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Abstract: The most potent mycotoxin, aflatoxins are the secondary metabolite produced by fungi,
especially Aspergillus, and have been found to be ubiquitous, contaminating cereals, crops, and
even milk and causing major health and economic issues in some countries due to poor storage,
substandard management, and lack of awareness. Different aspects of the toxin are reviewed
here, including its structural biochemistry, occurrence, factors conducive to its contamination and
intoxication and related clinical features, as well as suggested preventive and control strategies and
detection methods.
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1. Introduction

Mycotoxins, including trichothecenes, fumonisins, zearalenone, and ochratoxin A, are
secondary metabolites of different fungus species which are mostly soil-borne and pro-
duced by species within the genera Aspergillus, Fusarium, and Penicillium [1], with aflatoxins
causing major health issues for humans and animals, even leading to serious economic prob-
lems [2,3]. Mainly produced by Aspergillus flavus and Aspergillus parasiticus, common fungi
in nature [4–6], aflatoxins are common contaminants for various foods, feeds, and crops,
such as groundnuts [7], maize [1,8], rice [9,10], sorghum [11], and oilseeds [12], which are
major foods for both humans and animals. Moreover, their secondary biological metabolites
are often found in milk and milk products and other animal products [6,13,14]. The afla-
toxin problem is especially serious in some geographical locations and agricultural practices
due to higher humidity and temperature, in addition to poor storage conditions [15,16].

Some of the various types of aflatoxins have been identified and derived from nature,
others are their metabolites, with the former including four major types, namely AFB1,
AFB2, AFG1, and AFG2, all produced by Aspergillus species. Their major metabolic prod-
ucts include AFM1, AFM2, AFP1, AFQ1, and AFB1-8,9-epoxide [17,18]. It is known that
aflatoxins and their metabolites are a major cause for mutagenicity, carcinogenicity, hepato-
toxicity, and immunosuppression in both humans and animals, whose biotransformation
with physiological enzymes may make them more pathogenic [18,19]. One of the most
pathogenic and carcinogenic aflatoxins is AFB1, which has been classified as a group I
human carcinogen by the International Agency for Research on Cancer (IARC) [9].

In addition to health issues, contamination of feeds and foods has resulted in serious
economic loss, since it is unsalvageable, although it is preventable via measures before
and after harvest [15,19,20]. Moreover, aflatoxins are highly heat-resistant, unaffected
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by conventional thermal treatment for foods [21]. This review looked into key findings
on aflatoxins in various aspects, including structural biochemistry, contamination and
intoxication, and related clinical features, as well as suggested preventive and control
strategies and detection methods.

2. Prevalence and Occurrence of Aflatoxins

Aflatoxins were first discovered in the UK in 1960, being confirmed as the causative
agent for the outbreak of turkey X diseases, which killed over 100,000 turkeys and other
kinds of poultry [22]. The disease, with major symptoms of liver necrosis and bile duct hy-
perplasia, was caused by toxic feeds, resulting from contamination of its ingredients, mainly
groundnuts and cottonseeds. The culprit was later identified as A-fla-toxin, produced
mainly by fungi, with “A” and “fla” denoting Aspergillus and flavus, respectively [23,24].

The event sparked a so-called “mycotoxin gold rush” from 1960 through 1975, when
many chemical researchers joined the search for mycotoxins [23], leading to the discovery
of several hundreds of fungal metabolites with toxic properties, along with their structures
and chemical profiles.

Aflatoxins are a ubiquitous food and feed contaminant, often found in agricultural
products and byproducts, even including those from manufacturers with good manu-
facturing practices [25–27]. According to the Food and Agriculture Organization (FAO)
of the United Nations, 25% of the world’s crop harvest is contaminated by mycotoxins
during growth or storage, perhaps due to the fact that conventional farming practices are
conducive to fungal growth. Moreover, fungi can persist in feed and food from processing
through prepared meal due to their ability to endure stresses from harsh environmental
conditions, as well as various decontamination methods during processing [5,25,28,29].

The problem prevails especially in tropical and subtropical regions, such as Sub-Saharan
Africa and Southeast Asian and South American countries with substandard agricultural op-
erations, hot temperature, and high humidity that favors growth of the fungus [21,27,30–33].
It has also emerged in North America and Europe due to global warming [8,26].

3. Structures and Biochemistry of Different Types of Aflatoxins

There are at least 18 types of aflatoxins identified so far, including such important
ones from the perspective of public health as aflatoxin B1 (AFB1), B2 (AFB2), G1 (AFG1),
G2 (AFG2), and M1 (AFM1), of which AFB1, AFB2, AFG1, and AFG2 derive from nature
and AFM1 from mammals’ milk after the biotransformation of the previous toxins in their
liver [2,18,28]. When exposing aflatoxins to UV light, blue and green lights will be exhibited,
reasons for the detonations of “B” and “G” aflatoxins, while “M” refers to aflatoxins found
in milk and dairy products (Table 1) [3,28].

Table 1. Summary of structure and biochemical characterizations of aflatoxins.

Structural
Classification of

Aflatoxins
Source Chemical Structure Melting

Points (◦C)
Color of

Fluorescence 1 References

Difurocoumarocyclopentenone Series

Aflatoxin B1
(AFB1)

Naturally produced by
Aspergillus spp. 2
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237–240 Green [2,21,24,34] 

Aflatoxin G2a 
(AFG2a) 

Hydroxylated metabolite of 
AFG1  

Naturally produced by A. flavus 
 

190 Green [2,3,21,24,34] 
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Table 1. Cont.

Structural
Classification of

Aflatoxins
Source Chemical Structure Melting

Points (◦C)
Color of

Fluorescence 1 References

Aflatoxin B2a
(AFB2a)

Hydroxylated metabolite
of AFB1.

