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Abstract: In this work, a novel electrochemical aptasensor for the detection of ochratoxin A (OTA)
was developed using a three-dimensionally ordered macroporous (3DOM) reduced graphene oxide–
Au nanoparticles–molybdenum disulfide (RGO-AuNPs-MoS2) composite material as the sensing
interface and Au nanoparticles–carbon-coated ferroferric oxide (AuNPs-Fe3O4@C) composite as the
signal amplifier. The 3DOM RGO-AuNPs-MoS2 composite exhibited excellent conductivity and
catalytic activity. The 3DOM RGO-AuNPs-MoS2 film was electrodeposited onto the Au electrode
surface to immobilize DNA capture probe (CP), which was then hybridized with DNA helper strands
(HS) and OTA aptamer (OPT) to form a Y-shaped structure. In the presence of OTA, the OPT was
released from the electrode and then combined with AuNPs-Fe3O4@C containing the signal DNA1-
metheylene blue (S1-MB) and DNA2-metheylene blue (S2-MB). The current response coming from
MB was proportional with the OTA concentration. Under optimal conditions, the linear range of the
aptasensor was 1 fg/mL to 0.1 µg/mL, with a detection limit as low as 0.56 fg/mL. The aptasensor
was also used to detect OTA in rice and wheat samples, and the results were in agreement with those
obtained by liquid chromatography-mass spectrometry (HPLC-MS).

Keywords: aptasensor; ochratoxin A; three dimensionally ordered microporous; MoS2; RGO

1. Introduction

Ochratoxins (OT) are toxic secondary metabolites produced by the fungi of the genera
Aspergillus and Penicillium, comprising seven structurally similar compounds [1]. Among
them, Ochratoxin A (OTA) is the most toxic and closely related to human health [2,3]. OTA
was classified as a Group 2B carcinogen by the international agency for research on cancer
(IARC) [4]. OTA is often detected in food, including wheat, corn, coffee, spices, beer, grapes,
and animal meat products [5,6], posing a great threat to human health. As OTA cannot be
completely removed from food, countries around the world have set limits on the amount
of OTA found in food to reduce its adverse effects on human health. The European Union
has set limits of 5, 10, and 2 µg/kg for OTA in unprocessed cereals, dried fruits, and grape
juice, respectively (EU NO.519/2012), while China has set limits of 5, 5, and 2 µg/kg for
OTA in cereals, beans, and wine, respectively (GB 2761-2017). Due to the low levels of OTA
detected and the wide range of products tested, there is an increased need for efficient,
easy-to-operate, and highly sensitive detection methods.

Traditional methods for detecting OTA include high-performance liquid chromatogra-
phy (HPLC) [7], HPLC-tandem mass spectrometry (HPLC-MS) [8], liquid chromatography-
fluorescence detection (LC-FLD) [9], and enzyme-linked immunosorbent assay (ELISA) [10].
Although these methods have high sensitivity, they have high equipment requirements,
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involve tedious sample preparation, and require a high level of professional knowledge for
experimental personnel. In recent years, researchers have increasingly turned to the use of
electrochemical methods to detect OTA due to the advantages of simple equipment, ease of
use, and high sensitivity. Qiu et al. constructed a highly sensitive electrochemical DNA
sensor for OTA detection based on aptamer and hybrid chain reaction, with a detection limit
of 2 pg/mL for OTA [11]. Yang et al. used MOFs to develop an electrochemical aptamer
sensor with a detection limit of 10 pg/mL for OTA [12]. Although electrochemical methods
have achieved high sensitivity for OTA, the complexity of actual samples has placed higher
demands on the stability and sensitivity of electrochemical detection methods.

Nanomaterials have excellent properties and offer new ideas for the construction of
electrode interface materials. Graphene and molybdenum disulfide (MoS2) have been
hotspots in recent years due to their large specific surface area, good conductivity, and
excellent electrocatalytic performance and have been widely used in the field of electro-
chemical biosensors [13–19]. Gold nanoparticles (AuNPs) have good biocompatibility
and can bind stably to thiol-modified DNA, making them widely used in electrochemical
biosensors [20–22]. Recent studies have shown that nanocomposites not only retain their
unique properties but also achieve new properties through synergistic effects between
different materials, such as AuNPs/graphene oxide (GO) composite [23], AuNPs/MoS2
composite [24], and GO/MoS2 composite [25]. Therefore, composite materials are also
widely used in the construction of electrochemical biosensors.

