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ABSTRACT: Highly responsive interface of semiconductor nano-
photoelectrochemical materials provides a broad development
prospect for the identification of low-abundance cancer marker
molecules. This work innovatively proposes an efficient blank
WO;/8nln,Sg heterojunction interface formed by self-assembly on
the working electrode for interface regulation and photoregulation.
Different from the traditional biomolecular layered interface, a
hydrogel layer containing manganese dioxide with a wide light
absorption range is formed at the interface after an accurate
response to external immune recognition. The formation of the
hydrogel layer hinders the effective contact between the
heterojunction interface and the electrolyte solution, and
manganese dioxide in the hydrogel layer forms a strong competition between the light source and the substrate photoelectric
material. The process effectively improves the carrier recombination efficiency at the interface, reduces the interface reaction kinetics
and photoelectric conversion efficiency, and thus provides strong support for target identification. Taking advantage of the process,
the resulting biosensors are being explored for sensitive detection of human epidermal growth factor receptor 2, with a limit of
detection as low as 0.037 pg/mL. Also, this study contributes to the advancement of photoelectrochemical biosensing technology
and opens up new avenues for the development of sensitive and accurate analytical tools in the field of bioanalysis.

B INTRODUCTION Hydrogel, a hydrophilic elastic polymer with a three-

In the field of biomedicine, photoelectrochemical (PEC) dimensional network, has garnered significant attention for
biosensors have expanded the frontier of biological diagnosis its unique P.ropzelr_tigs, 1n?1ud1ng high ‘water content e%nd
with their unique capabilities, which combine photochemical biocompatibility. And it has found widespread application

and biosensing technologies to detect and monitor biological as a scaffolding material in tissue engineering,"*”* regenerative
events at the microbial, biomolecular, or cellular level.'™® medicine,””** and drug deh"er}"zg'w The unique properties of
Traditionally, photoelectrochemical biosensors have been hydrogels are due to a variety of noncovalent driving forces,
employed to detect target analytes by utilizing interface such as hydrogen bonding, van der Waals, 7—x stacking, and
reactions involving photoinduced electrons or excited species hydrophobic and electrostatic interactions,”*> but few
and biorecognition events.” "' These interface reactions, examples have been reported in combination with multifunc-
including charge transfer, chemical reactions, and immune tional hydrogels in the field of photoelectrochemical sensing.
reactions, facilitate signal transduction for the detection of Zhang et al.>® used DNA hydrogels as blocking agents between
target analytes."””'" The synergistic integration of these photoelectric materials and influenced the blocking effect of
interface reactions with biosensing principles offers photo- hydrogels through the process of rolling circle amplification

electrochemical biosensors significant advantages such as high
sensitivity, selectivity, and real-time monitoring.'®™'® There-
fore, efficient use of a sensitive interface is the key to achieving
high sensitivity detection. The split-type sensing strategy
enhances the separation and electron transfer processes of
photogenerated carriers significantly by exposing the active
sites of semiconductor heterostructure materials to the
electrolyte solution."””® In this process, the exposed active
sites provide an opportunity for signal amplification.

target recognition, thus changing the photocurrent signal. Zhao
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et al’® achieved sensitive detection of human IgG by
generating hydrogels on the surface of PEC transistors by
controlling release of Ca’'. Supramolecular hydrogels
composed of metal cations and low molecular weight anionic
complexes adenosine S’-monophosphate (AMP) are highly
effective hindrance factors for carrier separation and diffusion
on the surface of heterojunction materials, and the addition of
manganese dioxide as a competitive light source during the
formation of hydrogels would enhance the performance of
photoelectrochemical immunosensing.

