues after 120 s. This positions
CAP as a highly viable technology for mycotoxin detoxification.

4.3. Non-Botanical Agents

Research indicates that the effects of mycotoxins may be mitigated through their
interaction with non-botanical compounds. These substances can form non-toxic com-
plexes with aflatoxins, such as the AFB2a-arginine adduct (AFB2a-Arg). However, it
is essential to thoroughly evaluate the resulting transformation products, as they may
retain genotoxic properties, exhibit new toxic effects, or potentially revert to aflatox-
ins under certain conditions [132]. Table 10 presents findings from studies involving
non-botanical compounds.

Only a limited number of reports have investigated synthetic chemical compounds,
likely due to the growing emphasis on “green chemistry” and the use of environmentally
benign alternatives for aflatoxin elimination [133]. Although vitamin C is derived from
plants, it is categorized here as a non-botanical agent due to its use in purified, isolated
form, rather than as part of a whole plant extract.

Table 10. Non-botanical agents with antifungal and antitoxic effects on Aspergillus fungi
and aflatoxins.

Aflatoxin and/or

F Type of Non-Botanical Agent Model Effects References
ungus
. o . . 99% elimination of AFB1 from solution
AFB1 Mixture Qf citric and Phosphorlc in vitro and corn kernels [132]
acids with arginine e  aflatoxin transformed into the AFB2a-Arg
adduct
. restoration of cell viability
. reduction in glutathione (GSH) and
malondialdehyde (MDA) levels
AFBL CaIfIO-LCI;{ZEK ?3' . LDH release (dose-dependent)
i ep-Lsz, an duction in DNA damage to normal
Lactoferrin ® reduc 8 [134]
AFMI1 SK-N-SH cells levels (at 1000 mg/mL)
In vitro e  decreased ERK1/2 levels in Caco-2 and

Hep-G2 cells
. decreased JNK expression in Hep-G2 and
SK-N-SH cells

A. parasiticus
ATCC15517
AFB1
AFB2
AFG1
AFG2

. mycelium disturbances at 50 mg/mL
Vitamin C in vitro . aflR gene expression reduced to 68.7% [135]
and 81% at 25 and 50 mg/mL of vitamin
C, respectively
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Table 10. Cont.

Aflatoxin and/or
Fungus

Type of Non-Botanical

Agent Model

Effects

References

A. flavus A42 and
CHAO50

CO, in vitro

high inhibition of mycelium growth
at 100% CO; in vacuum

lowest levels of AFB1, AFB2, AFG1,
AFG?2, and total aflatoxins from A42
isolate at 100% CO,

lowest levels of AFB1, AFB2, AFG1,
AFG?2, and total aflatoxins in
CHAO50 isolate at 100% CO,

[136]

AFB1
AFM1

HEK 293 cells
L-proline in vitro; mice
in vivo

significant alleviation of abnormal
biochemical parameters, renal
pathology, and excessive cell
apoptosis

increased cell viability

reduction in total antioxidant
capacity (TAC)

significant increase in MDA levels

[137]

AFB1

Chlorine dioxide gas in vitro

post-treatment with ClO,: over
99.5% AFB1 degraded within 12 h
low toxicity of degradation products

[138]

AFB1

Complementary feed Chicken
Rhino-Hepato Forte in vivo

after both doses, parameters like red
blood cell count, packed cell volume,
hemoglobin, white blood cell count,
H/L stress ratio, triglycerides,
cholesterol, alkaline phosphatase,
creatinine, glucose, calcium, and
total protein returned to normal

[139]

AFB1

Rats

Taurine ..
in vivo

inhibition of liver damage markers
and MDA increase

increased hepatic TAC, SOD, GPx,
CAT activity, and mitochondrial
membrane potential

reduction in liver pathological
changes

regulation of mRNA expression of
Nrf2, NQO1, HO-1, and GCLC
inhibition of Bcl-2 and Bcl-2/Bax
expression decline

increase in Bax, cleaved caspase 9,
and cleaved caspase 3 expression

[140]

