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A
atoxins are toxic carcinogenic secondary metabolites produced predominantly by two fungal species: Aspergillus �avus and
Aspergillus parasiticus. 	ese fungal species are contaminants of foodstu� as well as feeds and are responsible for a
atoxin
contamination of these agro products. 	e toxicity and potency of a
atoxins make them the primary health hazard as well as
responsible for losses associated with contaminations of processed foods and feeds. Determination of a
atoxins concentration in
food stu� and feeds is thus very important. However, due to their low concentration in foods and feedstu�, analytical methods for
detection and quanti�cation of a
atoxins have to be speci�c, sensitive, and simple to carry out. Severalmethods including thin-layer
chromatography (TLC), high-performance liquid chromatography (HPLC), mass spectroscopy, enzyme-linked immune-sorbent
assay (ELISA), and electrochemical immunosensor, among others, have been described for detecting and quantifying a
atoxins
in foods. Each of these methods has advantages and limitations in a
atoxins analysis. 	is review critically examines each of the
methods used for detection of a
atoxins in foodstu�, highlighting the advantages and limitations of each method. Finally, a way
forward for overcoming such obstacles is suggested.

1. Introduction

1.1. A�atoxins and 	eir Metabolism. A
atoxins are cancer-
ous secondary metabolites produced primarily by Aspergillus
�avus and Aspergillus parasiticus in agricultural foodstu�
such as peanuts, maize grains, cereals, and animal feeds. A
a-
toxins are difuranocoumarin molecules synthesized through
the polyketide pathway [1]. Six out of 18 di�erent types of
a
atoxins that have been identi�ed are considered important
and are designated as B1, B2, G1, G2, M1, andM2, respectively,
[2]. 	ese a
atoxin groups exhibit molecular di�erences.
For example, the B-group a
atoxins (B1 and B2) have a
cyclopentane ring while the G-group (G1 and G2) contains
the lactone ring [3]. Whereas the B-group a
atoxins exhibit
blue 
uorescence, the G-group exhibits yellow-green 
uo-
rescence under ultraviolet (UV) light, thus making the use
of 
uorescence important in identifying and di�erentiating
between the B and G groups. A
atoxin B1 is the most
common [4] and the most widespread [5, 6] in the world and

accounts for 75% of all a
atoxins contamination of food and
feeds [7]. A
atoxinsM1 andM2 are hydroxylated products of
a
atoxins B1 and B2, respectively, and are associated with cow
milk upon ingestion of B1 and B2 a
atoxins’ contaminated
feed.Moreover, once formed fromB1 and B2 forms, a
atoxins
M1 and M2 remain stable during milk processing [8].

In order to understand the metabolism of a
atoxins,
the biotransformation of a
atoxin B1, the most abundant
form, has been explored [9–11]. A
atoxin B1 metabolism
takes place in the microsome of the liver and is medi-
ated by mixed function monooxygenases belonging to the
cytochrome P450 super family of enzymes [12] (Figure 1). In
humans, cytochrome P450 enzymes, CYP1A2 and CYP3A4
[10], catabolize a
atoxin B1 through two separate electron
transfer oxidation reactions [9, 11, 13]. While CYP1A2 breaks
down a
atoxin B1 to exoepoxide, endoepoxide, and a
atoxin
M1, CYP3A4 breaks down a
atoxin B1 to a
atoxin B1-exo-
8,9-epoxide and a
atoxin Q1. A
atoxins M1 and Q1 are not
broken any further but are excreted in the urine. A
atoxin
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Figure 1: Principal metabolism of a
atoxin B1 leading to reactive metabolites and biomarkers. 1A2: CYP1A2; 3A4: CYP3A4; 3A5: CYP3A5;
GST: glutathione S-transferase; AFAR: a
atoxin aldehyde reductase; a
atoxin-S-G, a
atoxin-glutathione conjugate (adopted fromWild and
Turner, 2002) [9].

B1-exo-8,9-epoxide may be converted either to a
atoxin-
mercapturic acid via the GST conjugate mediated route
or into a
atoxin-glucuronide via the a
atoxin-dihydrodiol
route described as follows. 	e activated form of a
atoxin
B1 (exoepoxides and endoepoxides) is detoxi�ed through
glutathione S-transferase- (GST-) mediated conjugation by
using reduced glutathione (GSH) to form AFB1 exoepoxide-
GSHand endoepoxide-GSH conjugates, respectively [14].	e

reactive exoepoxides and endoepoxides also undergo rapid
nonenzymatic hydrolysis to a
atoxin B1-8,9-dihydrodiol that
slowly transforms into a dialdehyde phenolate ion [9, 15].
Dialdehyde phenolate ion is subsequently hydrolyzed by
a
atoxin aldehyde reductase (AFAR) to a dialcohol, in the
NADPH-dependent reduction reaction.	erea�er, dialcohol
is excreted in urine as a
atoxin-glucuronide [16, 17]. A
a-
toxin B1 dialdehydes also form Schi� bases with primary
amine groups of amino acid residues such as lysine of
such a protein as albumin to form a
atoxin B1-albumin
conjugate [9]. 	is conjugate persists in the systemic blood
as permanent and irreversible a
atoxin B1-albumin adducts

and is thus considered one of the factors accounting for the
low excretion of a
atoxins and their metabolites in urine [18].

