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erojunction – gated organic
photoelectrochemical transistor with DNAzyme-
mediated reaction for sensitive detection of
bisphenol A

Tingting Zhang, *ab Qiyue Tao,a Jiahe Chen,b Jia-Hao Chen,*b Hong Zhou b

and Zhijie Zhanga

In recent years, organic photoelectrochemical transistor (OPECT) sensors have attracted growing attention

in various fields. Nevertheless, their potential remains far from being fully exploited, and these systems still

face substantial challenges. In this work, a novel OPECT aptamer biosensor is rationally designed and

fabricated by integrating photoelectrochemical analysis with organic electrochemical transistor

technology. In this sensor, In2O3/AgBiS2 is employed as the photoactive material, and target-specific

DNA strand displacement hybridization is utilized as the signal amplification strategy. Specifically, for

bisphenol A (BPA) detection, DNAzyme (G-quadruplex/hemin) acts as a horseradish peroxidase (HRP)

mimic to catalyze H2O2-mediated oxidation reactions, generating insoluble precipitation, which

markedly decreases DIDS. Experimental verification shows that the developed sensor exhibits excellent

analytical performance. Its linear detection range can cover from 1 fg mL−1 to 0.1 ng mL−1, and the limit

of detection is as low as 0.29 fg mL−1. This innovative biosensing platform not only provides a highly

potential solution for the accurate detection of BPA but also shows broad application prospects and

great development potential in the future expansion of the analysis and detection of other pollutants.
Introduction

Bisphenol A (BPA, 2,2-bis(4-hydroxyphenyl)propane) is a widely
used plastic monomer and industrial reagent employed in the
synthesis of polycarbonate plastics and epoxy resins, which are
commonly used in food and beverage containers, packaging,
infant bottles, and dental sealants.1–4 Trace amounts of BPA can
migrate from these materials into food and beverages and this
process is temperature-dependent and can be exacerbated by
heating and washing, leading to human exposure via ingestion.5

BPA is an endocrine-disrupting chemical that acts by
mimicking estrogen, thereby interfering with hormone-
regulated pathways related to growth, development, and
reproduction.6 Prolonged exposure has been epidemiologically
associated with a range of adverse health outcomes, including
birth defects, infertility, precocity, obesity, elevated risks of
mammary and prostate cancer, as well as increased incidence of
cardiovascular disease and diabetes.7–10 The discharge of BPA-
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containing wastewater into seawater exposes aquatic organ-
isms and humans to high levels of BPA, thus posing a serious
threat to human health.11 Therefore, the development of rapid,
sensitive, and convenient analytical methods for BPA detection
is of great importance for environmental protection, risk
assessment, and the safeguarding of food safety and public
health.

Photoelectrochemical (PEC) biosensing technology, as an
important branch in the eld of cutting-edge analysis, has
demonstrated unique theoretical advantages and application
potentials in recent years.12,13 However,the inherently low signal
amplication ability of traditional PEC sensing fundamentally
limits its detection performance.14,15 Organic electrochemical
transistor (OECT) has become a breakthrough technology
platform in the eld of bioelectronics by virtue of its unique
bulk ion modulation mechanism, and has demonstrated
signicant advantages in applications such as biosensing and
neural interfaces.16,17 Compared to conventional transistor
devices, OECTs achieve excellent transconductance perfor-
mance and signal amplication through the diffusion and
doping process of ions in the organic semiconductor bulk
phase, which provides an ideal solution for the detection of
weak electrical signals (e.g., neuronal action potentials).18–20

However, typical OECT devices based on the poly(3,4-
ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (A) Preparation of In2O3/AgBiS2 heterojunction. (B) The
fabrication process and the operating mechanism of OPECT system
for BPA. (C) Schematic of the OPECT experimental setup.
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system face a non-negligible problem of background interfer-
ence during long-term operation – the inherent redox properties
of this conductive polymer coupled with the interfacial coupling
effect of the bio-detecting system lead to device signicant
uctuations in baseline current.21,22 How to synergistically
suppress the background signal at the level of intrinsic material
properties and device architecture while maintaining excellent
transconductance performance has become a key scientic
issue to drive OECT towards ultrasensitive biosensing applica-
tions. It is noteworthy that the cross-study of light-controlled
OECT is driving the eld into a new dimension – the break-
through advantage of organic photoelectrochemical transistors
(OPECTs) in ultra-low background detection by precisely tuning
the light-semiconductor-OECT ternary interfacial
interactions.23–27 The design of the signal amplication mech-
anisms and the gate plays important role in OPECT
performance.

