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Abstract: Patulin (PAT), a type of mycotoxin existing in foodstuffs, is harmful to food safety and
human health. Thus, it is necessary to develop sensitive, selective and reliable analytical methods for
PAT detection. In this study, a sensitive aptasensor based on a dual-signaling strategy was fabricated,
in which a methylene-blue-labeled aptamer and ferrocene monocarboxylic acid in the electrolyte
acted as a dual signal, for monitoring PAT. To improve the sensitivity of the aptasensor, an in-plane
gold nanoparticles-black phosphorus heterostructure (AuNPs-BPNS) was synthesized for signal
amplification. Due to the combination of AuNPs-BPNS nanocomposites and the dual-signaling
strategy, the proposed aptasensor has a good analytical performance for PAT detection with the
broad linear range of 0.1 nM-100.0 pM and the low detection limit of 0.043 nM. Moreover, the
aptasensor was successfully employed for real sample detection, such as apple, pear and tomato. It is
expected that BPNS-based nanomaterials hold great promise for developing novel aptasensors and
may provide a sensing platform for food safety monitoring.
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1. Introduction

Patulin (a polyketide lactone 4-hydroxy-4H-furo(3,2c) pyran-2(6H)-one, PAT) belongs
to a class of toxic compounds known as mycotoxins and is a common contaminant in
food and feed. It is a toxic metabolite of at least 60 different species of fungi, such as
Penicillium expansum (P. leucopus), P. patulum (P. urticae, P. griseofulvum), P. crustosum and
A. clavatus [1]. Therefore, humans are likely to be exposed to such toxic substances, which
may cause various toxic effects, such as lung and liver bleeding, kidney damage, neuro-
toxicity, teratogenicity and possible carcinogenicity [2]. Accordingly, the levels of PAT in
food are controlled by a set of regulations. Marin et al. [2] reported that the maximum
level of patulin in pears and apples is 126 mg/kg in the Spanish market, which is twice as
high as the European Union (EU) standard. The World Health Organization and the Food
and Agriculture Organization recommend a maximum daily level of PAT of 0.4 ug/kg
body weight/day [3]. In China, patulin is also a common contaminant in a variety of fruits
and products. The rate of patulin detection was 76.9% in 401 fruit products from eight
provinces in China [4]. Hence, different analytical techniques have been explored for highly
sensitive and accurate detection of PAT, such as chromatography [5-8], colorimetry [9] and
immunoassays [10,11]. However, these methods required heavy instrumentation and com-
plex technology, especially concerning the instability of antibodies in immunoassays [12].
Electrochemical sensors are a powerful technique because of their fast response time, low
cost and excellent flexibility.

At present, aptamers, a type of DNA or RNA, can recognize various target molecules
(metal ions, small molecules, proteins, etc.) with high affinity and have drawn interest in
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sensor design [13,14]. Combining aptamers and electrochemical methods, electrochemical
aptasensors possess an excellent performance. However, most electrochemical aptasensors
have only one signal readout: either a “signal off” or “signal on”. The sensitivity of one-
signal electrochemical sensors is inevitably limited, owing to signal fluctuation [15,16]. A
dual-signaling strategy can solve these drawbacks. Numerous studies of electrochemical
aptasensors with dual-signal channels have been reported to realize the high-performance
detection of proteins and enzymes [17,18]. In dual-signaling electrochemical sensors,
two electrochemical signals are dependent on targets, and their peak intensities show
associated changes simultaneously. Therefore, dual-signaling electrochemical sensors
exhibit a promising performance, with benefits such as a lower limit of detection and
higher sensitivity.

To improve the sensitivity of electrochemical sensors, many nanomaterials have been
applied for the amplification of signal. Among the various nanomaterials, two-dimensional
(2D) nanomaterials have attracted widespread attention due to their unique physicochem-
ical properties [19]. The first 2D nanomaterials appeared in 2004, when graphene was
exfoliated from graphite by the mechanical cleavage technique [20,21]. Black phosphorus
(BP), an allotrope of phosphorus with an orthorhombic lattice, is emerging as an important
successor to 2D nanomaterials [22]. BP nanosheets (BPNS) can be exfoliated from bulk-
layered crystal by breaking down its relatively weak van der Waals interactions, where each
phosphorus atom forms covalent bonds with three neighboring atoms, forming a puckered
orthorhombic structure [23,24]. The intriguing physical properties such as the high charge-
carrier mobility, large on/off ratio, significant anisotropy and layer-dependent band gap
have spurred tremendous interest in BP [25-28]. Owing to a direct, tunable band gap and
no cytotoxicity, BPNS was used to explore photocatalyst and biomedical applications and
more [29-31]. In order to improve the properties of BPNS and broaden their application,
some nanocomposites based on BPNS have been synthesized by hybridization, doping
or functionalization [32]. Sun et al. developed BPNS/graphene for sodium-ion batteries,
which was self-assembled by intercalating BPNS between graphene layers via van der
Waals interactions [33]. Hersam and co-workers reported that BPNS was functionalized by
aryl diazonium through the formation of P-C covalent bonds and applied for field effect
transistors [34]. Currently, the application of BPNS or BPNS-based nanocomposites in
electrochemical sensors has not been adequately explored, which may be because of the
instability of BP. Our group prepared gold nanoparticles-BPNS by electrostatic attraction
for PAT electrochemical sensing [35]. However, this preparation method requires a more
intensive experimental process and cannot enhance the stability of BP. The preparation
of monodispersed BP nanosheets depends on long-time ultrasonic treatment or shear
exfoliation, during which the BP layers are gradually cleaved and defects are generated
on the edges and surface. These defects not only lead to the rapid degradation of the BP
nanosheets, but also undermine the conductivity and electrochemical activity, thus causing
problems in many applications—especially long-term catalysis. It is a good strategy to
design the heterostructures to tailor the properties of 2D nanomaterials [36]. Due to the
intrinsic advantages of the in-plane heterostructures, the in-plane charge carrier mobility of
2D materials is much higher than that between interlayers.

