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Abstract

The simultaneous detection of multiple mycotoxins is of great significance for food safety and human health. Herein, a simple,
convenient and accurate fluorescent aptasensor was designed based on the dual cross DNA nanostructure for the simultane-
ous detection of ochratoxin A (OTA) and aflatoxin B, (AFB,), in which the stable dual cross DNA nanostructure provided
an assay platform using the fluorescent dye-labeled aptamers as a sensing element. Owing to the higher affinity of aptamers
for their target, the aptamer probes were released from the assay platform in the presence of OTA and AFB,, resulting in an
enhanced fluorescence at 570 nm and 670 nm. This “signal-on” fluorescent aptasensor assay system can effectively avoid
background signals and minimize false positive. Furthermore, the designed method can realize the simultaneous detection of
OTA and AFB, during the whole experiment. The limits of detection (LOD) were as low as 0.0058 ng/mL for OTA, ranging
from 0.01 to 50 ng/mL and 0.046 ng/mL for AFB, ranging from 0.05 to 100 ng/mL. The proposed fluorescent aptasensor
exhibits excellent performance in practical application and provides a novel approach for the simultaneous detection of

multiple mycotoxins by simply changing the aptamers.
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Introduction

Mycotoxins are toxic secondary metabolites produced by a
certain fungus that colonizes on both crops and food during
growth, harvest, storage and processing [1]. These myco-
toxins contaminate over 25% harvested crops and cause
billions of economic losses around the world each year.
In addition, due to their high teratogenicity, mutagenicity
and carcinogenicity, mycotoxins present a great potential
threat to humans and animal health through the food chain
[2, 3]. To date, more than 300 species of mycotoxins have
been reported, including Aspergillus, Fusarium and Penicil-
lium spp. The most frequently encountered and dangerous
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mycotoxins in food products are aflatoxin B, (AFB,) and
ochratoxin A (OTA). It is well known that AFB, is the most
toxic substance. Its toxicity is 10 times that of potassium
cyanide (KCN) and 68 times that of arsenic [4]. According
to an evaluation by the International Agency of Research
on Cancer (IARC), AFB, has been classified in Group 1 as
a potent human carcinogen, and OTA has been categorized
as a Group 2B carcinogen [5]. Therefore, the maximum per-
mitted levels for AFB; and OTA have been set by various
countries because of their extensive influence on agricultural
products and foods, such as peanuts, cereals, feed, coffee
and milk [6].

Accurate, economical and convenient detection of AFB,
and OTA is of great significance for food safety and human
health. There are various analytical methods available for
the detection of mycotoxins in food and feed. Conventional
analytical methods are considered the standard method
for mycotoxins due to accuracy and precision, such as
high-performance liquid chromatography (HPLC), mass
spectrometry (MS), liquid chromatography-mass spec-
trometry (LCMS) and enzyme-linked immunosorbent
assay (ELISA) [7, 8]. However, owing to their high costs,
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complicated operations and professional skill required, the
practical application of these methods is restricted. Moreo-
ver, a great deal of false-positive results are common with
traditional methods [9]. Currently, more electrochemical
[10], colorimetric [11] and fluorometric [12] analysis strat-
egies have been developed with the aim to achieve simple,
rapid, efficient and low-cost mycotoxins detection. Among
these, the fluorescence method has been largely utilized
due to its high sensitivity and instantaneous response [13].
Rasooly et al. presented a portable low-cost fluorescence
detector for direct detection of detoxified and active AFB;.
Most importantly, this fluorometer combined with Vero
cells can be used for quantitative detection of AFB, activ-
ity [14]. Furthermore, in order to improve the specific rec-
ognition of biosensors, aptamers as an alternative of anti-
bodies can specifically recognize and bind to a target with
the advantages of low cost, simple synthesis, high thermal
stability and easy chemical modification [15, 16]. Thus,
aptamers are promising sensing elements for the devel-
opment of prominent biosensors. Fluorescent aptasensors
combine the advantages of a fluorescence method with
aptamers. Generally, unlabeled fluorescent aptasensors
are disturbed by background signals, making it difficult to
detect multiple mycotoxins.

