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MIL-68(In)-derived CdIn,S,@INn,S3 hollow
microtubes for a sensitive molecularly imprinted
photoelectrochemical CEA sensor

Yang Zang, ‘&’ * Ruhua Wei, Yang Feng, Jingjing Jiang = * and Huaiguo Xue

Herein, an antibody-free photoelectrochemical sensing platform was constructed for a sensitive carcinoem-
bryonic antigen (CEA) assay by coupling CdIn,S;@In,Ss hollow microtubes (HMTs) and a polydopamine-
mediated molecularly imprinted polymer (MIP). The CdIn,S,@In,Ss HMTs, synthesized by a Cd®*-exchange
reaction on an MIL-68(In)-derived In,Ss surface with a large specific surface area, could promote the separ-
ation of photogenerated charge carriers by shortening the charge-transfer distance and enhancing light
absorption, resulting in a stable photocurrent. Furthermore, the polydopamine-dependent MIP, electrode-
posited on the surface of a CdIn,S4@ln,S3 HMTs-modified ITO electrode, could elute the template mole-
cules to effectively recognize CEA without complex and expensive antibody—antigen assembly processes. In
the presence of the target, CEA, the imprinted cavities could be re-embedded for inhibiting the diffusion of
the electron donor via a typical steric-hindrance effect. Under optimized conditions, the developed sensor
exhibited a wide linear range of 1 pg mL™-500 ng mL™%, a low detection limit of 0.52 pg mL™, high selecti-
vity and good stability. This sensor was also applied to the CEA analysis of real human serum, providing a
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Introduction

Carcinoembryonic antigen (CEA), an acidic glycoprotein found
in adult cancer tissues and fetal gastrointestinal epithelial
tissues, usually serves as a common disease biomarker for col-
orectal cancer, breast cancer, and lung cancer.'™ The concen-
tration of CEA in healthy adult blood serum is no more than 5
ng mL™", and an abnormal CEA level has been regarded as a
warning sign for potential cancer risk.”® Thus, the sensitive
and selective detection of trace CEA holds great significance
for screening high-risk cancers. Nowadays, several sensing
techniques have been developed for CEA monitoring, such as
electrochemical, electrochemiluminescence, fluorescence and
enzyme-linked immunosorbent assays.®” As a powerful
analytical technique, photoelectrochemical (PEC) sensors have
garnered widespread attention due to their high sensitivity,
low detection cost and small background signal, which can
effectively avoid the use of expensive instruments and complex
operating procedures.’®* Considering the important role of
the detection platform, a variety of semiconductor materials
have been exploited with the capability of facilitating efficient
signal conversion from excitation light to a detectable current,
ensuring the sensitivity of PEC sensors.

School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou,
Jiangsu, 225002, P. R. China. E-mail: zangyang@yzu.edu.cn, jjj@yzu.edu.cn

This journal is © The Royal Society of Chemistry 2025

feasible strategy for the selective detection of other biomarkers.

Indium sulfide (In,S;), an n-type semiconductor with an
appropriate band gap (1.9-2.4 eV), exhibits efficient visible-
light absorption and desirable stability."*'® However, the
application of pure In,S; is limited by the rapid recombination of
photoinduced charge carriers and severe photocorrosion. To
address the above problems, it is feasible to construct an In,S;-
based heterostructure using other semiconductors with a
matched energy level.'®'” For example, a hollow TiO,@In,S;
photocatalyst rich in surface oxygen vacancies was synthesized, in
which the obtained hollow cavities, heterostructure and oxygen
vacancies were conducive to the separation of photogenerated
charge carriers, light harvesting and CO, adsorption, respectively,
resulting in excellent photocatalytic activity and durability for CO,
reduction.'® In particular, CdIn,S,, as a promising ternary metal,
has aroused widespread interest due to its structural stability and
suitable bandgap for visible-light absorption.'>?® Additionally,
numerous studies on CdIn,S,-based heterostructures have
demonstrated impressive photoelectrochemical sensing and
photocatalytic properties under visible-light irradiation.** For
instance, a dual-mode fluorescent and PEC sensor was designed
for the sensitive monitoring of 17f-estradiol with the aid of mag-
netic bead-assisted extraction, demonstrating PEC and fluorescent
signals. Additionally, hollow CdIn,S, microspheres were prepared
as a promising photoactive matrix with enhanced photoelectro-
chemical signal and detection stability.**

