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Abstract

Cancer incidences and mortality in Kenya are increasing according to recent
reports and now number among the top five causes of mortality in the country.
The risk factors responsible for this increase in cancer incidences are assumed to be
genetic and/or environmental in nature. The environmental factors include expo-
sure to carcinogenic contaminants such aflatoxins (AFs). However, the exact causes
of the increase in cancer incidences and prevalence in many developing countries
are not fully known. Aflatoxins are known contaminants produced by the common
tungi Aspergillus flavus and the closely related Aspergillus parasiticus which grow as
moulds in human foods. Aflatoxin B1 (AFB1) is most common in food and is 1000
times more potent when compared with benzo(a)pyrene, the most potent carcino-
genic polycyclic aromatic hydrocarbon (PAH). Aflatoxins have therefore drawn a
lot of interest in research from food safety and human health point of view. In this
chapter, the chemistry, synthesis, identification, toxicology and potential human
health risks of AFB1 in Kenya are discussed.
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1. AFB1 chemistry

The aflatoxins were discovered in a toxic peanut meal after causing ‘turkey X’ dis-
ease, which killed large numbers of turkey poults, ducks, young pheasants and chicks
in the UK in the early 1960s [1], and more than 100,000 young turkeys in poultry
farms were killed [2]. The peanut meal was highly toxic, and the toxin-producing
fungi was identified as Aspergillus flavus hence the name of the toxin, aflatoxin [2].
Extracts of the feed later induced the now known toxic symptoms in experimental
animals, and purified metabolites with properties identical to aflatoxins Bl and G1
(AFB1 and AFG1) were later isolated from the Aspergillus flavus cultures [1, 3, 4].

Structural elucidation of aflatoxins was accomplished and confirmed by total
synthesis in 1963 [4]. There are four major aflatoxins B1, B2, G1 and G2 plus two
additional toxic metabolic products M1 and M2 that are of significance as direct
contaminants of foods and feeds and whose structures have been elucidated [3, 4].
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These toxins have similar structures and form a unique group of highly oxygenated,
naturally occurring heterocyclic compounds [5]. Their structures and molecular
formulae are shown in Figure 1. Aspergillus flavus typically produces aflatoxin B1,
which is the most potent and the most frequently identified in aflatoxin contamina-
tions, and aflatoxin B2, whereas Aspergillus parasiticus produces aflatoxin G1 and
aflatoxin G2 as well as aflatoxin B1 and aflatoxin B2. Four other aflatoxins M1, M2,
B2A and G2A [3, 6], which are produced in minor amounts, were subsequently
isolated from cultures of Aspergillus flavus and Aspergillus parasiticus. Aflatoxins
M1 and M2, which are found in milk of animals that have consumed feeds contami-
nated with AFBI, are the hydroxylated metabolites of aflatoxins B1 and B2, respec-
tively [3, 7]. Aflatoxins are, in essence, known as a group of mycotoxins which are
produced primarily by some strains of Aspergillus flavus and by most strains of
Aspergillus parasiticus, plus related species of Aspergillus niger, among others [8].
Aflatoxins are just a subset of class of mycotoxins which are fungal metabolites
rampant and invisible in the environment and have caused severe effects on food
security and safety especially within sub-Saharan African (SSA) societies [9].
This class of mycotoxins include Fusarium mycotoxins which have been found
in oesophageal cancer-prone areas of South Africa [10], aflatoxins, fumonisins
and ochratoxin A which have all been found to be rampant across West, East and
Central Africa [11, 12]. Aflatoxins have become the most common and ubiquitous
food contaminants produced by the common fungi Aspergillus flavus and the closely
related Aspergillus parasiticus.

Bl (CI'}H]ZOL’:] B2 (C]?HHCGJ{J)

[+]

M1 (Cl'_:rHuO';r) M2 (Cl;HMOT]
o

[+] o

Figure 1.
Chemical structures of aflatoxin B1 and other related aflatoxin metabolites [3, 6].
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Aflatoxin B1 (AFB1) is a secondary metabolite produced by Aspergillus flavus
and Aspergillus parasiticus when environmental factors are favourable [13, 14]. It has
also been characterized as a biological toxin. Biological toxins are defined as toxic
substances produced by microorganisms, animals and plants that have the capability
of causing harmful effects when inhaled, ingested, injected or absorbed (medical
dictionary). Referring to Figure 1, all aflatoxins are heterocyclic compounds which
have a common benzene ring, with slight variations only in terms of the presence of
double bonds and ketonic groups and the metabolites having hydroxy groups, with
hydroxylation positions varying from one metabolite to another. These structures
indicate slight aqueous solubility and ease of epoxidation reaction, respectively, which
are considered to influence both their excretion and toxicity. AFB1 which is the most
prevalent and most potent, a human health hazard globally, has a peculiar double
bond in the cyclic ring which is also observed in G1 and M1. For activation, AFB1
requires epoxidation to aflatoxin Bl 2,3-epoxide. The microsomal cytochrome P450
(CYP450) monoxygenases biotransform the toxin to the less toxic metabolites aflatox-
ins M1 and G1 [5]. Aflatoxins are highly oxygenated and naturally occurring hetero-
cyclic compounds [4] which have been separated based on their fluorescence under
UV light and the presence or lack of a double bond at the 8, 9 carbons. Aflatoxins Bl
and G1 have a double bond at the 8, 9 carbons, which allows for formation of an epox-
ide, a more toxic form of AFB1 and AFG1, while AFB2 and AFG2 do not. Aflatoxins
B2 and G2 were established as the dihydroxy derivatives of B1 and G1, respectively.
Whereas, aflatoxin M1 (AFM1) is 4-hydroxy aflatoxin B1, aflatoxin M2 is 4-dihydroxy
aflatoxin B2 [5]. Hydrogenation of Bl and G1 yields B2 and G2, respectively.

