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Amyloid-β protein (Aβ) is an important biomarker and plays a key role in the early stage of
Alzheimer’s disease (AD). Here, an ultrasensitive photoelectrochemical (PEC) sensor
based on ZnO@polydopamine/Au nanocomposites was constructed for quantitative
detection of Aβ. In this sensing system, the ZnO nanorod array decorated with PDA
films and gold nanoparticles (Au NPs) have excellent visible-light activity. The PDA film was
used as a sensitizer for charge separation, and it also was used for antibody binding.
Moreover, Au NPs were loaded on the surface of PDA film by in situ deposition, which
further improved the charge transfer efficiency and the PEC activity in visible light due to the
localized surface plasmon resonance effect of Au NPs. Therefore, in ZnO@polydopamine/
Au nanocomposites, a significantly enhanced photocurrent response was obtained on this
photoelectrode, which provides a good and reliable signal for early detection of AD. Under
the optimized conditions, the PEC immunosensor displayed a wide linear range from 1 pg/
mL to 100 ng/mL and a low detection limit of 0.26 pg/mL. In addition, this PEC
immunosensor also presented good selectivity, stability, and reproducibility. This work
may provide a promising point-of-care testing method toward advanced PEC
immunoassays for AD biomarkers.
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INTRODUCTION

As a most prevalent type of dementia, Alzheimer’s disease (AD) is a fatal and irreversible
neurodegenerative disorder, occurring mainly in aged people.(Evans, Funkenstein et al., 1989;
Matthews, Arthur et al., 2013) Although massive effort has been made to cure this disease, there is
still no efficient treatment for it. AD is marked by a slow degeneration progression and the
neurodegeneration process starts several decades before the first clinical symptoms appear.(Jack
et al., 2010; Selkoe 2012; Yang et al., 2021) Therefore, early diagnosis of AD allows timely treatment
to ameliorate the deterioration symptoms of the patient, which has important directive
significance to clinical works.(Butterfield, Drake et al., 2002; Hardy 2002; Jack et al., 2010;
Murphy and Rd 2010) One of the important traits of AD is cerebral extracellular amyloid
plaques, which are formed through aggregation of amyloid-β (Aβ) protein. Aβ protein is a
polypeptide consisting of 39–42 amino acids. There are two primary variants: Aβ40 and Aβ42. PET
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and the level of Aβ (Aβ40, Aβ42) in cerebrospinal fluid (CSF)
are the gold standard of AD clinical diagnosis.(Grimmer,
Riemenschneider et al., 2009; Marcus, Mena et al., 2014;
Guilherme, Marina et al., 2020) However, this diagnosis
method is unlikely to become popularized in the public
because of high-cost PET and unavailable CSF. Therefore,
the development of low-cost, noninvasive, and accessible
tools to accurately quantify Aβ protein in blood for the early
diagnosis of AD is required.(Nakamura, Kaneko et al., 2018;
Laís Canniatti, Isabella et al., 2019) In blood, the physiological
concentrations of Aβ is several picograms per milliliter. To date,
a great deal of sensing techniques has been performed to detect
Aβ protein, including ELISA(Linan, Son et al., 2016), ion
mobility-mass spectrometry (IM-MS)(Obata, Murakami
et al., 2020), colorimetric biosensor(Xi, Shuangling et al.,
2021), electrochemical(Carneiro, Loureiro et al., 2017),
fluorescence(Lee, Park et al., 2019; Wang, Du et al., 2020;
Wen-Kai, Liu et al., 2021), surface-enhanced Raman
spectroscopy(Yang, Hwang et al., 2019), and
photoelectrochemical (PEC) immunosensors(Wang, Fan
et al., 2018). Among them, the PEC biosensor is an
innovative and attractive analytical technique for quantitative
study in the biological analysis due to its intrinsic merits such as
label-free, high signal-to-noise ratio, rapid response, and is
more readily miniaturized.(Shu and Tang 2019)