In2O3 is a typical n-type semiconductor with a band gap of
2.6–2.8 eV.28,29 It demonstrates good electrical conductivity
along with effective charge transfer capability.30,31 However,
In2O3 suffers from low optical energy utilization efficiency and
high carriers-recombination rate.32,33 One of the promising
methods to improve the performance of In2O3 is to form
heterojunctions with other materials.34–36 The ternary chalco-
genide compound AgBiS2 is highly photoactive and has excel-
lent performance in photocatalysis, solar cells, photodetectors,
and photothermal converters.37 AgBiS2 has a band gap of ca.
1.2 eV, which could form a band gap-matched type-II hetero-
junction with In2O3.38 Therefore, the type-II In2O3/AgBiS2
heterostuctures are expected to signicantly facilitate the
separation and transport of photogenerated charges.39

The soluble 4-chloro-1-naphthol (4-CN) can be converted into
insoluble benzo-4-chlorohexadienone (4-CD) precipitation in the
presence of H2O2 and horseradish peroxidase (HRP).40,41 Liu and
co-workers constructed a dual-enzyme cascade horseradish
peroxidase (HRP)@glucose oxidase (GOx)/Pt/n-Si-gated OPECT
system with poly(3,4-ethylenedioxythio-phene):poly(styrene
sulfonate) (PEDOT:PSS) as the channel, which realizes glucose
detection.24 4-CD precipitation produced on the gate can impede
the light transmission of Pt lm and hinder the electron trans-
port at the interface of electrode/electrolyte, which leads to a vital
decrease in DIDS. However, the native HRP is prone to degrada-
tion due to its sensitivity to environmental factors.42,43 Nowadays,
numerous HRP mimic enzymes have been developed to over-
come the instability of natural enzymes, among which the G-rich
DNA/Hemin-based DNAzyme (G-quadruplex/hemin) exhibits
signicantHRP activity.44Given that G-rich DNA is a guanine-rich
DNA sequence, hybridization chain reaction (HCR) can be
employed to amplify DNA fragments, which could increase the
quantity of G-quadruplex/hemin assemblies and enhance their
corresponding enzymatic activity.45,46

In this work, we report a sensitive OPECT system for BPA
detection based on poly(3,4-ethylenedioxythiophene):poly
(styrene sulfonate) (PEDOT:PSS) and In2O3/AgBiS2 hetero-
junction as the photoactive materials (Scheme 1). The prepa-
ration process of In2O3/AgBiS2 heterojunction (Scheme 1A) is
shown in detail, where the two single materials are prepared
© 2026 The Author(s). Published by the Royal Society of Chemistry
separately by hydrothermal method, and then the hetero-
junction is formed by ultrasonication to produce electrostatic
adsorption of the two materials. The preparation process of this
system for sensing and the specic conguration of the organic
photoelectrochemical transistor was depicted in Scheme 1B and
Scheme 1C. The In2O3/AgBiS2 heterojunction was modied on
the gate electrode, which can facilitate the separation and
transport of photogenerated charges. Then, the aptamer-cDNA
hybrid duplex was immobilized on gate electrode sequentially,
which serves as a recognition unit for BPA detection. The
aptamer binds to BPA and dissociates from the electrode
surface in the present of BPA.47–50 Hybridization chain reaction
is triggered by the released cDNA as an initiator DNA in the
presence of two hairpin DNA strands (H1 and H2) and many G-
rich sequences can be produced. Aer the addition of Hemin,
DNAzyme is formed acted as mimic HPR. A large amount of 4-
CD recipitation forms and is deposited onto the electrode
surface, which hinders the electron transport at the interface of
electrode/electrolyte and results in a decrease of DIDS. Based on
the construction of In2O3/AgBiS2 gate and the hybridization
chain reaction, it is expected to realize the precise regulation of
light–matter interactions in OPECT devices by taking advantage
of the synergistic effect of their photoresponse cascade ampli-
cation effect and directional charge transport channels. The
OPECT detection system achieves the high sensitivity for BPA
detection with the linear detection range of 1 fg mL−1 to 0.1 ng
mL−1 and detection limit of 0.29 fg mL−1, which provides
a functional OPECT platform for the detection of BPA and other
marine pollutants.
Experimental
Materials and apparatus