The important physico-chemical properties of AFB1 are shown in Table1. It is
odourless, tasteless and colourless. It is difficult to detect sensorically, and therefore it
poses a real challenge to food handlers, consumers and regulators who are in a bid to
control or eradicate it [15-17]. AFB1 exists as colourless to pale yellow crystals or white
powder [18]. Aflatoxins are densely fluorescent; B refers to blue fluorescence, while

Physico-chemical property

IUPAC name 2,3,6a,9a-Tetrahydro-4-methoxycyclopental[c]
Furo[3',2":4,5]furo[2,3-#][l] benzopyran-1,11-dione

MW 312.277 g/mol

mp 268-269°C

Physical state Colourless pale yellow crystalline to solid or white powder; odorless

Specific Optical —558 °/D at 25°C (0.1 M in chloroform) or —480 °/D at 25°C (0.1 M in dimethyl

rotation formamide)

Vapour pressure 2.65 x 107" mmHg at 25°C

Water solubility 16.14 mg/1 at 25°C; decreases at low temperature; generally soluble in water and
polar solvents

Stability Stable until melting point; decomposed by UV irradiation in water/chloroform

Log Koy 1.23

BCF (fish) 3

Koc (soil) Ranges within 682-2.317 x 10™*

Henry’s law constant 1.4 x 10" atm m’/mol at 25°C

Fluorescence emission

Densely fluorescent blue (Amax = 450 nm)

UV absorption Absorbs at 223, 265 and 362 nm
Mass spectrum Identified by LC-MS; ionization ESI; precursor-type [M + H]*; m/z 313.071
Table 1.

Physico-chemical properties of AFB1.
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G signifies green fluorescence. AFB1 exhibits a blue fluorescence with a fluorescence
emission spectrum maximum of 425 nm and has UV maximum absorbance values at
223, 265 and 362 nm (in ethanol). It strongly absorbs UV light and is decomposed by
it when dissolved in water or chloroform or when it is in form of solid films. AFBI has
a Henry’s law constant value of 1.40 x 107" atm m*/mol at 25°C and a vapour pressure
of 2.65 x 107"° mmHg at 25°C. These properties would enable it to be less volatile and
therefore has become very ubiquitous in the environment, becoming distributed in
air, water and soil [15, 18]. It therefore can spread easily on the farm or in stores caus-
ing heavy damage to agricultural food crops and stored grains, respectively.

The vapour pressure of AFB1 indicates that AFB1 will tend to exist solely in
particulate phase in the atmosphere if released into air, according to a model of gas/
particle partitioning of semivolatile organic compounds [19]. The particulate bound
AFB1 will then tend to be removed from the atmosphere by wet and dry deposition.
Since it absorbs UV light, it is susceptible to direct photolysis by sunlight. If released
to soil, AFB1 is expected to have low mobility based on its K,. value which ranges
from 682 t0 2.3 x 10* and Freundlich adsorption coefficients, ranging from 17 to
238 mg/kg in different soil types. Volatilization from moist soils or water surfaces is
not expected to be an important fate process based on its Henry’s law constant value
of 1.4 x 10" atm-cm/mol. It is also not expected to volatilize much from dry soil
surfaces based on its vapour pressure which is very low. The K, of AFB1 indicates
that it is expected to adsorb to soil and sediment. However, based on its K, and
BCF values, AFB1 would tend to have a relatively moderate potential for bioconcen-
tration in aquatic organisms and animal adipose tissue. Perhaps this explains why it
is rapidly absorbed in the stomach and intestines and why it is present in the blood,
kidney and liver where it imparts its toxicity. In the water environment, AFB1 can
undergo hydrolysis as it contains a cyclic ester functional group and the rates of
hydrolysis are similar to those of non-cyclic esters, ranging from months to a year
under normal environmental conditions (i.e. pH 5-9) [19]. However, ring strain and
steric hindrance have been reported to prevent its ease of hydrolysis, and therefore
the extent of hydrolysis is unexpectedly low [18]. AFB1 biodegradation in soil and
water has been studied, and it has been found that biodegradation may not be a very
important environmental fate process. For example, after incubation for 120 days in
silt loam, clay loam and sandy loam soil types, respectively, only 8.1, 4.9 and 1.4%
complete mineralization to CO, was achieved [19]. Biodegradation in various soils
with different pHs (ranging 5.8-7.3), organic carbon (OC) (ranging 0.46-2.82%)
and cation exchange capacity (CEC) (ranging 11.7-18) showed very low concentra-
tions of metabolites B2 and G2 after 1 day in a 20-day experiment, and the TLC
results indicated that adsorption onto soil prevented AFB1 decomposition.

Biotransformation of aflatoxins has been studied and found to occur via four
main routes [19-23]: (i) hydroxylation of carbon atom at junction of the two fused
furan rings, aflatoxin B1 is converted into AFM1, and this occurs to some extent
in the mammalian liver [19, 20]; (ii) oxidative o-demethylation of single aromatic
methoxy-substituent gives aflatoxin P1 [19]; (iii) hydration of vinyl double bond
would afford hemiacetals, and aflatoxin B1 has been converted to into hemiacetal
AFB2A in pig, mouse and avian livers through this route [19, 22] and (iv) reduction
of cyclopentenone ring, dihydroaflatoxicol, but this biotransformation seems to be
confined to avian species and not mammals [19]. While the hydroxylated metabo-
lite AFM1 is the product of metabolism of AFB1 and AFB2, G1 and G2 were estab-
lished as dihydroxylated derivatives of Bl and B2, respectively. AFM1 is 4-hydroxy
aflatoxin B1 and AFM2 is 4-hydroxy aflatoxin B2. The order of acute and chronic
toxicity is B1 > FG1 > B2 > G2 [20].