For the construction of the PEC biosensor, various kinds of
semiconductor materials have been developed to construct the
photoelectrode for PEC sensing. Zinc oxide (ZnO) is one of the
most extensively used n-type semiconductor photoactive
substrates with the advantages of environmental
friendliness, abundant natural resources, low cost, and high
stability.(Wei, Ke et al., 2012; Zhang, Wang et al., 2016)
However, ZnO has the inherent limitations of inefficient
utilization of sunlight and low separation efficiency of
electron hole, which cannot meet the demands for higher
sensitivity of PEC detection. To improve the light-
harvesting efficiency and prolong the life of photo-
generated carriers, combining with plasmon metals
including Au, Ag, and Cu exhibits great superiority in
improving the light absorption range and separation
efficiency of charge carriers of ZnO-based systems over the
other strategies due to the surface plasmon resonance (SPR)
effect.(Zheng, Zheng et al., 2007; Xiao, Liu et al., 2015; Kang,
Yan et al., 2016; Yang, Li et al., 2017; Zhang, He et al., 2018)
Based on the localized surface plasmon resonance (LSPR) of
Au nanoparticles (Au NPs), the strong visible light absorption
and the effective photo-generated carrier separation at the
metal–semiconductor interface can successfully generate
remarkable readout photocurrent signals.(Zhu, Zhang et al.,
2016; Zhang; Wang et al., 2018; Dong, Xu et al., 2019) For PEC
biosensor, the efficient immobilization of biomolecules on
photoactive materials of the photoelectrode is also a crucial
factor for achieving excellent performance.(Shu and Tang
2019) For ZnO/Au substrates, the antibody immobilization
is mainly through Au-NH2 bonding(Parviz Norouzi and
Ganjali 2011; Gasparotto, Costa et al., 2017), but the
amount of the immobilized antibody is limited by the low

Au content. Recently, inspired by the mussel-adhesion
phenomenon, polydopamine (PDA) has attracted intensive
attention as a multifunctional biocompatible material with
unique properties.(Lee, Dellatore et al., 2007; Lynge, van der
Westen et al., 2011; Liu, Ai et al., 2014) Through self-
polymerization of dopamine in alkaline aqueous solutions at
room temperature, PDA can coat on the surface of various
kinds of substrates with strong affinity. The as-formed
adherent PDA thin film has abundant active functional
groups (catechol, amine, indole, and quinone), capable to
serve as universal platforms including cross-linker reagents
for biomolecule immobilization and reductants for in situ
metal deposition. Besides, PDA possesses broadband light
absorption and can work as an electron donor.(Hu, He
et al., 2014; Wang, Ma et al., 2017; Yu, Huang et al., 2018;
He, Gao et al., 2019) Thus, PDA that is used to build up PEC
immunosensor exhibits great advantages as a multifunctional
platform.

In this work, a novel plasmonic PEC immunosensor was
successfully constructed based on ZnO nanorod array@
polydopamine heterointerface modified with Au NPs
(ZnO@PDA/Au) for sensitive detection of Aβ. The stepwise
process for the PEC immunosensor fabrication and the charge
transfer mechanism are displayed in Figure 1. The PDA
coating involving in the system is used as a multifunctional
platform such as a sensitizer for enhancing the photo-to-
electron conversion efficiency, a binder for antibody
bonding, and a reductant for in situ Au deposition. Both
PDA film and Au NPs can enhance the light absorption and
loading content of antibody. The as-prepared PEC
immunosensor realized label-free detection of Aβ, which
exhibits a wide linear range from 1 pg/mL to 100 ng/mL,
low detection limit of 0.26 pg/mL, high sensitivity, and good
stability. This work provides a promising future for the early
diagnosis of AD.