AFB1

Rabbits

Seleno-methionine ..
in vivo

reduction in kidney damage

more pronounced effect at 0.2
mg/kg than 0.4 mg/kg

significant reductions in blood urea
nitrogen, creatinine, uric acid,
urinary protein, renal glycogen, and
apoptotic cells

significant increases in ROS, MDA,
Keapl, and expression of Bax,
caspase 3, caspase 9, and PTEN
increased activity of antioxidant
enzymes TAC, GPx, SOD, Nrf2,
NQO1, HO-1, and expression of
PI3K, Bcl-2, AKT, and p-AKT
improvement in cell and glomerular
structure, reduction in vacuoles

[141]
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4.4. Botanical Agents

Synthetic fungicides have long been used to treat and prevent fungal infections in
plants and stored seeds. However, growing consumer awareness of their potential negative
effects on the environment and on human and animal health has led to increased interest in
alternative plant protection methods [6]. Natural compounds and phytochemicals contain
a variety of biologically active substances (e.g., phenols, steroids, glycosides, and alkaloids)
that may help restore physiological homeostasis after ingestion of mycotoxin-contaminated
products [142,143]. For instance, natural plant phenols can reduce oxidative damage
without inducing side effects [144,145]. Moreover, certain raw plant materials have been
shown to inhibit fungal growth [146], while others—such as banana peel powder [147] and
jatropha pomace extract [148]—have demonstrated the ability to reduce aflatoxin levels.

Table 11 lists botanical agents with antitoxic and antifungal properties effective
against aflatoxins and Aspergillus species, respectively. It is likely that many other
plants and plant-derived products with similar potential remain unexplored and warrant
further investigation.

Table 11. Botanical agents with antifungal and antitoxic properties against Aspergillus fungi
and aflatoxins.

Aflatoxin and/or

Fungus Type of Botanical Agent Model Effects References
° restoration in normal serum biochemical
Rats parameters
AFB1 Coumarin and chlorophyllin L . alleviation of histopathological changes [149]
in vivo - . .
in the liver, pancreas, and kidneys
. improvement in rat growth efficiency
AFB1 . significant reduction in aflatoxin levels by
Jatropha pomace extract; .
AFB2 sioba oil: 10i0b tract: in vit jatropha pomace extract [148]
AFG1 Jojoba oty ]'Z]t(; a}llj:n.lf ce extrach 1n viro . reduction of AFB1 levels by jojoba oil,
AFG2 Jatropha o1 jojoba pomace extract, and jatropha oil
. inhibition of ROS production, DNA
s strand breaks, and cytotoxicity
AFB1 Ginger extract HepG2 cglls mvitro; o regulation of the Nrf2/HO-1 pathway [150]
rats in vivo s 1 e
e  reduction in lipid peroxidation
. increase in antioxidant enzyme activity
Rats in vi adsorption of aflatoxins
AFs Banana peel powder ats I vivo . reduction in aflatoxin-induced liver and [147]
and in vitro .
kidney damage
improvement in body weight
. increase in nutritional efficiency and
weight gain
AFB1 Rats . improvement in kldr}ey and liver
Cape golden berry L function, including liver enzymes [151]
AFG1 in vivo . .
. improvement in tumor markers
restoration of lipid, total protein, albumin,
globulin, and iron levels to reference
values
. alleviation of nephritis and
histopathological changes in the
intestines
. reduction in liver and small intestine
Aflatoxins Date palm (Phoenix dactylifera) C.h1c1.<ens welght. . . [152]
seeds in vivo . regulation of biochemical parameters of

the liver and kidneys

. dose-dependent protective effect, with
better results from 2% than 4% Phoenix
dactylifera seed supplementation
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Table 11. Cont.