In this work, an in-plane gold nanoparticles-BPNS (AuNPs-BPNS) heterostructure
was synthesized, in which the high chemical activity of the defect sites in BPNS can edge-
selectively reduce HAuCly, and the formed AuNPs not only occupy the defect sites but
also provide effective immobilization sites for the aptamer. Then, the obtained AuNPs-
BPNS nanocomposites were used to construct a simple dual-signaling electrochemical
aptasensor for sensitive and accurate detection of PAT (Scheme 1). The dual-signal was
obtained from a methylene blue (MB)-labeled aptamer and ferrocene monocarboxylic
acid (FMCA) in the electrolyte. The MB-labeled PAT aptamer self-assembled on the
surface of pre-prepared AuNPs-BPNS/glassy carbon electrode (GCE) through the Au-S
bond. Then, single-stranded DNA complementary to the aptamer formed a rigid double
strand. In the presence of PAT, the aptamer recognized PAT and the complementary
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DNA was released. As a result of the conformational change in the aptamer, the MB tag
came close to the surface of the electrode and the diffusion of FMCA was hindered due
to the increased steric resistance. Thus, the peak current of MB increased and FMCA
decreased, producing “signal on” and “signal off”. In this sensing system, because of
the electronic property of BPNS and the sensitivity of the dual-signaling strategy, the
proposed aptasensor exhibited an excellent performance for PAT detection. Moreover,
the prepared aptasensor could also be applied in real sample detection. The developed
sensing platform exhibited a great potential for the sensitive detection of other aptamer-
specific binding contaminants of foodstuffs.
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Scheme 1. Assembly diagram of the electrochemical dual-signaling aptasensor for PAT detection.

2. Materials and Methods
2.1. Chemicals and Reagents

The BP crystals were purchased from HWRK Chemical Co., Ltd. (Beijing, China) and
stored in a glove box under dark. Chloroauric acid (HAuCly) was purchased from Acros
Organics (Shanghai, China). N-methyl-2-pyrrolidone (NMP) was purchased from Aldrich
(Shanghai, China). PAT, tris(2-carboxyethyl)phosphine hydrochloride solution (TCEP) and
6-mercaptohexanol (MCH) were purchased from Sangon Biotech. Co., Ltd. (Shanghai,
China). All other solvents were of analytical grade. All solutions were prepared with
ultrapure water (>18 MQcm) from a Millipore Milli-Q water purification system.

The PAT aptamer and DNA sequence employed in this research were purchased from
TaKaRa (Dalian, China). The sequences were as follows:

PAT aptamer:

5'-MB-CCCGGCCCGCCAACCCGCATCATCTACACTGATATTTTACCTTCCC-SH-3'.

Complement DNA (cDNA): 5'-AAAGGGTTGGCGGGCC-3'.

2.2. Apparatus and Characterization

All of the electrochemical experiments were performed with an IGS1130 electrochemi-
cal workstation (Guangzhou Insens Sensor Technology Co. Ltd, Guangzhou, China). The
three-electrode system consisted of a modified GCE (3 mm in diameter) as the working
electrode, a platinum wire as the auxiliary electrode, and Ag/AgCl (saturated KCI) elec-
trode as the reference electrode; this system was used in all electrochemical investigations.
Transmission electron microscopy (TEM) images were acquired with a Hitachi H-7500
high-resolution transmission electron microscope (Tokyo, Japan) using an accelerating
voltage of 200 kV. UV-Vis absorption spectra were acquired on a Cary 50 Scan UV-Vis
spectrophotometer (Varian, Australia). X-ray photoelectron spectra (XPS) were obtained
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with an ESCALAB 250 Xi XPS system from Thermo Scientific (Waltham, MA, USA). Ra-
man spectra were recorded using a Renishaw Micro-Raman spectroscopy system (London,
England) with an excitation wavelength of 514 nm.

2.3. Preparation of BPNS

For preparation of BPNS, 5 mg of BP crystal was dispersed in 50 mL saturated sodium
hydroxide solution of NMP under sonication at room temperature for 12 h. Then, the
solution was centrifuged at 4000 rpm for 10 min and the supernatant was collected. Finally,
BPNS were obtained by centrifuging the supernatant at 12,000 rpm for 15 min and dispersed
in water as a brown solution.

2.4. Preparation of AuNPs—BPNS

AuNPs were modified on BPNS by in situ reduction. Briefly, 250 uL of 25 mM HAuCly
was added to 1 mL of 1 mg/mL BPNS solution and stirred for 1 h in oxygen-free dark
conditions. The products were separated by centrifugation and washed with deionized
water. Finally, the obtained product was dispersed in water and stored at 4 °C.

2.5. Preparation of the Modified Electrodes

The GCE was polished to a mirror-like surface by 1.0 and 0.3 um alumina slurries,
respectively, and completely cleaned in ethanol and ultrapure water by ultrasonication.
Then, 10 uL of a 1 mg/mL AuNPs-BPNS solution was dropped into GCE and dried in air
at room temperature. Before the aptamer was fixed, the aptamer was added to phosphate-
buffered saline solution (PBS; pH 7.0) containing 10 mM TCEP for treatment for 1 h to reduce
the presence of disulfide bonds, and then the treated aptamer was dropped onto AuNPs—
BPNS/GCE for 12 h. The electrode was then immersed in 1 mM MCH for 1 h to block the
unbound sites. Finally, 10 uL of 1 uM cDNA was dropped onto the electrode surface for
1.5 h to obtain the final modified electrode cDNA /aptamer/AuNPs-BPNS/GCE.

2.6. Electrochemical Detection of PAT

For the detection of PAT, the modified electrode was immersed in 20 pL of a fixed
concentration of PAT for 60 min under room temperature and then rinsed with the PBS to
wash away the unbound PAT. The obtained electrode was then immersed in PBS (pH 7.4)
containing 1 pM FMCA and investigated by cyclic voltammetry (CV) and cyclic voltam-
metry (SWV). The selective experiments for hydroxymethylfurfural (HMF), aflatoxin B1
(AFB1), aflatoxin M1 (AFM), ochratoxin A (OTA) and zearalenone (ZEN) were performed
under the same conditions. All experiments were performed at room temperature and
measured three times.