EXPERIMENTAL SECTION

Chemicals and Materials
Aβ40, Aβ42, and Aβ42 antibodies were purchased from Bio-
Techne China Co., Ltd (Shanghai, China). Bovine serum
albumin (BSA) was obtained from Kuer Chemical
Technology (Beijing) Co., Ltd (Beijing, China). Zinc nitrate
hexahydrate (Zn(NO3)2·6H2O), ammonia hydroxide
(NH3·H2O), ethylenediamine, and potassium permanganate
(KMnO4) were acquired from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). Dopamine, sodium chloride
(NaCl), potassium chloride (KCl), Na2HPO4·12H2O,
KH2PO4, and ascorbic acid (AA) were purchased from
Aladdin Biochemical Technology Co., Ltd., (Shanghai,
China). Indium-doped tin oxide (ITO) conducting glass
(sheet resistance 8 Ω) was acquired from Wuhan Jinge
Solar Technology Co., Ltd., (China). All the chemical
reagents were of analytical grade and used directly as
received. All the solutions used in all experiments were
prepared with ultrapure water (Milli-Q, 18.2 MΩ).
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Characterization and Measurement
The morphology was characterized using field emission scanning
electron microscopy (FESEM; Quanta 250, FEI, OR,
United States). The energy-dispersive X-ray spectroscopy was
used to reveal the elemental composition of all composites
equipped with FESEM. The X-ray diffraction analyzer (XRD;
Bruker D8 diffractometer, Germany) using Cu Kα radiation
(40 kV, 40 mA) was employed to determine the crystal phase
of the obtained samples. The UV–vis diffuse reflectance spectra
(DRS) of the samples were collected using a Thermo U-4100
UV–vis spectrophotometer. The X-ray photoelectron
spectroscopy (XPS) data of the composite was obtained on a
Thermo Scientific K-Alpha X-ray photoelectron spectrometer
with a monochromatized Mg Kα X ray source. All the
electrochemical measurements were carried out on a CHI760E
Electrochemical Analyzer (Chenhua Instruments, Shanghai,
China).

Preparation of ZnO@PDA/Au Modified ITO
Electrode
The ZnO nanorod array was grown onto ITO substrate based
on the previous literature.(Yang and Hu 2017; He, Gao et al.,
2019) In brief, a piece of clean ITO (tailored as size of 2.5 ×
1 cm) was first immersed into freshly prepared KMnO4

(5 mM) solution for 30 min at room temperature. After
thoroughly rinsing with deionized water, the ITO was then
placed with the conductive side facing down in a glass bottle
with 10 mL precursor solution containing Zn(NO3)2 (0.1 M),
ammonium hydroxide (3% v/v), and ethylenediamine (4%
v/v). The reaction was carried out at 75°C in a water bath
for 3 h. The obtained ZnO-ITO was rinsed with water and
dried under gentle N2 flow for later use. Then, the ZnO-ITO
electrodes were further coated with PDA via a simple dip-
coating method. Typically, the as-synthesized ZnO-ITO were
dipped into 20 mL of Tris–HCl solution (10 mM, pH 8.5)
containing 25 mg dopamine and kept for 4 h at room

temperature, followed by gently rinsing with DI water
several times. The as-obtained ZnO@PDA electrodes were
stored at 4°C for the following use. Au NPs decorated
ZnO@PDA-ITO was obtained based on the following in situ
growth method. Then 0.2 mL of HAuCl4 (1%) aqueous
solution was added to 10 mL H2O solvent to obtain a
homogeneous solution. Then the prepared ZnO@PDA-ITO
were immersed into the solution and incubated for 60 min.
These were then taken out and rinsed gently with DI water and
stored at 4°C for next use.

Construction of the Label-free PEC
Immunosensors
First, the ZnO@PDA/Au electrode was incubated with 0.02 mL
anti-Aβ (10 μg mL−1) PBS solution (pH � 7.4) on the electrode
surface for 1 h at room temperature. Second, the electrode was
rinsed with PBS solution to remove the physical adsorption of
antibodies. Third, the electrode was dipped into bovine serum
albumin (BSA, 1 mg/mL) PBS solution for 1 h to block the non-
specific binding sites. Finally, 10 μL of Aβ with different
concentrations was dropped onto the electrode surface and
incubated 1 h at room temperature. After thoroughly washing
with PBS buffer, the sensors used for the following PEC detection
were obtained.