Naturally produced by A.
flavus and A. parasiticus
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(AFL) 

Reduced metabolite of AFB1, cat-
alyzed by soluble NADPH-de-
pendent reductases in the liver  

 

N/A3 N/A3 [2,21,34,35] 

Aflatoxin B1-
8,9-epoxide 

Metabolite of AFB1 by CYP 1A1, 
CYP 3A4, CYP 1A2, CYP 2E6, 

and CYP 3A5 
 

N/A3 N/A3 [2,21,28,34,35] 

Aflatoxin P1 
(AFP1) 

Demethylated metabolite of AFB1
by O-demethylase in liver micro-

some 
 

N/A3 N/A3 [2,21,28,34,35] 

Aflatoxin Q1 
(AFQ1) 

Hydroxylated metabolite of AFB1 
by microsomal enzymes of the 

liver 
 

268 N/A3 [2,21,28,34,35] 

Difurocoumarolactone Series    

Aflatoxin G1 
(AFG1) 

Naturally produced by  
Aspergillus spp.2 

 

244–246 Green [2,21,24,34] 

Aflatoxin G2 
(AFG2) 

Naturally produced by  
Aspergillus spp.2 

 

237–240 Green [2,21,24,34] 

Aflatoxin G2a 
(AFG2a) 

Hydroxylated metabolite of 
AFG1  

Naturally produced by A. flavus 
 

190 Green [2,3,21,24,34] 

N/A 3 N/A 3 [2,21,28,34,35]

Aflatoxin Q1
(AFQ1)

Hydroxylated metabolite
of AFB1 by microsomal

enzymes of the liver
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Table 1. Cont.

Structural
Classification of

Aflatoxins
Source Chemical Structure Melting

Points (◦C)
Color of

Fluorescence 1 References

Aflatoxin GM1
(AFGM1)

Hydroxylated metabolite
of AFG1 by MFO in the

liver of mammals
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1 Color of emitted fluorescence after the indicated aflatoxin is exposed to UV light. 2 This manuscript 
lists all of the responsible species in Figure 3.  3 N/A, not available. 

Aflatoxins are biosynthesized in fungi with type II polyketide synthase in a pro-
cessing starting with the generation of norsolorinic acid, followed by a series of complex 
post-polyketide synthase steps, resulting in progressively more toxigenic anthraquinone 
and difurocoumarin metabolites (Table 1) [2,36,37]. 

Aflatoxins are derivatives of dihydrofurancoumarins that are divided into two broad 
groups according to their chemical structure, namely the difurocoumarocyclopentenone 
series (AFB1, AFB2, AFB2A, AFM1, AFM2, AFM2A, and aflatoxicol) and the difurocou-
marolactone series (AFG1, AFG2, AFG2A, AFGM1, AFGM2, AFGM2A, and AFQ1) [2 ,34, 
36]. They have a polycyclic structure deriving from a coumarin nucleus linked to a bi-
furano system, while aflatoxins of type B are connected to a pentanone, and G-type afla-
toxins are connected to a 6-member lactone. Structurally AFB1, AFG1, and AFM1 have 
double bonds in 8–9 positions, while AFB2, AFG2, and AFM2 do not have the double 
bond (Table 1) [34,35, 36]. With low molecular weight, aflatoxins are soluble in solvents 
such as methanol, benzene, chloroform, and acetonitrile, with a wide spectrum of toxicity. 
Although they are stable in a wide range of pH (3 to 10) and have a melting point above 
250 °C, they are unstable in UV light exposure with no immunogenicity [21,35]. When 
exposed to UV light, different aflatoxins with different crystal types have different melting 
points with varying fluorescence (Table 1) [6,21,35]. 

4. Sources of Intoxication 
4.1. Factors Favoring the Presence of Aflatoxins 

Since the discovery of aflatoxins, there have been various reports on contaminations 
of agricultural products and animal products, such as milk and meat products 
[15,26,31,38–40]. With a favorable environment, aflatoxins are certain to appear with the 
presence of relevant fungi. Mycotoxin-producing fungi can access cereals during trans-
portation or storage. They can derive from post-harvest wastes on the field, including 
grains undergoing microbiological deterioration and decaying vegetation (Figure 1) 
[10,26,41]. 

 

276 N/A 3 [2,21,24,34]

Aflatoxin GM2
(AFGM2)

Hydroxylated derivative
of AFG2 by MFO in the

liver of mammals
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1 Color of emitted fluorescence after the indicated aflatoxin is exposed to UV light. 2 This manuscript lists all of
the responsible species in Figure 3. 3 N/A, not available.

Aflatoxins are biosynthesized in fungi with type II polyketide synthase in a processing
starting with the generation of norsolorinic acid, followed by a series of complex post-
polyketide synthase steps, resulting in progressively more toxigenic anthraquinone and
difurocoumarin metabolites (Table 1) [2,36,37].

