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Abstract: Aflatoxins are the secondary metabolites of Aspergillus flavus and Aspergillus parasiticus
and are highly toxic and carcinogenic, teratogenic and mutagenic. Ingestion of crops and food
contaminated by aflatoxins causes extremely serious harm to human and animal health. Therefore,
there is an urgent need for a selective, sensitive and simple method for the determination of aflatoxins.
Due to their high performance and multipurpose characteristics, nanomaterials have been developed
and applied to the monitoring of various targets, overcoming the limitations of traditional methods,
which include process complexity, time-consuming and laborious methodologies and the need for
expensive instruments. At the same time, nanomaterials provide general promise for the detection of
aflatoxins with high sensitivity, selectivity and simplicity. This review provides an overview of recent
developments in nanomaterials employed for the detection of aflatoxins. The basic aspects of aflatoxin
toxicity and the significance of aflatoxin detection are also reviewed. In addition, the development of
different biosensors and nanomaterials for aflatoxin detection is introduced. The current capabilities
and limitations and future challenges in aflatoxin detection and analysis are also addressed.
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1. Introduction

Mycotoxins are secondary metabolites of fungi that widely exist in nature. Mycotoxins ingested,
inhaled or absorbed through the skin can cause functional decline, disease and even death in humans
and animals. Among more than 400 different mycotoxins, aflatoxins are the most toxic. Aflatoxins are
a kind of secondary metabolite produced by fungi such as Aspergillus flavus and Aspergillus parasiticus
through the polyketone pathway, which is the general name of a group of compounds with similar
structure that have strong toxicity, carcinogenicity, mutagenicity and teratogenicity. At present, there
are more than 20 kinds of aflatoxins and derivatives [1-3]. They are composed of three elements,
C, H, and O, and their chemical structures are very similar. They all contain a difuran ring and a
coumarin in the molecule. Among various aflatoxins, the four most important ones are aflatoxin B1,
B2, G1 and G2, also called AFB1, AFB2, AFGl and AFG2, among which AFB1 is the most toxic. AFB1
will be hydroxylated by liver microsomal enzymes in cattle after intake of AFB1-contaminated feed
and converted into AFM1, which is then excreted in the milk of cattle. The results showed that the
toxicity of aflatoxin B1 was 10 times of that of potassium cyanide and 68 times of that of arsenic [4].
Its carcinogenicity is 70 times that of dimethylnitrosamine. The International Agency for Research
on Cancer (IARC) classified AFB1, AFB2, AFG1 and AFG?2 as category 1 carcinogens and AFM1 as a
category 2B carcinogen in 1993 [5,6]. Aflatoxins are mainly ingested by humans and animals through
dietary channels [7]. In 2020, it was reported that AFB1 exposure is a major risk factor for human
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primary liver cancer; it can also induce gastric cancer, renal cancer, rectal cancer, breast cancer and other
tumors [8]. The AFB1 toxin shows strong accumulation in the liver after entering animals, causing
liver hemorrhage, fatty degeneration, bile duct hyperplasia and so on, even leading to liver cancer.
Trace amounts of AFB1 can cause acute poisoning death, carcinogenesis and other extremely serious
harms in humans or animals.

Aflatoxins widely exist in nature and can contaminate a variety of crops and foods, such as
peanuts, cereals, corn, rice, nuts, feed, milk and so on, and may be introduced during food harvest,
processing, storage and transportation. People are exposed directly through the ingestion of food
contaminated with aflatoxins and indirectly through the consumption of animal products. Long-term
intake of food contaminated by aflatoxins, even if the concentration of aflatoxins is very low, threatens
human health, causing liver damage and even death because of accumulation in the body. Because
aflatoxins are very heat stable, they are very difficult to destroy once formed; in addition, according
to the existing agricultural and food production processing conditions, aflatoxins in food and feed
cannot be completely avoided, and thus it is particularly important to develop and establish sound
monitoring and detection procedures for aflatoxins. For this reason, most countries have formulated
the limit standards of aflatoxins in food. Among them, the European Union has the most stringent
standards [9], which set the maximum limits of AFB1 in cereals, peanuts and dried fruits for direct
human consumer goods at 2 pg/kg, the maximum limits of AFB1, AFB2, AFG1 and AFG2 combined at
4 ug/kg, and the maximum limit of AFM1 in milk at 0.05 pg/kg.

Accurate, rapid and convenient detection of aflatoxins in food is a necessary prerequisite for
scientific and effective treatment of contaminated food. The Association of Official Analytical Chemists
(AOAC) and the European Committee for Standardization (CEN) have published 47 aflatoxin detection
methods. At present, the detection methods for aflatoxins are divided into chemical analysis, biological
identification, instrumental analysis and immunoassays. Thin layer chromatography (TLC), one of
the chemical analysis methods, was used as the standard method for the detection of aflatoxins by
the AOAC in 1990 [10]. However, it is a semiquantitative method with low sensitivity, requires
direct contact with standard sample and poses a high risk of exposure to the assayer. Bioassays are
qualitative analyses, usually used only as corroboration [11,12]. Instrumental analysis is a national
standard detection method with accurate and reliable results and good repeatability, but the instrument
is expensive to purchase and maintain; requiring complex pretreatment and long analysis time,
it is not suitable for rapid detection of a large number of samples in real time, and it is difficult to
promote at the grass-roots level [13,14]. Generally, high performance liquid chromatography (HPLC)
is still the most common and widely used method for the detection of aflatoxins in the laboratory
at present [15-17], but detection methods based on immunology have been increasingly used in
the laboratory to detect aflatoxins because of their speed, use of simple equipment, high specificity,
simple operation and low cost. At present, the immunological methods used for aflatoxin detection
are enzyme-linked immunosorbent assay (ELISA) [18,19], lateral flow immunoassay (LFIA) [18,20],
fluorescence immunoassay [21,22], chemiluminescence immunoassay [23,24], and immunosensor
assay [25,26]. The common aflatoxin detection methods are summarized in Table 1.
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Table 1. The common detection methods of aflatoxins.

Detection Method Advantages Disadvantages

Simple equipment, low cost and easy Cumbersome steps, poor sensitivity,

TLC . high detection limit and reagent are
operation.
harmful to operators.
HPLC Good repeatability, low detection limit Needs derivation, complex operation
and high sensitivity. and high instrument cost.
UPLC Fas.t detectlon' spe'ed, short'experm}e.n?al High instrument cost.
period, no derivative and high sensitivity.
LC-MS Simple pretreatment, high selectivity and Complex equipment operation and
multi-component analysis. high instrument cost.
Large number of samples can be analysed
ELISA simultaneously, high sensitivity and Short reagent life, higher false
accuracy, does not require extensive positive probability.

sample cleanup.

Fast detection speed, low cost, easy
LFIA operation, simple equipment, short
experimental period.

Poor repeatability, difficult to quantify,
poor sensitivity.

Note: TLC: Thin layer chromatography; HPLC: high performance liquid chromatography; UPLC: Ultra performance
liquid chromatography; LC-MS: Liquid chromatography-mass spectrometry; ELISA: enzyme-linked immunosorbent
assay; LFIA: lateral flow immunoassay.

In recent years, with the rapid development of nanotechnology, a variety of nanomaterials with
special functions have been designed and prepared. Nanomaterials are those materials that have at
least one dimension on the nanometer scale (0.1-100 nm) in three-dimensional space. The discovery
of nanomaterials marks a great step forward in the field of exploring the microcosmic world and
promotes the progress of chemical analysis, and nanomaterials enjoy a reputation as “the most
promising materials in the 21st century”. Due to their special structure, nanomaterials have good
surface effect, high reactivity and small size effect and show many useful characteristics in terms of
catalytic, electrochemical, thermal and optical properties. Therefore, nanoparticles will have broad
application prospects in the chemical industry, life sciences, environmental protection and other
fields [27-36]. To further improve the sensitivity and simplicity of aflatoxin analysis and detection,
more types of nanomaterials are being used, such as metal nanomaterials, carbon nano-materials, metal
oxide and hydroxide nanomaterials. The properties of these nanomaterials and their applications in the
detection of aflatoxins are introduced and discussed (Table 2). When the scale of materials is reduced
to the nanometer level, nanomaterials can show many unique properties, and their combination
with biosensors will be expected to further improve the performance of biosensors. Therefore,
the development of nanomaterials as a new type of biosensor has been favored by many researchers.
The use of nanomaterials can help to improve the sensitivity of biosensors and shorten the sample
preparation and experimental detection time; therefore, nanomaterials are deeply studied and widely
used in the quantitative detection of aflatoxins. In this paper, the research progress on nanomaterials
for the detection of aflatoxins in recent years is reviewed. In addition, the research progress on
the combination of nanomaterials and biosensors for the detection of aflatoxins is also introduced.
The limitations and future challenges of nanomaterial detection technology are also discussed.
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Table 2. Different nanomaterials used for aflatoxins detection.
Type of Nanomaterials/NPs Properties Receptor Molecules Target Detection Signal Linear Range LOD Real Sample Ref.
Metal nanomaterials AuNPs Antibody/PEDOT AFB1 Electrochemical signal 0.5-20 ng/mL, 0.09 ng/mL Corn [37]
High extinction coefficients, Y &n 20-60 ng/mL 09 ngf
AuNPs Good stability and conductivity, Antibody AFB1 Electrochemical signal 0.1-12 ng/mL 0.1 ng/mL - [38]
Ni NPs Good photoelectric performance, Antibody AFB1 Electrochemical signal 1-8 ng/mL 0.16 ng/mL - [39]
Good biocompatibility, . . . 15 Peanut, rice, milk, )
AuNPs High specific surface area, Antibody/DPB AFB1 Electrochemical signal - 1.0 x 107" mol/L flour, soybean [40]
AuNPs Easy to modify. Antibody AFB1 Electrochemical signal 100 ng/mL-1 pg/mL 6.9 pg/mL Peanut [41]
AuNPs Aptamer/CS AFM1 Electrochemical signal 2-600 ng/L 0.9 ng/L Milk, serum [42]
GNRs Antibody AFB1 Colorimetric signal 0.5-20 ng/ml 0.16 ng/mL Peanut [43]
Me]:al d""“%gs and ITO One-dimensional morphology, Antibody AFB1 Electrochemical signal 0.125-1.5 ng/mL 0.15 ng/mL - [44]
ydroxides S0 High electronic conductivity,
) 3 Physicochemical stability, Antibody AFB1 Electrochemical signal 10-700 pg/mL 57.82 pg mL~ ecm ™2 - [45]
naFnogo s High specific surface area.
€304 . . . | ;
nanoparticles Antibody AFB1 Electrochemical signal 0.05-5 ng/mL 0.07 ng/mL Food [46]
Carbon nanomaterials CNTs Antibody/ CdTe QDs AFM1  Electrochemiluminescence signal 1.0-1.0 x 10° pg/mL 0.3 pg/mL Milk [47]
CNTs One-dimensional atomic sheet structure, Antibody/ PDDA AFB1 Electrochemical signal 0.05-25 ng/mL 0.03 ng/mL Rice [48]
c-MWCNTs Large surface area, Antibody AFB1 Electrochemical signal 0.25-1.375 ng/mL 0.08 ng/mL - [49]
SWCNTs Stable chemical properties, Antibody/a-NP AFB1 Electrochemical signal 0.01-100 ng/mL 3.5 pg/mL Corn meal [50]
MWCNTs High electrical conductivity, Antibody/[BMIM]PFg AFB1 Electrochemical signal 0.1-10 ng/mL 0.03 ng/mL Olive oil [51]
MWCNT Mechanical strength. Enzyme AFB1 Electrochemical signal 3.2 x1079-721 x 10~ moL/L 1.6 x 10~° moL/L - [52]
Rapeseed oil
s ical si ~10_| -5 P! ,
MWCNTs MIP AFB1 Electrochemical signal 1% 107191 x 107 mol/L 0.03 nmol/L hogwash oil [53]
GO Two-dimensional carbon nanomaterials, Antibody AFB1 Electrochemical signal 0.5-5 ng/mL 0.23 ng/mL - [54]
GO Excellent optical and electrical properties, Aptamer AFM1  Electrochemiluminescence signal 5-150 ng/mL 0.01 ng/mL Milk [55]
rGO ) High surface area, Antibody/PPy-PPa AFB1 Electrochemical signal 10 fg/mL-10 pg/mL 10 fg/mL - [56]
GO High strength and toughness, Aptamer/ polyaniline AFB1 Electrochemical signal 1.0 x 1077-1.0 x 10715 g/mL 2x10718 g/mL Wine [57]
Good heat conduction performance, . . . . [58]
Graphene Facile functionalization and biocompatibility. Antibody/ PANI AFB1 Electrochemical signal 0.05-25 ng/mL 0.034 ng/mL Rice
Zero-dimensional atomic,
Good dispersion,
More abundant active sites, . . . . .
GQDs Good biocompatibility and photostability, Antibody/x-cyclodextrin ~ AFM1 Electrochemical signal 0.015-25 mmol/L 2 umol/L Milk [59]
Better chemical and physical properties,
High water solubility.
CNHs Antibody/L-F304-NFs AFB1  Electrochemiluminescence signal 0.05-200 ng/mL 0.02 ng/mL Corn [60]
Other nanomaterials MBs High resistivity and permeability, Antibody AFB1 Colorimetric signal 20-800 ng/L. 12 ng/L Corn [61]
MBs Excellent sensitivity, Good dispersion and Antibody AFB1 Colorimetric signal 0.01-1 ng/mL 7 pg/mL Maize [62]
ion, High bindi t -
MBs P ontrollable size, Aptamerfg\%zcafﬁ’lded AFBI Fluorescent signal 0.001-0.050 ng/mL 0.3 pg/mL Wheat, rice, com  [63]
MBs Easy functionalization. Aptamer/HCR AFB1 Fluorescent signal 0.5-40 ng/mL 0.2 ng/mL Peanut, milk [64]
MNPs Aptamer/ PAPDI AFB1 Fluorescent signal - 0.01 nM Maize [65]
Good light stability, Good biocompatibility,
QDs Long fluorescence life, Aptamer/QDs AFB1 Fluorescent signal 10-400 nmol/L 3.4 nmol/L Rice, peanut [66]

