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ABSTRACT: Regulating the microscale carrier transport in semi-
conductor materials to enhance the macroscopic photoelectrochemical
properties would drive technological advancement and industrial
upgrading. In this work, we integrated the maturity of microfluidic
technology control methods with current photoelectrochemical
analysis sensing techniques to establish a microfluidic photo-
electrochemical induction system by modulating the photon-to-current
efficiency under zero bias. Traditionally, target recognition has been
achieved by affecting the transport of carriers through the space
resistance equivalent of the solid−liquid contact interface, which is
limited in sensitivity enhancement. In this work, we presented an in
situ ion exchange reaction that directly affects SnO2/CdLa2S4
semiconductor structure and bandgap matching to achieve accurate
detection of the protein biosynthesis inhibitor kanamycin. We developed a microfluidic system to precisely control the flow of the
analyte solution, ensuring the controlled delivery of copper ions in proportion to the kanamycin concentration by a hybridization
chain reaction within the recognition area. The integration of the microfluidic photoelectrochemical aptasensing platform enhanced
the performance of the platform in terms of sensitivity and limits of detection. This work could open up new possibilities for the
development of highly efficient and reliable aptasensing systems for various applications in the biomedical and environmental fields.

■ INTRODUCTION
The investigation and development of photoelectrochemical
(PEC) biosensors hold a preeminent position within the realm
of modern analytical chemistry.1−3 As an innovative detection
technology, PEC biosensors possess high sensitivity, good
selectivity, fast response time, easy integration, and strong
portability, making them widely applied in environmental
monitoring, biomedical research, and food safety.4−7 Current
research efforts are focused on material selection, structural
design, and detection strategy principal aspects.8 The research
includes the selection and modification of nanomaterials with
high photoelectrochemical efficiency and stability, as well as
the design and fabrication of novel PEC biosensors using
nanotechnology and molecular modification techniques.9−11

Therefore, the integrated utilization of modern detection
techniques to develop PEC detection strategies with high
sensitivity, selectivity, and stability has become the mainstream
direction in photoelectrochemical analysis. In recent techno-
logical advancements, emerging interdisciplinary microfluidic
technology has made significant progress in the design and
fabrication of miniaturized systems through deep integration
with fluid dynamics, chemistry, microelectronics, advanced
material science, biology, and biotechnology.12−14 This

technology offers a groundbreaking platform for sample
collection, separation, mixing, and chemical reactions, as well
as the implementation of high-sensitivity, high-throughput, and
cost-effective analysis, all enabled by its unique function-
ality.15−18 Furthermore, through integration and automation, it
enables efficient analytical processes while maintaining cost-
effective standards.19,20 Therefore, the integration of micro-
fluidic technology and photoelectrochemical analysis will
become a key force in driving the development of analytical
science toward precision, efficiency, and cost-effectiveness,
demonstrating unlimited potential and broad application
prospects in modern scientific research and development.21−24

Modulating the microscale carrier transport of semi-
conductor materials to enhance their macroscopic photo-
electrochemical properties is a crucial issue in achieving target
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identification during photoelectrochemical analysis.25−27 Tra-
ditionally, target identification is achieved by the spatial
resistance effect of the solid−liquid interface, which affects
carrier transport. However, this approach has limited sensitivity
in improving analysis.28,29 The ion exchange strategy allows
precise control over nanocomposite structures at the atomic or
molecular level. This strategy begins by considering the
material composition and aligning heterojunction bandgaps.
The aim is to alter the potential difference associated with
charge separation in the existing heterojunction.30,31 This
method modifies the electronic structure and energy band
position of materials, altering the electronic transport pathways
within the original ordered microscale structures. It extends the
carrier migration distance within the material, thereby
enhancing the carrier recombination efficiency.32,33 This highly
sensitive strategy for modulating carrier migration lays a solid
foundation for highly sensitive photoelectrochemical bioassays.
In this work, the combination of SnO2 with good chemical