Aflatoxins are derivatives of dihydrofurancoumarins that are divided into two broad
groups according to their chemical structure, namely the difurocoumarocyclopentenone
series (AFB1, AFB2, AFB2A, AFM1, AFM2, AFM2A, and aflatoxicol) and the difurocoumaro-
lactone series (AFG1, AFG2, AFG2A, AFGM1, AFGM2, AFGM2A, and AFQ1) [2,34,36].
They have a polycyclic structure deriving from a coumarin nucleus linked to a bifurano
system, while aflatoxins of type B are connected to a pentanone, and G-type aflatoxins
are connected to a 6-member lactone. Structurally AFB1, AFG1, and AFM1 have dou-
ble bonds in 8–9 positions, while AFB2, AFG2, and AFM2 do not have the double bond
(Table 1) [34–36]. With low molecular weight, aflatoxins are soluble in solvents such as
methanol, benzene, chloroform, and acetonitrile, with a wide spectrum of toxicity. Al-
though they are stable in a wide range of pH (3 to 10) and have a melting point above
250 ◦C, they are unstable in UV light exposure with no immunogenicity [21,35]. When
exposed to UV light, different aflatoxins with different crystal types have different melting
points with varying fluorescence (Table 1) [6,21,35].

4. Sources of Intoxication
4.1. Factors Favoring the Presence of Aflatoxins

Since the discovery of aflatoxins, there have been various reports on contaminations of
agricultural products and animal products, such as milk and meat products [15,26,31,38–40].
With a favorable environment, aflatoxins are certain to appear with the presence of relevant
fungi. Mycotoxin-producing fungi can access cereals during transportation or storage.
They can derive from post-harvest wastes on the field, including grains undergoing micro-
biological deterioration and decaying vegetation (Figure 1) [10,26,41].

The occurrence of aflatoxins in food and feed varies with geographic location and agri-
cultural/agronomic practices. Moreover, the toxin has high ability to contaminate commodi-
ties and persist throughout storage, transportation, and processing. It is noteworthy that
absence of visible mold does not guarantee the absence of mycotoxins and aflatoxins, since
they often cannot be removed even by cooking or processing of food products [5,9,15,19].

There are several factors, some extrinsic and others intrinsic, in pre- and post-harvest
practices, which are conducive to the occurrence of aflatoxins in feed and food chains. Ex-
trinsic factors include temperature, humidity, water or heat stress, soil conditions/properties,
mechanical injury on food commodity, and insects and rodent infestations, while intrinsic
factors include genotype, pH, nutrient composition, and moisture content/water activ-
ity [42]. While these factors are key to the frequency and severity of contamination, a
combination of two or more factors may be needed to foster fungal growth and cause
corresponding toxin production [7,10,41,43].
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Figure 1. Aflatoxin intoxication via feed and food supply chain.

Pre-harvest: Fungi can reside on various parts of plants, with most cases in seeds.
Many studies have found that crops and crop residues can harbor fungi in spore and
mycelial forms [44]. Fungi contaminate crops during harvest as spores or mycelium and are
then transferred to harvest crops as an organism or its metabolites (i.e., aflatoxins), which
will remain in the crops up to storage [10,26].

Post-harvest: A major factor for the development of aflatoxins and other mycotoxins
in feed are storage conditions in the post-harvest period, including moisture, humidity, and
temperature, mostly with interrelated effects [41,43–46].

Temperatures: While temperatures between 25 and 37 ◦C are most favorable for fungal
growth and toxin production, fungi can reproduce even in temperature as low as 12 ◦C
and as high as 48 ◦C. Generally, fungi need a suboptimal temperature for the production of
aflatoxins. Studies on A. flavus have shown that the optimal temperature for its growth is
25–37 ◦C, with maximum growth and aflatoxin production at 35–37 ◦C and no production at
temperatures below 13 ◦C or above 42 ◦C, indicating that temperature increase is conducive
to fungal growth and aflatoxin production. Other conditions, like moisture and humidity,
are inseparable from temperature when it is considered as a factor [8,21,41,42,45,47,48].

Humidity and moisture: Environmental humidity and crop moisture content are also
important factors, as they determine the accumulation of aflatoxins in harvested crops for
food and feed. As water is indispensable for the metabolism and growth of microorganism,
it is a key determinant for the formation of aflatoxins in crops [42,47]. A minimum of
13% moisture or water activity of 0.65 is necessary for the growth, proliferation, and toxin
production of fungi (e.g., Aspergillus). While in storage conditions, with 77% moisture and
above being optimal, the maximum growth and toxin production take place at 90–95%
moisture and 25 ◦C [15,27,41,45–47]. Moreover, prolonged storage time, improper storage
arrangement, and lack of adequate drying facilities, which affect the water activity of
crops during the post-harvest period, promote aflatoxin production as well. Drying is an
effective method to inhibit aflatoxin production, while reduction of moisture level to 10%
via quick and proper drying of post-harvested cereals and legumes can suppress A. flavus
proliferation and aflatoxin production [16].

Damaged crops and grains: Aflatoxins produced by fungi could contaminate seeds
but cannot enter and infect crop/seed husks unless there are favorable conditions, such as
damage of crop husk, that facilitate infection by fungi and entry of pathogenic fugal toxins.
Many studies have shown that seeds with damaged husks are more vulnerable to infection
by mycotoxin than seeds with intact husks. Damage to the seed husk may be caused by
improper harvesting processes, insect bites, and inadequate food processing [15,30,41].
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4.2. Source of Aflatoxin Intoxication

Various studies have found that aflatoxins could be isolated from raw milk and dairy
products, cereals, coffee, grapevine, dried fruits (e.g., figs and raisins), spices, peanuts,
groundnuts, and nuts such as almonds, pistachio, walnuts, and coconut [2,49,50]. The
following are some important sources of aflatoxin intoxication.

