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ABSTRACT

The rapid quantification of toxins in food and beverage products has become a significant issue in
overcoming and preventing many life-threatening diseases. Aflatoxin-contaminated food is one of
the reasons for primary liver cancer and induces some tumors and cancer types. Advancements in
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biosensors technology have brought out different analysis methods. Therefore, the sensing per-
formance has been improved for agricultural and beverage industries or food control processes.
Nanomaterials are widely used for the enhancement of sensing performance. The enzymes,
molecularly imprinted polymers (MIP), antibodies, and aptamers can be used as biorecognition ele-
ments. The transducer part of the biosensor can be selected, such as optical, electrochemical, and
mass-based. This review explains the classification of major types of aflatoxins, the importance of
nanomaterials, electrochemical, optical biosensors, and QCM and their applications for the deter-

mination of aflatoxins.

Introduction

Food safety, clean, and contamination-free food content is
one of the most important issues in today’s developing and
growing world. Contamination of agricultural products by
various toxic factors affects humans and all the living organ-
isms in the ecosystem. The decrease in safe food and water
resources and the fact that many underdeveloped countries
struggle to access these resources bring socioeconomic prob-
lems globally.!"?! One of the most significant contaminants
that threaten the health of living things are mycotoxins
which are secondary metabolites produced by fungi.!”
Currently, more than 400 mycotoxins have been identified,
and they are responsible for the contamination of agricul-
tural crops worldwide, as stated by The Food and
Agriculture Organization (FAO).®) Mycotoxins cover a wide
group of compounds (aflatoxins, ergot alkaloids, ochratox-
ins, etc.), and they have serious toxicity, including carcino-
genicity, immunosuppression, teratogenicity, and
mutagenicity.[4]

Among all mycotoxins, aflatoxins which are produced by
the Aspergillus genus of fungi, stand out with their high tox-
icity and carcinogenicity.”) Aflatoxins were firstly recog-
nized in the 1960s, and since then, 18 different types of
aflatoxins have been discovered (AFB1, G1, M1, B2, etc.).
The double furan ring and coumarin structure, which are
common in the chemical structure of aflatoxins, are the
structures responsible for the toxic effect.) Due to the

prevalence and highly toxic effects of aflatoxins, inter-
national authorities took significant steps, and they were
classified as Group 1 carcinogen by the International
Agency for Research on Cancer (IARC) of the World Health
Organization (WHO).!”! Additionally, there are Maximum
Residue Levels (MRL) set by the European Commission for
different types of aflatoxins such as AFM1 and AFB1.1*)

The occurrence of aflatoxins can be seen in a wide variety
of food products: cereals, nuts and seeds products, milk and
dairy products, etc. By this means, humans are exposed to
aflatoxins, even in small amounts, cumulatively.>®
Considering common occurrence and related health risks of
aflatoxins, the development of accurate, precise, highly sensi-
tive, and reliable sensors for the determination of aflatoxins
in both food products and biological fluids has great import-
ance. Therefore, numerous studies are available in the
literature utilizing different methods and techniques. Well-
established methods for aflatoxins are mostly chromatog-
raphy-based combined techniques and enzyme-linked
immunoassays. Despite the reliability advantage, these meth-
ods lack affordability and easy application.

Nowadays, researchers focus on novel sensor approaches
that can offer user-friendly, rapid, effective, selective, and
sensitive analysis. In this context, biosensors provide a
superior approach in many aspects for the analysis of vari-
ous analytes.>* Differentiation of the biorecognition elem-
ent part of the biosensors with components such as an
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enzyme, molecularly imprinted polymer (MIP), and aptamer
provides high specificity toward the target analyte. In add-
ition, according to the desired analysis and analyte, the
transducer part of the biosensor can be selected, such as
optical, electrochemical, and mass-based.[:®*]

For the determination of aflatoxins, biosensor applica-
tions have been a popular topic recently. When the literature
is examined, it can be seen that there are several review
studies focusing on the determination of aflatoxins. Liu
et al.®! discussed the electrochemical biosensors for aflatoxin
detection."”) They focused on the ratiometric, electrochem-
ical, electrochemiluminescence, and photoelectrochemical
methods and all types of aflatoxins in their work. On the
other hand, some studies focused on the detection of a spe-
cific type of aflatoxin. Vaz et al.!'’! summarized the sample
preparation and determination methods for aflatoxin MI,
while Xue et al.l”! overviewed the recent works for aflatoxin
Bl detection using nanotechnology and nanomaterials. In
another review study by Gurban et al.!'?! electrochemical
biosensor platforms for the detection of aflatoxin M1 in
milk and dairy products were evaluated. Another method-
based review example is the study by Wu et al,''*) which
provides an overview of the determination of aflatoxins
from nut and dried fruit samples by spectroscopic and imag-
ing techniques.

Table 1. Classification of aflatoxins in terms of sources and contaminated products!

This review explains the novel and the most recent sensor
approaches and applications for the determination of afla-
toxins in food samples.

Major types of aflatoxins

Aflatoxins, low molecular weight, highly toxic mycotoxins
are produced by the Aspergillus genus as a seconder metab-
olite, especially by Aspergillus flavus and Aspergillus parasit-
icus and they are widely found in fungus contaminated
crops and foods!"*™'*! Soil-originated Aspergillus contamin-
ation in crops can become a significant risk due to wrong
postharvest application which causes an increase in micro-
bial growth, especially in figs, peanuts, cereals, and corn.!*®
Moreover, when cows are fed with such food, toxins pass
into the milk and cause secondary contamination in milk
and dairy products.'”) Both humans and animals are dir-
ectly exposed to these toxins by the consumption of conta-
minated foods."*'® It was reported that consuming
aflatoxin-contaminated food is one of the reasons for pri-
mary liver cancer and induces some tumors and cancer
types such as renal cancer or rectal cancer.'®!

More than 20 types of aflatoxins (Tables 1 and 2) are
known, which all have difuran rings attached to the couma-
rin (Figure 1).1191 Around the coumarin nucleus, besides

15]

Frequently Contaminated Products

Aflatoxin Source
Difurocoumarocyclopentenone
Aflatoxin B1 Aspergillus;
Section Flavi
Section Ochraceorosei
Section Nidulantes
Aflatoxin B2 Aspergillus;

Section Flavi

Section Ochraceorosei
Hydroxylated metabolite of B1
Hydroxylated metabolite of B1

Aflatoxin B2,
Aflatoxin M1
Aflatoxin M2 Hydroxylated metabolite of B2
Aflatoxin M2,

Aflatoxin P1
Aflatoxin Q1

Demethylated metabolite of aflatoxin B1
Hydroxylated metabolite of aflatoxin B1

Aflatoxin Q2,
Aflatoxicol (Ry)

Acid hydration of aflatoxin Q1

reduction of the pentanone group.
Aflatoxin M1

aflatoxin M1
Aflatoxicol H1
Difurocoumarolactone

Aflatoxin G1 Aspergillus Section Flavi

Aflatoxin G2 Aspergillus Section Flavi

Aflatoxin G2,

Aflatoxin GM1

Aflatoxin GM2

Aflatoxin GM2,
Parasiticol (aflatoxin B3)

Hydroxylated metabolite of aflatoxin G1
Hydroxylated metabolite of aflatoxin G1
Hydroxylated derivative of aflatoxin G2

Others

Aspertoxin A. flavus and A. parasiticus

Hydration of the terminal furan ring of aflatoxin M1

Metabolite of aflatoxin B1 formed by a reversible
Reduced metabolite of aflatoxin B1, aflatoxin RO, or

Reduced metabolite of aflatoxin B1 and aflatoxin Q1

Metabolite of aflatoxin GM1in the liver of mammals
A metabolite of aflatoxin G1 from the biodegradation

Cereals, oilseeds, nuts, spices, meats, dairy products, fruit juices,
dried fruits, eggs, and feeds and foods derived from
these products

Cereals, oilseeds, nuts, spices, meats, dairy products, fruit juices,
dried fruits, eggs, and feeds and foods derived from
these products

NA

Milk and dairy products,

Meat products

Milk and dairy products,
Meat products

Milk and dairy products,

Excreted in the humans and animals’ urine

Assumed to be inedible parts of bovine fed on aflatoxin B1-
contaminated feed

NA

Mainly avian products. Dairy products.

Milk and dairy products
Milk and dairy products

Cereals, oilseeds, nuts, spices, meats, dairy products, fruit juices,
dried fruits, eggs, and feeds and foods derived from
these products

Cereals, oilseeds, nuts, spices, meats, dairy products, fruit juices,
dried fruits, eggs, and feeds and foods derived from
these products

NA

Milk and dairy products

Milk and dairy products

Milk and dairy products

Cereals, oilseeds, nuts, spices, meats, dairy products, fruit juices,
dried fruits, eggs, and feeds and foods derived from
these products

Contaminated vegetable products




Table 2. Physicochemical and toxicological properties of the major aflatoxins
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Aflatoxin Mw (g/mo) Formula
Health Effects
Aflatoxin B1 312.063 Ci7H1206 Hepatotoxicity, genotoxicity, carcinogenicity, immuno-toxicity, teratogenicity
Aflatoxin B2 314.079 Cy7H1406 Week mutagenicity, hepatotoxicity, and carcinogenicity
Aflatoxin B2a 333.074 Cy7Hq140, Low toxicity (200-fold less than B1)
Aflatoxin M1 328.058 Cy7H4,05 Hepatotoxicity, nephrotoxicity, carcinogenicity
Aflatoxin G2 330.074 Cy7H,,05 Low toxicity, no evidence for carcinogenicity in animals
Aflatoxin G2a 346.069 Cy7H140sg Low toxicity to inactive (a detoxified form of G1)
O 0 public health."">! Physicochemical and toxicological proper-
ties of the 6 major aflatoxins can be found in Table 2.
According to International Agency for Research on Cancer
I (IARC),'*) due to their carcinogenic and toxic effects, afla-
toxin BI is classified as Group 1 carcinogenic, and the rests
| are Group 2B!"*?! (Figure 4).
SN\ - After consumption of aflatoxin-contaminated forage by
H O @) cows, Aflatoxin Bl is converted to Aflatoxin M1 by enzym-
atic hydroxylation at the 9a position. Thus the only struc-
Furan Rings Coumarin tural difference between Bl and M1 is the presence of the

Figure 1. Chemical structure of Aflatoxins.'¥

difuran rings, either a pentene ring or a six-membered lac-
tone ring is also attached in their chemical structure (Figure
2).°1" According to this side group, aflatoxins are divided
into two main groups; (Figure 2A) aflatoxins that have pen-
tene ring, difurocoumarocyclopentenones, which are B type
aflatoxins and derivatives, (Figure 2B) aflatoxins that have
lactone, difurocoumarolactones which are G type aflatoxins
like G1, G2, M1 and M2.!"*) As it is represented in Figure 2,
the Coumarin core in the (green) center and the bifuran
ring (Blue) in the left side is common in both aflatoxin
types. However, the moiety in the right site represented in
red in Figure 2 can vary and can be either cyclopentene or a
six-membered lactone ring.!'™ It is important to underline
that the C8 =C9 double bond in the bifuran rings plays a
major role in the toxicity of aflatoxins.!"”

Although there are different methods for aflatoxin detec-
tion, using absorption and emission spectra at 360 nm is the
most common technique among them. Besides the differen-
ces in their chemical structures, another important differ-
ence between aflatoxin is the fluorescence that they exhibit
under UV irradiation since they are highly fluorescent.!**’
While B-type toxins radiate blue fluorescence at 425nm, G
toxins radiate green fluorescence at 540nm under UV
irradiation!?! (Figure 3).

Aflatoxins’ molecular weights range from 312 to 346g/
mol and they are soluble in organic solvents.'*'®*' The
most important known aflatoxins are B1, B2, G1, and G2
due to their high toxicities and high incidence."® Including
the B and G family, 13 types of aflatoxins are produced by
the fungus. However, some types of aflatoxins are not dir-
ectly produced but they are derived from other aflatoxins.!”’
Aflatoxin M1, which originates from enzymatic hydroxyl-
ation of Bl in the cows’ digestion system, is another com-
mon, important aflatoxin type that also has a hepatic and
carcinogenic effect.'”??) Thus especially aflatoxin B1, B2,
G1, G2, and M1 are of most concern to the economy and

hydroxyl group at the 9a position, which causes a difference
in toxicity level.!'”)

The importance of nanomaterials on biosensors for
detection of aflatoxins

Concerns about food safety, quality, and control increased
the need for new technological approaches based on biosen-
sors for contamination monitoring across the food chain.
Biosensors have proven their capacity to deliver on-site test-
ing results with short analysis time, sensitivity, selectivity,
robustness, user friendly, and labor-saving. In recent years,
the evolution of biosensor devices for the determination of
aflatoxins has piqued scientists’ interest, with a variety of
devices being developed and described in the research stud-
ies. The development of nanotechnology and its effect on
the growth of ultrasensitive aflatoxins analysis is benefiting
from breakthroughs in the production of nanomaterials
for sensors.

To improve sensitivity and ease of detection, nanomateri-
als such as different shapes and structures of gold nanopar-
ticles, magnetic particles, quantum dots, and carbon
materials especially carbon nanotubes (CNTs), graphene,
and its derivatives have been widely used for aflatoxin ana-
lysis.) These nanomaterials are used as biomolecule immo-
bilization supporters and electroactive or optical signal labels
to attain amplification.!*’ Many nanoparticle-based analytical
detection methods have been created using nanoparticles for
the detection of aflatoxins. Generally, these methods are
based on  electrochemical, = immunosensors,  and
optical detection.

Varlamova et a proposed amperometric biosensors
with electrode modification based on graphene oxide (GO)
and CNTs and gold nanoparticles (Au-NPs) in chitosan.
These modifications by nanoparticles maintain high electro-
activity and lead to obtaining good analytical results in a
concentration range of 1 x 107"'-1 x 107® M with a detec-
tion limit of 5x 107> M for determining aflatoxin MI.

1.24
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Figure 2. Difurocoumarocyclopentenone
Difurocoumarolactone type Aflatoxin (B).'*)

type

Aflatoxin B1 Aflatoxin B2

Aflatoxin B family

Aflatoxin G1 Aflatoxin G2

Aflatoxin G family

Figure 3. Chemical structure of Aflatoxins of B family (B1 and B2) and G family
(G1 and G2). The moiety in the blue or red Circle shows the difference between
the two groups.™

Also, this developed sensor can be used to determine afla-
toxin M1 in milk, kefir, and cottage cheese.

Another study by Kordasht et al.**! developed an apta-
sensor with nanosilica and gold nanoparticles for the detec-
tion of aflatoxin M1 shown in Figure 5. These
nanomaterials are electrodeposited on the surface of a glassy
carbon electrode, and quantification of aflatoxin M1 is com-
pleted by cyclic voltammetry and differential pulse voltam-
metry. The fabricated aptasensor shows a low limit of
detection (10fM), the calibration curve is linear between

[17]

Figure 4. Aflatoxin M1 chemical structure.

0.l1uM to 10fM, and can be used in the analysis of
milk samples.

CNTs are commonly used to develop electrochemical bio-
sensors to enhance analytical responses due to their large
surface area, mechanical strength, good flexibility, and
chemical stability; this may improve the electrochemical ana-
lysis of different biomolecules that are widely used in immu-
nosensors.'® Singh et al.*®! developed an electrochemical
immunosensor based on carboxylated CNTs for the detec-
tion of aflatoxin B; what was electrochemically deposited
onto indium tin oxide (ITO) glass electrode.
Functionalization of MWCNTSs with carboxyl group cova-
lently bonded to aminated antibodies strongly results in the
sensitive detection of aflatoxin Bl, and a stable biosensor
can be obtained, as shown in Figure 6. The developed
immunosensor has a low detection limit (0.08 ng mL™Y) in
the linear detection range of 0.25-1.375ng mL™".

Besides these nanomaterials, more than one nanomaterial
can be used together to enhance the electrochemical per-
formance of biosensors. For instance, Linting et al.l?”]
described an immunosensor that depends on graphene/con-
ducting polymer/Au NPs/ionic liquid composite film for
aflatoxin Bl determination. The usage of graphene and Au
NPs provides fast electron transfer. The conducting polymer
is covalently attached to the antibody. The mixture of ionic
liquid with chitosan also creates a safe environment for anti-
body binding. This sensor has a very low detection limit
(1fM) and is in the linear range from 3.2fM to 0.32pM,
also, this method can be applied for analysis of real spiked
food samples.