Extensive studies on reactions of aflatoxins to various physico-chemical condi-
tions and reagents have been conducted because of possible application of such
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reactions in detoxification of materials contaminated with aflatoxins [24]. In dry
state, aflatoxins are heat stable up to melting point. However, in the presence of
moisture and elevated temperatures, aflatoxins are destroyed to certain extents
over a period of time. Such destructions of aflatoxins have been found to occur in
oil seeds, meals and roasted peanuts or in aqueous solution at pH 7 [15-17]. It is
postulated that such treatments can lead to the opening of the lactose ring, with
possible destruction of decarboxylation, at elevated temperature [21]. In alkaline
solution, hydrolysis of the lactose ring occurs, but this hydrolysis appears revers-
ible, since it has also been shown that recyclization occurs following acidification of
basic solutions containing aflatoxin [21, 24]. At a temperature of 100°C, lactose ring
opening can occur, followed by a decarboxylation reaction [21]; and this reaction
can further lead to a loss of the methoxy group from the aromatic ring [22]. In the
presence of mineral acids, aflatoxins Bl and G1 are converted to aflatoxins B2A
and G2A, respectively, due to acid-catalyzed insertion of water molecules across
the double bonds in the furan ring, leading to hydroxylation (see Figure 1 chemical
structures). In the presence of acetic and hydrochloric acids, the reaction of AFB1
and AFG1, respectively, gives the acetoxyl derivatives, with acetoxyl groups attached
on the benzene rings [22]. Similar adducts of aflatoxins Bl and G1 are formed with
methanoic acid-thionyl chloride, acetic acid-thionyl chloride and trifluoroacetic
acid [22]. Reactions with oxidizing agents, such as sodium hypochlorite, potassium
permanganate, chlorine, hydrogen peroxide, ozone and sodium perborate, change
the aflatoxin molecule in some way as indicated by loss of fluorescences although the
mechanisms of these reactions are still uncertain as the products remain unidentified
in most cases [25]. Hydrogenation of aflatoxins B1 and G1 yields aflatoxins B2 and
G2, respectively. If further reduced by 3 mol of hydrogen, aflatoxin B1 yields tetra-
hydroxyl aflatoxin, while reduction of aflatoxins Bl and B2 with sodium borohydride
yields aflatoxins RB1 and RB2, respectively. The RB1 and RB2 arise because of the
opening of the lactose ring followed by reduction of the acid group and the keto
group in the cyclopentane ring. However, it should be noted that breakdown of afla-
toxins by various means does not guarantee safety of the contaminated substance. At
times this breakdown is reversible or may lead to another form of aflatoxin. Besides,
reaction products have not been subjected to detailed examination, including length
of time the reactions take place [25]. Researchers have just concluded that the
decomposition is not complete based on trials with food samples [26].

In general, the aflatoxins have been considered as difuranocoumarins, which
are highly substituted coumarin derivatives containing a fused dihydrofurofuran
moiety [1, 3, 4]. In particular, AFB1 is characterized by the fusion of a cyclopente-
none ring to the lactone ring of the coumarin structure (Figure 1) and by strong
fluorescence emission in the blue region (hence the designation B) when exposed to
ultraviolet light [1, 3, 4]. Aflatoxins Bs strongly emit blue colour when they absorb
UV light, and aflatoxins Gs strongly emit green colour when they absorb UV light.
AFM1 is the principal hydroxylated metabolite of AFB1 and is produced upon the
action of cytochrome P450 1A2 (CYP1A2) [27, 28]. It is strongly fluorescent, emit-
ting blue-violet light. Specifically, AFB1 has similar chemical properties to other
metabolites which include its slight solubility in water and polar organic solvents
and less solubility in nonpolar solvents [23]. It has strong thermal stability, even
at high temperature (>100°C), and this prevents it from being thermally degraded
completely during food manufacturing, for example, when milk and dairy products
are processed, since pasteurization and other thermal treatment methods alone are
ineffective [29, 30]. Other chemical properties of AFB1, such as its instability to
UV light or extreme pH conditions (<3 or >10) and reactivity of lactone moiety in
the presence of ammonia or hypochlorite, have been useful in the development of
methods for decontamination of feed and food [29, 30]. Several physical treatment
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methods like exposure to microwaves, gamma rays, X-rays and ultraviolet light
have been investigated, but inconsistency of the results has discouraged their use,
especially for heavily contaminated samples [31]. At present, ammoniation [32] and
adsorption on clays or organic adsorbents [29] have commonly been used to achieve
a good level of decontamination without disruption of the nutritional properties or
safety of feed.

Biological methods of detoxification of mycotoxins are of two different types:
the first being via enzymatic degradation and the second via sorption. In enzymatic
biochemical processes, live microorganisms can biodegrade and mineralize the
mycotoxins completely to CO, or absorb them by attaching them to their cells by
active interaction and accumulation and thereby reducing them from the media.
Dead organisms can adsorb mycotoxins, and they can be used to make biofilters
for fluid decontamination of products, where the aflatoxins are left on the filter
and the products become subsequently decontaminated, or as probiotics to bind
and remove mycotoxins from the human intestine [15, 33]. Enzymatic degradation
can be complete mineralization to CO,, in which either extracellular or intracel-
lular enzymes and various species of bacteria have been identified including
Pseudomonas, Bacillus and Lactobacillus and used to inhibit toxicity or production of
aflatoxins by Aspergillus. A large number of microorganisms (approximately 1000)
have been screened for this purpose, but only Lactobacillus have been adopted [34,
35]. AFB1 and AFM1 have been shown to have a strong binding ability to other
molecules, and recently research has been focusing on the AFB1-binding capacity
to certain metabolites, for example, different strains of Lactobacillus in milk for
aflatoxin decontamination in different products such as yoghurt [34, 36, 37].