Excellent sensitivity.

Note: NPs: nanoparticles; PEDOT: poly(2,3-dihydrothieno-1,4-dioxin); AFM1: aflatoxin M1; GNRs: gold nanorods; CS: complementary strand; ITO: indium tin oxide; PDDA: poly dimethyl diallyl ammonium
chloride; c-MWCNTs: carboxylated multiwalled carbon nanotubes; SWCNTs: single-walled carbon nanotubes; [BMIM]PFg: 1-butyl-3-methylimidazolium hexanuorophosphate; MIP: molecular imprinted
polymer; GO: graphene oxide; rGO: reduced graphene oxide; PPy: polypyrrole; PPa: pyrrolic acid; PANI: polyaniline; GQDs: graphene QDs; MBs: magnetic beads; MNPs: magnetic nanoparticles; HCR:
hybridization chain reaction; PAPDI: perylene probe.
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2. Metal Nanomaterials for Aflatoxins Detection

Metal nanomaterials can be combined with a variety of biological macromolecules, have strong
adsorption characteristics, do not affect normal biological activities, and can be used to detect a variety
of enzyme activities. At the same time, metal nanomaterials also have good biocompatibility and are
easy to combine with biomolecules in food safety detection. The increase in available binding sites for
biomolecules on the surface is also a major advantage, so that metal nanoparticles can bind to more
biomolecules, such as antibody, aptamer, enzyme and so on. In addition, the unique fluorescence and
electrical properties of metal nanomaterials are the main basis for food analysis. According to the
different emission or absorption wavelengths of the corresponding metal nanomaterials, aflatoxins
can be quantitatively and qualitatively analyzed. When the particle size of these materials is small
enough, they will have a quantum size effect and show optical, electrical, chemical and catalytic
activities [67-69].

Zhang et al. [70] prepared a semiquantitative immunochromatographic strip that can be assayed
visually. A monoclonal antibody against aflatoxin B1 labeled with gold nanoparticles was sprayed on
the binding pad, establishing two areas on the nitrocellulose membrane, namely, the detection area and
the control area. The control area was fixed with rabbit anti-mouse secondary antibody. Unlike the
traditional test strip, in this strip, the detection area contained three detection lines fixed to recognize a
specific amount of AFB1-bovine serum albumin (BSA). The detection limit of the strip was 0.06 ng/mL,
and the cut-off thresholds of the three detection lines were 0.125, 0.5 and 2.0 ng/mL, respectively.
The improved strip can provide a better reference for toxin content and realize semiquantitative
detection of analytes. Song et al. [71] established a LFIA method for simultaneous quantitative or
semiquantitative determination of AFB1, ZEA (zearalenone), DON (vomitoxin) and their analogues in
grain samples. The detection limits of AFB1, ZEA, and DON were 0.03, 1.6 and 10 ng/kg, respectively.
Anfossi et al. [72] prepared a strip for quantitative detection of the four major aflatoxins. The detection
limit of AFB1 in maize was 1 pg/kg.

Xu et al. [43] designed a label-free optical biosensor for the determination of AFB1. GNRs were
used as a sensing platform, and the GNR-AFB1-BSA conjugate aggregated with free antibody after
mixing, which led to a significant change in the absorption intensity. At the same time, the presence of
AFB1 molecules in the samples leads to the dispersion of nanorods, which is the result of competitive
immune reaction with antibodies. Under the condition of high ionic strength, there is no need to add
any stabilizer as the material has high stability. UV-Vis absorption intensity is used as a sensing index,
and dynamic light scattering (DLS) measurement is used as another sensing tool. The biosensor system
can detect AFB1 in the range of 0.5-20 ng/mL and an LOD of 0.16 ng/mL was achieved. The system
has a good sensitivity for the determination of absorbance. The recoveries of AFB1 in actual peanut
samples ranged from 94.2% to 117.3%. Therefore, the nanobiosensor provides a high sensitivity, good
selectivity and simple operation method for the rapid screening of toxins in agricultural products
and food. ARATI et al. [37] constructed an electrochemical immunoassay method for AFB1 by using
gold nanoparticle (AuNP)-modified PEDOT-GO. First, the electrocatalytic behavior of the modified
glassy carbon electrode (GCE) was studied by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS); then, it was found that the current signal was linear for AFB1 concentration in
phosphoric acid buffer in the range of 0.5-20 ng/mL and 20-60 ng/mL, and the sensitivity of the assay
for these ranges was 0.989 and 0.397 pA/(ng/mL), respectively. The limit of detection (LOD) was
0.109 ng/mL. The method was also confirmed to be applicable to corn AFB1 assay, with an LOD of
0.09 ng/mL. In this method, GO was not only used as a fixed platform but also facilitated the rapid
transmission of electrons (Figure 1).
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Figure 1. Scheme of BSA/anti-AFB1/AuNPs/PEDOT-GO/GCE-based immunosensor for AFB1 detection.

The electrochemical biosensor is a sensing platform that evaluates changes in electrical parameters
(current, impedance, conductivity, voltage, or potential signal) through biochemical reactions between a
biometric element and a target analyte [73]. Simple equipment, high sensitivity and easy miniaturization
have alwaysbeen the key research object of analytical researchers [74,75]. Inrecent years, electrochemical
biosensors combined with nanomaterials have been vigorously developed because they can overcome
the shortcomings of poor selectivity and low sensitivity in the original sensor detection methods.
A novel electrochemical aptamer sensor based on AuNPs and AFM1 aptamer (Apt) and aptamer
CS was constructed for AFM1 detection by Seyed et al. [42]. In the absence of the target molecule
(AFM1), the Apt hairpin structure is not opened, and thus it cannot be combined with CS-modified
AuNPs. In the presence of AFM1, the structure of the Apt hairpin is opened, and the Apt/AFM1
complex is formed. Therefore, the 5" end of Apt is exposed and able to hybridize with CS on the surface
of AuNPs. A small amount of methylene blue was added to increase the sensitivity of the sensors.
A high concentration of methylene blue can be enriched on the electrode surface and generate strong
electrochemical signals. However, when AFM1 is not present, Apt will retain its hairpin structure.
As a result, CS-modified AuNPs could not combine with Apt, resulting in a low concentration of
methylene blue on the electrode surface that could only produce weak electrochemical signals (Figure 2).
The detection limit of this system was 0.9 ng/L, and it has been successfully applied to the detection of
real samples (milk and serum).
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Figure 2. An electrochemical aptamer sensor for AFM1 detection.
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rGO is a kind of graphene nanomaterial that can partially reduce the oxygen-containing functional
groups of GO lamellae. Its structure is similar to those of GO and graphene, but compared with GO, it has
faster electron transport velocity, and thus it is more widely used in the chemical analysis of aflatoxins.
SHU et al. [76] complexed rGO functionalized with cobalt tetraphenyl porphyrin (CoTPP) and platinum
nanoparticles (PtNPs) with AFB1 antibody to form an anti-AFB1/PtNPs/CoTPP/rGO complex. A novel
competitive immunoassay-based electrochemical method for the determination of AFB1 was developed
based on DPV using the reduction current of H,O, catalyzed by PtNPs/CoTPP/rGO nanocomposites.
The LOD was 1.5 pg/mL. GO, conducting polymer (2,5-di-(2-thienyl)-1-pyrrole-1-(p-benzoic acid),
DPB) and gold nanoparticles were modified on the surface of gold electrode [40], and then the
aflatoxin antibody was conjugated to the conductive polymer film by 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS). Finally, chitosan-containing
ionic liquid was modified on the electrode surface to prepare the electrochemical impedance immunoassay
for AFB1 in food samples. Among them, graphene and gold nanoparticles ensure the rapid transmission
of electrons, ionic liquid provides a mild microenvironment for antibodies, and electrochemical impedance
testing ensures a high sensitivity of detection. The LOD was 1.0 x 10~!> mol/L. The recoveries for peanut,
rice, milk, flour and soybean were in the range of 96.3—101.2%. The method has good precision and
accuracy. ALTHAGAFI et al. [41] constructed an ultrasensitive AFB1 detection method based on the
change in current value caused by antigen—antibody reaction by depositing gold nanodot-modified
rGO nanomaterials on ITO conductive glass and immobilizing antibody on the composite electrode.
The LOD was 6.9 pg/mL.