Because of their distinctive optical and electrical proper-
ties, nanomaterials-based colorimetric immunoassays have
drawn more attention for detecting various biomarkers.
Althagafi et al.'®® developed selective optical sensor based
by using silica nanoparticles decorated with gold nanopar-
ticles for detection of different aflatoxins (Afs). Firstly, they
prepare mesoporous silica particles (m-SiNPs) with sol-gel
method then decorated with gold nanoparticles (Au NPs),
then modified with Afs antibodies (AFs-Ab) to create AFs-
Ab/Au NPs@m-SiNPs. When aflatoxins and AFs-Ab/Au
NPs@m-SiNPs get interaction, this results in color change
from pink to violet. This developed immunoassay has wide
concentration range from 1ng-mL~" to 75ng:mL™~" and low
LOD value (0.16 ng-mL™"). This designed immunoassay was
applied to raw foodstuff samples.

Nanomaterials are used to fabricate electrochemical bio-
sensors to increase analytical responses because of their
unique benefits like wide surface area, simple synthesis, and
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Figure 5. Schematic representation of developed aptasensor for detection of aflatoxin M1. Reproduced with permission from Elsevier.?*)
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representation

Immobilization
of anti-AFB,

Figure 6. Schematic representation of fabricated carboxylated carbon nanotubes based electrochemical immunosensor for detection of aflatoxin B1. Reproduced

with permission from Elsevier.”?!

great electrochemical performance. They are mostly used as
electrode modification agents.

Application of biosensors for determination
of aflatoxins

An extensive literature review was conducted to investigate
and monitor AFBl-contaminated food. Several methods

including thin-layer chromatography (TLC), high-perform-
ance liquid chromatography (HPLC), mass spectroscopy,
enzyme-linked immune-sorbent assay (ELISA), and electro-
chemical and optic sensor have been used for detecting and
quantifying aflatoxins in foods and beverages.?” The most
commonly used chromatography techniques for analysis of
aflatoxins are TLC, HPLC, and gas chromatography (GC).
Although many of the chromatographic techniques are very
sensitive, they require trained skilled technician,
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Figure 7. Schematic depiction of a) synthesis process of AuNBPs and lipoic
acid-AuNBPs and b) ITO surface modification. Reproduced with permission
from Elsevier.!”!

cumbersome pretreatment of sample, and expensive appar-
atus/equipment. On the other hand, it has been observed
that nanomaterial-based biosensors are frequently used. For
the detection of AFBI, transducers giving different analytical
signals such as current, potential, conductivity, and imped-
ance were used.*”*!! Also, biosensors used for AFB1 detec-
tion were classified as electrochemical and potentiometric
biosensors depending on the type of transducer element
used. In addition, although biosensors were effective in the
detection of AFBI, nanomaterial-based biosensors showed
better analytical performance. The advantages and disadvan-
tages of different biosensors used for AFB1 detection in
food samples will be discussed in this section. The optical
and electrochemical sensor systems have been demonstrated
as excellent alternatives in replacing the traditional sensing
and analytical systems. These optical and electrochemical
sensors have advantages like portability, shortened analysis
time, ease of operation, novice-friendly and direct analysis
with no sample preparation procedures. Thus, the nanoma-
terial-based optical and electrochemical sensing platforms
have been acknowledged as reliable tools for automated on-
site analysis of aflatoxins in food processing and manufac-
turing industries.

Electrochemical biosensing devices are frequently used in
the evaluation of food samples due to their low cost, short
analysis time, and sensitive and portable nature.*? AFB1
monitoring in food samples is performed using different
electrochemical techniques such as amperometry, potenti-
ometry, and impedance spectroscopy according to the type
of analytical signal.**! Depending on the amount of AFBI

in food samples, interactions between the biorecognition
element cause changes in signal types in the specified tech-
niques, and analyzes are performed by evaluating the
data obtained.!**!

Electrochemical devices that can sensitively and select-
ively measure current differences at constant potential are
called amperometric biosensors. This current value changes
depending on the AFBI concentration in the food samples.
Although more than one electrode system is used, the best
analytical performance has been obtained in three-electrode
systems.'*”) Especially, the auxiliary electrode enhances the
surface area by making a positive contribution to the elec-
tron kinetics during the detection of AFBI in food sam-
ples.®™ Another commonly used electrode system is the
two-electrode system. Li et al.,**! developed amperometric
biosensors for the immobilization of aflatoxin oxidase using
multi-walled carbon nanotubes (MWCNTSs) for AFB1 detec-
tion in foods. For this, cyclic voltammetry, was used, and a
platinum electrode was preferred as the working electrode.
The linearity range of the developed sensor was
0.0032-0.720 uM, and the LOD was 1.6nM. In food sam-
ples, the AFB1 very short analysis time of 44 seconds and
high sensitivity were the most important advantages of
the sensor.

Impedimetric biosensors are based on electrical conduct-
ivity and capacitance, and electrochemical response occurs
after the interaction of AFBI in food samples with biorecog-
nition elements.”®! These sensors monitor changes in
impedance by immobilizing AFB1 on the working electrode
by the biorecognition element.'””**! Bhardwaj et al.,”” devel-
oped an electrochemical impedimetric biosensor for AFBI
detection in maize samples using gold nano-bipyramids
(AuNBPs). A two-step seed-mediated growth process was
used to synthesize these AuNBPs (Figure 7). The surface of
the coater was then modified using lipoic acid (Figure 7a).
Self-assembled 3-aminopropyl triethoxysilane (APTES) film
was used to confine these AuNBPs on indium in oxide
(ITO) glass (Figure 7b). Impedimetric measurement of
AFB1 was performed using the obtained ITO electrode and
anti-AFB1. The LOD value and linear dynamic range (LDR)
of this biosensor were found to be 100pM and
100 pM-25 nM, respectively. Furthermore, in AFB1-contami-
nated maize samples, this biosensor was exhibited superior
recoveries ranging from 95 to 100%.

The potentiometric biosensor, when the current is kept
constant, identifies the analyte with electrical potential meas-
urement.®*>% 1i et al**! developed a potentiometric
immunosensor for detecting AFB1 in peanut samples. This
biosensor was constructed by coupling a combination of
anti-AFB1 and BSA to the surface of functionalized poly-
clonal anti-AFB1 with AuNPs and a glassy carbon electrode.
Competitive immunoreactions occurring at the working
electrode were used to detect AFB1 utilizing the developed
biosensor. Relying on the competitive binding of the analyte
(AFB1) and the anti-AFBI1-BSA complex with polyclonal
anti-AFB1, the introduction of AFBI results in competitive
antigen-antibody immunological reactions. As a result of
these immunoreactions, the surface potential and charge of



the working electrode altered. This change in working
potential was related to the AFB1 concentration of the
working electrode, which reduced the binding capacity of
polyclonal anti-AFB1-AuNPs. The LDR and LOD of the
developed potentiometric immunosensor were found
0.1-5.0 g/kg and 87 ng/kg, respectively.

Electrochemical biosensors for determination
of aflatoxins

Electrochemical methods have important features such as
portable equipment, low technical requirements, eco-friend-
liness, it is affordable, and has a quick response.**! The
combination of biosensors and point-of-care (POCs) diag-
nostic devices would provide a promising platform for the
accurate monitoring of aflatoxins in clinical and non-clinical
fields, such as agricultural, food, and beverage industries or
food control processes.!*!! Thus, many researchers focused
on fabricating electrochemical biosensors. In electrochemical
transducer systems, an electrical signal in terms of potential,
current, or impedance is generated due to the interaction of
analytes and biorecognition elements at the electrode sur-
face.***) Therefore, the electrochemical sensor can be sen-
sitive enough to measure the trace level analytes in wide
LDR. It is highly selective for the target analyte of interest
and is stable over a long time. According to the biorecogni-
tion element, the electrochemical biosensors are divided into
aptamers-based biosensors, antibodies-based biosensors, and
MIP-based biosensors in this review. The specifications of
the analyte, sensor, LDR, LOD, recovery, and sample appli-
cation of biorecognition elements are listed in Tables 3-5,
respectively.

Aptamers-based biosensors

The aptamer-based electrochemical biosensor systems have
drawn considerable interest in the analysis of AFB1.1**!
Aptamers are used in biosensor applications. Aptamers are
identified as single-stranded nucleic acid (index-enriched lig-
and) or peptides that can specifically bind small molecules
with high affinity and specificity, similar to antigen-antibody
interactions. The systematic evolution of ligands by expo-
nential enrichment (SELEX) is used for the selection process
of oligonucleotide probes.**! The SELEX process is a very
important tool for obtaining the best biorecognition probe.
Aptamers-based biosensors have many advantages (in con-
trast to traditional electrochemical biosensors), such as easy
preparation, high specificity (strong affinity), stability, and
determination of the wide range of target molecules.!**!
Aptamers-based biosensors for AFB1 comprise various
formats by using different aptamers such as label-free
aptasensor, electrochemiluminescence aptasensor, photoelec-
trochemical aptasensor, ratiometric electrochemical aptasen-
sor. Table 3 summarizes the analysis of aflatoxins in
electrochemical sensor applications involving aptamers. In
this section, we have reviewed several promising aptasen-
sor systems.
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Zhong et al. constructed a label-free electrochemical apta-
sensor capable of sensitively detecting aflatoxin B1 (Figure
8). The electrochemical aptasensor was fabricated by electro-
depositing gold nanoparticles on the glassy carbon electrode
modified with Zeolitic imidazolate frameworks (ZIF-8).
Based on this methodology, an electrochemical aptasensor
has been constructed with the LDR of 10.0-1.0 x 10° pg/mL
of AFB1 and LOD of 1.82 pg/mL. This aptasensor has been
successfully applied for the analysis of AFB1 in corn oil and
peanut oil samples.*!

Mousavi Nodoushan et al. offered a high specificity, fast
and accurate sensing method through the electrochemical
aptasensor of AFB1 based on graphene oxide and gold
nanowires.!"%! Graphene oxide and gold nanowires were
used to create a synergistic effect. The LDR was
5.0-750.0 pM, and LOD 1.4pM. The developed aptasensor
was successfully applied in pistachio samples with a high
recovery percentage and low RSD% value.!”?!

Antibodies-based biosensors

Antibodies-based biosensor is also known as immunosensor.
The interaction between analytes and biorecognition ele-
ments (antibodies) takes place on the transducer (electrode).
Electrochemical immunosensors have achieved significant
progress in various applications due to the good interaction
between specific antigens and antibodies as well as the high
sensitivity of electrochemical methods. The various applica-
tions are summarized in Table 4.

Shi et al. developed an electrochemical immunosensor for
the AFB1 detection using reduced graphene oxid (Figure 9).
In this assay, 4-aminobenzoic acid was used to reduce gra-
phene oxide by means of an epoxy ring-opening reaction.
Au-poly PABA (PPABA)-r-GO nanohybrids were formed
with Au NPs. These nanohybrids were dropped on the GCE
surface. Therefore, AFB1 antibodies were covalently linked
with carboxyl groups of nanohybrids. Au NPs simultan-
eously bond AFB1 antibodies in a synergistic reaction.
Bovine serum albumin was used for blocking nonspecific
interaction. The electrochemical impedance spectroscopy
was performed using Fe(CN)s>/*"as redox marker.
Impedimetric response was obtained in the LDR of
0.01-1ng/mL and 1-25ng/mL with LOD of 0.001 ng/mL.
The applicability was evaluated in vegetable oil samples.!*

Pei et al. developed a photoelectrochemical (PEC) immu-
nosensor for AFBI detection using gold nanoparticles (Au
NPs) as a highly sensitive platform. The sensitive platform
can immobilize antibodies via Au NPs, and enhance the sep-
aration of electron-hole pairs due to its good energy band
matching efficiency. The obtained PEC immunosensor
exhibits a good LDR from 1.0pg/mL to 100ng/mL, and
LOD 0.33 pg/mL. This immunosensor also exhibits satisfac-
tory reproducibility, stability, and specificity. Moreover, the
immunosensor successfully detects AFB1 in peanut samples.

MIP-based biosensors
Molecularly imprinted polymer (MIP) designs excellent
molecular recognition sites that mimic several biological
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Table 3. The summary methods for monitoring of aflatoxins using aptamers based biosensors.

Analyte Sensor Linear Range LOD Recovery Sample Application Ref.

AFB1 Electrochemical 10.0-1.0 x 10° pg/mL 1.82 pg/mL 93.49-106.9%  corn oil and peanut oil 4]
Aptasensors

AFB1 Electrochemical 0.1-1000 pg/ mL 0.032 pg/mL 96.3-102.1% peanut g
Aptasensors

AFM1 Electrochemical 0.5-800 ng/L 0.3 ng/L 90-108% milk 1471
Aptasensors

AFB1 Electrochemical 100 pg/mL-100 ngmL 38.8 pg/mL 93-106.5% corn, wheat, peanut, 8l
Aptasensors and rice

AFB1 Electrochemical 5.0 x 1073-150.0 ng/mL 1.0x 10 3ng/mL  98.4-101.3% rice flour 149]
Aptasensors

AFB1 Electrochemical 0.01 ug/L-20 pug/L 94x10 *ug/L  884-102.0% cereals 0]
Aptasensors

mycotoxin, ochratoxin Electrochemical 1.56-400 ng/mL 0.6 ng/mL 96.25-97% rice floor o

A (OTA). Aptasensors

AFB1 Electrochemical 100 aM-100 pM 6.75 aM 91.0-99.7 % beer samples and 52
Aptasensors the food

AFB1 Electrochemical 0.1-75 ug/L 31ng/L 96.05-104.45 % rice and corn flour (53]
Aptasensors

AFM1 and AFB1 Electrochemical 30-900 pg/mL 0.9nM 95.4-108.1% milk and serum (541
Aptasensors

AFB1 Electrochemical 1.0x 1073 —=2000ng/mL 83 x 10 *ng/mL  97.8-105.5% wheat flour (53]
Aptasensors

AFB1 Electrochemical 0.01-50 ng/ mL 3 pg/mL 98.5-110% grape juice milk soy milk (61
Aptasensors

ZEN Electrochemical Aptasensor 5.0 x 10° ng/mL-50ng/mL  0.013 pg/mL. 89-102% comn and beer. (571

AFB1 Ratiometric 0.003-3 pg/ mL 0.00088 pg/mL 105-114% peanut 8
Electrochemical
Aptasensor

AFB1 Reusable 0.01 — 100 ng/ mL 0.01 ng/mL 85-106 % peanut 159
Electrochemical
Aptasensor

AFB1 Label-Free 3 ag/mL — 1.9 pg/mL 0.9 ag/mL 97.2-104.4% wheat flour (601
Electrochemical
Aptasensor

AFB1 Electrochemical Aptasensor  1-100 pg/mL 0.6 pg/mL 105-109% milk 611

AFB1 Hairpin DNA-Based Dual-  10-3000 pg/mL 4.3 pg/mL 94.0-103.5% comn and wheat 621

ochratoxin A (OTA) Ratiometric 30-10000 pg/mL 13.3 pg/mL 93.5-105.0%

Electrochemical Aptasensor

AFB1 Aptamer 8 pM-25nM 6pM - white wine and milk €3]
Electrochemical Sensor 25nM-3 uM

AFB1 Colorimetric/ 0.05-100 ng/ mL 0.43 pg/mL 92.6-97.5% com (641
Electrochemical Dual-
Channel Aptasensor

AFB1 Competitive Impedimetric ~ 0.05-3 pg/mL - 92.5—-108% beer and serum 631
Aptasensors

AFB1 Electrochemical 1.0x107%-10x10%M 55x10 ™M 96-109% peanut 2
Aptasensors

AFB1 Electrochemical 0.001-0.1 ng/ mL 0.002 ng/mL 94.5-103.3% 0il, soy sauce [661
Aptasensors

AFB1 Ratiometric 0.05-20 ng/mL 0.016 ng/mL 86.5-112% peanut 671
Electrochemical
Aptasensor

AFM1 Label-Free 1.0 x 1072 —80.0 ng/mL 20x103ng/mL  93-108% powder and (e8]
Electrochemical pasteurized milk
Aptasensor

AFB1 Electrochemical Aptamer-  2-500 nM 2nM 89-112%. wine (69
Based Method

AFB1 Electrochemical Aptasensor ~ 0.001-200 ng/mL 0.00033ng/ mL  88.5-110.2% peanuts and corn 701

AFB1 Electrochemical Aptasensor  0.125-16 ng/mL 0.12 ng/mL 92-102% alcoholic beverages (711

AFB1 Electrochemical Aptasensor  5.0-750.0 pM 1.4pM 99.37-1022% pistachio 172)

AFB1 Electrochemical Aptasensor 2 nM-4 uM 2nM - beer and white wine 331

AFM1 Electrochemical Aptasensor  3-90 ng/L Tng/L - milk 73]

AFM1 Electrochemical Aptasensor  20-200 ng/L 5ng/L 80 and 85% milk (741

AFB1 Electrochemical Aptasensor  2.5-30 ng/L 1.6 ng/L 88.2-93.3% coffee sample 73]

AFB1 Electrochemical Aptasensor  0.1-10 ng/mL 0.086 ng/mL 80-96% Maize flour 7el

AFB1 Electrochemical Aptasensor 5 pg/mL-50 ng/mL 4.5 pg/mL 90.0-93.6% peanuts 77

AFB1 Photoelectrochemical 0.03-200 ng/mL 0.01 ng/mL 89.6-96.3% peanut 78]
(PEC) Aptasensor

AFB1 Photoelectrochemical 0.01 ng/mL-100 ng/mL 0.002 ng/mL 98.3-106.7% peanut (79

(PEC) Aptasensor 97.2-110.0% wheat

AFM1 Label-Free Aptasensor 10-500 fM 453 fM - pasteurized milk (80)

AFB1 Electrochemical Aptasensor 0.1 pg/mL-10 ng/mL 0.049 pg/mL 94.5-106.7% peanut oil 1l

AFM1 Electrochemical 15-120 ng/L 8.47 ng/L 78.04-106.25%  milk (821

Aptasensors

(continued)
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Analyte Sensor Linear Range LOD Recovery Sample Application Ref.