1.2. Toxicity of A�atoxins. From the foregoing (Figure 1),
it can be observed that the primary derivatives of a
a-
toxin B1 biotransformation comprise (a) a
atoxin M1 and
a
atoxin-exo-8,9-epoxide (products of CYP1A2 activity) and
(b) a
atoxin Q1 and a
atoxin-exo-8,9-epoxide (products of
CYP3A4 activity). A
atoxins M1 and Q1, although toxic, are
less reactive with other molecules and are easily eliminated
from the body in the urine [9]. However, a
atoxin B1-
8,9-exo-epoxide is a known mutagen, which is extremely
electrophilic and covalently reacts with nucleophilic sites
of either deoxyribonucleic acid (DNA) or ribonucleic acid
(RNA) or proteins [21], thereby introducing mutations that
may a�ect the normal function of cells. 	e formation of
a
atoxin B1-DNA adducts is extremely associated with the
carcinogenicity of a
atoxin B1. Typically, a
atoxin B1 reacts
with DNA (methylation) resulting in G→T transversion
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Figure 2: Point mutation of G → T at codon 249 in the p53 gene
resulting in a
atoxin induced hepatocellular cancer (adopted from
Bbosa et al., 2013) [13].

mutation (Figure 2) [22]. Such amutation has been associated
with hepatocellular carcinoma, a type of cancer whereby
a
atoxin B1 promotesAGG→AGT (Arg→ Ser) transversion
point mutation of p53 gene at codon 249 that alters p53 gene,
which is responsible for DNA repair [23]. Apart from G→
T transversions, G→C transversions and G→A transitions
have also been reported [22].

Nucleic acids and proteins interact covalently with a
a-
toxins and this results in alteration in base sequences in
nucleic acids (bothDNA and RNA) and in protein structures,
leading to impairment of their activity. 	e highly reac-
tive a
atoxin B1-8,9-exo-epoxide and its hydration product,
dihydrodiol, bind covalently to DNA, RNA, and proteins to
inhibit protein synthesis [24]. Typically, RNA polymerase
and ribosomal translocase have been demonstrated to be
inhibited by a
atoxin B1-8,9-exo-epoxide [24]. While the
epoxide reacts at the N7 position of guanine of both DNA
and RNA, the dihydrodiol reacts with the amino groups of
the bases forming a Schi� base [25]. A
atoxin B1 has also
been reported to negatively impact carbohydratemetabolism,
which results in both the reduction in hepatic glycogen and
also the increased blood glucose levels (Figure 3).Notably, the
negative e�ects of a
atoxin B1 on carbohydrate metabolism
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Figure 3: Inhibition ofoxidative phosphorylation by a
atoxins
(adopted from Kiessling, 1986) [19].

appear to stem from its inhibitory e�ects of glycogen syn-
thetase and transglycosylase enzymes, which, in turn, brings
to a halt glycogen synthesis [19]. Besides, a
atoxin B1 also
inhibits phosphoglucomutase, an enzyme that reversibly
catalyzes the conversion of glucose-6-phosphate into glucose-
1-phosphate, leading to a decrease in its activity, thereby
promoting both the accumulation of glucose 6-phosphate
and a decrease in glycogen synthesis. Consequently, excess
glucose cannot be stored as glycogen but either accumulates
in blood or is converted to glucose-6-phosphate for synthesis
of more metabolic intermediates via the pentose phosphate
pathway.Other e�ects of a
atoxins B1, G1 andM1 include: the
inhibition of electron transport system in the mitochondria,
speci�cally, cytochrome oxidase activity (Figure 4) [19, 26]

Besides inhibition of the electron transport chain, a
a-
toxins are also good carcinogens. Consequently, the Inter-
national Agency for Research on Cancer (IARC) of the
World Health Organization in 1987 classi�ed a
atoxins and,
in 1993, it classi�ed a
atoxin B1 as Group 1 carcinogen
[26]. Since then, a
atoxins concentration has become one
of the most critical indicators of food and feed toxicity.
Accordingly, several methods have been developed for the
detection and quanti�cation of a
atoxins in agricultural
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produce and processed food products [27–29]. Basing on the
principles of detection, the methods can broadly be grouped
into chromatographic, spectroscopic, and immunochemical
methods. 	is review explores the di�erent methods of
a
atoxins detection and quanti�cation in food and feed stu�,
highlighting their strengths and weaknesses, hence, o�ering
suggestions on how some of the current drawbacks of the
methods can be addressed.

2. Aflatoxins Extraction from Food Samples

	e detection and quanti�cation of a
atoxins in food sam-
ples require an e�cient extraction step. A
atoxins are gen-
erally soluble in polar protic solvents such as methanol,
acetone, chloroform, and acetonitrile. 	us, the extraction
of a
atoxins involves the use of these organic solvents
such as either methanol or acetonitrile or acetone mixed
in di�erent proportion with small amounts of water [46,
47]. Several studies exploring the extraction e�ciency of
di�erent organic-aqueous solvents have been carried out on
the commonly contaminated matrices [48–50] and di�erent
results have been reported. A
atoxin determination based on
immunoassay technique requires extraction using mixture of
methanol-water (8 + 2 v/v) [48, 51] because methanol has
less negative e�ect on antibodies compared to other organic
solvents such as acetone and acetonitrile.

	e extraction of a
atoxins is usually followed by a
cleanup step. 	e common cleanup technique used is
immunoa�nity column (IAC) chromatography [52]. 	is is
considered the method of choice for the puri�cation and
concentration of a
atoxins [53] before their determination
using high-performance liquid chromatography (HPLC).
Immunoa�nity column chromatography employs the high
speci�city and reversibility of binding between an antibody
and antigen to separate and purify target analytes from

matrices [54]. During sample cleanup, the crude sample
extract is applied to the immunoa�nity column containing
speci�c antibodies to a
atoxin immobilized on a solid sup-
port such as agarose or silica. As the crude sample moves
down the column, the a
atoxin binds to the antibody and is
retained onto the column. Another washing step is normally
required to remove impurities and unbound proteins. 	is
is achieved by using appropriate bu�ers and ionic strengths.
	erea�er, the a
atoxin is recovered by using such solvents as
acetonitrile which breaks the bond between the antibody and
the a
atoxin. Table 1 provides a summary of the current ana-
lytical methods used in a
atoxin determination. A detailed
account of each method is presented in sections that follow
below.

