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Mycotoxin contamination in food products may cause serious health hazards and economic losses. The
effective control and accurate detection of mycotoxins have become a global concern. Even though a
variety of methods have been developed for mycotoxin detection, most conventional methods suffer
from complicated operation procedures, low sensitivity, high cost, and long assay time. Therefore, the
development of simple and sensitive methods for mycotoxin assay is highly needed. The introduction of
nucleic acid signal amplification technology (NASAT) into aptasensors significantly improves the

Received 29th February 2024, sensitivity and facilitates the detection of mycotoxins. Herein, we give a comprehensive review of the

Accepted 8th April 2024 recent advances in NASAT-based aptasensors for assaying mycotoxins and summarize the principles,

DOI: 10.1039/d4cc00982g features, and applications of NASAT-based aptasensors. Moreover, we highlight the challenges and
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1. Introduction

Food safety has attracted global attention. Food contamination
affects the multistep process of the food supply chain from
farms to dining tables, and it may originate from agricultural
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including the simultaneous detection of multiple mycotoxins and the
development of portable devices for field detection.

practices, the storage and transportation steps of raw agricul-
tural commodities, industrial food processing, and the storage
of foods. The presence of mycotoxins in foodstuff is a most
conspicuous and serious concern.' Approximately 25% of the
world’s foods are tainted with mycotoxins every year, and their
presence in food affects its quality and safety and may cause
serious economic losses and safety risks.”?

Mycotoxins are secondary metabolites of fungal species (e.g.,
Aspergillus, Penicillium, Alternaria, Fusarium, Claviceps, and
Stachybotrys species).* Due to their teratogenic, mutagenic,
carcinogenic, immunosuppressive, and endocrine-disrupting
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effects, low concentrations of mycotoxins can cause chronic
toxicity to humans and other animals through the food
chain.’” Most mycotoxins have unique chemical and thermal
stability, making them difficult to remove during conventional
food processing and disinfection.>'® To date, about 400 differ-
ent mycotoxins have been identified, but only few species are
the concerns of food safety. Based on the carcinogenic risk of
mycotoxins to human health, International Agency for
Research on Cancer (IARC) classifies them into different cate-
gories, such as aflatoxins (AFs), zearalenone (ZEN), T2/HT2,
deoxynivalenol (DON), patulin (PAT), and ochratoxin A
(OTA).»*%>1"13 Among them, aflatoxin B1 (AFB1) is one of
the most toxic and ubiquitous potential carcinogens, and it is
classified into Group 1A. AFB1 may cause lung cancer, hepato-
cellular cancer, gallbladder cancer, and colon cancer in
humans. Approximately 28.2% of liver cancers are induced by
AFB1."*"™ OTA and fumonisin are possibly carcinogenic to
humans and are classified into Group 2B."*™*° Table 1 lists
the chemical structures of major mycotoxins and the affected
food commodities as well as their toxic effects on humans
and animals. The European Union, the Food and Drug
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Administration of the USA, and the Chinese Pharmacopoeia
Commission have established regulatory guidelines and max-
imum residue levels (MRLs) for the majority of toxic mycotoxins
prevalent in certain commodities to protect human health
(Table 1). To meet these strict requirements, the development
of sensitive and reliable analytical methods to detect mycotox-
ins in diverse matrices at trace levels is extremely urgent.’

Chromatography is the earliest and most conventional
method for mycotoxin assay,”® including high-performance
liquid chromatography (HPLC), thin layer chromatography
(TLC), gas chromatography (GC), liquid chromatography-
tandem mass spectrometry (LC-MS), HPLC coupled with mass
spectroscopy (HPLCMS).>'** Despite the high sensitivity and
accuracy of these methods, they often require expensive instru-
ments, professional operators, and cumbersome pre-treatment
steps.>® Antibody-based immunoassays (e.g., enzyme-linked
immunosorbent assay (ELISA), lateral flow immunoassays
(LFIA), and colloidal gold immune chromate graphic assay
(GICA))>”*° can achieve the rapid and accurate quantification
of mycotoxin.*®*! However, these methods suffer from semi-
quantification, false positive results, poor repeatability, and
long reaction times.>” In addition, the antibodies used in these
methods suffer from complex preparation processes, high
costs, poor stability, and low immunogenicity, which limits
their wider application.

Aptamers are single-stranded oligonucleotides (DNA or
RNA) that mimic monoclonal antibodies and are screened
through a selection process, namely the systematic evolution
of ligands by exponential enrichment (SELEX).** Compared
with antibodies, aptamers have distinct advantages of high
binding affinity, good specificity, excellent stability, easy mod-
ification, low cost, little batch-to-batch differences, and a wide
range of targets.’*">® As a new kind of highly selective biological
recognition element, aptamers have been widely used in the
construction of biosensors for mycotoxin assays.”’ *® In
terms of sensor components, aptasensors usually include an
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Fig.1 Schematic illustration of the steps involved in the GO-SELEX
procedure of aptamer identification.>*

aptamer-based target recognizer and a signal transducer.
Because mycotoxins are usually measured in ppb (parts per
billion), the achievement of a detection limit in nanograms has
become a great challenge.”” Therefore, the development of
nucleic acid signal amplification-based aptasensors is crucial
for the achievement of sensitive detection of mycotoxins in real
samples.

2. Aptamer sequences used in
mycotoxin detection

The capability of aptamers to specifically identify target mole-
cules is critical to improving the selectivity and sensitivity of
aptasensors, and the integration of SELEX with graphene oxide
(GO) has been applied to screen mycotoxin aptamers with high
affinity.*®*”>* The non-specific adsorption of the single-stranded
DNA (ssDNA) random library on GO is the basis for separating

Table 2 Sequences of mycotoxin aptamers (from 5’ to 3’)
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unbound DNA in the GO-SELEX process.”® The individual steps
involved in one GO-SELEX and GO-counter SELEX round are
illustrated in Fig. 1. In the first step of affinity selection, a
preincubated mixture of the random ssDNA library and the
target is incubated with GO solution. Subsequently, the free
unbound ssDNAs are adsorbed on GO and then removed by
centrifugation. The supernatant with ssDNAs bound to the
target is then recovered, amplified, and purified for a further
GO-counter SELEX process to eliminate the false positive bind-
ing of aptamers. In the GO-counter SELEX process, affinity-
based desorption is triggered by incubating GO with the target
to restore the adsorbed ssDNA on GO. Eventually, the recovered
ssDNAs are purified, cloned, and sequenced to obtain the final
hit aptamers. A series of mycotoxin aptamers have been suc-
cessfully screened (Table 2),°"®® including AFB1, OTA, Afla-
toxin M1 (AFM1), and ZEN. Notably, the aptamers for other
mycotoxins are rarely reported, except for the aptamers of the
PAT and T-2 toxins. Due to the complexity of food substrates
and the trace levels of mycotoxins in the substrates, the
sensitive detection of mycotoxins remains a challenge.

3. Nucleic acid signal amplification
techniques

To achieve the sensitive detection of trace mycotoxins in
complex matrices, signal amplification strategies have been
introduced into the construction of aptasensors.®®’® The
nucleic acid signal amplification technique (NASAT) takes
advantage of various enzymes, nucleases, and deoxyribozyme
(DNAzyme) to amplify the signal,”"”> and the integration of
NASAT with aptamers can greatly improve the sensitivity of the
mycotoxin assay.®®®® NASAT is divided into enzyme-assisted
nucleic acid amplification and enzyme-free amplification.
Enzyme-assisted nucleic acid amplification includes poly-
merase chain reaction (PCR), rolling circle amplification
(RCA), strand displacement amplification (SDA), nuclease-
assisted amplification, and CRISPR/Cas system-related ampli-
fication. Enzyme-free amplification includes catalytic hairpin
assembly (CHA), hybridization chain reaction (HCR), DNA
walker, DNA tweezer, and DNAzyme.