DNA nanostructure as a novel nanomaterial can be con-
structed using economic and programmable single-stranded
DNA (ssDNA). A great deal of DNA nanostructures with
unique function and flexibility were designed for stable and
sensitive biosensors via binding to aptamers [17]. Seyed
designed a fluorescent aptasensor based on a DNA pyramid
nanostructure and PicoGreen dye for the detection of OTA
[18]. The presented aptasensor exhibited high sensitivity and
specificity toward OTA and was successfully used in serum
and grape juice samples. Yang et al. reported a DNA octahe-
dron fluorescence nanoprobe assembled from eight ssDNAs,
which can simultaneous detect and image messenger RNAs
(mRNAs) in living cells [19]. However, the construction of
complicated DNA nanostructures is difficult and limited by
technical expertise. The simple, stable and versatile DNA
nanostructures have a promising application in biosensors.

Herein, we developed a labeled fluorescent aptasensor
based on the dual cross DNA nanostructure. The developed
dual cross DNA nanostructure was composed of aptamer
and complementary ssDNA, which provided a sensing plat-
form. The Cy5 and Cy3 were labeled on the aptamers of
AFB, and OTA, respectively, and the complementarity to
the ssDNA-modified quencher led to weak fluorescence
emission. Owing to the higher affinity of the aptamer for
its target, upon addition of AFB, or OTA, the dual cross
DNA nanostructure was disassembled and the aptamer left
the quencher, leading to a strong fluorescence emission at
specific wavelengths. The presented aptamer probes could
effectively reduce the interference of background signals
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and realize the multiple detections with high sensitivity and
selectivity.

Experimental section
Materials

All HPLC-purified DNA sequences were synthesized by
Shanghai Sangon. Detail sequences are given in Electronic
Supplementary Material Table S1. Aflatoxin B, (AFB,),
aflatoxin B, (AFB,), ochratoxin A (OTA), ochratoxin B
(OTB) and deoxynivalenol (DON) were purchased from
Sigma-Aldrich. Fumonisin B, (FB,) was provided by Acros
Organics. Magnesium chloride hexahydrate (MgCl,),
sodium chloride (NaCl) and hydrochloric acid (HCI) were
purchased from Tianjin Kemiou Chemical Reagent Co.,
Ltd. Tris(hydroxymethyl)aminomethane (Tris) and DL-
dithiothreitol (DTT) were obtained from Shanghai Mack-
lin Biochemical Co., Ltd. Ethylenediaminetetraacetic acid
(EDTA) was purchased from Luoyang Chemical Reagent
Factory. Agarose, ethidium bromide and DNA loading buffer
(6x) were provided by Beijing Solarbio Science & Technol-
ogy Co., Ltd. Wine and corn were obtained from a local
supermarket in Zhengzhou, China. All the chemicals were
of analytical grade, and all aqueous solutions were prepared
via ultra-pure water (18.2 MQ).

Preparation of dual cross DNA nanostructure

Before the experiment, all containers were sterilized, and the
DNA was dissolved using 20 mM Tris buffer solution. The
dual cross DNA nanostructure was prepared based on the
complementary pairing via the annealing process. Briefly,
4 pL of OTA-aptamer, AFB,-aptamer, C1, C2 and C3 at
a concentration of 10 pM were mixed in the polymerase
chain reaction (PCR) tube under shake stirring over 2 min.
The mixtures were put into the PCR instrument and heated
to 95 °C for 10 min. Then, the DNA was cooled to 4 °C at a
rate of 1 °C/min. The DNA nanostructure was characterized
using agarose gel electrophoresis (AGE) at 110 V for 40 min
(see Electronic Supplementary Material).