3. Methods for Detection and
Quantification of Aflatoxins

3.1. ChromatographicMethods. Chromatographic techniques
are based on the physical interaction between a mobile phase
and a stationary phase. 	e components to be separated
are distributed between the two phases (stationary phase
and mobile phase) [55]. 	e mobile phase is usually a 
uid
that penetrates through or along the stationary bed (liquid
or solid). Liquid, gas, and supercritical 
uids are currently
used asmobile phase and chromatographic techniques derive
their names from the nature of the mobile phase: liquid
chromatography, gas chromatography, and supercritical 
uid
chromatography, respectively (Table 1). In practice, the sam-
ple to be analyzed is dissolved in the mobile phase and
applied as a spot on the stationary phase. 	e analyte or
sample is carried along by the mobile phase and partitions
between the solid and liquid stationary phase are called the
sorbent. 	e various constituents in the analytes travel at
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Table 1: Comparison of di�erent methods of a
atoxin analysis.

Method Need for a label
Need for

prior sample
preparation

LOD
Multiple
analysis

Need for
skilled
operator

Field usage Reference

TLC densitometer SPE 1–20 ng/Kg Yes Yes No [30, 31]

HPTLC
Extraction

only
Pictogram yes yes No [32]

HPLC IAC or SPE Yes Yes No [33]

LC-MS/MS
Extraction

only
0.8 �g/Kg Yes Yes No [34]

Fluorometer IAC 5–5000 �g/Kg Yes Yes No [35]

FTIR <10�g/Kg Yes Yes No [36]

RIA Radio isotope
Extraction

only
1 �g/Kg Yes Yes No [37]

ELISA Enzymes
Extraction

only
Yes Yes No [38]

Immunodipstick Colloidal gold
Extraction

only
5�g/Kg Yes Yes Yes [39]

QCMs
Extraction

only
0.01–10 ng/mL Yes Yes No [40, 41]

SPR
Extraction

only
3.0–98 ng/mL Yes Yes No [42]

OLWS
Extraction

only
0.5–10 ng/mL Yes Yes No [43]

Electrochemical
Extraction

only
2 �g/Kg Yes Yes No [44]

Electrochemical
Extraction

only
1 femtomolar Yes Yes No [45]

di�erent speeds resulting in di�erential partitioning of the
constituents between the mobile and the stationary phases.
	e most commonly used chromatography techniques for
analysis of a
atoxins are thin-layer chromatography (TLC),
high-performance liquid chromatography (HPLC), and gas
chromatography (GC). Although many of the chromato-
graphic techniques are very sensitive, they require trained
skilled technician, cumbersome pretreatment of sample, and
expensive apparatus/equipment [56].

3.1.1. 	in-Layer Chromatography (TLC). 	in-layer chro-
matographywas �rst used by de Iongh et al. [57] and has been
regarded by the Association of O�cial Analytical Chemist
(AOAC) as the method of choice since 1990.	in-layer chro-
matography is one of the most widely used separation tech-
niques in a
atoxins analysis. It consists of a stationary phase
made of either silica or alumina or cellulose immobilized on
an inertmaterial such as glass or plastic, called thematrix.	e
mobile phase is comprised of methanol : acetonitrile : water
mixture [58], which carries the sample along as it moves
through the solid stationary phase. In TLC, the distribution of
a
atoxins between the mobile and stationary phases is based
primarily on di�erences in solubility of the analytes in the
two phases. Di�erent analytes, depending on their molecular
structures and interaction with the stationary and mobile
phases, either adhere to the stationary phase more or remain

in the mobile phase, thereby allowing for quick and e�ective
separation.	in-layer chromatography has been widely used
in the determination of a
atoxins in di�erent foods [59–
61] and as low as 1–20 ppb of a
atoxins has been reported
[62]. 	e advantage of using the TLC method is that it can
detect several types of mycotoxins in single test sample [30,
62]. Whereas TLC has excellent sensitivities, it also requires
skilled technician, pretreatment of sample, and expensive
equipment [8, 63]. In addition, TLC lacks precision due to
accumulated errors during sample application, plate devel-
opment, and plate interpretation. Attempts to improve TLC
have led to the development of automated formof TLC, called
the high-performance thin-layer chromatography (HPTLC).
	e HPTLC has since overcome the problems associated
with the conventional TLC techniques through automation
of sample application, development, and plate interpretation.
It is not surprising that currently HPTLC is one of the most
e�cient and precise methods in a
atoxins analysis [64, 65].
Nevertheless, the requirement for skilled operators, the costs
of the equipment coupledwith its bulkiness, and the extensive
sample pretreatment limit the HPTLC to the laboratory and
thus it is inapplicable in �eld situations.

3.1.2. High-Performance Liquid Chromatography (HPLC).
High-performance liquid chromatography (HPLC) is the
most popular chromatographic technique for separation
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and determination of organic compounds. About 80% of
organic compounds in the world are determined usingHPLC
[66]. 	e HPLC technique makes use of a stationary phase
con�ned to either a glass or a plastic tube and a mobile phase
comprising aqueous/organic solvents, which 
ow through
the solid adsorbent. When the sample to be analyzed is
layered on top of the column, it 
ows through and distributes
between both the mobile and the stationary phases. 	is
is achieved because the components in the samples to be
separated have di�erent a�nities for the two phases and
thus move through the column at di�erent rates. 	e liquid
(mobile) phase emerging from the column yields separate
fractions containing individual components in the sample.
In practice, the HPLC technique employs a stationary phase
such as C-18 chromatography column, a pump thatmoves the
mobile phase(s) through the column, a detector that displays
the retention times of each molecule, and mobile phases
(Figure 5).