Various chemical treatment processes have been tried, including sodium hypo-
chlorite (NaOCI), potassium permanganate (KMnO,), hydrogen peroxide (H,0,),
sodium bicarbonate, sodium chloride and sodium borohydride (NaHBO;) a well-
known reducing agent, to detoxify or decompose aflatoxins in various foods [16, 38,
39]. These reagents can be used, and, for example, formaldehyde and NH; were found
to neutralize AFB1, while NaSO4 was found to be less efficient in neutralizing AFB1
[38]. However, these reactions have to be optimized in terms of quantities needed
and reaction time as well as temperature and pressure conditions required. Different
cooking methods have also been tried to remove aflatoxins from foods [16, 17, 38,

40]. Normal cooking of rice was found to destroy only 49% AFB1 [16, 17]. In other
experiments to study the reduction of aflatoxins in various products, boiling of maize
in traditional cooking used in Kenya destroys 11-17.6% AFB1 and AFG2 [40], while in
beer making 18-27% AFB1 still remain [38] and in bread making 25% still remain [26].
Kirui [39], in assessing the levels of aflatoxins that were left after various treatments
following physico-chemical and traditional cooking methods for maize and maize
products, found that boiling maize reduced total aflatoxin level from 83 to 7 ppb, dry
decortication reduced the level from 51.3 to 9.6 ppb, boiling with Magadi soda (food
softener) reduced the level from 59 to 13.4 ppb, solar irradiation (18 h) reduced the
level from 60.8 to 13.7 ppb and UV irradiation (18 h) reduced the level from 81.7 to
61.4 ppb. He found that only dry decortication method, which involves boiling with
Magadi soda followed by washing with water and boiling, respectively, reduced the
levels significantly but not completely below the maximum limits. Alkali treatment
with inorganic (e.g. boiling with NaCl) and organic bases were reported to be effective
and economically feasible [17]. Occupational exposure to AFB1 has been reported to
occur through inhalation and dermal contact at work places where commodities such
as peanuts, grains, linseed oil or animal feeds are produced, stored or used. An average
AFB1 exposure of 64 ng/d-kg body weight was reported for Danish workers in the
animal feed production industry. General population may most likely be exposed to
AFBI via ingestion of contaminated food [18].
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2. Synthesis of aflatoxin Bl

The biosynthetic pathway of AFB1 has been explained by researchers. It is derived
from both a dedicated fatty acid synthase (FAS) and a polyketide synthase (PKS)
which occur in the mould, together known as norsolorinic acid synthases. The biosyn-
thetic pathway has been described by Singh and Hsich [41], Yu et al. [42] and Dewick
[43], among others, and, an outline of the method can be found in Wikipedia. The
process begins with a FAS-aided synthesis of hexanoic acid, which is the starter unit
for the iterative type I PKS. A PKS catalyzes addition of seven malonyl-CoA molecules
to the hexanoic acid to form a C20 polyketide compound. The polyketide folds through
a cyclization process induced by a PKS to form an anthraquinone norsolorinic acid,
and a reductase enzyme then catalyzes the reduction of the ketone on the norsolorinic
acid side chain to yield an intermediate, an averantin [41-43]. From here, various
processes which are assisted with different enzymes including hydroxylases, dehydro-
genases (for oxygenation and cyclization), CYP450 oxidases, esterases, reductases,
methyl transferases and oxidoreductases occur, leading to different intermediates.
The pathway for AFB1 biosynthesis is very complicated, and some of the enzymes and
intermediates involved continue to be elucidated and characterized [43].

Under favorable moulding conditions, Aspergillus flavus spores germinate by
attaching their mycelium in a food substrate and secreting enzymes which break
down nutrients into simpler compounds capable of digestion. During digestion,
Aspergillus flavus then produces, as described in the foregoing paragraph, secondary
metabolites, including AFB1, meant to give the fungi a competitive edge against
other microorganisms [44].

For research and other purposes, aflatoxins can be produced in small quantities
by fermentation of Aspergillus flavus or Aspergillus parasiticus on solid substrates or
media [45]. It is extracted by solvents and purified by chromatography [45]. AFB1
and other aflatoxins have been produced through this method by many chemical
companies including Sigma-Aldrich, among others. While doing the purification, it
is important to note that Aspergillus flavus produces only B aflatoxins and sometimes
the mycotoxin cyclopiazonic acid (CPA), while Aspergillus parasiticus produces both
B and G aflatoxins but not CPA. Various mutants of Aspergillus flavus have varying
relative stability ratios of B2/B1 [45, 46]. Ada and Matcha [46] described a method
for aflatoxin production by fermentation in which an Aspergillus flavus strain isolated
from groundnut, referred to as Aspergillus flavus strain AJ, was used. The Aspergillus