In this work, we employed a dual amplification strategy involving the preparation
of a three-dimensionally ordered macroporous (3DOM) RGO-AuNPs-MoS2 electrode as a
carrier for immobilizing DNA and an AuNPs-Fe3O4@C combined with MB-modified DNA
as a signal probe to achieve ultra-sensitive detection of OTA. The 3DOM RGO-AuNPs-MoS2
film has a larger specific surface area and excellent catalytic activity, accelerating electron
transfer, extending the linear range, and reducing the signal response time. The Y-shaped
DNA structure formed during the sensor construction process is highly ordered and stable,
making the sensor more stable. The AuNPs-Fe3O4@C can fix more MB-modified DNA
through Au–S bonds, and the two types of MB-modified DNA were fixed to the electrode
surface through complementarity, further enhancing the response current of MB. Therefore,
a newly fabricated OTA aptasensor was constructed, which could also be applied for the
detection of OTA in real rice and wheat powder samples.

2. Results and Discussion
2.1. Characterization of 3DOM RGO-AuNPs-MoS2 Modified Electrode

In order to investigate the electrochemical properties of the 3DOM RGO-AuNPs-MoS2
electrode fabrication process, Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were used for electrochemical characterization. Figure 1A shows the
CV curves of different modified electrodes, where curves a, b, c, and d correspond to
the bare electrode, 3DOM RGO, 3DOM RGO-AuNPs, and 3DOM RGO-AuNPs-MoS2,
respectively. It can be seen from the figure that the peak current corresponding to 3DOM
RGO is higher than that of the bare electrode, which is due to the deposition of RGO on the
electrode surface, and RGO has good conductivity, promoting electron transfer. Similarly,
AuNPs also have good conductivity, so the peak current of 3DOM RGO-AuNPs obtained
by co-deposition is further increased. When 3DOM RGO-AuNPs-MoS2 is obtained, the
corresponding peak current reaches the maximum, indicating that 3DOM RGO-AuNPs-
MoS2 has better conductivity than 3DOM RGO-AuNPs, which is the synergistic effect
of RGO, AuNPs, and MoS2. After the electrode was modified with 3DOM RGO, 3DOM
RGO-AuNPs, and 3DOM RGO-AuNPs-MoS2, the differences between the oxidation peak
potential and the reduction peak potential decreased by 0.074 V, 0.171 V, and 0.235 V,
respectively, compared to the bare electrode. This observation strongly suggests that RGO,
AuNPs, and MoS2 all exhibit electrocatalytic activity towards [Fe(CN)6]3−/4−. According
to Randled–Sevcik Formula (1) [26]:
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ip = 2.69 × 105n3/2AD1/2ν1/2C (1)

where ip represents the peak current, n represents the number of electron transfers in the
electrochemical process (n = 1), D is the diffusion coefficient equal to 6.7 × 10−6 cm2/s, ν is
the scan rate equal to 0.1 V/s, C is the electrolyte concentration, and A is the electroactive
area. The electroactive areas of various electrodes were calculated, which are 0.142 cm2,
0.159 cm2, 0.189 cm2, and 0.220 cm2 for bare electrode, 3DOM RGO-modified electrode,
3DOM RGO-AuNPs-modified electrode, and 3DOM RGO-AuNPs-MoS2-modified elec-
trode, respectively. Compared with 3DOM RGO and 3DOM RGO-AuNPs, the electroactive
area of the 3DOM RGO-AuNPs-MoS2 electrode is increased by 1.384-fold and 1.164-fold,
respectively.
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Figure 1. CVs (A) and EIS (B) at different electrodes: (a) bare electrode, (b) 3DOM RGO–modified
electrode, (c) 3DOM RGO-AuNPs–modified electrode and (d) 3DOM RGO-AuNPs-MoS2–modified
electrode. SEM image of 3DOM RGO-AuNPs-MoS2 (C). (D) The EDS spectra of 3DOM RGO-AuNPs-
MoS2.