Aflatoxin and/or

Type of Botanical Agent Model Effects References
Fungus

° reduction in liver and kidney
dysfunction
e  increase in antioxidant glutathione
levels [153]
reduction in lipid peroxide levels
° reduction in creatinine, urea, and
uric acid levels

Rats

AFB1 Black tea and/or curcumin L.
in vivo

° increase in cell viability
reduction in ROS and micronuclei
HepG2 cells production
in vitro . increase in antioxidant enzyme
activity (glutathione reductase, GPx,
GST)

AFB1 Purple waxy corn extract [154]

e  protection of the ileum against
morphological damage and
Ducks inflammation
in vivo ° reduction in AFB1 DNA adducts in
plasma
° reduction in oxidative stress

AFB1 Curcumin [155]

e  decreased liver and kidney
parameters and MDA

e  increase in antioxidant parameters
(TAC, GST, and CAT)

e  significant decrease in alanine
aminotransferase,
gamma-glutamyltransferase, and [156]
ALP (alkaline phosphatase) enzyme
activity

e  decrease in total protein and
albumin concentration in blood
serum

e  increase in catalase activity

Ducks

Aflatoxins Lycopene and silymarin .
in vivo

e regulation of lipid profile, glucose
and insulin levels, homeostasis
model assessment of insulin
resistance, TNF-« (tumor necrosis
factor alpha), and IDO
(indoleamine-pyrrole

Rats 2,3-dioxygenase)
in vivo e  decrease in AChE
(acetylcholinesterase) and
monoamine oxidase activity

° increase in homeostasis model
assessment of (3-cell function, TIMP3
(tissue inhibitor metallopeptidase 3)
activity

AFB1 Artichoke leaf extract [157]

. improvement in animal growth
strengthening of spleen immune
functions

e  reduction in spleen damage and
inflammation

. Ducks .. . .
AFB1 Curcumin o e  activation of Nrf2 signaling [158]
in vivo
pathways

e  increase in expression of related
antioxidant enzymes

e  inhibition of NF-kB (nuclear factor
kappa B) signaling pathway
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Table 11. Cont.

Aflatoxin and/or

Fungus

Type of Botanical Agent

Model

Effects

References

Aflatoxins

Barley microgreen

Rats
in vivo

reduction in oxidative stress
increase in sperm count

reduction in morphological
abnormalities, seminiferous tubule
degeneration, and chromosomal
aberrations

[159]

A. parasiticus
aflatoxins

Essential oils:
lavandin grosso and abrial,
Origanum virens,
Rosmarinus officinalis;
Phenolic acids:
caffeic, chlorogenic,
ferulic,
p-coumaric

in vitro

complete inhibition of fungal growth
by O. virens essential oil and
lavandin (grosso and abrial)
essential oil

significant reduction in mycelial
weight by all essential oils and
phenolic acids

strong inhibition of aflatoxin
synthesis in all cases (except
lavandin abrial)

complete inhibition of aflatoxin
production by all phenolic acids at
20 mM concentration

[133]

AFB1

Curcumin

Mice
in vivo

reduction in weight loss

reduction in pyroptosis frequency
interleukin (IL)-1f3 and IL-18 release
liver damage and dysfunction and
AFB1-DNA adducts accumulation in
the liver

inhibition of oxidative stress and
enhancement of phase II
detoxification via GST

increase in Nrf2 expression and
associated antioxidant molecules
(SOD, CAT, HO-1, NQO1), GST,
GSH, GSS (glutathione synthetase),
GCLC, GCLM (glutamate—cysteine
ligase modifier subunit)

[160]

AFB1

Curcumin

Mice
in vivo

modulation of Keap1-Nrf2 pathway
inhibition of Bax/Bcl-2-Cyt-c
(cytochrome c) pathway
improvement in renal and
biochemical parameters
counteraction of pathological
changes and regulation of genes and
proteins involved in oxidative stress
and apoptosis

[161]

AFB1

Quercetin

Bovine fetal
hepatocyte-
derived
cells (BFH12)
in vitro

elimination of AFB1 cytotoxicity
dose-dependent reduction in AFM1
levels in the cell medium

inhibition of GSTA1 (glutathione
S-transferase A1) expression
significant transcriptional changes
for SOD1 and NQO1 at 20 and 30
UM quercetin, respectively
dose-dependent reduction of SOD2
levels

[162]
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Table 11. Cont.