Moreover, molecularly imprinted polymers (MIP) have great
superiority in reinforcing the selectivity of PEC sensors. When
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template molecules are eluted from MIP, the blotting cavities
can effectively capture target molecules with their matched
molecular configuration by means of the high affinity between
the imprinted cavities and target.”>*® For example, a novel
CEA-imprinted hydrogel membrane was immobilized on the
surface of a gold nanoball/MoSe, nanosheet/glassy carbon
electrode by using BCCPEimBr ionic liquid as a functional
monomer; further development led to a selective PEC sensor
for CEA detection with a low detection limit of 11.2 pg mL™".*’
Since protein blotting is usually performed in aqueous solu-
tion at room temperature, the selection of functional mono-
mers plays an important role in the recognition and stability
of MIP. Among these functional monomers, polydopamine
(PDA)-based MIP, which consists of abundant catechol struc-
tures and amine groups, can improve protein imprinting
efficiency through typical noncovalent interactions (e.g:, hydro-
gen bonding and n-r interaction) accompanied by good dis-
persion and biocompatibility.*®*° Based on the synergistic
effect of the heterostructured semiconductor hybrid and MIP,
the designed PEC sensor can effectively avoid the expensive
biological reagents/probes and the complex antibody-antigen
assembly processes, which are beneficial for achieving a low
detection cost and high selectivity.

In this work, CdIn,S,@In,S; hollow microtubes (HMTs)
were prepared by hydrothermal and ion-exchange methods,
and an enhanced photocurrent response was achieved due to
appropriate band matching between CdIn,S; and In,S;. By
using CEA as a template molecule and dopamine (DA) as a
functional monomer, PDA-MIP was immobilized on the
surface of the CdIn,S,@In,S;-modified ITO electrode by elec-
tropolymerization, and then a novel antibody-free, molecularly
imprinted photoelectrochemical (MIP-PEC) sensing platform
was constructed for the CEA assay after the removal of the tem-
plate molecules (Scheme 1). In the presence of the target, CEA,
abundant imprinted cavities with specific recognition sites
could be re-occupied, blocking the diffusion of the electron
donor (ascorbic acid, AA) from the electrolyte to
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Scheme 1 Schematic of the preparation procedures for the
CdInyS;@INn,S3s HMTs-based MIP-PEC sensor for CEA detection.

4856 | Analyst, 2025, 150, 4855-4862

View Article Online

Analyst

CdIn,S,@In,S; HMTs, resulting in a decreased photocurrent.
By virtue of the desirable recognition ability of PDA-MIP and
the high photoelectric conversion efficiency of the
CdIn,S,@In,S; HMTs, the above MIP-PEC sensor has excellent
properties for the CEA assay, and no additional immunoreac-
tion is required for signal regulation.

Experimental
Preparation of In,S; HMTs and CdIn,S,@In,S;/ITO

The MIL-68(In)-derived In,S; HMTs were prepared by a pre-
viously reported method.*® Firstly, 0.6 g 1,4-terephthalic acid
and 0.8 g indium nitrate tetrahydrate were mixed into 40 mL
of DMF and stirred for 5 min, and the resulting mixture was
reacted at 120 °C for 30 min, followed by cooling to room
temperature. The white precipitate was then washed with de-
ionized water and ethanol several times, and the MIL-68(In)
precursor was achieved after being dried at 60 °C for 12 h.

Additionally, the as-prepared MIL-68(In) was dissolved in
40 mL of ethanol solution containing 0.2 g thiourea. After
ultrasonic stirring for 5 min, the above mixture was transferred
into a 100 mL Teflon-lined, stainless-steel autoclave, and
heated at 180 °C for 3 h. The obtained yellow precipitate was
washed with deionized water, then washed thrice with ethanol,
and dried in 60 °C for 12 h in sequence, and In,S; HMTs were
obtained for use in the subsequent experiments.

Prior to the preparation of the photoanodes, the ITO elec-
trodes were cleaned with 1.0 M NaOH solution, 10% H,O,,
ethanol and deionized water for 30 min, respectively, then
dried under nitrogen. Thereafter, 10 pL of 3 mg mL™" In,S;
was dripped onto the pretreated ITO surface, and the In,Ss/
ITO electrode was obtained after drying at room temperature.
Similarly, 10 pL of 0.1 M Cd(NOj3), was coated onto the In,Ss/
ITO electrode, accompanied by an in situ Cd>" exchange reac-
tion at 60 °C for 10 min. The above photoanode was slowly
rinsed with phosphate-buffered saline (PBS) to eliminate
excess salt solution on the electrode surface, which was then
dried at room temperature (denoted as CdIn,S,@In,S;/ITO).