The Materials, apparatus and other characterizations are di-
scussed in SI.
Preparation of In2O3

0.6020 g In(NO3)3$4H2O was dissolved in 40.0 mL of secondary
distilled water, and then 0.1410 g citric acid was added and
RSC Adv., 2026, 16, 24248–24255 | 24249
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stirred at 1000 rpm for 20 min at room temperature. Under
vigorous stirring, the solution was adjusted to pH 4.10 with
1.0 M NH3$H2O. Aer stirring for another 30 min at 1000 rpm,
the solution was transferred to a 100 mL autoclave and reacted
in an oven at 180 °C for 24 h. The solution was naturally cooled
to room temperature. Subsequently, the white In(OH)3 precip-
itate was collected by centrifugation and washed several times
alternately with 30 mL of ultrapure water and 30 mL of ethanol,
and then dried in an oven at 60 °C overnight. The obtained
In(OH)3 solid was calcined in a constant temperature furnace at
300 °C for 2 h and then ground to obtain In2O3 powder.
Preparation of AgBiS2 microscopic owers

0.1670 g of AgNO3, 0.3155 g of BiCl3 and 0.2423 g of L-cysteine
were dispersed in 40.0 mL of N,N-dimethylformamide and
mixed thoroughly at 1000 rpm for 30 min. The resulting mixture
was then transferred into a 50 mL autoclave and heated in an
oven at 200 °C for 14 h. Aer the reaction was completed
and the mixture had cooled to room temperature, the
black precipitate was collected by centrifugation and washed
alternately with 30 mL of ultrapure water and 30 mL of
ethanol several times. The precipitate was then dried
overnight in an oven at 60 °C and milled to obtain a black
AgBiS2 powder.
Preparation of In2O3/AgBiS2 heterojunction

In2O3/AgBiS2 heterojunctions were prepared by ultrasonic
mixing method with different mass ratios. In2O3 with a xed
mass of 1 mg and AgBiS2 at varying masses were dispersed in
1.00 mL of ultrapure water and ultrasonically (100 W power)
mixed for 30 min to obtain In2O3/AgBiS2 suspension. Unless
otherwise specied, the ratio of In2O3 to AgBiS2 about In2O3/
AgBiS2 was set at 1 : 1 by default.
Fig. 1 Scanning electron micrographs of (A) In2O3. (B) AgBiS2. (C)
In2O3/AgBiS2.
Preparation of apt-cDNA/In2O3/AgBiS2 sensor

The prepared In2O3/AgBiS2 suspension was deposited onto FTO
by drop-casting 100 mL and dried at 80 °C. The sample was then
incubated with 20 mL of thioglycolic acid (TGA) for 30 min at 4 °
C. Subsequently, 20 mL of a mixture of 10 mM EDC and 2 mM
NHS was added and incubated at 4 °C for 1 h to obtain carboxyl-
activated In2O3/AgBiS2. Then, 40 mL of 10 pM apt-cDNA mixture
was introduced to the surface and le overnight in the refrig-
erator. Aerward, 3% BSA solution was added and incubated for
1 h at 37 °C to block the non-specic active site. Following
a rinse, 10 mL of 10 nM BPA was added dropwise and allowed to
stand at room temperature for 30 minutes. Hairpin DNA strand
1(H1) and Hairpin DNA strand 2(H2) were diluted to 10 mMwith
TEOA buffer, and annealed in a water bath at 95 °C for 5 min.
Aer cooling, 10 mL of H1, 10 mL of H2 and 0.5 mM 0.5 mL of
hemin were dropwise added to the material and incubated at
37 °C for 2 h, and then rinsed with buffer solution. Finally, 10 mL
H2O2 and 10 mL 4-CN were dropped onto the electrode and
incubated for 30 min at room temperature.
24250 | RSC Adv., 2026, 16, 24248–24255
Characterization and analysis of natural polyacryla
electrophoresis