AFB1 Electrochemical 0.5 NM-44M 0.07 nM 94.58-104% human blood plasma 831
Aptasensors Pasteurized cow milk

AFB1 Electrochemical 107% —1ng/mL 6.7 x 10 " ng/mL  96% —103% beer el
Aptasensors

AFM1 Electrochemical Aptasensor  2-600 ng/L 0.9ng/L 91.3-96.5% milk and serum s (851

AFB1 Electrochemical Aptasensor  0.01-1.0 fg/mL 0.002 fg/mL 96.8-106.0% wine 86l

AFM1 Electrochemical Aptasensor ~ 5-120 ng/L 0.5ng/L - whole cow or sheep milk 7

AFM1 Electrochemiluminescence  5-150 ng/mL 0.05 ng/mL 98.0-102.6% milk sl
Aptasensor

AFM1 Electrochemiluminescent 0.4 pg/mL-400 ng/mL 0.09 pg/mL 96.3-103.8% milk 18]
Aptasensor

AFB1 Electrochemical Aptasensor 20 pg/mL-50 ng/mL 15 pg/mL 96.0-108.0% peanut s (00l

substances such as toxins, drug molecules, biomarkers,
enzymes, nucleic acids, etc. The polymeric matrix is gener-
ated in the presence of the target molecule, and a three-
dimensional network is obtained with strong interaction.
MIP-based sensors show excellent selectivity due to provid-
ing the size, shape, and functional groups of the target (ana-
lyte) molecules.''**! After forming a polymeric matrix, the
target molecules should be removed, and the cavities specific
to the target should be obtained. The target should be
rebinding the proper cavities for the re-recognition of the
analyte molecules."**! MIP techniques show excellent select-
ivity toward the target molecule and high specificity. Table 5
summarizes the analysis of aflatoxins in MIP-based electro-
chemical sensors.

Singh et al.!"**! developed an electrochemical MIP using
aniline as a monomer and AFB1 and FuBltoxins as template
molecules (Figure 10). The obtained MIP-based biosensor
exhibits a good LDR 1 pg/mL to 500 ng/mL. LOD 0.313 and
0.322pg/mL for AFB1 and FuBl, respectively. Both MIP-
based biosensors also exhibit satisfactory reproducibility,
selectivity, and stability. Moreover, the MIP-based biosensor
detects AFB1 and FuBltoxins in corn samples.

Optical biosensors for determination of aflatoxins

Optical methods based-biosensors constitute an important
part of biosensor applications for the analysis of numerous
analytes thanks to their significant features such as rapid,
versatile, and label-free analysis, low cost, a portability, and
real-time measurements. Additionally, it is possible to inte-
grate optical biosensors with other multidisciplinary meth-
0ds.['314%1 The measurement principle of optical biosensors
is based on the emitted optical signal directly proportional
to the concentration of the target analyte. For the signal
measurement, optical biosensors can utilize different techni-
ques: fluorescence, luminescence, surface plasmon reson-
ance, refractive index, light scattering, colorimetric, etc.!'*”!
In this context, optical biosensors are widely preferred for
the analysis of aflatoxins."*!) It can be seen in Table 6,
which summarizes the latest applications of optical biosen-
sors for the determination of aflatoxins that the colorimetric
assays and fluorescent biosensors have found a wide place in
the literature in recent years due to the quick response time
and accurate results.

In their study, Setlem et al."?! focused on the determin-
ation of aflatoxin B1 (AFB1). Unlike chromatographic and

immunological methods with disadvantages such as being
expensive and time-consuming for AFB1 analysis, a select-
ive, sensitive, and affordable method was developed in this
study wusing an aptamer-based fluorescent sensor.
Additionally, graphene oxide, which has great physicochemi-
cal properties, was used to provide adsorption of aptamers.
The developed sensor showed a LDR 0.2 and 200 ppb. The
accuracy and applicability of the sensor were demonstrated
using groundnut, wheat, and fungal isolate samples. It
showed high specificity and stability for the analysis
of AFBI.

According to European union, maximum level of afla-
toxin Bl and total aflatoxins in the dried fruits for desired
for human intake are 2 ug/kg and 4 ug/kg, respectively while
maximum levels of aflatoxin B1 and total aflatoxins (5 ug/
kg, 10pug/kg, respectively) in human consumption. To
ensure that the produced food does not exceed this limit
value, regular analyses are necessary. Low-detection-limits
up to sub-picomolar and sub-femtomolar levels and wide
linear analytical ranges were achieved with nanomaterials
and nanocomposites of synergetic combinations. The com-
parison of aptamers-based biosensors, antibodies-based bio-
sensors, and MIP-based biosensors by associating with LOD
and LDR were given in Tables 3-5. When the recent appli-
cations of electrochemical aptasensors for aflatoxins were
examined, it was observed that the LOD value of AFBI,
OTA and AFMI reached up to agmL~'. Moreover, some of
electrochemical aptasensors developed with copper nanopar-
ticles (CuNPs) and gold nanoflowers modified screen-
printed carbon electrodes can determine AFBI1 in the range
of 100 aM to 100 pM.*?! In another study, the proposed
aptasensor based on the carbon quantum dots/octahedral
Cu,0 nanocomposite was applied to measure aflatoxin Bl.
Taguchi method was used for providing the minimum num-
ber of experiments. A LDR of 3 agmL™' —1.9 ugmL ™" and
a LOD of 0.9 +0.04 agmL " were found.!®” A novel reduced
graphene  oxide/molybdenum  disulfide/polyaniline@gold
nanoparticles-based electrochemical aptasensor exhibits a
wide LDR from 0.01 fg mL™" to 1.0 fg mL™" and a remark-
ably LOD of 0.002 fg mL ™" in spiked wine sample.[®!

When the recent applications of electrochemical immu-
nosensor for aflatoxins were examined, it was observed that
the LOD value of AFB1, AFM1 and AFM2 reached up to
fgmL™'. A metal free nanostructured g-C3N4 used for fabri-
cation of biosensing platform was developed. The obtained
electrochemical results indicate that the fabricated
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Table 4. The summary of the analysis of aflatoxins in antibodies-based biosensors.

Analyte Sensor Linear Range LOD Recovery Sample Application Ref.

AFB1 Electrochemical 1.0 pg/mL-300 ng/mL 0.295 pg/mL 108.2% fresh sweet corn o1
Immunosensor

AFM1 Electrochemical 0.25-5.0 ng/mL 0.09 ng/mL 82.0-108.0% milk 1021
Immunosensor

AFB1 Electrochemical 1.0 pM=5.0nM 0.27 pM 90.38-99.64% pu'er tea and rice 1931
Immunosensor

AFB1 Electrochemical 1.0 pg/mL-100 ng/mL 0.33 pg/mL 92.6-103.1% peanut 1041
Immunosensor

AFB1 Sandwich-Type 0.01-1.00 pg/mL 2.00 fg/mL ~100% wheat 1931
electrochemical
Immunosensor

AFB1 Electrochemical 1 fg/mL-1ng/mL 0.328 fg/mL - - o6l
Immunosensor

AFB1 Label-Free Electrochemical 0.001-10000 ng/mL 0.00054ng/mL  95.6-98.6% corn extract 1071
Immunosensor

AFB1 Electrochemical 0.1-25nM 0.1nM 95-100% spiked maize 1l
Immunosensor

AFB1 Electrochemical 0.5-3.5 U/mL 0.434 U/mL - Aspergillus flavus extract o8]
Catalase Sensor

AFB1 Electrochemical Biosensor 0.5-100 ng/mL 0.15ng/mL 80.74-111.22% milk 199)

AFB1 Electrochemical 0.05-20 ng/ mL 0.033 ng/mL - rice, wheat, corn, sorghum, [100]
Immunosensor barley, buckwheat

AFB1 Quantum Dot-Based 0.08-800 ug/kg 0.05 ug/kg 83.9-118.0%, peanut oil fon
Electrochemical wheat
Immunosensor maize

husky rice

AFB1 Electrochemical 0.5-10 ng/mL 0.5ng/mL - pistachio matrices (21
Immunosensor

AFB1 Electrochemical 0.01 — 1 ng/mL-25 ng/mL 0.001 ng/mL - vegetable oil (031
Immunosensor

mycotoxin  Electrochemical 0.1-3.0 ng/mL 0.09 ng/mL 80.2-98.3% spiked maize ro4l
Immunosensor

AFB1 Photoelectrochemical Sensor 0.005-50 ng/mL 0.0015ng mL 96.7-103.3% wheat and peanut samples 1371

AFB1 Disposable Paper-Based 1-30 ng/mL 0.62 ng/mL 97-99%, maize flour (osl
Immunosensor

AFB1 Electrochemical Enzyme- 0-120 ng/mL 0.15 ng/mL 93.37-104.01% milk (1061
Linked
Immunosorbent Assay

AFB1 Electrochemical Competitive 0.5-10ng/ mL 68 fg/mL 86.44-107.20%,  corn (o7
Immunosensor

AFB1 Escherichia Coli-Based 0.01-0.3 ug/mL 1ng/mL 94.4-101.3% peanut and corn oils (081

ZEN Electrochemical Biosensor 0.05-0.5 pug/mL 6 ng/mL 102.4-106.0%

AFB1 Electrochemiluminescence 0.05-100 ng/mL 0.01 ng/mL 99.20-100.97% lotus seed (1091
Immunosensor

AFB1 Electrochemical 0.05-25 ng/mL 0.05 ng/mL 98.9-101.2% rice (ol
Immunosensor

AFB1 Electrochemical 0.025-30 ng/ mL 0.006 ng/mL - peanut o
Immunosensor

AFB1 Electrochemiluminescence 0.1-100 ng/ mL 0.033 ng/mL 86.4-123% grains m2
Sensor

AFB1 Electrochemical 0.025-60.00 ng/mL 0.0052 ng/mL 103.6-104.1% rice and peanut ms3l
Immunosensor

AFB1 Electrochemical 0.025-25.00 ng/mL 0.017 ng/mL 98.0-101.1 % rice ma
Immunosensor

AFB1 Electrochemical 0.01-10 ng/mL 0.001 ng/mL - peanuts (sl
Immunosensor

AFM1 Electrochemical 0.01-1 ug/L 0.009 ug/L 96.15-104.25% milk (el
Immunosensor

AFB1 Label-Free Immunosensor 50 fg/mL-5 ng/mL 50 fg/mL - rice milk 7

AFB1 Electrochemical 10 3 —2 % 10% ng/mL 0.159 pg/mL 93.5-102.3% rice, peanuts and corn (el
Immunosensor

AFM1 Electrochemical 0.01-1 pg/L 0.02 pug/L - milk (el
Immunosensor

AFB1 Photoelectrochemical 0.01-15 ng/mL 2.8 pg/mL 90.2-109.0% peanut samples and corn n2ol
Immunoassay

AFB1 Electrochemical 0.1-3.0 ng/mL 0.008 ng/mL - maize (021
Immunosensor

AFM1 Electrochemical 0.010-1 pg/L 0.010 pg/L - milk 122
Immunosensor

AFB1 Photoelectrochemical 0.01-10 ngmL™" 2.6 pg/mL - peanut (231
Immunoassay

AFB1 Electrochemical 100 ng/mL —1 pg/mL 6.9 pg/mL 97.6-102.8% peanut (1241
Immunosensor

AFB1 0.01-10 ng/mL 0.01 ng/mL 94.0-130% powered milk beer (sl

(continued)
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Analyte Sensor Linear Range LOD Recovery Sample Application Ref.
Label-Free Impedimetric

Immunosensors

AFB1 Electrochemical 0.01-100 ng/mL 3.3 pg/mL 93.27- 106.70%  wheat (1261
Immunosensor

AFB2 Electrochemical 0.1 pg/mL-100 ng/mL 0.10 pg/mL 95.84-106.3% com (27
Immunosensor

AFM1 Electrochemical Sensor 0.015-25mM 25mM 98.10-112.0% milk [128)

AFB1 Electrochemiluminescence 0.01-100 ng/mL 0.0039 ng/mL 95%-101% fresh milk (291
(ECL) Immunosensor

AFB1 Electrochemical 0.1-100 ng/mL 0.05 ng/mL 98.5-106.3% corn (130l
Immunosensor

AFB1 Electrochemical 0.0001-10 ng/mL 0.3 pg/mL 80-127%. peanut (31
Immunosensor

AFB1 Electrochemical 0.5-20 ng/mL 0.109 ng/mL 92.18-95.4% maize (32
Immunosensor 20-60 ng/mL

AFB1 Label-Free Electrochemical 0.05-25 ng/mL 0.027 ng/mL 85.94-111.60%,  wheat (33l
Immunosensor

Table 5. The summary of the monitoring of aflatoxins in MIP-based biosensors.

Analyte Sensor Linear Range LOD Recovery Sample Application Ref.

