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ABSTRACT: We developed a method for photoelectrochemical (PEC)
sensing based on a AuNPs/graphdiyne, as a low background signal
composite material, modified electrode coupled with a nanoprobe (probe
DNA/DA/MBA/WSe2) for sensitive α-synuclein (α-Syn) detection. A
tungsten selenide (WSe2) nanoflower was first produced with a one-pot
solvothermal method and employed as a signal amplification element and
the modified substrate of the nanoprobe. The synergy effect between the
WSe2 nanoflower and graphdiyne (GDY) can reduce the photoinduced
electron−hole recombination and expedite the spatial charge separation. Due to the synergistic effect of AuNPs/GDY and WSe2, this
detection strategy provides a high signal-to-noise ratio and good performance. The signal indicator, dopamine/4-mercaptophenyl
boronic acid/WSe2 (DA/MBA/WSe2), was generated with the recognition of boron−diol. In the presence of the α-Syn oligomer,
the target triggered cycle I strand displacement amplification and achieved the conversion of the α-Syn oligomer to a massive output
of false-target DNA (FT). The output FT was used for the cycle II catalytic hairpin assembly onto the electrode which was modified
with AuNPs/GDY and triple-stranded DNA (TsDNA); thereby, plenty of PEC nanoprobes which are composed of probe DNA and
the signal indicator are captured, and the photocurrent response is produced correspondingly. This PEC biosensor generated a
strong photocurrent with low blank (27.6 nA) and was sensitive to α-Syn oligomer. The limit of detection was 3.3 aM, and the
relative standard deviation (RSD) was 3.7% at 100 aM. Moreover, it also has good selectivity, indicating promising potential in
clinical diagnostics.
KEYWORDS: photoelectrochemistry, graphdiyne, WSe2 nanoflower, nanoprobe, α-synuclein

■ INTRODUCTION

The specific and sensitive determination of nucleic acids or
protein biomarkers offers one of the most attractive solutions
to deal with clinical diagnosis, mutation detection, and cancer
therapy.1−3 The photoelectrochemical (PEC) method is a
promising means because it has a lot of advantages such as
rapid response and high sensitivity.4,5 As we all know,
appropriate photoactive materials are a crucial parameter for
photoelectric conversion efficiency which affects the PEC-
sensitive assay. As an excellent photoelectric material, WSe2
has been utilized in PEC biosensors owing to its good
optoelectronic properties.6,7 However, the band gap of WSe2 is
∼1.5 eV,8 which often leads to the disadvantage of insufficient
utilization of light energy owing to the relatively wide band
gap.9 Indeed, some metal-free carbonaceous materials exhibit
significant positive effects on separating photoinduced
electron−hole pairs and improving the photocatalytic perform-
ance of other semiconductor materials.10,11 Graphdiyne
(GDY) is a promising substrate for immobilizing metal
particles and nanomaterials, which makes it useful as a high-
performance biosensor. GDY is a new carbonaceous material
composed of atom networks with sp- and sp2-hybridized
carbon. The unique benzene ring structure endows GDY with
a higher π-conjugated structure than graphene, which is

favorable for electronic transmission and conductivity.10

Furthermore, unlike graphene with zero band gap, which
requires additional doping, GDY is a self-doped material and
naturally has charge carriers.12,13 So, this low band gap material
can be used to suppress electron−hole recombination and is
advantageous to the light absorption range. Gold nanoparticles
(AuNPs) show better conductivity. Owing to these attributes,
the introduction of GDY and AuNPs is expected to improve
the photocatalytic performance of WSe2.
In addition, it is important to get high sensitivity to improve

the accuracy of a biosensor. To achieve this goal, one of the
means is to produce a large PEC signal; another method is to
reduce the background signal and improve the signal-to-noise
ratio (S/N). In traditional biosensors, the material is directly
modified on the electrode, which is inevitable to obtain a high
PEC signal. However, it will also result in a high background
signal and reduce the S/N and sensitivity. On the other hand,
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the system will produce a strong PEC response under
illumination when the photoelectric material encounters the
electron donor or acceptor. In order to obtain the signal with
low background and high response in the presence of a target,
it is an effective strategy to use a photoelectric material with a
small background signal as the substrate and a photoelectric
material with a higher signal as the probe. This strategy will
lead the PEC biosensor to present an intense photocurrent
signal only when the target exists.
α-Synuclein (α-Syn) oligomer is commonly associated with