Target Aptamer sequence (from 5’ to 3) Kd (nM) Ref.
OTA GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA 0.36 52
AGCCTCGTCTGTTCTCCCGGCAGTGTGGGCGAATCTATGCGTACCGTTCGATATCGTGGGGAAGACAAGCAGACGT 290 + 150 49
GGCAGTGTGGGCGAATCTATGCGTACCGTTCGATATCGTG 406 + 166 94
AFB1 GTTGGGCACGTGTTGTCTCTCTGTGTCTCGTGCCCTTCGCTAGGCCCACA 0.59 + 0.33 95
AGCAGCACAGAGGTCAGATGGTGCTATCATGCGCTCAATGGGAGACTTTAGCTGCCCCCACCTATGCGTGCTACCGTGAA 11.29 + 1.27 96
CTCGTCTCGTTCTCTCAGTCTGGTTAGCACGGGACCCAGGCTATTGGCAACTTCTAGTCCGACACGAAGAAGAAGGAGGA 48.29 +9.45 97
AFM1 GTTGGGCACGTGTTGTCTCTCTGTGTCTCGTGCCCTTCGCTAGGCCCACA 10 98
ATCCGTCACACCTGCTCTGACGCTGGGGTCGACCCGGAGAAATGCATTCCCCTGTGGTGTTGGCTCCCGTAT 35.6 + 2.9 99
ZEN TCATCTATCTATGGTACATTACTATCTGTAATGTGATATG 11 +£5 100
DON GCATCACTACAGTCATTACGCATCGTAGGGGGGATCGTTAAGGAAGTGCCCGGAGGCGGTATCGTGTGAAGTGCTGTCCC — 101
T-2 CAGCTCAGAAGCTTGATCCTGTATATCAAGCATCGCGTGTTTACACATGCGAGAGGTGAAGACTCGAAGTCGTGCATCTG  20.8 £ 3.1 48
PAT GGCCCGCCAACCCGCATCATCTACACTGATATTTTACCTT 21.83 + 5.022 102
4748 | Chem. Commun., 2024, 60, 4745-4764 This journal is © The Royal Society of Chemistry 2024
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3.1. Enzymatic amplification-based aptasensors

In recent years, enzymatic amplification technology has been
widely used for mycotoxin detection. The enzyme-assisted
nucleic acid amplification techniques mainly focus on PCR,
RCA, SDA, nuclease-assisted strategies, and the CRISPR/Cas
system.

3.1.1. Polymerase chain reaction (PCR). PCR is a thermal
cycle amplification method that can quickly amplify a large
number of DNA copies.”*”* The PCR amplification-based apta-
sensors have obvious advantages of high sensitivity, good
specificity, fast detection speed, and good accuracy.

Walter et al. developed a target-induced dissociation (TID)-
based aptamer-assisted real-time PCR assay to detect OTA
(Fig. 2A).”> The OTA aptamers are immobilized on the dT-
modified magnetic beads (dT beads, where dT is d(T),s). When
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Fig. 2 The construction of aptasensors based on PCR-assisted signal
amplification for the mycotoxin assay. (A) The construction of an RT-
gPCR-based aptasensor for the OTA assay.75 (B) The construction of an
RT-gPCR-based aptasensor for the AFM1 assay.”® (C) Construction of a
gPCR-based aptasensor for the AFB1 assay.”’
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OTA is present, the aptamer is released from the dT beads as a
result of TID, and the magnetic beads are separated with a
magnetic stand. The released aptamers are amplified and
quantified by qPCR. This assay can sensitively detect OTA with
a limit of detection (LOD) of 0.009 ng mL™'. Moreover, the
Apta-qPCR can be easily extended to detect other mycotoxins.
Wang et al. constructed an aptamer-based biosensor to
sensitively and selectively detect AFM1 (Fig. 2B).”® The aptamer
is immobilized based on strong interactions between biotin
and streptavidin. The presence of AFM1 induces the release of
complementary ssDNA due to the formation of an aptamer/
AFM1 complex, and then the released ssDNA acts as the
template for RT-qPCR amplification. Finally, AFM1 can be
quantified according to the linear relationship between the
change in PCR amplification signal and the AFM1 level. This
aptasensor exhibits high sensitivity with a LOD of 0.03 ng L™,
and it can be applied in the quantitative detection of AFM1 in
infant rice cereal and infant milk powder samples. Notably, this
approach is potentially useful for food safety analysis, and it
can be extended to the detection of a large number of targets.
He et al. established a qPCR method-based aptasensor for
the sensitive detection of AFB1 (Fig. 2C).”” When AFB1 is
present, the template can be switched from a dumbbell-
shaped structure to a linear structure. Due to the restriction,
enzymes cannot act on the linear template, and the linear DNA
templates are subjected to qPCR for the sensitive quantification
of AFB1. This method achieves a LOD of 0.03 pg mL " and it
can be applied for quantification of AFB1 in complex foods
(e.g., soy sauce, milk, yellow wine, and peanut butter). This
work extends the application of qPCR to non-nucleic acid
detection, providing a new approach for the sensitive detection
of small-molecule toxicants in foods. Although PCR is the most
widely used technology for nucleic acid signal amplification,
it still has some shortcomings. For instance, PCR requires
thermal cycle amplification instruments and complex
amplification procedures, which cannot be implemented at
ambient temperature. In addition, some false-positive results
and cross-contamination from amplicons often occur in PCR
amplification.”®”®
3.1.2. Rolling circle amplification (RCA). RCA is a simple
and efficient enzymatic amplification process that utilizes
circular templates, deoxynucleotide triphosphate (dNTP),
primers, DNA and RNA polymerases (e.g., Phi29, Bst, and Vent
exo-DNA polymerase for DNA, and T7 RNA polymerase for RNA)
to produce long single-stranded DNA (ssDNA) and single-
stranded RNA (ssRNA).®#!" Taking advantage of specific tem-
plate sequences, RCA can generate functional sequences such
as DNA aptamers,®*®* DNAzymes,**®” spacer domains® and
restrict enzyme sites.*®*® RCA products can also be hybridized
with complementary oligonucleotides tethered to functional
moieties, such as fluorophores, biotin, antibodies, and nano-
particles, for biometric recognition, sensing, and imaging.”’**
Various RCA-based aptasensors have been established for
mycotoxin detection. Chen et al. developed an electrochemical
aptasensor to detect OTA based on RCA-assisted signal ampli-
fication (Fig. 3A)."* In this aptasensor, the RCA primer is