Photoelectrochemical Detection
All the PEC tests were performed on a CHI 760E
electrochemical workstation adopting a standard three-
electrode system, in which the as-prepared photo-electrode
was used as the working electrode, platinum (Pt) sheet as the
counter electrode, and saturated Ag/AgCl electrode as the
reference electrode. A 500-W Xe lamp equipped with an
AM 1.5 G filter was employed as the irradiation source for
the photo-response of the as-obtained photoelectrodes. The
power density is 100 mW cm−2. 25 mL of PBS (0.1 M, pH 7.4)
solution containing 1 mM AA served as the supporting

FIGURE 1 | The stepwise fabrication process of the ZnO@PDA/Au PEC immunosensor.
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electrolyte. Linear sweep voltammetry (LSV) curves were
recorded from −0.05 to 0.3 V with a scan rate of 50 mV s−1.
Electrochemical impedance spectroscopy (EIS) experiment
was carried out at open circuit potential in the frequency

range of 100 kHz to 0.1 Hz with an amplitude of 5 mV. The
photocurrent response measurements of the working electrode
were collected under light irradiation switching on and off
every 10 s at the applied potential of 0.05 V.

FIGURE 2 | SEM images of (A) ZnONRs, (B) ZnO@PDA, (C) ZnO@PDA/Au, and (D) EDS spectrum of ZnONRs, ZnO@PDA and ZnO@PDA/Au. (E) XRD pattern of
ITO, ZnO NRs, ZnO@PDA, and ZnO@PDA/Au. (F) UV–vis absorption spectra for ZnO NRs, ZnO@PDA, and ZnO@PDA/Au. XPS spectra of ZnO@PDA/Au. (G) Survey;
(H) Zn 2p; (I) O 1s; (J) N 1s; (K) C 1s; (L) Au 4f and Zn 3p.
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RESULTS AND DISCUSSION

Characterization of the as-prepared
Electrodes
The morphology, structure, and composition of ZnO, ZnO@
PDA, and ZnO@PDA/Au modified electrodes were recorded.
The top and cross-sectional view SEM images in Figure 2A;
Supplementary Figure S1 display that a large scale of ZnO
nanorods with lengths of around 1.2 μm and diameters of less
than 200 nm are grown on the ITO glass. The one-dimensional
structure and large gap between the ZnO nanorods can provide a
high surface area to facilitate light harvest and further biomaterial
assembly. As shown in Figure 2B; Supplementary Figure S2A,
after coating with PDA, the surface of modified nanorods become
rougher compared with that of bare ZnO nanorods indicating
that the ZnO nanorods have been successfully enwrapped by
PDA to form a core/shell. The original structure of the ZnO
nanorods still remained. The color of the substrate turns
obviously from white to dark yellow during this process, as
shown in Supplementary Figure S3. The ZnO@PDA were
further used for in situ deposition of Au NPs basing on the
reducing action of PDA coating. In Figure 2C; Supplementary
Figure S2B, various Au NPs are observed homogeneously
adhering on the surfaces of ZnO@PDA. At this time, the color

of the electrode turned dark red (Supplementary Figure S3). EDS
spectrum was conducted to further analyze the elemental
composition of the electrode with different modifications. The
results in Figure 1D exhibit that the ZnO nanorods mainly
contain Zn and O elements. The content of the C element
increases after PDA coating providing another evidence for
the existence of PDA. The distinctive Au signal of the ZnO@
PDA/Au further confirms that Au has been introduced to the
coating substrate successfully. Figure 2E shows the XRD patterns
for the structural analysis of all the samples. The ZnO exhibits
sharp diffraction peaks at 31.7°, 34.5°, 36.3°, 47.6°, and 62.9°, which
could be assigned to the hexagonal ZnO phase (JCPDS No.
70–2551). Compared with the original ZnO, PDA-coated ZnO
show no peak positions altering and additional peaks, indicating
that wrapping PDA does not affect its crystal phase, while a minor
increase of the peak intensity can be seen, which might be owing
to the low content of PDA in the complex and the positive effect
of PDA on the crystallization of ZnO. After loading Au NPs, the
emerging characteristic peak of Au at 38.4° proves that Au NPs
exist in the ZnO@PDA/Au composite.