Simultaneous determination of OTA and AFB,

The analytical procedures of OTA and AFB, based on dual
cross DNA nanostructure are as follows: In a typical OTA
and AFB, detection experiment, the fluorescent aptasensor
(10 pL, 2 pM) was mixed with 10 pL. OTA and AFB, at dif-
ferent concentrations. The mixture was incubated at ambi-
ent temperature for 30 min and replenished to 200 pL by
Tris-HCl buffer solution. The final concentrations of OTA
and AFB, are given in Electronic Supplementary Material
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Table S2. The fluorescence was carried out by recording the
emission change at 670 nm and 570 nm using 635 nm (Cy5)
and 530 nm (Cy3) as the excitation wavelength (Hitachi
F-7100 fluorescence spectrophotometer with slits of 5 nm).
The quenching efficiencies of aptamer probes were calcu-
lated by (F'— F,)/F,, in which F, and F are the fluorescence
intensities of Cy5 or Cy3 in the absence and presence of tar-
get, respectively. The selectivity of this prepared fluorescent
aptasensor for OTA and AFB, was evaluated by monitor-
ing relative changes in fluorescence at 670 nm and 570 nm
in response to 50 ng/mL of other mycotoxins (FB;, DON,
AFB, and OTB) and their mixtures (OTA, OTB, AFB,,
AFB,, FB,| and DON). All experiments were conducted at
least three times.

OTA and AFB, detection in real samples

The corn and wine were pretreated for OTA and AFB, actual
detection in real samples [20]. Firstly, the corn was ground
into powder (1.0 g) and mixed with 1 mL. OTA and AFB,
solution (the concentrations of OTA and AFB, were 5 ng/
mL, 50 ng/mL, 500 ng/mL, respectively). After drying at
room temperature, extraction solvent (10 mL, methanol:
water, 7:3 [v/v]) was add into the mixture under shake stir-
ring over 30 min. The supernatant was centrifuged at 5000
rmp for 10 min and filtered by a 0.22-pm filter. Then, dif-
ferent concentrations of OTA and AFB, (0.5 ng/mL, 5 ng/
mL, 50 ng/mL) in corn samples were obtained. In addition,
5.0 mL wine was mixed with different concentrations of
OTA and AFB, solution and filtered by a 0.22-pm filter.
Different concentrations of OTA and AFB, (0.1 ng/mL,
1 ng/mL, 10 ng/mL) in wine samples were obtained. The
spiked sample can be used for real sample detection. The
contaminated feed (corn peanut meal) was also ground into
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powder (1.0 g). Then, extraction solvent was added under
shake stirring over 30 min. The supernatant was treated for
AFB, detection. All results were compared using HPLC.

Results and discussion
Design of the fluorescent aptasensors

The principle of the proposed fluorescent aptasensor is
shown in Scheme 1. The dual cross DNA nanostructure was
assembled from OTA aptamer, AFB, aptamer, C1, C2 and
C3 via annealing. The quencher BHQ?2 labeled on C1 can
complement C3 and C2, which provided a stable sensing
platform. The OTA aptamer labeled with Cy3 (OTA APT-
Cy3) was partially complementary to C1 (5’ terminal) and
C3 (3' terminal), resulting in a quenched fluorescence of Cy3
due to the fluorescence resonance energy transfer (FRET)
between Cy3 and BHQ?2. In the presence of OTA, OTA
APT-Cy3 binds with OTA preferentially due to the higher
affinity with OTA than ordinary DNA duplex, and the fluo-
rescence of Cy3 increases with the presence of OTA. Simi-
larly, the AFB, aptamer labeled with Cy5 (AFB; APT-Cy5)
was partially complementary to C1 (3’ terminal) and C3
(5' terminal), leading the fluorescence of Cy5 quenched by
BHQ?2. Upon addition of AFB, the fluorescence of Cy5 also
increased. Therefore, this “signal-on” fluorescent aptasensor
can realize simultaneous detection of OTA and AFB, and
effectively avoid background signal interference.