Chem. Commun., 2024, 60, 4745-4764 | 4749
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Fig. 3 The construction of aptasensors based on RCA-assisted signal amplification for mycotoxin detection. (A) The construction of an electrochemical
aptasensor for the OTA assay based on RCA-assisted signal amplification.'®* (B) The construction of a colorimetric aptasensor for the AFB1 assay based
on RCA-assisted signal amplification.1* (C) The construction of a fluorescent aptasensor for the AFM1 assay based on TRFNPs combined with RCA.1°°

composed of a two-part sequence, including the aptamer
sequence of OTA and a partially complementary sequence of
the capture probe on the electrode surface. When OTA is
present, it preferentially binds with the RCA primer, inducing
the disassociation of primer from the padlock. Under these
circumstances, RCA cannot be initiated, and the primer cannot
be prolonged. As a result, methylene blue (MB) cannot bind to
the guanine bases of DNA molecules, inducing a decrease in
the electrochemical signal. This aptasensor shows good speci-
ficity and high sensitivity with a LOD of 0.065 pg mL ", and it
can accurately measure OTA in wine samples. Hu et al. con-
structed a colorimetric liquid crystal (LC)-based aptasensor for
AFB1 detection (Fig. 3B). The microdroplets were formed by
introducing the aqueous mixture solution of horseradish per-
oxidase (HRP) and sodium dodecyl sulfate (SDS) into the LCs,
encapsulating HRP in the microdroplets and stabilizing with
SDS. Upon the addition of cetyl trimethyl ammonium bromide
(CTAB), HRP is ejected from the LCs into the overlaying
aqueous solution due to the interfacial charge interaction,
and it subsequently catalyses the colorless 3,3',5,5'-
tetramethylbenzidine (TMB) into yellow products. In the
presence of AFB1, the binding of the aptamer with AFB1
induces the dissociation of the aptamer/primer duplex deco-
rated on MBs, initiating the RCA reaction to generate long-
chain ssDNAs on magnetic beads (MBs)."®* Due to the complete
capture of CTAB by the amplified ssDNA, the release of HRP
into the aqueous solution is prevented and no color change is

4750 | Chem. Commun., 2024, 60, 4745-4764

observed. This assay can sensitively detect AFB1 with a LOD of
0.014 pg mL™ %, and it can measure AFB1 in rice and peanut oil.
Wang and co-workers reported a competitive ““signal-off”” fluor-
escent aptasensor for AFM1 detection based on the combi-
nation of time-resolved fluorescent nanoparticles (TRFNPs)
with RCA (Fig. 3C)."* In this assay, the AFM1 aptamer serves
as an RCA primer for DNA amplification. In the absence of
AFM1, the rolling circle template (RCT) is complementary to
the aptamer and ligated by T4 DNA ligase to generate the RCA
template. Upon the addition of phi29 DNA polymerase, the RCA
reaction is initiated to generate long ssDNA roll-loop amplifica-
tion products (RCAPs) containing multiple AFM1 aptamers.
Since TRFNPs-cDNA complements the aptamer sequence to
form an RCAP/TRFNPs-cDNA duplex that cannot be adsorbed
on graphitic carbon nitride (g-C;N,) nanosheets, the fluores-
cence of TRFNPs is not quenched. When AFM1 is present, the
aptamer recognizes the target AFM1 to form an aptamer-target
complex, and there is neither the occurrence of RCA nor the
formation of the duplex. The free signal probe TRFNPs-cDNA
adsorbs on the g-C3N4, resulting in the quenching of fluores-
cence. The assay exhibited a LOD of 0.0194 pg mL™"' and a
recovery ratio of 92-99.8%.

Although a series of RCA-based aptasensors have been
developed for the sensitive detection of mycotoxins, there are
still some limitations. For example, the efficiency of RCA
amplification is easily affected by the lock-probe hybridiz-
ation and the efficiency of the probe-template connection and

This journal is © The Royal Society of Chemistry 2024
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single-stranded template restriction. When the RCA template is
linear DNA, the circularization of the RCA template requires
additional enzymes and procedures, increasing the cost and
operational complexity.

3.1.3. Strand displacement amplification (SDA). SDA is an
isothermal and simple method for the in vitro amplification of
DNA."% The continuous cycle of polymerization, nicking, and
displacement of SDA can lead to exponential amplification and
produce approximately 107 target fragments within 2 h at
37 °C.7%1%771%% The combination of SDA with aptamer-based
aptasensors has been applied in mycotoxin detection.

Xu et al. developed a target-induced SDA electrochemical
aptasensor for the detection of ZEN (Fig. 4A)."' When ZEN is
present, it binds with the aptamer section of multifunctional
hairpin DNA anchored on the surface of polydopamine nano-
spheres (PDANSs, which act as a carrier), leading to the release
of multifunctional hairpin DNAs into the solution. Then, the
SDA reaction is initiated with the assistance of polymerase and
endonuclease, producing abundant negatively charged dsDNA.
Methylene blue (MB) molecules are embedded into the dsDNA
grooves to obtain the complex with a negative charge. These
complexes are electrostatically repelled on the ITO electrode
with a negative charge, inducing a decrease in current intensity.
This electrochemical aptasensor can detect ZEN in corn flour
with a LOD of 0.18 pg mL™". This electrochemical aptasensor
can be used to monitor other mycotoxins by simply changing

This journal is © The Royal Society of Chemistry 2024

the corresponding aptamer. Gao et al. developed a fluorescent
aptasensor based on a programmable DNA tweezer and SDA for
the detection of AFB1 and ZEN (Fig. 4B).""" They synthesized
the aptamer-functionalized magnetic nanoparticles (MNPs).
When target AFB1 or ZEN is present, it binds with the aptamer,
liberating the cDNA after magnetic separation. The hairpin-
structure DNA is complementarily paired with the cDNA, indu-
cing the opening of the initial hairpin structure to form another
hairpin structure, initiating the SDA reaction with the aid of KF
polymerase and Nb.BbvCI to achieve exponential amplification
of cDNA. Subsequently, the amplification product cDNAs are
added to the DNA tweezers system to generate a distinct
signal output. This strategy shows high sensitivity with a LOD
of 0.933 pg mL " for AFB1 and 1.07 pg mL " for ZEN. Moreover,
this method can be easily adapted to detect other analytes by
just substituting the aptamer and cDNA.

Liu et al. took advantage of SDA, DNA G-quadruplex, and
aggregation-induced emission (AIE) to develop an aptasensor
for the sensitive and rapid detection of PAT (Fig. 4C)."*> The
aptamer is modified on magnetic beads via b10t1n—streptav1d1n
interaction. After the cDNA and PAT competitively bind with
aptamers, the cDNA is separated by magnetic separation and
serves as a primer of SDA to generate plenty of G-rich ssDNAs.
The G-rich ssDNA can form the G-quadruplex that can be
stained by TTAPE dye to produce a fluorescence signal in the
presence of K', and the aggregation of more TTAPEs generates

Chem. Commun., 2024, 60, 4745-4764 | 4751
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a stronger fluorescence signal. This assay exhibits good speci-
ficity and high sensitivity with a LOD of 0.042 pg mL™". Gao
et al. presented a label-free method based on SDA and a G-
quadruplex-specific fluorescence probe for AFM1 and OTA
detection (Fig. 4D)."*® In this assay, the aptamer (a-DNA)
hybridizes partly with a DNA strand (t-DNA). The presence of
target mycotoxin triggers SDA to generate plenty of DNA
(p-DNA) products with the assistance of polymerase and
nicking endonuclease. Subsequently, p-DNA and s-DNA form
a G-quadruplex that can act as the signal-transducing element
to enhance the fluorescence of N-methyl mesoporphyrin IX
(NMM). This strategy can distinguish different target mycotox-
ins using the corresponding aptamers. The LOD is 17.79 ng kg ™"
for AFM1 and 18.98 ng kg™ " for OTA.