and photostability34,35 and CdLa2S4 with excellent visible and
near-infrared light absorption properties36,37 has been used to
prepare a SnO2/CdLa2S4 heterojunction composite structure
with efficient separation of photogenerated charge carriers. A
microfluidic system was employed to create a biometric
recognition zone and a PEC detection zone. In the biometric
recognition zone, the flow of the analyte solution was precisely
controlled to ensure the delivery of copper ions in proportion
to the kanamycin concentration via hybridization chain
reactions. Additionally, ion exchange strategies were imple-
mented to tailor the SnO2/CdLa2S4 semiconductor structure
and optimize bandgap matching, enabling accurate detection of
kanamycin (Kana). Overall, advanced microfluidic control
methods were combined with PEC sensing technologies to
establish a microfluidic PEC induction system achieved by
modulating the photon current efficiency under zero bias
conditions.

■ EXPERIMENTAL SECTION
Experimental Reagents and Methods. The relevant

part of the experiment (preparation of materials, reagents, etc.)
was placed in Supporting Information.

Procedure of the Microfluidic Microelectrode Prep-
aration. Oil ink protection was selectively applied via screen
printing technology to the three-electrode positions on
conductive ITO substrates, subsequent to which the specimens
were dried for a duration of 10 h at a temperature of 70 °C.
Subsequently, wet chemical etching was employed to remove
the conductive layer, with the electrodes being completely
immersed in an etchant solution (FeCl3: HNO3: HCl = 0.5 M:
1 M: 1 M) at room temperature for a static retention period of
0.5 h. Following this process, the fabricated electrodes
underwent ultrasonic cleaning for 1 h each in acetone,
ultrapure water, and anhydrous ethanol. Sequential drop-
casting of SnO2/CdLa2S4 was performed at the working
electrode position, followed by annealing at 200 °C for 2 h in a
muffle furnace. Thereafter, the prepared ITO substrates were
screen-printed with Ag/AgCl conductive ink at the reference
electrode position, followed by drying at 120 °C for a half-hour
duration. Furthermore, the carbon paste screen was pro-
gressively applied to the electrode positions, which upon
drying at 120 °C yielded a three-electrode system precursor for
microfluidic electrodes. Then gold nanoparticles were
sputtered in the biometric recognition zone by the ion
sputtering method. Utilizing the designed drawings in Auto
CAD, a microfluidic template and an isolation membrane
template were fabricated employing soft lithography techni-
ques, along with polydimethylsiloxane (PDMS)�a curing
agent and base agent, in a mass ratio of 1:10. Ultimately, the
PDMS-based isolation membrane and the dual-channel
microfluidic membrane were adhered to the prepared ITO
substrate, thereby obtaining microfluidic chip electrodes.
Detailed structural diagrams and physical pictures are included
in Figure S1 of Supporting Information.

Microfluidic Chip Fabrication and Detection Proce-
dure. As shown in Scheme 1, on the prepared microfluidic
microelectrode platform, complementary chains (2 μM, 10
μL), 6-mercapto-1-hexanol (MCH, 1 mM, 10 μL), aptamer
(Apt, 2 μM, 10 μL, corresponding sequence in Table S1),
different concentrations of kanamycin, and hairpin DNA after
reaction at 95 °C for 5 min (H1 and H2, 5 μM, 10 μL) were
injected in sequence at different injection portals. After each

Scheme 1. Microfluidic Chip Fabrication and Kanamycin Detection
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step, the reaction solution was washed and left at room
temperature in the reaction zone for 1 h. Then, CuSO4 (500
μM, 10 μL) and ascorbic acid (AA, 500 μM, 10 μL) solutions
were added, and the remaining solution was transferred to the
PEC detection area after 30 min. In this process, cation
exchange of metal ions and PEC materials occurred, and the
solution was discharged and washed after 5 min. Finally, after
closing the air control switch to separate the target object
recognition area from the PEC detection area, the three-
electrode area was filled with 0.1 M PBS solution, and the
microfluidic chip platform was placed under the LED light
source (100 mW/cm2) for testing.