In addition, 3.0% agarose gel electrophoresis was
used to characterize the successful construction of this
aptasensor. As shown in Fig. 1, all DNA nanostructures
and strands can be displayed in the corresponding lane.
The assembled dual cross DNA nanostructure reveals
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Fig.1 The AGE characterization of the aptasensor (lane 1), OTA
aptamer (lane 2), AFB, aptamer (lane 3), C1 (lane 4), C2 (lane 5), C3
(lane 6). The concentrations of all ssDNA were 10 pM

the lowest migration in lane 1, demonstrating the suc-
cessful formation of the aptasensor. Owning to 36 bases,
OTA aptamer shows the fastest move in lane 2. The hair-
pin structure in AFB, aptamer provides an insertion site
for the dye, causing lane 3 to be bright. The quencher
BHQ?2 labeled on C1 and C3 causes lane 4 and lane 6 to
be very weak. Moreover, the central chain C2 (lane 5) has
the largest number of bases with the slowest migration in
all ssDNA. Therefore, the designed fluorescent aptasen-
sor was verified to be formed, which provided a stable
aptamer probe.
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Optimization of detection conditions

For optimal detection performance, the concentrations of
dual cross DNA nanostructure and pH were optimized. A
very low concentration of dual cross DNA nanostructure
gives a little signal enhancement. On the contrary, the back-
ground signal has strong interference in a high concentra-
tion of dual cross DNA nanostructure. As shown in Fig. 2A,
the changes in fluorescence (F — F,))/F, (F,, and F represent
the fluorescence intensity of the aptasensor system in the
absence and presence of target at 570 nm [Cy3] and 670 nm
[Cy5]) were recorded. The curves gradually increased and
tended to be stable with the rise of dual cross DNA nano-
structure concentrations. When the concentration was held
at 200 nM, the changes increased to its maximum indicating
the optimal aptasensor concentration. In addition, the dual
cross DNA nanostructure will disintegrate and overcome the
electrostatic interaction of the phosphate backbone under
acidic or alkaline conditions. The pH condition was opti-
mized and ranged from 7 to 9. It can be seen from Fig. 2B
that the fluorescence changes reached a maximum at pH 8.0
due to the weak charge repulsion of ssDNA. Therefore, the
fluorescent aptasensor has excellent detection performance
due to its stable structure under optimized conditions.

To investigate the feasibility of this fluorescent aptasen-
sor, the effect of OTA and AFB, on fluorescence was first
determined under optimized conditions. Figure 3A displays
weak fluorescence due to the FRET between BHQ2-Cy3
and Cy5, and almost unchanged fluorescence at 570 nm and
670 nm with the addition of a buffer solution without tar-
get. The fluorescence was enhanced twofold at 570 nm and
unchanged at 670 nm in the presence of OTA (Fig. 3B).
Similarly, the fluorescence was enhanced 3.3-fold at 670 nm
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Fig.2 A The changes in fluorescence before and after adding OTA (a) and AFB, (b) at different concentrations of aptasensor (100 nM, 150 nM,
200 nM, 250 nM, 300 nM). B The pH effect on fluorescence changes before and after adding OTA (a) and AFB; (b). [Copp =Cypg; =5 ng/mL]
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Fig. 3 Representative fluorescence spectra of the aptasensor system without target (A); only OTA (B); only AFB, (C); OTA and AFB1 both pre-
sent (D). The fluorescence spectra of aptasensor before (a) and after (b) target addition. [Cypp =Cypg; =5 ng/mL]

and unchanged at 570 nm in the presence of AFB, (Fig. 3C).
While both OTA and AFB, were present, the fluorescence of
aptasensor had a significant increase at 570 nm and 670 nm
owning to the separation of aptamer from the DNA nano-
structure by the target (Fig. 3D). These results indicated
that the proposed fluorescent aptasensor can be utilized for
simultaneous detection of OTA and AFB,.