Parkinson’s disease and dementia with Lewy bodies.14−16

Thus, α-Syn oligomer is used as an important target for the
diagnosis of cerebrospinal fluid and plasma of Parkinson’s
disease patients.15,17 So far, the methods that have been
developed to detect α-Syn include fluorescence,18 NMR
spectroscopy,19 surface plasmon resonance (SPR),20,21 color-
imetry,20 and so forth. But these methods need complex
instruments and are time-consuming, with insensitive
detection. The strategy of combining an aptamer and PEC
analysis is adopted to detect α-Syn that can report a signal with
an ultrahigh sensitivity and a wide response range. In this work,
an ultrasensitive PEC biosensor was constructed based on
AuNPs/GDY as the substrate, WSe2 nanoflower as the signal
enhancer, and a combined dual-signal amplification strategy for
determination of α-Syn oligomer. The WSe2 nanoflower was
successfully prepared via a one-pot solvothermal method. The
signal indicator, dopamine/4-mercaptophenyl boronic acid/
WSe2 (DA/MBA/WSe2), was generated by a stepwise
chemical reaction strategy. When the thiol-modified probe
DNA was labeled onto the signal indicator, DA/MBA/WSe2,
the PEC nanoprobe, DA/MBA/WSe2/PD, was obtained. The
PEC nanoprobe hybridized with the capture DNA which was
immobilized onto AuNPs/GDY/GE (AuNPs/GDY nano-
composite modified gold electrode) in the presence of α-Syn
oligomer. The strong PEC signal was produced with the help
of the dual-signal amplification strategy. Without the α-Syn
oligomer, no PEC nanoprobe was captured, which means that
the PEC signal was only produced from AuNPs/GDY, and a
low background signal is obtained. On the basis of this, an
ultralow background signal and high sensitivity are gained.

■ EXPERIMENTAL SECTION
Synthesis of AuNPs/GDY. The substrate material GDY was

donated by Professor Yuliang Li (Institute of Chemistry, Chinese
Academy of Sciences, Beijing, China). As reported previously, the
GDY is synthesized with a cross-coupling reaction (Supporting
Information S3).22,23 Then, GDY was exfoliated and dispersed in
dimethylformamide (DMF) to prepare a 2 mg/mL dispersion liquid
(Supporting Information S4). To prepare AuNPs/GDY, 4.95 mL of
GDY solution was sonicated for 30 min. Then, 50 μL of 1 wt %
HAuCl4 solution and 100 μL of 10 wt % sodium citrate solution were
added under stirring for 1 h at 80 °C. Eventually, the obtained
product, AuNPs/GDY, was centrifuged at 10 000 rpm, and then
washed by ultrapure water three times. Then, it was redispersed in
DMF and stored at 4 °C.
Synthesis of the WSe2 Nanoflower. Amounts of 0.64 g of

selenium and 0.20 g of NaBH4 were mixed in 60 mL of DMF. Then,
the mixture was continuously stirred until the solution turned red.
Afterward, 0.98 g of (NH4)6H2W12O40·nH2O was added. The mixed
solution was transferred and sealed in a Teflon-lined stainless-steel
autoclave at 240 °C for 12 h. After cooling down to room temperature
naturally, the resulting precipitate was centrifuged at 10 000 rpm,
purified with deionized water and ethanol three times, and finally
dried under vacuum for 12 h to obtain the WSe2 nanoflower.

Synthesis of the Signal Indicator. A stepwise chemical reaction
strategy based on the sulfur−metal bond7,24 and the specific
recognition of boronic acid to diols25−27 was designed to manufacture
the signal indicator for signal amplification. First, 1 mL of 2 mg/mL
WSe2 nanoflower was premixed with 0.75 mg of 4-mercaptophenyl
boronic acid (MBA), and then allowed to incubate for 18 h at the
room temperature at 110 rpm. Subsequently, dopamine (DA) with
the same concentration as MBA was added, and the mixture was
incubated in the dark for 3 h. Finally, unattached substances were
removed by centrifugal washing to obtain the DA/MBA/WSe2 signal
indicator.

Preparation of the PEC Nanoprobe. An amount of 100 μL of
10 μM probe DNA (PD) solution was mixture with 400 μL of DA/
MBA/WSe2 and stirred overnight (Scheme 1A) to get the PEC
nanoprobe, DA/MBA/WSe2/PD.