■ RESULTS AND DISCUSSION
Characterization of Materials. The material properties

and structural characteristics of SnO2, CdLa2S4, and the SnO2/
CdLa2S4 composite heterostructures were investigated by using
a combination of analytical techniques. X-ray diffraction
(XRD) analysis was employed to determine the crystal
structure and phase purity of the samples in Figure 1A. The
XRD patterns of SnO2 and CdLa2S4 revealed well-defined
peaks corresponding to literature data,36,38 indicating the
successful synthesis of SnO2, CdLa2S4, and the SnO2/CdLa2S4
composite heterostructures. The morphological features of
SnO2, CdLa2S4, and SnO2/CdLa2S4 were examined using
scanning electron microscopy (SEM). The SEM images

revealed that the SnO2 nanoflowers consist of lamellar
structures in Figure 1B,C. Further structural details were
obtained by using transmission electron microscopy (TEM).
TEM images of the SnO2 nanoflowers showed well-defined,
flower-like architectures with individual petals composed of
fine nanoparticles, which may contribute to enhanced surface
area and PEC activity in Figure 1D,E. The CdLa2S4 nanodisks
displayed a uniform disklike shape with the diameter of 600−
800 nm (Figure 1F). These observations confirmed the distinct
morphologies of the individual components. Conversely,
SnO2/CdLa2S4 composite materials showed that the nanodisks
were chimeric in the flower-like structure, which proved the
successful synthesis of the composite materials (Figure 1G).
The compositional analysis of the SnO2/CdLa2S4 composite
was performed using energy dispersive spectroscopy (EDS)
mapping in Figure 1H. The EDS results confirmed the
presence of Sn, O, Cd, La, and S elements in the composite
material. Furthermore, the EDS maps corresponding to SnO2/
CdLa2S4/CuS/Cu2S after ion exchange are presented in Figure
S2, which confirms the presence of copper ions or subcopper
ions. The optical properties of the materials were investigated
by using solid-state ultraviolet−visible (UV−vis) spectroscopy
(Figure 1I). The SnO2 nanoflowers displayed a strong
absorption band in the UV region, which can be attributed
to the bandgap of SnO2. The CdLa2S4 nanodisks showed a
broad absorption band extending into the visible region, which

Figure 1. (A) XRD image of SnO2, CdLa2S4, and SnO2/CdLa2S4, (B) and (C) SEM images of SnO2, (D) and (E) TEM images of CdLa2S4, (F)
SEM images of CdLa2S4, (G) SEM images of SnO2/CdLa2S4, (H) EDS spectrum of SnO2/CdLa2S4, (I) UV−vis spectroscopy image of SnO2,
CdLa2S4, and SnO2/CdLa2S4.
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is characteristic of their semiconductor properties. For the
SnO2/CdLa2S4 composite material, its UV−vis spectrum
indicates that CdLa2S4 exhibits a good sensitization effect on
the wide bandgap SnO2. The absorption range of visible light
covers most of the CdLa2S4, enabling the composite material
to have excellent absorption properties within the visible light
range. Comprehensive characterization using XRD, SEM,
TEM, EDS, and UV−vis spectroscopy confirmed the
successful synthesis of nanoflower-shaped SnO2, nanodisk-
shaped CdLa2S4, and their composite structure.
X-ray photoelectron spectroscopy (XPS) analysis was

conducted to elucidate the surface composition and electronic
state of SnO2 and CdLa2S4. The XPS spectrum of SnO2
(Figure 2A) presents distinct peaks corresponding to the Sn

