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ARTICLE INFO ABSTRACT

Photoelectrochemical (PEC) biosensor for highly sensitive detection of breast cancer biomarker human epi-
dermal growth factor receptor-2 (HER2) is reported utilizing a dual signal amplification strategy. The biosensor
was prepared based on tungsten sulfide nanowire array on Ti mesh (WS, NW/TM). Such WS, NW/TM electrode
can generate photoelectric signal under visible light excitation. The HER2 aptamer was wrapped onto the na-
nowire array surface for specific binding with HER2 molecules, and gold nanoparticles (Au NPs) that modified
with glucose oxidase (GOx) and HER2 binding peptide was utilized for signal amplification. The HO, that
generated by GOx catalyzed glucose reaction and localized surface plasmon resonance of Au NPs can both
enhance the PEC current intensity of the biosensor, leading to dual signal amplification. The PEC current in-
tensity is enhanced linearly with HER2 concentration in the 0.5-10 ng/mL range with limit of detection of
0.36 ng/mL. Such biosensor was applied for the detection of HER2 in breast cancer serum samples with detection
results in good agreement with commercial ELISA results.
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1. Introduction

Photoelectrochemistry is the technique that combines photo-
chemical process and electrochemical technology (Fan et al., 2016; R.
Yang et al.,, 2018; Chen et al, 2010). The modern photoelec-
trochemistry was basically launched in 1954 by Brattain and Garrett
(Brattain et al., 1955). The photoelectrochemical (PEC) detection in-
herited the exciting advantages of electrochemistry, such as simple
instrumentation, fast detection process, low cost and easy of minia-
turization (Feng et al., 2017; Lu et al., 2006; Li et al., 2018; Q. Yang
et al., 2018; Shen et al., 2018). In addition, since the excitation source
and detection signal are different, PEC detection has low background
signal and high sensitivity. As a result, PEC detection has found wide
applications for detection of various analytes, such as protein bio-
markers, DNA, metal ions, small molecules and so on (Zhang et al.,
2018; Zhao et al., 2018; Lu et al., 2008; Shi et al., 2018).

Photoactive materials significantly affect the analytical perfor-
mances of PEC sensors (Hu et al., 2018). In recent years, different
materials have been studied, with the most widely reported are in-
organic semiconductor nanomaterials or quantum dots (Zhao et al.,
2015a,b; Chen et al., 2008; Chang et al., 2010). Significant efforts have
also been tried for the development of composite materials to increase
the efficient utilization of solar light and enhance the PEC efficiency.
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For example, TiO, was combined with quantum dots to broaden the
absorption of solar light and amplify the photocurrent response (Zhao
et al., 2015a,b). Tungsten sulfide (WS,), a good PEC material has been
widely investigated in the field of energy storage and catalysis because
of broadband light absorption, remarkable carrier mobility and ease of
functionalization. WS, nanowire array on Ti mesh (WS, NW/TM), as a
three dimension electrode, has large surface area, high active sites
density, low series resistance, marvelous stability and beneficial diffu-
sion of electrolyte (Guo et al., 2018a,b; Guo et al., 2018a,b; Zhang et al.,
2017), which is beneficial for generating photoelectric signal.

Human epidermal growth factor receptor-2 (HER2) is a biomarker
of breast cancer that overexpressed in around 20-30% of breast cancer
tumors (Shen et al., 2017; Hu et al., 2017; Peng et al., 2018). In this
paper, we developed a novel PEC biosensor for HER2 detection based
on WS, NW/TM as photoactive material and a dual signal amplification
strategy. Such WS, NW/TM electrode synthesized by a facile hydro-
thermal sulfide method can generate photoelectric signal under visible
light excitation. Gold nanoparticles (Au NPs) modified with glucose
oxidase (GOx) and HER2 specific peptide (Li et al., 2018) were utilized
for signal amplification. Such bioconjugates can be captured by the
HER2 aptamer (Hu et al., 2017) wrapped nanowire array. The GOx can
catalyze glucose to produce H»0,, which as a sacrificial electron donor
can scavenge the holes generated on the valence band of WS, NW/TM
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(An et al., 2010; Zirak et al., 2015), and thus amplifies the PEC signal.
In addition, the introducing of the localized surface plasmon resonance
(LSPR) of Au NPs into PEC system can also enhance photoelectric
transfer efficiency and increase the photocurrent response as well (Z.
Yan et al., 2016; Yan et al., 2016; Zhao et al., 2011;Cushing et al., 2012;
You et al.,, 2012). In such system, dual signal amplification was
achieved, leading to high sensitivity of the sensor. The reported signal
amplification method can be adapted to other PEC sensors and has a
great potential for clinical and biological analysis.