Before the surface carriers can be restricted to diffusion,
there needs to be enough electron hole pairs within the
heterojunction to be separated; that is, an efficient semi-
conductor is required.” >’ When energized by photons, the
internal bandgap structure can support the migration of
electrons to the surface for the next step. WO; has a high
bandgap energy (2.6—2.8 eV), and indium tin sulfide
(SnIn,Sg) is a new type of sulfide semiconductor material
with good light absorption properties. This work innovatively
proposes an efficient blank WO;/SnIn,S; heterojunction,
which has good light absorption performance and wide
wavelength response characteristics, and the matched band
gradient structure can promote the separation of a photo-
generated carrier and improve the photoelectric conversion
efficiency. Different from the traditional biomolecular layered
interface, a hydrogel layer containing manganese dioxide with a
wide light absorption range is formed at the interface after an
accurate response to external immune recognition. The
formation of the hydrogel layer hinders the effective contact
between the heterojunction interface and the electrolyte
solution, and the manganese dioxide in the hydrogel layer
forms a strong competition between the light source and the
substrate photoelectric material. The process effectively
improves the carrier recombination efficiency at the interface,
reduces the interface reaction kinetics and photoelectric
conversion efficiency, and thus provides a strong support for
target identification.

B EXPERIMENTAL SECTION

Reagents and Equipment. The experimental details
(equipment, reagents, etc.) are placed in Supporting
Information.

Preparation of WO;. A modified synthesis method was
used to prepare WO, nanoplate arrays.” A 0.23 g portion of
Na,WO,-2H,0 was dissolved in 30 mL of deionized water,
followed by the slow addition of S mL of 6 M hydrochloric
acid. The mixture was stirred for 10 min. Next, 30 mL of
0.0537 M (NH,),C,0, solution was prepared and stirred for
another 10 min. The resulting solution was then subjected to a
12 h hydrothermal reaction at 120 °C in a Teflon sealed
autoclave with a volume of 50 mL, containing the solution and
FTO substrate. The WOj; precursor was washed three times
with deionized water and ethanol. Finally, the precursor was
annealed at 450 °C for 2 h, resulting in the successful
formation of white nanosheets.

Preparation of Snin,Sg and WO;/SnIn,Sg. WO,/SnIn,Sg
composite material was synthesized by in situ growth on the
surface of WOj; using the hydrothermal method. Initially, 30
mL of anhydrous ethanol was mixed with 0.2 mmol of SnCl,-
SH,0, 0.8 mmol of InCl;-4H,0, and 2 mmol of thioacetamide.
The resulting mixture was then magnetically stirred at room
temperature for 20 min to ensure homogeneity. Subsequently,
the homogeneous mixture was transferred to a Teflon sealed
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autoclave containing WO; glass plates and subjected to a
reaction at 160 °C for 240 min. Finally, the FTO/WO,/
Snln,Sg substrates were washed with ethanol, and the effective
area of the loaded nanomaterials was 0.8 cm? Snln,Sy was
prepared without WO; glass plates under the same raw
material and reaction conditions.

Preparation of Polydopamine NPs and GR-polydop-
amine NPs-Ab,. Initially, dopamine hydrochloride (50 mg)
and FeCl;-6H,0 (8 mg) were dissolved in 150 mL of
deionized water while subjected to stirring for 60 min under
ambient conditions. Then, 20 mL of pH 8.4 Tris solution was
added, and the mixture was stirred for additional 120 min. The
resulting product was washed and dispersed in S mL of PBS.
The obtained PDA NPs dispersion solution was added with 1
mL of Ab, (10 mg/mL) and 20 mg of glutathione reductase,
and the mixture was oscillated at 4 °C for 5 h. The unbound
protein molecules were then separated by centrifugation at
3000 r in a cryogenic centrifuge. Finally, the product was
dispersed in S mL of PBS solution containing 10 mg of BSA
and stored at 4 °C for later use.

Biosensor Fabrication and Detection Procedure. The
preparation of the working electrode and the immune
recognition process are illustrated in Scheme 1. The first

Scheme 1. Fabrication of Biosensor and Immune
Recognition Process

antibody was fixed in the microplate by physical adsorption,
and 50 pL of Ab, with a concentration of 1 mg/mL was
incubated at 4 °C for 10 h. Then bovine serum albumin,
different concentrations of antigens, and GR-polydopamine
NPs-Ab, complexes were added in sequence at 37 °C for
incubation for 40 min. Each of these steps was cleaned using
PBS (0.1 mol/L, pH = 7.4) solution. The 0.2 M GSSG was
then added to the microplate for 25 min, and the solution was
removed and mixed with manganese dioxide. The mixture was
then dropped on the FTO/WO;/SnIn,S; electrode at the
same time as the adenosine monophosphate solution
(campitnaon = 1:1.25). The electrode was rinsed and placed
in an electrolytic cell containing PBS electrolyte for photo-
chemical testing after the hydrogel formation.