Also, the optical properties of these samples were determined
by UV–vis diffuse reflectance spectra (DRS). As presented in
Figure 2F, the light absorbance of bare ZnO is weak in the visible
region, which is ascribed to its intrinsic wide bandgap. However,

FIGURE 3 | (A) Photocurrent response of ZnO NRs/ITO, ZnO@PDA, and ZnO@PDA/Au toward on/off cycles of simulated sunlight illumination at 0.1 V. Electrolyte
solution was 0.1 M PBS containing 1 mM ascorbic acid, potential sweep rate at 50 mV s−1. (B) EIS Nyquist plots spectra of different modified electrodes ZnO NRs/ITO,
ZnO@PDA, and ZnO@PDA/Au. (C) LSV curves of ZnO NRs/ITO (a′, a″), ZnO@PDA/ITO (b′, b″), and ZnO@PDA/Au/ITO (c′, c″) without/with simulated sunlight
illumination, respectively. (D) The charge transfer mechanism of this PEC immunosensor.
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owing to the homogeneous coating of the PDA shell, ZnO@PDA
shows an extended absorption range to the visible light region
and increased absorption intensity, indicating that PDA can
efficiently absorb visible light and works as a photosensitizer
to improve the charge separation. The ZnO@PDA/Au exhibits an
obvious absorption peak at about 560 nm, which is assigned to
the SPR peak of Au NPs. The aforementioned results prove that
by combining the PDA core–shell heterostructure and the LSPR
effect of Au NPs, more photoelectric carriers can be generated
and separated, which plays a crucial role in enhancing the
utilization of sunlight for PEC sensing. In addition, the XPS
spectrum is used to analyze the chemical composition and
electronic structures of ZnO@PDA/Au. The XPS survey
spectrum (Figure 2G) shows the existence of Zn, O, N, C, and
Au elements in the hybrid composite. As displayed in Figure 2H,
two peaks of Zn 2p at about 1,022.1 and 1,045.2 eV can be
indexed to the binding energy of Zn 2p3/2 and Zn 2p1/2,
respectively. In Figure 2I, the O 1s peak is split into three
peaks at 530.8, 531.5, and 532.3 eV, assigning to O–Zn bond
binding energy in the structure of ZnO, O�C, and O–C in the
PDA film, respectively (Applied Surface Science 457 (2018) 1096).
As for the N 1s spectrum (Figure 3J), the three deconvoluted
peaks centered at 398.4, 399.7, and 400.8 eV can be ascribed to
primary (R �NH2), secondary (R−NH−R), and tertiary/aromatic

(�N−R) amine functional groups in PDA, respectively. The C 1s
spectrum (Figure 3K) exhibits three characteristic peaks at
284.4 eV for CHx species, 285.1 eV for C–O/C–N, and
287.5 eV for C�O in PDA. In Figure 3L, the XPS spectrum of
Au 4f strongly overlaps with the peaks of Zn 3p; thus, it was fitted
into four peaks. The two peaks with the lower binding energy
located in 83.1 and 86.8 eV have corresponded to the Au 4f7/2 and
Au 4f5/2, respectively. Meanwhile, another two peaks can be
indexed to Zn 3p3/2 (89.1 eV) and Zn 3p1/2 (91.9 eV),
respectively. Therefore, the aforementioned findings confirm
the successful synthesis of ZnO@PDA/Au.