Detection of the α-Synuclein Oligomer. First, 20 μL of 2 μM
aptamer (apt) was mixed with 20 μL of 2 μM false-target DNA (FT)
at 37 °C for 2 h to form dsDNA. Then, the mixture was added into 40
μL of streptavidin-modified magnetic beads (stMB) and incubated for
0.5 h at 37 °C under stirring, thus obtaining the stMB/apt/FT
complex through biotin−streptavidin bonding. Subsequently, 20 μL
of α-Syn oligomer and 1 μM hairpin DNA (HP) were added and
incubated 2 h at 37 °C. In the meantime, the gold electrode (GE) was
modified with 15 μL of 2.5 mg/mL AuNPs/GDY and triple-stranded
DNA (TsDNA) (Supporting Information S5). After magnetic
separation, the separation solution was dropped onto the modified
electrode. Then, 20 μL of PEC nanoprobe was dropped. After
incubation at room temperature for 2 h the electrode was rinsed with
phosphate buffer and the PEC measurement was executed
(Supporting Information S6).

■ RESULTS AND DISCUSSION
Principle of PEC Sensing. As exhibited in Scheme 1, the

WSe2 nanoflower was prepared with a solvothermal method.
Then, DA/MBA/WSe2 and the PEC nanoprobe are
synthesized (Scheme 1A). stMB/apt/FT consisted of
streptavidin-modified magnetic beads, aptamer, and FT
DNA. In the presence of α-Syn oligomer, the target triggered
cycle I and achieved the conversion of α-Syn oligomer to a

Scheme 1. Schematic Illustration of the PEC Strategy for α-
Syn Detectiona

aPreparation of the WSe2 nanoflower with a one-pot solvothermal
method and DA/MBA/WSe2 with the MBA-linking strategy (A);
principle of the α-Syn-triggered cycle I (B); cycle II triggered by
output FT onto the surface of the modified electrode and PEC
response in the absence of target (−) and in the presence of target
(+) (C); preparation of AuNPs/GDY/GE (D).
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massive output of FT (Scheme 1B). The output FT was used
for cycle II onto the surface of electrode which was modified
with AuNPs/GDY and TsDNA (Scheme 1, parts C and D).28

Ulteriorly, plenty of PEC nanoprobes are captured, and the
photocurrent response is produced correspondingly (Support-
ing Information S13).
Characterization of the Nanomaterials. After exfoliat-

ing, the thickness of the GDY became significantly thinner than
that of unexfoliated GDY (Figure S1). As seen in Figure 1,

parts A and B, exfoliated GDY displayed a very smooth surface
and thin-layered structure. The hexagonal pattern two-
dimensional (2D) periodicity revealed by the selected area
electron diffraction (SAED) showed that exfoliated GDY had
high crystallinity (the inset in Figure 1B). For the AuNPs/
GDY (Figure 1, parts D and E), it was clear that AuNPs with
an average diameter of ca. 16 nm are homogeneously
distributed onto the surface of GDY. Furthermore, the uniform
distribution of C and Au on the AuNPs/GDY was shown by
energy dispersive spectrometry (EDS) (Figure 1F). After
depositing AuNPs, the Raman characteristic peaks of GDY are
significantly enhanced (Figure 1C). These results indicated the
successful deposition of AuNPs on the GDY.
Scanning electron microscopy (SEM) images show that

WSe2 possesses a flower-like structure, the WSe2 nanoflower is
assembled by folding a thin layer, and the diameter of the
WSe2 nanoflower is about 150 nm (Figure 2A). In the high-

resolution transmission electron microscopy (HRTEM)
images, it can be seen that clear lattice fringes appear (Figure
2B). The lattice spacing is 0. 285 nm, which is in good
agreement with the lattice spacing of the (100) crystal plane in
the standard X-ray diffraction (XRD) pattern of WSe2.

29,30

MBA/WSe2 and DA/MBA/WSe2 were also characterized

(Figure S2). After modification with DA and DA/MBA, the
nanoflowers remained in a good dispersion.

Photoelectric Properties of the Nanomaterials. The
PEC properties of photoactive materials, including GDY,
AuNPs/GDY, and WSe2−AuNPs/GDY, were measured
(Figure 3 and Figure S3). WSe2−AuNPs/GDY was obtained