2.7. Pretreatment of Food Samples

In this experiment, fresh and infected apples, pears, and tomatoes acted as real food
samples. The pretreatment procedures were performed according to previous work [37].
Apples, pears and tomatoes were smashed separately, then 2.5 g of the obtained sample
mash was added into 10 mL H,O and extracted by ultrasonication for 1 h. The supernatant
from each sample was transferred to a centrifuge tube and centrifuged at 6000 rpm for 5 min.
Then, the extracts were collected. Finally, the supernatant and different concentrations of
PAT were added to PBS.

3. Results
3.1. Characterization of the AuNPs—BPNS

The morphologies of the as-prepared BPNS and AuNPs-BPNS were characterized
by TEM technologies. The TEM micrograph of BPNS is presented in Figure 1A. BPNS
presents a smooth surface with some wrinkles, which is a 2D nanostructure. Figure 1B
shows the TEM patterns of AuNPs—-BPNS nanocomposites. AuNPs were successfully
synthesized on the surface of BPNS without other reduction and the inset of Figure 1B
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shows an average diameter of AuNPs of about 21 nm. Elemental analyses of the AuNPs—
BPNS nanocomposites entailed EDX mappings of P, Au and O, where P and O originated
from BPNS and Au indicated the presence of AuNPs (Figure 1C). Notably, AuNPs were
uniformly distributed on the entire BPNS surface. As shown in Figure 1D, the EDX
analysis further revealed the existence of P, Au and O in the nanocomposites.
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Figure 1. TEM images of BPNS (A) and AuNPs-BPNS (B). Inset: the size distributions of AuNPs.
EDX mappings of P, Au and O in the AuNPs-BPNS (C). EDX spectrum of AuNPs-BPNS (D).

The effect of HAuCly concentration on the morphology of AuNPs-BPNS was also
investigated. As shown in Figure 2A, when 10 mM HAuCly was added, only a small
amount of AuNPs were generated on the surface of the BPNS. As the HAuCly concentration
increased to 20 mM (Figure 2B), the amount of AuNPs on the BPNS surface increased. A
satisfying amount of AuNPs—BPNS could be obtained once the concentration of HAuCly
was increased to 25 mM (Figure 2C). It can be seen that AuNPs were uniformly deposited
on the surface of BPNS without obvious aggregation, which may be because the defect
of BPNS is exactly occupied by the AuNPs. However, when 30 mM HAuCly was added
(Figure 2D), the AuNPs showed obvious aggregation. Therefore, 25 mM HAuCly was
selected to prepare the AuNPs-BPNS nanocomposites.
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Figure 2. TEM images of AuNPs-BPNS synthesized while adding different concentrations of HAuCly:
(A) 10 mM; (B) 20 mM; (C) 25 mM; (D) 30 mM.

UV-Vis spectroscopy was conducted to characterize the formation process of the
AuNPs. Figure 3A shows the UV-Vis spectrum of BPNS with different amounts of added
HAuCly. As the amount of BPNS increased, the absorption peaks of the AuNPs increased at
536 nm, demonstrating that the formation of the AuNPs is related to the BPNS. Additionally,
the UV-Vis spectrum of HAuCly added to BPNS with the increase in mixing time is
shown in Figure 3B. The absorption peak intensity of the AuNPs increased with the
increase in time, and the color of the solution changed to different shades of a red color.
The successful synthesis of AuNPs may be due to the edge-selective reduction of BPNS.
Moreover, AuNPs can occupy the defects in BPNS to enhance the stability of BPNS [38].
Raman spectroscopy could provide detailed vibrational and rotational patterns for sample
identification. Raman spectra of BPNS and AuNPs-BPNS are provided in Figure 3C.
Three peaks are displayed at 363 cm™!, 440 cm~! and 466 cm~!, which were ascribed
to one out-of-plane phonon mode Ag! and two in-plane phonon modes Byg and Ag? for
BP, respectively [39,40]. Upon AuNPs’ modification, the three peaks blue-shifted slightly
because of vibration inhibition. Particularly, the B,z and Ag2 mode shift was larger than
that of the A;! mode, indicating that AuNPs—BPNS possess an in-plane heterostructure.
Furthermore, the changes in oxidation states of BPNS from pristine BPNS to AuNPs-BPNS
were probed by XPS (Figure S1). In Figure 3D, curves a and b display the P2p spectra
before and after AuNP modification, respectively. The two unchanged peaks near 128.5
and 129.5 eV verify the original state of BP, which is consistent with standard BP. The peak
at 133 eV is due to oxidized phosphorus (i.e., POx) [41-43]. However, for AuNPs-BPNS
(Figure 3Db), the POy peak was enhanced, demonstrating that some BP was oxidized in
the formation of AuNPs-BPNS. The experimental data coincide with those reported in
the literature [38].
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Figure 3. (A) UV-Vis spectrum of HAuCly mixed with BPNS at different amounts (from a to f: 0, 0.2,
0.4, 0.6, 0.8, 1 mg/mL). (B) UV-Vis spectrum of HAuCly added to BPNS for different times (from
ato f: 0, 15, 30, 40, 50, 60 min). (C) Raman spectra of BPNS (curve a) and AuNPs-BPNS (curve b).
(D) High-resolution XPS spectra of the P2p core level for BPNS (curve a) and AuNPs-BPNS (curve b).