3. Metal Oxides and Hydroxides Nanomaterials for Aflatoxins Detection

Due to the lack of adjacent atoms around the surface atoms (surface effect), the surface of metal
compounds such as nanomaterials is rich in suspended bonds. This unsaturated property gives
excellent chemical activity and has certain catalytic properties for specific substrates, which can provide
the advantage of signal amplification. Therefore, they can improve the analytical performance of
biosensors with low LOD and short deposition time. Compared with metal nanomaterials, metal
oxides and hydroxides have better stability and lower cost, so they are also a kind of nanomaterial that
is widely used in aflatoxin detection [77,78]. Recently, due to the superior physicochemical properties
(such as high mechanical strength, large surface area, high catalytic performance and abundant
electronic properties), metal oxides and hydroxides nanomaterials have been regarded as promising
candidates for identifying various target analytes through various EC technologies. Srivastava et al. [38]
constructed an Au@rGO/ITO immunoelectrode by depositing rGO on ITO glass modified with AuNPs.
The detection range was 0.1-12 ng/mL, and an LOD of 0.1 ng/mL was achieved, which was lower
than the detection limit for rGO alone. Recently, the same group modified rGO with Ni nanoparticles
(Ni NPs) by hydrazine hydrate and deposited the composite on ITO glass to construct a rGO-Ni
NPs/ITO composite electrode. Differential pulse voltammetry (DPV) was used for AFB1 detection.
The sensitivity of the method was 129.6 nA/[(ng-mL~!)-cm?] at 1-8 ng/mL. The high sensitivity was
mainly attributed to the synergistic effect between rGO and Ni NPs [39]. Srivastava et al. [44] used an
electrophoretic deposition technique to deposit rGO on ITO conductive glass. AFB1 antibody was
covalently crosslinked to rGO/ITO by EDC/NHS, and its electrochemical behavior was studied by CV
and EIS (Figure 3). When the concentration of AFB1 was in the range of 0.125-1.5 ng/mL, the peak
current was linear with the concentration of AFB1, the correlation coefficient was 0.99, and an LOD of
0.15 ng/mL was achieved; the sensitivity was 68 uA/[(ng-mL‘l)-cmz].

Singh et al. [45] designed an electrochemical sensor by immobilizing Sm;O3; nanorods and nickel
nanoparticles on the surface of the electrode. The anti-AFB1 antibody was used as the recognition
element and can detect 10-700 pg/mL AFB1 in food. As a common metal oxide, Fe304 has been widely
investigated for its low cost, nontoxicity, ease of production and storage, and so on. Chauhan et al. [46]
developed a reusable electrochemical quartz crystal microbalance (QCM) immunosensor for the
detection of AFB1 in food. Monoclonal anti-AFB1 antibody was immobilized on a gold-coated quartz
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crystal electrode as a capture antibody, while the rabbit IgG detection antibody was bound to Au-FezO4
nanoparticles. The bioelectrode can be regenerated. In the experiment, AFB1 in the corn sample was
captured on the electrode surface by the capture antibody while the free antigen was washed away,
and the detection antibody continued to react with AFB1 in the sample, forming a sandwich complex
on the electrode surface. The amount of AFB1 in the sample was calculated by detecting the magnitude
of the signal generated by the label on the complex, and the detection range was 0.05-5 ng/mL.

_|

electrophoretically deposited

RGO/ITO

anti-AFE1 antibody AFB1 .

BSA blocking '

- N

Mg RGO ITO Pt

Figure 3. Scheme of electrophoretically deposited rGO platform for AFB1 detection.
4. Carbon Nanomaterials for Aflatoxins Detection

Carbon nanomaterials mainly include carbon quantum dots (QDs), fullerenes, carbon nanotubes,
carbon nanofibers, graphene and their derivatives. Carbon nanomaterials not only have nano effects
but also have excellent electrical properties (such as wider potential window and fast electron
transmission speed), strong adsorption properties, good chemical stability, good shape controllability
and biocompatibility, ease of functionalization and other characteristics that lay the foundation for their
application in analysis and detection [79]. The application of carbon nanomaterials in electrochemical
analysis is often not limited to a single role and function but most of the time involves the effective
superposition of multiple functions to complete the improvement of aflatoxin analysis performance.
GAN et al. [47] constructed an ultrasensitive electrochemiluminescence (ECL) device based on magnetic
graphene oxide extraction of AFM1 and antibody-labeled CdTe QDs-carbon nanotube (CNT) composite
to detect AFM1 in milk. This method not only utilizes the good adsorption characteristics of carbon
nanomaterials but also suggests that CNTs can amplify the ECL signal. GO-Fe3O4 magnetic composite
material was used as an adsorbent to extract AFM1 from milk. The AFM1 antibody was combined with the
CdTe QDs—CNTs complex to form a signal marker, which was then immobilized on a screen-printed carbon
electrode (SPCE). The content of AFM1 was determined by the intensity of the electrochemiluminescence
signal of an immune complex formed by antigen—-antibody specific recognition reaction. The LOD for
the AFM1 was at a concentration of 0.3 pg/mL, which was much higher than that of ELISA.

4.1. Graphene Nanomaterials

Graphene is a two-dimensional nanomaterial with atomic thickness and a hexagonal honeycomb
structure composed of SP? hybrid carbon atoms and is the basic component unit of all carbon materials.
Graphene has fast electron transfer rate (200,000 cm?/(V-s)), excellent mechanical properties, high
thermal conductivity, large specific surface area and good biocompatibility. GO is a derivative of
graphene that is produced by different oxidation of graphene sheets. The preparation of GO is
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usually from graphite oxide, which is more convenient than graphene. GO is easy to couple with
electrochemically active substances and biomolecules because of the different oxidation degree and the
different number of oxygen-containing functional groups. Due to the oxygen-containing functional
groups, it has good biocompatibility and hydrophilicity, which ensures that the structure and activity
of a variety of biomolecules are not destroyed after coupling and is convenient for the construction of
aflatoxin analysis methods with different detection modes.

Srivastava et al. [54] prepared GO/Au electrode by homogeneously dispersing graphene oxide
solution on the surface of gold (Au) electrode. The AFB1 antibody was successfully immobilized on
the surface of the electrode by using EDC as coupling agent and NHS as activator, then immobilized
with BSA. The BSA/anti-AFB1/GO/Au immunocomplex electrode was constructed by blocking the
nonspecific sites. The charge transfer resistance (Rct) of the electrode as a function of AFB1 concentration
in phosphate buffer solution containing potassium ferricyanide was studied by EIS. The results showed
that there was a wide linear range between Rct and AFB1 concentration of 0.5-5 ng/mL, and the LOD
was 0.23 ng/mL. Rijian Mo et al. [80] proposed a novel biosensor based on GO-modified polyacrylic
acid (PAA) film for the detection of AFB1 through m—7 stacking with the AFB1 aptamer. The aptamer
of AFB1 was covalently immobilized on the channel surface of PAA membrane, and then graphene
oxide was added to bind the aptamer. Upon introducing the negatively charged graphene oxide
and aptamer, the negative charge of PAA nanochannels increases, causing steric hindrance. In the
presence of AFB1, aptamer-specific recognition and binding of AFB1 occurred, graphene oxide was
separated from the surface of the PAA membrane, and the charge density and steric hindrance were
reduced. As a result, the amount of Fe(CN)>~ added through the nanochannel increases, and the
current response increases. The sensor has good selectivity for AFB1, with an LOD of 0.13 ng/mL
and a wide linear range from 1 ng/mL to 20 ng/mL. Goud et al. [81] constructed an electrochemical
aptamer sensor for the detection of AFB1 using GO and aptamer labeled by MB redox probe as a
signal amplification platform. The functionalized graphene oxide was immobilized on the SPCE,
and then the MB-labeled aptamer was immobilized on the SPCE through a carbodiimide amide bond
using hexamethylenediamine (HMDA) as a spacer. When AFBI1 interacts with the target molecule,
the double-stranded form of the aptamer will be converted to the G-quadruplex form, which is close to
the electrode surface and carries out rapid electron transfer. Increasing the concentration of the target
analyte also increases the amount of quadruplex structure formed, and subsequently, more and more
aptamers labeled with MB are closer to the electrode surface, resulting in an increased electrochemical
signal. In this design, the graphene oxide layer increases the conductivity and catalytic characteristics
of the sensor system, which helps to improve the sensitivity of electrochemical signals to target analytes.
The linear response range of AFB1 was 0.05-6.0 ng/mL, and the LOD was 0.05 ng/mL.

Recently, GQDs have also been used in the detection and analysis of aflatoxins based on the
above detection mode. SHADJOU et al. [59] invented an AFM1 electrochemical analysis method in
which GQDs, a-cyclodextrin and silver nanoparticles (AgNPs) were successively deposited on GCE to
prepare a ternary composite film, and the AFM1 detection method was established by linear sweep
voltammetry (LSV). In this method, x-cyclodextrin as a conducting medium, GQDs as a stabilizer,
and AgNPs as an electrocatalyst jointly contributed to the target detection and signal amplification.
Under the optimal condition, the detection range was 0.015-25 mmol/L, and the limit of quantitation
was 2 pmol/L. This method can be used for the detection of AFM1 in milk without any treatment.
Wang et al. [56] prepared PPy/PPa/rGO nanocomposite film on GCE by constant current polymerization
by using the composite solution of reduced graphene oxide, PPy and PPa and fixed the antibody on the
surface of a PPy/PPa/rGO/GCE electrode by covalent coupling for the ultrasensitive detection of AFB1.
A sensitive AFB1 detection method was established by exploring the relationship between the change
in Rct of an antibody-modified electrode before and after the test of the substance to be tested and the
concentration of AFBI in the substance to be tested. This method has a good response to AFB1 in the
detection range of 10 fg/mL-10 pg/mL. At the same concentration level, the respective crossreaction
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rates of AFB2, AFG1 and AFG2 were 5.0%, 30.6%, and 20.1%. The crossreaction rates of vomitoxin and
ochratoxin were lower than 1.0%.