AFB1 MIP Based Biosensor 50.0 pg/L-3.5ng/ L 12.0 pg/L 97-104% milk (1351

3.5-40.0 ng/L

AFB1 MIP Based Biosensor 3.2fM and 3.2 M 3.0fM - - (16l

AFB1 MIP Based Biosensor 1 pg/mL-500 ngmL 0.313 pg/mL 91.62-108.61% com (1341

Fumonisin B1 (FuB1) 0.322 pg/mL

AFB1 MIP Based Biosensor 0.10 ng/mL-10 ng/mL 0.058 ng/mL 93.5-112.8% rice and peanut (137

AFB2 Electrochemical Imprinted Sensor 0.1-1000 fg/mL 0.2 fg/mL 90-99% dairy milk (8l
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Figure 8. Schematic of the designed electrochemical aptasensor for AFB1 detection. Reproduced with permission from Elsevier.

biosensing electrode having ability to detect AfB1 with lower
LOD of 0.328 fg mL™', LDR in between 1 fg mL™' to 1ng
mL ! Ag nanocubes incorporated trigonal metallic MoS2
nanosheets with 1T phase as signal amplification and gold
nanoparticles/porous graphene nanoribbon as an electro-
chemical sensor platform were used for development of a
novel electrochemical AFB1 sandwich immunosensor. The
fabricated biosensor system detected AFB1 with lower LOD
of 2.00 fg mL™", LDR in between 0.01-1.00 pg mL~*{**!
When the recent applications of electrochemical molecu-
larly-imprinted sensor for aflatoxins were examined, it was
observed that the LOD value of AFB1, FuBl and AFB2
reached up to pgmL~". Jiang M. reports that a sensitive elec-
trochemical molecularly-imprinted sensor was developed for
the detection of AFBI, by electropolymerization of p-amino-
thiophenol-functionalized gold nanoparticles in the presence
of AFBI1 as a template molecule. The molecularly-imprinted

a.without AFBI 3
4 a
b.with AFBI

Alp

ol .
02 00 02

Potential V Potential V

[45]

sensor exhibits a broad LDR in between 3.2fM and 3.2 uM,
and a LOD of 3 fM.!'*¢)

Quartz crystal microbalance (QCM) techniques for
determination of aflatoxins

Quartz crystal microbalance technique (QCM) is a mass-
sensitive transducer device that has advantages such as high
sensitivity, real-time output and, low cost. This device pro-
vides measurement by considering the dependence of the
oscillation frequency on the total mass of the oscillating
transducer and detecting the change in frequency of a quartz
crystal resonator.'*>'*®! The QCM-based immunosensor
has been the focus of research into biomolecular interac-
tions.'**! Recently, QCM-based sensors have emerged as a
potential way to investigate interactions on molecular basis
solid surfaces and the quantitative analysis of various
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Figure 9. Schematic of the designed electrochemical immunosensor for AFB1 detection. Reproduced with permission from Elsevier.
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Figure 10. Schematic of MIP-based sensing process. Reproduced with permission from Elsevier.

[157-159

analytes. ! Molecularly imprinted polymers (MIPs) are
crosslinked polymers containing recognition sites that are
complementary to the templates in shape and size.['*>!¢"]
MIP has attracted popularity in biomedical field environ-
mental and food quality analysis because of rapidness,
affordability, selectivity, high sensitivity, stability, and low
analyte requirement.!'®? The use of QCM and MIP together
has the potential to provide an excellent sensing

[134]

platform.""® Gu et al.,!'*®! were created for the first time a
quartz crystal microbalance (QCM) sensor for the detection
of aflatoxin Bl using a gold nanoparticle (AuNPs) doped
molecular imprint layer and covalent organic frameworks
(COFs-AuNPs). The QCM detection platform for the meas-
urement of AFB1 was obtained by electropolymerization of
0-ATP@AuNPs crosslinked MIP on the COFs-AuNPs modi-
fied electrode. The composite of COFs-AuNPs and the
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Analyte Sensor Linear Range LOD Sample Application Ref.
AFB1 Fluorescent aptasensor 0.2-200 ppb 20 ppb Groundnut, wheat, 1421
fungal isolate
AFB1 Microfluidic paper-based 8-25ng.mL™" 9.45ng.mL™" Corn, peanut, pasta, (43)
analytical device- baijiu, soy sauce,
colorimetric assay eight-
treasure porridge
AFB1 Colorimetric nanosensor NA 147ng.g9~" Packaged peanut f144)
and corn
AFB1 Fluorescence sensor 0.05-100 ng.mL™" 0.01 ng.mL™" Corn, wine 1145]
AFB1 LSPR 0.1-500 nM 04nM Maize w1
AFB1 LSPR 0.2-6ng.mL™" 0.09ng.mL™" Peanut, animal feed (6]
AFB1 Colorimetric 1-75ng.mL~" 0.16 ng.mL™" Nut, cornflake, 128l
immunoassay cornmeal, peanut,
peanut butter,
pecan nut
AFM1 Colorimetric aptasensor 30-75000ng.L " 30ng.L”" Milk (1471
AFB1 Colorimetric enzyme- 0.06-0.48 ug.L ™" 0.06 ug.L™" Peanut, maize 1148l
linked
immunosorbent assay
AFB1 Fluorescence sensor 1pg.mL~"-100 ng.mL~" 0.98 pg.mL~" Peanut, corn, wheat, 1491
Chinese
medicine samples
AFM1 Fluorescent aptasensor 0.0001-0.5 ng.mL™" 0.194pg.mL~" Milk (150)
AFB1 Fluorescence 2.7-3202ng.g~" 0.2ng.g~" Almond st
AFB2 spectroscopy
AFB1 Colorimetric sensor 0-5mg.mL~" 0.22mg.kg ™" Rice 152l
AFB1 Fluorescent aptasensor 0.1-10ng.mL~" 213 pg.mL~" Corn flour (153)
AFB1 SPR 0.0001-10ng.mL~" 1.04 pg.mL~" Peanut, corn 54l
AFB1: Aflatoxin B1, NA: Not available, LSPR: Localized Surface Plasmon Resonance, AFM1: Aflatoxin M1, SPR: Surface Plasmon Resonance.
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[156]

imprinted polymer of AuNPs with poly(o-ATP) were used
to achieve sensitive and selective detection. Specific recogni-
tion sites incorporated into the o-ATP@AuNPs crosslinked
MIP matched to identify AFBI, and the COFs-AuNPs

Regeneration

(A) Demonstration of the fabrication process of nanomaterials, (B) the preparation and analysis of fabricated QCM sensor. Reproduced with permission

composite material created high specific surface area (Figure
11). The AuNPs doped imprinted matrix was endowed with
additional recognition sites thanks to the three-dimensional
structure of 0-ATP@AuNPs crosslinked MIP and the
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synthesized COFs-AuNPs substrate. The sensor was also
used to analyze real samples (peanuts, pistachios, rice, and
wheat). In real samples analysis, the suggested technique
had LDR 0.05 to 75ng mL ™", a low LOD 2.8 pg mL '), and
excellent recoveries (87.0-101.7%). This research presents a
QCM sensing platform that is simple, resilient, low-cost,
sensitive, and selective, and has a lot of real-world promise.
. In another work, a QCM detection platform for acrylamide
(AM) detection was successfully implemented by electropo-
lymerized the 3-thiopheneacetic acid functionalized AuNPs
(3-TAA@AuUNPs) crosslinked print layer on nitrogen-doped
ordered mesoporous carbon modified-AuNPs (NOMC-Au)
modified layer by Chi and Liu. The NOMC-Au-modified
layer had a large specific surface area, which gave more rec-
ognition space to the cross-linked printed layer to signifi-
cantly improve the detection performance. By using 3-
TAA@AuNPs as a functional monomer and PM as a ficti-
tious template molecule, the crosslinked imprinted layer was
able to pair well with AM as it had more crosslinked units.
The final QCM detection platform (MIP/NOMC-Au/AuE)
exhibited a good linear range for AM from 0.08 to 100 ng/
mL. The recovery rate of the three additional concentrations
of the three samples was between 88.3% and 97.2%, with a
limit of detection (LOD) of 5.1 pg/mL. The QCM sensor’s
preparation process was also very controllable, making it
possible to construct sensing platforms for the examination
of food samples that meet various requirements.”'®* Finally,
based on bridging interactions between Au-electrode and
NH,-TiO, sites enriched with phosphate groups, a new
QCM sensor for ultrafast detection of trace phosphoprotein
was developed by Guo et al. Here, NH,-TiO, was immobi-
lized using 11-mercaptodecanoic acid (MUA) modified with
an Au-S bond. NH,-TiO, with phosphoprotein absorption
functionality. With a low detection limit of 5.3 106mg
mL ™", the proposed sensor exhibited linearity depending on
the casein concentration between 1.0103 and 1.0mg mL ™'
under ideal conditions. The limit of quantitation was found
to be 0.001 mg mL ™', The analysis method of the developed
NH,-TiO,/MUA/AuE-QCM sensor was less complex and
faster than the traditional Ti**-IMAC/MOAC system and
could be completed in less than 5minutes. Additionally, the
created biosensor was effectively applied to the detection of
chicken egg white and skim milk.!®”!

Conclusion

Here, recent advances in the electrochemical and optic bio-
sensing and QCM technique were illustrated for the deter-
mination of aflatoxins. Most of these studies focused on the
Aflatoxin B1, B2, G1, and G2 due to their high toxicities
and high incidence. For the determination of aflatoxins, bio-
sensor applications have been a popular topic recently. This
review explains the novel and the most recent biosensor
approaches and applications for the determination of afla-
toxins in clinical and non-clinical (food and beverages) sam-
ples. Electrochemical biosensors (aptamers-based biosensors,
antibodies-based biosensors, MIP-based biosensors), optical

biosensors, and QCM techniques have displayed comparable
accuracy and reliability to traditional methods.

The nanomaterial based optical and electrochemical sen-
sors have a bright and exciting future. The aim of future
research is to improve the detection methods of nanomate-
rial technology, expand the detection range and simplify the
fabrication of sensor. Moreover, microfluidic systems should
be improved for food toxin from various food products and
agriculture produces. In this review, many aptamers-based
biosensors were observed for determination of Aflatoxins,
and they have the potential to become commercially avail-
able in the future.

Acknowledgments

Merve Yence thanks for the financial support from TUBITAK under
the BIDEB/2211-A Ph.D. Scholarship Programmes and ARDEB/
1004 Ph.D. Scholarship Programmes.

Funding

Ahmet Cetinkaya thanks the financial support from Council of Higher
Education 100/2000 (YOK) under the special 100/2000 and the
Scientific and Technological Research Council of Turkey (TUBITAK)
under the BIDEB/2211-A Ph.D. Scholarship Programmes.

ORCID

Goksu Ozcelikay
Ahmet Cetinkaya

http://orcid.org/0000-0001-7919-3236
http://orcid.org/0000-0001-5014-0907

S. Irem Kaya ([») http://orcid.org/0000-0003-0578-5399
Merve Yence ([5) http://orcid.org/0000-0003-4197-1009
Mehmet Altay Unal (5) http://orcid.org/0000-0001-8607-5043
Sibel A. Ozkan ([5) http://orcid.org/0000-0001-7494-3077

References

[1]  Yadav, N.; Yadav, S. S, Chhillar, A. K; Rana, J. S. An
Overview of Nanomaterial Based Biosensors for Detection of
Aflatoxin Bl Toxicity in Foods. Food Chem. Toxicol. 2021,
152, 112201. DOTI: 10.1016/j.fct.2021.112201.

[2] Feng, Z; Gao, N Liu, J; Li, H. Boron-Doped Diamond
Electrochemical Aptasensors for Trace Aflatoxin Bl Detection.
Anal. Chim. Acta. 2020, 1122, 70-75. DOI: 10.1016/j.aca.2020.
04.062.

[3] Liu, D; Li, W.; Zhu, C.; Li, Y.; Shen, X; Li, L.; Yan, X.; You,
T. Recent Progress on Electrochemical Biosensing of
Aflatoxins: A Review. TrAC - Trends Anal. Chem. 2020, 133,
115966. DOI: 10.1016/j.trac.2020.115966.

[4] Danesh, N. M.; Bostan, H. B.; Abnous, K; Ramezani, M.;
Youssefi, K.; Taghdisi, S. M. Karimi, G. Ultrasensitive
Detection of Aflatoxin Bl and Its Major Metabolite Aflatoxin
M1 Using Aptasensors: A Review. TrAC - Trends Anal. Chem.
2018, 99, 117-128. DOI: 10.1016/j.trac.2017.12.009.

[5] Xue, Z; Zhang, Y.; Yu, W.; Zhang, J.; Wang, J.; Wan, F.; Kim,
Y.; Liu, Y; Kou, X. Recent Advances in Aflatoxin Bl
Detection Based on Nanotechnology and Nanomaterials-A
Review. Anal. Chim. Acta. 2019, 1069, 1-27. DOI: 10.1016/j.
aca.2019.04.032.

[6] Wang, X; Niessner, R; Tang, D.; Knopp, D. Nanoparticle-
Based Immunosensors and Immunoassays for Aflatoxins.
Anal. Chim. Acta. 2016, 912, 10-23. DOI: 10.1016/j.aca.2016.
01.048.


https://doi.org/10.1016/j.fct.2021.112201
https://doi.org/10.1016/j.aca.2020.04.062
https://doi.org/10.1016/j.aca.2020.04.062
https://doi.org/10.1016/j.trac.2020.115966
https://doi.org/10.1016/j.trac.2017.12.009
https://doi.org/10.1016/j.aca.2019.04.032
https://doi.org/10.1016/j.aca.2019.04.032
https://doi.org/10.1016/j.aca.2016.01.048
https://doi.org/10.1016/j.aca.2016.01.048

(10]

(11]

(12]

(13]

(16]

(17]

(21]

Li, P; Zhang, Q. Zhang, W. Immunoassays for Aflatoxins.
TrAC - Trends Anal. Chem. 2009, 28, 1115-1126. DOI: 10.
1016/j.trac.2009.07.003.

Eivazzadeh-Keihan, R.; Pashazadeh, P.; Hejazi, M.; de la
Guardia, M.; Mokhtarzadeh, A. Recent Advances in
Nanomaterial-Mediated Bio and Immune Sensors for
Detection of Aflatoxin in Food Products. TrAC - Trends Anal.
Chem. 2017, 87, 112-128. DOI: 10.1016/j.trac.2016.12.003.

Bhardwaj, H.; Sumana, G.; Marquette, C. A. Gold
Nanobipyramids Integrated Ultrasensitive ~Optical and
Electrochemical Biosensor for Aflatoxin B 1 Detection.
Talanta. 2021, 222, 121578. DOI: 10.1016/j.talanta.2020.
121578.

Mincu, M.,; Stefan-van Staden, R. I; van Staden, J. F.

Molecular Recognition of Aflatoxin M1 in Water and Milk
Samples. Electroanalysis. 2019, 31, 1034-1039. DOL 10.1002/
elan.201900017.

Vaz, A, Cabral Silva, A. C; Rodrigues, P.; Venancio, A.
Detection Methods for Aflatoxin M1 in Dairy Products.
Microorganisms. 2020, 8, 246-216. DOL  10.3390/
microorganisms8020246.

Gurban, A. M.; Epure, P.; Oancea, F.; Doni, M. Achievements
and Prospects in Electrochemical-Based Biosensing Platforms
for Aflatoxin M1 Detection in Milk and Dairy Products.
Sensors (Switzerland). 2017, 17, 2951-2921. DOI: 10.3390/
s17122951.

Wu, Q.; Xie, L; Xu, H. Determination of Toxigenic Fungi and
Aflatoxins in Nuts and Dried Fruits Using Imaging and
Spectroscopic Techniques. Food Chem. 2018, 252, 228-242.
DOI: 10.1016/j.foodchem.2018.01.076.

Al-Ghouti, M. A, AlHusaini, A; Abu-Dieyeh, M. H.,; Abd
Elkhabeer, M.; Alam, M. M. Determination of Aflatoxins in
coffee by Means of Ultra-High Performance Liquid
Chromatography-Fluorescence Detector and Fungi Isolation.
Int. ]J. Environ. Anal. Chem. 2020. DOI: 10.1080/03067319.
2020.1819993.

Benkerroum, N. Aflatoxins: Producing-Molds, Structure,
Health Issues and Incidence in Southeast Asian and Sub-
Saharan African Countries. IJERPH. 2020, 17, 1215. DOI: 10.
3390/ijerph17041215.

Yan, C; Wang, Q; Yang, Q.; Wu, W. Recent Advances in
Aflatoxins Detection Based on Nanomaterials. Nanomaterials.
2020, 10, 1626-1619. DOI: 10.3390/nano10091626.

Paniel, N.; Radoi, A; Marty, J. L. Development of an
Electrochemical Biosensor for the Detection of Aflatoxin M1
in Milk. Sensors (Basel). 2010, 10, 9439-9448. DOI: 10.3390/
$101009439.

Ciceres, C.; Bravo, C.; Rivas, B.; Moczko, E.; Sdez, P.; Garcia,
Y.; Pereira, E. Molecularly Imprinted Polymers for the
Selective Extraction of Bisphenol A and Progesterone from
Aqueous Media. Polymers (Basel). 2018, 10, 679-616. DOI: 10.
3390/polym10060679.

Long, X.-D. Aflatoxin Bl Occurrence, Detection and
Toxicological Effects; Long, X.-D., Ed.; IntechOpen: Vienna,
Austria, 2019. DOI: 10.5772/intechopen.77925.

Kumar, P.; Mahato, D. K; Kamle, M.; Mohanta, T. K;; Kang,
S. G. Aflatoxins: A Global Concern for Food Safety, Human
Health and Their Management. Front. Microbiol. 2017, 7,
2170. DOI: 10.3389/fmicb.2016.02170.