Fabrication of MIP- and nonimprinted polymer (NIP)-modified
CdIn,S,@In,S;/ITO

The MIP-based sensing platform was constructed as follows:
firstly, 4 mL of 0.1 M PBS at pH 7.4 containing 5 mM DA and
0.5 pg mL~" CEA was purged with N, for 20 min to remove the
dissolved oxygen. When the CdIn,S,@In,S;/ITO electrode was
soaked in the above reaction mixture, the cyclic voltammetry
experiment was then performed for 20 cycles in the potential
range of —0.5 V to 0.5 V (scanning rate: 0.02 V s™'). Finally,
MIP/CdIn,S,@In,S;/ITO was immersed in 0.1 M NaOH for
40 min to elute the template molecules, and the corresponding
electrode was denoted as rMIP/CdIn,S,@In,S;/ITO. For com-
parison, the photoelectrode of NIP/CdIn,S,@In,S;/ITO was
prepared by the same method in the absence of the CEA
template.

This journal is © The Royal Society of Chemistry 2025
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Photoelectrochemical measurements

Firstly, rMIP/CdIn,S,@In,S;/ITO was incubated for 40 min to
capture the CEA molecules in 0.1 M PBS at pH 7.4 containing
the different target concentrations, and the resulting photo-
anode was labeled as IMIP/CdIn,S,@In,S;/ITO. Subsequently,
the photocurrent measurements were carried out in 0.1 M PBS
at pH 7.4 containing 0.1 M AA with a bias voltage of 0
V. Similarly, PEC measurements of NIP/CdIn,S,@In,S;/ITO
were performed by the same steps.

Results and discussion
Material characterizations

The morphologies and microstructures of the prepared
materials were characterized using the SEM images. As shown
in Fig. 1A, the MIL-68(In) precursor exhibited a smooth, hexag-
onal prism with a mean width of 1.06 pm. The In,S; material
could inherit the prism characteristics of MIL-68(In) after a
simple sulphuration process, and exhibited a distinct hollow
microtube with lots of nanosheet-based porous structures on the
surface (Fig. 1B). After the Cd**-mediated, ion-exchange reaction,
the nanosheets of CdIn,S,@In,S; HMTs partly fell out, and a
more distinct porous structure can be observed in Fig. 1C, which
can serve as a desirable building substrate for the subsequent
assembly of MIP. When PDA-MIP was electropolymerized onto
the CdIn,S,;@In,S;/ITO surface (Fig. 1D), MIP/CdIn,S,@In,Ss/
ITO was covered by the aggregated particles with a slight width
increment of CdIn,S,@In,S; HMTs. The surface particle density
of rMIP/CdIn,S,@1In,S;/ITO was then reduced due to the removal
of the CEA template molecules (Fig. 1E). However, the microtubu-
lar morphology of NIP/CdIn,S,@In,S; on the ITO electrode was
maintained without a significant change in width compared to
that of the CdIn,S,@In,S; HMTs, which might be related to the
absence of the template molecules (Fig. 1F).

The crystal structures of the prepared materials were ana-
lyzed by XRD. It can be seen from Fig. S1A that the XRD
pattern of MIL-68(In) was similar to that of the simulated MOF

Fig. 1 SEM images of (A) MIL-68(In), (B) In,S3/ITO, (C) CdInySs@In,Ss/
ITO, (D) MIP/CdIn,S,4@IN,S3/ITO, (E) rMIP/CdInySa@In,S3/ITO and (F)
NIP/CdIn,S,4@In,S3/ITO.
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precursor, and the characteristic peaks were typical of crystal
plane diffractions.®" As shown in Fig. S1B, the crystal structure
of the ITO electrode was consistent with the diffraction peaks
of (222), (400), (440), and (622).>> In the XRD pattern of In,S;
HMTs, three diffraction peaks appeared near 26 values of
27.8°, 33.5°, and 48.1°, which belonged to the (311), (400), and
(440) lattice planes of In,S; (JCPDS 32-0456), respectively.®®
After the ion-exchange reaction, five diffraction peaks were
observed at 27.8°, 33.5°, 48.1°, 66.34°, and 76.35°, respectively,
corresponding to the (311), (511), (440), (731) and (751) crystal
faces of CdIn,S, (JCPDS 31-0229).>* Moreover, the elemental
compositions of In,S;/ITO and CdIn,S,@In,S;/ITO were
studied by EDS. As shown in Fig. S1C, the EDS spectrum of
In,S;/ITO showed the obvious characteristic peaks of the In
and S elements (curve a), and the existence of the Si element
mainly resulted from the utilization of the ITO substrate.*®
From the EDS spectrum of CdIn,S,@In,S; HMTs, a new
characteristic peak was observed (curve b), which was derived
from the presence of the Cd element.