With the development of the application of graphene nanomaterials in aflatoxin analysis and
detection, researchers have also tried to combine precious metals, ionic liquids or conductive polymers
with graphene nanomaterials to improve the performance of aflatoxin electrochemical analysis. Shi [58]
introduced nanogold-modified PANI/graphene nanocomposites and fixed them on a gold electrode to
form an Au/PA-NI/G/Au electrode detection sensor. The electrochemical analysis method for AFB1
was established by immune reaction and square wave cyclic voltammetry (SWV). The detection range
was 0.05-25 ng/mL, and the LOD was 0.034 ng/mL. GELETA et al. [57] constructed an electrochemical
method for aflatoxin analysis based on rGO/molybdenum disulfide/polyaniline nanocomposites mixed
with chitosan and coated on the surface of glassy carbon electrode, after which the electrode was
modified with gold nanoparticles and AFB1 aptamer in turn. The blocking of electron exchange
caused by the change of spatial structure between toxin and aptamer leads to the change in current
response. The detection of AFB1 was established by the DPV method. A wide linear range from
1.0 X 10717 g/mL to 1.0 x 10~!° g/mL and a detection limit of 2 x 1078 g/mL showed the good specificity
of this method. KHOSHFETRAT et al. [55] reported an electrochemiluminescence method for the
detection of AFM1 in milk based on aptamer technology and GO. First, the thiolated aptamer of
AFM1 was fixed on gold-coated magnetic nanoparticles (GMNPs) to form the Apt-GMNPs complex.
Luminol-functionalized silver nanoparticle-decorated graphene oxide (GO-L-AgNPs) successfully
combined with Apt-GMNPs through a -7 interaction between GO and unpaired bases on aptamers to
form an Apt-GMNPs-GO-L-AgNPs complex. When AFM1 is present, the aptamer reacts with the toxin,
leading to the separation of the GO-L-AgNDPs, which leads to a change in the electrochemiluminescence
signal. Based on the above principle, the authors established an analytical method with the analytical
range of 5-150 ng/mL and LOD of 0.01 ng/mL; this method was used in milk with high reproducibility.

4.2. Carbon Nanotube Nanomaterials

Carbon nanotubes (CNTs) are a kind of carbon nanomaterial that consists of coiled graphite sheets
with a layered structure. Carbon nanotubes can be divided into SWCNTs and multiwalled carbon
nanotubes (MWCNTSs) according to the number of wall lamellae. Carbon nanotubes (CNTs) have
some special electrical properties, such as metallicity, semiconductivity, high electrical conductivity
and good electrocatalytic activity. As a result, CNTs become an excellent electron transport material
that can greatly accelerate the transfer of electrons between electroactive materials. Singh et al. [49]
prepared c-MWCNTs/ITO composite electrodes by one-step electrophoretic deposition of -MWCNTs
on ITO glass. A BSA/anti-AFBI/MWCNTs/ITO immune electrode was prepared by covalently coupling
aflatoxin monoclonal antibody to the composite electrode via EDC and NHS and blocking its nonspecific
active sites with BSA. The association constant of the electrode was 0.0915 ng/mL, indicating that the
electrode has a strong affinity for AFB1. The results showed the method had high sensitivity in the
linear range of 0.25-1.375 ng/mL (LOD = 0.08 ng/mL).

Zhang et al. [50] designed an indirect, competitive electrochemical immunoassay for AFB1 based
on SWCNTs/chitosan (SWCNTs/CS). First, the SWCNTs/CS/GCE electrode was prepared by dropping
SWCNTs/CS nanocomposite on a glassy carbon electrode surface. AFB1-BSA was immobilized on the
electrode surface by EDC/NHS reaction, and the redundant sites were blocked by BSA. Then, AFB1
antibody was immobilized on the electrode by competing with the AFB1-BSA immobilized on the
electrode surface and the free AFB1 in the test solution. After that, the alkaline phosphatase-labeled
secondary antibody (AP-anti-antibody) was immobilized onto the electrode surface by reacting with
the primary antibody. Finally, the composite electrode was immersed in a solution containing «
naphthyl phosphate (o« NP). Alkaline phosphatase catalyzed the hydrolysis of «-NP to produce
electrochemical signals to achieve the purpose of indirect detection of AFB1 concentration. Differential
pulse voltammetry results showed that the current density decreased linearly with the logarithm of
AFB1 concentration in the range of 0.01-100 ng/mL, with an LOD of 3.5 pg/mL. The detection limits
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for AFBI in actual cornmeal samples were as low as 13.5 pg/mL, which is much lower than the limit
standard set by most countries.

Yu et al. [51] modified the GCE electrode surface with a complex composed of MWCNTs,
[BMIM]PF; ionic liquid and aflatoxin antibody. Upon specific immunoreaction with aflatoxins,
the aflatoxin concentration can be detected through the linear relationship between electron transfer
resistance and AFB1 concentration before and after immunoreaction. The range of detection was
0.1-10 ng/mL, and the LOD was 0.03 ng/mL. This method has been applied to the determination
of aflatoxins in olive oil. Zhang et al. [48] used PDDA as the dispersant and charge regulator of
carbon nanotubes. Carbon nanotubes/PDDA/palladium-gold nanoparticles (CNTs/PDDA/Pd-Au) were
prepared. AFB1 was immobilized on a gold electrode by immobilizing AFB1 antibody and BSA on
the electrode in turn. AFB1 was quantitatively analyzed by immunoreaction and differential pulse
voltammetry. The detection range of this method was 0.05-25 ng/mL, and the LOD was 0.03 ng/mL.

Noble metals can be compatible with a variety of biological molecules and have good electrocatalytic
activity. Therefore, electrochemical analysis of aflatoxins through methods involving carbon nanotubes
has been reported frequently. Li et al. [52] coupled an AFO sol-ge/MWCNT/Pt electrode by
embedding anatoxin-oxidase (AFO) in a silica sol-gel solution with a multiwalled carbon nanotube
modified platinum electrode to catalytic oxidation of AFB1. The linear range of the method was
3.2 x 1072-721 x 1072 mol/L, the sensitivity was 0.33 X 102 A/[(mol-L™1)-cm?], and the LOD was
1.6 X 107 mol/L. Wang et al. [53] developed a molecularly imprinted electrochemical method using
a stepwise approach for the detection of AFB1. Au/Pt bimetallic nanoparticles (AU/PtNPs) were
electrodeposited on glassy carbon electrode modified with MWNTs, and then AFB1 was removed
with hydrochloric acid to obtain a MI-POPD-Au/PtNPs-MCNTs-GCE electrode. CV, DPV and EIS
were used to investigate the electrochemical performance of the samples. The detection range was
1 x 1071941 x 107> mol/L, and the LOD was 0.03 nmol/L. The method was proven to be applicable to
the determination of AFB1 in gutter oil.

4.3. Other Carbon Nanomaterials

Other carbon nanomaterials, such as carbon nanohorns, mesoporous carbon, carbon dots and
carbon nanospheres, have also been used for aflatoxin analysis because of their different microstructures
and unique physical and chemical properties. For example, mesoporous carbon materials have been
widely used in the field of catalysis, especially in electrode materials and electrocatalysts, due to their
high conductivity, physical and chemical stability and high specific surface area. Carbon nanospheres
have regular geometry, high specific surface area and excellent biocompatibility and are often used to
prepare new multienzyme labels for detection signal amplification to improve the sensitivity of analysis.

MONDAL et al. [82] synthesized poly(methyl methacrylate) (PMMA) and polyacrylonitrile (PAN)
on the surface of silicon wafers by electrospinning and spin coating techniques. Then, platinum
nanoparticles were modified on the micropore channels by thermal decomposition, and aflatoxin
monoclonal antibody was covalently crosslinked to the surface of PtNPs/micropore carbon electrode
by EDC/NHS. Based on the change in impedance caused by immunoreaction, the method for the
analysis of aflatoxins was established. The detection range was 1.0 x 10712-0.1 x 107® g/mL, and the
LOD was 1.0 x 107! g/mL. Microporous carbon electrodes not only provide a microenvironment
for the deposition of PtNPs and antigen-antibody reaction but also improve the electron transport
rate, thus promoting the improvement of electrochemical performance. XU et al. [60] constructed an
electrochemiluminescence immunoassay for AFB1 based on carbon nanohorns (CNHs) and magnetic
nanomaterials. CNHs and luminol-functionalized Fe;O4 nanofibers (L-F304-NFs) were modified
on the surface of magnetic glassy carbon electrode (MGCE). The AFB1 antibody was covalently
coupled to the L-F304-NFs/CNHs/MGCE composite electrode. The nonspecific sites were blocked
by BSA. The ECL signal produced by luminol and immunoreaction was used to detect AFB1. CNHs
with excellent conductivity, biocompatibility, large specific surface area and variable porosity can
greatly enhance the electrochemiluminescence signal of luminol. F304 nanomaterials can adsorb a
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large amount of the signaling material luminol, which is also a substrate for the immobilization of
antibodies, and thus a large number of antibodies can be enriched on the surface of MGCE. The LOD
was 0.02 ng/mL, and the detection range was 0.05-200 ng/mL.

5. Other Nanomaterials for Aflatoxins Detection

Magnetic nanomaterials are a new type of superparamagnetic materials developed with the
appearance of nano materials in 1980s. Magnetic nanomaterials can be quickly separated from the
solution under the action of external magnetic field, which greatly simplifies the separation operations
such as filtration and centrifugation, and overcomes the problems of high cost, difficult recovery and
secondary pollution of traditional adsorbents. Wang et al. [61] constructed a competitive colorimetric
immunoassay for the detection of AFB1 using biologically functionalized MBs and gold nanoparticles
(GNPs). MBS modified by AFB1-BSA was used as capture probe, which was specifically bound to
anti-AFB1 antibody labeled by GNP through the immune response. In the presence of AFB1, it has a
competitive inhibitory effect on this specific binding. The supernatant containing unbound GNPs was
directly detected by UV-Vis after magnetic separation. After optimization, this method can detect
AFBI1 linearly in the range of 20-800 ng/L. The LOD was 12 ng/L. The recoveries of corn samples
ranged from 92.8% to 122.0%. The immunoassay provides a simple, rapid, specific and economical
method for toxin detection in the field of food safety. The team also established a simple, sensitive and
economical method to detect AFB1 (Figure 4). AFB1-BSA combined with modified magnetic beads
was used as capture probe, and gold colloid coated with anti-AFB1 antibody was used as detection
probe to perform immune recognition and signal transduction of AFB1. Quantitative measurement
was carried out by ultraviolet visible spectrum. Under the optimized conditions, the linear range was
0.01-1 ng/mL, and the LOD was 7 pg/mL. This method provides a good prospect for the sensitive
detection of other mycotoxins and organic pollutants [62].
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Figure 4. Schematic illustration of the homogeneous gold staining for amplified optical detection of AFBI.