3.2. Characterization of the Modified Electrode

EIS is an efficient method for exploring the interfacial properties of the modified
electrodes [44,45]. Therefore, the modification process was characterized by EIS to
reveal the electrodes’ surface features. EIS measurement was performed in 5.0 mM
Ks3[Fe(CN)g]/K4[Fe(CN)g] (1:1) solution containing 0.1 M KCI. The equipment was set
at 5 mV of alternative voltage amplitude and 200 mV of applied potential, and the
voltage frequencies ranged from 0.01 Hz to 100 kHz. The electron transfer resistance (Ret)
was expressed by the diameter of a semicircle. As shown in Figure 4A, the bare GCE
showed a small semicircle diameter (177 (), curve a), indicating a fast electron-transfer
process. When BPNS was immobilized on the GCE, the semicircle diameter became
bigger than that of bare GCE (704 (), curve b). As a result of the good electron transfer
efficiency of the AuNPs, the AuNPs-BPNS/GCE exhibited a lower R, (566 €}, curve c)
than BPNS/GCE, suggesting that AuNPs could efficiently enhance the electron transfer
efficiency. After the assembly of the aptamer, the value of R, increased to 1123 Q) (curve
d) because the negatively charged aptamer and [Fe(CN)g]%/4 anions repelled each other.
With the hybridization between the aptamer and cDNA, the semicircle diameter further
increased (curve e), which suggests the successful recognition of the aptamer and cDNA.
The results of EIS verified that the aptasensor was successfully prepared (Scheme 1).
Furthermore, XPS spectra for the C, N, Au and S energy regions are shown in Figure S2,
which also verified the aptamer immobilization on AuNPs-BPNS.
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Figure 4. (A) EIS spectra of (a) the bare GCE, (b) BPNS/GCE, (c) AuNPs-BPNS/GCE,
(d) aptamer/AuNPs-BPNS/GCE and (e) cDNA /aptamer/ AuNPs-BPNS/GCE in a mixture solution
of 5.0 mM Fe(CN)63*/ 4- containing 0.1 M KCL (B) SWV measurements of cDNA /aptamer/AuNPs—
BPNS/GCE in PBS (a) without FMCA, (b) with FMCA and (c) after incubation with PAT.

The SWV measurements were carried out to investigate the electrochemical behavior
of cDNA /aptamer/AuNPs-BPNS/GCE in different conditions. As shown in Figure 4B,
only a low oxidation peak of MB at —0.25 V (curve a) can be observed in PBS without FMCA.
After the addition of FMCA into PBS, a significant oxidation peak was produced at 0.3 V
(curve b). However, after incubation with PAT, the MB response increased significantly and
the FMCA response decreased (curve c). The results reveal that the proposed aptasensor
could be used for PAT detection. PAGE analysis was performed to demonstrate the DNA
combination processes step by step. As shown in Figure S3 (Supporting Information),
Lanes 1 and 2 correspond to the aptamer and cDNA, respectively. Lane 3 represents the
mixture of aptamer and cDNA; a new band was observed, demonstrating the hybridization
among aptamer and cDNA. After PAT was added to this mixture, the band of hybridization
weakened but the band of cDNA was obvious, which can be attributed to the initiation of
hybridization and the release of cDNA. It implies that the aptamer and cDNA hybridized
successfully and the aptamer could recognize PAT; thus, the cDNA was released.

3.3. Electrochemical PAT Assay

In order to obtain an excellent performance in sensing, some parameters were opti-
mized: (a) the concentration of aptamer, (b) the hybridization time of aptamer and cDNA,
(c) the incubation time of PAT. Respective data and figures are given in the electronic
Supporting Material (Figure S3). The following experimental conditions were found to
give the best results: (a) optimal aptamer concentration: 1 uM; (b) optimal hybridization
time: 90 min; (c) optimal incubation time: 60 min.

The SWV was implemented to study the analytical performance of the proposed ap-
tasensor. As shown in Figure 5A, a series of different concentrations of PAT from 0.1 nM to
100 uM were measured in PBS containing 10 pM FMCA. The peak current of MB increased
and that of FMCA decreased with increasing PAT concentration. Figure 5B displays the
linear relationship between the individual MB or FMCA current response and the loga-
rithmic values of PAT concentration. For the MB signal, the limit of detection (LOD) was
0.011 ng/mL with R = 0.9987, and for the FMCA signal, 0.012 ng/mL with R = 0.9967. Fur-
thermore, from Figure 5C, the linear relationship between the value of Ig /Ipmca and the
logarithm of the PAT concentration was acquired as follows: Inp /Ipvica = 0.12 log Cpar + 0.38
with R =0.9941. A good linear correlation was obtained from 0.0154 ng/mL to 15.4 ng/mL
and the LOD reached 0.066 ng/mL (S/N = 3). Compared with either an MB or FMCA
signal sensor, the dual-signal strategy has a lower LOD.
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Figure 5. (A) SWV curve of the aptasensor at different PAT concentrations (from curve a to h: 0,0.0154,
0.154, 1.54, 15.4, 154, 1540 and 15,400 ng/mL) in PBS containing 10 uM FMCA. (B) Calibration curve
of current of MB and FMCA for the detection of PAT. (C) Linear relationship between Ing /Ipmca
and logarithm of the PAT concentration. The error bars were calculated on the basis of the standard
deviation of three independent experiments.

Moreover, the analytical performance for the proposed dual-signaling aptasensor is
comparable with other methods in previous reports as can be seen in Table 1. This may be
because BPNS has an excellent electronic performance and two-dimensional sheet structure
with a large surface area which provides more sites for the generation of AuNPs and
prevents AuNPs aggregation; in addition, the dual-signal ratio strategy greatly reduces the
impact of the external environment on the detection results and improves the sensitivity
of the sensor. The results indicate that the proposed aptasensor exhibits a lower LOD and
wider linear range.

Table 1. Comparison of different methods for the determination of PAT.

Linear Range

Methos (ng/mL) LOD (ng/mL) Reference
Colorimetric detection 0.046-24.64 0.046 [46]
Florescent detection 15.4-1540 9.24 [47]
Gas chromatography-Mass spectrometry 64.9-1623 5.00 [48]
Fluorescent resonant energy transfer 0.0092-92.4 0.003 [49]
Quartz ’crystal microbalance 30.8-154 21.56 [50]
immunoassay
High performance chromatography 0.92-400.4 0.154 [51]
Phosphorescent nanosensor 66.2-1001 49.28 [52]
Electrochemical detection 0.0154-154 0.043 This work

The linearity in real spiked matrix samples was determined using pretreated fresh
apple juice containing 10 uM FMCA and different PAT concentrations. The calibration
curve (Figure 6) was obtained from the linear regression of a plot of peak area versus
concentration. Calibration was carried out in the range of 0.154-15,400 ng/mL, being found
to be linear in the entire studied range with R = 0.9956.