by dropping 15 μL of WSe2 nanoflower suspension onto the
surface of a AuNPs/GDY-modified electrode, and it is utilized
to confirm that WSe2 can immensely help AuNPs/GDY
enhance the PEC signal. Herein, DA is used as the electron
donor for the PEC signal amplification. The PEC signal of
exfoliated GDY is 3 times higher than that of the primary
untreated GDY in the presence of DA (Figure S4). It
suggested that the exfoliated GDY has a more excellent
photoelectric response, and all subsequent GDY represents the
exfoliated GDY. The PEC signal of GDY in the absence and
presence of DA is 12.6 nA (Figure 3A, curve a′) and 1333.0 nA
(Figure 3A, curve a), respectively. For the AuNPs/GDY, the
photocurrent response (Figure 3B, curve b′, 27.6 nA; Figure
3B, curve b, 2799.0 nA) was about 2-fold higher than that of
GDY, which was attributed to the excellent conductivity of
AuNPs, and the PEC responses of the AuNPs were 9.7 and
32.5 nA (Supporting Information S12). In addition, the PEC
responses of WSe2 are 150.2 and 4324.0 nA (Figure 3C).
When WSe2 was loaded on AuNPs/GDY/GE, the photo-
current response enhanced to 247.8 and 9574.0 nA (Figure
3D). It is due to the enhancement effect of WSe2 toward
AuNPs/GDY. These comparison results indicated that WSe2
and AuNPs/GDY can be employed as a preferable photoactive
material for construction of the PEC biosensor. Remarkably,
the background signal produced by AuNPs/GDY is low (27.6
nA), so it is beneficial to the improvement of sensitivity.
The PEC response of the signal indicator was measured

(Figure 4A). The PEC signals of WSe2 (Figure 4A, curve a)
and MBA/WSe2 (Figure 4A, curve b) were 150.2 and 141.8
nA, respectively. Then, the photocurrent response improved to
2593.0 nA when the electron donor, DA, was assembled onto
MBA/WSe2 (Figure 4A, curve c). The results indicated that
the signal indicator, DA/MBA/WSe2, was successfully
synthesized. DA/MBA/WSe2 was also authenticated by
Fourier transform infrared spectroscopy (FT-IR) (Figure

Figure 1. SEM (A) and TEM (B) images of exfoliated GDY. Raman
spectra of GDY (C). SEM (D), TEM (E), and elemental mapping (F)
images of AuNPs/GDY. The inset in panel B is the SAED of GDY.
The inset in panel E is the HRTEM of the AuNPs.

Figure 2. SEM (A) and TEM (B) images of the WSe2 nanoflower.
(C) FT-IR spectra of MBA (a), MBA/WSe2 (b), DA/MBA/WSe2
(c), and DA (d). The magnification (inset in panel A) and HRTEM
(inset in panel B) of the WSe2 nanoflower.

Figure 3. PEC responses of different nanomaterials: GDY (A),
AuNPs/GDY (B), WSe2 (C), and WSe2−AuNPs/GDY (D) in
phosphate buffer containing or not containing DA (10 μM).
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2C). The disappearance of the characteristic absorption peak
of S−H at 2566 cm−1 (Figure 2C, curve b) and the peak of
phenolic hydroxyl at 1280 cm−1 (Figure 2C, curve c)
confirmed the formation MBA/WSe2. The details are displayed
in Supporting Information S8. In our previous work,7 the
signal indicator, DA/Cys/WSe2, was obtained with an
amidation reaction by using DA as the electron donor being
connected to WSe2 nanosheets via L-cysteine (Cys) (annotated
as the Cys-linking strategy). In this work, the signal indicator,
DA/MBA/WSe2, is composed of WSe2 nanoflower and DA.
But as an improvement, MBA is used as an alternate
connecting unit for linking DA and the WSe2 nanoflower
(called the MBA-linking strategy). In comparison with the
Cys-linking strategy, the MBA-linking strategy is more
attractive, benefiting from its advantages such as easy operation
and shorter reaction time. More importantly, the PEC signal
was enhanced. At first, AuNPs/GDY was modified onto the
GE. Then, 10 μL of DA/MBA/WSe2 or DA/Cys/WSe2 was
dropped onto the surface of the AuNPs/GDY/GE, separately.
The photocurrent response of AuNPs/GDY/GE is very low
(Figure 4B, curve a). When the signal indicator was loaded, the
photocurrent response increased sharply. Evidently, the
photocurrent response of the signal indicator made by the
MBA-linking strategy is 6153.2 nA (Figure 4B, curve c), which
is almost twice that made by the Cys-linking strategy (Figure
4B, curve b, 2978.3 nA). This shows that under the same
conditions DA/MBA/WSe2 can give a higher PEC signal, thus
obtaining greater photocurrent response and higher sensitivity.
Photogenerated Electron−Hole Transfer Mechanism

of the Biosensing System. The rapid rise of the photo-
current response of WSe2−AuNPs/GDY under irradiation is
indicative that the fast charge generation, separation, and
transfer correlate with the surface chelating. In order to
validate the possible charge-transfer process of this system,
cyclic voltammetry (CV) was conducted to estimate the
conduction band (CB) and valence band (VB) of the WSe2
and GDY (Figure 5). The band positions versus the saturated
calomel electrode (SCE) are assigned from the onset
oxidation/reduction potential by using the following for-
mulas:31,32