The EIS of the different electrodes is shown in Figure 1B. The interfacial charge-
transfer resistance (Rct) values of the bare electrode (curve a) and the 3DOM RGO-modified
electrode (curve b) are 251 and 174 Ω, respectively, indicating that the RGO modification on
the electrode surface promotes electron transfer due to the excellent conductivity of RGO.
Curve c corresponds to the EIS of the 3DOM RGO-AuNPs-modified electrode, with an Rct
value of 82 Ω, indicating that the conductivity of the 3DOM RGO-AuNPs film is further
enhanced. The EIS of the 3DOM RGO-AuNPs-MoS2-modified electrode (curve d) is almost
a straight line, with an Rct value of 33 Ω, indicating that the electron transfer rate is the
fastest among all the modified electrodes. Therefore, the EIS characterization results are in
agreement with the CV results.
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In order to confirm the successful preparation of the 3DOM RGO-AuNPs-MoS2 elec-
trode, it was also characterized by SEM and EDS. As shown in Figure 1C, a clear porous
structure was observed with a pore size of approximately 430 nm, which is almost equal
to the diameter of the silicon sphere. Meanwhile, the pore wall is a composite of RGO-
AuNPs-MoS2, and the pore bottom is an open gold surface. This indicates that the obtained
porous structure has a large pore volume, which facilitates the loading of more DNA,
thereby achieving optimal performance of the 3DOM RGO-AuNPs-MoS2 electrode. In
addition, Figure 1D shows the EDS spectrum, which confirmed that the atomic ratio of
Mo and S was 1:2 and the elemental composition of the 3DOM RGO-AuNPs-MoS2 film
was Mo, S, Au, C, and O. These results confirm that we successfully prepared the 3DOM
RGO-AuNPs-MoS2 film.

2.2. Characterization of AuNPs-Fe3O4@C

The morphology of synthesized Fe3O4@C and AuNPs-Fe3O4@C was characterized
by TEM. Figure 2A shows the TEM image of Fe3O4@C, revealing a black spherical core
with an average diameter of about 230 nm and a gray shell with an average thickness of
approximately 50 nm, indicating the successful synthesis of core-shell structured Fe3O4@C.
The TEM image of AuNPs-Fe3O4@C is shown in Figure 2B, where uniformly sized AuNPs
with an average diameter of about 13.7 nm are evenly distributed on the surface of Fe3O4@C.
This is attributed to the negatively charged AuNPs being adsorbed onto the positively
charged PDDA-modified Fe3O4@C surface through electrostatic interactions.

Catalysts 2023, 13, x  4 of 13 
 

 

Figure 1. CVs (A) and EIS (B) at different electrodes: (a) bare electrode, (b) 3DOM RGO–modified 
electrode, (c) 3DOM RGO-AuNPs–modified electrode and (d) 3DOM RGO-AuNPs-MoS2–modified 
electrode. SEM image of 3DOM RGO-AuNPs-MoS2 (C). (D) The EDS spectra of 3DOM RGO-AuNPs-
MoS2. 

In order to confirm the successful preparation of the 3DOM RGO-AuNPs-MoS2 elec-
trode, it was also characterized by SEM and EDS. As shown in Figure 1C, a clear porous 
structure was observed with a pore size of approximately 430 nm, which is almost equal 
to the diameter of the silicon sphere. Meanwhile, the pore wall is a composite of RGO-
AuNPs-MoS2, and the pore bottom is an open gold surface. This indicates that the obtained 
porous structure has a large pore volume, which facilitates the loading of more DNA, 
thereby achieving optimal performance of the 3DOM RGO-AuNPs-MoS2 electrode. In ad-
dition, Figure 1D shows the EDS spectrum, which confirmed that the atomic ratio of Mo 
and S was 1:2 and the elemental composition of the 3DOM RGO-AuNPs-MoS2 film was 
Mo, S, Au, C, and O. These results confirm that we successfully prepared the 3DOM RGO-
AuNPs-MoS2 film. 

2.2. Characterization of AuNPs-Fe3O4@C 
The morphology of synthesized Fe3O4@C and AuNPs-Fe3O4@C was characterized by 

TEM. Figure 2A shows the TEM image of Fe3O4@C, revealing a black spherical core with 
an average diameter of about 230 nm and a gray shell with an average thickness of ap-
proximately 50 nm, indicating the successful synthesis of core-shell structured Fe3O4@C. 
The TEM image of AuNPs-Fe3O4@C is shown in Figure 2B, where uniformly sized AuNPs 
with an average diameter of about 13.7 nm are evenly distributed on the surface of 
Fe3O4@C. This is attributed to the negatively charged AuNPs being adsorbed onto the pos-
itively charged PDDA-modified Fe3O4@C surface through electrostatic interactions. 