3.4. Reproducibility, Stability and Selectivity

The reproducibility of the proposed aptasensor was evaluated by using five cDNA/
aptamer/AuNPs-BPNS/GCEs for the detection of 0.154 ug/mL PAT under the same
conditions (Figure 7A). The relative standard deviation (RSD) was calculated to be 4.5%,
revealing significant reproducibility. Moreover, the aptasensor was stored under refrig-
eration for ten days. As shown in Figure 7B, 91.1% of the initial response of the current
was obtained after adding the same amount of PAT (0.154 ug/mL), demonstrating the
satisfactory stability of the proposed aptasensor.



Foods 2023, 12, 846 10 of 14

0.2

0.1 1 10 100 1,000 10,000
log concentration of PAT (ng/mL)

Figure 6. Linear relationship between Iyg/Ipmca and the logarithm of PAT concentration in real
spiked matrix samples. The error bars were calculated on the basis of the standard deviation of three
independent experiments.
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Figure 7. (A) Reproducibility of the aptasensor for 0.154 pg/mL PAT detection. The numbers 1-5
represent five independent electrodes, respectively. (B) Stability of the aptasensor for 0.154 pug/mL
PAT detection.

Furthermore, five kinds of contaminants in food samples containing hydroxymethyl-
furfural (HMF), aflatoxin B1 (AFB1), aflatoxin M1 (AFM), ochratoxin A (OTA) and zear-
alenone (ZEN) were used to verify the selectivity of the aptasensor. As shown in Figure 8,
despite the fact that the concentrations of the interferences were as high as 10 pM, there
were low values of Iyg/Ipvca. However, an obvious response was obtained by the addi-
tion of PAT. The results indicated that the proposed dual-signaling aptasensor exhibits an
excellent selectivity for PAT.

1.0

0.0-
HMF AFB1 AFM OTA ZEN PAT

Figure 8. Selectivity of the PAT aptasensor. The concentration of AFB1, AFM, OTA, ZEN and
PAT are 10 uM. The error bars were calculated on the basis of the standard deviation of three
independent experiments.
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3.5. Real Sample Detection

To evaluate the practical application capability of the present system, the proposed
aptasensor was employed to detect the PAT contents in fresh and infected apple, pear,
and tomato. As shown in Table 2, no PAT was found in the fresh foods, while small
amounts were found in the infected foods. Then, the standard addition method was also
performed. The standard PAT solutions were added into the food samples; the recoveries
and RSDs were 95.0-106.7% and 2.9-5.1%. Furthermore, there was no significant difference
between the results obtained by the aptasensor and an HPLC method, as shown in Table 1.
These results implied that the dual-signaling aptasensor is applicable for PAT detection in
food samples.

Table 2. Results of the determination of PAT in food samples and recovery tests.

Background Added . .
. . Found Concentration = Found Concentration o o
Samples Concentration Concentration (ug/mL, HPLC) (ug/mL, the Sensor) Recovery (%) RSD (%, n =3)
(ug/mL) (ug/mL) Heimt, HgimL,
Fresh apple ND 0.092 0.075 0.089 96.7 3.31
Fresh pear ND 0.092 0.077 0.088 95.0 2.92
Fresh tomato ND 0.092 0.088 0.094 101.7 4.05
0.092 0.104 0.131 103.3 4.31
Infected apple 0.035 0.308 0.298 0.335 97.5 3.12
0.092 0.099 0.131 106.7 4.56
Infected pear 0.032 0.308 0.301 0.344 1015 3.60
0.092 0.113 0.159 96.7 5.14
Infected tomato 0.071 0.308 0.315 0.374 985 3.52

ND: Not Detected.

4. Conclusions

In summary, BPNS have potential value in the field of food safety detection. Metal
nanoparticles, especially AuNPs, as an efficient catalyst, promote electron transfer on
the AuNPs-BPNS, overcoming the defects of single metal nanoparticles. In this paper,
in-plane gold nanoparticles—BPNS (AuNPs-BPNS) was synthesized, in which the high
chemical activity of the defect sites in BPNS can edge-selective reduced HAuCly, and
the formed AuNPs not only enhance the stability of BPNS but also provide effective
immobilization sites of the aptamer. The obtained AuNPs-BPNS nanocomposites were
used to construct a dual-signaling aptasensor for PAT detection. Under optimum conditions,
the proposed aptasensor was linear over the range of 0.0154 ng/mL-15.4 ug/mL. The
electrochemical sensing platform has been successfully applied to the determination of PAT
in apple, pear, and tomato extracts with good accuracy and reliability. Food safety detection
methods based on functional nanomaterials will usher in new development opportunities
in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
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(A) C1s, (B) N 1s, (C) Au 4f, and (D) S 2p regions collected from aptamer compound AuNPs-
BPNS.; Figure S2: PAGE images of different DNAs. Lane 1, aptamer; Lane 2, cDNA; Lane 3,
hybridization of aptamer and cDNA; Lane 4, hybridization of aptamer and cDNA treated with PAT.;
Figure S3: Optimization of the concentration of aptamer (A), the hybridization time of aptamer and
c¢DNA (B) and the incubation time of PAT (C) for the PAT (154 ng/mL) detection.

Author Contributions: J.X.: conceptualization, methodology, formal analysis, writing—original
draft; J.L.: revision and formal analysis; W.L.: revision and formal analysis; Y.W.: revision and formal
analysis; Q.S.: supervision, funding acquisition, review and editing; Y.S.: supervision. All authors
have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/foods12040846/s1
https://www.mdpi.com/article/10.3390/foods12040846/s1

Foods 2023, 12, 846 12 of 14

Funding: The authors gratefully acknowledge the financial support of this project by the National
Key Research and Development Program of China (No. 2019YFC1606703), the Natural Science
Foundation of Shaanxi Province in China (No. 2020]M-429), the scientific research program funded
by Shaanxi Provincial Education Department (No. 22JK0599), the Xianyang City Qinchuangyuan
Science and Technology Innovation Special Project (L2022-QCYZX-GY-006) and the Natural Science
Foundation of Xianyang Normal University (XSYK20003).