Aflatoxin and/or
Fungus

Type of Botanical Agent

Model

Effects

AFB1
AFB2

Vegetable biocholine

Pigs
in vivo

increase in efficiency

reduction in total protein and

globulin levels

lowering of TBARS (thiobarbituric [163]
acid reactive substances) levels

increase in GST activity

reduction in liver enlargement

A. parasiticus—15,
16, 24
A. favus—18;
aflatoxins

Halimeda opuntia extract;
Turbinaria decurrens extract;
Jania rubens extract

in vitro

antifungal effect of H. opuntia extract
against A. parasiticus—24 and A.
favus—18

antifungal activity of T. decurrens
extract against A. favus—18
fungicidal activity of the J. rubens
extract against A. parasiticus—16 and
A. flavus—18

effective elimination of A. parasiticus
toxins (16 and 24) by of H. opuntia [18]
aqueous extract

100% detoxification of AFG1 and
AFG2 in: A. parasiticus isolates 15, 16,
and 24 by T. decurrens extract
removal of aflatoxins (except AFG2)
from A. parasiticus isolates 15 and 16
100% detoxification of AFG1 and
AFG2 in A. flavus—18 and A.
parasiticus—24 isolates by |. rubens
extract

AFB1

Marjoram essential oil

Rabbits
in vivo

increase in rabbit growth

increase in antioxidant enzyme
activity (CAT and GSH)

reduction in inflammatory response
markers and AFB1 remnants in the
liver

[164]

AFB1

Morin

Rats
in vivo

significant reduction in serum levels
of AST, ALP, LDH, GGT
(gamma-glutamyl transferase), CK
(creatine kinase), CK-MB (creatine
kinase-myocardial band), 8-OHdG
(8-hydroxy-2'-deoxyguanosine), [165]
IL-1p3, IL-6, and TNF-« at 30 mg/kg
body weight

significant changes in hepatic and
cardiac parameters (MDA, GSH,
GPx, SOD, and CAT) at 30 mg/kg

AFB1

Aqueous extracts of H.
bacciferum (HB), O. dhofarense
(OD), and Z. multiflora (ZM)

Mice in vitro,
in vivo

AFB1 degradation: 95% by HB, 93%
by OD, and 92% by ZM

prevention of weight loss
mitigation of oxidative stress,
indicated by increased GSH, TAC,
and reduced 8-OHAG

reduction in liver damage induced
by AFB1 exposure

[166]

A. flavus
AFs

Pumpkin seed oil (PSO);
pumpkin seed oil
nanoparticles (PSO-NPs)

in vitro

minimum inhibitory concentrations

(MICs): 6.25 uL./mL for PSO and 1.5

uL/mL for PSO-NP [167]
reduction in AF levels: PSO — up to

66.6%, and PSO-NP — up to 32.2%

References
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4.5. Integrated Decontamination Strategies

A variety of physical, chemical, and biological strategies have been employed to
reduce aflatoxin contamination in food and feed products. Each method presents specific
advantages and limitations depending on the matrix, contamination level, and desired
product quality.

Mechanical techniques such as sorting, cleaning, and optical separation have achieved
aflatoxin reductions of up to 95%, although some product loss may occur during process-
ing [168]. Thermal treatments are constrained by the high thermal stability of aflatoxins.
Nonetheless, specific applications—such as cooking or steaming soybeans—have achieved
reductions ranging from 33% to 97% [169]. Combinatorial approaches, such as heat treat-
ment in the presence of citric acid, have shown enhanced efficacy, with one study reporting
a 49.2% reduction in pistachios [170].