Peng, Z.; Chen, L; Zhu, Y; Huang, Y; Hu, X; Wu, Q.
Nissler, A. K;; Liu, L.; Yang, W. Current Major Degradation
Methods for Aflatoxins: A Review. Trends Food Sci. Technol.
2018, 80, 155-166. DOI: 10.1016/j.tifs.2018.08.009.

Igbal, S. Z; Jinap, S.; Pirouz, A. A; Ahmad Faizal, A. R.
Aflatoxin M1 in milk and dairy products, occurrence and
recent challenges: A review. Trends in Food Science &
Technology. 2015, 46, 110-119. DOI: 10.1016/].TIFS.2015.08.
005.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

(35]

[36]

(37]

CRITICAL REVIEWS IN ANALYTICAL CHEMISTRY 15

Some traditional herbal medicines, some mycotoxins, naphtha-
lene and styrene - PubMed. https://pubmed.ncbi.nlm.nih.gov/
12687954/. (accessed May 24, 2022).

Varlamova, R. M.; Medyantseva, E. P.; Khamidullina, R. R;
Budnikov, H. C. Amperometric Tyrosinase Biosensors Based
on Nanomaterial-Modified Electrodes for Aflatoxin MI1. J.
Anal. Chem. 2019, 74, 59-67. DOL: 10.1134/
$1061934819070189.

Kordasht, H. K. Hasanzadeh, M. Specific Monitoring of
Aflatoxin M1 in Real Samples Using Aptamer Binding to
DNES Based on Turn-on Method: A Novel Biosensor. J. Mol.
Recognit. 2020, 33, 1-11. DOI: 10.1002/jmr.2832.

Singh, C.; Srivastava, S.; Ali, M. A;; Gupta, T. K;; Sumana, G.;
Srivastava, A.; Mathur, R. B; Malhotra, B. D. Carboxylated
Multiwalled Carbon Nanotubes Based Biosensor for Aflatoxin
Detection. Sensors Actuators B Chem. 2013, 185, 258-264.
DOI: 10.1016/].SNB.2013.04.040.

Linting, Z.; Ruiyi, L; Zaijun, L; Qianfang, X, Yinjun, F.;
Junkang, L. An Immunosensor for Ultrasensitive Detection of
Aflatoxin Bl with an Enhanced Electrochemical Performance
Based on Graphene/Conducting Polymer/Gold Nanoparticles/
the Ionic Liquid Composite Film on Modified Gold Electrode
with Electrodeposition. Sensors Actuators B Chem. 2012, 174,
359-365. DOI: 10.1016/J.SNB.2012.06.051.

Althagafi, I. 1; Ahmed, S. A, El-Said, W. A. Colorimetric
Aflatoxins Immunoassay by Using Silica Nanoparticles
Decorated with Gold Nanoparticles. Spectrochim. Acta - Part
A Mol. Biomol. Spectrosc. 2021, 246, 118999-118999. DOI: 10.
1016/j.52a.2020.118999.

Wacoo, A. P; Wendiro, D.; Vuzi, P. C; Hawumba, J. F.
Methods for Detection of Aflatoxins in Agricultural Food
Crops. J. Appl. Chem. 2014, 2014, 1-15. DOI: 10.1155/2014/
706291.

Sinha, K.K. Testing methods for aflatoxins in foods. Food and
Nutrition Bulletin. 1999, 20, 458-464. DOI: 10.1177/
156482659902000411.

Wang, X; Wu, X; Lu, Z; Tao, X. Comparative Study of
Time-Resolved Fluorescent Nanobeads, Quantum Dot
Nanobeads and Quantum Dots as Labels in Fluorescence
Immunochromatography for Detection of Aflatoxin Bl in
Grains. Biomolecules. 2020, 10, 575. DOI: 10.3390/
biom10040575.

Pundir, C. S;; Yadav, N.; Chhillar, A. K. Occurrence, Synthesis,
Toxicity and  Detection  Methods for  Acrylamide
Determination in Processed Foods with Special Reference to
Biosensors: A Review. Trends Food Sci. Technol. 2019, 85,
211-225. DOI: 10.1016/j.tifs.2019.01.003.

Wang, C; Li, Y; Zhao, Q. A Signal-on Electrochemical
Aptasensor for Rapid Detection of a Fl Atoxin Bl Based on
Competition with Complementary DNA. Biosens. Bioelectron.
2019, 144, 111641. DOI: 10.1016/j.bios.2019.111641.

Goud, K. Y.; Reddy, K. K,; Satyanarayana, M.; Kummari, S.;
Gobi, K. V. A Review on Recent Developments in Optical and
Electrochemical Aptamer-Based Assays for Mycotoxins Using
Advanced Nanomaterials. Mikrochim. Acta. 2019, 187, 29.
DOI: 10.1007/s00604-019-4034-0.

Li, S.; Chuan, Chen, J.; Hua, Cao, H;; Yao, D.; Sheng, Liu, D.
Ling, Amperometric Biosensor for Aflatoxin Bl Based on
Aflatoxin-Oxidase Immobilized on Multiwalled Carbon
Nanotubes. Food Control. 2011, 22, 43-49. DOI: 10.1016/j.
foodcont.2010.05.005.

Kim, M, lezzi, R; Shim, B. S; Martin, D. C. Impedimetric
Biosensors for Detecting Vascular Endothelial Growth Factor
(VEGF) Based on Poly(3,4-Ethylene Dioxythiophene)
(PEDOT)/Gold Nanoparticle (Au NP) Composites. Front.
Chem. 2019, 7, 1-11. DOI: 10.3389/fchem.2019.00234.

Lu, Y; Zhang, B; Tian, Y; Guo, Q; Yang, X; Nie, G. An
Enhanced Photoelectrochemical Sensor for Aflatoxin BI1
Detection Based on Organic-Inorganic Heterojunction


https://doi.org/10.1016/j.trac.2009.07.003
https://doi.org/10.1016/j.trac.2009.07.003
https://doi.org/10.1016/j.trac.2016.12.003
https://doi.org/10.1016/j.talanta.2020.121578
https://doi.org/10.1016/j.talanta.2020.121578
https://doi.org/10.1002/elan.201900017
https://doi.org/10.1002/elan.201900017
https://doi.org/10.3390/microorganisms8020246
https://doi.org/10.3390/microorganisms8020246
https://doi.org/10.3390/s17122951
https://doi.org/10.3390/s17122951
https://doi.org/10.1016/j.foodchem.2018.01.076
https://doi.org/10.1080/03067319.2020.1819993
https://doi.org/10.1080/03067319.2020.1819993
https://doi.org/10.3390/ijerph17041215
https://doi.org/10.3390/ijerph17041215
https://doi.org/10.3390/nano10091626
https://doi.org/10.3390/s101009439
https://doi.org/10.3390/s101009439
https://doi.org/10.3390/polym10060679
https://doi.org/10.3390/polym10060679
https://doi.org/10.5772/intechopen.77925
https://doi.org/10.3389/fmicb.2016.02170
https://doi.org/10.1016/j.tifs.2018.08.009
https://doi.org/10.1016/J.TIFS.2015.08.005
https://doi.org/10.1016/J.TIFS.2015.08.005
https://pubmed.ncbi.nlm.nih.gov/12687954/
https://pubmed.ncbi.nlm.nih.gov/12687954/
https://doi.org/10.1134/S1061934819070189
https://doi.org/10.1134/S1061934819070189
https://doi.org/10.1002/jmr.2832
https://doi.org/10.1016/J.SNB.2013.04.040
https://doi.org/10.1016/J.SNB.2012.06.051
https://doi.org/10.1016/j.saa.2020.118999
https://doi.org/10.1016/j.saa.2020.118999
https://doi.org/10.1155/2014/706291
https://doi.org/10.1155/2014/706291
https://doi.org/10.1177/156482659902000411
https://doi.org/10.1177/156482659902000411
https://doi.org/10.3390/biom10040575
https://doi.org/10.3390/biom10040575
https://doi.org/10.1016/j.tifs.2019.01.003
https://doi.org/10.1016/j.bios.2019.111641
https://doi.org/10.1007/s00604-019-4034-0
https://doi.org/10.1016/j.foodcont.2010.05.005
https://doi.org/10.1016/j.foodcont.2010.05.005
https://doi.org/10.3389/fchem.2019.00234

16 G. OZCELIKAY ET AL.

(38]

(39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

(47]

(48]

[49]

(50]

(51]

Nanomaterial: Poly (5-Formylindole) /NiO. Microchim. Acta.
2020, 186, 467. DOI: 10.1007/s00604-020-04439-9.

Sharma, P, Panchal, A; Yadav, N; Narang, J. Analytical
Techniques for the Detection of Glycated Haemoglobin
Underlining the Sensors. Int. J. Biol. Macromol. 2020, 155,
685-696. DOI: 10.1016/j.ijbiomac.2020.03.205.

Karimi-Maleh, H.; Orooji, Y., Karimi, F; Alizadeh, M,
Baghayeri, M.; Rouhi, J; Tajik, S.; Beitollahi, H.; Agarwal, S.;
Gupta, V. K; et al. A critical review on the use of potentio-
metric based biosensors for biomarkers detection. Biosensors
and Bioelectronics. 2021, 184, 113252. DOI: 10.1016/].BIOS.
2021.113252.

Li, Q; Lv, S; Lu, M, Lin, Z; Tang, D. Potentiometric
Competitive Immunoassay for Determination of Aflatoxin Bl
in Food by Using Antibody-Labeled Gold Nanoparticles.
Microchim. Acta. 2016, 183, 2815-2822. DOIL: 10.1007/s00604-
016-1929-x.

Bhardwaj, H.; Sumana, G. Recent Advances in Nanomaterials
Integrated Immunosensors for Food Toxin Detection. J. Food
Sci. Technol. 2022, 59, 12-33. DOI: 10.1007/s13197-021-04999-
5.

Farag, M. A,; Tanios, M.; Alkarimy, S.; Ibrahim, H.; Hania, A.
Biosensing ~ Approaches to  Detect Potential Milk
Contaminants: A Comprehensive Review. Food Addit.
Contam. Part A Chem. Anal. Control. Expo. Risk Assess. 2021,
38, 1169-1192. 10.1080/19440049.2021.1914864.

Li, F; Yu, Z; Han, X,; Lai, R. Y. Electrochemical Aptamer-
Based Sensors for Food and Water Analysis: A Review. Anal.
Chim. Acta. 2019, 1051, 1-23. DOI: 10.1016/j.aca.2018.10.058.
Jia, Y.; Zhou, G.; Liu, P.; Li, Z.; Yu, B. Recent Development of
Aptamer Sensors for the Quantification of Aflatoxin B1. 2019,
1-17. DOL: 10.3390/app9112364.

Zhong, T; Li, S; Li, X;; JiYe, Y.; Mo, Y.; Chen, L.; Zhang, Z.;
Wu, H; Li, M; Luo, Q. A Label-Free Electrochemical
Aptasensor Based on AuNPs-Loaded Zeolitic Imidazolate
Framework-8 for Sensitive Determination of Aflatoxin BI.
Food Chem. 2022, 384, 132495. DOI: 10.1016/j.foodchem.2022.
132495.

Cui, H;; An, K; Wang, C; Chen, Y,; Jia, S; Qian, J.; Hao, N.;
Wei, J.; Wang, K. A Disposable Ratiometric Electrochemical
Aptasensor with Exonuclease I-Powered Target Recycling
Amplification for Highly Sensitive Detection of Aflatoxin BI.
Sensors Actuators B Chem. 2022, 355, 131238. DOI: 10.1016/j.
snb.2021.131238.

Ahmadi, S. F; Hojjatoleslamy, M. Kiani, H; Molavi, H.
Monitoring of Aflatoxin M1 in Milk Using a Novel
Electrochemical Aptasensor Based on Reduced Graphene
Oxide and Gold Nanoparticles. Food Chem. 2022, 373, 131321.
DOI: 10.1016/j.foodchem.2021.131321.

Zhu, C.; Liu, D Li, Y.; Chen, T.,; You, T. Label-Free
Ratiometric Homogeneous Electrochemical Aptasensor Based
on Hybridization Chain Reaction for Facile and Rapid
Detection of Aflatoxin Bl in Cereal Crops. Food Chem. 2022,
373, 131443. DOI: 10.1016/j.foodchem.2021.131443.
Jahangiri-Dehaghani, F.; Zare, H. R.; Shekari, Z.; Benvidi, A.
Development of an Electrochemical Aptasensor Based on Au
Nanoparticles Decorated on Metal-Organic Framework
Nanosheets and p-Biphenol Electroactive Label for the
Measurement of Aflatoxin Bl in a Rice Flour Sample. Anal.
Bioanal. Chem. 2022, 414, 1973-1985. DOI: 10.1007/s00216-
021-03833-3.

Liu, B; Peng, J.; Wu, Q.; Zhao, Y.; Shang, H; Wang, S. A
Novel Screening on the Specific Peptide by Molecular
Simulation and Development of the Electrochemical
Immunosensor for Aflatoxin Bl in Grains. Food Chem. 2022,
372, 131322. DOI: 10.1016/j.foodchem.2021.131322.

Mansoor, S.; Rhouati, A.; Riaz, S.; Badea, M.; Hayat, A. DNA-
Templated Electrodeposition of Silver Nanoparticles for Direct
and Label-Free Aptasensing of Ochratoxin A. Anal. Biochem.
2022, 639, 114540. DOI: 10.1016/j.ab.2021.114540.

[52]

(53]

(54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

Liu, J; Zhou, Y; Dong, H. Li, Q; Zhang, Y; Xu, M.
Disposable Electrochemical Aptasensor for Ultrasensitive
Determination of Aflatoxin Bl Using Copper Nanoparticles as
Probes. Electroanalysis. 2021, 34, 352-361. DOIL: 10.1002/elan.
202100176.

Meng, D; Gan, X; Tian, T. An Electrochemical Sensing
Method for Aflatoxin Bl Detection Based on Pt-Coordinated
Titanium-Based Porphyrin MOF. Int. J. Electrochem. Sci. 2022,
17, 220247. DOI: 10.20964/2022.02.51.

Safarpour, H.; Dehghani, S; Nosrati, R; Zebardast, N
Alibolandi, M.; Mokhtarzadeh, A.; Ramezani, M. Optical and
Electrochemical-Based Nano-Aptasensing Approaches for the
Detection of Circulating Tumor Cells (CTCs). Biosens.
Bioelectron. 2020, 148, 111833. DOI: 10.1016/j.bios.2019.
111833.

Jahangiri-Dehaghani, F.; Zare, H. R.; Shekari, Z. A Non-Label
Electrochemical Aptasensor Based on Cu Metal-Organic
Framework to Measure Aflatoxin Bl in Wheat Flour. Food
Anal. Methods. 2022, 15, 192-202. DOI: 10.1007/s12161-021-
02109-x.

Guo, W.; Umar, A; Algadi, H; Albargi, H.; Ibrahim, A. A,
Cui, K; Wang, L; Pei, M,; Wang, Y. Design of a Unique
“ON/OFF” Switch Electrochemical Aptasensor Driven by the
PH for the Detection of Aflatoxin Bl in Acid Solutions Based
on Titanium Carbide/Carboxylated Graphene Oxide-Poly(4-
Vinyl Pyridine)/Aptamer Composite. Microchem. J. 2021, 169,
106548. DOI: 10.1016/j.microc.2021.106548.

Yugender Goud, K, Sunil Kumar, V,; Hayat, A,
Vengatajalabathy Gobi, K.; Song, H.; Kim, K. H,; Marty, J. L.
A Highly Sensitive Electrochemical Immunosensor for
Zearalenone Using Screen-Printed Disposable Electrodes. J.
Electroanal. Chem. 2019, 832, 336-342. DOI: 10.1016/j.jele-
chem.2018.10.058.

Jia, F.; Liu, D.; Dong, N.; Li, Y.; Meng, S.; You, T. Interaction
between the Functionalized Probes: The Depressed Efficiency
of Dual-Amplification Strategy on Ratiometric Electrochemical
Aptasensor for Aflatoxin Bl. Biosens. Bioelectron. 2021, 182,
113169. DOI: 10.1016/j.bi0s.2021.113169.

