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Abstract

Simultaneous detection of patulin (PAT) and ochratoxin A (OTA) in food products is in great demand, which can prevent toxins
from being exposed to human and animal bodies. However, simultaneous detection of multiple targets still faces a challenge.
Herein, we developed a novel electrochemical aptasensor for the simultaneous detection of PAT and OTA in apple juice based on
gold nanoparticles decorated black phosphorus (AuNPs-BP) nanomaterial. AuNPs-BP function?/work? as a sensing platform for
loading much different electrochemical signal molecules functionalized aptamers. In this context, methylene blue functionalized
PAT aptamers (Mb-PAT-aptamers) and ferrocene functionalized OTA aptamers (Fc-OTA-aptamers) have been introduced here
to fabricate the aptasensor. Fc close to electrode surface showed a strong signal, whereas Mb was far away from electrode surface
so exhibited a weak signal in the absence of OTA and PAT. Two kinds of electrochemical signal changes have been recorded
dependent on target of OTA and PAT concentrations. So, simultaneous detection of OTA and PAT is achieved. Under the
optimum conditions, using this developed biosensor, PAT and OTA can be quantified at a linearity range of 0.01 x 10™" pg-
mL™" ~0.10 ug'mL™". In addition, it also has good selectivity, stability and repeatability. For the practical application, it shows
promising performance for the simultaneous detection of PAT and OTA in apple juice.
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Introduction

Patulin (4-hydroxy-4H-furo (3,2¢) pyran-2(6H)-one, PAT) is
a toxic secondary metabolite produced by Penicillium,
Aspergillus and Byssochlamys genera, et al. [1-3]. It is main-
ly found in fruits [1, 2, 4, 5] vegetables [2, 4] and nuts [5, 6].
Especially, it has relatively high content in rotten apples and
apple juice [1]. As a result, people are easily affected by this
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toxic substance, causing convulsions, breathing difficulties,
pulmonary congestion and other adverse effects [3, 5, 7].
The limit of PAT in apple and related products is 50.00 pg:
L' in China. Similarly, ochratoxin A (OTA) is also a second-
ary metabolite generated by aspergillus and penicillium [8].
OTA is a very toxic contaminant in food and animal feed [9].
It widely exists in wheat [10, 11], beans [12], milk [12, 13],
eggs [12, 13], wine [10, 14] and most other food products
consumed by humans and animals [11, 13, 15, 16]. OTA
causes varying degrees of damage to human and animal bod-
ies, such as hepatotoxic, carcinogenic and nephrotoxic dam-
age [10, 17]. For people and animals, contaminated foods lead
to food poisoning and death in severe cases [18]. Therefore,
food safety problems have become the focus of concern in the
world [19]. Therefore, an increasing number of methods for
the detection of these toxins have been reported, such as en-
zyme linked immunosorbent assay [20], fluorescence [15],
liquid chromatography, colorimetric method [4, 7] and elec-
trochemical method [21]. However, except electrochemical
method, most methods have many disadvantages of long ex-
perimental period, sophisticated technique and low sensitivity.
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Given the problems mentioned above, for early prevention,
simultaneous detection of multifarious food contaminants is in
great request. Although electrochemical detection methods have
been proven to be highly sensitive and cost-effective, simultaneous
detection of multiple detection targets still meets a challenge.
Compared with single-analyte method, the simultaneous assay
can improve test efficiencies, lower cost, and shorter analytical
procedures, et al. [22]. Thus, it is urgent to design an aptasensor
for both detection of PAT and OTA quickly and sensitively.