3.1.4. Nuclease-assisted amplification. Superior to
polymerase-catalyzed signal amplification that requires multi-
ple sensing elements (e.g., dNTPs, rNTPs, primer, and tem-
plate), nucleases can induce efficient signal amplification
through a simple cyclic cleavage process, avoiding high back-
ground signals derived from nonspecific polymerization.”” The

4752 | Chem. Commun., 2024, 60, 4745-4764
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nuclease-based amplification has many distinct advantages of
facile design, simple operation, rapid reaction, and easy
development."™* Various nucleases including endonucleases
and exonucleases (e.g., Exo I, Exo III, and T7 Exo) have been
exploited for mycotoxin detection. The Liu group constructed
an electrochemical aptasensor based on the Nb.BbvCI-triggered
bipedal DNA walker for the ultrasensitive detection of ZEN
(Fig. 5A).""® The aptasensor used Ce;NbO,/CeO, @Au hollow
nanospheres as the electrode modification material and
PANi@MnO,/MB as the signal label. The duplex structure
formed by ZEN aptamers and w-DNA was anchored to the
carboxylated MBs. In the presence of ZEN, it specifically binds
to the aptamer, resulting in the release of the bipedal DNA
walker (w-DNA). Subsequently, the w-DNA is cast on the elec-
trode, initiating cyclic signal amplification. The w-DNA can
spontaneously walk on S2 in the orbital signal chain to cleave
S2 with the assistance of Nb.BbvCI endonuclease on the
electrode surface, resulting in a significant decrease in MB
signal. This assay can achieve a LOD as low as 4.57 x 10 ° ng mL ™.
Moreover, this aptasensor shows high selectivity, good stability,

This journal is © The Royal Society of Chemistry 2024
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and excellent repeatability, providing an effective method for
the detection of trace ZEN in corn samples. The Dong group
constructed a Zr-MOFs-labeled aptasensor based on Nb.BbvCI-
powered DNA walking for PAT detection (Fig. 5B).''® The
aptamer preferentially binds to PAT, inducing the separation
of itself from the wDNA and the initiation of the DNA walking
machine. The autonomous hybridization of wDNA with the
MB@®@Zr-MOFs/cDNA forms a specific recognition sequence for
the Nb.BbvCI enzyme, inducing the cleavage of MB@Zr-MOFs/
c¢DNA by Nb.BbvCI. Eventually, a mass of MB@Zr-MOFs con-
tained in the MB@Zr-MOFs/cDNA is released from the mod-
ified electrode surface, resulting in a decrease in the electrical
signal. This DNA machine exhibits a LOD of 4.14 x 10> ng
mL ™!, and it can be applied to detect PAT in spiked apple juice
and apple wine samples.

Exonucleases are a class of enzymes that can sequentially
hydrolyze phosphodiester bonds from the ends of nucleic acid
chains to generate single nucleotides. Compared with restric-
tion endonucleases, exonucleases do not require the design of
specific recognition sites. Wang et al. developed an electroche-
mical aptasensor based on exonuclease I (Exo I)-assisted target
recycling amplification for AFB1 detection (Fig. 5C).""” Specifi-
cally, the ferrocene (Fc)-labeled aptamer forms a hybrid with
the MB-labeled complementary DNA of the aptamer to form a
duplex structure. Due to the rigid structure of the duplex, Fc
molecules are close to the electrode surface and MB molecules
are far away, generating a faded external response signal and an
enhanced internal reference signal. When AFB1 is present in a
sample, the aptamer specifically binds with the target, inducing
the detachment of Fec from the electrode surface and a signal-
off assay for Fc indicators. Meanwhile, more MB molecules are
close to the electrode surface, inducing a signal-on assay for MB
indicators. Consequently, the ratiometric electrochemical
detection of AFB1 is achieved with the peak current intensity
ratio (IMB/IFc) as the signal transducer. In this assay, Exo I
is introduced to digest the detached aptamer, and the
released AFB1 can subsequently initiate target recycling and
signal amplification. This aptasensor exhibits a LOD of
0.032 pg mL™ " and can be used to detect AFB1 in actual peanut
samples, and achieves results comparable to ELISA. Ren et al.
designed an electrochemical aptasensor based on an Exo III-
powered DNA walker (WDNA) for DON detection (Fig. 5D)."*® In
this electrochemical aptasensor, PtPd NPs/PEI-rGO as the sub-
strate material can significantly increase the sensing area,
improve the conductivity, and provide the binding sites for
nucleic acid strands. The presence of DON can specifically bind
to the aptamer, initiating Exo III-assisted cyclic amplification to
generate triggers (Tr) (cycle I). Then, the hybridization of Tr
with the locking probe (LP) activates the DNA walker (W-DNA)
(cycle II). W-DNA runs continuously with the assistance of Exo
111, inducing a decrease in the current signal (cycle III). This
aptasensor has a LOD of 6.9 x 10~ ° mg mL ™" and exhibits good
stability in real sample analysis. Jin et al. constructed a carbon
nanocage (CNC)-based fluorescent aptasensor based on T7 Exo-
initiated double recycling amplification for AFB1 detection
(Fig. 5E)."* The CNC is introduced as the fluorescence

This journal is © The Royal Society of Chemistry 2024
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resonance energy transfer (FRET) receptors to quench the
fluorophore-labeled DNA probe (FAM-cDNA). In the presence
of target AFB1, T7 Exo triggers a double recycling amplification
reaction, inducing the digestion of a large number of FAM-
c¢DNAs and the release of FAM fluorophores. This aptasensor
can sensitively detect AFB1 with a LOD of 1.4 pg mL ™", and it
can be applied in real sample analysis with good recovery
results. Notably, even though nucleases can catalyze the cyclic
digestion of substrates to achieve the sensitive detection of

Chem. Commun., 2024, 60, 4745-4764 | 4753


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc00982g

Open Access Article. Published on 09 April 2024. Downloaded on 10/20/2025 11:59:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

target objects, there are some limitations. For example, restric-
tion enzymes need the design of the corresponding cleavage
sites, which increases the complexity of the nucleic acid
sequence design. In addition, the exonuclease may contain a
variety of other catalytic functions and the influence of non-
specific catalytic activity should be carefully considered.

3.1.5. CRISPR/Cas system. The clustered regularly inter-
spaced short palindromic repeats (CRISPR) and CRISPR-
associated proteins, namely CRISPR/Cas systems, consist of
Cas and guide RNA (gRNA)."*° Cas12, Cas13, and Cas14 can
cleave both target dsDNA (cis cleavage) and non- atopic sSDNA
indiscriminately (trans cleavage)."”* The trans cleavage of
ssDNA is efficient (e.g., Cas12a’s trans cleavage of ssDNA is
1250 times per second) and exhibits excellent signal amplifica-
tion capability.