 
Figure 2. TEM images of Fe3O4@C (A) and AuNPs-Fe3O4@C (B). 

2.3. Electrochemical Characterization of the OTA Aptasensor 
The construction process of the OTA aptasensor was investigated by CV and EIS. 

Figure 3A shows the CV curves obtained after different modification steps, where curve a 
represents the CV of the 3DOM RGO-AuNPs-MoS2 electrode. After the surface modifica-
tion of the 3DOM RGO-AuNPs-MoS2 electrode with CP, the peak current of the redox 
reaction decreased significantly, and the peak potential difference increased (curve b). 
This is due to the negatively charged phosphate groups on the oligonucleotides hindering 
the approach of [Fe(CN)6]3−/4− to the electrode and the thiol groups on the electrode surface 
hindering the transfer of electrons, indicating the successful immobilization of CP on the 
electrode surface. Subsequently, the non-specific binding sites were blocked by MCH, and 
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2.3. Electrochemical Characterization of the OTA Aptasensor

The construction process of the OTA aptasensor was investigated by CV and EIS.
Figure 3A shows the CV curves obtained after different modification steps, where curve a
represents the CV of the 3DOM RGO-AuNPs-MoS2 electrode. After the surface modification
of the 3DOM RGO-AuNPs-MoS2 electrode with CP, the peak current of the redox reaction
decreased significantly, and the peak potential difference increased (curve b). This is
due to the negatively charged phosphate groups on the oligonucleotides hindering the
approach of [Fe(CN)6]3−/4− to the electrode and the thiol groups on the electrode surface
hindering the transfer of electrons, indicating the successful immobilization of CP on the
electrode surface. Subsequently, the non-specific binding sites were blocked by MCH,
and the non-specific binding sites were passivated, resulting in a further decrease in the
peak current of the redox reaction (curve c). After the hybridization with HS, HS was
immobilized on the electrode surface by complementary base pairing, leading to a further
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decrease in the peak current of the redox reaction (curve d). Finally, after the hybridization
with OPT, the peak current of the redox reaction decreased to the lowest value, indicating
the successful immobilization of OPT on the electrode surface. Meanwhile, the electrode
modification process was also characterized by EIS, and the result is shown in Figure 3B.
The Rct values of the 3DOM RGO-AuNPs-MoS2 electrode, CP/3DOM RGO-AuNPs-MoS2
electrode, MCH/CP/3DOM RGO-AuNPs-MoS2 electrode, HS/MCH/CP/3DOM RGO-
AuNPs-MoS2 electrode, and OPT/HS/MCH/CP/3DOM RGO-AuNPs-MoS2 electrode
were 33 Ω (curve a), 748 Ω (curve b), 1034 Ω (curve c), 1677 Ω (curve d), and 1973 Ω
(curve e), respectively, indicating that the OTA aptasensor was successfully constructed.
Furthermore, the coverage (θ) of CP on the electrode surface was calculated using the
following formula: θ = 1 − (Rct(a)/Rct(b)) × 100%, where Rct(a) and Rct(b) are the Rct
values of the 3DOM RGO-AuNPs-MoS2 electrode and the CP/3DOM RGO-AuNPs-MoS2
electrode, respectively. The calculated θ value was 95.6%, exhibiting a relatively high
coverage of CP.
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2.4. Signal Amplification Using the Y-Shaped DNA Structure and the Signal Amplification Effect
of AuNPs-Fe3O4@C Nanoprobes