When graphene was discovered in 2004, two-dimensional
(2D) materials have been noticed in unlimited applications
[23, 24]. Since then, the new synthetic techniques have been
explored to prepare new-type 2D layered materials [25-29].
Recently, black phosphorus (BP), as a second fundamental
single-layer nanosheet after graphene, have attracted an in-
creasing number of attention [30] due to the availability and
their two dimensionality structure [31, 32]. BP nanosheets
contain phosphorus (P) atoms, in which each P atom connects
to three other P atoms, leading to form a wrinkled structure
with a large surface area. Compared with phosphorus allo-
tropes of red, white and violet phosphorus, BP nanomaterials
are more stable [33, 34]. Phosphorene (single layer of BP)
with unique functionality can bridge the gap between
graphene and transition metal oxides and transition metal
dichalcogenides nanosheets in the aspect of direct bandgap
and high mobility. Moreover, compared to other 2D
nanomaterials, BP nanosheets exhibit the excellent biodegrad-
ability and low cytotoxicity [35]. Due to these excellent prop-
erties, BP nanosheets have been widely used in biomedical
fields, such as photothermal therapy [36], biosensing [37],
photodynamic therapy [38], bioimaging [39], and drug deliv-
ery [40], et al. The use of nanocomposites of gold nanoparti-
cles and 2D materials, the nanocomposites have more advan-
tages than the simple use of gold nanoparticles due to 2D
materials’ large surface area, rich bonding sites, and fast elec-
tron transfer rates. If we introduce the nanocomposites of gold
nanoparticles and BP nanosheets into building electrochemi-
cal biosensor, the developed biosensor both improves the
sensing platform’s surface area and their sensitivity.

In this work, an aptasensor based on gold nanoparti-
cles decorated black phosphorus (AuNPs-BP)
nanomaterial was successfully fabricated. Like other
two-dimensional materials, it possesses high strength
and hardness, large specific surface area, tunable
bandgap structure, semiconducting property, and high
carrier mobility at room temperature as well as electro-
chemical properties [41-43]. Therefore, it can be used
as a candidate of supporting materials for the proposed
aptasensor. Moreover, AuNPs have been widely used in
many fields due to their unique properties in recent
years, such as chemical stability, excellent electronic
properties, good biocompatibility, unusual catalytic and
so on [44, 45]. BP and AuNPs were self-assembled to
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form AuNPs-BP nanocomposites, which was used to
construct the proposed aptasensor for sensitively detect-
ing PAT and OTA in apple juice simultaneously.

Experimental section
Reagents materials and samples

PAT and aflatoxin (AFB1 and AFB2) were purchased from
Shanghai sangon bioengineering Co., Ltd. Ochratoxin (in-
cluding OTA, OTB and OTC) was obtained from Aladdin.
Black phosphorus dispersion (0.2 mg'mL ") was supplied by
XFNANO (Nanjing, China). The 6-mercapto-1-hexanol
(MCH) was purchased from Sigma-Aldrich. The oligonucle-
otides used in this work were synthesized by Takara
Biotechnology Co., Ltd. And their sequences are shown in
Supplementary Information Table S1. All other reagents and
chemicals were of analytical reagent grade and used without
further purification or treatment. Ultrapure water used in the
experiment was obtained by a cartridge purification system.

Apparatus

All electrochemical experiments were carried out at the
PARSTAT 3000A DX potentiostat (Princeton Applied
Research) using a three-electrode system, in which a platinum
wire electrode served as the auxiliary electrode, a silver-silver
chloride electrode (Ag/AgCl) as the reference electrode and a
modified glassy carbon electrode (PAT-cDNA & OTA-
aptamer/MCH/PAT-aptamer & OTA-cDNA /AuNPs-BP/GCE)
with a diameter of 3 mm was used as the working electrode. The
morphologies of nanomaterials were characterized by Hitachi H-
7500 transmission electron microscope (TEM). All ultraviolet-
visible (UV-vis) spectra were acquired using a commercial spec-
trometer T6 (Beijing Purkinje General Instrument Co., Ltd.,
China) at room temperature. The composition of the AuNPs-
BP nanocomposites was investigated by X-ray photoelectron
spectroscopy (XPS, PHI 5000 Versaprobe 111, Japan).

Synthesis of AuNPs-BP nanocomposites

The purchased BP dispersion (0.20 mg'mL ") was centrifuged
and concentrated to 2.00 mg'mL ", and placed in the refriger-
ator (the temperature is 4 °C) for later use. The preparation of
AuNPs mainly requires sodium citrate (Na;CsHs07-2H,0) and
chloroauric acid (HAuCly). The synthesis of AuNPs requires
the following three steps: (1) 350.00 uL. HAuCl, (10.00 mM)
was added into 24.65 mL ultrapure water and got a homoge-
neous mixture solution. (2) The mixture was heated to nearly
150 °C on a heating plate. (3) 2.50 mL Na;CsHs0,2H,0
(10.00 mM) was uniformly inject into the above solution for
reacting about 25 min to get the AuNPs [46]. Under the
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condition of magnetic stirring, the prepared BP dispersion
(2.00 mgmL*l) and AuNPs solution were mixed at a certain
volume ratio (Vgp:V aunps = 3:1) and reacted for 1 h, and then
obtained AuNPs-BP nanocomposites.