4.2.1. Cereals

Various cereals are vulnerable to aflatoxin contamination starting from the blooming
stage, including maize, wheat, barley, oat, sorghum, pearl millet, rice, and oilseeds such as
groundnut, soybean, sunflower, and cotton [15,48,51]. Fungal intoxication of feed starts
from infestation of crops with fungal spores at farms through storage facility. A common
subject for study in this field is corn farms, whose crop contains high nutrients facilitating
aflatoxin contamination [44]. Oilseeds and their cakes (i.e., byproducts) are also a common
source of aflatoxin intoxication affecting both humans and animals due to their nutritious
contents that are conducive to fungal growth [7,15,49,51].

4.2.2. Spices

Ground spices and herbs have been evaluated to be substrates for mycelial growth,
sporulation, and eventually aflatoxin production. Spices that could potentially harbor afla-
toxins include chili, black/red pepper, coriander, turmeric, and ginger [50,52–54]. Spices
are exposed to a wide range of fungal contamination from production through marketing,
in agricultural fields, post-harvesting practices, and processing. Factors include environ-
mental conditions, such as high temperature and humidity, poor collection conditions,
inadequate production process, substandard drying, and poorly sheltered transport and
storage, which can exacerbate contamination [31,50,53,54].

Previous studies have demonstrated that toxigenic molds and various microorganisms,
especially Aspergillus species, could contaminate spices at different levels of production.
Consequently, spices on the market are often contaminated with unacceptable concentra-
tions of aflatoxins and pose public health hazards since they usually are not cooked or
treated with heat during processing [54–56]. For instance, a study on Sri Lankan spices
found that 63% and 67% of tested AFB1-positive black pepper and dry chili samples,
respectively, exceeded the EU minimum levels of 5 µg/kg, [50]. Another study carried
out in Turkey also showed that 9 out of 13 red-scaled, 3 of 11 red pepper, and 2 out of
8 black pepper positive samples contained AFB1 (5 µg/kg) and total aflatoxins (10 µg/kg)
exceeding the limits set by the EU and Turkish Food Codex [52].

4.2.3. Milk Products

The occurrence of aflatoxins, including AFB1 and AFM1, in raw milk and milk prod-
ucts, either of human or animal origin, is a major health issue, especially for infants and
toddlers, for whom milk products provide vitamins, minerals, fatty acids, and proteins
essential for their growth [57,58]. There have been numerous reports on AFM1 poisoning
incidents related to various milk products, including cheese, yogurt, cream, butter, ice
cream, and milk powder [2,28,38,59,60].

Aflatoxin contamination of milk products can be caused by the ingestion of contami-
nated feeds by dairy cattle, contaminated additives, or accidents [28,59]. In the first case,
usually 0.3–6.2% of consumed AFB1 is metabolized to AFM1, which is then contained in se-
creted milk after 12–24 h. The content of AFM1 declines gradually, reaching an undetectable
level within 72 h after ingestion [28,59–61].

5. Intoxications, Metabolism, and Clinical Features of Aflatoxins
5.1. Routes of Intoxications

Ingestion is the main route of aflatoxin intoxication. Inhalation of contaminated grain
dust is also a major path for AFB1 exposure for people in certain occupations [62], and
slow skin absorption is another route, though in rare cases [63]. Animals or humans often
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consume aflatoxin-contaminated feeds/foods unaware, due to lack of unusual features on
their appearances in many cases [30,64,65].

5.2. Absorption

Aflatoxins can be easily assimilated into our digestive tract. ADME (absorption, distri-
bution, metabolism, and excretion) analysis in a study showed that 13 aflatoxin analogues
have high gastrointestinal (GI) absorption properties [34]. AFB1 can be efficiently absorbed
by the intestinal tract, mainly the duodenum. AFB1, a light molecular compound, is ab-
sorbed into enterocytes via a passive diffusion mechanism [35]. In line with the findings,
in vitro studies have shown that AFB1 is transported via a differentiated monolayer of
intestinal epithelial cell line Caco2, from the apical to the basolateral site and vice versa
at similar rates [66,67]. The absorption of aflatoxins starts from the mucosal surface at the
upper section of the GI tract, and the main absorption site is at the lower section of the
intestinal lumen. AFB1 is detected in plasma immediately after oral administration of a
single dose of 4.8 mg to calves, reaching the peak after four hours, which suggests that
absorption starts at the rumen [68]. Moschini et al. (2007) also demonstrated that AFB1
is detected in the plasma of lactating dairy cows 15 min after administration of 4.9 mg of
AFB1 in contaminated corn [69].

5.3. Metabolism and Mechanism of Action

Metabolism of most ingested aflatoxins follows similar pathways in the human body.
After absorption, first-pass metabolism occurs in intestinal and respiratory epithelium,
although their roles remain to be evaluated [35,70,71]. From the absorption site, AFB1
enters the bloodstream and is transported to the liver, the principal site of accumulation
and metabolism. This is due to the fact that aflatoxins are lipophilic molecules and the liver
is predominantly a lipophilic organ as well as the destination of all molecules in circulation
for processing [2,72]. AFB1 by itself is not such a potent toxin. However, via a detoxification
process, the liver and some other organs bio-transform it into a more potent form that dam-
ages the liver itself, causing hepatotoxicity and carcinogenicity. Other biotransformation
byproducts are excreted via different routes, with urine being the principal excretion means
(Figure 2).
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Metabolism of aflatoxins is carried out in three phases: (1) oxidation of AFB1; (2) detoxifi-
cation; (3) bacterial deconjugation.