The performance of the electrochemical aptasensor can be enhanced through signal
amplification. In this study, it was achieved using a Y-shaped DNA structure and AuNPs-
Fe3O4@C nanocomposites (Figure 4). In order to validate the amplification effect, three
situations were designed: (1) signal probes were S1/AuNPs and S2/AuNPs; (2) signal
probes were only S1/AuNPs-Fe3O4@C; and (3) signal probes were S1/AuNPs-Fe3O4@C
and S2/AuNPs-Fe3O4@C. As shown in Figure 4, the aptasensor shows a significant current
response to MB, indicating that 3DOM RGO-AuNPs-MoS2 has electrocatalytic activity
towards MB. When the signal probe was S1/AuNPs-Fe3O4@C (blue curve), the response
current of MB was larger than the signal probes of S1/AuNPs and S2/AuNPs (black curve),
increasing from 3.26 to 4.65 Ma (Figure 4A). It can be seen from the Figure 4B that when
the signal probes were S1/AuNPs-Fe3O4@C and S2/AuNPs-Fe3O4@C (red curve), the
response current of MB was the highest at 6.22 µA. This indicates that the performance
of the aptasensor was significantly improved by the introduction of the Y-shaped DNA
structure and the application of AuNPs-Fe3O4@C nanocomposites.
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2.5. Optimization of Experimental Conditions

In order to achieve optimal performance of the OTA aptasensor, it is essential to
optimize the experimental conditions. This study mainly investigates the effects of factors
such as the amount of CP, the hybridization time of CP and HS, the reaction time of OTA
and OPT, and the reaction temperature of OTA and OPT.

2.5.1. Amount of CP

The amount of CP immobilized on the electrode affects the hybridization of HS and
OPT, which in turn determines the ability to capture OTA, thereby affecting the performance
of the aptasensor. The concentration of CP used in the experimental process was 10 µM. As
shown in Figure 5A, as the amount of CP increased from 4 to 10 µL, the response current of
the electrode to [Fe(CN)6]3−/4− gradually decreased, and when the amount was further
increased, the current response remained basically unchanged. Therefore, in order to save
costs, 10 µL was determined as the optimal amount of CP.

2.5.2. Hybridization Time between CP and HS

The amount of HS bound to the electrode is closely related to the hybridization time
of CP and HS. Specifically, 10 µL of 10 µM HS was drop-coated onto the CP-modified
electrode surface, and the electrode was incubated at 37 ◦C for 1.0 h, 1.5 h, 2.0 h, 2.5 h, and
3.0 h, respectively, to observe the changes in response current. As shown in Figure 5B, as
the hybridization time of CP and HS increased from 1.0 to 2.0 h, the response current of the
electrode to [Fe(CN)6]3−/4− gradually decreased. However, when the hybridization time
was further extended, the current response remained essentially unchanged. Therefore,
in order to improve the experimental efficiency, 2.0 h was determined as the optimum
hybridization time for CP and HS.

2.5.3. Reaction Time of OPT with OTA

The OTA and OPT reactions require a certain amount of time, and the reaction time
varies with different concentrations of OTA. In order to obtain the best effect, the OTA
concentrations of 1 pg/mL, 0.01 ng/mL, and 0.1 ng/mL were used in optimization experi-
ments. As shown in Figure 5C. it can be observed that the optimal reaction times are 30 min,
30 min, and 40 min when the OTA concentrations are 1 pg/mL (curve a), 0.01 ng/mL
(curve b), and 0.1 ng/mL (curve c), respectively. Therefore, 40 min was selected as the
optimal reaction time for OTA and OPT to ensure better results.
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2.5.4. Reaction Temperature of OPT with OTA

The effect of temperature on a reaction is absolute. A low temperature leads to a slower
reaction, while an increase in temperature can accelerate the reaction due to the fact that
the diffusion phenomenon increases as the temperature rises. However, excessively high
temperatures can affect the structure of the substance and thus disrupt the reaction. In this
study, the concentration of OTA was set at 0.01 ng/mL for the temperature optimization
experiments. As shown in Figure 5D, the response current of the electrode to MB also
increases with increasing temperature. The response current reaches its maximum at 37 ◦C
and gradually decreases as the temperature rises. This is because the internal base pair
conformations of DNA are highly temperature dependent, particularly in the stretching
and opening degrees of freedom; then, the excessively high temperature destroys the DNA
double helix structure, causing HS to fall off the electrode and thus reducing the response
current [27]. Therefore, 37 ◦C was selected as the optimal temperature for the reaction
between OTA and OPT.
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2.6. Amperometric Determination of OTA with Aptasensor