Preparation of sensing platform

Before modification, the glassy carbon electrode (GCE,
3 mm in diameter) was polished to a mirror-like surface
with 0.05 wm alumina slurry, and washed three times by
ultrapure water and ethanol-ultrapure water through
ultrasonication, respectively. Then, 10.00 pL of
AuNPs-BP nanomaterials were dropped onto the dried
GCE, and got AuNPs-BP/GCE after drying at room tem-
perature. Further, AuNPs-BP/GCE was incubated over-
night at room temperature in a 10.00 pL 0.50 uM mixed
DNA solution (containing 10.00 uM PAT-aptamers,
10.00 uM OTA-cDNA, 0.10 M Tris-HCI, pH=7.42,
and 1.00 mM TCEP). After washing with Tris-HCI buft-
er (pH=7.42), the electrode was covered with 1.00 mM
MCH and kept at room temperature for 1 h to block the
uncovered spots of AuNPs-BP/GCE. The electrode was

GCE

Scheme 1 The process of
electrode modification and the

principle of targets detection.
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subsequently incubated in 10.00 pL 0.50 uM mixed so-
lution (containing 10.00 uM PAT-cDNA, 10.00 uM
OTA-aptamers, 0.10 M Tris-HCI, pH =7.42) was added
onto and then at room temperature for 2 h. Finally, the
modified electrode was cleaned using 0.10 M Tris-HCI
buffer (pH=7.42). These procedure were shown in
Scheme 1.

Preparation of apple samples

The fresh apples and partially rotten apples were purchased
from local fruit market. Firstly, put apple slices into a juicer
and mashed, the resulting paste was centrifuged and the su-
pernatant was retained. Secondly, the supernatant of fresh ap-
ple was filtered using 0.45 um of filter film for testing, the
supernatant of partially rotten apples was filtered and further
processing was required. Finally, diluted the filtered solution
of partially rotten apples with 0.10 M Tris-HCI buffer (pH =
7.42) to 10 times of the original solution. It should be noted
that the apple juice used for testing was freshly squeezed, and
the juice of fresh apples placed at different times was kept in
the refrigerator (T =4 °C).
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Results and discussion

Principle of the electrochemical aptasensor for PAT
and OTA

Scheme 1 illustrates the principle of the electrochemical
aptasensor for PAT and OTA. In the absence of the targets
(PAT and OTA), the Mb-PAT-aptamers and Fc-OTA-
aptamers hybridized with PAT-cDNA and OTA-cDNA to
form double-stranded DNA (ds-DNA), respectively. The
aptamers used here were chosen with the lowest K, value
(0.20 uM for OTA and 21.83 nM for PAT) and the highest
binding affinity and selectivity [47, 48]. Signal of Fc closed to
electrode surface showed a strong signal, whereas Mb mole-
cule far away from electrode surface exhibited a weak signal.
However, in the presence of the targets PAT and OTA, Fc-
PAT-aptamers and Mb-OTA -aptamers specifically identified
PAT and OTA respectively, causing PAT-cDNA and OTA-
cDNA releasing to form single-stranded DNA (ss-DNA). The
difference was that PAT was identified by the PAT-aptamers
in electrode surface, whereas OTA-aptamers were separated
from the electrode surface to identify OTA. In the presence of
OTA, the OTA aptamer tended to form Fc-OTA-aptamers/
OTA complex instead of the aptamer/cDNA duplex, resulting
to the releasing of Fc-OTA-aptamers/OTA complex from the
electrode surface and leave cDNA free again. The reason is
that the affinity of OTA-aptamer/OTA complex is stronger
than the combination between aptamer and cDNA [49]. So,
the electrochemical signal molecule of Fc gradually decreased
with the increase of OTA concentration. Similarly, when the
PAT in the detection system, the aptamer specifically com-
bined with PAT to form Mb-PAT-aptamers/PAT complex,
leading to the releasing of PAT-cDNA from the electrode
surface and change the aptamer structure. This is because
the affinity of PAT-aptamer/PAT complex is far stronger than
the combination between aptamer and partial complementary
DNA fragments (pcDNA) [50]. During the process of recog-
nizing PAT, Mb-PAT-aptamers structure changed to a curved
state, resulting in the distance decrease between MB molecule
and the electrode. Thus, the result is that the PAT-aptamers
structure change accelerates the rate of electron transfer and
the Mb signal will be enhanced.