and the O species. The Sn 3d spectrum (Figure 2B) is
deconvoluted into two peaks located at binding energies of
486.4 and 494.9 eV, which are attributed to the Sn 3d5/2 and
Sn 3d3/2 orbitals, respectively, indicating the presence of Sn in
a +4 oxidation state. The O 1s spectrum (Figure 2C) exhibits a
peak at a binding energy of 530.3 eV, corresponding to lattice
oxygen (O2−) species. Additional peaks at 531.5 eV can be
assigned to surface-adsorbed hydroxyl groups (OH−). The
XPS spectrum of CdLa2S4 (Figure 2A) reveals peaks associated
with the Cd, La, and S species. The Cd 3d spectrum (Figure
2D) displays two peaks at binding energies of 404.8 and 411.5
eV, corresponding to the Cd 3d5/2 and Cd 3d3/2 orbitals,
respectively. These peaks are indicative of Cd in a +2 oxidation
state. The La 3d spectrum (Figure 2E) shows peaks at 835.1,
838.8, 852.1, and 855.3 eV, which are characteristic of the La
3d5/2 and La 3d3/2 orbitals. Furthermore, the S 2p spectrum
(Figure 2F) exhibits two peaks at approximately 161.0 and
162.2 eV corresponding to the S 2p3/2 and S 2p1/2 orbitals,
suggesting the presence of sulfur in a sulfide form. The XPS
data not only confirm the presence of the expected elements in

SnO2 and CdLa2S4 but also provide insights into the electronic
states and chemical environments of these elements within the
materials. To further confirm the oxidation state of copper ions
in the complex, the total XPS spectra of SnO2/CdLa2S4 after
ion exchange and the high-resolution Cu 2p spectrum were
presented in Figure S3. The characteristic peaks of Cu+ and
Cu2+ proved that CuS and Cu2S were present in the composite
material.

Microfluidic Chip Feasibility Analysis and Optimiza-
tion. In the context of developing highly sensitive and reliable
biosensing platforms, the feasibility of our proposed sensor was
thoroughly evaluated through photoelectrochemical and
electrochemical impedance measurements. The photoelectro-
chemical performance of the modified SnO2/CdLa2S4 photo-
electrode was assessed by using PEC tests (I-t curves).
Compared with single-electrode materials SnO2 and CdLa2S4,
a significant increase in the photocurrent was observed after
modification (Figure 3A), indicating the successful enhance-

ment of the light absorption and charge separation capabilities.
However, the introduction of copper ions leads to the
weakening of the photocurrent, which proves that the ion
exchange reaction can reduce the performance of the
photoelectrode. Electrochemical impedance spectroscopy
(EIS) was employed to further evaluate the charge transfer
properties of the modified sensor (Figure 3B). The EIS
measurements revealed a decrease in the charge transfer
resistance of the SnO2/CdLa2S4 photoelectrode, indicating an
improvement in the electron transfer rate at the solid−liquid
interface. The introduction of copper ions creates a blocking
layer at the semiconductor-electrolyte interface, impeding the
flow of electrons and increasing the resistance. The results

Figure 2. (A) XPS spectra of SnO2 and CdLa2S4. XPS high-resolution
spectrum of (B) Sn 3d, (C) O 1s, (D) Cd 3d, (E) La 3d, and (F) S
2p.

Figure 3. (A) PEC response of (a) ITO/SnO2, (b) ITO/CdLa2S4,
(c) ITO/SnO2/CdLa2S4, and (d) ITO/SnO2/CdLa2S4/CuS/Cu2S in
PBS (0.1 M, pH = 7.2) and (B) EIS in 5.0 mM [Fe-
(CN)6]3−/4−containing 0.1 M KCl, Tauc plots of SnO2 (C), XPS
valence band spectra of SnO2 (D), Tauc plots of CdLa2S4 (E), and
XPS valence band spectra of CdLa2S4 (F).
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obtained from these experiments provide compelling evidence
for the viability of the sensor design.
To achieve the optimal performance of microfluidic sensor

chips, we systematically investigated and adjusted key
experimental parameters such as buffer solution composition
and incubation time. The influence of the buffer solution on
the sensor performance was evaluated by testing different pH
levels. We found that PBS at pH 7.2 provided the most stable
and sensitive response for the detection of kanamycin (Figure
S5A). This buffer was chosen for subsequent experiments. And
we examined the effect of incubation time on the sensor
response by varying the time allowed for copper ions with the
nucleic acid strand. The optimal incubation time was found to
be 30 min, which provided the highest PEC response for
kanamycin detection (Figure S5B).