Simultaneous detection of OTA and AFB, using
fluorescent aptasensors

OTA and AFB, are two highly toxic mycotoxins that can
be determined by fluorescent aptasensors. As depicted in
Fig. 4a, the fluorescence intensity at 570 nm was increased
with the concentrations of OTA ranging from 0.01 to 50 ng/
mL. An excellent linear response was obtained between
the logarithm of the OTA concentrations and (F — F))/F,

in which F;, and F are the emission intensities of Cy3 in
the absence and presence of OTA, respectively (Fig. 4b).
The corresponding linear equation was calculated to
be y=0.688x + 1.498, with a correlation coefficient of
R?=0.997. The limit of detection (LOD) was calculated
according to: L=3 X o/s, where L is the detection limit of
target, o is the standard deviation of blank, and s is the slope
of linear correction curve (based on International Union of
Pure and Applied Chemistry, [IUPAC). The LOD of OTA
was calculated to be 0.0058 ng/mL. The limit of quantitation
(LOQ) of OTA was determined to be 0.017 ng/mL. Moreo-
ver, the fluorescence intensity of aptasensors at 670 nm was
increased with the presence of AFB, (Fig. 4c). The varia-
tion curve of (F— F)/F, was obtained with the increasing
of AFB, ranging from 0.05 to 100 ng/mL. The linear equa-
tion is expressed as follows: y=1.089x +1.593, R>=0.998
(Fig. 4d). The corresponding LOD was calculated to be
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Fig.4 Representative fluorescence emission spectra of the aptasen-
sor at different concentrations of OTA (0.01-50 ng/mL) (a) and AFB,
(0.05-100 ng/mL) (c). The corresponding calibration plot of relative

0.046 ng/mL (S/N=3). The LOQ of AFB, was determined
to be 0.138 ng/mL. To further highlight the performance
of this fluorescent aptasensor, a comparison of different
analytical methods for OTA and AFB, is summarized in
Table 1. Our proposed fluorescent aptasensor assay system
can realize simultaneous detection of OTA and AFB,; with
a wider detection range and lower LOD as compared with
other analytical methods.

Furthermore, the selectivity of the aptasensor was also
evaluated via comparing the fluorescence changes toward
different mycotoxins under the same test conditions. Fig-
ure 5 shows that the fluorescence scarcely changed in the
presence of control mycotoxins, compared to the significant
increase of OTA or AFB, at lower concentrations. Moreo-
ver, similar changes in fluorescence between the target and
the mixture indicate that OTA and AFB, do not interact
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fluorescence intensity toward OTA (b) and AFB, (d) concentrations.
Inset: The linear relationship of relative fluorescence intensity toward
the logarithm of OTA and AFB, concentration

with each other. This is mainly ascribed to the high affin-
ity between the aptamer and its target. All of these results
demonstrate that the fluorescent aptasensors have a great
potential for the simultaneous determination of OTA and
AFB in food products.