Feasibility study on the principle of electrochemical
aptasensor

The feasibility of electrochemical aptasensor was initially il-
lustrated by electrochemical impedance spectra (EIS). The
process of the proposed aptasensor test was confirmed in
5.00 mM [Fe(CN)g]*>* solution containing 0.10 M KCI.
The electron transfer resistance (R.,) was described by using
the Randles equivalent circuit, where C represents the double-
layer capacitance, R, represents the electrolyte solution
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resistance and all the connections resistance, and Z,, represents
the Warburg element (insert in Fig. S2). The semicircle in EIS
corresponds to the electron transfer resistance process, and the
straight line represents the limited process of diffusion [51].
As shown in Fig. S2, the bare GCE showed a really small
semicircle diameter in the Nyquist plots of impedance spec-
troscopy (GCE, 641.90 €, curve a). The value of semicircle
diameter was minimized after the immobilization of AuNPs-
BP onto the bare GCE (AuNPs-BP/GCE, 310.20 €2, curve b)
due to the good conductivity of AuNPs. When the electrode
surface were modified with PAT-aptamers and OTA-cDNA,
EIS exhibited a bigger interfacial resistance than the AuNPs-
BP/GCE and GCE (PAT-aptamers & OTA-cDNA/AuNPs-
BP/GCE, 959.50 €, curve c). After modifying MCH on this
basis, R.; further enhanced (MCH/PAT-aptamer & OTA-
c¢DNA /AuNPs-BP/GCE, 1302.50 €2, curve d). This was be-
cause the MCH prevented electron to transfer to modified
electrode surface. The semicircle diameter further increased
remarkably (1837.80 €2, curve e¢) with the addition PAT-
cDNA and OTA-aptamer. The electrode is defined as PAT-
cDNA & OTA-aptamer /MCH/PAT-aptamer & OTA-cDNA
/AuNPs-BP/GCE.

To verify the feasibility of this electrochemical sensing
platform, differential pulse voltammetry (DPV) technique
was applied to explain this electrochemical sensor feasibility.
The electrochemical behaviors was performed in 10.00 mL of
0.10 M Tris-HCI buffer (pH = 7.42). As shown in Fig.1, PAT-
cDNA & OTA-aptamer/MCH/PAT-aptamer & OTA-cDNA
/AuNPs-BP/GCE showed the original signals in the absence
of OTA and PAT. It was observed that the peak currents of
MB on PAT-aptamers and Fc on OTA-aptamers showed the
signal at the position of - 0.2 V and 0.67 V, respectively. Fc on
OTA-aptamers showed the highest current, whereas PAT-
aptamers showed a lowest signal current. However, when in
the presence of PAT and OTA in the detection system, the
signal of Fc on OTA-aptamers decreased and MB modified
PAT-aptamers increased a lot. The reason was that the com-
bination of OTA and OTA-aptamers leave Fc-OTA-aptamers
away from the electrode surface and the combination of PAT

1.4
—0.01pg-mL'l
1.2 —0.00pg'mL"L

1.0

0.8

Current/pA

0.6

06 -03 00 03 06 09
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Fig. 1 The DPV of signal of the proposed aptasensor in the absence of
PAT and OTA (red line) and in the presence of PAT and OTA (black line)



Simultaneous electrochemical aptasensing of patulin and ochratoxin Ain apple juice based on gold... 3135

Fig. 2 TEM images of BP (a
novel electrochem) and AuNPs-
BP (b)

and PAT-aptamers led MB near the the electrode surface.
Native polyacrylamide gel electrophoresis (PAGE) results
were further were recorded under different conditions. In ad-
dition, the successful combination of PAT-cDNA & OTA-
aptamer, PAT & PAT-aptamer, and OTA-cDNA & OTA-
aptamer, OTA & OTA-aptamer have been obviously ob-
served in Fig.S1. All results are in accordance with the mech-
anism diagram of this design.