flavus strain AJ was found to be very stable and consistently yielded higher levels of
aflatoxins, especially AFB1, after transfers [46]. In their preparation Ada and Matcha
[46] used inoculums prepared by inoculating tubes (1.5 x 15 cm) of potato-dextrose-
agar with spores of the AJ. This strain was used to produce an aflatoxin stain AJ2010.
The potato-dextrose-agar gel was prepared by adding 20 g dextrose, 20 mg NaCl
and 1 g of agar in 100 ml distilled in a conical flask, adjusting and maintaining the
mixture at pH 7. The mixture was kept momentarily at 121°C in an autoclave and
then platted in a laminar flow [46, 47]. The inoculated slants were then incubated
for 7-21 days at 28°C after which the cultures had a heavy crop of green conidia, and
the spores were scraped loose with a loop. The slants were shaken to give a uniform
suspension of spores, and the spore suspension (0.5 ml) was used to inoculate each
of 100 g of the substrate (groundnut), a fish feed. Fermentation which involved
the growth of A. flavus on the feed (100 g) at high moisture levels to produce a pale
green aflatoxin substrate was carried out by mixing 25 ml distilled water with 50 g
of fish feed in an Erlenmeyer flask. The mixture was allowed to stand for 1 h with
frequent shaking, and then the flasks were autoclaved at 15 psi for 15 min before
cooling and inoculation, keeping the flasks at 28°C and blending on a shaker at 188
rev/min. The flasks were removed, and the feed was prevented from binding with
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the produced mould mycelium by shaking vigorously. The product could be used
for experiments directly or for extraction of a concentrate of aflatoxins using 80%
methanol as explained by Nelson et al. [48] and Ada and Matcha [46, 48].

3. Analysis and identification of aflatoxin Bl

Several sampling and analytical methods which include thin-layer chromatogra-
phy (TLC), high-performance liquid chromatography (HLPC), mass spectrometry
and enzyme-linked immunosorbent assay (ELISA), among others, have been used
to analyse aflatoxin B1 in various contaminated foods [49]. According to the Food
and Agriculture Organization, the worldwide maximum tolerated levels of aflatoxin
B1 were reported to be in the range of 1-20 pg/kg in human foods and 5-50 pg/
kg in dietary cattle feeds in 2003 [50]. Apart from these limits, the WHO, EU,
USFDA and Kenya Bureau of Standards (KEBS) have set international and national
maximum limits for a specific aflatoxin metabolite (e.g. AFB1) level, as well as a
total concentration which involves the summation of concentrations of all detected
metabolites (AFB1, AFB2, AFG1, AFG2 and AFM1) in a sample. It is therefore
important to optimize and interpret standard procedures for extraction, detection
and quantitation of aflatoxins in a sample. A review of the methods that have been
used is presented in the following paragraphs.

Various researchers, including analysts, food specialists and health workers,
have been involved in the analysis of aflatoxins including AFB1 in various materials
including samples of human specimens, animal tissues, food, grains, cereals and
legumes. Aflatoxins, AFB1 included, have been characterized by nuclear magnetic
resonance (NMR) and liquid chromatography-mass spectrometry (LC-MS), and
their mass spectral data are available in LC-MS libraries making it possible to screen
samples rapidly. In addition, retention times and column flow-through patterns for
aflatoxins combined with high-purity reference standards can be used in HPLC and
other analytical techniques. Aflatoxins B1, B2, G1 and G2 have been determined
quantitatively by HPLC with a fluorimetric detector using toluene as a mobile phase
[51]. This method is applicable to food and feed extracts. Several AOAC official
methods have been used to analyze AFB1 [1, 52]. These methods include ELISA,
TLC and HPLC. TLC and fluorescence detection methods sometimes have reported
high detection limits and are not used frequently nowadays for forensic purposes
despite their popularity in the past. The methods for determination of aflatoxins
in food samples and cereals for animal consumption can be validated as explained
in the EC No. 882/2004 and EC No. 401/2006 methods, demonstrating their
conformity with these methods, in terms of sensitivity, linearity, selectivity and
precision [53].For mass spectral data, tandem mass spectrometry data containing a
METLIN-tested metabolite database generated independently by the Scripps Center
for Mass Spectrometry and Metabolics for identification of metabolites are avail-
able for reference in pdf. This product is available in Sigma-Aldrich. Other libraries
are available for referencing including a Sigma-Aldrich database which presents
HPLC Analysis of Aflatoxin Analogs on Ascentis® C18; a Sigma-Aldrich LC/MS/
MS Analysis of pL Mycotoxins on Ascentis® Express Phenyl-Hexyl column and a
Sigma-Aldrich UHPLC-MS/MS Analysis of pL Mycotoxins on Titan™ C18.

A high-performance liquid chromatographic method with online post-column
photochemical derivatization and fluorimetric detection was used for simultane-
ous separation and quantitative determination of AFB1 and other metabolites in
foodstuffs and feed material [53]. In one study, the chromatographic separation
was accomplished by using a C18 column and analytes were eluted with an isocratic
mobile phase consisting of water/methanol/acetonitrile [52]. In this method sample
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preparation requires simple extraction of aflatoxins with a mixture of water and
methanol followed by a clean-up and a chromatographic separation step by immu-
noaffinity column and then detection [53]. Efficient analysis of aflatoxins B1, B2, G1
and G2 has also been achieved by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry, using a UV-absorbing ionic liquid matrix with addition
of NaCl to obtain matrix-free mass spectra, which enhances sensitivity via Na*
cationization [53]. Using ionic alpha-cyano-4-hydroxycinnamic acid (Et3N-alpha-
CHCA) as the matrix, the matrix-free mass spectra in the m/z range of interest were
acquired, and the B1, B2, G1 and G2 aflatoxins were readily detected with very low
detection limits [53]. This technique is fast and requires minimal sample preparation
(just mixing the liquid matrix with methanol extract), and no derivatization nor
chromatographic separation is required. The method was reported to be suitable for
rapid screening of aflatoxins including AFB1 in a wide array of major crops which
are often subjected to huge world commercial trades such as peanuts, maize and rice,
as well as to monitor bioterrorism threats by mycotoxin poisoning [53].