Li, Y; Liu, D; Zhu, C; Wang, M, Liu, Y; You, T. A
Ratiometry-Induced  Successive Reusable Electrochemical
Aptasensing Platform: Efficient Monitoring of Aflatoxin Bl in
Peanut. Sensor Actuators B. Chem. 2021, 336, 129021. DOL:
10.1016/j.snb.2020.129021.

Rahimi, F; Roshanfekr, H.; Peyman, H. Ultra-Sensitive
Electrochemical Aptasensor for Label-Free Detection of
Aflatoxin Bl in Wheat Flour Sample Using Factorial Design
Experiments. Food Chem. 2021, 343, 128436. DOI: 10.1016/j.
foodchem.2020.128436.

Reza, H; Mohsen, R; Kamran, A; Bagheri, P; Karim, G.
Development of Electrochemical Aptasensor Based on Gold
Nanoparticles and Electrospun Carbon Nanofibers for the
Detection of Aflatoxin M1 in Milk. J. Food Meas. Charact.
2021, 15, 1826-1833. DOI: 10.1007/s11694-020-00780-y.

Zhu, C; Liu, D; Li, Y; Ma, S; Wang, M; You, T. Hairpin
DNA Assisted Dual-Ratiometric Electrochemical Aptasensor
with High Reliability and Anti-Interference Ability for
Simultaneous Detection of Aflatoxin Bl and Ochratoxin A.
Biosens. Bioelectron. 2021, 174, 112654. DOI: 10.1016/j.bios.
2020.112654.

Wang, C; Zhao, Q. A Reagentless Electrochemical Sensor for
Aflatoxin Bl with Sensitive Signal-on Responses Using
Aptamer with Methylene Blue Label at Specific Internal
Thymine. Biosens. Bioelectron. 2020, 167, 112478. DOI: 10.
1016/j.bi0s.2020.112478.

Qian, J.; Ren, C;; Wang, C.; An, K; Cui, H,; Hao, N.; Wang,
K. Gold Nanoparticles Mediated Designing of Versatile
Aptasensor for Colorimetric/Electrochemical Dual-Channel
Detection of Aflatoxin Bl. Biosens. Bioelectron. 2020, 166,
112443. DOI: 10.1016/j.bi0s.2020.112443.


https://doi.org/10.1007/s00604-020-04439-9
https://doi.org/10.1016/j.ijbiomac.2020.03.205
https://doi.org/10.1016/J.BIOS.2021.113252
https://doi.org/10.1016/J.BIOS.2021.113252
https://doi.org/10.1007/s00604-016-1929-x
https://doi.org/10.1007/s00604-016-1929-x
https://doi.org/10.1007/s13197-021-04999-5
https://doi.org/10.1007/s13197-021-04999-5
https://doi.org/10.1080/19440049.2021.1914864
https://doi.org/10.1016/j.aca.2018.10.058
https://doi.org/10.3390/app9112364
https://doi.org/10.1016/j.foodchem.2022.132495
https://doi.org/10.1016/j.foodchem.2022.132495
https://doi.org/10.1016/j.snb.2021.131238
https://doi.org/10.1016/j.snb.2021.131238
https://doi.org/10.1016/j.foodchem.2021.131321
https://doi.org/10.1016/j.foodchem.2021.131443
https://doi.org/10.1007/s00216-021-03833-3
https://doi.org/10.1007/s00216-021-03833-3
https://doi.org/10.1016/j.foodchem.2021.131322
https://doi.org/10.1016/j.ab.2021.114540
https://doi.org/10.1002/elan.202100176
https://doi.org/10.1002/elan.202100176
https://doi.org/10.20964/2022.02.51
https://doi.org/10.1016/j.bios.2019.111833
https://doi.org/10.1016/j.bios.2019.111833
https://doi.org/10.1007/s12161-021-02109-x
https://doi.org/10.1007/s12161-021-02109-x
https://doi.org/10.1016/j.microc.2021.106548
https://doi.org/10.1016/j.jelechem.2018.10.058
https://doi.org/10.1016/j.jelechem.2018.10.058
https://doi.org/10.1016/j.bios.2021.113169
https://doi.org/10.1016/j.snb.2020.129021
https://doi.org/10.1016/j.foodchem.2020.128436
https://doi.org/10.1016/j.foodchem.2020.128436
https://doi.org/10.1007/s11694-020-00780-y
https://doi.org/10.1016/j.bios.2020.112654
https://doi.org/10.1016/j.bios.2020.112654
https://doi.org/10.1016/j.bios.2020.112478
https://doi.org/10.1016/j.bios.2020.112478
https://doi.org/10.1016/j.bios.2020.112443

[65]

[66]

(71]

(72]

(73]

(74]

(75]

[76]

(77]

(78]

La, M.; Wu, D.; Gao, Y.; Xia, N.; Niu, Y.; Liu, L; Yi, X.
Competitive Impedimetric Aptasensors for Detection of Small
Molecule Pollutants by the Signal Amplification of Self-
Assembled  Biotin-Phenylalanine Nanoparticle Networks.
Electrochem. Commun. 2020, 118, 106791. DOI: 10.1016/j.
elecom.2020.106791.

Lin, T.; Shen, Y. Fabricating Electrochemical Aptasensors for
Detecting Aflatoxin Bl via Layer-by-Layer Self-Assembly. J.
Electroanal. Chem. 2020, 870, 114247. DOI: 10.1016/j.jele-
chem.2020.114247.

Li, Y; Liu, D Zhu, C; Shen, X; Liu, Y,; You, T. Sensitivity
Programmable Ratiometric Electrochemical Aptasensor Based
on Signal Engineering for the Detection of Aflatoxin Bl in
Peanut. J. Hazard. Mater. 2020, 387, 122001. DOI: 10.1016/j.
jhazmat.2019.122001.

Dehaghani, F. J; Zare, H. R.; Shekari, Z. Measurement of
Aflatoxin M1 in Powder and Pasteurized Milk Samples by
Using a Label-Free Electrochemical Aptasensor Based on
Platinum Nanoparticles Loaded on Fe-Based Metal-Organic
Frameworks. Food Chem. 2020, 310, 125820. DOI: 10.1016/j.
foodchem.2019.125820.

Wang, C; Li, Y; Zhao, Q. A Competitive Electrochemical
Aptamer-Based Method for Aflatoxin Bl Detection with
Signal-off Response. Anal. Methods. 2020, 12, 646-650. DOI:
10.1039/C9AY02276G.

Hui, Y.; Bini, W.; Ren, R.; Zhao, A.; Zhang, F.; Song, S. An
Electrochemical Aptasensor Based on DNA-AuNPs-HRP
Nanoprobes and Exonuclease-Assisted Signal Ampli Fi Cation
for Detection of a Fl Atoxin Bl. Food Control. 2020, 109,
106902. DOI: 10.1016/j.foodcont.2019.106902.

Goud, K. Y; Catanante, G.; Hayat, A.; Satyanarayana, M.;
Gobi, K. V.; Louis, J. Disposable and Portable Electrochemical
Aptasensor for Label Free Detection of Aflatoxin Bl in
Alcoholic Beverages. Sensors Actuators B. Chem. 2016, 235,
466-473. DOI: 10.1016/j.snb.2016.05.112.

Nodoushan, S. M.; Nasirizadeh, N.; Kachuei, R.; Ali, A,
Fooladi, I. Electrochemical Detection of Aflatoxin Bl: An
Aptasensor Prepared Using Graphene Oxide and Gold
Nanowires. Anal. Methods. 2019, 11, 6033-6042. DOI: 10.
1039/C9AY01673B.

Kulikova, T. N.; Porfireva, A. V,; Evtugyn, G. A,; Hianik, T.
Electrochemical Aptasensor with Layer-by-Layer Deposited
Polyaniline for Aflatoxin M1 Voltammetric Determination.
Electroanalysis. 2019, 31, 1913-1924. DOI: 10.1002/elan.
201900274.

Interactions, A. M.; Evtugyn, G.; Hianik, T. DNA-Polylactide
Modified Biosensor for Electrochemical Determination of the
DNA-Drugs. 2019.

Zejli, H.; Goud, K. Y.; Louis, J. An Electrochemical Aptasensor
Based on Polythiophene-3-Carboxylic Acid Assisted Methylene
Blue for Aflatoxin Bl Detection. Sens. Bio-Sensing Res. 2019,
25, 100290. DOI: 10.1016/j.sbsr.2019.100290.

Selvolini, G.; Lettieri, M.; Tassoni, L.; Gastaldello, S.; Grillo,
M.; Maran, C.; Marrazza, G. Electrochemical Enzyme-Linked
Oligonucleotide Array for Aflatoxin Bl Detection. Talanta.
2019, 203, 49-57. DOL: 10.1016/j.talanta.2019.05.044.

Wang, C,; Qian, J; An, K; Lu, X; Huang, X. A
Semiconductor Quantum Dot-Based Ratiometric
Electrochemical Aptasensor for the Selective and Reliable
Determination of Aflatoxin B1. Analyst. 2019, 144, 4772-4780.
DOI: 10.1039/C9AN00825].

Tang, Y.; Liu, X;; Zheng, H; Yang, L; Li, L; Zhang, S.; Zhou,
Y.; Alwarappan, S. A Photoelectrochemical Aptasensor for
Aflatoxin B1 Detection Based on an Energy Transfer Strategy
between Ce-TiO2@MoSe2 and Au Nanoparticles. Nanoscale.
2019, 11, 9115-9124. DOI: 10.1039/c9nr01960;j.

Zhang, B.; Lu, Y,; Yang, C; Guo, Q.; Nie, G. Simple “Signal-
on” Photoelectrochemical ~Aptasensor for Ultrasensitive
Detecting AFB1 Based on Electrochemically Reduced
Graphene Oxide/Poly(5-Formylindole)/Au  Nanocomposites.

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

CRITICAL REVIEWS IN ANALYTICAL CHEMISTRY 17

Biosens. Bioelectron. 2019, 134, 42-48. DOI: 10.1016/j.bios.
2019.03.048.

Ben, S; Mars, A; Catanante, G.; Marty, J; Tunis, U, De;
Manar, E; Tunis, S.; De; Chimie, L.; De; Group, B. Design of
a Redox-Active Surface for Ultrasensitive Redox Capacitive
Aptasensing of Aflatoxin M1 in Milk. Talanta. 2019, 195,
525-532. DOI: 10.1016/j.talanta.2018.11.026.

Shuang, S.; Wei, M.; Wei, W; Liu, Y,; Liu, S. Electrochemical
Aptasensor for Aflatoxin Bl Based on Smart Host-Guest
Recognition of f-Cyclodextrin Polymer. Biosens. Bioelectron.
2019, 129, 58-63. DOI: 10.1016/j.bi0s.2019.01.022.

Karapetis, S.; Nikolelis, D.; Hianik, T. Label-Free and Redox
Markers-Based Electrochemical Aptasensors for Aflatoxin M1
Detection. 2018, 1-15. DOI: 10.3390/s18124218.
Beheshti-Marnani, A.; Hate, A; Es, Z. A Sensitive Biosensing
Method for Detecting of Ultra-Trace Amounts of AFB1 Based
on “Aptamer/Reduced Graphene Oxide” Nano-Bio Interaction.
Colloids Surf. B Biointerfaces 2019, 175, 98-105. DOI: 10.1016/
j.colsurfb.2018.11.087.

Wang, C; Zhang, H,; Jiang, X.; Zhou, B. Electrochemical
Determination of Aflatoxin B1 (AFB1) Using a Copper-Based
Metal-Organic Framework (Cu-MOF) and Gold Nanoparticles
(AuNPs) with Exonuclease III (Exo IIT) Assisted Recycling by
Differential Pulse Voltammetry (DPV). Anal. Lett. 2019, 52,
2439-2453. DOI: 10.1080/00032719.2019.1610418.

Jalalian, S. H.; Ramezani, M.; Danesh, N. M.; Alibolandi, M;
Abnous, K; Taghdisii S. M. A Novel Electrochemical
Aptasensor for Detection of Aflatoxin M1 Based on Target-
Induced Immobilization of Gold Nanoparticles on the Surface
of Electrode. Biosens. Bioelectron. 2018, 117, 487-492. DOI:
10.1016/j.bi0s.2018.06.055.

Geleta, G. S.; Zhao, Z. novel reduced graphene oxide/molyb-
denum disulfide/polyaniline nanocomposite-based electro-
chemical aptasensor for detection of aflatoxin B.; Wang, Z. A
Novel Reduced Graphene Oxide/Molybdenum Disulfide/
Polyaniline Nanocomposite-Based Electrochemical Aptasensor
for Detection of Aflatoxin B1. 2018, 1644-1649. DOI: 10.1039/
c7an02050c.

Smolko, V.; Shurpik, D.; Porfireva, A.; Evtugyn, G.; Stoikov, L
Electrochemical Aptasensor Based on Poly (Neutral Red) and
Carboxylated Pillar[5]Arene for Sensitive Determination of
Aflatoxin MI. Electroanalysis. 30, 486-496. DOI: 10.1002/elan.
201700735.

Mehdi, S; Bagheri, H; Mehrgardi, M. A. Visual
Electrochemiluminescence Biosensing of Aflatoxin M1 Based
on Luminol-Functionalized, Silver Nanoparticle-Decorated
Graphene Oxide. Biosens. Bioelectron. 2018, 100, 382-388.
DOI: 10.1016/j.bi0s.2017.09.035.

Zeng, W.; Liao, N.; Lei, Y.; Zhao, J.; Chai, Y.; Yuan, R.; Zhuo,
Y. Hemin as Electrochemically Regenerable Co-Reaction
Accelerator for Construction of an Ultrasensitive PTCA-Based
Electrochemiluminescent Aptasensor. Biosens. Bioelectron.
2018, 100, 490-496. DOI: 10.1016/j.bi0s.2017.09.040.

Wang, C; Qian, J.; An, K; Ren, C,; Lu, X;; Hao, N;; Liu, Q;;
Li, H; Huang, X; Wang, K. Fabrication of Magnetically
Assembled Aptasensing Device for Label-Free Determination
of Aflatoxin Bl Based on EIS. Biosens. Bioelectron. 2018, 108,
69-75. DOI: 10.1016/.bi0s.2018.02.043.

Singh, A. K; Dhiman, T. K; Lakshmi, G. B. V. S;; Raj, R; Jha,
S. K; Solanki, P. R. Rapid and Label-Free Detection of
Aflatoxin-B1 via Microfluidic Electrochemical Biosensor Based
on Manganese (III) Oxide (Mn 3 O 4) Synthesized by Co-
Precipitation Route at Room Temperature. Nanotechnology.
2022, 33, 285501. DOI: 10.1088/1361-6528/ac5ee2.

Tang, X.; Catanante, G.; Huang, X.,; Marty, J. L; Wang, H,;
Zhang, Q. Li, P. Screen-Printed Electrochemical
Immunosensor Based on a Novel Nanobody for Analyzing
Aflatoxin M1 in Milk. Food Chem. 2022, 383, 132598. DOI:
10.1016/j.foodchem.2022.132598.


https://doi.org/10.1016/j.elecom.2020.106791
https://doi.org/10.1016/j.elecom.2020.106791
https://doi.org/10.1016/j.jelechem.2020.114247
https://doi.org/10.1016/j.jelechem.2020.114247
https://doi.org/10.1016/j.jhazmat.2019.122001
https://doi.org/10.1016/j.jhazmat.2019.122001
https://doi.org/10.1016/j.foodchem.2019.125820
https://doi.org/10.1016/j.foodchem.2019.125820
https://doi.org/10.1039/C9AY02276G
https://doi.org/10.1016/j.foodcont.2019.106902
https://doi.org/10.1016/j.snb.2016.05.112
https://doi.org/10.1039/C9AY01673B
https://doi.org/10.1039/C9AY01673B
https://doi.org/10.1002/elan.201900274
https://doi.org/10.1002/elan.201900274
https://doi.org/10.1016/j.sbsr.2019.100290
https://doi.org/10.1016/j.talanta.2019.05.044
https://doi.org/10.1039/C9AN00825J
https://doi.org/10.1039/c9nr01960j
https://doi.org/10.1016/j.bios.2019.03.048
https://doi.org/10.1016/j.bios.2019.03.048
https://doi.org/10.1016/j.talanta.2018.11.026
https://doi.org/10.1016/j.bios.2019.01.022
https://doi.org/10.3390/s18124218
https://doi.org/10.1016/j.colsurfb.2018.11.087
https://doi.org/10.1016/j.colsurfb.2018.11.087
https://doi.org/10.1080/00032719.2019.1610418
https://doi.org/10.1016/j.bios.2018.06.055
https://doi.org/10.1039/c7an02050c
https://doi.org/10.1039/c7an02050c
https://doi.org/10.1002/elan.201700735
https://doi.org/10.1002/elan.201700735
https://doi.org/10.1016/j.bios.2017.09.035
https://doi.org/10.1016/j.bios.2017.09.040
https://doi.org/10.1016/j.bios.2018.02.043
https://doi.org/10.1088/1361-6528/ac5ee2
https://doi.org/10.1016/j.foodchem.2022.132598

18 G. OZCELIKAY ET AL.

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Zhang, X; Liao, X.; Wu, Y,; Xiong, W; Du, J; Tu, Z; Yang,
W.; Wang, D. A Sensitive Electrochemical Immunosensing
Interface for Label-Free Detection of Aflatoxin Bl by
Attachment of Nanobody to MWCNTs-COOH@Black
Phosphorene. Anal. Bioanal. Chem. 2022, 414, 1129-1139.
DOI: 10.1007/s00216-021-03738-1.