Characterization of the BP and AuNPs-BP
nhanocomposites

TEM was employed to characterize the nanostructure structures
of the BP and AuNPs-BP nanocomposites. As shown in
Fig. 2a, the TEM image confirmed BP possessed a two-
dimensional nanosheets structure, implying higher specific sur-
face area for aptasensor facilitation. From Fig. 2b, it can be seen
that a large number of AuNPs with a size of about 25 nm are
uniformly distributed on the surface of BP, suggesting that the
AuNPs-BP nanomaterial has been successfully prepared.

The compositions and chemical states of AuNPs-BP nano-
composites were investigated through the X-ray photoelectron
spectra (XPS). As shown in Fig. 3a, compared to the full spectra
of BP and AuNPs, the additional P and Au elements were existed
in the AuNPs-BP nanocomposites, suggesting that the AuNPs-
BP nanocomposites were successfully synthesized. Figure 3b
and 3c showed the high resolution XPS spectra of BP before
and after composite, respectively. It was found that the binding
energy peaks of P were divided into two parts: (1) The peaks
located near 128.80 eV and 129.50 eV corresponded to P 2ps»
and P 2py,, [12, 52], respectively (Fig. 3b). The peak values of P
2ps» and P 2p,» decreased to some extent after materials hybrid
when compared with BP nanosheets (Fig. 3c). (2) The peak
located around 131.90 eV was indexed to POx [12, 52].
Obviously, the peak value of POx increased after materials hy-
brid, the possible reason is that the materials are oxidized during
use. On the contrary, the peak values of Au 4f7, and Au 4fs,

increased obviously after the formation of composite (Fig. 3d and
3e). The peak positions of Au 4f;, and Au 4fs, are around
83.40 eV and 87.00 eV [53, 54], respectively. The results of
Au 4f showed the same trend with P 2p after materials hybrid.
Ultraviolet-visible (UV-vis) spectroscopy was used to monitor
the process of preparing nanocomposites. Figure 3f showed that
BP exhibited a weak absorption bands at 475 nm (black curve).
For AuNPs-BP nanocomposites, a strong and sharp absorption
peaks at 528 nm was achieved (red curve), which belonged to the
AuNPs characteristic absorption band [54, 55]. This further
proved the successful preparation of the nanomaterials.

Optimization of experimental conditions

To achieve the best performance of the AuNPs-BP nanocompos-
ites based electrochemical aptasensor, several experimental condi-
tions including reaction time and the concentration of PAT-
aptamers and OTA-cDNA were investigated. In this work, the
concentration of PAT-aptamers and OTA-cDNA directly deter-
mines the response effect of electrochemical aptasensor to PAT
and OTA. As indicated from Fig. S3A, the response currents
changed with increasing the concentration of PAT-aptamers and
OTA-cDNA from 0.20 uM to 0.80 uM, and a highest signal can
be achieved when 0.50 uM of PAT-aptamers and OTA-cDNA
was used. Therefore, all the following analytical studies were
performed with the concentration of 0.50 uM. Meanwhile, the
Fig. S3B clearly showed that with the increasing reaction time,
PAT and OTA response currents increased first, then gradually
stabilized. When the time reached 32 min and 24 min, the re-
sponse currents of PAT and OTA reached the peak values, respec-
tively. Therefore, the reaction time of 32 min was selected for the
determination of PAT and OTA in the following experiments.

Electrochemical performance of aptasensor

Under the optimal conditions, the electrochemical behavior to-
ward PAT and OTA in 10.00 mL of 0.10 M Tris-HCI (pH =

@ Springer
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7.42) were assessed by differential pulse voltammetry (DPV),
individually. Figure 4a showed the various responses under dif-
ferent PAT concentrations in the Tris-HCI buffer without OTA. It
was observed that the peak currents (the current of MB) at the
position of - 0.2 V increased gradually with increasing concentra-
tion of PAT (0.01 x 10”7 ugmL ™" ~0. 10 pg-mL™"). Figure 4b
and 4c showed the linear regression equations between the loga-
rithm of the concentration of PAT and the change of currents
(2= Lyrger-Ipiank)- The linear regression equations were 4/,
(HA) = 0.011gCy, (pgmL ™) +0.07 (R =0.9996) and 47, (HA) =
0.021gCy, (pgmL ") +0.09 (R =0.9927). Meanwhile, at the po-
tential of 0.67 V (the peak position of Fc), the Fc responses grad-
ually decreased with the increasing OTA concentration from
0.01 x 1077 ugmL™" to 0.40 ugmL™" (Fig. 4d). In Fig. 4e and
4f, a good linear relationship can be observed between the change
of differential pulse voltammetry (DPV) peak currents and the
logarithm of OTA levels. The linear regression equations were
A, (uA)=—0.091gCy, (pgmL™") - 0.68 (R=0.9935) and 4l,
(1A) =—0.031gC,, (pg-mLfl) - 0.69 (R=0.9915), respectively.
The DPV experiments were performed under optimized con-
ditions for simultaneously quantitative analysis of PAT and
OTA. The peak currents of MB gradually increased with
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Wavelength /nm