B RESULTS AND DISCUSSION

Characterization of Materials. The successful prepara-
tion of the materials during construction of the sensor was
confirmed in terms of morphology and structure. The X-ray
diffraction (XRD) characterization of WO,, SnIn,S;, and the
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Figure 1. (A) XRD results of WO;, SnIn,Sg, and WO,/SnIn,Ss, SEM images of (B) WO; and (C) WO;/Snln,Sg, (D, E) TEM images of WO,/
SnIn,Ss, (F) AFM image of WO;/SnIn,S;, (G, H) SEM and TEM images of PDA, and (I) DRS results of WO;, SnIn,Sg, WO5/SnIn,Sg, and MnO,.

WO,/Snln,Sg composite structure shown in the Figure 1A
demonstrates that the structure of the individual materials was
consistent with the reported literature.*® In the composite
material, the diffraction peak at 23.14° (0 0 2), 23.64° (02 0),
24.37° (20 0),28.87° (1 1 2), and 34.47° (2 2 0) corresponds
to the characteristic peak of tungsten oxide material, and the
diffraction peak at 19.18° (2 0 2), 28.23° (6 0 0), 32.86° (6 0
2), 47.94° (1 7 4), and 49.84° (0 0 1) corresponds to the
characteristic peak of SnIn,Sg. This result confirms the
successful integration of the heterojunction composite materi-
al. The scanning electron microscopy (SEM) revealed that
tungsten oxide was uniformly arranged in an array on the
surface of the FTO glass in Figure 1B. Figures 1C and S1A
illustrate the shape of petal-like films of SnIn,Sg completely
covering the tungsten oxide surface. This configuration
effectively absorbs light due to its loose structure, enabling
substantial contact with the electrolyte solution for efficient
charge transfer. Energy-dispersive spectroscopy (EDS) dem-
onstrated the uniform distribution of elements W, O, Sn, In,
and S on the FTO surface (Figure S2), indicating the
successful fabrication of SnIn,Sg nanosheets on the WO,
nanosheet arrays. Furthermore, this setup concurrently
facilitates the formation of hydrogels on its surface. Further
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analysis using transmission electron microscopy (TEM, Figures
1D,E and S1B) showed that after the growth of SnIn,Sg on the
oxide surface, the nanosheets array was completely enveloped,
forming a tightly connected heterojunction state, which
enhances the efficiency of interface electron transfer. In
addition, atomic force microscopy (AFM) further demon-
strated that the surface thickness of this structure was 1.8 ym.
Figure 1G,H presents SEM and TEM characterization results
of polydopamine microspheres, and it can be observed that the
uniformly dispersed microspheres have a size of approximately
150 nm, which facilitates the labeling of antibodies and
glutathione reductase. Figure 1I displays the UV-—visible
absorption spectra of WO, SnIn,S;, WO;/SnlIn,Sg, and
MnO,. Compared with WO;, Snln,Sg exhibited enhanced
absorbance. The formation of heterojunction WO;/SnIn,Sg
upon SnIn,S; modification results in sensitized light
absorption, while the absorbance range of MnO, covers that
of WO; and SnIn,Sy in the visible light range, conferring MnO,
with strong light harvesting ability over WO;/SnIn,Ss.

The X-ray photoelectron spectroscopy (XPS) of WO; and
SnIn,Sg has been thoroughly analyzed and discussed. For
WO;, the XPS characterization reveals prominent peaks
corresponding to the W 4f and O 1s orbitals in Figure 2A.
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Figure 2. (A) XPS spectra of WO; and SnIn,Sg. XPS spectra of (B) W 4f, (C) O 1s, (D) Sn 3d, (E) In 3d, and (F) S 2p.