Zhang et al. [63] reported a fluorescent aptamer sensor for simultaneous detection of OTA and
AFB1. The aptamer of OTA (Apl) and AFB1 (Ap2) immobilized on the surface of MBs hybridized
with signal probe 1 (Sp1) and signal probe 2 (Sp2), respectively, to form the Aps-Sps duplex structure.
Because the stability of the toxin target-Aps is higher than that of the Aps—Sps duplex structure,
in the presence of OTA and AFB1, G-tetrad and AFB1-Aps complexes are, respectively, formed
by binding with the corresponding Aps, and Sp1l and Sp2 are released. After magnetic separation,
the released Sps synthesizes DNA scaffold-silver nanoparticles with different photoluminescence
bands. The fluorescence intensity was significantly enhanced by Zn(II). The fluorescence intensity
of the sensor was linear with the concentration of OTA and AFB1 (0.001-0.050 ng/mL). The LOD of
OTA and AFB1 was 0.2 pg/mL and 0.3 pg/mL, respectively. The recoveries of OTA in wheat, rice and
corn were 88.50% + 6.90~113.50% =+ 5.30. The recoveries of AFB1 were 88.10% + 5.70 ~ 116.80% =+ 4.90.
The development of this method opens up a new means of simultaneously detecting more types of
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mycotoxins. ELISA is one of the most widely recognized and widely used spectroscopic analysis
methods, but it usually requires several hours of analysis time. To address this problem, a series of
magnetic ELISAs for aflatoxin analysis have been developed [83-86]. Madalina Tudorache et al. [83]
proposed a magnetic particle-based ELISA (mp-ELISA) for the immunoassay of AFB1. Anti-aflatoxin
B1 antibody was immobilized on the surface of the magnetic particles. The magnetic particles and
anti-AFB1 antibody can be easily manipulated by placing a permanent magnet close to the microplate
wall. As a solid carrier, magnetic particles accelerate the interaction between immunoreagents and
promote the rapid separation of immune complexes, thus reducing the analysis time. The effects of
immobilization method and antibody type on the sensitivity of mp-ELISA were examined. Aflatoxin
B1 was determined under the optimized parameters.

Wang et al. [65] bound AuNPs/DNA composite to aptamer-modified MNPs by DNA hybridization.
After AFB1 was replaced, the AuNPs/DNA nanocomposites were treated with terminal deoxynucleotidyl
transferase (TDT) to extend the DNA. The PAPDI was combined with this complex through electrostatic
interaction. The dissociation of PAPDI causes a change in the fluorescence intensity, which is used to
quantify AFB1. This design is relatively simple and modifies PAPDI without a tag, which increases
the fluorescence signal. At the same time, the method uses dozens of probe molecules to generate an
amplified fluorescence signal. In addition, the use of DNA amplification by DNA strand extension
further enhances the fluorescence intensity and improves the sensitivity of the method. The detection
limit was 0.01 nM (3.1 pg/mL). It is expected to be among the most reliable AFB1 fluorescence detection
platforms. Yao et al. [64] developed an ultrasensitive chemiluminescence sensor for the selective
detection of AFB1 with the oxidation of luminol using horseradish peroxidase (HRP) as the catalyst
and HCR as the signal enhancer. First, the capture probe (CP) on the surface of the magnetic beads
hybridizes with the aptamer of the target to form a double-stranded DNA structure. When AFB1 is
present, the aptamer binds to AFB1, and the CP probe is exposed to the bead. Subsequently, the sticky
end of the CP triggers the HCR, forming a long tandem containing alternating hairpins 1 (H1) and
2 (H2). H1 is repeat labeled with a biotin moiety at its end and is linked to streptavidin-labeled
HRP (SAHRP). Then, a large amount of HRP catalyzes the luminol-H,O, redox reaction to produce
strong chemiluminescence (CL) emissions. Under the optimum experimental conditions, there was
a good linear correlation between the concentration of CL and AFBI in the range of 0.5-40 ng/mL.
The LOD was 0.2 ng/mL. The method has been applied for the determination of AFB1 in peanut and
milk samples.

Fluorescence signal detection methods have the advantages of high sensitivity, low detection
limits and short determination times, and thus biosensors based on fluorescence signals have attracted
wide attention. Fluorescence biosensors mainly measure the change in fluorescence signal caused
by the interaction between recognition elements and targets [87-91]. Recognition elements are easily
adsorbed by nanomaterials and are increasingly widely studied and applied in the field of aflatoxin
detection. A fluorescent aptamer sensor for AFB1 detection has been developed by Sabet et al. [66].
In this system, QDs and AuNPs act as donor and acceptor, respectively. QDs-aptamer is adsorbed on
the surface of AuNPs through the electrostatic interaction between aptamer and AuNPs, which results
in fluorescence quenching. After the introduction of AFB1, the QDs-aptamer binds to AFB1 and forms
the QDs—aptamer target complex, which is far from the surface of the AuNPs, and the fluorescence
of the QDs can be restored. Under the optimal conditions, the LOD of the sensor was 3.4 nmol/L.
The method has been successfully applied to the analysis of AFB1 in rice (recovery: 103~108%) and
peanut (recovery: 104.5~108.0%) samples with satisfactory results. Colorimetric signal detection is an
analysis method involving a color change that can be seen with the naked eye, which has the advantage
of simple, fast and semiquantitative visual detection. Seok et al. [92] developed a colorimetric sensor
for AFBl-induced structural changes in a DNA enzyme based on the DNA enzyme-heme/aptamer
complex. In this system, two DNA-cleaving enzymes (cc and [3) hybridize to the complementary region
of the AFB1 aptamer to form a G-tetrad and oxidize 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonicacid)
(ABTS) in the presence of heme under the catalysis of HyO,. In the presence of AFB1, aptamer-specific
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recognition of AFB1 leads to the dissociation of the DNA enzyme-heme/aptamer complex, resulting
in visible color change. The linear range of the sensor was 0.1-1.0 x 10* ng/mL, and the LOD was
0.1 ng/mL. The recoveries of AFB1 in corn samples were in the range of 93.96-104.95%, and the sensor
was stable (RSD was less than 6%).

6. Conclusions

Food safety and human health are closely linked, and food quality and safety is also a pressing
issue that many people have paid attention to and attached importance to in recent years. At present,
there is still much room for the development of aflatoxin detection methods. The detection flux needs
to be improved. However, most methods can only detect a single component, which obviously limits
their practical application. It is of great significance to develop methods that can detect multiple
aflatoxins or biotoxins at the same time for ensuring food safety. At present, most of the electrochemical
sensing devices used for aflatoxin detection are still in the laboratory research stage, and it is difficult
to detect samples in real time as conveniently and quickly as is possible with commercial kits or blood
glucose meters. Practical, portable, reusable and rapid detection methods and analytical devices need
to be further studied. Existing methods use many detection modes, such as identification technology,
immune methods, aptamer technology, molecular imprinting and so on. As a new food analysis
method, most of the detection schemes of nanomaterials detection technology are in the laboratory
stage, which shows that the whole operation process is not stable enough and is still immature.
The main reason is that the preparation conditions of nanomaterials are still strict, and the detection
process requires the use of large-scale instruments. Therefore, the application of nanomaterials for
detection is still limited. With the continuous improvement of the preparation scheme of nanomaterials
and the simplification of the detection technology, lightweight and simple instruments can be used
for detection while leaving the large-scale instruments in the laboratory; this is the aspect that needs
to be continuously improved. At the same time, to detect many components simultaneously, it is
necessary to find suitable experimental methods and reagents for specific substances. In real life,
however, detection may need to be performed in a large number of substances that are unpredictable at
present. This urgently requires efficient and versatile detection methods that can not only preliminarily
determine the presence certain substances in food, such as metals, active proteases, harmful pathogens,
carbohydrates, and fats, but also determine the general range of their concentration. Nanomaterials
can accurately detect the specific components and contents of these substances, which is critical in
food detection. Therefore, improving the detection methods of nanomaterial technology, expanding
the detection range and simplifying the detection equipment are the directions of future research.

Author Contributions: Conceptualization, W.W. and C.Y.; methodology and validation, C.Y. and Q.W.;
Investigation, C.Y., Q.W. and W.W.; writing—original draft preparation, WW., C.Y. and Q.W.; writing—review
and editing, Q.W.; supervision, Q.Y.; project administration, Q.Y. and W.W.,; funding acquisition, Q.Y. and W.W.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Programme under [Grant No.
2016YFD0400105], Breeding Plan of Shandong Provincial Qingchuang Research Team (2019), National Natural
Science Foundation of China under [Grant No. 81703228]; National Science Foundation of Shandong Province
under [Grant No. ZR2016CQ10], China Postdoctoral Science Foundation under [Grant No. 2019M652320].

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1.  IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans, Ingested Nitrate and Nitrite, and Cyanobacterial Peptide
Toxins. IARC Monogr. Eval. Carcinog. Risks Hum. 2010, 94, v-412.