2. Experimental section
2.1. Materials and reagents

The peptide specific to HER2 (CKLRLEWNR) was purchased from
GL Biochem Ltd. (Shanghai, China). The HER2 specific DNA aptamer
(5’-GCA GCG GTG TGG GG-3’) was obtained from Sangon Biotech Co.,
Ltd. (Shanghai, China). The human HER2 proteins were acquired from
Abcam Co., Ltd. (Cambridge, MA, USA). Bovine serum albumin (BSA),
glucose oxidase and HAuCl,2H,0 were bought from Sigma-Aldrich (St.
Louis, MO) N32WO4'2H20, HCl, NazHPO4, NaH2P04, H2C204'2H20,
(NH,4),SOy, thiocarbamide, Na3;C¢Hs0,-2H,0 and glucose were pur-
chased from Aladdin Ltd. (Shanghai, China). The human HER2 ELISA
kit was purchased from Jining Biotech Co., Ltd. (Shanghai, China).
Human serum samples were gathered from the Second Xiangya hos-
pital. All experiments were carried out in accordance with the guide-
lines of the National Institute of Health, China, and approved by the
Institutional Ethical Committee (IEC) of Central South University. We
also obtained informed consent for any experimentation with human
serum samples. All stock solutions were prepared with deionized water.
All reagents were used as received.

2.2. Synthesis of WSz NW/TM electrodes

The WS, NW/TM was prepared by a simple hydrothermal sulfide
method. 5mmol Na,WO42H,O was dissolved in 40 mL deionized
water. Subsequently, 3M HCI was added by drop until the pH of so-
lution attained 1.2 and the solution turned pale yellow. After that,
14 mmol H,C,042H,0 was added into aforementioned mixture and
diluted to 100 mL, and the HoWO, precursor was formed. Then, 5¢g
(NH,4),SO4 and 10.8 mmol thiocarbamide were dissolved in precursor
successively. The solution was transferred to 50 mL Teflon-lined stain-
less autoclave. A piece of Ti mesh (2cm X 4cm) that was carefully
pretreated by hydrochloric acid, ethanol and deionized water in turn,
was put into the autoclave, sealed, and maintained at 180 °C for 16 h.
When the autoclave cooled to room temperature, the Ti mesh was taken
out and washed by deionized water for several times and dried at 60 °C
for 12 h. The as-obtained sample was finally calcined in N, atmosphere
at 600 °C for 2 h.

2.3. Preparation of [GOx-Au NPs-peptide] bioconjugates

The Au NPs were synthesis according to a reported method (Li et al.,
2018). After the 100mL deionized water containing 0.001%
HAuCl,2H,0 was heated to boiling, 2% NazC¢Hs0,2H,0 (w/v) was
added, and then the mixture was refluxed for 15min and stirred to
ambient temperature. To prepare the GOx-Au NP-peptide bioconju-
gates, GOx (50 pL, 0.4 mg/mL) and the HER2 specificity peptide (50 pL,
0.4 mg/mL) were added to 2mL Au NPs solution. The mixture was
gently vibrated for 12 h. The as-obtained solution was centrifuged and
re-dispersed into 2 mL of deionized water.

2.4. Biosensor fabrication

The WS, NW/TM (0.5 cm X 0.5 ¢cm) was immersed in 5 M aptamer
solution for 4h. Next, the electrode was blocked by 1% BSA for
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30 minat 4 °C. Then, the resulting electrode was washed by deionized
water and different concentration of HER2 was spread onto it for 2 h at
4 °C. Finally, the 40 uL as-prepared GOx-Au NP-peptide bioconjugates
were drop on the surface of the electrode for 2h. The assembled elec-
trode was incubated in 7 mL PBS (0.1 M, pH = 7.0) containing 10 mM
glucose for 25 min at 37 °C, followed by the respective PEC measure-
ments. All tests were performed at OV vs. SCE.