Irradiation methods, including UVC and electron beam exposure, have demonstrated
promising results in degrading aflatoxins without compromising product quality. For
instance, rotating peanuts during irradiation enhanced AFB1 degradation by 25% [171].
Similarly, cold plasma treatment—a non-thermal technique—achieved up to 96% AFB1
reduction within 60 s while preserving nutritional value [131].

Chemical agents such as citric, lactic, and tartaric acids have been shown to reduce
aflatoxin levels by over 95% in certain nuts. Additionally, ozonation has achieved reduc-
tions in AFB1 concentration of up to 86.75% [132,172]. Biological materials—including
yeast cell walls and specific bacterial strains—have demonstrated potential for aflatoxin
binding, although further in vivo studies are needed to confirm their safety and efficacy
in livestock [173,174]. Feed additives such as mineral clays and activated carbon are also
commonly used to adsorb or neutralize mycotoxins in the gastrointestinal tract, thereby
minimizing systemic absorption [175].

Despite promising outcomes, no single strategy provides a comprehensive solution.
Considerations such as scalability, cost-effectiveness, regulatory approval, and impact
on nutritional quality must guide implementation. Future directions may involve syn-
ergistic applications and biotechnological innovations that integrate efficiency, safety,
and sustainability.

5. Occurrence of Aflatoxins in Water: Detection and
Elimination Strategies

Water contamination—whether anthropogenic or natural—is a significant global con-
cern, particularly in developing countries where poor sanitation and reliance on rivers,
streams, wells, and lakes for drinking water are common. While most research has focused
on chemical contaminants such as heavy metals and organic pollutants, mycotoxins in
water—especially aflatoxins produced by fungi such as Aspergillus spp.—remain under-
studied. This issue is relevant in both developing and developed countries [176].

5.1. Detection of Aflatoxins in Water

Detection of aflatoxins in drinking and surface waters is essential. LC-MS/MS tech-
niques have been employed to detect aflatoxins in bottled water, achieving detection limits
as low as 0.2 ng/L [177]. Aflatoxins AFB2, AFB1, and AFG1 were found at trace levels
that did not pose a health risk to adults. UHPLC-ESI-QTOF (ultrahigh-performance liquid
chromatography—electrospray ionization—quadrupole time-of-flight mass spectrometry)
was used to detect aflatoxins Bl and B2 produced by Aspergillus fumigatus in untreated wa-
ter sources in Nigeria [178]. These concentrations, although initially detectable, diminished
over time.
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A multistage solid-phase extraction method coupled with HPLC-HRMS (high-
performance liquid chromatography-high-resolution mass spectrometry) enabled the iden-
tification of aflatoxins in surface water from the Ter River, where AFB1 was detected only in
trace amounts [179]. Innovative biosensors—such as Zr-LMOF@Cotton (zirconium-based
luminescent metal-organic framework on cotton)—have demonstrated low detection limits
(0.1 ug/L), rapid results, and cost-effectiveness [180]. A portable biosensor based on a
DNA pyramid structure achieved detection limits as low as 3 pg/mL, comparable to more
expensive HPLC-MS/MS systems [66].

Although food remains the primary route of aflatoxin exposure, water contamination
should not be underestimated—especially in regions where untreated surface water is
consumed. The growing detection of aflatoxins in aquatic environments highlights the
need to expand monitoring programs. However, the ecological and toxicological conse-
quences of chronic, low-level exposure via water are still poorly understood and require
further research.

5.2. Elimination of Aflatoxins from Water

Given the increasing global threat posed by persistent organic pollutants, addressing
aflatoxin contamination in water is essential. Considerable progress has been made in
developing effective adsorbents and degradation techniques. UVA LED systems have been
used to degrade aflatoxins Bl and M1 in water, achieving reductions of 70% and 84%,
respectively, at a dose of 1200 mJ/cm?. Importantly, the degradation by-products were
found to be non-toxic [181]. Zr-LMOF@Cotton material also demonstrated 92% removal
efficiency and maintained over 95% efficiency across 10 reuse cycles [180]. f-Lactoglobulin-
based aerogels have shown strong adsorption capacity and the ability to be regenerated for
repeated use [182]. Additionally, modified Spirogyra biomass was effective in adsorbing
aflatoxins, achieving a 91% reduction under optimized conditions [183].