X-ray photoelectron spectroscopy (XPS) was employed to
further investigate the surface valence and chemical compo-
sition of CdIn,S,@In,S; HMTs. As displayed in Fig. 2A, the
XPS survey measurement confirmed that the CdIn,S,@In,S;
hybrid contained the elements In, Cd, and S, and the corres-
ponding compositional distributions are presented in the EDS
elemental mappings (Fig. S2). For the high-resolution XPS
spectrum of Cd 3d (Fig. 2B), the characteristic peaks at
binding energies of 412.4 eV and 405.6 eV corresponded to Cd
3dz, and Cd 3dsp,, respectively, indicating the presence of
Cd**.%® similarly, the characteristic peaks of In 3d;, and In
3ds/, were found at 453.6 eV and 446.0 eV (Fig. 2C), respect-
ively, which revealed that the In element existed in the form of
In*".*” Two characteristic peaks of S 2p;, and S 2p;, were
recorded at 163.1 eV and 161.9 eV (Fig. 2D), which confirmed
the existence of $>~ in CdIn,S,@In,S; HMTs.>®

The chemical bonds and functional groups of In,S; HMTs,
CdIn,S,@In,S; HMTs, and MIP-capped CdIn,S,@In,S; HMTs
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Fig. 2 XPS spectra of CdIn,S,@In,Ss HMTs: (A) survey, (B) Cd 3d, (C) In
3d, and (D) S 2p.
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were identified by FT-IR spectroscopy (Fig. 3A). In the FT-IR
spectrum of In,S; (curve a), the strong characteristic bands
located at 1028 cm™" and 1630 cm™" were assigned to the for-
mation of the In,S; composite, and the band at 3305 cm™" cor-
responded to the —-OH stretching vibrations because of the
adsorbed water on the material’s surface.’*™*' It should be
noted that an enhancement of the peak intensity was observed
at 1028 cm™" in comparison to In,S; HMTs (curve b), which
indicated the presence of CdIn,S, on the In,S; surface.*” After
electropolymerization, three new bands appeared at
1612 cm™, 1468 cm™, and 3728 cm™* (curve c), which corre-
sponded to the N-H stretching, C=C stretching, and the phe-
nolic O-H stretching vibrations in PDA.**** UV-vis diffuse
reflectance spectroscopy was utilized to investigate the visible
absorption of the abovementioned materials (Fig. 3B). In com-

>
w

Absorbance

Transmittance (%)

3305 1630 1028

2000 1000 400 500 600 700 800
Wavelength (nm)

4000 3000

Wavenumber (cm™)

Fig. 3 (A) FT-IR and (B) UV-vis diffuse reflectance spectra of In,Ss
HMTs (a), CdInyS;4@ln,Ss HMTs (b), and MIP-capped CdIn,S;@ln;Ss
HMTs (c).
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parison to In,S; HMTs (curve a), CdIn,S,@In,S; HMTs exhibi-
ted the higher absorption at 600 nm with a red-shifted band-
edge position, and the increased absorption in the visible-light
region was attributed to the heterostructure between CdIn,S,
and In,S;, which could accelerate the spatial separation of the
electron-hole pairs. When PDA-MIP was electropolymerized
onto CdIn,S,@In,S; HMTs, MIP/CdIn,S,@In,S; maintained a
broad light-absorption region ranging from 330 nm to 800 nm
because of the monotonous wavelength absorption of PDA,*?
ensuring a stable photocurrent.

Additionally, the bandgap of CdIn,S,@In,S; HMTs (~2.16
eV, curve b) was narrower than that of In,S; HMTs (~2.20 eV,
curve a) according to the typical Kubelka-Munk theorem
(Fig. S3A),*® which further indicated the excellent visible-light
absorption ability of CdIn,S,/In,S; HMTs. The flat-band poten-
tials of the prepared photoactive materials were then estimated
from the Mott-Schottky plots. As shown in Fig. S3B, the flat-
band potentials of In,S; HMTs (curve a) and CdIn,S,@In,S;
HMTs (curve b) were —0.47 V and —0.40 V (vs. Ag/AgCl),
respectively. Meanwhile, the positive slopes in the linear
portion of Mott-Schottky plots were identified as the n-type
semiconductors, and the type of CdIn,S,@In,S; heterojunc-
tion belonged to a n-n junction.”’