3.1.5.1. Integrated with the CRISPR/Cas system directly. The
CRISPR/Cas system has shown great potential in nucleic acid
biosensing.”>'** The combination of the CRISPR/Cas system
with aptamers can be applied to detect trace mycotoxins. Upon
the identification of mycotoxins by aptamers, the cleavage
activity of the Cas protein is triggered to achieve signal ampli-
fication. Wu et al. fabricated a CRISPR/Cas12a-modulated
luminescence resonance energy transfer (LRET) aptasensor
for the detection of DON (Fig. 6A)."*' The partial hybridization
of the DON aptamer with crRNA activates the indiscriminate
cleavage activity of Cas12a, resulting in the cleavage of adjacent
ssDNA-UCNPs into small fragments. The cleaved ssDNA-UCNPs
cannot adsorb on MXene-Au, and the upconversion lumines-
cence (UCL) remains. In the presence of DON, the aptamer
binds to DON, leading to the inhibition of the Cas12a activity.
As a result, fewer ssSDNA-UCNPs are cleaved and more ssSDNA-
UCNPs can easily adsorb to the MXene-Au surface, leading to
the quenching of UCL by LRET. This aptasensor can sensitively
detect DON with a LOD of 0.64 ng mL ™", and obtain satisfactory
recoveries in corn flour and Tai Lake water. Wei et al. developed
a fluorescent aptasensor based on CRISPR/Cas12a and MXenes
for AFB1 detection (Fig. 6B)."** In this aptasensor, the inge-
niously designed activator is locked by dual-AFB1 aptamers. As
a result, the Cas12a and crRNA complexes are inactivated, and
the fluorescence of FAM-labeled ssDNA (ssDNA-FAM) is
quenched by MXenes. In the presence of AFB1, it binds to the
aptamer, inducing the release of the activator. The released
activator is complementary to crRNA, activating Cas12a and
inducing the cleavage of ssSDNA-FAM adsorbed on MXenes and
the recovery of fluorescence. This fluorescent aptasensor exhi-
bits a LOD of 0.92 pg mL " and good assay performance in real
peanut samples. Zhu et al. constructed a dual-mode aptasensor
based on target-regulated CRISPR/Cas12a for OTA detection
(Fig. 6C)."** In the absence of OTA, the crRNA hybridizes with
the aptamer to put the CRISPR/Casl2a system in an “active
state”, inducing the cleavage of hairpin DNA on the electrode
and the generation of a weak ECL signal and a high current
response. When OTA is present, the aptamer preferentially
binds to OTA, resulting in the inhibition of Cas12a activity.
The hairpin DNA on the electrode remains intact, resulting in
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the recovery of the ECL signal and the attenuation of the
current signal. This dual-mode aptasensor has high sensitivity
and good anti-interference capability, with a wide range of
application prospects.

3.1.5.2. NASAT-assisted CRISPR/Cas system. Recently, several
NASAT-assisted CRISPR/Cas platforms have been developed for
mycotoxin detection. Chen et al. constructed a CRISPR/Cas12a-
assisted chemiluminescent aptasensor for AFB1 detection
(Fig. 7A)."*° This aptasensor takes advantage of the properties
of polydopamine (PDA) to self-polymerize and self-assemble
into a PDA film through a peroxidation process and subse-
quently, the biotin-DNA/padlock hybrids can be obtained
through the biotin-streptavidin interaction, activating RCA to
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produce long linear RCA products with repeated sequences.
Finally, a large number of complementary DNA-HRPs are
assembled into long, linear RCA products to form the pipette-
poly-HRP. In the presence of AFB1, the aptamer preferentially
binds to AFB1, resulting in the dissociation of the pre-
hybridized aptamer-activator duplex. The released activator
hybridizes with the crRNA, initiating the collateral endonu-
clease activity of Casl2a to degrade the pipet-bound HRP-
containing ssDNA linker. As a result, HRPs are released into
the solution and quantified by chemiluminescence measure-
ments. This chemiluminescent aptasensor exhibits high sensi-
tivity with a LOD of 5.2 pg mL™"', and it can be applied to
measure AFBL1 in cereal samples.

Alternatively, Wu et al. took advantage of the CRISPR/Cas12a
and Nt.A1Wi enzyme to construct an aptasensor for ZEN
detection (Fig. 7B).">” When ZEN is present, it competitively
binds to the aptamer Z0, resulting in the release of Z1 into the
solution. After magnetic separation, the MB-Z2 probe is added
to the supernatant, and two ssDNAs (Z1 & Z2) form a dsDNA.
Subsequently, the Nt.Alwl enzyme recognizes the dsDNA and
cleaves only the Z2 ssDNA. After enzymatic hydrolysis, Z1
ssDNA and the obtained Z3 ssDNA product are separated from
the magnetic beads. The separated Z1 ssDNA can continue to
hybridize with Z2 ssDNA, inducing the cleavage of Z2 with the
assistance of Nt.Alwl and producing large amounts of ssDNA
73. The Z3 and CRISPR/Cas12a can form a CRISPR/Cas12a-Z3
complex, activating the trans-cleavage capability of Cas12a to
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cleave the quenched reporter and induce the recovery of
fluorescence. This aptasensor can sensitively detect ZEN with
a wide linear range of 1-1000 pg mL ™' and a LOD as low as
0.213 pg mL ™' and obtain good recovery rates in the corn-oil
samples.

Yang et al. developed a SERS aptasensor based on CRISPR
for the sensitive detection of AFB1 (Fig. 7C).'*® DNA strands
modified with ~-COOH (S4) are coated on the surface of Fe;0,
NPs, and the Fe;O, NPs are modified with -NH, through
peptide bonds to form the magnetic core-shell structure nano-
particles. Prussian blue (PB) is embedded in the core-shell
nanoparticles, and then the =CN of the PB molecule and Au
form an Au layer outside. When target AFB1 is present, it binds
to the aptamer. Under the catalysis of the Exo I enzyme, the
target AFB1 is recycled, and the released S1-S2 structure can
activate cas12a, inducing the separation of double strands with
beacon molecules from the magnetic beads. The double-strand
DNA (dsDNA) with beacon molecules can conjugate with
Au@PB@Au NPs through the Au-S bond, and then self-
assemble at the water-oil interface. Cyclohexane is used as an
oil-phase solvent to form a water-oil two-phase interface, facil-
itating the formation of nanoparticle film at the interface and
the generation of a distinct SERS signal. This SERS aptasensor
can sensitively measure AFB1 with a LOD of 3.55 pg mL ™", and
lead to a good recovery rate in milk and soy sauce. Although the
CRISPR/Cas-based aptasensor has the advantages of being fast,
with low cost and high practicality, its accuracy and sensitivity
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(D) The construction of a CHA-based FRET aptasensor for the ratiometric detection of OTA 2%
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Chem. Commun., 2024, 60, 4745-4764 | 4755


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc00982g

Open Access Article. Published on 09 April 2024. Downloaded on 10/20/2025 11:59:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

still need to be systematically verified in real sample analyses. It
is, therefore, necessary to use enzyme-linked immunosorbent
or other mature methods to confirm the accuracy of results.

3.2. Enzyme-free nucleic acid amplification-based
aptasensors

In comparison with enzyme-assisted nucleic acid amplification,
enzyme-free amplification does not involve any protein
enzymes (e.g., nucleases, ligases, and polymerases) to facilitate
nucleic acid signal amplification,”* efficiently eliminating the
issues of protein enzyme instability, high cost, and suscepti-
bility to experimental conditions (e.g., ion concentration, tem-
perature, and pH value)."”® Enzyme-free amplification can be
easily carried out in complex biological samples through pro-
grammable cascade hybridization reactions.”> The reported
enzyme-free nucleic acid amplification for mycotoxin detection
includes catalytic hairpin assembly (CHA), hybridization chain
reaction (HCR), DNA tweezers, and DNAzymes.