E E( 4.74) eVCB/LUMO red= − + (1)

E E( 4.74) eVVB/HOMO ox= − + (2)

E E EVB/HOMO CB/LUMO gap= − (3)

The band positions and band gap values (Egap) calculated by
the CV measurements are displayed in Table 1. The results
indicated that GDY is a narrow band gap material, and the

band gap is 1.04 eV, approximately in accordance with the
previously report.8,33,34 The band gap of WSe2 is 1.51 eV.
The mechanism of PEC signal generation is displayed in

Scheme 2. Upon light excitation, the electron−hole pairs are
produced from the WSe2 nanoflower and GDY. Obviously, the
CB and the VB of WSe2 are more negative than those of GDY.
This thermodynamic condition facilitates to fancily transfer
photoinduced electrons that accumulate on the CB of WSe2
into the CB of GDY. Such a synergy effect between the WSe2
nanoflower and GDY can reduce the photoinduced electron−
hole recombination and expedite the spatial charge separation.
On the other hand, the incorporation of AuNPs also facilitates
charge transport and enhances the excitation and conversion
efficiency. Moreover, the photoinduced holes in the VB of
WSe2 participate in the oxidation reaction of DA, and prolong
the lifetime of the electron−hole pairs, which is favorable to
improve the PEC performance.

Characterization of the Biosensor Fabrication Proc-
ess. For the investigation of the preparation process of the
biosensor, impedance spectroscopy (EIS) was performed
under a potential of 0.22 V and a frequency range of 10−2−
106 Hz (Figure 6A). In comparison to the bare GE (Figure 6A,
curve a), the AuNPs/GD/GE (Figure 6A, curve b) presents a
decreased Ret, because of the augmentation of the specific
surface area and acceleration of electron-transfer efficiency.
After the assembly of TsDNA, as expected, the Ret increased
(Figure 6A, curve c) because of the effective electrostatic
repulsion between the negatively charged DNA framework and
[Fe(CN)6]

3−/4−. The modification of nonconductive 6-
mercaptohexanol (MCH) leads to the Ret being enhanced
markedly (Figure 6A, curve d). When FT and the PEC
nanoprobe were step-by-step incubated with MCH/TsDNA/
AuNPs/GDY/GE, the Ret value increased to 526.7 Ω (Figure
6A, curve e). The interface property of the modified electrode
was also step-by-step characterized by CV in 5.0 mM
[Fe(CN)6]

3−/4−. The bare GE (Figure 6B, curve a) showed
a pair of reversible redox peaks. With AuNPs/GDY coated
onto the electrode surface (Figure 6B, curve b), the peak
current value increased obviously. After the introduction of
TsDNA (Figure 6B, curve c) a decrease of the peak current
was induced, owing to the poor electrical conductivity of
TsDNA. The oxidation peak current further decreased because
of the impediment of MCH immobilized onto the above

Figure 4. (A) Photocurrent characterization of the step-by-step
construction of the signal indicator: WSe2 (a), MBA/WSe2 (b), and
DA/MBA/WSe2 (c). (B) PEC responses of the AuNPs/GDY/GE (a)
and the AuNPs/GDY/GE incubated with different signal indicators:
DA/Cys/WSe2 (b) and DA/MBA/WSe2 (c).

Figure 5. Cathodic and anodic linear potential scans for determining
the CB and VB of the WSe2 nanoflower (A and B) and GDY (C and
D) at 0.005 V s−1 in 0.1 M pH 7.4 phosphate buffer.
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electrode (Figure 6B, curve d). After incubation with FT and
the PEC nanoprobe, the oxidation peak current diminishes
ulteriorly (Figure 6B, curve e). The obtained results indicate
the successful construction of the biosensor.
PEC Response for the α-Synuclein Oligomer. Under

the optimal experiment conditions (Figures S5 and S6), the
analytical characteristics of the PEC biosensor were inves-
tigated by quantitatively detecting various concentrations of α-
Syn oligomer. As depicted in Figure 7A, the PEC response
linearly increased as the logarithm of α-Syn oligomer
concentration increased from 10 aM to 1.0 nM with a