Data Availability Statement: The data are available from the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bennett, J.; Klich, M. Clinical Microbiology Reviews. Mycotoxins 2003, 16, 497.

2. Marin, S.; Mateo, E.M.; Sanchis, V.; Valle-Algarra, EM.; Ramos, A J.; Jiménez, M. Patulin contamination in fruit derivatives,
including baby food, from the Spanish market. Food Chem. 2011, 124, 563-568. [CrossRef]

3.  Leggott, N.L.; Shephard, G.S. Patulin in South African commercial apple products. Food Control. 2001, 12, 73-76. [CrossRef]

4. Wu, N.; Wang, Y,; Liu, Y.; Song, J.; Yang, X.; Su, C.; Liu, X. Investigation on the content of penicillin in fruit products in some areas
of China. Health Res. 1992, 2, 101-103.

5. Veprikova, Z.; Vaclavikova, M.; Lacina, O.; Dzuman, Z.; Zachariasova, M.; Hajslova, J. Occurrence of mono- and di-glycosylated
conjugates of T-2 and HT-2 toxins in naturally contaminated cereals. World Mycotoxin J. 2012, 5, 231-240. [CrossRef]

6. Seo, M.; Kim, B.; Baek, S.-Y. An optimized method for the accurate determination of patulin in apple products by isotope
dilution-liquid chromatography/mass spectrometry. Anal. Bioanal. Chem. 2015, 407, 5433-5442. [CrossRef]

7. Yang,].Z.; Wei, W.; Zhu, W.X; Liu, Y.F. Extraction and preliminary purification of cochineal wax. Food Sci. 2009, 30, 162-165.

8.  Kharandi, N.; Babri, M.; Azad, J. A novel method for determination of patulin in apple juices by gc-ms. Food Chem. 2013,
141, 1619-1623. [CrossRef]

9. Lu, C; Chen, X,; Liu, C; Lu, C. Development and validation of a label-free colorimetric aptasensor based on the HCR and
hemin/G-quadruplex DNAzyme for the determination of patulin in fruits and fruit-based products from Xinjiang (China). Anal.
Methods 2022, 14, 3375-3381. [CrossRef]

10. Pennacchio, A.; Varriale, A.; Esposito, M.G.; Staiano, M.; D’Auria, S. A near-infrared fluorescence assay method to detect patulin
in food. Anal. Biochem. 2015, 481, 55-59. [CrossRef]

11. Pennacchio, A.; Ruggiero, G.; Staiano, M.; Piccialli, G.; Oliviero, G.; Lewkowicz, A.; Synak, A.; Bojarski, P.; D’Auria, S. A surface
plasmon resonance based biochip for the detection of patulin toxin. Opt. Mater. 2014, 36, 1670-1675. [CrossRef]

12.  Zhao, Y; Yang, Y;; Luo, Y.; Yang, X.; Li, M.; Song, Q. Double Detection of Mycotoxins Based on SERS Labels Embedded Ag@Au
Core—Shell Nanoparticles. ACS Appl. Mater. Interfaces 2015, 7, 21780-21786. [CrossRef]

13. Esteban-Fernandez de Avila, B.; Lopez-Ramirez, M.A.; Ba, D.F; Jodra, A.; Singh, V.V,; Kaufmann, K.; Wang, J. Aptamer-modified
graphene-based catalytic micromotors: Off-on fluorescent detection of ricin. ACS Sens. 2016, 1, 217-221. [CrossRef]

14. Cui, M,; Wang, Y,; Jiao, M.; Jayachandran, S.; Wu, Y.; Fan, X.; Luo, X. Mixed Self-Assembled Aptamer and Newly Designed
Zwitterionic Peptide as Antifouling Biosensing Interface for Electrochemical Detection of alpha-Fetoprotein. ACS Sens. 2017,
2,490-494. [CrossRef]

15. Du, Y; Lim, BJ,; Li, B; Jiang, Y.S.; Sessler, J.L.; Ellington, A.D. Reagentless, Ratiometric Electrochemical DNA Sensors with
Improved Robustness and Reproducibility. Anal. Chem. 2014, 86, 8010-8016. [CrossRef]

16. Xiong, E.; Li, Z.; Zhang, X.; Zhou, ].; Yan, X,; Liu, Y.; Chen, J. Triple-Helix Molecular Switch Electrochemical Ratiometric Biosensor
for Ultrasensitive Detection of Nucleic Acids. Anal. Chem. 2017, 89, 8830-8835. [CrossRef]

17.  Meng, E; Chen, X.; Cheng, W.; Hu, W.; Tang, Y.; Miao, P. Ratiometric Electrochemical Sensing Strategy for the Ultrasensitive
Detection of Telomerase Activity. Chemelectrochem 2019, 6, 2000-2003. [CrossRef]

18.  Ren, K; Wu, J,; Yan, F; Zhang, Y.; Ju, H. Inmunoreaction-triggered DNA assembly for one-step sensitive ratiometric electrochem-
ical biosensing of protein biomarker. Biosens. Bioelectron. 2015, 66, 345-349. [CrossRef]

19. Geim, A K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191. [CrossRef]

20. Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric field effect in
atomically thin carbon films. Science 2004, 306, 666—-669. [CrossRef]

21. Zhang, H. Ultrathin Two-Dimensional Nanomaterials. ACS Nano 2015, 9, 9451-9469. [CrossRef] [PubMed]

22. Eswaraiah, V;; Zeng, Q.; Long, Y.; Liu, Z. Black phosphorus nanosheets: Synthesis, characterization and applications. Small 2016,
12,3480-3502. [CrossRef] [PubMed]

23. Mao, N,; Tang, J.; Xie, L.; Wu, J.; Han, B.; Lin, J.; Deng, S.; Ji, W.; Xu, H.; Liu, K; et al. Optical Anisotropy of Black Phosphorus in
the Visible Regime. J. Am. Chem. Soc. 2015, 138, 300-305. [CrossRef] [PubMed]

24. Mao,N.; Wu, J.; Han, B;; Lin, ].; Tong, L.; Zhang, ]. Birefringence-Directed Raman Selection Rules in 2D Black Phosphorus Crystals.
Small 2016, 12, 2627-2633. [CrossRef]