3.2.1. Catalytic hairpin assembly (CHA). Target-induced
CHA uses nucleic acid hybridization as a power to assemble
DNA hairpin probes."” Gao et al. developed a CHA-based
fluorometric aptasensor for ZEN detection (Fig. 8A)."*° In the
presence of ZEN, the aptamer-triggered sequence (Apt-T) binds
to ZEN, inducing the release of the inhibit sequence (Inh) from
the Apt-T/Inh duplex. The free Apt-T can open hairpins H1 and
H2 to generate an H1-H2 duplex structure. The released Apt-T

DNAI~DNAG

A d)’ﬁ&m_erc

Heating and annealing

AMNPs e()TA-aptamermmr- DNA1 DNA2 DNA3 v

DNA4 ~nnr DNAS v DNA6- 1 OTA g PAPDI ) )

Fig. 9 The construction of HCR-based aptasensors for mycotoxin detection. (A) The construction of an HCR-based aptasensor for the OTA assay.
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can subsequently trigger the next round of CHA between H1
and H2. Eventually, the hybridization between H1 and the silver
nanocluster (AgNC) probe causes the G-rich sequence to be in
close proximity to the non-luminous AgNCs, lighting up the
AgNCs and generating an enhanced fluorescence signal.
This fluorometric aptasensor achieved a linear range from
1.3 pg mL~" to 100 ng mL~" and a LOD of 0.32 pg mL ™", and
it can accurately measure ZEN in maize and beer. Yang et al.
constructed a CHA-based aptasensor for AFB1 detection
(Fig. 8B)."*° In this aptasensor, two split trigger DNA sequences
are integrated into two hairpin-assisted probes H1 and H2,
respectively, to block the trigger DNA. In the presence of AFB1,
the aptamer recognizes and binds to AFB1, exploring the trigger
DNA sequence to form a helix DNA H1-H2 complex. The helix
DNA H1-H2 complex dissociates the dsDNA probe (F-Q) and
restores the fluorescence signal. Meanwhile, two split trigger
DNA sequences can form a replica of trigger DNA, triggering
new CHA and generating an enhanced fluorescence signal. This
aptasensor enables the rapid and sensitive detection of AFB1
with a LOD of 0.13 ng mL " and exhibits good assay perfor-
mance in beer and infant rice cereal samples.

Li et al. developed a surface-enhanced Raman scattering
(SERS) dual-mode aptasensor for the homogeneous detection
of mycotoxin with the naked eye (Fig. 8C)."*' The specific
binding of the aptamer to AFB; forms the HP1-AFB,; complex,
and then the HP1-AFB; complex hybridizes with Ag'-labeled
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hairpin DNA (HP2), inducing the release of Ag" and initiating
an enzyme-free CHA reaction to form the dsDNA (HP2-HP3),
accompanied by the release of the HP1-AFB; complex. The
released HP1-AFB,; complexes can be subsequently recognized
by HP2 and HP3, triggering the cascade recycling amplification
and resulting in the accumulation of abundant free Ag" and the
HP2-HP3 duplex. As a result, MB is embedded into the HP2-
HP3 duplex and acts as a Raman tag to generate a strong SERS
signal with the aid of Fe;O,@Au. Meanwhile, the free Ag"
induces the aggregation of gold nanoparticles (AuNPs) and
consequently, a visually distinguishable color change from
red to black-blue. The SERS intensity and visualization signals
are linearly correlated with the AFB1 concentration in the range
of 0.0156-31.2 ng mL ™" and 0.61-39 ng mL™*, respectively. The
LOD was determined to be 1.6 pg mL " for the SERS assay and
152 pg mL ' for the colorimetric assay. The He group con-
structed a CHA-based Forster resonance energy transfer (FRET)
aptasensor for the ratiometric detection of OTA (Fig. 8D)."** In
the presence of OTA, the aptamer specifically interacts with
OTA, inducing the release of helper DNA (HP). Subsequently,
HP opens the hairpin structure of FAM-labeled hairpin DNA 1
(H1-FAM) modified on the AuNP surface. CHA between H1-FAM
and hairpin H2 that is labeled with carbon quantum dots (H2-
CDs) induces the release of HP, which initiates the next cycle
reaction and the occurrence of FRET between CD and FAM.
Taking advantage of the measurement of the FCDs/FFAM
ratio, this aptasensor can sensitively detect OTA with a wide
linear range from 5.0 pg mL™" to 3.0 ng mL ™" and a LOD of
1.5 pg mL™", and it has been successfully applied in the
detection of OTA in rice.

3.2.2. Hybridization chain reaction (HCR). The HCR is an
amplification technology that uses nucleic acid hybridization
as a driving force to achieve a large assembly between DNA
hairpin probes.'”® The HCR is an enzyme-free isothermal
amplification technique based on a chain reaction of recogni-
tion and hybridization events between a pair of complementary
and kinetically trapped hairpins.'*” HCR is a simple, enzyme-
free, and kinetically controlled signal amplification approach
with high amplification efficiency,"*”"*® and it has been widely
applied in the construction of aptasensors for mycotoxin
detection, 3313513910 1j ot 4] developed an aptasensor based
on HCR and fluorescent perylene probe (PAPDI)/DNA compo-
sites for OTA detection (Fig. 9A)."** They designed and synthe-
sized PAPDI as the fluorescent probe. HCR induced the
aggregation of PAPDI and consequently, the quenching of
fluorescence. When OTA is present, it binds to the aptamer,
inducing the release of the PAPDI/DNA concatamers from
the amino-modified magnetic nanoparticles. After magnetic
separation, the supernatant is diluted with ethanol to disag-
gregate the PAPDI/DNA concatamers. The concentration of OTA
can be determined by measuring the fluorescence of disaggre-
gated PAPDI monomers. This aptasensor can detect OTA with a
LOD of 0.10 pM. Han et al. developed a fluorescent aptasensor
based on HCR for the simultaneous detection of T-2 toxin and
ZEN (Fig. 9B)."** Streptavidin-modified magnetic spheres inter-
act with biotin-modified aptamers, resulting in the formation

This journal is © The Royal Society of Chemistry 2024
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of aptamer-functionalized magnetic microspheres (MMPs) that
can specifically capture targets T-2 and ZEN. When the targets
and HO (the initiator chain of HCR) coexist, they competitively
bind to aptamers on the magnetic sphere, and the free HO can
subsequently hybridize with 6-FAM and BHQ-1-modified H1
intermediates and H2 to trigger HCR amplification. The mea-
sured LOD is 0.1 pg mL™" for T-2 and 1.2 pg mL ™" for ZEN. This
fluorescent aptasensor can selectively detect T-2 and ZEN in the
spiked corn and oat flour samples.

Qiu et al. constructed an electrochemical aptasensor based
on HCR to detect OTA (Fig. 9C)."*> In this assay, a capture probe
is immobilized on the electrode and then hybridizes with the
OTA aptamer (Apt) to form an Apt/DNA duplex. The presence of
OTA induces the formation of an Apt-OTA complex and the
dissociation of Apt from the electrode. Upon the addition of the
detection probe and two hairpin-helper DNAs, HCR was acti-
vated to extend dsDNA polymers on the electrode surface.
Finally, a streptavidin-alkaline phosphatase (ST-AP) conjugate
was added to bind biotin-modified hairpin DNA. AP can
hydrolyze a synthetic enzyme substrate (¢-naphthyl phosphate)
to produce a differential pulse voltammetry (DPV) current. The
DPV current was enhanced with the increasing concentration of
OTA. This electrochemical aptasensor can detect OTA with a
LOD of 2 pg mL™ ", and it can be applied to measure OTA in
cereal samples. You and co-workers established an electroche-
mical aptasensor for the ratiometric detection of AFB1
(Fig. 9D)."*® This assay involves a dual-amplification by cou-
pling HCR with a DNA walker. The DNA walker strand, hairpin
DNA 1 (hDNA1), and hairpin DNA 2 (hDNA2) were initially
assembled on the surface of the gold electrode (AuE) via Au-S
bonds. The DNA walker strand was blocked by the AFB1
aptamer that was modified with ferrocene (Fc). When AFB1 is
present, it specifically binds to Fc-Apt-Fc, resulting in the
release of the Fc-labelled aptamer (Fc-Apt-Fc) and the decrease
in current (Ig.). Subsequently, the DNA walker strand hybridizes
with hDNA1 through a toehold-mediated strand exchange, and
then hDNA2 hybridizes with hDNA1 to form the dsDNA,
initiating a cyclic reaction with the assistance of the DNA
walker strand. Meanwhile, the free hDNA1 hybridizes with
hDNA2 to form the dsDNA, triggering the DNA walker-
mediated amplification. The dsDNA subsequently hybridizes
with the anchored DNA to activate HCR between sDNA1 and
sDNA2, generating a longer dsDNA that can adsorb MB. AFB1
can be accurately quantified by measuring the current ratio of
MB (IMB) and Fc (IFc). The LOD can reach 0.0008 pg mL .
Consistent results were obtained for this aptasensor and gold-
standard HPLC-MS/MS method for peanut sample analysis.
Notably, even though HCR-based aptasensors have been widely
used for mycotoxin detection, there are some limitations.
Because HCR occurs through the random diffusion of DNA
hairpins, the kinetics and efficiency are relatively low. The
smooth opening of the hairpin structure heavily relies on the
sequence design.