Pei, F.; Feng, S.; Wu, Y,; Lv, X;; Wang, H,; Chen, S. M.; Hao,
Q.; Cao, Y.; Lei, W.; Tong, Z. Label-Free Photoelectrochemical
Immunosensor for Aflatoxin Bl Detection Based on the Z-
Scheme Heterojunction of g-C3N4/Au/WO3.  Biosens.
Bioelectron. 2021, 189, 113373. DOI: 10.1016/j.bios.2021.
113373. [PMC][34090152.

Karaman, C.; Karaman, O.; Yola, B. B; Ulker, I; Atar, N;
Yola, M. L. A Novel Electrochemical Aflatoxin Bl
Immunosensor Based on Gold Nanoparticle-Decorated Porous
Graphene Nanoribbon and Ag Nanocube-Incorporated
MoS2nanosheets. New J. Chem. 2021, 45, 11222-11233. DOI:
10.1039/D1NJ02293H.

Nirbhaya, V.; Chauhan, D.; Jain, R;; Chandra, R; Kumar, S.
Nanostructured Graphitic Carbon Nitride Based Ultrasensing
Electrochemical Biosensor for Food Toxin Detection.
Bioelectrochemistry. 2021, 139, 107738. DOI: 10.1016/j.bioele-
chem.2021.107738.

Kumar, A.; Kumar, T.; Lakshmi, G. B. V. S.; Solanki, P. R.
Dimanganese Trioxide (Mn203) Based  Label-Free
Electrochemical Biosensor for Detection of Aflatoxin-Bl.
Bioelectrochemistry. 2021, 137, 107684. DOI: 10.1016/j.bioele-
chem.2020.107684.

Yun, Y.; Lu, Z; Yang, J.; Liang, T.; Xiao, G.; Qiao, Y.; Liu, Y.
Electrochemical Analysis of Specific Catalase Activity during
Development of Aspergillus Flavus and Its Correlation with
Aflatoxin B1 Production. Food Chem. 2021, 337, 127978. DOIL:
10.1016/j.foodchem.2020.127978.

Guo, L; Wang, Y; Pang, Y.; Shen, X; Yang, N; Ma, Y,
Zhang, Y. In Situ Growth of Covalent Organic Frameworks
TpBD on Electrode for Electrochemical Determination of a Fl
Atoxin ML1. J. Electroanal. Chem. 2021, 881, 114931. DOI: 10.
1016/j.jelechem.2020.114931.

Xiong, X.; Yuan, W,; Li, Y; Lu, Y.; Xiong, X.; Li, Y,; Liu, Y
Lu, L. Sensitive Electrochemical Detection of Aflatoxin Bl
Using DNA Tetrahedron - Nanostructure as Substrate of
Antibody Ordered Assembly and Template of Aniline
Polymerization. Food Chem. 2020, 331, 127368. DOI: 10.1016/
j.foodchem.2020.127368. [PMC][32569962.

Xuan, Z; Liu, H; Ye, J; Li, L; Tian, W.; Wang, S. Reliable
and Disposable Quantum Dot - Based Electrochemical
Immunosensor for Aflatoxin B 1 Simplified Analysis with
Automated Magneto-Controlled Pretreatment System. Anal.
Bioanal. Chem. 2020, 412, 7615-7625. DOI: 10.1007/s00216-
020-02897-x.

Kaminiaris, M. D.; Mavrikou, S.; Georgiadou, M.; Paivana, G.;
Tsitsigiannis, D. I; Kintzios, S. An Impedance Based
Electrochemical Immunosensor for Aflatoxin B 1 Monitoring
in Pistachio Matrices. Chemosensors. 2020, 8, 121.

Shi, L; Wang, Z; Yang, G.; Yang, H.; Zhao, F. A Novel
Electrochemical Immunosensor for a Fl Atoxin Bl Based on
Au  Nanoparticles-Poly 4-Aminobenzoic Acid Supported
Graphene. Appl. Surf. Sci. 2020, 527, 146934. DOI: 10.1016/j.
apsusc.2020.146934.

Bhardwaj, H.; Marquette, C. A; Dutta, P; Sumana, G.
Integrated Graphene Quantum Dot Decorated Functionalized
Nanosheet Biosensor for Mycotoxin Detection. Anal. Bioanal.
Chem. 2020, 412, 7029-7041. DOI: 10.1007/s00216-020-02840-
0.

Migliorini, F. L.; Santos, D. M. Soares, A. C.; Mattoso,
L. H. C. Design of A Low-Cost and Disposable Paper-Based
Immunosensor for the Rapid and Sensitive Detection of
Aflatoxin B1. 2020, 9-11.

Pang, Y.; Guo, L; Shen, X,; Yang, N,; Yang, C. Rolling Circle
Amplified DNAzyme Followed with Covalent Organic

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

Frameworks: Cascade Signal Amplification of Electrochemical
ELISA for Alfatoxin M1 Sensing. Electrochim. Acta. 2020, 341,
136055. DOI: 10.1016/j.electacta.2020.136055.

Liu, X; Wen, Y,; Wang, W; Zhao, Z; Han, Y,; Tang, K,
Wang, D.; Wang, D. Nanobody-Based Electrochemical
Competitive Immunosensor for the Detection of AFBI
through AFBI-HCR as Signal Amplifier. 2020.

Chen, Y.; Yang, Y.; Wang, Y.; Peng, Y.; Nie, J.; Gao, G.; Zhi, J.
Development of an Escherichia Coli-Based Electrochemical
Biosensor for Mycotoxin Toxicity Detection.
Bioelectrochemistry. 2020, 133, 107453. DOI: 10.1016/j.bioele-
chem.2019.107453.

Sun, C,; Liao, X,; Jia, B; Shi, L; Zhang, D.; Wang, R; Zhou,
L. Development of a ZnCdS @ ZnS Quantum Dots — Based
Label-Free Electrochemiluminescence Immunosensor for
Sensitive Determination of Aflatoxin B 1 in Lotus Seed. 2020.
Shi, L; Wang, Z; Wu, N,; Chen, X; Yang, G,; Liu, W. A
Simple Electrochemical Immunosensor for Highly Sensitive
Detection of Aflatoxin Bl Based on Gold Nanoparticle
Decorated Carboxylated Graphene Oxide. 2020, 15, 2020.
DOI: 10.20964/2020.02.50.

Shi, L; Wang, Z; Yang, G.; Yang, H. A Novel Electrochemical
Sensor for the Determination of Aflatoxin Bl Based on
Polymerized 4-Amino-7-Azaindole-Nitrogen-Doped Graphene.
2020, 15, 11092-11101. DOI: 10.20964/2020.11.21.

Xiong, X.; Li, Y.; Yuan, W.; Lu, Y.; Xiong, X.; Li, Y.; Chen, X.
Screen  Printed  Bipolar  Electrode  for  Sensitive
Electrochemiluminescence Detection. Biosens Bioelectron.
2020, 150, 111873. DOI: 10.1016/j.bios.2019.111873.

Chen, X; Li, H; Zhang, G.; Feng, S; Yang, G.; Shi, L. Au@Pt
Hybrid Nanorods Encapsulated in B, S Dual-Doped Graphene
as  Highly  Sensitive Immunosensing Platform  for
Electrochemical Determination of Aflatoxin Bl. Int. J.
Electrochem. Sci. 2020, 15, 6269-6289. DOI: 10.20964/2020.07.
19.

Feng, S.; Meng, J.; Guo, J.; Chen, X;; Zhang, G.; Liu, W. B, N
Dual-Doped Graphene/Au@Pt Nanomaterials as Sensor for
Determination of Aflatoxin Bl. Int. J. Electrochem. Sci. 2020,
15, 7722-7732. DOI: 10.20964/2020.08.97.

Fan, A.; Shi, L; Yang, H; Yang, G. A Novel Electrochemical
Impedance Immunosensor for Aflatoxin Bl Based on L-
Cysteine  Self-Assembled on Au Nanoparticles-Porous
Nitrogen Doped Graphene Modified Electrode. Int. .
Electrochem. Sci. 2020, 15, 9669-9682. DOI: 10.20964/2020.10.
31.

An, X,; Shi, X;; Zhang, H,; Yao, Y.; Wang, G.; Yang, Q.; Sun,
X. An Electrochemical Immunosensor Based on a Combined
Amplification Strategy with the GO - CS/CeO 2 - CS
Nanocomposite for the Detection of Aflatoxin M 1. New J.
Chem. 2020, 44, 1362-1370. DOI: 10.1039/CINJ04804A.

Ben, Z; Grauby-Heywang, C; Beven, L; Cassagnere, S.
Development of an Ultrasensitive Label-Free Immunosensor
for Fungal Aflatoxin Bl Detection. Biochem. Eng. ]. 2019, 150,
107262. DOI: 10.1016/j.bej.2019.107262.

Zhang, H.; Shi, Z; Cheng, S.; Yang, Q. Sun, X; Guo, Y.
Ultrasensitive Immunosensor for Aflatoxin Bl Detection Based
on Screen-Printed Carbon Electrode Modified by Ferrocene
@Multi-Walled Carbon Nanotubes. Int. J. Electrochem. Sci.
2019, 14, 9170-9171. DOI: 10.20964/2019.09.61.

Abera, B. D.; Falco, A.; Ibba, P.; Cantarella, G.; Petti, L.
Development of Flexible Dispense-Printed Electrochemical
Immunosensor for Aflatoxin M1 Detection in Milk. 2019,
1-12.

Su, L; Tong, P; Zhang, L; Luo, Z; Fu, C; Tang, D.; Zhang,
Y. Photoelectrochemical Immunoassay of Aflatoxin Bl in
Foodstuff Based on Amorphous TiO2 and CsPbBr3 Perovskite
Nanocrystals. 2019, 4880-4886. DOI: 10.1039/c9an009%4a.
Bhardwaj, H.; Pandey, M. K; Sumana, G. Electrochemical
Aflatoxin Bl Immunosensor Based on the Use of Graphene
Quantum Dots and Gold Nanoparticles. 2019, 1-12.


https://doi.org/10.1007/s00216-021-03738-1
https://doi.org/10.1016/j.bios.2021.113373
https://doi.org/10.1016/j.bios.2021.113373
https://doi.org/10.1039/D1NJ02293H
https://doi.org/10.1016/j.bioelechem.2021.107738
https://doi.org/10.1016/j.bioelechem.2021.107738
https://doi.org/10.1016/j.bioelechem.2020.107684
https://doi.org/10.1016/j.bioelechem.2020.107684
https://doi.org/10.1016/j.foodchem.2020.127978
https://doi.org/10.1016/j.jelechem.2020.114931
https://doi.org/10.1016/j.jelechem.2020.114931
https://doi.org/10.1016/j.foodchem.2020.127368
https://doi.org/10.1016/j.foodchem.2020.127368
https://doi.org/10.1007/s00216-020-02897-x
https://doi.org/10.1007/s00216-020-02897-x
https://doi.org/10.1016/j.apsusc.2020.146934
https://doi.org/10.1016/j.apsusc.2020.146934
https://doi.org/10.1007/s00216-020-02840-0
https://doi.org/10.1007/s00216-020-02840-0
https://doi.org/10.1016/j.electacta.2020.136055
https://doi.org/10.1016/j.bioelechem.2019.107453
https://doi.org/10.1016/j.bioelechem.2019.107453
https://doi.org/10.20964/2020.02.50
https://doi.org/10.20964/2020.11.21
https://doi.org/10.1016/j.bios.2019.111873
https://doi.org/10.20964/2020.07.19
https://doi.org/10.20964/2020.07.19
https://doi.org/10.20964/2020.08.97
https://doi.org/10.20964/2020.10.31
https://doi.org/10.20964/2020.10.31
https://doi.org/10.1039/C9NJ04804A
https://doi.org/10.1016/j.bej.2019.107262
https://doi.org/10.20964/2019.09.61
https://doi.org/10.1039/c9an00994a

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Abera, B. D.; Falco, A,; Ibba, P.; Cantarella, G.; Petti, L.; Lugli,
P. Flexible Dispense-Printed Electrochemical Biosensor for
Aflatoxin M1 Detection Employing NaOH and Oxygen
Plasma Electrode Pre-Treatment. 2019, 9-11.

Su, L; Song, Y; Fu, C; Tang, D. Etching Reaction-Based
Photoelectrochemical Immunoassay of Aflatoxin Bl in
Foodstuff Using Cobalt Oxyhydroxide Nanosheets - Coating
Cadmium Sulfide Nanoparticles as the Signal Tags. Anal
Chim. Acta. 2019, 1052, 49-56. DOI: 10.1016/j.aca.2018.11.
059.

Althagafi, I. I; Ahmed, S. A; Id, W. A. E. Fabrication of
Gold/Graphene Nanostructures Modified ITO Electrode as
Highly Sensitive Electrochemical Detection of Aflatoxin Bl.
PloS One. 2019, 1, 1-15.

Malvano, F.; Albanese, D.; Pilloton, R. Label-Free
Impedimetric Immunosensors for Sensitive Detection of
Aflatoxin Bl in Food. Chem. Eng. Trans. 2019, 74, 1567-1572.
DOI: 10.3303/CET1974262.

Pan, D, Li, G; Hu, H; Xue, H,; Zhang, M.; Zhu, M. Direct
Immunoassay for Facile and Sensitive Detection of Small
Molecule Aflatoxin B1 Based on Nanobody. Chemistry, 2018,
24, 9869-9876.

Geleta, G. S.; Zhao, Z; Wang, Z. A Sensitive Electrochemical
Aptasensor for Detection of Aflatoxin B2 Based on a
Polyacrylamide/Phytic Acid/Polydopamine Hydrogel Modified
Screen Printed Carbon Electrode. Anal Method. 2018, 1,
4689-4694. DOI: 10.1039/c8ay01675e.

Shadjou, R. Electrochemical Monitoring of Aflatoxin M1 in
Milk Samples Using Silver Nanoparticles Dispersed on o -
Cyclodextrin - GQDs Nanocomposite. 2018, 1-10. DOI: 10.
1002/jmr.2699.

Wang, Y,; Zhao, G; Li, X; Liu, L; Cao, W,; Wei, Q.
Electrochemiluminescent Competitive Immunosensor Based
on Polyethyleneimine Capped SiO 2 Nanomaterials as Labels
to Release Ru (Bpy) 32 + Fi Xed in 3D Cu/Ni Oxalate for the
Detection of a Fl Atoxin Bl. Biosens. Bioelectron. 2018, 101,
290-296. DOI: 10.1016/j.bi0s.2017.10.042.

Nanofibers, P.; Nanoparticle, A.; Min, J. Label-Free Impedance
Sensing of Aflatoxin Bl with Polyaniline Nanofibers/Au
Nanoparticle Electrode Array. 2018 DOI: 10.3390/518051320.
Azri, F. A; Sukor, R; Yusof, N. A.; Hajian, R. Electrochemical
Immunosensor for Detection of Aflatoxin B 1 Based on
Indirect Competitive ELISA. Toxins (Basel). 2018, 10(5), 196.
DOI: 10.3390/toxins10050196.