Photoelectrochemical behaviors and
charge transfer mechanism of the PEC
immunosensor
Transient photocurrent, electrochemical impedance analysis (EIS),
and linear sweep voltammograms (LSVs) were applied to estimate
intrinsic electrochemical behavior and photocurrent response in the
ZnO@PDA/Au system. The transient photocurrent responses of the
as-fabricated electrodes have been measured at 0.05 V (Figure 3A).
The ZnO@PDA/Au electrode owns the highest photocurrent, which
is about fivefold of the pristine ZnO. The excellent PEC performance
of ZnO@PDA/Au benefits from the synergistic action of PDA and

FIGURE 4 | (A) Photocurrent responses of Aβwith different concentration, from (a) to (g): 0, 0.001, 0.01, 0.1, 1, 10, and 100 ng/mL. (B) The linear calibration curve
for photocurrent densities versus various concentrations of Aβ (ΔI � I0 − I, I0 is the photocurrent response of the PEC sensor without Aβ and I is the photocurrent response
containing antigen). Error bars � RSD (n � 3). (C) Stable photocurrent response curve of ZnO@PDA/Au electrode incubated with 1 pg/mL Aβ. (D) Selectivity of the PEC
immunosensor. Photocurrent responses of the PEC immunosensor for different proteins including 1000 pg/mL Aβ40, 1,000 pg/mL APOE4, 1,000 pg/mL
dopamine, 1,000 pg/mL glucose, or 10 pg/mL Aβ42.
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Au NPs, which broaden the light absorption range and enhance the
separation efficiency of photo-generated electron–hole pairs.
Moreover, EIS was used to test the electron transfer resistance
change of different modification processes. As shown in
Figure 3B, compared with ZnO and ZnO@PDA, the ZnO@PDA/
Au shows the smallest interfacial electron transfer resistance.

The LSV curves of the ZnO, ZnO@PDA, and ZnO@PDA/Au
electrodes were recorded in dark and under illumination with the
applied potential ranging between −0.05 and 0.3 V. As shown in
Figure 3C, all the as-prepared photoelectrodes display negligible
current in the dark condition although the current density of
ZnO@PDA/Au is slightly higher than the other two electrodes.
Under irradiation, the PDA-coated ZnO displays a higher
photocurrent than that of the original ZnO. This increase of
photocurrent is attributed to the enhanced light harvest capability
by using PDA as the photosensitizer. Obviously, after the
subsequent decoration of Au NPs on the ZnO@PDA, the
photocurrent significantly increases under the same potential
because of higher light absorption and the photocarriers’
generation ability of Au nanoparticles. As a control, LSV
curves of ITO are presented without/with simulated sunlight
illumination, respectively, and the result is shown in
Supplementary Figure S4A. Moreover, photocurrent
responses of ITO, ITO/anti-Aβ/BSA, and ITO/anti-Aβ/BSA/Aβ
toward on/off cycles of simulated sunlight illumination at
0.1 V were also performed as shown in Supplementary Figure
S4B. These results demonstrated that ITO has no PEC
performance. According to the aforementioned analysis, the
decoration of PDA and Au NPs on ZnO can bring excellent
PEC performance.

According to the aforementioned results, the possible photo-
generated charge transfer mechanism of the ZnO@PDA/Au is
illustrated in Figure 3D. Under the solar light illumination,
each component of the as-prepared photoanode could be
excited to generate carriers simultaneously. Light irradiation of
the ZnO induces the excited electrons from the valence band (VB)
to the conduction band (CB) and further transfer to the surface
of ITO. At the interface of PDA and ZnO, the generated electrons
on the lowest unoccupied molecular orbital (LUMO) of
PDA could transfer to the CB of ZnO to generate a built-in
electric field due to the matching energy level, which effectively
blocks the photo-generated charge recombination and enhance
the charge separation and transfer efficiency. In addition, the
plasmonic Au NPs could generate hot electrons with sufficient
energy and inject into the LUMO of PDA under visible light
excitation. The enriched electrons on the ZnO would transfer
to the counter Pt photocathode through an external circuit
to obtain the photocurrent signal for the PEC detection.
Meanwhile, the remaining holes on the VB of ZnO transfer to
the highest occupied molecular orbital of PDA. Both the
accumulated holes on PDA and hot holes left on the Au NPs
can be rapidly consumed by AA (electron donor) in the
electrolyte against the photoinduced carrier recombination.
Accordingly, by integrating the photosensitization of
PDA and LSPR effect of Au NPs, the ZnO@PDA/Au is
considered to be an excellent substrate material for
photocurrent response.