detection limit of 3.3 aM [defined as LOD = 3(S/N)]. The
linear regression equation was fitted to I = 1020.8 log c +
17365.3, with a correlation coefficient of 0.9959 [I and c
represent the PEC response (nA) and the concentration of α-
Syn oligomer (M), respectively] (Figure 7B). The relative
standard deviation (RSD) is 3.7% at 100 aM. A comparison
between this method with previous reports was explored. As
shown in Table S2, this method had a wide detection range
and a low detection limit.
Specificity is a key index for the assessment of biosensor

performance. Several potential interferences, such as glucose
dehydrogenase (PQQGDH), C-reactive protein (CRP),
luciferase, and immunoglobulin G (IgG), are used to assess
the specificity. The concentrations of interferences are 100
times larger than the α-Syn oligomer concentration. A low
PEC response, nearly that of a blank test, is observed when
PQQGDH, CRP, luciferase, and IgG are used as the detection
sample (Figure 8A). As expected, a significant PEC response

was achieved for α-Syn oligomer and the mixture containing α-
Syn oligomer, PQQGDH, CRP, luciferase, and IgG. These
results revealed the specificity of the PEC biosensor to detect
α-Syn oligomer and showed that the signal generated was
owing to the specific binding of α-Syn oligomer to the
aptamer.
Furthermore, the PEC biosensor incubated with 100 pM α-

Syn oligomer was implemented under continuous scanning for
five cycles to investigate the stability (Figure 8B). The PEC
response revealed an inconspicuous change during the cycles,
and the RSD was 2.4%, which demonstrated that this PEC
biosensor has excellent stability.

Practical Sample Detection. The applicability and
feasibility of the biosensor for α-Syn oligomer detection were
confirmed by the sample standard addition method. In order
to avoid the interference of the background signal, different
amounts of α-Syn oligomer were added to the human serum
after 100 times of dilution. Then, a recovery experiment was
carried out, and the standard addition method was used to
detect α-Syn oligomer doped at different concentrations. The
results in Table S3 clearly indicate that the recovery rate is
between 98.9% and 110.0%, and the RSD’s are between 2.36%
and 4.02%, demonstrating that this biosensor has potential
ability for auxiliary clinical diagnosis.

Table 1

material Ered vs SCE (V)a Eox vs SCE (V) ECB/LUMO (eV) EVB/HOMO (eV) Egap (eV)

WSe2 −0.82 0.69 −3.92 −5.43 1.51
GDY −0.94 0.10 −3.80 −4.84 1.04

aSCE: saturated calomel electrode.

Scheme 2. Photocurrent Generation Mechanism

Figure 6. (A) EIS and (B) CV of different electrodes: bare GE (a),
AuNPs/GDY/GE (b), TsDNA/AuNPs/GDY/GE (c), and MCH/
TsDNA/AuNPs/GDY/GE (d), after MCH/TsDNA/AuNPs/GDY/
GE was incubated with FT and the PEC nanoprobe (e).

Figure 7. PEC responses of the biosensor corresponding to various
concentrations of α-Syn oligomer (A) and the corresponding
calibration plot between the PEC response and logarithm of α-Syn
oligomer concentration (B).

Figure 8. (A) Specificity of the PEC biosensor toward different
interferences (n = 7). (B) Stability monitoring of the PEC biosensor.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c07617
ACS Appl. Mater. Interfaces 2021, 13, 26515−26521

26519

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c07617/suppl_file/am1c07617_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c07617/suppl_file/am1c07617_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c07617/suppl_file/am1c07617_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07617?fig=fig8&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c07617?rel=cite-as&ref=PDF&jav=VoR


■ CONCLUSIONS
A PEC biosensor based on a AuNPs/GDY-modified electrode
and DA/MBA/WSe2 as the signal indicator was successfully
fabricated. α-Synuclein oligomer was detected sensitively by
coupling with a dual-cycle amplification strategy. In this PEC
biosensor, target triggered cycle I and achieved the conversion
of α-Syn oligomer to a massive output of FT. The output FT
was used for cycle II onto the AuNPs/GDY and TsDNA
modified electrode. The ultralow blank and high PEC signal
were achieved due to the intrinsic PEC property of GDY and
the specific device of the signal indicator for the PEC signal
enhancement. As expected, this PEC biosensor was applied to
the detection of α-Syn oligomer with good results. This
strategy both provided a sophisticated PEC signal indicator
and exhibited an encouraging ideal for PEC biosensor
delineation.
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