2. Carlson, M.A,; Bargeron, C.B.; Benson, R.C.; Fraser, A.B.; Phillips, TE.; Velky, J.T.; Groopman, J.D.;
Strickland, P.T.; Ko, HW. An automated, handheldbiosensor for aflatoxin. Biosens. Bioelectron. 2000, 14,
841-848. [CrossRef]


http://dx.doi.org/10.1016/S0956-5663(99)00057-3

Nanomaterials 2020, 10, 1626 15 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Jaimez, J.; Fente, C.A.; Vazquez, B.I; Franco, C.M.; Cepeda, A.; Mahuzier, G.; Prognon, P. Application of the
assay of aflatoxins by liquid chromatography with fluorescence detection in food analysis. J. Chromatogr. A
2000, 882, 1-10. [CrossRef]

Shyu, R.H.; Shyu, H.E; Liu, HW.,; Tang, S.S. Colloidal gold-based immunochromatographic assay for
detection of ricin. Toxicon 2002, 40, 255-258. [CrossRef]

Egner, P.A.; Wang, ].B.; Zhu, Y.R.; Zhang, B.C.; Wu, Y.; Zhang, Q.N.; Qian, G.S.; Kuang, S.Y.; Gange, S.J.;
Jacobson, L.P. Chlorophyllin intervention reduces aflatoxin-DNA adducts in individuals at high risk for liver
cancer. Proc. Natl. Acad. Sci. USA 2001, 98, 14601-14606. [CrossRef]

Ren, Y.; Zhang, Y.; Shao,S.; Cai, Z.; Feng, L.; Pan, H.; Wang, Z. Simultaneous determination of multi-component
mycotoxin contaminants in foods and feeds by ultra-performance liquid chromatography tandem mass
spectrometry. J. Chromatogr. A 2007, 1143, 48-64. [CrossRef]

Papp, E.; Klara, H.; Zaray, G.; Mincsovics, E. Liquid chromatographic determination of aflatoxins. Microchem. ].
2002, 73, 39-46. [CrossRef]

Caceres, I.; Khoury, A.E.; Khoury, R.E.; Lorber, S.; Bailly, ].D. Aflatoxin Biosynthesis and Genetic Regulation:
A Review. Toxins 2020, 12, 150. [CrossRef]

European Commission. Commission Regulation (EC) No 1881/2006 Setting Maximum Levels for Certain
Contaminants in Foodstuffs. Off. J. Eur. Union 2006, 364.

Cunniff, P. Official Methods of Analysis of AOAC International, Method 923.03. Trends Food Sci. Technol.
1995, 6, 382.

Huguette, C.; Michel, L.; Jean, M.F. Determination of Aflatoxin M1 in Milk by Liquid Chromatography with
Fluorescence Detection. J. Assoc. Off. Anal. Chem. 2020, 67, 49-51.

Wu, W.; Yu, C.D.; Wang, Q.; Zhao, F.Y.; He, H.; Liu, C.Z,; Yang, Q.L. Research advances of DNA aptasensors
for foodborne pathogen detection. Crit. Rev. Food Sci. Nutr. 2019, 60, 2353-2368. [CrossRef]

Li, Y.,; Zhang, N.; Wang, H.; Zhao, Q. An immunoassay for ochratoxin A using tetramethylrhodamine-labeled
ochratoxin A as a probe based on a binding-induced change in fluorescence intensity. Analyst 2020, 145,
651-655. [CrossRef]

Wu, W.; Yu, C.D.; Chen, J.H.; Yang, Q.L. Fluorometric detection of copper ions using click chemistry and the
target-induced conjunction of split DNAzyme fragments. Int. . Environ. Anal. Chem. 2019, 100, 324-332.
[CrossRef]

Alfaro, C.V,; Broto-Puig, F.; Agut, M.; Cornelias, L. Study of the production of aflatoxins B1, G1, B2 and G2
on cashew nuts by Aspergillus parasiticus CECT2681 by means of ultra-performance liquid chromatography.
Afinidad Barc. 2013, 70, 170-174.

Lv, J.; Yang, Y. Determination of aflatoxin bl and b2 in peanut and peanut oil using cloud point extraction
followed by ultra-high-performance liquid chromatography. J. Liquid Chromatogr. Relat. Technol. 2013, 36,
1421-1436. [CrossRef]

Yibadatihan, S.; Jinap, S.; Mahyudin, N.A. Simultaneous determination of multi-mycotoxins in palm kernel cake
(PKC) using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Food Addit. Contam. Part A 2014,
31, 2071-2079. [CrossRef]

Wang, J.J.; Liu, B.H.; Hsu, Y.T.; Yu, EY. Sensitive competitive direct enzyme-linked immunosorbent assay
and gold nanoparticle immunochromatographic strip for detecting aflatoxin M1 in milk. Food Control 2011,
22,964-969. [CrossRef]

Nardo, ED.; Cavalera, S.; Baggiani, C.; Chiarello, M.; Pazzi, M.; Anfossi, L. Enzyme Immunoassay for
Measuring Aflatoxin Bl in Legal Cannabis. Toxins 2020, 12, 265. [CrossRef]

Di Nardo, F.; Alladio, E.; Baggiani, C.; Cavalera, S.; Giovannoli, C.; Spano, G.; Anfossi, L. Colour-encoded
lateral flow immunoassay for the simultaneous detection of aflatoxin B1 and type-B fumonisins in a single
Test line. Talanta 2019, 192, 288-294. [CrossRef] [PubMed]

Wu, Q.F; Xu, H.R. Application of multiplexing fiber optic laser induced fluorescence spectroscopy for
detection of aflatoxin Bl contaminated pistachio kernels. Food Chem. 2019, 290, 24-31. [CrossRef] [PubMed]
Su, R.; Tang, X,; Feng, L.; Yao, G.-L.; Chen, ]. Development of quantitative magnetic beads-based flow
cytometry fluorescence immunoassay for aflatoxin B1. Microchem. J. 2020, 155, 104715. [CrossRef]
Vdovenko, M.M,; Lu, C.C.; Yu, EY.; Sakharov, LY. Development of ultrasensitive direct chemiluminescent
enzyme immunoassay for determination of aflatoxin M1 in milk. Food Chem. 2014, 158, 310-314. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/S0021-9673(00)00212-0
http://dx.doi.org/10.1016/S0041-0101(01)00193-3
http://dx.doi.org/10.1073/pnas.251536898
http://dx.doi.org/10.1016/j.chroma.2006.12.064
http://dx.doi.org/10.1016/S0026-265X(02)00048-6
http://dx.doi.org/10.3390/toxins12030150
http://dx.doi.org/10.1080/10408398.2019.1636763
http://dx.doi.org/10.1039/C9AN01879D
http://dx.doi.org/10.1080/03067319.2019.1636977
http://dx.doi.org/10.1080/10826076.2012.691441
http://dx.doi.org/10.1080/19440049.2014.978396
http://dx.doi.org/10.1016/j.foodcont.2010.12.003
http://dx.doi.org/10.3390/toxins12040265
http://dx.doi.org/10.1016/j.talanta.2018.09.037
http://www.ncbi.nlm.nih.gov/pubmed/30348391
http://dx.doi.org/10.1016/j.foodchem.2019.03.079
http://www.ncbi.nlm.nih.gov/pubmed/31000043
http://dx.doi.org/10.1016/j.microc.2020.104715
http://dx.doi.org/10.1016/j.foodchem.2014.02.128
http://www.ncbi.nlm.nih.gov/pubmed/24731347

Nanomaterials 2020, 10, 1626 16 of 19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Li, J.; Zhao, X.; Chen, L.J.; Qian, H.L.; Yan, X.P. p-Bromophenol Enhanced Bienzymatic Chemiluminescence
Competitive Immunoassay for Ultrasensitive Determination of Aflatoxin B1. Anal. Chem. 2019, 91, 13191-13197.
[CrossRef] [PubMed]

Adanyi, N.; Levkovets, I.A.; Rodriguez-Gil, S.; Ronald, A.; Varadi, M.; Szendr, I. Development of
immunosensor based on OWLS technique for determining Aflatoxin Bl and Ochratoxin A. Biosens. Bioelectron.
2007, 22, 797-802. [CrossRef] [PubMed]

Abdallah, Z.B.; Grauby-Heywang, C.; Beven, L.; Cassagnere, S.; Bouhacina, T.C. Development of an
ultrasensitive label-free immunosensor for fungal aflatoxin B1 detection. Biochem. Eng. J. 2019, 150, 107262.
[CrossRef]

Qian, J.S,; Lau, S.P; Yuan, ].K. Aqueous Manganese Dioxide Ink for High Performance Capacitive Energy
Storage Devices. Mrs Adv. 2016, 1, 3573-3578. [CrossRef]

Shaabani, A.; Hezarkhani, Z.; Badali, E. Wool supported manganese dioxide nano-scale dispersion:
A biopolymer based catalyst for the aerobic oxidation of organic compounds. RSC Adv. 2015, 5, 61759-61767.
[CrossRef]

Singh, P; Gupta, R.; Sinha, M.; Kumar, R.; Bhalla, V. MoS;based digital response platform for aptamer based
fluorescent detection of pathogens. Microchim. Acta 2016, 183, 1501-1506. [CrossRef]

Cheng, Z.Y.; Shen, Q.H.; Yu, H.S.; Han, D.D.; Zhong, EL.; Yang, Y.J. Non-enzymatic sensing of hydrogen
peroxide using a glassy carbon electrode modified with the layered MoS,-reduced graphene oxide and
Prussian Blue. Microchim. Acta 2017, 184, 4587-4595. [CrossRef]

Fei, Q.; Liu, Y.N.; Kong, RM.; You, ].M. A versatile DNA detection scheme based on the quenching of
fluorescent silver nanoclusters by MoS; nanosheets: Application to aptamer-based determination of hepatitis
B virus and of dopamine. Microchim. Acta 2017, 184, 1-8.

Lu, Y; Yu,].; Ye, W.C,; Yao, X.; Zhou, PP; Zhang, H.X.; Zhao, S.Q.; Jia, L.P. Spectrophotometric determination
of mercury(Il) ions based on their stimulation effect on the peroxidase-like activity of molybdenum disulfide
nanosheets. Microchim. Acta 2016, 183, 2481-2489. [CrossRef]

Qing, Y,; Li, X;; Chen, S.; Zhou, X.P; Luo, M.; Xu, X,; Li, C.R.; Qiu, J.F. Differential pulse voltammetric
ochratoxin A assay based on the use of an aptamer and hybridization chain reaction. Microchim. Acta 2017,
184, 863-870. [CrossRef]

Abnous, K.; Danesh, N.M.; Alibolandi, M.; Ramezani, M.; Taghdisi, S.M. Amperometric aptasensor for
ochratoxin A based on the use of a gold electrode modified with aptamer, complementary DNA, SWCNTs
and the redox marker Methylene Blue. Microchim. Acta 2017, 184, 1151-1159. [CrossRef]

Wang, Q.; Yang, Q.L.; Wu, W. Graphene-based Steganographic Aptasensor for Information Computing and
Monitoring Toxins of Biofilm in Food. Front. Microbiol. 2020, 10, 3139. [CrossRef] [PubMed]

Du, H,; Li, Z.].; Wang, Y.; Yang, Q.L. Nanomaterial-based Optical Biosensors for the Detection of Foodborne
Bacteria. Food Rev. Int. 2020, 1-30. [CrossRef]

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 efficient
detection of aflatoxin B 1. Synth. Met. 2018, 235, 136-144. [CrossRef]

Srivastava, S.A.S.; Singh, C.; Ali, M.A ; Srivastava, A.; Sumana, G.; Malhotra, B. Protein conjugated carboxylated
gold@reduced graphene oxide for aflatoxin Bl detection. RSC Adv. 2014, 5, 5406-5414. [CrossRef]