Analysis of aflatoxins in clinical laboratory procedures is also often done routinely
by analyzing AFB1 in blood and urine. This has been done by HPLC with various col-
umns and a fluorescence detector as reported by Seo et al. [54]. Aflatoxin B1 recover-
ies ranged from 33 to 95%, for spiked human serum samples following extraction
using hexane chloroform, chloroform extraction and clean-up with pentane on a
silica gel column or acetone-ferric gel-chloroform extraction and clean-up with
pentane on a silica gel column [55]. This reverse phase HPLC procedure was also used
successfully for aflatoxins and metabolites in animal tissues, in a process involving
trifluoroacetic acid-catalyzed conversion of aflatoxin B1 to a fluorescent derivative
B2 [55]. Human urine and methanol extracted from the kidney, liver, brain tissues
and sputum have been analysed using competitive ELISA methods with immunoaf-
finity columns and fluorometry, with concentrations for urine, sputum and tissue
biopsies found to range from 1.0 to 5.0 ppb, with negative control patients showing
no detectable mycotoxins in their fluids or tissues [56]. This study confirmed that
AFB1 and other aflatoxins can be detected in body fluids and human tissues from
patients exposed to mycotoxin-producing moulds in the environment and indicated
which tissues or body fluids are most likely to give positive results. A procedure
involving salting-out-assisted liquid/liquid extraction for multi-mycotoxin biomark-
ers and subsequent analysis using high-performance liquid chromatography-tandem
mass spectrometry, for pig urine, has also been reported [53].

Radioimmunoassays that can detect levels as low as 0.27 pmol (0.06 ng) of
AFB1 have been used to analyse crude extracts of corn and peanut butter with just
traces of aflatoxins, and in these foodstuffs, as little as 1 pg aflatoxin/kg has been
measured by this technique [57]. Detection limits for radioimmunoassay techniques
vary ranging from 1 up to 5 pg/kg in various matrices including corn, peanut butter,
cottonseed products, groundnuts and groundnut products and other cereals [1].

Recently, a comprehensive technique involving detection and quantification of
aflatoxins using an AflaTest method has been described by William and George [58]
and Orony et al. [59]. In this method, the presence of aflatoxins was tested in a screen-
ing step by TLC using the solvents hexane, petroleum ether, chloroform, acetone and
toluene (10:10:60:10:10), and fluorescent spots were checked under UV light [59]. An
AflaTest affinity column is an immunoaffinity column bound with specific antibod-
ies of aflatoxin. When a sample is passed through, the aflatoxins become bound to
the antibodies in the column [58]. A volume of 1 ml of the extract was diluted with
distilled water and mixed well before filtering through a glass microfiber filter, and an
aliquot of the filtrate was pipetted and passed through the AflaTest affinity column
[59]. The column was cleaned twice with distilled water to remove the immunoaffin-
ity impurities, and then aflatoxins were eluted from the column with HPLC-grade
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methanol and collected in a cuvette. A known volume of a developer solution
(bromine solution in distilled water (5:45 vol/vol)) was added to the eluate, and then
aflatoxin content was determined in the mixture using a fluorometer after a short
period of 1 min. The fluorometer can have an inbuilt aflatoxin calibration standard,
and it detects the intensity of the fluorescence which is determined by the amount of
total aflatoxin present in the sample, and then a digital read out is obtained [59]. The
limit of detection of the aflatoxins in this method was very low, about 0.05 pg/kg.
Samples analysed using this method included fresh, smoked and grilled fish.

Wasike [60] used an ELISA method, which is recommended by the FAO for
rapid screening of agricultural produce such as grains and involves several steps
including the following: coating where the polystyrene plates are treated with a
standard solution of either an antigen or antibody of the aflatoxin, blocking where
unrelated protein-based solution is used to cover all the unbound sites on the plate,
detection where enzyme-conjugated antibody or antigen binds specifically to the
target antigen or antibody and read out of results in which the substrate (extract) is
added and the signal produced by the enzyme-substrate reaction (binding) is mea-
sured [50]. The measurement can be done for total aflatoxin or single metabolite
(e.g. AFB1), respectively, by UV-VIS using a calibration standard, prepared by pure
analytical grade (>95% purity) AFB1 obtained from suppliers. Quantitation is based
on absorbance readings (at 450 nm) versus concentrations of known standards.
Several recommended quality assurance procedures were followed as described
by [50]. A number of laboratories in developing countries including Kenya, where
aflatoxin contamination is highly prevalent, have received training and funding to
establish their own laboratories which are equipped with necessary instrumentation
from the FAO to enable them to achieve rapid screening of samples using this ELISA
method [50]. The FAO [50] procedure is simple, and for grains such as maize, 1 kg
of the sample is weighed and milled using an electric grinder (mill). About 2 g of
the ground sample is weighed into a screw-cap glass vial. This is then followed by
addition of 10 ml methanol/distilled water (in the ratio of 70:30 v/v) and mixing
for 10 min at room temperature using a shaker. The entire extract is filtered using a
Whatman filter paper No. 1. Then 100 pl of filtrate is diluted with 600 pl distilled
water of which 50 pl is employed as the substrate per well in the assay [50]. An
aflatoxin test kit containing standard solutions of microtiter plate with 96 wells
coated with capture antibodies; aflatoxin standard with ranges of concentrations
of aflatoxin B1; a conjugate (6 ml)—peroxidase-conjugated aflatoxin Bl—ready
for use; anti-aflatoxin monoclonal antibodies (6 ml); Red Chromogen Pro (10 ml),
a substrate/chromogen solution stained red and a 1 N sulphuric acid stop solution
(14 ml) which converts the reactants from blue to yellow colour is provided [60]. A
buffer salt (washing buffer pH 7.4) and distilled water and 70% methanol solution
(70:30 vol/vol, methanol/distilled water), respectively, are prepared and made
available for extraction of ground/homogenized material.