The DPV response of different concentrations of OTA under optimal conditions is
shown in Figure 6A. The response current increases with the increase of OTA concentration
within a certain range. Under the excellent electrocatalytic performance of 3DOM RGO-
AuNPs-MoS2 towards MB, Figure 6B shows a linear relationship between the change in
peak current (∆ip = ip − i0, where i0 represents the response current without OTA) and
the logarithm of OTA concentration, resulting in a linear detection range of 1 fg/mL to
0.1 µg/mL and a detection limit of 0.56 fg/mL (S/N = 3) [28]. The linear regression equation
is ∆ip = (0.561 ± 0.022)lgCOTA + (9.655 ± 0.252) (n = 5), with a correlation coefficient of
0.9967. The linear range and detection limit of this OTA aptasensor were compared with
those of other reported sensors, as shown in Table 1, and the results indicated that our work
outperformed previous studies. This excellent performance is attributed to the AuNPs-
Fe3O4@C nanocomposite, which binds more MB and enhances the DPV response current.
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Figure 6. (A) Typical DPV curves of the developed aptasensor with different concentrations of OTA:
(a) 0, (b) 1 fg/mL, (c) 0.01 pg/mL, (d) 0.1 pg/mL, (e) 1 pg/mL, (f) 0.01 ng/mL, (g) 0.1 ng/mL,
(h) 1 ng/mL, (i) 0.01 µg/mL, and (j) 0.1 µg/mL. (B) The linear relationship between the DPV peak
current change and the logarithm of the concentrations of OTA.

Table 1. Comparison of OTA detection with other aptasensors.

Technique Linear Range LOD References

SERS 0.01–50 ng/mL 0.004 ng/mL [29]
Chemiluminescence 0.001–1 ng/mL 1 pg/mL [30]

EIS 0.125–2.5 ng/mL 0.125 ng/mL [31]
Fluorescence 8–1000 ng/mL 4.7 ng/mL [32]
Colorimetric 0.05–2 ng/mL 0.023 ng/mL [33]

LRET 0.05–100 ng/mL 27 pg/mL [34]
SPR 0.2–40 ng/mL 5 pg/mL [4]
DPV 1 × 10−6–100 ng/mL 0.56 fg/mL This work

2.7. Specificity, Reproducibility, Regenerability, and Stability of the OTA Aptasensor

The specificity of a sensor is one of the important indicators for measuring its perfor-
mance. In order to investigate the specificity of the aptasensor for OTA, other mycotoxins
including aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin M1 (AFM1), and zearalenone
(ZEN) were also detected by the aptasensor at a concentration of 0.01 ng/mL. As shown
in Figure 7A, the aptasensor produced a significant electrochemical signal for OTA, while
there was no significant change for the other mycotoxins, indicating that it has a strong
anti-interference ability. To further investigate the reproducibility of the aptasensor, five
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different electrodes were prepared for the determination of OTA, and one electrode was
selected to detect AFB1 for five consecutive times. The RSD of the detection results were
5.7% and 3.8%, respectively, indicating that the aptasensor has good reproducibility. The
regenerability of the aptasensor is another extremely important feature that can reduce
experimental costs. DNA was involved in the construction process of the aptasensor, and
the double helix structure of DNA can be denatured at a certain temperature; thus, the
sensor can be regenerated by raising the temperature. The aptasensor was placed in 80 ◦C
hot water for 3 min to obtain a regenerated sensor. The experimental results showed that
the sensor maintained good hybridization performance after five regenerations, as shown
in Figure 7B, indicating that the sensor has good regenerability. Finally, the stability of the
aptasensor was also investigated by storing it at 4 ◦C for 4 weeks and testing it weekly, and
at room temperature for 72 h and testing it every 12 h. With the addition of 0.01 ng/mL
OTA, the response current did not decrease significantly and remained at 89.3% and 86.4%,
respectively. This is because the Y-shaped DNA structure has good structural stability,
which can improve the stability of the aptasensor.
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2.8. Real Sample Detection

The concentration of OTA in the extract of rice and wheat powder was determined
using the standard addition method, and the results are presented in Table 2. The results
show that the detection results of the aptasensor are in good agreement with those of the
commercial HPLC-MS method, with the relative error (RE) ranging from −2.2% to +1.7%
and from −3.3% to +2.4%, respectively, suggesting the potential practical application of the
developed OTA aptasensor.

Table 2. Determination of OTA in rice and wheat samples by the proposed aptasensor and HPLC-MS.