Srivastava, S.; Kumar, V.; Arora, K.; Singh, C.; Ali, M.A.; Puri, N.K.; Malhotra, B.D. Antibody conjugated metal
nanoparticle decorated graphene sheets for a mycotoxin sensor. RSC Adv. 2016, 6, 56518-56526. [CrossRef]
Linting, Z.; Ruiyi, L.; Zaijun, L.; Qianfang, X.; Yinjun, E; Junkang, L. An immunosensor for ultrasensitive
detection of aflatoxin B_1 with an enhanced electrochemical performance based on graphene/conducting
polymer/gold nanoparticles/the ionic liquid composite film on modified gold electrode with electrodeposition.
Sens. Actuators B Chem. 2012, 174, 359-365. [CrossRef]

Althagafi, L1.; Ahmed, S.A ; El-Said, W.A.; Geng, ]. Fabrication of gold/graphene nanostructures modified
ITO electrode as highly sensitive electrochemical detection of Aflatoxin B1. PLoS ONE 2019, 14, e0210652.
[CrossRef] [PubMed]

Hamid, J.S.; Mohammad, R.; Mohammad, D.N.; Mona, A.; Khalil, A.; Mohammad, T.S. A novel
electrochemical aptasensor for detection of aflatoxin M 1 based on target-induced immobilization of
gold nanoparticles on the surface of electrode. Biosens. Bioelectron. 2018, 117, 487-492.


http://dx.doi.org/10.1021/acs.analchem.9b03579
http://www.ncbi.nlm.nih.gov/pubmed/31522496
http://dx.doi.org/10.1016/j.bios.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16600588
http://dx.doi.org/10.1016/j.bej.2019.107262
http://dx.doi.org/10.1557/adv.2016.349
http://dx.doi.org/10.1039/C5RA10522F
http://dx.doi.org/10.1007/s00604-016-1762-2
http://dx.doi.org/10.1007/s00604-017-2503-x
http://dx.doi.org/10.1007/s00604-016-1886-4
http://dx.doi.org/10.1007/s00604-017-2080-z
http://dx.doi.org/10.1007/s00604-017-2113-7
http://dx.doi.org/10.3389/fmicb.2019.03139
http://www.ncbi.nlm.nih.gov/pubmed/32117086
http://dx.doi.org/10.1080/87559129.2020.1740733
http://dx.doi.org/10.1016/j.synthmet.2017.12.007
http://dx.doi.org/10.1039/C4RA12713G
http://dx.doi.org/10.1039/C6RA04469G
http://dx.doi.org/10.1016/j.snb.2012.06.051
http://dx.doi.org/10.1371/journal.pone.0210652
http://www.ncbi.nlm.nih.gov/pubmed/30650140

Nanomaterials 2020, 10, 1626 17 of 19

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Xu, X; Liu, X.; Li, Y.; Ying, Y. A simple and rapid optical biosensor for detection of aflatoxin B1 based on
competitive dispersion of gold nanorods. Biosens. Bioelectron. 2013, 47, 361-367. [CrossRef] [PubMed]
Srivastava, S.; Kumar, V.; Ali, M.A.; Solanki, P.R.; Srivastava, A.; Sumana, G.; Saxena, P.S.; Joshi, A.G.;
Malhotra, B.D. Electrophoretically deposited reduced graphene oxide platform for food toxin detection.
Nanoscale 2013, 5, 3043-3051. [CrossRef]

Singh, J.; Roychoudhury, A.; Srivastava, M.; Solanki, P.; Lee, D.-W.; Lee, S.; Malhotra, B. A highly efficient rare
earth metal oxide nanorods based platform for aflatoxin detection. J. Mater. Chem. B 2013, 1, 4493. [CrossRef]
Ruchika, C.; Jay, S.; Pratima, R.S.; Basu, T.; Richard, O.K.; Malhotra, B.D. Electrochemical piezoelectric
reusable immunosensor for aflatoxin B1 detection. Biochem. Eng. J. 2015, 103, 103-113.

Gan, N.; Zhou, J.; Xiong, P; Hu, E; Cao, Y,; Li, T; Jiang, Q. An Ultrasensitive Electrochemiluminescent
Immunoassay for Aflatoxin M1 in Milk, Based on Extraction by Magnetic Graphene and Detection by
Antibody-Labeled CdTe Quantumn Dots-Carbon Nanotubes Nanocomposite. Toxins 2013, 5, 865-883.
[CrossRef]

Zhang, S.; Shen, Y.; Shen, G.; Wang, S.; Yu, R. Electrochemical immunosensor based on Pd-Au nanoparticles
supported on functionalized PDDA-MWCNT nanocomposites for aflatoxin Bl detection. Anal. Biochem.
2015, 494, 10-15. [CrossRef]

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. Sens. Actuators B Chem.
2013, 185, 258-264. [CrossRef]

Zhang, X.; Li, C.-R.; Wang, W.-C.; Xue, J.; Huang, Y.-L.; Yang, X.-X.; Tan, B.; Zhou, X.-P; Shao, C.;
Ding, S.-J.; et al. A novel electrochemical immunosensor for highly sensitive detection of aflatoxin B1 in corn
using single-walled carbon nanotubes/chitosan. Food Chem. 2016, 192, 197-202. [CrossRef]

Yu, L.; Zhang, Y.; Hu, C.; Wu, H.; Yang, Y.; Huang, C.; Jia, N. Highly sensitive electrochemical impedance
spectroscopy immunosensor for the detection of AFB(1) in olive oil. Food Chem. 2015, 176, 22-26. [CrossRef]
[PubMed]

Li, S.C; Chen, J.H.; Cao, H.; Yao, D.S.; Liu, D.L. Amperometric biosensor for aflatoxin Bl based on
aflatoxin-oxidase immobilized on multiwalled carbon nanotubes. Food Control 2011, 22, 43-49. [CrossRef]
Wang, Z.; Li, J.; Xu, L.; Feng, Y.; Lu, X. Electrochemical sensor for determination of aflatoxin Blbased on
multiwalled carbon nanotubes-supported Au/Pt bimetallic nanoparticles. J. Solid State Electrochem. 2014, 18,
2487-2496. [CrossRef]

Srivastava, S.; Ali, M.A.; Umrao, S.; Parashar, U K,; Srivastava, A.; Sumana, G.; Malhotra, B.D.; Pandey, S.S.;
Hayase, S. Graphene Oxide-Based Biosensor for Food Toxin Detection. Appl. Biochem. Biotechnol. 2014, 174,
960-970. [CrossRef]

Khoshfetrat, S.M.; 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. [CrossRef]

Wang, D.; Hu, W, Xiong, Y.; Xu, Y, Li, C. Multifunctionalized reduced graphene oxide-doped
polypyrrole/pyrrolepropylic acid nanocomposite impedimetric immunosensor to ultra-sensitively detect
small molecular aflatoxin B1. Biosens. Bioelectron. 2015, 63, 185-189. [CrossRef]

Geleta, G.S.; Zhao, Z.; Wang, Z. A novel reduced graphene oxide/molybdenum disulfide/polyaniline
nanocomposite-based electrochemical aptasensor for detection of aflatoxin B1. Analyst 2018, 143, 1644-1649.
[CrossRef]

Shi, L.; Wang, Z.; Yang, G.; Chen, X.; Gou, G.; Liu, W. Electrochemical immunosensor for Aflatoxin B1 based
on polyaniline/graphene nanohybrids decorated with Au nanoparticle. Electrochemistry 2017, 85, 384-390.
[CrossRef]

Shadjou, R.; Hasanzadeh, M.; Heidar Oor, M.; Shadjou, N. Electrochemical monitoring of aflatoxin M1 in
milk samples using silver nanoparticles dispersed on a-cyclodextrin-GQDs nanocomposite. J. Mol. Recognit.
2018, 31, €2699. [CrossRef]

Xu, G,; Zhang, S.; Zhang, Q.; Gong, L.; Dai, H.; Lin, Y. Magnetic functionalized electrospun nanofibers for
magnetically controlled ultrasensitive label-free electrochemiluminescent immune detection of aflatoxin B1.
Sens. Actuators B Chem. 2016, 222, 707-713. [CrossRef]

Wang, X.; Niessner, R.; Knopp, D. Magnetic Bead-Based Colorimetric Inmunoassay for Aflatoxin B1 Using
Gold Nanoparticles. Sensors 2014, 14, 21535-21548. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bios.2013.03.048
http://www.ncbi.nlm.nih.gov/pubmed/23603134
http://dx.doi.org/10.1039/c3nr32242d
http://dx.doi.org/10.1039/c3tb20690d
http://dx.doi.org/10.3390/toxins5050865
http://dx.doi.org/10.1016/j.ab.2015.10.008
http://dx.doi.org/10.1016/j.snb.2013.04.040
http://dx.doi.org/10.1016/j.foodchem.2015.06.044
http://dx.doi.org/10.1016/j.foodchem.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25624202
http://dx.doi.org/10.1016/j.foodcont.2010.05.005
http://dx.doi.org/10.1007/s10008-014-2506-z
http://dx.doi.org/10.1007/s12010-014-0965-4
http://dx.doi.org/10.1016/j.bios.2017.09.035
http://dx.doi.org/10.1016/j.bios.2014.06.070
http://dx.doi.org/10.1039/C7AN02050C
http://dx.doi.org/10.5796/electrochemistry.85.384
http://dx.doi.org/10.1002/jmr.2699
http://dx.doi.org/10.1016/j.snb.2015.08.129
http://dx.doi.org/10.3390/s141121535
http://www.ncbi.nlm.nih.gov/pubmed/25405511

Nanomaterials 2020, 10, 1626 18 of 19

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Xu, W.; Reinhard, N.; Dietmar, K. Controlled growth of immunogold for amplified optical detection of
aflatoxin B1. Analyst 2015, 140, 1453-1458.