	e sample to be analyzed is usually injected into the
stationary phase and the analytes are carried along through
the stationary phase by the mobile phase using high pressure
delivered by a pump. 	e analytes are distributed di�erently
within the stationary phase [67] through chemical as well as
physical interactions with the stationary and mobile phases
[33].	e time at which a speci�c analyte elutes is recorded by
a detector as its retention time.	e retention time depends on
the nature of the analyte and composition of both stationary
and mobile phases [68]. Programmable detectors such as
either the 
uorescent detector (FLD) or the ultraviolet (UV)
detector or the diode array detector (DAD) may be used in
the detection and identi�cation of a
atoxins. High pressure
liquid chromatography methods used for the determination
of a
atoxins in foods include the normal-phase and reversed-
phase high pressure liquid chromatography techniques [33].
	e reversed phase HPLC method is the most widely used
for separation and determination of a
atoxins. Occasionally,
chemical derivatization of a
atoxins B1 and G1 may be
required to enhance sensitivity of HPLC during analysis since
the natural 
uorescence of a
atoxins B1 and G1 may not be
high enough to reach the required detection limit [69]. 	e
derivatization reactions of a
atoxin B1 with both the acid and
halogens are presented in Figure 6. Whilein the �rst reaction
step, the second furan ring of a
atoxin B1 is hydrolyzed by
tri
uoroacetic acid (TFA) into a highly 
uorescent a
atoxin
B2a, in the second and the third derivatization reaction steps,
bromine and iodine are used as reagent, respectively. 	ey
react with a
atoxin B1 to form highly 
uorescent a
atoxin B1
derivatives of these halogens, respectively.

Papadopoulou-Bouraoui et al. [20] compared two post-
column derivatization methods for the determination of
a
atoxins B1, B2, G1, and G2 by 
uorescence detection a�er
liquid chromatographic separation (Figure 7). 	e results
showed that both bromination and irradiation by UV light
were suitable for the determination of a
atoxins in various
foods and animal feed matrices and both generated compa-
rable results for 
uorescence ampli�cation and repeatability.
	e 
uorescence of a
atoxins B1 and G1 was signi�cantly
enhanced a�er derivatization reaction either by bromination
or by irradiation by UV light.

High-performance liquid chromatography provides fast

and accurate a
atoxins detection results within a short

time. A sensitivity of detection as low as 0.1 ng/Kg using

FLD has been reported [70]. However, the disadvantage of

using HPLC for a
atoxins analysis is the requirement of

rigorous sample puri�cation using immunoa�nity columns.

In addition, HPLC requires tedious pre- and postcolumn

derivatization processes to improve the detection limits of

a
atoxins B1 and G1 [66]. 	erefore, to overcome the chal-

lenges associated with derivatization processes in a
atoxins

analysis, a modi�cation of the HPLC method, whereby the

HPLC is coupled to mass spectroscopy, has been made and

is currently employed in the determination of a
atoxin [71].

Since the mass spectrometer requires neither use of UV


uorescence nor the absorbance of an analyte, the need for

chemical derivatization of compounds is eliminated. 	e

HPLC-MS/MS uses small amounts of sample to generate

structural information and exhibits low detection limits

[33]. However, HPLC-MS/MS is bulky and very expensive

equipment which can only be operated by trained and skilled

personnel. Besides, this also limits its use to only laboratory

environment and not �eld conditions.

3.1.3. Gas Chromatography (GC). In gas chromatography,
the mobile phase is a carrier gas and the stationary phase

is a liquid coated onto inert solid particles. As with other

chromatographic methods, sample analysis by GC is based

primarily on di�erential partitioning of analytes between the

two phases. 	e stationary phase consists of inert particles

coated with a layer of liquid and is normally con�ned to a
long stainless steel or glass tube called the column, which
is maintained at appropriate temperature. 	e sample to
be analyzed is vaporized into gaseous phase and carried
through the stationary phase by a carrier gas. 	e di�erent
chemical constituents in the samplewill distribute themselves
between the mobile phase and the stationary phase. 	e
components of the samples mixture with higher a�nity for
the stationary phase are retarded in their movement through
the column, while those of low a�nity pass through the
column less impeded. For that matter, each component of
the analyte should have a speci�c partition coe�cient, which,
in turn, will govern its rate of passage through the column
[72]. Once separation has been achieved, the detection of
the volatile products is carried out using either a 
ame
ionization detector (FID) or an electron capture detector
(ECD) and mass spectrometer (MS) [73]. Owing to their
nonvolatility in nature, a
atoxins may need derivatization
in order to be detected [74]. Gas chromatography, however,
is less common in commercial analysis of a
atoxins due
to the existence of other cheaper chromatographic methods
[75]. Besides, gas chromatography also requires a preliminary
cleanup step before analysis and it is therefore limited to
analysis of a few mycotoxins, such as A-trichothecenes and
B-trichothecenes. Even in such analyses, the GC has such
disadvantages as nonlinearity of calibration curves, dri�ing
responses, memory e�ects from previous samples, and high
variation in reproducibility and repeatability [76].
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3.2. Spectroscopic Methods

3.2.1. Fluorescence Spectrophotometry. Absorption in the
ultraviolet-visible region is very important procedure for
unraveling the molecular structures of materials. However,
for some molecules, the process of absorption is followed
by emission of light of di�erent wavelength. In other words,
such molecules are said to 
uoresce. Fluorescence is very
important in the characterization and analysis of molecules
that emit energy at speci�c wavelengths and has been used
to analyze a
atoxins in grains and raw peanut [77]. 	e 
uo-
rometric method can quantify a
atoxin from 5 to 5000 ppb
within less than 5 minutes. However, for better analysis of
a
atoxins using 
uorometry, derivatization may be required

to improve on the 
uorescence of a
atoxins. 	e limit of
detection is also slightly higher than the limit of 4 �g/Kg set
for European settings and thusmay not be good for analyzing
samples from products to be exported to Europe.