2.5. Characterization methods

All the electrochemical measurements were performed by a CHI
650D electrochemical workstation (CH Instruments, Inc., Shanghai) in
a typical three electrode configuration, utilizing WS, NW/TM
(0.5cm x 0.5 cm) as working electrode, a saturated calomel electrode
(SCE) as reference electrode and a platinum wire as auxiliary electrode.
The human HER2 ELISA was conducted on an ELX800 microplate
reader (BioTek). Powder X-ray diffraction (XRD) patterns were ac-
quired on a LabX XRD-6100 X-ray diffractometer with Cu Ka radiation
(40kV, 30 mA) of wavelength 0.154 nm (SHIMADZU, Japan). Scanning
electron microscopy (SEM) measurements were performed on a tung-
sten lamp-equipped SU3500 scanning electron microscope at an ac-
celerating voltage of 20kV (HITACHI, Japan). Transmission electron
microscopy (TEM) measurements were conducted on a Hitachi H-8100
electron microscopy (Hitachi, Tokyo, Japan) at an accelerating voltage
of 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were
carried out on an ESCALABMK II X-ray photoelectron spectrometer
using Mg as the exciting source. The excitation source of homogeneous
light (420 nm) was filtered from the xenon lamp (PLS-SXE300D, China).
UV-vis absorbance measurement was performed on Shimadzu UV-2450
spectrophotometer.

3. Results and discussion
3.1. Characterization of WS, NW/TM and gold nanoparticles

Fig. 1A depicts the X-ray diffraction (XRD) patterns of WS, NW/TM
and bare Ti mesh. The WS, diffraction peaks located at 13.7°, 33.8°,
39.8°, 49.6°, 55.4°, 59.8°, 60.9° and 61.8° are indexed to the (002),
(101), (103), (105), (106), (008), (112) and (007) planes (JCPDS No.
08-0237), respectively (Wu et al., 2012; Lim et al., 2017). And the
peaks at 41.3°, 70.5° and 76° are derived from Ti mesh (JCPDS No
44-1294) (Ren et al., 2017). In addition, the broad peak at around 23.6°
is attributed to WO3 which may stem from surface oxidation of material
or contamination (Cai et al., 2015). Fig. 1B and C displays the scanning
electron microscopy (SEM) images of WS, NW/TM. As observed, the
WS, is in the morphology of nanowire array and the smooth surface of
Ti mesh (Fig. S1) was completely covered by the WS, nanowires. Fur-
thermore, the nanowire morphology was investigated by transmission
electron microscopic (TEM) (Fig. 1D). The high-resolution transmission
electron microscopy (HRTEM) (Fig. 1E) taken from the single nanowire
exhibits well-resolved interplanar spacing which were determined to be
0.61 nm indexed to (002) plane. Moreover, the TEM image of Au NPs is
shown in Fig. 1F. The Au NPs appear as quasi-spherical particles with
the size ca. 17 nm. And the UV-vis absorption peak of Au NPs is seen at
around 520 nm (Fig. S2A), which indicates the successful formation of
Au NPs (Hu et al., 2007; Zhang et al., 2015). Moreover, the dynamic
light scattering spectrum (Fig. S2B) demonstrates the as-made Au NPs
are uniform in size. In the meantime, the X-ray photoelectron spectro-
scope (XPS) analysis was employed to identify the element valence state
and examine chemical composition of material. As shown in Fig. 1G,
the binding energies located at 32.1 and 34.2 eV were assigned to W
4f,,5 and W 4fs 5, respectively, which indicated the presence of w4t
(Pu et al., 2014; Akple et al., 2015). Fig. 1H depicts the high-resolution
XPS spectrum of S 2p and the peaks at the binding energies of 163.2 and
164.4 eV corresponded to S>~ state (Zhong et al., 2016). The strong
peak located at 168.9 eV resulted from oxygen containing sulfur species
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Fig. 1. (A) XRD patterns of WS, NW/TM and bare Ti mesh. (B) and (C) SEM images for WS, NW/TM. (D) TEM image and (E) HRTEM image of WS, nanowire. (F)
TEM image of Au NPs. XPS spectra of WS, NW/TM in (G) W 4f and (H) S 2s regions. EDX elemental mapping images of (I) W and (J) S elements for WS, NW/TM.