Zhang, |.; Xia, YK.; Chen, M.; Wu, D.Z,; Cai, S.X.; Liu, M.M.; He, WH.; Chen, ].H. A fluorescent aptasensor
based on DNA-scaffolded silver nanoclusters coupling with Zn(II)-ion signal-enhancement for simultaneous
detection of OTA and AFB_1. Sens. Actuators B Chem. 2016, 235, 79-85. [CrossRef]

Yao, Y.; Wang, H.; Wang, X.; Wang, X.; Li, F. Development of a chemiluminescent aptasensor for ultrasensitive
and selective detection of aflatoxin B1 in peanut and milk. Talanta 2019, 201, 52-57. [CrossRef]

Wang, B.; Zheng, J.; Ding, A.; Xu, L.; Chen, J.; Li, C.M. Highly sensitive aflatoxin Bl sensor based on
DNA-guided assembly of fluorescent probe and TdT-assisted DNA polymerization. Food Chem. 2019, 294,
19-26. [CrossRef] [PubMed]

Sabet, ES.; Hosseini, M.; Khabbaz, H.; Dadmehr, M.; Ganjali, M.R. FRET-based aptamer biosensor for
selective and sensitive detection of aflatoxin Bl in peanut and rice. Food Chem. 2017, 220, 527-532. [CrossRef]
Jans, H.; Huo, Q. Gold nanoparticle-enabled biological and chemical detection and analysis. Chem. Soc. Rev.
2012, 41, 2849-2866. [CrossRef]

Dykman, L.; Khlebtsov, N. Gold nanoparticles in biomedical applications: Recent advances and perspectives.
Chem. Soc. Rev. 2012, 41, 2256-2282. [CrossRef]

Sun, J.; Xianyu, Y.; Jiang, X. Point-of-care biochemical assays using gold nanoparticle-implemented
microfluidics. Chem. Soc. Rev. 2014, 43, 6239-6253. [CrossRef]

Zhang, D.; Li, P; Zhang, Q.; Li, R;; Zhang, W.; Ding, X,; Li, CM. A naked-eye based strategy for
semiquantitative immunochromatographic assay. Anal. Chim. Acta 2012, 740, 74-79. [CrossRef]

Song, S.; Liu, N.; Zhao, Z.; Ediage, EN.; Wu, S.; Sun, C.; Saeger, S.D.; Wu, A. Multiplex Lateral Flow
Immunoassay for Mycotoxin Determination. Anal. Chem. 2014, 86, 4995-50001. [CrossRef] [PubMed]
Anfossi, L.; D’Arco, G.; Calderara, M.; Baggiani, C.; Giovannoli, C.; Giraudi, G. Development of a quantitative
lateral flow immunoassay for the detection of aflatoxins in maize. Food Addit. Contam. 2011, 28, 226-234.
[CrossRef] [PubMed]

Ensafi, A.A.; Akbarian, F; Heydari, E.; Rezaei, B. A novel aptasensor based on 3D-reduced graphene oxide
modified gold nanoparticles for determination of arsenite. Biosens. Bioelectron. 2018, 122, 25-31. [CrossRef]
[PubMed]

Zeng, L.; Zhou, D.; Gong, |.; Liu, C.; Chen, J. Highly Sensitive Aptasensor for Trace Arsenic(III) Detection
Using DNAzyme as the Biocatalytic Amplifier. Anal. Chem. 2019, 91, 1724-1727. [CrossRef]

Xia, Y.; Wang, L.; Li, ].; Chen, X,; Lan, J.; Yan, A.; Lei, Y.; Yang, S.; Yang, H.; Chen, J. A Ratiometric Fluorescent
Bioprobe Based on Carbon Dots and Acridone Derivate for Signal Amplification Detection Exosomal
microRNA. Anal. Chem. 2018, 90, 8969-8976. [CrossRef]

Shu, J.; Qiu, Z.; Wei, Q.; Zhuang, J.; Tang, D. Cobalt-Porphyrin-Platinum-Functionalized Reduced Graphene
Oxide Hybrid Nanostructures: A Novel Peroxidase Mimetic System For Improved Electrochemical
Immunoassay. Sci. Rep. 2015, 5, 15113. [CrossRef]

Gao, L.; Zhuang, J.; Nie, L.; Zhang, J.; Zhang, Y.; Gu, N.; Wang, T.; Feng, J.; Yang, D.; Perrett, S. Intrinsic
peroxidase-like activity of ferromagnetic nanoparticles. Nat. Nanotechnol. 2007, 2, 577-583.

Wang, X.; Niessner, R.; Tang, D.; Knopp, D. Review: Nanoparticle-Based Immunosensors and Immunoassays
for Aflatoxins. Anal. Chim. Acta 2016, 912, 10-23. [CrossRef]

Reverté, L.; Prieto-Simén, B.; Campas, M. New advances in electrochemical biosensors for the detection of
toxins: Nanomaterials, magnetic beads and microfluidics systems. A review. Anal. Chim. Acta 2015, 908,
8-21. [CrossRef]

Rijian, M.; Lei, H.; Xiemin, Y.; Tiantian, S.; Chunxia, Z.; Zhe, W.; Pengzhi, H.; Shengli, S.; Chengyong, L.
A novel aflatoxin B1 biosensor based on a porous anodized alumina membrane modified with graphene
oxide and an aflatoxin Bl aptamer. Electrochem. Commun. 2018, 95, 9-13.

Goud, K\Y.; Hayat, A.; Catanante, G.L.; Satyanarayana, M.; Gobi, K.V.; Marty, J.L. An electrochemical
aptasensor based on functionalized graphene oxide assisted electrocatalytic signal amplification of methylene
blue for aflatoxin B1 detection. Electrochim. Acta 2017, 244, 96-103. [CrossRef]

Mondal, K; Ali, A ; Srivastava, S.; Malhotra, B.D.; Sharma, A. Electrospun functional micro/nanochannels
embedded in porous carbon electrodes for microfluidic biosensing. Sens. Actuators B Chem. 2016, b229, 82-91.
[CrossRef]


http://dx.doi.org/10.1016/j.snb.2016.05.061
http://dx.doi.org/10.1016/j.talanta.2019.03.109
http://dx.doi.org/10.1016/j.foodchem.2019.05.025
http://www.ncbi.nlm.nih.gov/pubmed/31126452
http://dx.doi.org/10.1016/j.foodchem.2016.10.004
http://dx.doi.org/10.1039/C1CS15280G
http://dx.doi.org/10.1039/C1CS15166E
http://dx.doi.org/10.1039/C4CS00125G
http://dx.doi.org/10.1016/j.aca.2012.06.015
http://dx.doi.org/10.1021/ac500540z
http://www.ncbi.nlm.nih.gov/pubmed/24745689
http://dx.doi.org/10.1080/19440049.2010.540763
http://www.ncbi.nlm.nih.gov/pubmed/21240699
http://dx.doi.org/10.1016/j.bios.2018.09.034
http://www.ncbi.nlm.nih.gov/pubmed/30236805
http://dx.doi.org/10.1021/acs.analchem.8b05466
http://dx.doi.org/10.1021/acs.analchem.8b01143
http://dx.doi.org/10.1038/srep15113
http://dx.doi.org/10.1016/j.aca.2016.01.048
http://dx.doi.org/10.1016/j.aca.2015.11.050
http://dx.doi.org/10.1016/j.electacta.2017.05.089
http://dx.doi.org/10.1016/j.snb.2015.12.108

Nanomaterials 2020, 10, 1626 19 of 19

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Tudorache, M.; Bala, C. Sensitive Aflatoxin Bl Determination Using a Magnetic Particles-Based
Enzyme-Linked Immunosorbent Assay. Sensors 2008, 8, 7571-7580. [CrossRef]

Urusov, A.; Petrakova, A.; Vozniak, M.; Zherdev, A.; Dzantiev, B. Rapid Immunoenzyme Assay of Aflatoxin
B1 Using Magnetic Nanoparticles. Sensors 2014, 14, 21843-21857. [CrossRef] [PubMed]

Radoi, A.; Targa, M.; Prieto-Simon, B.; Marty, ].L. Enzyme-Linked Immunosorbent Assay (ELISA) based on
superparamagnetic nanoparticles for aflatoxin M-1 detection. Talanta 2008, 77, 138-143. [CrossRef] [PubMed]
Kanungo, L.; Pal, S.; Bhand, S. Miniaturised hybrid immunoassay for high sensitivity analysis of aflatoxin
M1 in milk. Biosens. Bioelectron. 2011, 26, 2601-2606. [CrossRef] [PubMed]

Rhouati, A.; Catanante, G.; Nunes, G.; Hayat, A.; Marty, ].-L. Label-Free Aptasensors for the Detection of
Mycotoxins. Sensors 2016, 16, 2178. [CrossRef] [PubMed]

Beloglazova, N.V.; Speranskaya, E.S; Wu, A,; Wang, Z; Sanders, M.; Goftman, V.V, Zhang, D
Goryacheva, L.Y.; De Saeger, S. Novel multiplex fluorescent immunoassays based on quantum dot nanolabels
for mycotoxins determination. Biosens. Bioelectron. 2014, 62, 59-65. [CrossRef]

Fernandez-Argtielles, M.T.; Costa-Fernandez, ] M.; Pereiro, R.; Sanz-Medel, A. Simple bio-conjugation of
polymer-coated quantum dots with antibodies for fluorescence-based immunoassays. Analyst 2008, 133, 444.
[CrossRef]

Speranskaya, E.S.; Beloglazova, N.V.; Abe, S.; Aubert, T.; Hens, Z. Hydrophilic, Bright CulnS, Quantum
Dots as Cd-Free Fluorescent Labels in Quantitative Inmunoassay. Langmuir Acs J. Surf. Colloids 2014, 30,
7567-7575. [CrossRef]

Xu, W,; Xiong, Y.; Lai, W.; Xu, Y,; Li, C.; Xie, M. A homogeneous immunosensor for AFB1 detection based on
FRET between different-sized quantum dots. Biosens. Bioelectron. 2014, 56, 144-150. [CrossRef] [PubMed]
Seok, Y.; Byun, J.-Y.; Shim, W.-B.; Kim, M.-G. A structure-switchable aptasensor for aflatoxin B1 detection
based on assembly of an aptamer/split DNAzyme. Anal. Chim. Acta 2015, 886, 182-187. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/s8127571
http://dx.doi.org/10.3390/s141121843
http://www.ncbi.nlm.nih.gov/pubmed/25412219
http://dx.doi.org/10.1016/j.talanta.2008.05.048
http://www.ncbi.nlm.nih.gov/pubmed/18804611
http://dx.doi.org/10.1016/j.bios.2010.11.014
http://www.ncbi.nlm.nih.gov/pubmed/21145226
http://dx.doi.org/10.3390/s16122178
http://www.ncbi.nlm.nih.gov/pubmed/27999353
http://dx.doi.org/10.1016/j.bios.2014.06.021
http://dx.doi.org/10.1039/b802360n
http://dx.doi.org/10.1021/la501268b
http://dx.doi.org/10.1016/j.bios.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24487101
http://dx.doi.org/10.1016/j.aca.2015.05.041
http://www.ncbi.nlm.nih.gov/pubmed/26320651
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Metal Nanomaterials for Aflatoxins Detection 
	Metal Oxides and Hydroxides Nanomaterials for Aflatoxins Detection 
	Carbon Nanomaterials for Aflatoxins Detection 
	Graphene Nanomaterials 
	Carbon Nanotube Nanomaterials 
	Other Carbon Nanomaterials 

	Other Nanomaterials for Aflatoxins Detection 
	Conclusions 
	References