3.2.2. Frontier Infrared Spectroscopy. Another spectroscopic
method useful in a
atoxin analysis is infrared spectroscopy
(IR). Infrared spectroscopy relies on the alteration in molec-
ular vibrations upon irradiation with infrared radiations.
	e vibrations by the bonds within the molecule can be
measured. Since the atomic size, bond length, and bond
strength vary greatly from molecule to molecule, the rate
at which a particular bond absorbs infrared radiation will
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Figure 7: Chromatograms obtained for amixed a
atoxin standard (AFB1 andAFG1, each at 20 ng/mL, andAFB2 andAFG2, each at 4 ng/mL)
by using (a) no derivatization, (b) PCDUV2, and (c) PCD

EC
(adopted from Papadopoulou-Bouraoui et al., 2002) [20].

di�er from bond to bond and in the mode of vibration.
For instance, the various bonds of organic molecules should
vibrate at di�erent frequencies, in tandem with the type of
bond excited. So when an infrared spectrometer is used in
the analysis of a compound, infrared radiations covering a
range of di�erent frequencies are passed through the sample
and the radiant energy absorbed by each type of bonds in
the molecules is measured. A spectrum is then produced
normally consisting of plot of % transmittance against the
wave number. No two organic compounds have the same
infrared spectrum and thus individual pure compounds can
be identi�ed by examination of their infrared spectra.	e use
of Fourier transform infrared spectroscopy which employs
attenuated total internal re
ectance has been reported for
analysis of a
atoxins in peanuts and peanut cake byMirghani
et al. [78]. Pearson et al. [36] also used transmittance and
re
ectance spectroscopy to detect a
atoxin in single corn
kernels.More than 95% of the kernels analysedwere correctly
categorized as having either high (>100 ppb) or low (<10 ppb)
concentrations of a
atoxins.

3.3. Immunochemical Methods. Immunochemical techni-
ques rely on the speci�city of binding between antibodies
and antigens. 	e high a�nity and speci�city of antibodies
for antigens have been used in the development of the
various immunochemical methods. Moreover, speci�c bind-
ing is not limited to antigens and antibodies, but rather,

receptors and ligands, too, exhibit such a�nity as well as
high speci�city [79]. 	e formation of either the antibody-
antigen or the receptor-ligand complexes can be quanti�ed
by following the change in the absorbance of photons of
light energy spectrophotometrically. In other instances, the
binding events, as well as the resultant complexes, may
require ampli�cation for better signal recognition. 	is has
been achieved by using various labels comprising enzymes,

uorophores, and radioisotopes, among others. Owing to
these advances, immunochemistry techniques applicable in
a wide array of �elds/disciplines including such analyses
in the foods and drugs industry have been developed. 	e
popularity of the antibody-antigen based techniques, since
their development by the late 1970s [77], is due to their high
level of speci�city and sensitivity even in the presence of
contaminatingmaterials. Besides, immunochemicalmethods
do not require skilled and highly trained personnel to
troubleshoot in case of any problems during separation;
they are less labour intensive and consume less time, in
which respects they are preferable to both chromatographic
and spectrophotometric techniques. 	e major immuno-
chemical methods used in a
atoxins analysis comprise
radioimmunoassay (RIA), enzyme-linked immunosorbent
assay (ELISA), immunoa�nity column assay (ICA), and
immunosensors. Detailed discussions of the principles aswell
as the practical applications of these methods are presented
under the proceeding subheadings.
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Figure 8: Schematic of a lateral 
ow device in the dipstick format: (a) external details and (b) internal details.

3.3.1. Radioimmunoassay (RIA). 	e radioimmunoassay
technique relies on the principle of competitive binding
between a radioactive-labeled antigen and a nonradioactive
antigen. 	e radioactive-labeled antigen competes with
unlabelled nonradioactive antigen for a �xed number of
antibody or antigen binding sites on the same antibody [80].
A known quantity of labeled antigen and unknown amount
of unlabeled antigen from standards competitively react with
a known and limiting amount of the antibody. 	e amounts
of labeled antigen are inversely proportional to the amount
of unlabeled antigen in the sample [81]. Radioimmunoassay
was the �rst immunoassay technique to be developed and
was applied in the detection of insulin in human blood
[82]. Radioimmunoassay has also been used for analysis
of a
atoxins in food samples. Langone and van Vunakis
[83] reported the use of solid phase radioimmunoassay
technique in the determination of a
atoxin B1 in peanut
and a detection limit of 1 �g/kg was achieved. Similarly,
radioimmunoassays have been used for the qualitative
and quantitative determination of a
atoxin B1 levels
[37, 84] and a
atoxin M1 levels [82]. 	e major advantage
of radioimmunoassay is the ability to perform multiple
analyses simultaneously with high levels of sensitivity and
speci�city [85]. However, RIAs also su�er from a number of
disadvantages: (a) it requires an antigen in a pure state, (b) a
radioactive isotope is used as a label and is associated with
potential health hazards, and (c) it has problems associated
with the storage and disposing of the low-level radioactive
waste [86]. 	ese disadvantages have limited the frequent
use of RIA in the day to day analysis of a
atoxins.

3.3.2. Enzyme-Linked Immunosorbent Assay (ELISA). 	e
potential health hazards related to the use of radioimmunoas-
say led to the lookout for a safer alternative and a suitable
alternative to radioimmunoassay was to replace a radioactive
signal with a nonradioactive one. 	is was achieved by
labeling either the antigens or the antibodies with enzymes
instead of isotopes. 	e preparation of enzyme-antigen con-
jugates and enzyme-antibody conjugates byAvrameas in 1969
[87] paved the way for the enzyme-linked immunosorbent
assay (ELISA) development. Enzyme immunoassay (EIA)
and typically the ELISA have become the methods of choice
for medical diagnostic laboratories, research institutions, and

regulatory bodies for quality assessment and pro�ciency-
testing, among others. 	e principle of enzyme immunoas-
says is essentially the same as other immunochemical meth-
ods; that is, it relies on the speci�city of antibodies for
antigens and the sensitivity of the assay is increased by
labeling either the antibodies or the antigens with an enzyme
that can be easily assayed by use of speci�c substrates. Hence,
an antibody immobilized onto a solid support may capture
an unlabeled antigen in the analyte, which is subsequently
detected by a labeled antibody [86].	e EIA/ELISA principle
has generated a whole series of test formats [88]. For instance,
competitive enzyme immunoassays format not only is simple
to perform but provides a useful measure of either antigen or
antibody concentration and is also highly sensitive.