In phase I, AFB1 is oxidized into hydroxylated metabolites, such as AFM1, AFQ1,
and AFP1, as well as highly reactive aflatoxin-8,9-exo-epoxide. In the liver, AFB1 is
metabolized into aflatoxin B1-8,9-exo-epoxide by cytochrome P450 enzymes (CYPs), which
can be abundantly found in the liver and are also present in respiratory and intestinal
tissues, prompting the latter to also bio-activate aflatoxins and causing them to suffer
from their toxicity [35,73–75]. CYP3A4 and CYP1A2 are the two principal human CYP450
isoforms, responsible for the biotransformation of AFB1 into highly reactive aflatoxin
B1-8,9-exo-epoxide. [74–76]. CYP1A2 can also catalyze the epoxidation of AFB1 to yield a
high proportion of endo-epoxide and the hydroxylation of AFB1 to form AFM1, which is
excreted via milk and can cause similar intoxication of any host via ingestion.

These CYPs also metabolize AFB1 into AFP1 and AFQ1, both less toxic because they
are not good substrates for epoxidation. AFP1 derives from O-demethylation [21]. Aflatoxin
B1 epoxide can occur in two isomers, the endo- and the exo-form, but only the exo-isomer
(aflatoxin B1-8,9-exo-epoxide) is related to toxicity and carcinogenicity (Figure 2). The
formed epoxide is highly unstable, ready to be bound with biological nucleophiles, such
as nucleic acids, to form stable adducts with RNA and DNA. Its covalent binding with
DNA induces point mutations and DNA strand breaks and is linked to the carcinogenic
effects of AFB1 exposure. With the presence of water, epoxide will be rapidly and non-
enzymatically hydrolyzed into AFB1 8,9-dihydrodiole [17,18,71,77]. Meanwhile, cytosolic
reductase enzyme can reduce AFB1 to aflatoxicol, a detoxification product which can be
re-oxidized back to AFB1 by a microsomal dehydrogenase, thereby increasing the half-life
of AFB1 and posing as an in vivo reservoir of AFB1 [17,21,77,78]. AFM1 will continue
their pathogenicity by excretion through milk, followed by metabolization in liver of other
organisms which ingest the contaminated milk, while others (i.e., AFP1 and AFQ1), with
little reaction in the body, are removed. AFM1 can exert toxicity without causing metabolic
activation, with children being especially vulnerable to its toxicity [14,79]. There exists
a proportionally linear relationship between AFB1 concentration in feed and AFM1 in
milk. It is estimated that about 0.3–6.2% of AFB1 consumed by dairy cattle is metabolized
into AFM1 [80–82].

Phase II aflatoxin metabolism in the human body mainly involves detoxification, when
the water solubility and excretion of phase I metabolites is increased by conjugating them
with glutathione or glucuronic acid with the help of glutathione-S-transferase enzyme.
Conjugated epoxides and hydroxylated AFB1 metabolites are then freely excreted into the
intestinal tract via bile, where they might be subject to bacterial deconjugation as a phase
III reaction [35,78,83].

5.4. Excretion

The major excretion route of AFB1 and its metabolites is the biliary pathway via feces,
followed by the urinary system. AFM1 and some other metabolites are also excreted via
milk in lactating mammals. After phase II metabolism and conjugation, the metabolites
are mostly removed through the biliary pathway via feces, with some being reabsorbed by
the intestines due to intestinal microbial de-conjugation of the metabolites [78,83]. Urine is
another excretion way of aflatoxins, especially for AFM1, on top of milk. A regular pattern
of excretion of AFB1 (in feces) and AFM1 (in urine) was demonstrated by a study on calves
fed with a single dose of 4.8 mg of AFB1 [68]. Hence, many studies have employed urine
as a biomarker for aflatoxin determination [80,84].

The metabolites of aflatoxins can be accumulated in the liver, kidney, and other
body parts before excretion. It can pose a public health hazard when the metabolites
are accumulated in the edible parts of economic animals in the food supply chain [85,86].
However, the most serious public health hazard of aflatoxicosis is excretion via milk, since it
affects infants and young children. AFM1, which is mostly excreted via milk, is responsible
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for carcinogenicity, mutagenicity, and stunted growth in children. Because of its semi-polar
characteristics, AFM1 binds strongly to casein, a major nutritious protein in milk [28,60].

5.5. Pathogenesis

Consumption of feed or food contaminated by aflatoxins can cause various health
problems due to their potent carcinogenicity that may affect all the organs and systems,
especially the liver and kidneys, resulting in teratogenic, carcinogenic, immunosuppressive
or genotoxic and mutagenic consequences [2,18,87,88]. Intake of large amounts of aflatoxins
in the diet leads to an acute type of aflatoxicosis, while long-term exposure to aflatoxins
results in the chronic type (Figure 3). The IARC has defined four groups for classification
of mycotoxins as carcinogenic or potentially carcinogenic to humans, and classified AFB1
as a Group 1 carcinogen to humans [9,18].
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Among all types of aflatoxins, AFB1 is the most pathogenic and potent one, with
its median lethal dose (LD50) ranging from 1 to 50 mg/kg for most species and less
than 1 mg/kg for highly susceptible animals like poultry, rainbow trout, and rats, with
the susceptibility of a given species also varying according to genetic background, age,
nutritional factors, and detoxification ability of its liver [23,76].