Sample No. Added
(ng/mL)

HPLC-MS
(ng/mL) a

Proposed Aptasensor
(ng/mL) a

RE
(%)

1 0.8 0.783 0.796 +1.7
Rice 2 10 9.907 9.632 −2.8

3 20 20.205 19.766 −2.2
1 0.8 0.813 0.786 −3.3

Wheat powder 2 10 9.725 9.893 +1.7
3 20 19.797 20.282 +2.4

a Average of three measurements.
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3. Materials and Methods
3.1. Fabrication of the 3DOM RGO-AuNPs-MoS2 Film

In this study, a three-dimensional SiO2 nanosphere array was prepared using the
method previously reported by our group [35]. The array was then immersed in a 0.1 M
KCl (Linfeng Chemical Reagent Co., Ltd., Shanghai, China) solution containing 1.0 mg/mL
GO (Hengqiu Co., Ltd., Suzhou, China), 0.2 mM HAuCl4·4H2O (Chemical Reagent Co.,
Ltd., Nanjing, China), and 5 mM (NH4)2MoS4 (Sigma Chemical Co., Ltd., St. Louis, MO,
USA) for 5 min. Then, the deposition process was carried out by controlling the deposition
charge to 20 mC and applying a voltage range of −1.4 V to 0.6 V at a rate of 20 mV/s, while
N2 was used to prevent interference from oxygen. After the co-deposition of RGO, AuNPs,
and MoS2, a 3-dimensional ordered macroporous (3DOM) RGO-AuNPs-MoS2 film was
obtained by treating the sample with a 5% HF solution (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China) for 2 min to dissolve the template.

3.2. Fabrication of the OTA Aptasensor

The construction process of the OTA aptasensor is shown in Scheme 1. Sequence
information for all oligonucleotides is provided in Table S1. Firstly, the obtained 3DOM
RGO-AuNPs-MoS2 electrode was electrochemically cleaned in 0.5 M H2SO4, and CV
scanning was performed at a rate of 100 mV/s in the potential range of 0–1.6 V until
repeatable CV curves (Chenhua Instrument Company, Shanghai, China) were obtained.
Then, 10 µL of 10 µM DNA capture probe (CP) was dropped onto the surface of the 3DOM
RGO-AuNPs-MoS2 electrode, incubated overnight at 37 ◦C, washed with PBS to remove
residual CP, and further treated with 2 mM MCH for 2 h to block unbound active sites.
Subsequently, 10 µL of 10 µM DNA helper strands (HS) and 10 µL of 10 µM OTA aptamer
(OPT) were dropped onto the electrode surface, incubated at 37 ◦C for 2.0 h, and washed
with PBS. Different concentrations of OTA (1 fg/mL–0.1 µg/mL) were then dropped onto
the electrode surface, reacted at 37 ◦C for 40 min, and washed with PBS. Finally, 10 µL of
S1/AuNPs-Fe3O4@C and 10 µL of S2/AuNPs-Fe3O4@C were dropped onto the electrode
surface, incubated at 37 ◦C for 2.0 h, and then washed with PBS for DPV detection. In the
absence of OTA, no response current was obtained, and as the OTA concentration increased,
the response current also increased.
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4. Conclusions

In this study, a 3DOM RGO-AuNPs-MoS2 electrode was successfully prepared as an
interface for DNA immobilization, and AuNPs-Fe3O4@C composite was synthesized to
fix MB for the signal probe, which was used to construct an electrochemical biosensor for
OTA detection by combining with an OTA aptamer for specific recognition. The good
conductivity of RGO and AuNPs enhanced the electron transfer on the electrode surface,
and the large specific surface area of the 3DOM RGO-AuNPs-MoS2 structure increased the
DNA loading capacity, while the AuNPs-Fe3O4@C composite could fix more MB than a
single substance, and the 3DOM RGO-AuNPs-MoS2 exhibited excellent catalytic activity
towards MB, thus improving the performance of the aptasensor. In addition, the Y-shaped
structure improved the stability of the OTA aptasensor. The detection limit of the sensor
for OTA reached 0.56 fg/mL, and it was applied to detect OTA in rice and wheat powder
samples, with results in agreement with the commercial HPLC-MS method. This sensor
established a platform for the detection of mycotoxins, and by changing the aptamer for
mycotoxins, more aptasensors of the same type could be developed for the detection of
other mycotoxins.

Supplementary Materials: The following supporting information can be downloaded at: https:
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