(Escuderol et al., 2016; Du et al., 2018). The energy dispersive X-ray
(EDX) mapping images imply the W and S elements evenly distributed
over WS, NW/TM (Fig. 1I and J).

3.2. Electrochemical impedance spectroscopy (EIS) characterization of the
sensor modification process

After characterization of the WS, NW, the WS, NW/TM was utilized
to prepare the PEC sensor. It is well-known that EIS is a convenient and
effective approach to characterize the surface features of modified
electrodes and monitor the progressive construction of biosensor (Chen
et al., 2017). The charge transfer resistances (R.,) of different modified
electrodes are evaluated by the semicircle diameter of Nyquist plots.
And the R, is estimated by the semicircle diameter. As shown in Fig. 2,
the Nyquist plots for WS, NW/TM, WS, NW/TM-aptamer, WS, NW/
TM-aptamer-BSA, WS, NW/TM-aptamer-BSA-HER2, WS, NW/TM-ap-
tamer-HER2-[peptide-Au-GOx] were test in phosphate buffer solution
(PBS; 0.1 mM, pH = 7.0) containing 5mM [Fe(CN)6137/%. The WS,
NW/TM possesses the lowest R, value (curve a). As the electrode was
modified by aptamer, BSA, HER2 and bioconjugates step by step, the R,
values of the electrode was increased, which may be attributed to the
modified substance hindering the access of the redox probe ([Fe
(CN)61%/[Fe(CN)6]*) to the electrode surface. These results indicate
successful assembly of biomolecule on the surface of the electrode.

3.3. Photoelectrochemical response of biosensor for HER2 detection

Scheme A shows the schematic representation for the synthesis of
the Au NPs signal probe and the preparation of the biosensor. In the
presence of visible light irradiation, the photon energy collected by WS,
NW/TM was higher than that of its band gap, which led to the electron
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Fig. 2. Nyquist plots of EIS for different modified electrodes: (a) WS, NW/TM,
(b) WS, NW/TM-aptamer, (c) WS, NW/TM-aptamer-BSA, (d) WS, NW/TM-
aptamer-BSA-HER2, (e) WS, NW/TM-aptamer-HER2-[peptide-Au NPs-GOx].

transfer from valence band (VB) to conduction band (CB), generating
electron-hole (e”-h™) pair (Scheme B). Then the CB electron was
transferred to the surface of Ti mesh and the hole was scavenged by
H,0,, which resulted in photocurrent. Moreover, the LSPR of Au NPs
generated a collective oscillation of free electrons, which made the hot
electrons transferred from Au to the CB of the WS, NW/TM directly,
thus further enhancing the photoelectric transfer efficiency. In order to
confirm mechanism of sensing, PEC responses of different modified
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Scheme 1. (A) Schematic diagram of the process to synthesize the Au NP signal probe and fabricate PEC sensor for HER2 detection. (B) Schematic mechanism of the
operating PEC system.
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electrodes were studied (Fig. 3A). The bare Ti mesh substrate has no
PEC signal after visible light irritation (curve a). The substrate displays
a weak photocurrent response after being covered by WS, nanowire
array (curve b), a narrow band gap semiconductor. It can be seen that
the photoelectrochemical current intensity is significantly enhanced
obviously after addition of 5 mM H,05 (curve d). Furthermore, the WS,
NW/TM modified by Au NPs shows a strong photoelectric signal, which
attributed to the improved light absorption properties and conductivity
(curve c). Most importantly, when 5mM H,0, was added, the photo-
current response enhanced more than about 3 times (curve e). It is
striking to note that H>O, as a sacrificial electron donor can scavenge
the holes generated on the valence band of WS, NW/TM, hence boosts
the photocurrent signal. Meanwhile, the addition of Au NPs into elec-
trolyte can also leads to enhanced photocurrent response.