1.0 mM DNA solution (200 mL) was rst well dispersed in EDTA
buffer containing 12.5 mM MgCl2-H2O, and subjected to a pro-
grammed temperature gradient annealing from 95 °C to 25 °C
to optimize conformational stability. Subsequently, 10 mL of
this DNA solution was mixed with 2 mL of 0.6 M DNA loading
buffer in a 5 : 1 ratio, and the samples were separated on a 15%
polyacrylamide gel electrophoresis platform in 0.1 M TBE
buffer. Aer electrophoretic separation (30 min) at a constant
voltage of 120 V, the separated bands were nally captured and
recorded by a Gel Doc XR molecular imaging system.
Construction of OPECT immunosensor

The photoelectrochemical performance tests in this study were
performed using a PEC/OPECT detector (Nanjing Nanda Optical
Instrument Co., Ltd, Nanjing, China), and the gate was con-
structed on an apt-cDNA/In2O3/AgBiS2 composite-modied
uorine-doped tin oxide (FTO) substrate. A monochromatic
LED light source (5 W) with a wavelength of 410 nm was used as
the excitation light source, and the tests were carried out in
10 mM phosphate buffer solution (PBS, pH 7.4) containing
0.1 M TEOA (pH = 7.4) electrolyte, and all the electrochemical
characterization experiments were carried out under the
condition of zero gate pressure. All measurements were per-
formed at room temperature (25 ± 1 °C).
Results and discussion
Material preparation and characterization

Photoactive materials are very important in manipulating
transistor signals through the changes of photoelectrochemical
signals of the gate electrodes. In2O3 and AgBiS2 are synthesized
separately by hydrothermal method and In2O3/AgBiS2 hetero-
junction is prepared by ultrasonic method. Scanning electron
microscopy (SEM) results are shown in Fig. 1. In2O3 exhibits an
average particle size of approximately 60 nm, while AgBiS2
presents a ower-like structure assembled from nanosheets
with an average size of about 2.5 mm. The In2O3/AgBiS2
heterostructure shows a morphology in which AgBiS2 micro-
owers are loaded with In2O3 nanoparticles. The transmission
electron microscopy (TEM) characterization and elemental
mapping images of the In2O3/AgBiS2 heterojunction nano-
materials in Fig. S1 clearly reveal the heterostructure and the
uniform spatial distribution of In, O, Ag, Bi and S elements,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS high-resolution spectra of (A) In2O3, AgBiS2, In2O3/AgBiS2.
(B) O 1s. (C) In 3d. (D) Ag 3d. (E) Bi 4f and (F) S 2p.
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which further verify the successful preparation of the In2O3/
AgBiS2 heterojunction nanomaterials.

As shown in Fig. 2, the XPS spectra exhibit characteristic
peaks corresponding to the expected chemical states, consistent
with the literature.39 The In 3d5/2 and 3d3/2 peaks of In

3+ appear
at ∼444 eV and ∼452 eV, respectively. The O 1s peak (attributed
to In–O bonds) is observed at ∼530 eV. The Ag 3d5/2 and 3d3/2
peaks are located at ∼368 eV and ∼374 eV, respectively. The Bi
4f7/2 and 4f5/2 peaks of Bi

3+ are found at ∼158 eV and ∼164 eV,
respectively. These peak positions conrm the presence of In3+,
Bi3+ and Ag species and their corresponding chemical envi-
ronments, further supporting the successful synthesis of the
material.

The crystal structure of the nanomaterials was characterized
by powder X-ray diffraction patterns. Fig. 3A shows the XRD
patterns of In2O3, AgBiS2 and In2O3/AgBiS2, with the peak
positions of the heterojunction corresponding to those of the
two nanomaterials. The In2O3/AgBiS2 heterojunction can be
formed because of the matched band alignment between In2O3

and AgBiS2. As depicted in Fig. 3B, the photogenerated elec-
trons transfer from the more negative conduction band (CB) of
Fig. 3 (A) XRD plots of In2O3, AgBiS2, and In2O3/AgBiS2. (B) Charge
transfer mechanism of In2O3 and AgBiS2. (C) PEC response of (a)
In2O3/AgBiS2, (b) apt-cDNA/In2O3/AgBiS2, (c) BPA/apt-cDNA/In2O3/
AgBiS2, (d) hemin + H1 + H2/BPA/apt-cDNA/In2O3/AgBiS2, (e) 4-
CN+H2O2/Hemin + H1 + H2/BPA/apt-cDNA/In2O3/AgBiS2 (D) Nyquist
plots for different sensing steps.