increasing concentrations of PAT, whereas the peak currents of
Fc were decreased by degrees with the concentrations of OTA
increased (Fig. 5a). A good linear relationship of 4/ and the
logarithm of their respective concentrations have been showed
in Fig. 5b ~ Fig. Se. The linear range for simultaneous detection
was determined as 0.01 x 1077 pg'mL ™' ~0.10 pugmL™".
Compared with the separate detection results, the same linear
range (0.01 x 107 ug'mL ™" ~0.10 pgmL™") for simultaneous
detection was obtained, respectively. The possible reasons are
that the sensing platform has the poorer ability for the load of
different aptamers on the same platform than loading aptamers
on separate sensing platform. A comparison of this work with
other aptasensors were listed in Table 1, indicating that this pro-
posed aptasensors’ performances were better than some reported
literatures.

Selectivity, repeatability and stability of the
aptasensor

To estimate the specificity of the proposed aptasensor, the
response for PAT, OTA and different interfering substances
(including AFBI1, AFB2, OTB and OTC) was investigated.
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Fig. 4 DPV responses of the designed aptasensor toward PAT with
different concentrations (a — j: 0.00, 0.01 x 1077, 0.01 x 107, 0.01 x
107°, 0.01x10°* 0.01x107%, 0.01x1072, 0.01x10", 0.01,
0.10 pg~mL_l) in 0.10 M Tris-HCI buffer (pH=7.42) (a). The linear
relationship between the current increment plotted and the logarithm of
concentration of PAT (b, ¢). DPV responses of the proposed aptasensor

As shown in Fig. S4, the signal occurred in the presence of
PAT and OTA. When the interfering substances with the same
concentration were added in the detection system, the current
values were almost no obvious change. Therefore, the pro-
posed aptasensor has good selectivity to PAT and OTA.

Moreover, six parallel experiments were carried out to simul-
taneously detect PAT and OTA to evaluate the repeatability. The
relative standard deviation (RSD) of PAT and OTA were 0.26%
and 2.40%, respectively. The result displays a good repeatability
for aptasensor. In addition, we also evaluated its stability by
preserving the modified electrode at 4 °C for 21 days. The pro-
posed aptasensor still remains more than 92.00% of the initial
response signal, indicating the aptasensor possesses a satisfactory
stability.

1gCyt/ng mL!

1gCry/ng mL!

toward OTA with different concentrations (a - 1: 0.00, 0.01 x 107,0.01 x
1075, 0.01 x 107, 0.01 x 10, 0.01 x 1073, 0.01 x 1072, 0.01 x 107",
0.01, 0.10 0.20, 0.40 pg-mL™") in 0.10 M Tris-HCI buffer (pH = 7.42)
(d). The linear relationship between the change of DPV peak current and
the logarithm of OTA levels (e, f)

Real sample analysis

To prove the practicability of the aptasensor, the same elec-
trochemical aptasensor was applied in the detection system for
PAT and OTA detection in fresh apple juice. The detection
would be carried out every 2 h. PAT and OTA contents in
fresh apple juice will increased with the time going rather than
no changes of their concentration. As shown in Fig. S5, with
the extension of the placement time, the 4/ of the aptasensor
for the response to PAT remained unchanged during the first
two hours and 47 then continuously increased with time going.
AJ of aptasensor responsing to OTA also remained unchanged
for the first two hours and subsequently 4/ gradually de-
creased, which illustrated that the substances in the fresh

Table 1 Comparison of the

analytical performances of the Detection method ~ Target Real Linear Detection Reference
developed method with the samples range (ugmL ") limit (pug-mL ")
reported methods

FRET" PAT apple juice  1.00x107°-1.00x 10° 0.03x107* [6]