The W 4f spectrum in Figure 2B exhibits characteristic peaks at
binding energies of approximately 34.9 and 36.9 eV,
representing the W 4f,,, and W 4f;,, levels, respectively.
Additionally, the O 1s spectrum in Figure 2C shows a peak at a
binding energy of around 531.6 and 529.6 eV, indicating the
presence of OH™ and O~ in the material. On the other hand,
the XPS characterization of SnIn,Sg reveals prominent peaks
corresponding to the Sn 3d, In 3d, and S 2p orbitals in Figure
2A. The characteristic peaks in the Sn 3d spectrum in Figure
2D are located at binding energies of 485.7 and 494.2 eV,
representing the Sn 3ds/, and Sn 3d;,, levels, respectively. The
binding energy peaks in the In 3d spectrum are observed at
444.1 and 451.7 eV in Figure 2E, corresponding to the In 3d;,,
and In 3d;/, levels. Furthermore, the S 2p spectrum exhibits
peaks at binding energies of approximately 160.7 and 161.9 eV,
indicating the presence of sulfur in Figure 2F.

Possible Mechanisms of PEC Response. In order to
investigate the mechanisms of photoconversion and analytical
detection, UV—visible diffuse reflectance spectroscopy (DRS)
and Mott—Schottky testing were employed to estimate the
bandgap for inferring the diffusion pathways of photogenerated
charge carriers and to understand the influence of MnO,-
doped hydrogel on this process. According to the diffuse
reflectance spectroscopy spectra, the bandgaps for WO; and
Snln,Sg were calculated to be 2.76 and 2.31 eV in Figure S3,
respectively. The flat band potentials of WO; and SnIn,Sg were
found to be 0.60 eV and —0.41 eV relative to the normal
hydrogen electrode (NHE), and 0.36 eV and —0.65 eV relative
to the saturated calomel electrode (SCE) in Figure S4,
respectively. For n-type semiconductors, the flat band potential
is positive 0.1—0.3 eV relative to the conduction band
potential; thus, the conduction bands of WO; and Snln,Sg
were calculated to be 0.50 eV and —0.51 eV, respectively.
Using the bandgap calculation formula E, = Eyg — Ecg, the
valence band was calculated to be 3.26 eV for WO, and 1.80
eV for SnIn,Sg. And WO; exhibits a large bandgap, while
Snln,Sg possesses a smaller bandgap. Upon illumination,
photons excite electrons in both WO; and SnIn,Sg, generating
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electron—hole pairs. Due to the bandgap alignment, these
electron—hole pairs undergo charge separation, with the
electrons accumulating in the conduction band of WO; and
the holes migrating to the valence band of SnIn,Sg where they
undergo charge exchange with the electrolyte solution, thus
producing photocurrent and realizing the photoelectrochem-
ical functionality in Figure 3. The supramolecular hydrogel

jSa)
jan)
4

Figure 3. Mechanism of PEC and signal quenching.

exhibits quenching of the photocurrent response due to its
weak conductivity and spatial hindrance effect on the diffusion
and transport of charge carriers between the electrode and
electrolyte solution. Meanwhile, the doping of manganese
dioxide within the hydrogel competes strongly with the
substrate material due to its broad spectral absorption range,
resulting in synergistic quenching of the photocurrent
response.

Biosensor Feasibility Analysis and Optimization. Each
step of the biosensor construction process affects the
performance of the sensor. This section describes the

https://doi.org/10.1021/acs.analchem.4c01416
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PBS, ¢ = 0.01 ng/mL). Error bars = SD (n = 3).

performance of the sensor at different stages through oxide conductive glass showed no response in the photo-
photocurrent response and electrochemical impedance spec- current response graph (Figure 4A). However, after the dense
troscopy. The photocurrent response of fluorine-doped tin nanosheet array was grown on its surface using a hydrothermal
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method, a weak photocurrent response was observed.
Subsequently, with the in situ growth of Snln,Sg thin film on
the surface, a significant enhancement in the photocurrent
response was achieved, attributed to the formation of a
heterojunction. Additionally, when a MnO,-doped hydrogel
was formed on the photoanode surface, a distinct quenching of
the photocurrent signal was observed when analyzing the
analyte, using an antigen with a concentration of 0.1 ng/mL.
Electrochemical impedance spectroscopy (Figure 4B) also
proved this process, and impedance of the resulting hydrogel
increased significantly due to weak conductivity and steric
hindrance to electron diffusion.