5.3. Regulatory and Research Considerations

Despite well-established regulations for aflatoxins in food, no formal standards cur-
rently exist for water. Although aquatic concentrations are typically low, chronic exposure
may lead to long-term environmental persistence and bioaccumulation. It is therefore
necessary to evaluate both cumulative and long-term impacts on ecosystems and human
health [178].

6. Perspectives on Detection and Elimination of Aflatoxins

Preventing mycotoxin contamination—particularly by aflatoxins—is a key priority in
food safety initiatives due to their well-documented adverse health effects [175]. Climate
change is exacerbating the risk of aflatoxin contamination, underscoring the need for effec-
tive mitigation strategies across all stages of the food supply chain, from crop cultivation
and harvesting to food processing, packaging, and storage.

The One Health approach, which integrates human, animal, and environmental health,
promotes the development of comprehensive strategies to manage such risks [184]. This
framework includes improving agricultural practices, strengthening food safety protocols,
and addressing environmental conditions conducive to fungal proliferation, such as rising
temperatures and increased humidity [185].

In Latin America, although the One Health concept is still being formalized, initiatives
based on its principles have been implemented for over a decade—particularly in rural and
underserved urban areas—yielding success in disease prevention and control even prior to
its formal adoption [186]. In contrast, countries like India face implementation challenges,
primarily due to insufficient interministerial coordination [187]. Conversely, Rwanda has
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made notable progress by introducing national policies, establishing surveillance laboratory
networks, and mobilizing community health workers to support integrated efforts under
the One Health framework [186].

Given these developments, continued innovation in aflatoxin elimination methods is
essential. Three future-oriented approaches are illustrated in Figure 4.
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Figure 4. Methods of aflatoxin elimination: current practices and future trends.

6.1. Artificial Intelligence (Al) and Machine Learning (ML)

Artificial intelligence (Al) and machine learning (ML) are rapidly advancing and
becoming essential tools in the fight against food contamination. Al enables the analysis
of large datasets, facilitates predictive modeling, and supports process optimization—
capabilities that were previously unattainable. For example, Al can be used to monitor
environmental conditions in storage facilities to predict and mitigate fungal contamination.
The integration of sensors with the Internet of Things (IoT) and machine learning algorithms
has demonstrated the ability to monitor grain quality and prevent fungal growth [108].
By analyzing parameters such as temperature, humidity, and CO, concentration, these
systems help maintain optimal storage conditions and significantly reduce contamination
risk over extended periods.

Al technologies also support food safety management by enhancing supply chain
efficiency and reducing the risk of disease transmission [188]. Moreover, Al contributes to
aflatoxin detection. For instance, Raman spectroscopy combined with machine learning
algorithms has demonstrated high accuracy in detecting aflatoxins in maize [189]. Al-driven
computational tools are also aiding in the identification of microbial strains and enzymes
capable of detoxifying mycotoxins, thereby advancing food safety research [190]. These
developments underscore the potential of Al and ML to streamline detection protocols,
reduce response time, and optimize safety interventions.

6.2. Intelligent and Active Packaging (AP)

Packaging technology plays a vital role in ensuring food safety, particularly in pre-
venting contamination by mycotoxins such as aflatoxins. Hermetic packaging, such as
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Purdue improved crop storage bags, has been shown to effectively reduce aflatoxin levels
in maize [191]. These solutions represent a cost-effective and eco-friendly alternative to
chemical preservatives by creating unfavorable conditions for fungal growth and toxin
production [192].