25. Rahman, M.Z.; Kwong, C.W.; Davey, K.; Qiao, S.Z. 2D phosphorene as a water splitting photocatalyst: Fundamentals to

applications. Energy Environ. Sci. 2016, 9, 709-728. [CrossRef]


http://doi.org/10.1016/j.foodchem.2010.06.072
http://doi.org/10.1016/S0956-7135(00)00023-2
http://doi.org/10.3920/WMJ2012.1453
http://doi.org/10.1007/s00216-015-8705-3
http://doi.org/10.1016/j.foodchem.2013.05.080
http://doi.org/10.1039/D2AY00908K
http://doi.org/10.1016/j.ab.2015.04.027
http://doi.org/10.1016/j.optmat.2013.12.045
http://doi.org/10.1021/acsami.5b07804
http://doi.org/10.1021/acssensors.5b00300
http://doi.org/10.1021/acssensors.7b00103
http://doi.org/10.1021/ac5025254
http://doi.org/10.1021/acs.analchem.7b01251
http://doi.org/10.1002/celc.201900019
http://doi.org/10.1016/j.bios.2014.11.046
http://doi.org/10.1038/nmat1849
http://doi.org/10.1126/science.1102896
http://doi.org/10.1021/acsnano.5b05040
http://www.ncbi.nlm.nih.gov/pubmed/26407037
http://doi.org/10.1002/smll.201600032
http://www.ncbi.nlm.nih.gov/pubmed/27225670
http://doi.org/10.1021/jacs.5b10685
http://www.ncbi.nlm.nih.gov/pubmed/26669826
http://doi.org/10.1002/smll.201600295
http://doi.org/10.1039/C5EE03732H

Foods 2023, 12, 846 13 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Liu, H.; Du, Y;; Deng, Y.; Peide, D.Y. Semiconducting black phosphorus: Synthesis, transport properties and electronic applications.
Chem. Soc. Rev. 2015, 46, 2732-2743. [CrossRef]

Li, L,; Kim, J.; Jin, C.; Ye, G.J; Qiu, D.Y.; da Jornada, FH.; Shi, Z.; Chen, L.; Zhang, Z.; Yang, F.; et al. Direct observation of the
layer-dependent electronic structure in phosphorene. Nat. Nanotechnol. 2016, 12, 21-25. [CrossRef]

Lei, W.,; Zhang, T.; Gu, L,; Liu, P; Rodriguez, J.A.; Liu, G.; Liu, M. Surface-Structure Sensitivity of CeO, Nanocrystals in
Photocatalysis and Enhancing the Reactivity with Nanogold. ACS Catal. 2015, 5, 4385-4393. [CrossRef]

Hu, J.; Guo, Z.; Mcwilliams, P.E.; Darges, J.E.; Druffel, D.L.; Moran, A.M.; Warren, S.C. Band Gap Engineering in a 2D Material for
Solar-to-Chemical Energy Conversion. Nano Lett. 2015, 16, 74-79. [CrossRef]

Wang, H.; Yang, X.; Shao, W.; Chen, S.; Xie, J.; Zhang, X.; Wang, ].; Xie, Y. Ultrathin Black Phosphorus Nanosheets for Efficient
Singlet Oxygen Generation. J. Am. Chem. Soc. 2015, 137, 11376-11382. [CrossRef]

Ren, X.; Li, Z.; Huang, Z.; Sang, D.; Qiao, H.; Qi, X;; Li, J.; Zhong, J.; Zhang, H. Environmentally Robust Black Phosphorus
Nanosheets in Solution: Application for Self-Powered Photodetector. Adv. Funct. Mater. 2017, 27, 1606834. [CrossRef]

Lei, W.; Liu, G.; Zhang, J.; Liu, M. Black phosphorus nanostructures: Recent advances in hybridization, doping and functionaliza-
tion. Chem. Soc. Rev. 2017, 46, 3492-3509. [CrossRef]

Sun, J.; Lee, H.-W.; Pasta, M.; Yuan, H.; Zheng, G.; Sun, Y,; Li, Y.; Cui, Y. A phosphorene-graphene hybrid material as a
high-capacity anode for sodium-ion batteries. Nat. Nanotechnol. 2015, 10, 980-985. [CrossRef]

Ryder, C.R.; Wood, J.D.; Wells, S.A.; Yang, Y.; Jariwala, D.; Marks, T.J.; Schatz, G.C.; Hersam, M.C. Covalent functionalization and
passivation of exfoliated black phosphorus via aryl diazonium chemistry. Nat. Chem. 2016, 8, 597-602. [CrossRef]

Xu, J.; Qiao, X.; Wang, Y.; Sheng, Q.; Yue, T.; Zheng, ]J.; Zhou, M. Electrostatic assembly of gold nanoparticles on black phosphorus
nanosheets for electrochemical aptasensing of patulin. Microchim. Acta 2019, 186, 238. [CrossRef]

Liu, B.; Abbas, A.; Zhou, C. Two-Dimensional Semiconductors: From Materials Preparation to Electronic Applications. Adv.
Electron. Mater. 2017, 3, 1700045. [CrossRef]

Wu, S.; Zhang, H.; Shi, Z.; Duan, N.; Fang, C.; Dai, S.; Wang, Z. Aptamer-based fluorescence biosensor for chloramphenicol
determination using upconversion nanoparticles. Food Control. 2015, 50, 597-604. [CrossRef]

Wang, J.; Liu, D.; Huang, H.; Yang, N.; Yu, B.; Wen, M.; Wang, X.; Chu, PK,; Yu, X.-F. In-Plane Black Phosphorus/Dicobalt
Phosphide Heterostructure for Efficient Electrocatalysis. Angew. Chem. 2017, 130, 2630-2634. [CrossRef]

Kang, J.; Wood, ].D.; Wells, S.A.; Lee, ].H.; Liu, X.; Chen, K.S.; Hersam, M.C. Solvent exfoliation of electronic-grade, two-
dimensional black phosphorus. ACS Nano 2015, 9, 3596-3604. [CrossRef]