Aflatoxin B1-8,9-exo-epoxide, a reactive form that binds to DNA and albumin in
blood serum, derived from AFB1 via liver biotransformation, forms adducts and hence
causes DNA damage. Aflatoxin B1-8,9-exo-epoxide either binds to liver proteins, resulting
in acute aflatoxicosis, or to DNA, causing hepatocellular carcinoma. Binding of these
metabolites to nucleic acid and nucleoproteins essential to cellular viability (e.g., noticeably,
the p53 tumor suppressor gene) in the liver leads to an excessive build-up of hepatic lipids,
which enlarges the liver, proliferation of bile duct epithelium, necrosis, and hepatocellular
carcinoma [18,74,88–91]. The binding of exo-epoxide to DNA results in the formation of
the predominant pro-mutagenic 8,9-dihydro-8-(N7 guanyl)-9-hydroxy AFB1 adduct (AFB1-
N7-Gua). Then, AFB1-N7-Gua will be transformed into the AFB1-formamidopyrimidine
(AFB1-FABY) adduct, which may result in transversion mutations from guanine (G) to
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thymine (T). In addition, these adducts might trigger mutation of arginine to serine at codon
249 of the p53 tumor suppressor gene, abrogating the function of the tumor suppressor
gene and contributing to carcinogenesis (Figure 3) [18,90–92]. Although AFM1 has lesser
mutagenic and carcinogenic activity than AFB1, it exhibits a high level of genotoxic activity,
posing a health hazard because of its possible accumulation and linkage to DNA [92–94].

Aflatoxicosis may cause symptoms such as vomiting, abdominal pain, pulmonary
edema, and fatty infiltration and necrosis of the liver [64,95,96]. Aflatoxicosis may affect
the intestines first, especially in infants and toddlers, given their dependence on milk
products and multigrain cereal products and susceptibility to any disease. Aflatoxin intake
might result in altered intestinal integrity and modulation of cytokine expression, both
of which might cause stunted growth in young children and infants, as well as immune
suppression [14,15,43,95,97]. Aflatoxins may also adversely affect various human organs
and systems, including the kidney, heart, lungs, brain, epididymis, testis, ovary, many
endocrine and exocrine organs, and skeletal muscles [2,89,95,98]. The largest risk for
humans derives from long-term dietary aflatoxin exposure, associated with hepatocellular
carcinomas, which may be synergistic with hepatitis B virus infection and hepatitis B [89,96].

A reduced level of secretory immunoglobulin A (IgA) is also associated with afla-
toxicosis, impairing human cellular immunity against infections [98,99]. Aflatoxicosis is
also the cause of other diseases, like Kwashiorkor and Reye’s syndrome in young chil-
dren [73]. Kwashiorkor, a form of protein-energy malnutrition, and Reye’s syndrome,
featuring encephalopathy and visceral deterioration, result in liver and kidney enlarge-
ment and cerebral edema. Some pathological characteristics of both diseases are linked to
aflatoxin intoxication [86,95,100].

6. Detection and Analysis of Aflatoxins

Aflatoxins can contaminate cereals/crops intended for food and feed, as well as milk
and animal products. Therefore, several studies focused their sampling on animal farms,
food markets, food and feed processing facilities, and storage facilities in order to assess
their toxic levels for comparison with toxins for samples from other sources [62,81,85,101].
Determination of aflatoxin intoxication and toxicity is difficult due to the need of a suitable
analytical method and technique for the detection and quantification of the toxins in various
samples. Moreover, the possibility of aflatoxins contaminating various foods throughout the
food chain complicates the work of accurately determining the intoxication level in humans
and animals. Studies have employed different biomarkers for determining intoxication in
humans and animals [62,80,84].

Various analytical methods have been developed for the analysis and detection of
aflatoxins from different sources. Those analytical methods are meant for different types of
samples (in terms of physicochemical properties and sample matrix). Other factors include
sample preparation techniques, presence of skilled experts, and availability of equipped
facilities. Moreover, the intended type of result from detection methods (whether qualitative
or quantitative), duration of analysis, and limits of detection and/or quantification cannot
exceed the regulatory limits set by the relative authority [61,102].

6.1. Sample Preparation

Sample preparation is critical for aflatoxin detection, accounting for almost two-thirds
of the analytical process. Most methods involve extraction of the toxin from matrices
and using appropriate clean-up methods. Hence, the most commonly applied clean-
up methods are liquid–liquid (LLE) or liquid–solid extractions (LSE) and solid-phase
extraction (SPE) methods [81]. LLE and LSE are cheap and simple methods based on
the solubility of aflatoxins in aqueous phases and matrices in a liquid solvent in solid
phases, respectively. An appropriate extraction solvent is critical in the process, with
acetonitrile/water and methanol/water solutions exhibiting their effectiveness in extracting
aflatoxins from different matrices [62,81,103,104]. SPE, when used before the use of high-
performance liquid chromatography (HPLC), has been successfully carried out with C18
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cartridges for cleaning and extraction of aflatoxins [103]. However, these column-based
extractions are time-consuming for elution of the retained analytes and have to use a
significant amount of toxic organic solvents [105,106]. In contrast, another study used the
magnetic solid phase extraction method, attaining 89.0% extraction yield for AFB1 with
good repeatability when coupled with HPLC MS/MS [104].

6.2. Analytic Methods

Several factors should be considered in choosing an aflatoxin detection method, in-
cluding limit of detection (LOD), sample type, type of extraction and sample processing,
sensitivity, and repeatability of the result’s intended use [106–108]. Existing aflatoxin
detection and analysis methods in common use include the chromatographic method,
immunological method, and biosensors, plus recently developed mycotoxin detection, such
as the use of nanomaterials and aptamers, which are better options.

6.2.1. Chromatographic Techniques

Aflatoxins have usually been detected with their photophysical properties, such as
absorption and emission spectra, as they show characteristic absorption at 360 nm, which
is the absorption maximum of the aflatoxin ring [108]. According to its characterization,
different chromatographic and spectrophotometric methods have been developed.