Possible Mechanisms of PEC Response. The photo-
electrochemical response of the SnO2/CdLa2S4 semiconductor
material was investigated as a crucial aspect of the microfluidic
photoelectrochemical system. The PEC performance is
attributed to several factors, including the bandgap of
materials, carrier dynamics, and the modification of its surface
properties upon copper ion exchange. Here, we discuss the
possible mechanisms contributing to the observed PEC
response. The Tauc plots and XPS valence band spectra
were used to calculate the band gap (Eg) and valence band
(EVB) of the material, and then the conduction band (ECB) was
calculated based on EVB = Eg + ECB. First, the SnO2, CdLa2S4,
and SnO2/CdLa2S4 materials exhibit a suitable bandgap
(Scheme 2a) for the absorption of visible light (SnO2: Eg =

3.45 eV (Figure 3C), EVB = 3.28 eV (Figure 3D), ECB = −0.17
eV; CdLa2S4: Eg = 2.43 eV (Figure 3E), EVB = 1.82 eV (Figure
3F), ECB = −0.61 eV, SnO2/CdLa2S4: Eg = 2.45 eV (Figure
S4A), EVB = 1.84 eV (Figure S4D), ECB = −0.61 eV, φ=4.8
eV), which enables efficient conversion of photon energy into
electrical energy. Upon illumination, the photogenerated
electrons and holes are separated, leading to the generation
of a photoelectric signal. The following mechanisms are
proposed to explain the PEC response: The incorporation of

CdLa2S4 into SnO2 increases the interface area between the
two materials, leading to enhanced charge separation and
reduced recombination rates. And the SnO2/CdLa2S4
composite structure facilitates efficient charge transport due
to the shorter diffusion length of carriers and the increased
number of charge transport channels. This results in a higher
photocurrent and improved PEC performance under zero bias.
This enhances the macroscopic photoelectrochemical proper-
ties of the material. Then the microfluidic system enables the
precise delivery of copper ions, which correspond to the
concentration of kanamycin in the analyte solution. The in situ
ion exchange reaction between copper ions and cadmium ions
in the SnO2/CdLa2S4 material alters the bandgap structure of
semiconductors, leading to a decrease in the photogenerated
electron−hole pairs. And the introduction of copper ions
results in the formation of CuS and Cu2S with narrow bandgap
(CuS: Eg = 1.52 eV (Figure S4B), EVB = 1.29 eV (Figure S4E),
ECB = −0.23 eV; Cu2S: Eg = 1.47 eV (Figure S4C), EVB = 0.78
eV (Figure S4F), ECB = −0.69 eV), which allows for the
formation of electron hole recombination centers and further
quenching the PEC performance (Scheme 2b). This analyte-
specific ion exchange reaction serves as a highly sensitive
detection mechanism for protein biosynthesis inhibitor
kanamycin.