Optimization of Detection Conditions
To obtain the best detection performance of photoelectrode, the AA
concentration and the pH values, which have a direct effect on PEC
response signal through electron transfer, were optimized in detail.
AA can be used as the scavenger to consume the photoinduced hole
and an efficient antioxidant to reduce the photo-oxidized PDA film.
The change of photocurrent with the AA concentration range from
0.01 to 100mM is shown in Supplementary Figure S5A. The
photocurrent signal of the ZnO@PDA/Au electrode displays a
significant increment along with the increasing AA concentration
at first and then reaches a peak at 1 mM. A decrease in photocurrent
density can be seen, when the AA concentration in the solution
continues to increase. When the photo-generated electrons are
injected into ZnO, the PDA and Au NPs could be regenerated
through gaining electrons from the electron donor to achieve
effective separation of photo-generated charge. At the same time,
the excess AA in the electrolyte solution leads to the quenching
absorption of the solution, which impacts the irradiation reaching
the photoanode and reduces the intensity and efficiency of the
excitation electron-hole center. Thus, 1 mM was selected as the
optimal concentration of AA in this work.

Furthermore, the effect of pH value on the detection
photocurrent was recorded in Supplementary Figure S5B. The
photocurrent gradually increases with the pH of the buffer solution
rising from 6.5 to 7.4. When the pH value further enhances to 8.5,
the photocurrent shows an obvious decrement. This result may be
ascribed to the bioactivity of the immobilized antigen that could be
disrupted in the acidic or alkaline environment. The PBS solution
with pH 7.4 is similar to the physiological environment to maintain
the good activity of the biomolecules. Thus, to obtain an excellent
photocurrent response and immunocomplex layer on the
photoanode, pH 7.4 was selected in the following detection. In
addition, the concentration of antibodywas optimized, and the result
shows the optimal concentration is 10 μg/mL (Supplementary
Figure S6).

Analytical Performance of the
Photoelectrochemical Immunosensor
Based on the aforementioned optimal conditions, the photocurrent
density was collected to track the succession process for the
fabrication of the PEC immunosensor. In Supplementary Figure
S7, after the immobilization of anti-Aβ (curve b) and subsequent
BSA blocking (curve c), the photocurrent intensity reduces
significantly. This is ascribed to the binding molecules on the
surface of the photoanode that partly hinder the access and
reaction of AA with the photoinduced holes. The further decrease
of photocurrent can be seen after continued incubation with Aβ,
owing to the formation of the antigen–antibody immunocomplexes
on the photoelectrode surface. These results confirm the successful
construction of the label-free PEC immunosensor.

The photocurrent intensity has a direct relationship with the
concentration of Aβ. Thus, the as-fabricated immunosensor based on
ZnO@PDA/Au was applied to detect Aβ with different
concentrations. Figure 4A displays the photocurrent change of
the as-fabricated PEC biosensor with different concentrations of
Aβ at the optimal condition. It can be seen that along with the
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increase of the Aβ concentration, the photocurrent reduces gradually.
The linear relationship related to the change of the photocurrent
intensity (ΔI) and the logarithm of Aβ concentration in the range
from 1 pgmL−1 to 100 ngmL−1 is presented in Figure 4B. The
regression equation is displayed as ΔI � 0.538 log c + 2.226 (R2 �
0.992). The limit of detection (LOD) is determined to be 0.26 pgmL−1