As a conventional method for aflatoxin detection, thin layer chromatography (TLC)
has been largely replaced by other chromatographic techniques, since TLC often produces
inaccurate results due to errors in analysis procedures and inadequate laboratory con-
ditions, such as moisture [108]. An advanced method is high-performance thin-layer
chromatography (HPTLC), which has been validated by Ramesh et al. (2013), with LOD
reaching 0.5 ppb [109,110].

Another new method is HPLC, boasting high detection sensitivity and adaptability,
according to a suitable sample and analyte with or without both pre-column and post-
column derivatizations [110–112]. It has been designated as an official analytical method
for aflatoxins, due to its sensitivity, selectivity and reputability [108,113]. However, it needs
qualified technicians to operate expensive instruments.

With higher detection sensitivity than HPLC, liquid chromatography-mass spectrom-
etry (LC-MS/MS) can detect all the four types of aflatoxins at the same time from a
sample [80,104]. Mass spectrophotometry technology augments the detection level, with
LOD less than 1 ng/mL [114]. Despite reliance of its sensitivity on ionization and matrix-
assisted calibration curves for quantitative analysis, this method is considered the most
advanced technique for aflatoxin analysis [108]. Moreover, a recent addition of some sup-
portive technical procedures has further enhanced the detection speed, sensitivity, and
reputability of various detection methods. For instance, combined with a triple quadrupole
(QqQ) mass analyzer, ultra-performance liquid chromatography-tandem mass spectrome-
try (UPLC MS/MS) has become one of the best solutions with hyphenated techniques for
the quantitative determination of aflatoxins and other derived organic compounds [81,115].

6.2.2. Immunological Techniques

Among various immunological techniques, enzyme-linked immunosorbent assay
(ELISA) has been applied in detecting and quantifying different aflatoxin analogues from
liquid or liquefied samples [38,52,61]. Other immunological methods include immune-
affinity column immune-enzymatic and immunochemical methods, which are usually
applied for amplification of aflatoxin extraction and cleaning before chromatographic
analysis [116,117]. These analytical and immunological methods, usually considered rapid
techniques, are highly sensitive, specific, reproducible, and feature detection limits lower
than those of biological detection methods, which are qualitative and often nonspecific in
nature, time-consuming, and less sensitive compared to other methods [61,64,108,118,119].

The most extensively applied immunological screening technique for aflatoxin de-
tection is competitive ELISA [38,120,121], whose detection sensitivity for aflatoxins varies
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with the kits of various manufacturers. It has been applied in detecting and quantifying
aflatoxins from milk [38,61,119,121], crops, and food stuffs [7,52], due to the merits of
simplicity, quickness, safety, as well as an LOD lower than that of other methods. However,
they are not the best aflatoxin detection methods, given their cross reactivity of results,
magnified false positive results, and lower accuracy [81,108]. However, a recently im-
proved version has been introduced as tumor-specific antigen (TSA)-ELISA, which can
increase the sensitivity of ELISA by amplifying the signal. Zhang et al. (2018), for instance,
employed tyramine signal amplification to raise the sensitivity of ELISA several-fold in
detecting AFB1 in edible oil samples [120]. Xu et al. (2021) also developed a novel indirect
competitive metal-organic framework (MOF)-linked immunosorbent assay (MOFLISA)
method with higher sensitivity, with recoveries and relative standard deviations (RSD)
ranging from 86.41% to 99.74% and from 2.38% to 9.04%, respectively [122].

Another less known immunological technique for aflatoxin detection is radio-
immunoassays (RIA), which, despite having risk of radiation for the analyst, have showed
excellent recovery for application in crops [81,123]. Other immunological methods for
aflatoxin detection include fluoroimmunoassays, flow-cytometry-based competitive fluo-
rescent microsphere immunoassay (CFIA), and chemiluminescence immunoassay (CLIA),
although they need sophisticated instruments for application [106,124].

6.2.3. Newer Detection Methods

Apart from those mentioned above, different analytical techniques identifying afla-
toxins as hazardous xenobiotics have been applied. Another approach is the use of
simple detection kits with sophisticated instruments. These other methods are mainly
meant to quicken the analysis process of aflatoxins due to on-spot simple application,
especially suitable for rural areas in developing countries to improve the detection pro-
cess [81,102,105]. Most of these rapid techniques have the problem of insufficient sensitivity
and limited detection [106]. Development of other analytical methods with high sensi-
tivity is in the works, including the use of nanoparticles for ultradetection [6,61,118,125],
aptamer-based methods (i.e., aptasensors) [126,127], and methods using immunosensors
and other biosensors [61,128].

A common approach for developing these more effective and efficient methods is the
combination of different techniques by replacing the drawbacks of one technique with
another better procedure and making the analysis more robust. For instance, immune-
chromatographic assays show remarkable analytic performance when using immuno-
analysis as the extraction step to reduce analyte loss of samples. Additionally, the combi-
nation of an immunoaffinity column and high-performance liquid chromatography (IAC-
HPLC) turns out to be highly effective and has become one of the widely used techniques
for various sample types [105,116,129].

Nanotechnology has also been applied to detect and analyze aflatoxins with nano-
materials. Adányi et al. (2018) developed an immune-sensing method for the analysis of
aflatoxins in a paprika matrix, using gold nanoparticles in a competitive immunoassay and
optical waveguide light mode spectroscopy. It reaches a dynamic AFB1 detecting range
of 0.01–10 ng/mL with EC50 of 0.044 ± 0.005 ng/mL [130]. Gold nanoparticles have also
been used for total aflatoxin determination by labeling monoclonal antibodies of aflatoxins
in the nanomaterials and applying an ultrasensitive immunochromatographic assay [117].
In addition, they have been combined with immunochromatographic analysis for rapid
screening of aflatoxins [131].