	e ELISA technique is currently used in the detection
of a
atoxins in agricultural products [89–93] and a number
of commercially available ELISA kits based on a competitive
immunoassay format are widely used [8, 94, 95]. Most of
the kits use horseradish peroxidase (HRP) and alkaline
phosphatase (AP) enzymes as labels in analysis of a
atoxins
[96, 97]. 	e ELISA method o�ers a number of advantages:
(a) it is possible to perform the test on a 96-well assay
platform, which means that large number of samples can be
analysed simultaneously [95]; (b) ELISA kits are cheap and
easy to use and do not require extensive sample cleanup;
and (c) there are no inherent health hazards associated with
enzyme labels as there are for isotopes. However, the ELISA
technique requires multiple washing steps, which may at
times prove not only laborious but also time consuming.

3.3.3. Lateral Flow Devices (Immunodipsticks). Immunodip-
sticks are immunochromatographic assays, also known as
lateral 
ow devices. 	e principle is based on the use of high
sensitivity and speci�city of antibody-antigen reactions for
the rapid detection of analytes. Lateral 
ow devices contain
a porous membrane which ensures the 
ow, an absorbent
pad that increases the volume of the 
owing liquid, a sample
pad that ensures contact between the liquid sample and
the membrane, and a rigid backing that gives support to
the device (Figure 8). Lateral 
ow devices use labels such
as colloidal gold and gold coated with the antibody, which
commonly provide red-colored binding zones [95]. 	e
liquid sample added to the sample pad moves towards the
extreme end through the membrane by capillary 
ow to the
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Figure 9: Surface plasmon resonance spectroscopy commonly used for the detection of antigen-antibody interactions in a bu�ered sample.

absorbent pad [26]. When the liquid component containing
a
atoxins reaches the gold particles, the sample suspends the
gold particles and the a
atoxins bind to the particles, thereby
coloring the line red.

Delmulle et al. [38] developed a lateral 
ow device for
detecting a
atoxin B1 in pig feed. 	e device would detect
5 �g/Kg a
atoxinwithin 10min,which iswithin the European
Commission (EC) stringent limit �xed for feedstu�s. Another
immunochromatographic method was developed by Ho and
Wauchope [98]. 	e assay is based on competition between
free AFB1 and AFB1-tagged dye-containing liposomes for
the corresponding antibody. 	e device can detect 18 ng of
the a
atoxin in less than 12 minutes. Whereas the device
was designed for direct qualitative visual reading, it has also
been adapted for use in the optical density scanning mode,
which allows for quantitative determination of a
atoxins.
Lateral 
ow devices are easy to use and provide quick on-
site detection of a
atoxins within few minutes. 	ey are
cost-e�ective devices that can be adapted for day to day
monitoring of a
atoxins

3.3.4. Immunosensors. An immunosensor is a biosensor that
uses an antigen or antibody species as biological recognition
components coupled to a signal transducer such as graphite,
gold, and carbon that help to detect the binding of the
complementary species [99, 100]. With respect to type of
signal transduction in use, immunosensors may be grouped
into piezoelectric, optical, and electrochemical sensors [39].

(1) Piezoelectric Quartz Crystal Microbalances (QCMs). are
label-free devices used for direct detection of antigens. 	e
piezoelectric quartz crystal relies on changes in mass on the
electrode surface when an antigen interacts with a cognate
antibody immobilized on the quartz crystal surface. Since
the change in mass is proportional to the concentration of
the antigen-antibody complex, the method permits detection
and quanti�cation of the immune complex (Ab-Ag). [101].
Piezoelectric quartz crystal microbalance has been reported
for a
atoxin B1 analysis. During development, Spinella et al.

coated both sides of the QCM sensor with gold electrodes;
liquid side was in contact with the solution while the contact
side of the crystal was dry. Piezoelectric immunosensor
was tested for a
atoxin B1 detection by immobilization
of DSP-anti-AFLAB1 antibody on gold-coated quartz crys-
tals (AT-cut/5MHz). 	e 3,3�-dithiodipropionic-acid-di-N-
hydroxysuccinimide ester (DSP) was used for the covalent
binding of the proteins. 	e sensor was capable of detecting
a
atoxin B1 concentration in the range of 0.5–10 ppb [102]. Jin
et al. [103] also developed quartz crystal microbalance based
sensor for detection of a
atoxin B1 and their device could
detect a
atoxin B1 in arti�cially contaminated milk samples
at a concentration range of 0.01–10.0 ng/mL. Quartz crystal
microbalance is a very good label-free technology although
its use for direct detection of mycotoxins may be a challenge
due to the small sizes of most mycotoxins.