Xia, F.; Wang, H,; Jia, Y. Rediscovering black phosphorus as an anisotropic layered material for optoelectronics and electronics.
Nat. Commun. 2014, 5, 4458. [CrossRef]

Wood, ].D.; Wells, S.A.; Jariwala, D.; Chen, K.-S.; Cho, E.; Sangwan, V.K,; Liu, X.; Lauhon, L.J.; Marks, T.]J.; Hersam, M.C. Effective
Passivation of Exfoliated Black Phosphorus Transistors against Ambient Degradation. Nano Lett. 2014, 14, 6964-6970. [CrossRef]
[PubMed]

Goodman, N.B.; Ley, L.; Bullett, D.W. Valence-band structures of phosphorus allotropes. Phys. Rev. B 1983, 27, 7440-7450.
[CrossRef]

Brunner, J.; Thiiler, M.; Veprek, S.; Wild, R. X-ray photoelectron study of amorphous phosphorus preparedbyplasmachemical
transport. Comparison with crystalline polymorphs. J. Phys. Chem. Solids 1979, 40, 967-971. [CrossRef]

Han, Q.; Wang, R.; Xing, B.; Zhang, T.; Khan, M.S.; Wu, D.; Wei, Q. Label-free photoelectrochemical immunoassay for CEA
detection based on CdS sensitized WO3@BiOI heterostructure nanocomposite. Biosens. Bioelectron. 2018, 99, 493-499. [CrossRef]
[PubMed]

Lai, C.; Zhang, M,; Li, B.; Huang, D.; Zeng, G.; Qin, L.; Liu, X; Yi, H.; Cheng, M.; Li, L.; et al. Fabrication of CuS/BiVOy, (0 4 0)
binary heterojunction photocatalysts with enhanced photocatalytic activity for Ciprofloxacin degradation and mechanism insight.
Chem. Eng. J. 2018, 358, 891-902. [CrossRef]

Wu, S.; Duan, N.; Zhang, W.; Zhao, S.; Wang, Z. Screening and development of DNA aptamers as capture probes for colorimetric
detection of patulin. Anal. Biochem. 2016, 508, 58—64. [CrossRef]

Bagheri, N.; Khataee, A.; Habibi, B.; Hassanzadeh, ]. Mimetic Ag nanoparticle/Zn-based MOF nanocomposite (AgNPs@ ZnMOF)
capped with molecularly imprinted polymer for the selective detection of patulin. Talanta 2018, 179, 710-718. [CrossRef]
Malysheva, S.V.; Di Mavungu, J.D.; Boonen, J.; De Spiegeleer, B.; Goryacheva, 1.Y.; Vanhaecke, L.; De Saeger, S. Improved
positive electrospray ionization of patulin by adduct formation: Usefulness in liquid chromatography—tandem mass spectrometry
multi-mycotoxin analysis. J. Chromatogr. A 2012, 1270, 334-339. [CrossRef]

Wu, Z,; Xu, E;; Jin, Z.; Irudayaraj, ]. An ultrasensitive aptasensor based on fluorescent resonant energy transfer and exonuclease-
assisted target recycling for patulin detection. Food Chem. 2018, 249, 136-142. [CrossRef]

Funari, R.; Della Ventura, B.; Carrieri, R.; Morra, L.; Lahoz, E.; Gesuele, E; Altucci, C.; Velotta, R. Detection of parathion and
patulin by quartz-crystal microbalance functionalized by the photonics immobilization technique. Biosens. Bioelectron. 2015,
67,224-229. [CrossRef]


http://doi.org/10.1039/C4CS00257A
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1021/acscatal.5b00620
http://doi.org/10.1021/acs.nanolett.5b02895
http://doi.org/10.1021/jacs.5b06025
http://doi.org/10.1002/adfm.201606834
http://doi.org/10.1039/C7CS00021A
http://doi.org/10.1038/nnano.2015.194
http://doi.org/10.1038/nchem.2505
http://doi.org/10.1007/s00604-019-3339-3
http://doi.org/10.1002/aelm.201700045
http://doi.org/10.1016/j.foodcont.2014.10.003
http://doi.org/10.1002/ange.201710859
http://doi.org/10.1021/acsnano.5b01143
http://doi.org/10.1038/ncomms5458
http://doi.org/10.1021/nl5032293
http://www.ncbi.nlm.nih.gov/pubmed/25380142
http://doi.org/10.1103/PhysRevB.27.7440
http://doi.org/10.1016/0022-3697(79)90126-4
http://doi.org/10.1016/j.bios.2017.08.034
http://www.ncbi.nlm.nih.gov/pubmed/28823974
http://doi.org/10.1016/j.cej.2018.10.072
http://doi.org/10.1016/j.ab.2016.05.024
http://doi.org/10.1016/j.talanta.2017.12.009
http://doi.org/10.1016/j.chroma.2012.10.060
http://doi.org/10.1016/j.foodchem.2018.01.025
http://doi.org/10.1016/j.bios.2014.08.020

Foods 2023, 12, 846 14 of 14

51. Yu, Y; Fan, Z. Determination of patulin in apple juice using magnetic solid-phase extraction coupled with high-performance
liquid chromatography. Food Addit. Contam. Part A 2017, 34, 273-281. [CrossRef]

52. Zhang, W.; Han, Y,; Chen, X.; Luo, X.; Wang, J.; Yue, T.; Li, Z. Surface molecularly imprinted polymer capped Mn-doped
ZnS quantum dots as a phosphorescent nanosensor for detecting patulin in apple juice. Food Chem. 2017, 232, 145-154.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1080/19440049.2016.1266394
http://doi.org/10.1016/j.foodchem.2017.03.156

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Apparatus and Characterization 
	Preparation of BPNS 
	Preparation of AuNPs–BPNS 
	Preparation of the Modified Electrodes 
	Electrochemical Detection of PAT 
	Pretreatment of Food Samples 

	Results 
	Characterization of the AuNPs–BPNS 
	Characterization of the Modified Electrode 
	Electrochemical PAT Assay 
	Reproducibility, Stability and Selectivity 
	Real Sample Detection 

	Conclusions 
	References