7. Prevention and Control

The World Health Organization (WHO) reported in February 2018 that aflatoxins
and associated problems can be controlled only by an integrated approach, calling for
implementation of different strategies and monitoring in a “stable to table” manner, so as to
minimize that risk of aflatoxin intoxication [28,96,100,102]. Applicable approaches include
pre-harvest and post-harvest blockage of the toxin. Pre-harvest immunization preventing
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plants from harboring fungi can be applied via targeted plant breeding, enhancement of
host plant resistance, and biological control [10,132,133]. Moreover, it is even more effective
for these methods to be applied in conjunction with post-harvest technologies, such as
proper drying and storage of susceptible crops, as well as methods contributive to the
recovery of the lost value of contaminated crops [96,132–134].

Therefore, there are some ways for a competent authority to contribute to the control
of aflatoxin contamination, including [96]:

• Removing the sources of contamination.
• Promoting better agricultural and storage techniques.
• Ensuring adequate resources that are available for testing and early diagnosis.
• Enforcing strict food safety standards.
• Informing and educating consumers and small/subsistence farmers.
• Promoting better livestock feeding and management.
• Creating public awareness of aflatoxin-contamination prevention.

Rules and Regulations on Aflatoxin Control in Various Countries

As it is impossible to remove aflatoxin contamination of human and animal diets
entirely, the primary target, especially in more vulnerable countries, should be prevention
and control via regulations and legislation to strictly monitor the trade of food and feed and
transfer/migration of aflatoxins and the fungus from place to place, ultimately lowering
intoxication occurrence [43,135,136].

At least 199 countries have instituted such regulations and legislations, specifying
maximum acceptable aflatoxin level in feeds and foods, which vary for different commodi-
ties in various countries, often set according to specific economic and social factors, with
acceptable AFM1 limits invariably much lower than food/feed levels, especially consid-
ering the effect of intoxication issues on children [137]. Such aflatoxin limits, thus, often
vary for different food (Table 2) or feed types in a country [64,136,137]. The absence of such
limits or even relevant regulations and legislation have brought grave consequences to
some countries [102].

Table 2. The maximum permissible level of aflatoxins in food/feed according to the regulations of
each country.

Continents Nations Limits of Total AFB1 in Food
Commodities (ppb)

Limits of Total AFM1
in Milk (ppb) Reference

North America
USA 20 0.5 [138,139]

Canada 15 (nuts) - [140]

South America

Guatemala 20 - [64]
Brazil 5–20 0.5 [137,141]

Argentina 20 0.05 [142]
Chile 5 0.05 [142,143]

Colombia 10 0.5 [142]

Europe
EU 4 0.05 [144]

Germany 4 0.05 [64]
Ireland 30 0.05 [64]

Australia Australia 5 0.05 [142]

Asia

India 30 0.5 [64,142]
China 5–20 0.5 [142,145]

Taiwan 50 0.5 [64,146]
Japan 10 0.5 [142,147]

Africa

Kenya 20 - [64]
Egypt 5–20 0.5 [148]

South Africa 5–10 0.05 [148]
Nigeria 2–20 0.05 [148]
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Sub-Saharan Africa and other developing countries are victims of aflatoxin intoxi-
cation, which causes grave economical and public health consequences. In addition to
climatic, economical, and agronomical factors, another major cause of the ravage of aflatox-
ins in those countries is the absence of rigorous regulation, such as that on food and feed
import. The Codex Alimentarius has formulated standards as reference for regulation on
imported feed and food, suggesting setting the maximum levels for aflatoxins in various
nuts, grains, dried figs, and milk in the range of 0.5 to 15 ppb (µg/kg) [24,43,64].

The United States Food and Drug Administration (USFDA) has set different limits of
aflatoxins for various types of commodities and food and feed products, including a maxi-
mum level of 20 ppb for food, 0.5 ppb AFM1 for milk, and 100 ppb and 300 ppb for feeds
for breeding and feedlot animals, respectively [138,139]. The Commission Regulation of
the European Union (EU) No. 165/2010 has set the maximum level of 0.05 ppb for AFM1 in
milk. In addition, the EU set the total acceptable levels of total aflatoxins in food to be 4 ppb
and 20 ppb for animals feed, which is somehow different and more stringent [24,33,144].

8. Conclusions

Aflatoxin intoxication is a universal food problem worldwide due to the ubiquitous
presence of fungi, as well as in view of global warming and climate change, which enhance
moisture and temperature everywhere. Tropical countries are susceptible to aflatoxin
intoxication of feed and food products. Aflatoxin detection and screening is not easy,
leading to the prevalence of aflatoxin contamination of foods. The best strategy dealing
with the problem is prevention via pre- and post-harvest inspections. Developing a robust,
fast, and more accurate detection and analytical method for aflatoxins is, therefore, crucial
in mitigating the devastating consequences of intoxication. As the pathogenesis and
potency of aflatoxins is closely associated with their biotransformation, which makes them
hazardous, how to reduce these harmful alterations is a worthwhile subject for study
in this field. As potent carcinogens, aflatoxins have been on the radar of governments
worldwide, many of which have instituted stringent regulations for their prevention and
control. Moreover, the industrial sector has also been striving to solve the problem in order
to reduce economic losses caused by aflatoxin contamination.
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