Nduti et al. [26] recently analysed aflatoxin B1 in cereals and other agricultural
produce including sun-dried grains of maize and millet, maize flour and millet flour
samples by PCR, a modified procedure similar to the ELISA methods reported by
other researchers [50, 58, 59, 61]. The samples were transported immediately after
sampling in cool boxes to an ISO 1705 accredited by Kenya Bureau of Standards
laboratory and stored at —20°C until analysis was started. After grinding in a
blender, known masses were weighed into disinfected beakers for extraction with a
known volume of 70% methanol (in deionized water) by stirring. This was followed
by filtering into a disinfected conical flask using Whatman filter paper No. 1. The
residue on the filter paper was discarded and the filtrate preserved in the beaker for
analysis. For analysis of aflatoxins, a known volume of a conjugate was introduced
into the microwells using a micropipette, and then small aliquots of the filtrate were

10



Aflatoxin B1: Chemistry, Environmental and Diet Sources and Potential Exposure in Human...
DOI: http://dx.doi.org/10.5772/intechopen.88773

added [26]. A sample of 20 ppb of aflatoxin was put into one of the microwells as

a control. After, 100 pl of the sample plus conjugate mixture was transferred to
antibody-coated microwells and the mixtures incubated for 15 min. The method

of Leszczynka et al. [61] was modified by using a specific conjugate mixture, thus
eliminating the need for wells pre-washed with phosphate buffer solution (PBS).
The PBS cleans the unbound proteins but also reduces sensitivity at the enzyme
reaction site [62]. After incubation, the contents of the microwells were discarded
and the microwells washed at least five times with distilled water to remove the
nontoxin reactants [26]. After draining the water, an aliquot of the substrate solution
was put into each of the microwells before incubation for another 5 min. The free
and peroxidise-combined aflatoxins compete for the sites with mouse antibodies
that are immobilized on the plates. The reaction in this process results in a colour
change from a clear to a blue colouration, whose intensity indicates the aflatoxin
content. A deeper colour indicates more reaction and binding with the substrate

and less aflatoxin concentration in the sample. To stop the reaction, an acidic stop
solution was added, which resulted in colour changes from blue to yellow, depending
on the aflatoxin levels [26]. The resultant solutions in the microwells were fed into

a microtiter plate PCR reader where the optical density of each microwell was read
using a 450 nm filter, and the amount of total aflatoxin present in each sample was
determined quantitatively online and recorded on a computer [26].

The maximum levels (MLs) are established in various countries in Europe and
the USA using various standard ELISA-based procedures [63]. For aflatoxin B1, the
5121AFB method and its kit provide a competitive enzyme immunoassay based on
antibodies directed against anti-aflatoxin B1 [63]. The kit includes 96 wells 12 x 8
break-apart. The conjugate is aflatoxin-horseradish peroxidase. Rapid sample prepara-
tion procedures for cereals, rice, eggs, nut, honey, mashed fruits edible oils and feed
are included in the kit manual. Antibody cross-reactivity includes aflatoxin B1 (100%),
aflatoxin B2 (20%), aflatoxin G1 (17%) and aflatoxin G2 (4%). These standard
procedures involve conjugate and standard/sample being pipetted into the wells and
incubated for 1 h at 37°C. After washing, the ready-to-use substrate is added and incu-
bated for 30 min at 20-25°C. The reaction is stopped and the absorbance read ina UV
spectrophotometer at 450 nm. A EuroProxima software converts the measured optical
density into concentration of the metabolite in the starting material. The assay limits
of detections (LOD) (in ppb), calculated as Xn + 3SD as determined under optimal
conditions, are cereals (0.5), rice (0.4), eggs (0.2), nuts (0.75), honey (0.2), mashed
fruits (0.6), edible oils (1.0) and feed (1.0). The calibration standard concentrations
ranged within 0, 0.0157, 0.0313, 0.0625, 0.125, 0.25 and 0.5 ng/ml [63].

Direct evidence for human exposure to AFs by ingestion or another route has been
found in a number of countries by identifying AFs or their metabolites in human
biological samples [46, 64]. Thus, it is becoming a significantly important issue for
health of adults and people who are directly exposed to food contaminated with
AFs [46, 64, 65]. Analyses of human specimen samples have to be done sometimes
both for forensic and research purposes. In one analytical procedure [56], 100 mg
of kidney sample was added to 1ml tubes containing 1 ml 50% methanol before
incubation for 5 min, until it completely dissolved. After, the suspensions were
centrifuged at 10,000 rpm for 10 min and the upper layers (800 pl) collected into 2ml
glass tubes, before taking 5l for analysis using a UHPLC Q-Orbitrap, with triplicate
measurements for each aliquot. Metabolites were separated ina UHPLC system
(Dionex UltiMate 3000) equipped with a Waters column (Acquity BEH C18 1.7 pm,
2.1 x 50 mm) incubated at 40°C. The mobile phases were made up of water containing
0.1% formic acid and 2 mM ammonium formate (solvent a) and acetonitrile (solvent
b), as explained [56]. The Q Exactive instrument, equipped with thermoelectro-
spray ionization in positive and negative switching modes, was utilized to detect the
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aflatoxins in the above samples, and the system was calibrated and controlled by a
software (Xcalibur 3.1 and Q Exactive Tune) [56]. The UHPLC Q-Orbitrap analysis
can produce large amounts of raw data using TraceFinder software [56]. In addi-
tion, kidney tissue was isolated and fixed in 4% paraformaldehyde for 48 h, before
paraffin embedding and sectioning using a microtome (Leica, Germany); and the
sections were stained, and the histopathology was assessed under a light microscope
(Olympus, Japan), with photographs being taken at 200x magnification, for confir-
mation of aflatoxin exposure [56]. Blood samples were centrifuged to collect serum
(15 min at 3000 rpm and 4°C) for measurement of biochemical parameters, including
creatinine, urea, uric acid, malondialdehyde, superoxide dismutase and total antioxi-
dant capacity, which were undertaken using ELISA kits [56].