Intelligent and active packaging has emerged as a promising area of innovation.
Intelligent packaging incorporates sensors that monitor parameters such as temperature
and humidity, providing real-time feedback on product quality. Active packaging, in
contrast, integrates antimicrobial agents, antioxidants, or essential oils to actively inhibit
microbial growth and extend shelf life [193]. Studies have demonstrated the effectiveness
of active antifungal packaging in controlling fungal contamination. For example, natural
extracts such as bee bread [194] and essential oils derived from cinnamon, anise, and
orange [195] have exhibited antifungal properties when incorporated into packaging films.

Active packaging has also shown efficacy in inhibiting Aspergillus spp., the primary
producers of aflatoxins. In bread, coatings with e-poly-L-lysine have been shown to
suppress Aspergillus parasiticus [196], while chitosan coatings applied to peanuts effec-
tively reduced fungal proliferation and aflatoxin production [197]. Similarly, probiotic
coatings based on sodium alginate have successfully inhibited Aspergillus growth in soft
cheeses [198]. These innovative approaches not only reduce fungal contamination but also
improve shelf life and reduce food waste, thereby supporting sustainability.

6.3. Transgenic Plants

Although the complete elimination of aflatoxins remains challenging, transgenic
plants have emerged as a promising strategy to mitigate contamination. First and second
generations of genetically modified (GM) crops were developed to enhance resistance to
fungal infection and reduce aflatoxin production [199]. For instance, the introduction of
the synthetic peptide AGM182 into maize has resulted in over 70% reduction in aflatoxin
contamination [200]. This peptide, modeled after tachyplesin 1 from the Japanese horse-
shoe crab, demonstrated fivefold greater efficacy against Aspergillus flavus than its natural
analogue. Despite these advances, transgenic maize still often contains aflatoxin levels
above regulatory limits, underscoring the need for further genetic refinement.

Another innovative approach is host-induced gene silencing (HIGS), which targets and
suppresses fungal genes responsible for aflatoxin biosynthesis. For example, maize engi-
neered with RNA interference (RNAI) targeting aflC exhibited undetectable aflatoxin levels
following A. flavus infection [201]. This method has proven effective without compromising
plant development. Additional studies have focused on silencing the polygalacturonase
gene of Aspergillus flavus, with transgenic maize showing significantly reduced aflatoxin
accumulation [202].

While genetically modified crops offer considerable potential for reducing aflatoxin
contamination, global adoption remains limited due to regulatory restrictions and public
skepticism [199]. Continued research into novel genetic strategies and refinement of existing
technologies are essential for enhancing food safety and crop resilience.

Technological advancements are reshaping aflatoxin control; however, many of these
innovations face challenges related to scalability and practical implementation. Although
artificial intelligence, intelligent packaging, and transgenic crops demonstrate significant
potential, their widespread adoption is constrained by economic, regulatory, and societal
barriers. Integration of such technologies within a One Health framework may facilitate
more holistic and sustainable solutions. Future progress will depend on interdisciplinary
collaboration and the development of user-centered, adaptable systems.
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7. Future Perspectives

Despite significant progress in the detection and mitigation of AFB1, several challenges
remain unresolved. Climate change—characterized by rising temperatures and increased
humidity—is expected to expand the geographical range of aflatoxin contamination, im-
pacting crops in regions previously considered low-risk. As a result, future strategies must
prioritize the development of robust, climate-resilient interventions.

Detection technologies should continue evolving towards miniaturization, automation,
and field-deployable applications. The integration of biosensors with artificial intelligence
and smartphone-based systems holds promise for creating highly sensitive, portable, and
cost-effective detection tools, particularly suitable for low-resource settings. Moreover,
intelligent packaging materials equipped with real-time aflatoxin sensors may revolutionize
food safety monitoring throughout supply chains.