Practical detections for OTA and AFB,

For practical application, this fluorescent aptasensor was
applied to determine the concentrations of OTA and AFB,
in corn and wine samples. According to the linear equa-
tion, the concentrations of OTA and AFB, were found to
be close to the spiked amount. The recovery test was calcu-
lated by comparing the known amount and found amount,
and the recoveries of OTA and AFB, ranged from 97.2%
to 101.8% and 95.8% to 107.8% in the corn samples and
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T?ble 14 comp arison of Mycotoxins ~ Method Detection LOD (ng/mL)  Recovery (%)  Ref.
different ar.laly.tlcal methods for range (ng/mL)
the determination of OTA and
AFB, OTA ELISA 0.0125-8 0.01032 93-103 [21]
Liquid chromatography =~ 0.25-8 0.07 - [22]
Electrochemistry 0.1-6.4 0.1 92.1-94.12 [23]
Electrochemistry 0.06-72.5 0.04 92.5-96 [24]
Colorimetric 0.05-2.0 0.023 98.5-106.1 [25]
Colorimetric 32-1024 20 100.8-112.5 [26]
Fluorescence 0.05-100 0.01 92.1-105 [27]
Fluorescence 0.40-20 0.08 96.1-107.5 [28]
Fluorescence 0.01-50 0.0058 97.2-101.8 This work
AFB, ELISA 0.24-2.21 0.13 84.2-116.2 [29]
Liquid chromatography ~ 0.05-2 0.108 84.4-101.1 [30]
Electrochemistry 0.05-6 0.05 - [31]
Colorimetric 0.1-100 0.1 84-89 [32]
Fluorescence 1-30 0.19 92.5-108.0 [33]
Fluorescence 0.50-50 0.13 89.7-94.7 [34]
Fluorescence 0.05-100 0.046 95.8-107.8 This work
(A) (B)
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Fig.5 Selectivity analysis of the fluorescent aptasensor system for OTA (a) and AFB, (b). The mix contains OTA, OTB, AFB,, AFB,, FB, and

DON. [Cora =Cpppi =5 ng/mL; Cgp; = Cpppy = Corp=Cpon =50 ng/mL]

from 98.5% to 107.2% and 99.1% to 101.5% in the wine
samples, respectively (Table 2). The recoveries are further
compared with different analytical methods in Table 1. The
certified reference material in feed (corn peanut meal) was
also detected using HPLC and the fluorescent aptasensor.
The AFB, in contaminated feed was found to be 18.59 ng/
mL using HPLC, and that via the aptasensor was 20.37 ng/
mL. These results indicated that the fluorescent aptasensor
assay system has obvious advantages over other methods
and it can be used as an alternative method for practical
application in OTA and AFB, detection.

Conclusions

In summary, a fluorescent aptasensor was successfully
developed based on the dual cross DNA nanostructure
modified with Cy3 and Cy5 for the simultaneous detection
of OTA and AFB,. The stable dual cross DNA nanostruc-
ture was assembled from OTA APT-Cy3, AFB,; APT-CyS5,
Cl1, C2 and C3, which provided an assay platform with
weak fluorescence. The fluorescence of this aptasensor
will be enhanced in the presence of OTA and AFB, due
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Table 2 Determi.nati.on and Sample Mycotoxins Spiked amount Measured by Found amount Recovery (%) RSD (%)
recovery détermlnatlon Qf OTA (ng/mL) HPLC (ng/mL)
and AFB, in corn and wine (ng/mL)
samples by the fluorescent
aptasensor (n=3) Corn OTA 0 ND ND - -
0.5 0.48 0.51 101.8 4.01
5 497 4.86 97.2 2.23
50 50.47 49.62 99.2 1.13
AFB, 0 ND ND - -
0.5 0.51 0.53 107.8 6.63
5 5.13 4.79 95.8 5.33
50 49.29 50.88 101.8 1.37
Wine OTA 0 ND ND - -
0.1 0.093 0.11 107.2 8.39
1 1.02 1.03 103.2 7.89
10 10.17 9.85 98.5 6.10
AFB, 0 ND ND - -
0.1 0.097 0.10 99.1 6.02
1 1.03 0.99 99.5 4.04
10 10.2 10.14 101.5 6.31
Feed AFB, 0 18.59 20.37 - 8.64

ND: Not detected

to the higher affinity of the aptamer for its target, which
results in the aptamer detaching from the DNA nano-
structure. This “signal-on” fluorescent aptasensor assay
system exhibited sensitive and selective OTA and AFB,
assay and could realize their simultaneous detection. Fur-
ther, an adequate determination of OTA and AFB, in corn,
wine and feed samples confirmed the applicability of this
strategy. The rational design of this fluorescent aptasensor
presents a promising method to simultaneously detect mul-
tiple mycotoxins and promotes the application of aptamer
in sensors.
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tary material available at https://doi.org/10.1007/s00216-021-03723-8.
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