© 2026 The Author(s). Published by the Royal Society of Chemistry
AgBiS2 to the CB of In2O3 and then further migrate to the FTO
electrode, while the photogenerated holes migrate from the
more positive valence band (VB) of In2O3 to the VB of AgBiS2,
enabling efficient spatial separation of electron–hole pairs.
TEOA is oxidized to TEOA+ by photogenerated holes, which
quenches holes, suppresses carrier recombination and
enhances the photocurrent response. To investigate the
photoelectrochemical response and evaluate inuence of
different fabrication steps on the performance of PEC sensors,
I–t curves of the same electrodes at various fabrication stages
were recorded in 0.1 M TEOA solution in Fig. 3C. Under visible
light illumination, the In2O3/AgBiS2 composite delivers a strong
current signal. Nevertheless, the current signal was drastically
decreased upon the immobilization of the aptamer and its
complementary strand, followed by a noticeable enhancement
with the addition of BPA. Subsequently, the signal decreases
signicantly aer the introduction of H1, H2 and hemin, which
is attributed to the spatial steric hindrance effect. Finally, the
dropwise addition of H2O2 and 4-CN triggers the generation of
insoluble 4-CD precipitation, leading to a further decline in the
signal. These results collectively verify the feasibility of the as-
prepared photovoltaic material for biosensing applications. As
charge separation efficiency is a critical factor governing the
photoelectrochemical sensing performance, electrochemical
impedance spectroscopy (EIS) was employed to analyze the
charge transfer resistance and the separation efficiency of
photogenerated electrons and holes. In general, a smaller
curvature radius in the Nyquist plot indicates a lower electro-
chemical charge transfer resistance (Rct) and higher charge
transfer efficiency. The obtained Nyquist plots in Fig. 3D are
consistent with the results in Fig. 3C, further corroborating the
feasibility of the as-synthesized composite for photoelectro-
chemical sensing.

The anode signal remained reproducible over 15 repeated
on/off light irradiation cycles exceeding 300 s (Fig. 4A),
demonstrating the outstanding photostability of the as-
fabricated sensing material. To further explore the feasibility
Fig. 4 (A) Stabilization of photovoltaic materials. (B) Polyacrylamide
gel electrophoresis analysis. (C) Optimization of TEOA concentration.
(D) Optimization of mass ratio of In2O3 and AgBiS2.

RSC Adv., 2026, 16, 24248–24255 | 24251
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Fig. 5 (A) Transfer curve stability. (B) Output curves at different VG. (C)
Potential distribution of the OPECT system upon illumination (blue
line), after addition of BPA (grey line) and after addition of 4-CN and
H2O2(red line). (D) Simulated feed voltage.
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of the proposed entropy-driven amplication strategy in prac-
tical sensing context, an experimental study for the entropy-
driven cycling based on BPA initiation was conducted
(Fig. 4B). Specically, polyacrylamide gel electrophoresis (PAGE)
was employed to characterize the constructed entropy-driven
cycling system, aiming to acquire critical insights into the
physicochemical properties and operational behaviors of the
sensing system and lay a solid experimental foundation for
validating the efficacy of the designed entropy-driven strategy.
1#, 2#, and 3# lanes show apt, cDNA, and a double-stranded
chain formed by apt and cDNA, respectively, and lane 4# is
the result aer the addition of BPA in the mixture of apt and
cDNA. 5#, 6#, 7# and 8# show H1, H2, H1 + H2 and the lane aer
the completion of sensing preparation, which proves the feasi-
bility of sensing system. Circular dichroism (CD) spectroscopy
was employed to verify the formation of the G-quadruplex
structure. As shown in Fig. S2, the CD spectrum of the sample
with BPA exhibited a strong positive cotton effect at approxi-
mately 260–265 nm, accompanied by a negative peak near
240 nm.51 This spectral prole is characteristic of the G-
quadruplex conformation, conrming the successful folding
of the DNA sequence into the desired quadruplex structure
under the experimental conditions. Fig. 4C and D demonstrate
the optimization of the experimental conditions, from which it
can be seen that 0.1 M of TEOA is the optimal concentration,
while 1 : 1 is the best mass ratio of the two single materials. The
performance across a pH range of 5.0–9.0 were evaluated, which
is typical for many environmental and biological matrices. The
results in Fig. S3 show that the sensor exhibits optimal response
at pH 7.4.
Fig. 6 (A) Transfer characteristics before and after illumination. (B)
Transient response of IG (black curve) and ID (red curve) of the device.
(C) Corresponding current gain. (D) ID response corresponding to
stepwisemodification (a) In2O3/AgBiS2, (b) apt-cDNA/In2O3/AgBiS2, (c)
BPA/apt-cDNA/In2O3/AgBiS2, (d) Hemin + H1 + H2/BPA/apt-cDNA/
In2O3/AgBiS2, (e) 4-CN +H2O2/Hemin + H1 + H2/BPA/apt-cDNA-apt/
In2O3/AgBiS2.
Multiple enhancement operation of OPECT