CD*® PAT apple juice  0.50x10%-25.00x107%  0.48x10°* (7]

SWV © OTA N 1.00x107°-1.00x1072  0.03x10°® [18]

DPV OTA wheat QC~ 1.00x107%-5.00x107* 0.58x10°¢ [14]

DPV OTA wheat 0.01x107-50.00x10>  5.60x10°° [17]

AD' OTA red wine 0.50x107°-1.00x10  0.23x10°° [16]

DpPV PAT,OTA  applejuice  0.01x1077~0.10 - This work

2 high-performance liquid chromatography; ® fluorescent resonant energy transfer; © colorimetric detection; ¢
differential pulse voltammetry; © square wave pulse voltammetry; © amperometric detection
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Fig. 5 DPV responses of the
designed aptasensor toward PAT
and OTA with concentrations of
0.00,0.01 x 1077, 0.01 x 10°°,
0.01x107,0.01 x107*,0.01 x
107,0.01 1072, 0.01 x 107",
0.01, 0.10 ug'mL ™", respectively
(from atoiand fromjtor,
respectively) (a). The linear
relationship between the current
increment plotted and the
logarithm of concentration of
PAT (b, ¢) and the linear

Current/pA

06 03 00 03 06 09

relationship between the change Potential/V
of DPV peak current and the
logarithm of OTA levels (d, e
& vels (d, ¢) 0.09 C .05 -
AT (pA) = 0.011gC,, (pg mL1) + 0,07 AL (14 )=0.011gCyy (pgmL™ )+0.07
0.08 R=0.9975 0.1001 R=0.9942
0.071
0.095 1
< 0.06- «
= 0.05. = 0.090
= =
0.044 0.085 1
0.031
0.080 1
0.02 T T T T v r T r T T
9 -8 7 -6 5 5 4 3 2 1
-1 -1
1gC,,/ug mL 1gC, /ng mL
d e
20.20 AL, (44 )=-0.041gCyy (g mL")-038 -0.421 Al (1A) = 0.0312Cy, (pg mL) + 0.39
R=0.9949 R=0,9929
0.25- -0.44 1
-0.461
< 030 <
= = -0.484
E -0.354 <
-0.50+
-0.40 -0.52
-0.45 -0.54 T T T T T

1gC,/ng mL"

samples could not affect the selectivity of this aptasensor. In
addition, with the extension of storage time more than 2 h, the
content of PAT and OTA in apple juice were constantly in-
creasing. When the storage time reached to 10 h, the 4/ for the
response to PAT and OTA significantly changed. All the re-
sults illustrated that there is no PAT and OTA in fresh apple
juice within 2 h, while the concentration of PAT and OTA in
fresh apple juice will occur and increase with the time going.
At this point, fresh apple juice should be needed to drink in
time.

In addition, the recovery studies were conducted in fresh
apple juice and partially rotten apple juice by the standard
addition method. The results were listed in Table S2. Fresh
apple juice did not contain PAT and OTA, while partially
rotten apple juice contained relatively high concentration of

@ Springer

1gC,,/ng mL"

PAT and OTA. Recoveries of PAT and OTA are found in the
range of 98.20-102.70% with RSDs from 2.60-3.84% and in
the range of 100.10-104.50% with RSDs from 4.35-5.21%,
respectively. Hence, the AuNPs-BP nanocomposites modified
electrode can be used as an applicable material for the detec-
tion of PAT and OTA in apple juice.

Conclusion

In summary, stable and biocompatible AuNPs-BP nanocom-
posite was successfully synthesized. And AuNPs-BP nano-
composite based aptasensor with high specificity was con-
structed for simultaneous detection of PAT and OTA. Two-
dimensional layered BP has a large specific surface area for
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the loading of more AuNPs to further enhance the sensitivity
of the aptasensor. In addition, AuNPs here connected with
PAT-aptamer and OTA-cDNA through Au-S bond.
Furthermore, under optimal conditions, the biosensor exhibit-
ed a wide linear range from 0.01 x 1077 ug'mL™" to 0.10 pg:
mL™" with good specificity, repeatability and stability. The
proposed sensor was finally successfully applied to detect
PAT and OTA in apple juice. The results showed expected
signal responses and a satisfactory recovery. Therefore, this
aptasensor has the potential to be used for PAT and OTA
simultaneous analysis in foodstuffs in the future.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03253-3.
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