3.2.3. DNA tweezer. DNA tweezers are dynamic DNA nano-
devices that can reversibly switch their state between open and
closed by adding DNA fuel strands.’*"'*> DNA tweezers have
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Fig. 10 The construction of DNA tweezer-based aptasensors for mycotoxin detection. (A) The construction of a programmable DNA tweezer-actuated
SERS aptasensor for the AFB1 assay.**? (B) The construction of a dual DNA tweezer-based aptasensor for the simultaneous detection of AFB1 and OTA.#3
(C) The construction of a versatile Y-shaped DNA nanostructure-based aptasensor for the detection of AFB1 and OTA.X** (D) The construction of a two-

color aptasensor based on HCR and DNA tweezers for the OTA assay.**®

unique superiority in sensor design due to their simple struc-
ture and straightforward response mechanism.*** A series of
DNA tweezer-based aptasensors have been constructed
for mycotoxin detection. The Han group developed a program-
mable DNA tweezer-actuated SERS aptasensor for AFB1
detection (Fig. 10A)."** In this aptasensor, two DNA and 4-
nitrothiophenol (4-NTP)-modified AgNPs are linked to the arms
of the DNA tweezer, and then the AFB1 aptamer is incorporated
into the DNA tweezer by partial DNA hybridization. AgNPs are
modified at two arms of the DNA tweezer via Ag-S bonds to
obtain DNA tweezer-actuated SERS probes. Two AgNPs are
separated at the open state, generating a negligible SERS signal.
When AFB1 is present, the aptamer binds to it, inducing the
release of the aptamer from the DNA tweezer and the formation
of a closed state. As a result, two AgNPs are at a closer distance,
generating a significantly enhanced SERS signal. This SERS
aptasensor can detect AFB1 with a LOD of 5.07 fg mL™". The
Yang group developed a dual DNA tweezer-based nanomachine
for the simultaneous detection of AFB1 and OTA (Fig. 10B).'**
The dual DNA tweezers are formed at both ends of the DNA
nanomachine and they share two long-arm sequences. The
fluorophore and quencher are modified at the ends of two
arms of each DNA tweezer, respectively. The two arms of DNA

4758 | Chem. Commun., 2024, 60, 4745-4764

tweezers are locked closely by the aptamer strands of mycotox-
ins, resulting in the quenching of fluorescence. In the presence
of AFB1 and OTA, the aptamer strands bind to their corres-
ponding targets, respectively, resulting in the opening of the
DNA tweezers and the recovery of fluorescence. This method is
very sensitive with a LOD of 3.5 x 10> ppb for AFB1 and
0.1 ppb for OTA. Yang et al. developed a versatile Y-shaped DNA
nanostructure-based aptasensor for the detection of AFB1 and
OTA (Fig. 10C)."** In this assay, Y-shaped duplex DNA arms are
formed with two DNA tweezers at the two ends, resulting in the
closing of the DNA tweezers and the quenching of the fluores-
cence. The tails at the third end contain aptamers of AFB1 and
OTA, respectively, which can bind to the corresponding myco-
toxins and induce the release of two DNA fragments. The
released DNA fragments can open the DNA tweezers, inducing
the separation of the fluorophore from the quenching agent
and the recovery of fluorescence. AFB1 and OTA can be quanti-
tatively analyzed by measuring the fluorescence intensities of
FAM and Cy5, respectively. This assay can be completed in one
step within 40 min. Moreover, it can be applied to detect AFB1
and OTA in real food samples. The Yang group developed a two-
color aptasensor based on HCR and DNA tweezers for OTA
detection (Fig. 10D)."*> OTA can specifically bind to the hairpin

This journal is © The Royal Society of Chemistry 2024
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lock aptamer, inducing the opening of the hairpin structure
and triggering the HCR reaction to form a long duplex struc-
ture. The formed duplex structure brings the two tails of the
hairpin close together, forming two kinds of entire side-chain
DNAs on either side. The obtained side-chain DNAs are com-
plementary to the two locker sequences on the two sides of the
DNA tweezers, respectively, resulting in the release of two
locker sequences and the opening of the DNA tweezers and
consequently, the recovery of two-color fluorescence signals.
The two-color fluorescence intensities can be used to quantita-
tively analyze the OTA concentration, with a LOD of 0.006 ppb
for FAM and 0.014 ppb for Cy5. Notably, the formation of the
DNA tweezer structure usually requires the hybridization and
complementation of several single-stranded DNA strands,
which may be affected by various experimental conditions.
Since the yield of DNA tweezers directly affects the signal
amplification efficiency, reducing the complexity of the DNA
tweezer as much as possible and increasing its yield can greatly
improve the signal amplification efficiency.

3.2.4. DNAzyme. DNAzymes refer to artificially selected
DNA fragments with a special stable structure, and they are
characterized by high catalytic efficiency, good thermal stabi-
lity, ease of modification, and low cost.**® The introduction of
DNAzymes into aptasensors significantly improves their analy-
tical performance."”"°° Specifically, some DNAzymes with
peroxidase-mimicking activities can replace the expensive
proteases under strict conditions. Lu et al developed an

This journal is © The Royal Society of Chemistry 2024

aptasensor based on a personal glucose meter (PGM) and
DNAzyme for OTA detection (Fig. 11A)."*! In this aptasensor,
biotin-labeled OTA aptamer probes are coupled to streptavidin-
labeled substrate chains on magnetic beads (MBs). The DNA-
zyme hybridizes with the aptamer probe to block the cleavage
activity of substrates. In the presence of OTA, the aptamer
specifically binds to OTA, inducing the release of the DNAzyme
strand and the hybridization between the DNAzyme strand and
the substrate strand and consequently, the initiation of the
signal amplification reaction of hydrolysis and the cleavage of
the substrate chain with the assistance of Zn>*. Since the
substrate chain is labeled with invertase (an enzyme that
catalyzes the hydrolysis of sucrose to glucose), the OTA signal
can be simply converted into a glucose measurement. This
DNAzyme-based aptasensor can sensitively detect OTA with a
LOD of as low as 0.88 pg mL™ " using a PGM as a reader. This
assay is selective and easy to perform without the involvement
of either expensive instruments or professional operators. It
can be a useful supplement to the standard HPLC-MS method,
especially for rapid analysis in the field. He et al. constructed an
electrochemical aptasensor for the sensitive detection of T-2
toxin based on Ag'-dependent DNAzyme-assisted signal ampli-
fication and gold nanoparticles/graphene oxide @ manganese
dioxide (AuNPs/MnO,@GO) nanocomposites (Fig. 11B)."*> In
this electrochemical aptasensor, the secondary structure of the
T-2 aptamer is altered via the Ag'-mediated coordination of
C-Ag'-C base pairs. When T-2 toxin is present, its interaction

Chem. Commun., 2024, 60, 4745-4764 | 4759
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with the Apt will change the secondary structure of Apt, releas-
ing silver ions. The free Ag" can activate a specific RNA-cleaving
DNAzyme to cleave the S-DNA immobilized on the surface of
AuNPs/MnO2@GO-modified electrode, resulting in the intro-
duction of 6-mercapto-1-hexanol (MCH) to block non-specific
binding sites. Subsequently, the DNAzyme repeatedly binds
and cleaves MB-modified S-DNA with the aid of Ag', leading
to a decrease in the electrochemical signal. The LOD can reach
0.107 fg mL~". This electrochemical aptasensor can accurately
measure the T-2 toxin in beer.