In another analytical method for AFB1, ELISA, TLC and HPLC were validated
and used for identification of aflatoxin B1 (AFB1) in contaminated fish feed, media
and fish serum samples [46, 48, 66-69, 122]. The analysis and identification of
AFB1 was achieved using a DOA-ELISA test kit, followed by TLC with retention fac-
tors of 0.81, 0.79, 0.81 and 0.80 for AFB1-contaminated fish feed, media and serum
samples, respectively, co-chromatographed with an AFB1 reference standard. HPLC
results showed that the AFB1 levels in contaminated fish feed, media and serum
samples were 2.6, 2.6 and 2.7 ng/ml, respectively. The concentrations of AFB1 were
almost similar for all the three samples but slightly higher in the fish serum sample
which had 2.7 ng/ml; and it was therefore concluded that because of its accuracy
and sensitivity when compared with routine methods of AFB1 analysis, fish serum
provides a sensitive specimen for AFB1 analysis in fish. This TLC-HPLC method
was strongly recommended for monitoring AFB1 contamination in feed stuffs,
especially in fisheries where the feed is under continuous exposure to moisture. The
method is highly recommended in aquaculture and fisheries to screen the myco-
toxins in fish feed as it gives a measure of bioaccumulation of these toxins in fish
serum which can be correlated well with toxic effects on different environments like
in vitro and in vivo to help in ensuring safety and measuring AFB1 tolerance. In one
study [46], detailed methods for fermentation using an inoculated Aspergillus flavus
strain isolated from groundnut to produce aflatoxins which were used to validate
the analysis by TLC, HPLC and ELISA were presented.

Direct determination of urinary mycotoxins is a better approach to assess
individual’s exposure than the indirect estimation from average dietary intakes
[70]. In a study by Fouad et al. [70], a new analytical method was developed and
validated for simultaneous analysis of aflatoxins including AFB1 in urine based
on ELISA. Like other ELISA methods so far described, the phenomenon of fluo-
rescence quenching of an antibody by a specific ligand was applied in developing
the technique for detection of mycotoxins, such as aflatoxin B1, ochratoxin A and
zearalenone where loss of absorbance corresponds to inverse of concentration of
aflatoxins [71].

Detecting aflatoxicosis in humans and animals is difficult due to variations in
clinical signs and the presence of other factors such as suppression of the immune
system caused by an infectious disease [72]. Of the two techniques most often used
to detect levels of aflatoxins in humans, the first one involves measurement of the
metabolite in urine (which however is only present for 24 h after exposure), and the
second one involves measuring the level of aflatoxin-contaminated nuts, an AFB-
albumin compound in the blood serum, providing information on exposure over
weeks or months [72]. These biomarker measurements are important in investigat-
ing outbreaks where aflatoxin contamination is suspected. A variety of methods for
detection of aflatoxins in food and feed that are highly specific, useful and practical
have so far been discussed and are available for different needs. Methods are there-
fore available for different needs, ranging from techniques/methods for regulatory
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control in official laboratories (such as high-performance liquid chromatography-
mass spectrometry (HPLC-MS)) [73, 74] to rapid test kits for factories and grain
silos such as enzyme-linked immunosorbent assay (ELISA) [50, 73]. Potential novel
aflatoxin detection systems, based on emerging technologies, include dipstick kits,
hyperspectral imaging, electronic noses, molecularly imprinted polymers and
aptamer-based biosensors (small organic molecules that can bind specific target
molecules). The latter technologies may have relevance in remote areas because

of their stability, ease of production and use. Sampling procedures for aflatoxin
monitoring in export and import produce are problematic because moulds and
aflatoxins are not evenly distributed throughout bulk shipments and batches of
stored grain, and appropriate sampling is critical to get a representative result.
Protocols for sampling procedures have been developed, in particular in the context
of regulatory control. For instance, in setting maximum levels for aflatoxins, the
Codex Alimentarius Commission has specified the protocols to be used for peanuts,
almonds, Brazil nuts, hazelnuts, dried figs and pistachios intended for further
processing and for ready-to-eat products [75]. The FAO of the United Nations [50]
has developed a mycotoxin sampling tool which is available online. Recommended
sampling methods are difficult to achieve, especially for subsistence farmers in rural
areas who do not produce enough grain to spare the quantities needed for accurate
testing. Thus, there is a need to develop rapid, low-cost, low-technology and accu-
rate detection methods for aflatoxins to improve surveillance and control in rural
areas. Organizations, such as the Partnership for Aflatoxin Control in Africa and the
World Food Programme, are addressing these issues. The World Food Program