Fig. 3B depicts the photoelectric changes of biosensor in the present
of different concentrations of HER2. As the HER2 concentrations in-
creased from O to 10 ng/mL, the photocurrent increased accordingly.
Each concentration sample was repeated for 6 times. The inset exhibits
a good linear relationship between the change of photocurrent and the
HER2 concentration, with a linear correlation coefficient of 0.998.
Moreover, on the basis of S/N = 3, the calculated limit of detection is
0.36 ng/mL, which is compared favorable to other reported literature
for HER2 detection (Table S1). The increase of photocurrent in the
presence of HER2 is ascribed to GOx on Au NPs that catalyzed glucose
reaction to produce H,O,. In addition, the Au NPs itself can also en-
hance the photocurrent response. In such sandwich type assay, the time
of glucose oxidase catalyzing glucose to product H,O, affect the per-
formance of the sensor. Fig. S3 shows the effect of the GOx catalytic
reaction time on the photoelectric response in the range from O to
35 min. The photocurrent response enhanced with increase of catalytic
time and then reached a plateau at 25 min. Thus, subsequent experi-
ments employed 25 min as the optimum time for all the catalytic glu-
cose steps of the assay.

3.4. Biosensor selectivity, reproducibility stability

Practical serum samples are complicated and some coexisting pro-
teins in human serum may interfere HER2 detection. In order to achieve
precise detection of HER2 in real sample, good selectivity of the sensor
is of great importance. As shown in Fig. 4, the 1 ng/mL concomitant
proteins such as (-site amyloid precursor protein cleaving enzyme 1
(BACE1), carcinoembryonic antigen (CEA), human immunoglobulin G
(human IgG), human immunoglobulin M (human IgM), P53, protein
kinase A (PKA) and were measure at the concentration of 1 ng/mL for 6
times. The aforementioned interferential proteins exhibit relative weak
photocurrent responses compared to those of HER2. In this sense, the
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Fig. 4. Selectivity of proposed biosensor to HER2 (1 ng/mL) by comparing it to
the interferential proteins at the concentration of 1 ng/mL, BACE1, CEA, IgG,
LgM, P53, PKA.
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Fig. 5. Comparison of the biosensor with the ELISA for HER2 detection in
human serums.

fabricated biosensor can specifically identify HER2, and thus possesses
good selectivity.

Reproducibility of the fabricated biosensor was investigated by
analyzing three concentrations of HER2 samples in triplicate. The re-
covery test was conducted by standard addition method. As observed in
Table S2, the recoveries were 108.2%, 98.6% and 101.3% at 0.5, 5 and
10 ng/mL of HER2, respectively. And the relative standard deviation
(RSD) of the sensor measuring results were 1.5%, 2.3% and 3.2%,
correspondingly, implying the experimental results are highly reliable.
Besides, the stability of biosensor was assessed by chronopotentiometric
measurement. The biosensor was test for more than 600 s and repeated
the illumination process for more than 15 times. After long-time mea-
surement, the photocurrent had no obvious decreased (Fig. S4), sug-
gesting good stability.

3.5. Measurement of HER2 in breast cancer patients’ serum

High selectivity and superb reproducibility and stability of the
biosensor were verified by the above results. It is necessary to evaluate
the potential clinical applicability of such biosensor for HER2 detection
in real samples. The four human serum samples from breast cancer
patients were diluted 1000 times with 0.1 M PBS (pH = 7.0) and stored
at —20 °C for HER2 detection. Then, these samples were analyzed by
the proposed biosensor for 6 times. The testing results were compared
with those obtained from commercial ELISA assay. As observed in
Fig. 5, there was no remarkable difference in HER2 detection results
between the two approaches, which indicated the designed sandwich
biosensor has great potential as a reliable strategy for HER2 detection in
serum sample.

4. Conclusion

In summary, a novel PEC biosensor was prepared for sensitive de-
tection of HER2 utilizing a dual signal amplification method. H,0,, as a
sacrificial electron donor, scavenges the holes generated on the valence
band of WS,, resulting in amplification of photocurrent response.
Furthermore, the LSPR of Au NPs was introduced to enhance photo-
electric transfer efficiency, which increased the PEC signal as well.
Accordingly, the dual signal amplification biosensor was qualified to
sensitive detection HER2 with a limit detection as low as 0.36 ng/mL
and exhibited high selectivity and good stability. Such fabricated bio-
sensor sheds light on a new methodology for PEC detection, and has a
great potential for clinical and biological analysis in the future.
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