In this study, a PEDOT:PSS device with optimal performance
based on the established methodology was successfully fabri-
cated (Fig. S4). Subsequently, comprehensive characterization
of the performance and stability of the organic electrochemical
24252 | RSC Adv., 2026, 16, 24248–24255
transistor (OPECT) based on this device was conducted. The
prepared PEDOT:PSS channel was systematically tested with Ag/
AgCl serving as the gate electrode.

To evaluate the long-term stability of the channel, transfer
characteristics were recorded at key time points: 30, 60, 120,
330, 460, and 750 min. The overlapping curves shown in Fig. 5A
indicate that the fabricated device exhibits excellent stability
and maintains consistent performance over time. In addition to
the transfer characteristics, the output characteristics of the
device were also measured, and the results were recorded in
Fig. 5B. The ID–VD characteristic curves measured at different
gate voltages (VG) show that the drain current (ID) increases as
the drain voltage (VD) rises from 0 to 0.6 V. However, a higher VG
suppresses ID to lower levels. To more comprehensively evaluate
the device's response to gate voltage modulation, the dynamic
response of ID to a specic pulsed VG step over 25 cycles was
recorded, as shown in Fig. 5C. Throughout the experiment, the
variation of ID during each cycle was closely monitored. Notably,
ID consistently exhibits a fast and stable response to the specic
pulse VG over the 25 cycles. This excellent performance further
demonstrates the device's sensitivity to VG – dependent modu-
lation and reaffirms its remarkable stability. To gain deeper
insight into the physical properties and electrical behaviors of
the two interfacial electric double layers (EDLs), the two inter-
facial double layers are modeled as two series-connected
capacitors which could be seen in Fig. 5D. One of these two
capacitors corresponds to CG–E and the other to CC–E. Fig. 5D
shows that, in the presence of light, a signicant photovoltage
VP is generated due to the pristine In2O3/AgBiS2, leading to
a signicant increase of VG to VG

eff−1. The addition of the
aptamer and its complementary chain hinders the electron
transfer at the electrode surface. This inhibition is partially
restored upon the addition of BPA, though the photocurrent
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) ID responses to BPA with different concentrations. (B) The
corresponding derived calibration curve (error bar, n = 3). (C) Corre-
sponding histogram for the selectivity test. Response of the developed
sensor to blank buffer, KANA, 2, 4-D, Te, MC-LR, BPA, and their
mixtures. RSD values were obtained from three replicate experiments.
n = 3. ***p # 0.001.

Table 1 The recovery measurement of BPA in the real environmental
water samples (n = 3)

Sample
Added
(pg mL−1)

Found (pg mL−1)
(mean � SD)

Recovery
(%)

1 10 10.74 � 2.76 107. 40
2 100 98.20 � 3.54 98.20
3 1000 996.18 � 3.89 99.62
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remains lower than that of the bare heterojunction, which is
named as VG

eff−2. Upon the addition of 4-CN and H2O2, the
precipitation reaction involving the G-quadruplex/hemin
complex, 4-CN and H2O2 further reduces the photoelectric
conversion efficiency at the electrode surface under illumina-
tion, accompanied by a reduction in gate voltage from VG