DNAzymes mimic peroxidase is an excellent alternative to
natural peroxidase and has recently been explored for myco-
toxin detection. Wang et al. developed a colorimetric aptasen-
sor based on a stimuli-responsive metal-organic framework
(MOF) nano-container and DNAzyme for ZEN detection
(Fig. 11C)."** In this aptasensor, an azide-functionalized MOF
(Ui0-66-N3) functions as a nano-container to entrap hemin
after being conjugated with DBCO-functionalized cDNA. The
bio-gate composed of a DNA duplex acts as a gatekeeper to
control the release. When ZEN is present, it competes for the
binding sites of aptamers with cDNA, inducing the opening of
hybrid duplexes and the unlocking of pores. The presence of
ZEN induces the concentration-dependent release of hemin
and ssDNA (containing trimeric CatG4) into the supernatant.
Subsequently, hemin is embedded into the secondary structure
of trimer CatG4, inducing its conversion to a trivalent G4-
DNAzyme that possesses higher catalytical activity than hemin
itself. Upon the addition of TMB, the liquid emits a strong
colorimetric signal. This colorimetric aptasensor can detect
ZEN with a LOD of 0.36 pg mL . Chen et al. constructed a
portable fluorescent/colorimetric aptasensor based on G-
quadruplex DNAzyme for the rapid and dual-mode detection
of OTA (Fig. 11D)."* The OTA aptamers and MBs can self-
assemble with two segments of DNA and hemin to form a G-
quadruplex DNAzyme structure that can catalyse the oxidation
of Amplex Red (ADHP) by H,0,, inducing the change in
solution color to red and the generation of a strong fluores-
cence. When OTA is present, it specifically binds to aptamers,
inducing the decomposition of the DNA enzyme structure and
decreasing its catalytic activity. Under optimal conditions, this
aptasensor can measure OTA with a LOD of 0.011 pg kg™"
for the fluorescence mode and 0.008 pg kg™ ' for the
colorimetric mode.

4. Conclusions and perspectives

The perennial hot topic of food safety and contamination has
attracted more and more attention around the world due to its
direct impact on human health and social harmony. The main
assurance is to continuously develop rapid and sensitive detec-
tion methods for food pollutants in the entire food supply
chain, from farm to fork/plate. However, conventional methods
for mycotoxin assay are not suitable for rapid and sensitive
assays. Alternatively, a variety of aptasensors have been con-
structed for mycotoxin detection in recent years. To overcome

This journal is © The Royal Society of Chemistry 2024
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the limitation of low signals generated by mycotoxins, nucleic
acid signal amplification technology (NASAT) has been intro-
duced into the aptasensors to significantly improve the sensi-
tivity and facilitate the detection of low-abundance mycotoxins.
Herein, we have provided a comprehensive review of the recent
advances in NASAT-based aptasensors for mycotoxin assay,
and summarized the principles, features, and applications
of NASAT-based aptasensors. The NASAT is divided into
enzyme-assisted and enzyme-free nucleic acid amplification
approaches. The working principles and practical applications
of NASAT-based aptasensors for mycotoxin detection are sum-
marized in Table 3.

Despite great progress made in the development of NASAT-
based aptasensors for mycotoxin assay, several challenges
remain to be solved. (1) Few mycotoxin aptamers have been
reported so far. In addition, the aptamer matching degree is
low in complex matrix environments, and some invalid
sequences may affect the stability of aptamer binding and
increase the synthesis cost.'>® It is essential to improve the
screening procedure by combining “positive SELEX” with
“negative SELEX”, which can efficiently eliminate the influence
of the matrix and obtain highly specific aptamer sequences.’?
(2) At present, the detection of mycotoxins is challenged by the
coexistence of multiple targets."”®"” The discovery of new
aptamer molecules and an increase in target coverage is highly
required, which facilitates the construction of efficient apta-
sensors for high-throughput and the simultaneous detection of
multiple mycotoxins. (3) The reported aptasensors are limited
to a single mode that suffers from false positives. The develop-
ment of dual-mode aptasensors that combine different output
modes (e.g., fluorometric, colorimetric, and electrochemical
measurements) greatly improves the detection accuracy.'*®'>*
(4) Due to the trace levels of mycotoxins in foods, NASATs are
often involved in the construction of aptasensors for the ultra-
sensitive detection of mycotoxins.®® Notably, some amplifica-
tion approaches have the limitations of non-specific
amplification and high cost. The discovery of low-cost and
low-background signal amplification strategies can signifi-
cantly improve the detection sensitivity. (5) To overcome the
inherent amplification bias and non-specific amplification in
NASAT, the introduction of nanomaterials (e.g., metal nano-
particles, carbon nanotubes, GO, and UCNPs) into amplifica-
tion reactions may minimize the amplification bias and
eliminate the non-specific amplification."'*3>131%13% com-
pared with the nanosensors used directly for mycotoxin detec-
tion, the aptasensors based on nanomaterials and NASAT
possess improved sensitivity, facilitating the ultra-sensitive
monitoring of mycotoxins in complex food substrates from
farm to table. (6) The NASAT-based aptasensors for mycotoxin
detection reported above are largely limited to laboratory
assays. Given the extensive and real-time food contamination
occurrences, the rapid, accurate, modest, and reliable onsite
detection system is imperative, particularly in the vast rural
regions where resources are scarce. Portable instruments (e.g.,
side-flow analysis, microfluidic devices, and smartphone-based
point-of-care testing (POCT)) have been applied in simple,
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rapid, and low-cost field inspections. However, the reported
side-flow analysis, microfluidic devices, and smartphone-based
POCT for mycotoxin detection usually rely on antibodies that
are expensive to produce, and the use of animals for this
purpose may raise ethical concerns.'*®%°"'%* The introduction
of NASAT-based aptasensors into the side-flow analysis and
microfluidic system may significantly improve the sensitivity,
overcoming the issue of low field detection sensitivity."** % In
addition, the use of smartphones to analyze the output signal
not only satisfies the portability of the field detection equip-
ment but also ensures the reliability and stability of the result
analysis as compared with the naked eye. Above all, the
prospects of NASAT-based aptasensors include the following:
(1) going from ultra-sensitive detection in the laboratory to
rapid and sensitive detection in the field; (2) making the
detection process more intelligent and automated; (3) high-
throughput analysis of mycotoxins from single-factor analysis
to multi-target detection. We believe that with the development
of nanomaterials, microfluidics, and new technologies, NASAT-
based aptasensors will play more and more important roles in
food safety.
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