(S/N � 3). The LOD is calculated by three times the SD of the blank
according to our previous report.(Yibiao, Qing et al., 2021) As a
control, a typical ELISA has been used to validate our method. As
shown in Supplementary Figure S8, the ELISA calibration curve was
constructed by plotting the optical density of Aβ42 at 450 nm (TMB
as substrate). And the range of Aβ42 concentration is 1–800 pg/mL.
The relationship between the optical density at 450 nm and the Aβ42
concentration follows the regression equation y � 0.00099x + 0.072
(R2 � 0.9991). The detection limit is 18.59 pg/mL, and the linear
range is from 10 to 800 pg/mL. Compared with typical ELISA, our
prepared PEC sensor based on ZnO@PDA/Au exhibited lower LOD
and wider linear range. Compared with several previous reports for
the detection of Aβ, the proposed PEC immunosensor in our work
exhibits a much wider sensing range and competitive LOD. A
comparison is shown in Supplementary Table S1. What is more,
the as-fabricatedmaterial is environment friendly and possesses good
biocompatibility. Therefore, the ZnO@PDA/Au is a very promising
material used for the construction of sensitive PEC immunosensors.

Stability, Reproducibility, and Specificity
The stability, reproducibility, and specificity are very crucial factors for
the successful construction of immunosensor in biological application.
The photocurrent response of as-prepared immunosensor incubated
with 1 pgmL−1 Aβ was tested by 30 on/off cycles of illumination to
access its stability. Observing from Figure 4C, the photocurrent
response shows no distinct variation. Moreover, the as-fabricated
immunosensor was stored at 4°C to investigate the storage stability.
After 2 weeks of restoring, the photocurrent density could still retain
90.1% of its initial response (Supplementary Figure S9). In addition,
the reproducibility of this ZnO@PDA/Au electrode was also
measured, and the result is shown in Supplementary Figure S10,
which demonstrated that the ZnO@PDA/Au electrode had excellent
reproducibility. To evaluate the specificity of the fabricated PEC
biosensor, several biological interfering species including Aβ40,
human apolipoprotein E4 (APOE4), dopamine, and glucose with a
100-fold higher concentration were chosen for the test. As shown in
Figure 4D, the photocurrent response to the interfering substances
appears imperceptible, compared with that of the specific target Aβ42,
which implied that the PEC immunosensor possesses excellent anti-
interference ability and specificity. The aforementioned results prove
that this proposed sensing platform owns superior stability,
reproducibility, and specificity.

Aβ Detection in Serum Sample
To further certify the practicability of the prepared PEC
immunosensor, the tests were also carried out in real biological
samples. The diluted serum samples were spiked with different
concentrations of Aβ42(1, 10, 100, 1,000, 10,000 pg/mL), and then
the photocurrent changes were recorded in Supplementary Table
S2. The detection results are close to that of the added values with
satisfactory recoveries ranging from 97.1 to 109.1%, revealing that

the proposed PEC immunosensor based on ZnO@PDA/Au has
excellent sensitivity and reliability for the detection of Aβ in real
serum sample analysis and can be capable for the clinical diagnosis.

CONCLUSION

In summary, a novel PEC immunosensor based on PDA andAuNP
co-decorated ZnO was successfully designed for ultrasensitive
and label-free detection of Aβ. The ZnO@PDA/Au substrate
obtained by self-polymerization and in situ self-reduction exhibits
superior optoelectronic property by taking the advantage of the
photosensitization of PDA and SPR effect of Au NPs together.
What is more, the PDA film and Au NPs can also be used as a
biocompatible functional layer for the immobilization of
biomolecules. The interfacial charge transfer mechanism of the
proposed biosensing platform was investigated in detail. The as-
fabricated PEC immunosensor displays apparent merits for Aβ
detection including broad linear range, low detection limit, and
good anti-interference performance and stability. In addition, it can
also realize the acceptable quantitative analysis of Aβ in real serum
sample. Due to the aforementioned advantages, the PEC electrode
provides a versatile sensing platform and has good potential in other
bioanalysis applications for early disease diagnosis.
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