eff−2 to
VG

eff−3.
In order to evaluate the feasibility of this scheme in the

OPECT system, the transfer curves under intermittent light
illumination before and aer the addition of the target were
systematically measured. As shown in Fig. 6A, the initial
transfer characteristic curves of apt/cDNA/In2O3/AgBiS2 exhibit
a specic trend prior to BPA addition. Apt-cDNA/In2O3/AgBiS2
(red solid curve) and apt-cDNA/In2O3/AgBiS2/BPA (black solid
curve) exhibited nearly identical transfer curves with the
absence of light illumination. However, aer the addition of
BPA upon light illumination, the corresponding transfer curves
show obvious differences before (black solid line) and aer light
illumination (black dashed line). As shown in Fig. 6B, in the
absence of light and at VG = 0, neither IG nor ID exhibits
a signicant signal changes. Upon illumination, IG surges
instantaneously and then stabilizes at approximately 0.3 mA. ID
drops sharply and stabilizes at approximately 750 mA. The
current gain of the system is calculated to exceed 1000-fold
(Fig. 6C), indicating that the In2O3/AgBiS2 electrodes can
effectively modulate the electrical properties of the conductive
polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-
nate) (PEDOT:PSS) in the channel, which provides strong
support for subsequent research and applications based on this
system. Fig. 6D illustrates the stepwise fabrication of the
heterojunction and the corresponding ID signal changes at each
step of the OPECT sensing system, further demonstrating the
feasibility of the organic photoelectrochemical transistor
sensing process. All the ID variations induced by stepwise
modications on the gate electrode in the OPECT system are
recorded in Fig. 6D, which further conrms the feasibility of
this organic photoelectrochemical transistor sensing platform.
Application of the OPECT detection

Since the ID response is highly dependent on the concentration
of BPA, quantitative detection can be achieved bymonitoring ID.
As shown in Fig. 7A, increasing BPA concentration leads to
a decrease in ID. Fig. 7B illustrates the linear relationship
© 2026 The Author(s). Published by the Royal Society of Chemistry
between BPA concentration and normalized current response
(I0 − I)/I0 variations over the range of 1 fg mL−1 to 0.1 ng mL−1.
The regression equation for the calibration curve is (I0 − I)/I0 =
0.13 lg C + 0.1 (R2 = 0.998), with the limit of detection is 0.29 fg
mL−1. Compared with other BPA assays summarized in Table
S1, this method exhibits superior performance in terms of both
linear range and detection limit.52–55 Finally, selectivity was
evaluated using potential interfering marine pollutants such as
KANA, 2, 4-D, Tc, and others (Fig. 7C). Signicant signal
changes are observed only for the target BPA and its mixture,
demonstrating the high selectivity of this sensing platform. The
recognition mechanism of aptamers determines that
substances with similar chemical structures exhibit comparable
binding behaviors. Therefore, this method uses bisphenol A as
a representative target for the detection of bisphenol
compounds. In practical scenarios, the overall adverse effects
and detection signicance mainly stem from bisphenol analogs
represented by bisphenol A.

Fig. S5 shows the variation of channel current for the same
gate electrode over 6 days, indicating that apt-cDNA/In2O3/
AgBiS2 exhibits good long-term stability and reproducibility as
a gate electrode for BPA detection. The current responses of
different apt-cDNA/In2O3/AgBiS2 electrode sheets toward the
same analyte concentration are presented in Fig. S6, with
minimal signal variation observed between electrodes. Envi-
ronmental water samples were collected and diluted 1000-fold
with distilled water, centrifuged and ltered through a 0.22 mm
membrane, followed by BPA detection using the standard
addition method. The recoveries of BPA in the water samples
(Table 1) ranged from 98.20% to 107.40%, demonstrating the
practical applicability of this method in real-world
environments.
Conclusions

In this study, we fabricated a novel organic photoelectro-
chemical transistor (OPECT) incorporating an In2O3/AgBiS2
heterojunction as the gate electrode, enabling sensitive BPA
detection via the coupled mechanisms of biocatalytic precipi-
tation and hybridization chain amplication. Under optimized
conditions, the sensor demonstrates a broad linear range, high
sensitivity, exceptional selectivity, and promising applicability
for BPA quantication in complex environmental matrices. The
signal amplication strategy presented herein offers a valuable
paradigm for the development of advanced sensing platforms
targeting marine pollutants.
RSC Adv., 2026, 16, 24248–24255 | 24253
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