Sharma, A.; Kumar, A; Khan, R. A Highly Sensitive
Amperometric Immunosensor Probe Based on Gold
Nanoparticle Functionalized Poly (3, 4-
Ethylenedioxythiophene) Doped with Graphene Oxide for e
Ffi Cient Detection of a Fl Atoxin B 1. Synth. Met. 2018, 235,
136-144. DOI: 10.1016/j.synthmet.2017.12.007.

Huang, Y.; Zhu, F; Guan, J; Wei, W.,; Zou, L. Label-Free
Amperometric Immunosensor Based on Versatile Carbon
Nanofibers Network Coupled with Au Nanoparticles for
Aflatoxin B 1 Detection. 2021.

Singh, A. K,; Lakshmi, G. B. V. S.; Fernandes, M.; Sarkar, T.;
Gulati, P.; Singh, R. P Solanki, P. R. A Simple Detection
Platform Based on Molecularly Imprinted Polymer for AFB1
and FuB1 Mycotoxins. Microchem. J. 2021, 171, 106730. DOI:
10.1016/j.microc.2021.106730.

Roushani, M.; Farokhi, S.; Rahmati, Z. Development of a
Dual-Recognition Strategy for the Aflatoxin Bl Detection
Based on a Hybrid of Aptamer-MIP Using a Cu20 NCs/GCE.
Microchem. ]. 2022, 178, 107328. DOI: 10.1016/j.microc.2022.
107328.

Jiang, M.; Braiek, M.; Florea, A.; Chrouda, A, Farre, C,;
Bonhomme, A.; Bessueille, F; Vocanson, F.; Zhang, A,
Jaffrezic-Renault, N. Aflatoxin Bl Detection Using a Highly-
Sensitive Molecularly-Imprinted Electrochemical Sensor Based
on an Electropolymerized Metal Organic Framework. Toxins.
(Basel) 2015, 7, 3540-3553. DOIL: 10.3390/toxins7093540.

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

CRITICAL REVIEWS IN ANALYTICAL CHEMISTRY 19

Wang, C; Wang, H; Zhang, M.; Zeng, B, Zhao, F.
Molecularly Imprinted Photoelectrochemical Sensor for
Aflatoxin Bl Detection Based on Organic/Inorganic Hybrid
Nanorod Arrays. Sensors Actuators, B Chem. 2021, 339,
129900. DOI: 10.1016/j.snb.2021.129900.

El, N.; El, A.; Bouchikhi, B.; El, N. Recent Development of an
Electrochemical Imprinted Sensor for the Detection of Trace-
Level of Unmetabolized Aflatoxin B2 in Dairy Milk. J.
Electroanal. Chem. 2020, 865, 114123. DOI: 10.1016/j.jele-
chem.2020.114123.

Mancuso, V.; Stramba-Badiale, C.; Cavedoni, S.; Cipresso, P.
Biosensors and Biofeedback in Clinical Psychology. In
Comprehensive Clinical Psychology; Elsevier, 2022; Vol. 10, pp
28-50. DOLI: 10.1016/b978-0-12-818697-8.00002-9.

Singh, P. Surface Plasmon Resonance: A Boon for Viral
Diagnostics. In Reference Module in Life Sciences; Elsevier Ltd.,
2017; pp 1-16. DOI: 10.1016/b978-0-12-809633-8.12245-9.
Tao, F; Yao, H,; Hruska, Z; Burger, L. W.; Rajasekaran, K,
Bhatnagar, D. Recent Development of Optical Methods in
Rapid and Non-Destructive Detection of Aflatoxin and Fungal
Contamination in Agricultural Products. TrAC - Trends Anal.
Chem. 2018, 100, 65-81. DOI: 10.1016/j.trac.2017.12.017.
Setlem, S. K;; Mondal, B.; Ramlal, S. A Fluorescent Aptasensor
for the Detection of Aflatoxin Bl by Graphene Oxide
Mediated Quenching and Release of Fluorescence. . Microbiol.
Methods. 2022, 193, 106414. DOIL 10.1016/j.mimet.2022.
106414.

Tang, X; Su, R; Luo, H; Zhao, Y; Feng, L. Chen, J.
Colorimetric Detection of Aflatoxin Bl by Using Smartphone-
Assisted Microfluidic Paper-Based Analytical Devices. Food
Control. 2022, 132, 108497. DOI: 10.1016/j.foodcont.2021.
108497.

Khansili, N.; Krishna, P. M. Curcumin Functionalized TiO2
Modified Bentonite Clay Nanostructure for Colorimetric
Aflatoxin Bl Detection in Peanut and Corn. Sens. Bio-Sensing
Res. 2022, 35, 100480. DOI: 10.1016/j.sbsr.2022.100480.

Ren, W.; Pang, J.; Ma, R.; Liang, X.; Wei, M.,; Suo, Z.; He, B;
Liu, Y. A Signal On-off Fluorescence Sensor Based on the
Self-Assembly DNA Tetrahedron for Simultaneous Detection
of Ochratoxin A and Aflatoxin Bl. Anal. Chim. Acta. 2022,
1198, 339566. DOI: 10.1016/j.aca.2022.339566.

Lerdsri, J.; Thunkhamrak, C.; Jakmunee, J. Development of a
Colorimetric Aptasensor for Aflatoxin Bl Detection Based on
Silver Nanoparticle Aggregation Induced by Positively
Charged Perylene Diimide. Food Control. 2021, 130, 108323.
DOI: 10.1016/j.foodcont.2021.108323.

Jalalian, S. H.; Lavaee, P.; Ramezani, M.; Danesh, N. M;
Alibolandi, M.; Abnous, K. Taghdisi, S. M. An Optical
Aptasensor for Aflatoxin M1 Detection Based on Target-
Induced Protection of Gold Nanoparticles against Salt-Induced
Aggregation and Silica Nanoparticles. Spectrochim. Acta. A
Mol. Biomol. Spectrosc. 2021, 246, 119062. DOI: 10.1016/j.saa.
2020.119062.

Tang, W.; Qi, Y.; Li, Z. A Portable, Cost-Effective and User-
Friendly Instrument for Colorimetric ~Enzyme-Linked
Immunosorbent Assay and Rapid Detection of Aflatoxin Bl.
Foods. 2021, 10, 1-10. DOL 10.3390/foods10102483.

Wu, H; Wu, J; Liu, Y,; Wang, H; Zou, P. Target-Triggered
and T7 Exonuclease-Assisted Cascade Recycling Amplification
Strategy for Label-Free and Ultrasensitive Fluorescence
Detection of Aflatoxin Bl. Sens. Actuat. B Chem. 2020, 321,
128599. DOI: 10.1016/j.snb.2020.128599.

Niazi, S;; Khan, I. M; Yu, Y,; Pasha, I; Lv, Y,; Mohsin, A,
Mushtaq, B. S.; Wang, Z. A Novel Fluorescent Aptasensor for
Aflatoxin M1 Detection Using Rolling Circle Amplification
and G-C3N4 as Fluorescence Quencher. Sens. Actuat. B Chem.
2020, 315, 128049-128010. DOI: 10.1016/j.snb.2020.128049.
Bertani, F. R; Businaro, L; Gambacorta, L; Mencattini, A.;
Brenda, D.; Di Giuseppe, D.; De Ninno, A, Solfrizzo, M.;
Martinelli, E.; Gerardino, A. Optical Detection of Aflatoxins B


https://doi.org/10.1016/j.aca.2018.11.059
https://doi.org/10.1016/j.aca.2018.11.059
https://doi.org/10.3303/CET1974262
https://doi.org/10.1039/c8ay01675e
https://doi.org/10.1002/jmr.2699
https://doi.org/10.1002/jmr.2699
https://doi.org/10.1016/j.bios.2017.10.042
https://doi.org/10.3390/s18051320
https://doi.org/10.3390/toxins10050196
https://doi.org/10.1016/j.synthmet.2017.12.007
https://doi.org/10.1016/j.microc.2021.106730
https://doi.org/10.1016/j.microc.2022.107328
https://doi.org/10.1016/j.microc.2022.107328
https://doi.org/10.3390/toxins7093540
https://doi.org/10.1016/j.snb.2021.129900
https://doi.org/10.1016/j.jelechem.2020.114123
https://doi.org/10.1016/j.jelechem.2020.114123
https://doi.org/10.1016/b978-0-12-818697-8.00002-9
https://doi.org/10.1016/b978-0-12-809633-8.12245-9
https://doi.org/10.1016/j.trac.2017.12.017
https://doi.org/10.1016/j.mimet.2022.106414
https://doi.org/10.1016/j.mimet.2022.106414
https://doi.org/10.1016/j.foodcont.2021.108497
https://doi.org/10.1016/j.foodcont.2021.108497
https://doi.org/10.1016/j.sbsr.2022.100480
https://doi.org/10.1016/j.aca.2022.339566
https://doi.org/10.1016/j.foodcont.2021.108323
https://doi.org/10.1016/j.saa.2020.119062
https://doi.org/10.1016/j.saa.2020.119062
https://doi.org/10.3390/foods10102483
https://doi.org/10.1016/j.snb.2020.128599
https://doi.org/10.1016/j.snb.2020.128049

20 G. OZCELIKAY ET AL.

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

in Grained Almonds Using Fluorescence Spectroscopy and
Machine Learning Algorithms. Food Control. 2020, 112,
107073. DOI: 10.1016/j.foodcont.2019.107073.

Khansili, N.; Rattu, G.; Kumar, A.; P. M, K. Development of
Colorimetric Sensor with Zinc Oxide Nanoparticles for Rapid
Detection of Aflatoxin Bl in Rice. Mater. Today Proc. 2020,
21, 1846-1855. DOI: 10.1016/j.matpr.2020.01.240.

Wei, M; Zhao, F; Xie, Y. A Novel Gold Nanostars-Based
Fluorescent Aptasensor for Aflatoxin Bl Detection. Talanta.
2020, 209, 120599. DOI: 10.1016/j.talanta.2019.120599.
Akgoniilli, S;; Yavuz, H.; Denizli, A. SPR Nanosensor Based
on Molecularly Imprinted Polymer Film with Gold
Nanoparticles for Sensitive Detection of Aflatoxin Bl. Talanta.
2020, 219, 121219. DOI: 10.1016/j.talanta.2020.121219.

Jin, X, Jin, X, Liu, X; Chen, L; Jiang, J.; Shen, G; Yu, R
Biocatalyzed Deposition Amplification for Detection of
Aflatoxin Bl Based on Quartz Crystal Microbalance. Anal.
Chim. Acta. 2009, 645, 92-97. DOL: 10.1016/j.aca.2009.04.041.
Gu, Y; Wang, Y; Wu, X;; Pan, M,; Hu, N;; Wang, J; S, W.
Quartz Crystal Microbalance Sensor Based on Covalent
Organic Framework Composite and Molecularly Imprinted
Polymer of Poly(o-Aminothiophenol) with Gold Nanoparticles
for the Determination of Aflatoxin Bl. Sens. Actuat. B Chem.
2019, 291, 293-297. DOI: 10.1016/j.snb.2019.04.092.

Zhang, K; Hu, R; Fan, G; G. Graphene, L. Oxide/Chitosan
Nanocomposite Coated Quartz Crystal Microbalance Sensor
for Detection of Amine Vapors. Sens. Actuat. B Chem 2017,
243, 721-730. DOI: 10.1016/j.snb.2016.12.063.

Yao, Y; Zhang, H; Sun, J; Ma, W Li, L; Li, W,; Du, J.
Novel QCM Humidity Sensors Using Stacked Black
Phosphorus Nanosheets as Sensing Film. Sens. Actuat. B Chem
2017, 244, 259-264. DOI: 10.1016/j.snb.2017.01.010.

Han, Z.; Wang, Y.; Duan, X. Biofunctional Polyelectrolytes
Assembling on Biosensors - A Versatile Surface Coating
Method for Protein Detections. Anal. Chim. Acta. 2017, 964,
170-177. DOI: 10.1016/j.aca.2017.01.051.

[160]

[161]

[162]

[163]

[164]

[165]

Yang, Y.; Fang, G; Wang, X;; Pan, M., Qian, H; Liu, H,;
Wang, S. Sensitive and  Selective  Electrochemical
Determination of Quinoxaline-2-Carboxylic Acid Based on
Bilayer of Novel Poly(Pyrrole) Functional Composite Using
One-Step Electro-Polymerization and Molecularly Imprinted
Poly(o-Phenylenediamine). Anal. Chim. Acta. 2014, 806,
136-143. DOI: 10.1016/j.aca.2013.11.023.

Yun, Y,; Pan, M; Fang, G,; Yang, Y.; Guo, T.; Deng, J.; Liu,
B, Wang, S. Molecularly Imprinted Electrodeposition O-
Aminothiophenol  Sensor for Selective and Sensitive
Determination of Amantadine in Animal-Derived Foods. Sens.
Actuat. B Chem. 2017, 238, 32-39. DOL: 10.1016/j.snb.2016.06.
165.

Yang, Y.; Fang, G.; Wang, X;; Liu, G.; Wang, S. Imprinting of
Molecular Recognition Sites Combined with 7-Donor-
Acceptor Interactions Using Bis-Aniline-Crosslinked Au-CdSe/
ZnS Nanoparticles Array on Electrodes: Development of
Electrochemiluminescence Sensor for the Ultrasensitive and
Selective Detectio. Biosens. Bioelectron. 2016, 77, 1134-1143.
DOI: 10.1016/j.bi0s.2015.11.006.

Feng, F.; Zheng, J.; Qin, P,; Han, T.; Zhao, D. A Novel Quartz
Crystal Microbalance Sensor Array Based on Molecular
Imprinted  Polymers for Simultaneous Detection of
Clenbuterol and Its Metabolites. Talanta. 2017, 167, 94-102.
DOI: 10.1016/j.talanta.2017.02.001.

Chi, H,; Liu, G. Determination of Acrylamide by a Quartz
Crystal Microbalance Sensor Based on Nitrogen-Doped
Ordered Mesoporous Carbon Composite and Molecularly
Imprinted Poly (3-Thiophene Acetic Acid) with Gold
Nanoparticles. Food Control. 2022, 141, 109166. DOI: 10.1016/
j.foodcont.2022.109166.

Guo, J; Fang, G; Wang, S; Wang, J. Quartz Crystal
Microbalance Sensor Based on 11-Mercaptoundecanoic Acid
Self-Assembly and Amidated Nano-Titanium Film for
Selective and Ultrafast Detection of Phosphoproteins in Food.
Food Chem. 2021, 344, 128656. DOI: 10.1016/j.foodchem.2020.
128656.


https://doi.org/10.1016/j.foodcont.2019.107073
https://doi.org/10.1016/j.matpr.2020.01.240
https://doi.org/10.1016/j.talanta.2019.120599
https://doi.org/10.1016/j.talanta.2020.121219
https://doi.org/10.1016/j.aca.2009.04.041
https://doi.org/10.1016/j.snb.2019.04.092
https://doi.org/10.1016/j.snb.2016.12.063
https://doi.org/10.1016/j.snb.2017.01.010
https://doi.org/10.1016/j.aca.2017.01.051
https://doi.org/10.1016/j.aca.2013.11.023
https://doi.org/10.1016/j.snb.2016.06.165
https://doi.org/10.1016/j.snb.2016.06.165
https://doi.org/10.1016/j.bios.2015.11.006
https://doi.org/10.1016/j.talanta.2017.02.001
https://doi.org/10.1016/j.foodcont.2022.109166
https://doi.org/10.1016/j.foodcont.2022.109166
https://doi.org/10.1016/j.foodchem.2020.128656
https://doi.org/10.1016/j.foodchem.2020.128656

	Abstract
	Introduction
	Major types of aflatoxins
	The importance of nanomaterials on biosensors for detection of aflatoxins
	Application of biosensors for determination of aflatoxins
	Electrochemical biosensors for determination of aflatoxins
	Aptamers-based biosensors
	Antibodies-based biosensors
	MIP-based biosensors

	Optical biosensors for determination of aflatoxins
	Quartz crystal microbalance (QCM) techniques for determination of aflatoxins

	Conclusion
	Acknowledgments
	Funding
	Orcid
	References