The mixing ratio of manganese dioxide to adenosine
monophosphate affects the formation of the hydrogel as well
as the proportion of manganese dioxide, thus influencing the
photocurrent response. Therefore, testing and optimization of
these conditions were conducted. Using a target substance of
0.01 ng/mL as a reference, different mixing ratios (0.2:1, 0.3:1,
0.4:1,0.5:1, 0.6:1, 0.8:1, 1:1) were adjusted and tested for their
effect on the quenching of the photocurrent response. In
Figure 4C, it can be observed that the hydrogel composite
formed at a ratio of 0.6:1 exhibited the strongest influence on
the photocurrent quenching process. The catalytic production
of glutathione by glutathione reductase serves as a crucial link
connecting the photoelectrode and the immunorecognition
process, thus making it necessary to select an optimal catalysis
duration. According to the results in Figure 4D, a catalysis
duration of 25 min at room temperature was chosen as the
optimal experimental condition.

HER2 Analysis. The concentration of human epidermal
growth factor receptor-2 (HER2) in the human body is
associated with the occurrence and progression of breast
cancer tumors and can serve as an important clinical monitor
and prognostic indicator. It also represents a crucial target for
the selection of tumor-targeted therapeutic drugs. The split-
type biosensor was used to detect varying concentrations (0.1
pg/mL to 50 ng/mL) of the standard target analyte HER2
under the optimized experimental conditions in Figure SA. By
plotting the PEC signal response against the logarithm of
HER2 concentration, a calibration curve (Figure SB) was
obtained with the equation I = 322 — 4.02logc (ng/mL),
yielding a high correlation coefficient (R* = 0.995) and
detection limit of 0.037 pg/mL.

Performance Analysis of Biosensor. The specificity and
repeatabilitzv analysis are important performance indicators for
biosensors,” and this part of the detection and results were
determined. Specificity was evaluated by testing the interfer-
ence of prostate specific antigen (PSA), heart fatty acid binding
protein (H-FABP), neuron-specific enolase (NSE), and
carcinoembryonic antigen (CEA) when present individually
as well as in a mixed state with the target analyte on the
photoelectrode. The results in Figure SC indicate that the
prepared biosensor exhibited good specificity. The repeat-
ability analysis involved testing standard samples at the same
concentration but in different batches of experimental
conditions. The detected relative standard deviation was
3.6%, confirming the excellent repeatability of the biosensor,
as shown in Figure SD.

Serum Sample Analysis. To verify the applicability of the
analytical method proposed in this study in actual samples,
human serum samples were diluted 10-fold and analyzed using
the standard addition method to assess the potential of the
proposed biosensor.”” The results, as shown in Table SI,
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indicated that when different concentrations of HER2 were
added, the acceptable recovery rate ranged from 94.3% to
105.6%, with an RSD value of 2.4% to 4.3%. These data
demonstrated the promising accuracy and practicality of the
mentioned sensing strategy in clinical diagnosis.

B CONCLUSION

This innovative work proposes a highly responsive WO,/
SnIn,Sg heterojunction interface biosensor for the identifica-
tion of low-abundance cancer marker molecules. The self-
assembled interface exhibits excellent sensitivity and selectivity,
which is attributed to the efficient carrier recombination and
photoelectric conversion processes. The formation of a
hydrogel layer containing manganese dioxide at the interface
following external immune recognition enhances the detection
limit to 0.037 pg/mL for human epidermal growth factor
receptor 2. This study significantly contributes to the
advancement of photoelectrochemical biosensing technology
and paves the way for the development of sensitive and
accurate analytical tools in bioanalysis. The proposed strategy
holds great potential for clinical diagnosis and opens new
avenues for exploring similar applications in the field of cancer
diagnostics.
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