(2) Optical Immunosensors.Anumber of optical immunosen-
sors have been developed for a
atoxins based on di�erent
transduction approaches. One of these optical immunosen-
sors already developed for a
atoxin analysis is surface plas-
mon resonance (SPR) (Figure 9). Surface plasmon resonance
(SPR) platform relies on measurement of changes in refrac-
tive index produced by the binding of analyte to its biospeci�c
partner immobilized on the sensor surface.When the analyte
is 
owed over the sensor surface, there is a shi� in resonant
SPR wavelength, which is proportional to the refractive
change at the sensor surface and can be calibrated to the
surface concentration of bound analyte [104].	e SPR sensor
surface contains a biorecognition layer that selectively binds
either an antigen or antibody, which, in turn, causes parallel
increase in themass on the sensor surface that is proportional
to an increase in refractive index. 	e increase in refractive
index will be observed as a shi� in the resonance angle. 	e
measurable changes in concentration are those due to binding
and dissociation of antibody to its target antigen [105].

	e operationalization of SPR immunosensor technology
for a
atoxin B1 detection and quanti�cation has already
been attempted by using both monoclonal and polyclonal



Journal of Applied Chemistry 11

antibodies to a
atoxin B1 [106]. 	e SPR immunosensor
immobilized with monoclonal antibodies, however, encoun-
tered regeneration problems at the sensor surface due to the
high-a�nity binding of the monoclonal antibodies. Yet when
polyclonal anti-a
atoxin B1 antibodies were immobilized
onto the sensor surface, regeneration was achieved using
solution of 1M ethanolamine with 20% (v/v) acetonitrile, pH
12.0. Besides, the sensor achieved a linear detection range of
3.0–98.0 ng/mL with good reproducibility. Van der Gaag et
al. [40] have also used the SPR immunosensor for multiple
detection of mycotoxins. 	erefore, SPR immunosensors
should o�er label-free detection of a
atoxins if the current
regeneration problems are overcome.

Another form of a label-free biosensor operates on an
optical waveguide platform. 	e optical waveguide platform
relies on the evanescent 
uorescence excitation to measure
binding events at the surface of the waveguide [41, 107],
and one such technique is the optical waveguide light-mode
spectroscopy (OWLS). Typically, the OWLS technique is
based on the precise measurement of the resonance angle of
a polarized laser light, di�racted by a grating and incoupled
into a thin waveguide. Such incoupling resonance occurs
at very precise angles depending on the optical parameters
of the sensor chips and the complex refractive index of
the covering sample medium [108]. 	e intensity of the
incoupled light guidedwithin thewaveguide layer bymultiple
internal re
ections is detected by photodiodes. When used
to quantify the adsorption of proteins to waveguide surfaces,
the platform is coated with a thin layer of materials that
have higher refractive index [42]. Suchmaterials would allow
for polarized light to exit the original waveguide, undergo
total internal re
ection (TIR) at the coating-liquid interface,
and eventually reenter the waveguide. However, some light
traverses the waveguide and this is done at a precise angle
that re
ects both the properties of the coating layer and
sorption/desorption events at the layer-liquid interface [42].
	us, the measurement of the resonance angle of polarized
grating di�racted light, coupled into a thin waveguide, can
be used to study the adsorption of macromolecules onto the
surface of sensor chips [105, 109]. Adányi et al. [43] have used
OWLS to detect a
atoxin and ochratoxin in both competitive
and direct immunoassays. 	e detection range of 0.5 and
10 ng/mL of a
atoxins was achieved when barley and wheat

our samples were analysed.

(3) Electrochemical Immunosensors. An electrochemical
immunosensor is a device that uses antibodies incorporated
into a biorecognition layer to produce electroactive signals
detectable by transducers (ampli�ers), which generate
measurable signals. 	e signal is generated in the form of a
membrane potential when ions bind to a sensing membrane.
	e potential di�erence is then measured. A logarithmic
relationship exists between the potential di�erence (pd)
and concentration [99]. 	e signal measurement can be
in the form of di�erential pulse voltammetry, cyclic volta-
mmetry, chronoamperometry, electrochemical impedance
spectroscopy, or linear sweep voltammetry [110]. A number
of electrochemical immunosensors have been reported to

be used in a
atoxins analysis [44, 45, 111, 112] and most of
them involve immobilization of antibodies onto the surface
of an electrode. Although majority of the electrochemical
immunosensors [111, 112] developed for a
atoxins analysis use
enzymes as active biological component to generate signals,
Masoomi et al. [44] developed a nonenzymatic sandwich
form of an electrochemical immunosensor. 	e sensor in
the nonenzymatic sandwich type was developed through
modi�cation of glassy carbon electrodes using chitosan,
gold nanoparticle, anti-a
atoxin B1, and iron III oxide
(Fe3O4) magnetic core with a gold shell functionalized with
3-((2-mercaptoethylimino)methyl) benzene-1,2-diol and
labeled with AFB1. 	is immunosensor achieved a
atoxin
B1 detection range of 0.6–110 ng/mL and a detection limit of
0.2 ng/mL. Another form of nonenzymatic electrochemical
immunosensor was developed by Linting et al. [45]. 	is
type of immunosensor was developed by electrodepositing of
graphene oxide and gold nanoparticles, respectively, on the
surface of gold electrode. A
atoxin B1 antibody immobilized
on the conducting polymer �lm and ionic liquid and chitosan
solution dropped onto this electrode. 	is immunosensor
attained a dynamic range of 3.2–0.32 picomoles and detection
limit of one femtomole with excellent long-term stability.

4. Conclusions

Various analytical methods employed in analysis of a
atoxins
in agricultural food crops and feeds have been explored.
While chromatographic methods such as TLC and HPLC are
considered the gold standard and are thus the most widely
used techniques in a
atoxins analysis, they remain largely
cumbersome, requiring extensive sample preparations, let
alone very expensive equipment.	ismakes their routine use
in analysis con�ned to laboratories. It is on the account of
such limitations that it was necessary to develop more sensi-
tive and better techniques for a
atoxins analyses. Analytical
methods based on spectroscopy and immunochemistry have
been added to the earlier chromatographicmethods, of which
immunoassays emerged as better alternatives for routine and
on-site detection of a
atoxins. Improvement in analytical
chemistry and recent advances in immunochemistry have led
to more speci�c, sensitive, simple, and rapid immunoassays
which have become the method of choice for on-site and
routine analysis of mycotoxins in foods and feeds. It worth
noting that although many sensitive methods have been
described for analysis of a
atoxins, based on immunochem-
ical format, most of them require labeling, as well as skilled
and well trained operators. 	erefore, the search for simple,
label-free, and more rapid and sensitive tools that are based
on immune-biosensor format appears to o�er, for the near
future, versatile, portable, sensitive, and accurate �eld use
devices for a
atoxin detection.
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M. Váradi, and I. Szendro, “Development of immunosensor
based on OWLS technique for determining A
atoxin B1 and
Ochratoxin A,” Biosensors and Bioelectronics, vol. 22, no. 6, pp.
797–802, 2007.