Kanamycin Analysis. Kanamycin, an antibiotic commonly
used for the treatment of various bacterial infections, requires
precise monitoring due to its potential for nephrotoxicity and
ototoxicity. The microfluidic sensor chips were utilized to
analyze a range of kanamycin concentrations (0.02 pg/mL -
100 ng/mL) outlined in Figure 4A under the optimized

experimental conditions. This relationship was utilized to
construct a calibration curve (Figure 4B), which demonstrated
a strong linear correlation between the PEC signal and the
logarithm of the kanamycin concentration. The calibration
curve was described by the equation I = 47.88 − 11.90 lgc (ng/
mL), where I represents the PEC signal and c is the
concentration of kanamycin. The high correlation coefficient
(R2 = 0.991) indicated the reliability and accuracy of the
sensor response. And the detection limit of the sensor was
determined to be 12 fg/mL. The sensitivity and detection limit
of our sensor were comparable to or even superior to those

Scheme 2. Mechanism of PEC Signal of Photoelectrode

Figure 4. (A) Photocurrent response and (B) the corresponding
calibration curve of kanamycin detection in PBS (0.1 M, pH = 7.2),
(C) reproducibility test (c = 0.05 ng/mL), (D) stability test (c = 0.5
pg/mL). Error bars are SD (n = 3).
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reported in the existing literature (Table S2), highlighting its
potential for practical application.

Performance Analysis of Microfluidic Chip. The
performance of a biosensor is critically assessed based on its
reproducibility, stability, and selectivity. To assess the
reproducibility of the biosensor, we conducted independent
measurements using different batches of the sensor (Figure
4C). The reproducibility tests yielded an RSD of 3.5%, which
is within an acceptable range for biosensor applications. The
stability of the biosensor was evaluated by measuring the PEC
signal over multiple consecutive cycles (Figure 4D). The
sensor was subjected to repeated measurements of kanamycin
at a concentration of 0.5 pg/mL. After ten consecutive on and
off light tests, the PEC signal remained within 96.3%, and the
biosensor showed excellent stability. In addition, we selected
chloramphenicol (CAP), ciprofloxacin (CIP), erythromycin
(EM), and tetracycline (TC) as potential interferents due to
their common use in clinical settings. The selectivity data,
presented in Figure S6, clearly demonstrate the biosensor’s
ability to distinguish kanamycin from other antibiotics,
confirming its specificity for the target analyte. The current
reusability of microfluidic platforms is challenged by multiple
factors, including aptamer stability, channel integrity, and the
cleaning process of PEC materials. Future research will focus
on developing effective regeneration methods and improving
platform design to enhance its durability and cost-effectiveness
in practical applications.

Milk Sample Analysis. To assess the practical utility of our
aptasensor for the detection of kanamycin in milk samples, a
standard addition method was employed for the quantitative
measurement of kanamycin. This method involves spiking
known concentrations of kanamycin into unadulterated milk
samples to simulate real-world scenarios, where trace amounts
of antibiotics might be present. The following concentrations
of kanamycin were used in the analysis: 0.10 ng/mL, 1.00 ng/
mL, and 5.00 ng/mL. The results of the analysis are presented
in Table S3. The recovery rates of kanamycin in the milk
samples ranged from 96.0% to 102%, with relative standard
deviations below 4.1%. These recovery rates indicate that the
aptasensor can accurately quantify kanamycin in milk with
minimal variation, suggesting a high precision in the measure-
ments.

■ CONCLUSION
In summary, this work demonstrates the potential of the
microfluidic photoelectrochemical aptasensing platform for a
wide range of applications in environmental fields. The
favorable bandgap properties and charge transport character-
istics of the SnO2/CdLa2S4 composite material enhanced the
macroscopic photoelectrochemical properties of the system. By
optimizing the in situ ion exchange reaction and modulating
the photon-to-current efficiency under zero bias, we were able
to directly affect the SnO2/CdLa2S4 semiconductor structure
and bandgap matching, resulting in accurate and sensitive
detection of kanamycin. The precise control of analyte flow
and delivery of copper ions through the microfluidic system,
along with the analyte-specific ion exchange reaction,
contributed to the high sensitivity of the platform. The
findings of this study contribute to the development of highly
efficient and reliable aptasensing systems, which could play a
significant role in the advancement of diagnostic and analytical
technologies. Future research could focus on extending the

capabilities of this platform to detect other target analytes and
optimizing the system for practical applications.
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