On the mitigation side, increasing attention should be directed toward the discovery of
novel bioremediation agents capable of degrading aflatoxins effectively under diverse envi-
ronmental conditions. Advances in genomics and synthetic biology may enable the design
of microbial strains or enzymatic systems specifically tailored for aflatoxin detoxification.
Transgenic crop development—especially utilizing CRISPR-Cas9 (clustered regularly inter-
spaced short palindromic repeats—CRISPR-associated protein 9)—also shows promising
potential for enhancing crop resistance to aflatoxin-producing fungi. However, despite their
scientific promise, these approaches remain largely experimental and face considerable
limitations, including regulatory hurdles, biosafety concerns, public skepticism, and imple-
mentation costs. At present, their application is largely confined to research environments,
and further translational studies are needed to enable real-world deployment. Therefore,
such innovations should be regarded as complementary rather than substitutes for existing
mitigation strategies.

A more holistic, interdisciplinary approach that integrates improved agricultural prac-
tices, technological innovation, regulatory enforcement, and public awareness initiatives
is essential. Strengthening international collaboration and harmonizing global aflatoxin
standards will be pivotal in enhancing food safety and protecting public health amid
accelerating environmental and socioeconomic change.

The economic feasibility of aflatoxin detection and mitigation strategies must also be
considered. While advanced technologies such as LC-MS/MS and Al-enhanced biosensors
offer exceptional sensitivity, their costs may limit adoption in resource-constrained regions.
Thus, future efforts should aim to balance analytical performance with affordability. Cost—
benefit analyses will be crucial to guide the transition from laboratory innovation to field
and industrial applications.

Effective aflatoxin control inherently requires interdisciplinary cooperation. Successful
initiatives often involve collaboration among microbiologists, engineers, data scientists,
policymakers, and agricultural stakeholders. For instance, implementing IoT-based moni-
toring systems in storage facilities has required expertise in both agronomy and information
technology. Similarly, progress in transgenic crop development has relied on molecular
biologists working alongside regulatory and food policy experts. Strengthening such cross-
disciplinary partnerships will be vital for developing scalable, sustainable, and equitable
aflatoxin management strategies.

Looking ahead, successful aflatoxin control will hinge on the convergence of techno-
logical innovation and practical implementation. Emerging solutions must be evaluated
not only for analytical accuracy but also for cost-effectiveness and long-term sustainability.
Empowering local stakeholders—from farmers to food processors—and fostering cross-
sectoral collaboration will be critical. The future of aflatoxin management lies in adaptive,
context-specific, and globally coordinated action.
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8. Conclusions

Aflatoxin B1 remains one of the most significant threats to global food and feed safety,
with its impact intensified by climate change and the complexities of international trade.
Over the last decade, notable progress has been achieved in the detection, mitigation, and
inhibition of AFB1, ranging from conventional analytical techniques to advanced biosen-
sor and Al-assisted systems. Strategies such as bioremediation, physical and chemical
decontamination, and botanical interventions have shown promise in reducing aflatoxin
contamination levels. Nevertheless, each method presents certain limitations in terms of
cost, scalability, sensitivity, and practical applicability.

An integrated, multifaceted approach—combining technological innovations in detec-
tion with sustainable and accessible mitigation measures—is essential to effectively manage
aflatoxin risks across diverse environmental and socioeconomic contexts. Ongoing interdis-
ciplinary collaboration among microbiologists, chemists, engineers, and data scientists will
be critical in overcoming the persistent challenges posed by AFB1 contamination and in
ensuring long-term food safety.
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AFB1 aflatoxin B1

AFB2 aflatoxin B2

AFB2a-Arg aflatoxin B2a—arginine adduct
AFG1 aflatoxin G1

AFG2 aflatoxin G2

AFM1 aflatoxin M1
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AFs aflatoxins
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AP active packaging
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OD O. dhofarense
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PCR polymerase chain reaction
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QuEChERS quick, easy, cheap, effective, rugged, and safe
RNAIi RNA interference

SMILE smartphone-powered mobile microfluidic lab-on-fiber device
SMRs superparamagnetic nanoparticles

SOD superoxide dismutase

SPCE screen-printed carbon electrode

TAC total antioxidant capacity

TBARS thiobarbituric acid reactive substances
TIMP3 tissue inhibitor metallopeptidase 3
TNF-o tumor necrosis factor alpha
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