[44] L. Masoomi, O. Sadeghi, M. H. Banitaba, A. Shahrjerdi, and
S. S. H. Davarani, “A non-enzymatic nanomagnetic electro-
immunosensor for determination of A
atoxin B1 as a model
antigen,” Sensors and Actuators B: Chemical, vol. 177, pp. 1122–
1127, 2013.

[45] Z. Linting, L. Ruiyi, L. Zaijun, X. Qianfang, F. Yinjun, and
L. Junkang, “An immunosensor for ultrasensitive detection of
a
atoxin B1 with an enhanced electrochemical performance
based on graphene/conducting polymer/gold nanoparticles/the
ionic liquid composite �lm on modi�ed gold electrode with

electrodeposition,” Sensors and Actuators B: Chemical, vol. 174,
pp. 359–365, 2012.

[46] T. Bertuzzi, S. Rastelli, A. Mulazzi, and A. Pietri, “Evaluation
and improvement of extraction methods for the analysis of
a
atoxins B1, B2, G1 and G2 from naturally contaminated
maize,” Food Analytical Methods, vol. 5, no. 3, pp. 512–519, 2012.

[47] S. L. Taylor, J. W. King, J. L. Richard, and J. I. Greer, “Analytical-
scale supercritical 
uid extraction of a
atoxin b1 from �eld-
inoculated corn,” Journal of Agricultural and Food Chemistry,
vol. 41, no. 6, pp. 910–913, 1993.

[48] J. Stroka, M. Petz, U. Joerissen, and E. Anklam, “Investigation
of various extractants for the analysis of a
atoxin B1 in di�erent
food and feed matrices,” Food Additives and Contaminants, vol.
16, no. 8, pp. 331–338, 1999.

[49] I. Arranz, E. Sizoo, H. van Egmond et al., “Determination of
a
atoxin B1 in medical herbs: interlaboratory study,” Journal of
AOAC International, vol. 89, no. 3, pp. 595–605, 2006.

[50] A. Gallo, F. Masoero, T. Bertuzzi, G. Piva, and A. Pietri, “E�ect
of the inclusion of adsorbents on a
atoxin B-1 quanti�cation
in animal feedstu�s,” Food Additives and Contaminants—Part
A Chemistry, Analysis, Control, Exposure and Risk Assessment,
vol. 27, no. 1, pp. 54–63, 2010.

[51] N. A. Lee, S. Wang, R. D. Allan, and I. R. Kennedy, “A rapid
a
atoxin B1 Elisa: development and validation with reduced
matrix e�ects for peanuts, corn, pistachio, and soybeans,”
Journal of Agricultural and Food Chemistry, vol. 52, no. 10, pp.
2746–2755, 2004.

[52] F. Ma, R. Chen, P. Li, Q. Zhang, W. Zhang, and X. Hu,
“Preparation of an immunoa�nity column with amino-silica
gel microparticles and its application in sample cleanup for
a
atoxin detection in agri-products,” Molecules, vol. 18, no. 2,
pp. 2222–2235, 2013.

[53] P.M. Scott andM.W.Trucksess, “Application of immunoa�nity
columns tomycotoxin analysis,” Journal of AOAC International,
vol. 80, no. 5, pp. 941–949, 1997.

[54] W. L. Shelver, G. L. Larsen, and J. K. Huwe, “Use of
an immunoa�nity column for tetrachlorodibenzo-p-dioxin
serum sample cleanup,” Journal of Chromatography B: Biomedi-
cal Applications, vol. 705, no. 2, pp. 261–268, 1998.

[55] A. Braithwaite, F. J. Smith, and R. Stock, Chromatographic
Methods, Chapman and Hall, 1985.

[56] K. E. Sapsford, C. R. Taitt, S. Fertig et al., “Indirect competitive
immunoassay for detection of a
atoxin B1 in corn andnut prod-
ucts using the array biosensor,” Biosensors and Bioelectronics,
vol. 21, no. 12, pp. 2298–2305, 2006.

[57] H. de Iongh, R. Vles, and P. de Vogel, “	e occurrence and
detection of a
atoxin in food,” in Proceedings of the Symposium
on Mycotoxins in Foodstu�s, G. H. Wogan, Ed., p. 235, MIT
Press, Cambridge, Mass, USA, 1964.

[58] V. Betina, “	in-layer chromatography of mycotoxins,” Journal
of Chromatography, vol. 334, no. 3, pp. 211–276, 1985.

[59] H. Gulyas, “Determination of a
atoxins b1, b2, g1, g2 and
m1 by high pressure thin layer chromatography,” Journal of
Chromatography A, vol. 319, pp. 105–111, 1985.

[60] K. M. Abdel-Gawad and A. A. Zohri, “Fungal 
ora and
mycotoxins of six kinds of nut seeds for human consumption in
Saudi Arabia,”Mycopathologia, vol. 124, no. 1, pp. 55–64, 1993.

[61] Y. M. H. Younis and K. M. Malik, “Tlc and hplc analysis
of a
atoxin contamination in sudanese peanut and peanut
products,” Kuwait Journal of Science and Engineering, vol. 30,
no. 1, 2003.



14 Journal of Applied Chemistry

[62] M. Trucksess,W. Brumley, and S. Nesheim, “Rapid quantitation
and con�rmation of a
atoxins in corn andpeanut butter, using a
disposable silica gel column, thin layer chromatography, and gas
chromatography/mass spectromety,” Journal of the Association
of O�cial Analytical Chemists, vol. 67, no. 5, pp. 973–975, 1984.
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