Feasibility of the MIP-PEC sensor

The recorded photocurrent responses of the layer-by-layer
modified electrodes are shown in Fig. 4A. From this figure, the
ITO electrode had almost no photocurrent signal (curve a),
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(A) Photocurrent responses of the various modified electrodes: ITO (a), In,S3/ITO (b), CdIn,S;@IN,S3/ITO (c), MIP/CdIn,S,4@IN,S3/ITO (d),

rMIP/CdINn,S,@INn,S3/ITO (e), IMIP/CdIN,S4@In,Ss/ITO (f), NIP/CdIn,S4@In,Ss/ITO (g), after the incubation of 100 ng mL™t CEA (h). (B) EIS of the
different electrodes: ITO (a), In;S3/ITO (b), CdInyS;@IN,S3/1ITO (c), MIP/CdIn,S4@IN,S3/ITO (d), rMIP/CdInyS,@IN,S3/ITO (e), and IMIP/CdIn,S,@lIN,Ss/
ITO (f). Target concentration was 100 ng mL™1. Inset: the electrical equivalent circuit applied to the fit the impedance data; R, Z,,, Ret, and CPE rep-
resent the Ohmic resistance of the electrolyte, Warburg impedance, charge-transfer resistance, and constant phase angle element, respectively. (C)
Current—voltage tests of In,S3/ITO (a) and CdIn,S,@In,S3/ITO (b). Electrolyte: 0.1 M PBS at pH 7.4, scanning rate: 100 mV s~%. (D) Photocurrent gene-

ration and regulation mechanisms of the designed MIP-PEC sensor.
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and the photocurrent of In,S;/ITO was about 0.7 pA (curve b).
After simple sulfidation, the formation of the CdIn,S,@In,S;
heterojunction could effectively promote the separation of the
photoexcited charge carriers so that the photocurrent of
CdIn,S,@In,S;/ITO largely increased to 3.0 pA (curve c).
Obviously, the In,S; HMTs served as the photoactive matrix
and $>~ source for the subsequent assembly of CdIn,S,, which
was beneficial for strengthening visible-light absorption and
the detection signal of CdIn,S,;@In,S;. When PDA-MIP was
electropolymerized onto CdIn,S,@In,S;/ITO, the photocurrent
of MIP/CdIn,S,@In,S;/ITO was reduced significantly due to
the spatial barrier caused by the MIP coating (curve d). When
the CEA template molecules were removed from MIP/
CdIn,S,@In,S;/ITO, the exposed blotting cavities were ben-
eficial for transferring the electron donor from the electrolyte
to the photoactive material, leading to an enhancement of the
photocurrent response (curve e). However, when the target,
CEA, was incubated on the surface of rMIP/CdIn,S,@In,S;/ITO
(curve f), a decrease in the photocurrent intensity occurred
owing to a blockage of the CEA molecules assembled by rMIP.
Contrastingly, the photocurrent of NIP/CdIn,S,;@In,S;/ITO
only changed slightly after the same preparation (curve g) and
elution (curve h) processes, which indicated that NIP could not
specifically recognize the CEA target.

The EIS measurements were also performed to investigate
the preparation of the photoanodes under different steps, and
the corresponding charge-transfer resistances (R.) were
recorded by Nyquist plots.*® As shown in Fig. 4B, the
minimum R, value of the ITO electrode was only 66.1 Q (curve
a). When In,S; (curve b) and CdIn,S,@In,S; (curve c) were suc-
cessively assembled onto the ITO electrode, the R. values
increased to 73.4 Q and 125.2 Q, respectively, due to their poor
conductivities,. After the electropolymerization reaction on
CdIn,S,@In,S;/ITO (curve d), the value of R, increased to
237.3 Q because of the introduction of PDA-MIP.**°
Subsequently, a sharp decline in the R, value was observed
(curve e) because the cavities formed by CEA elution could
provide the effective transfer channels for the electrochemical
probe. However, the R, value increased again when the cavities
of rMIP were re-embedded by target CEA (curve f).

Moreover, current-voltage measurements were carried out
in the potential range of 0 V to 2.0 V. As shown in Fig. 4C, the
current of CdIn,S,;@In,S;/ITO increased rapidly and was larger
than that of In,S;/ITO when the applied voltage was greater
than 1.5 V, which was attributed to the construction of the
CdIn,S,@In,S; heterojunction.’® The possible electron trans-
fer pathway is described as follows (Fig. 4D): Under light
irradiation, CdIn,S, and In,S; were excited to produce elec-
tron-hole pairs, in which the photogenerated electrons were
transferred from the conduction band (CB) of CdIn,S, to that
of In,S;, and then transported to the ITO electrode.
Meanwhile, the photogenerated holes were transferred from
the valence band (VB) of In,S; to that of CdIn,S,, and then
captured by the electron donor, preventing the recombination
of the electron-hole pairs, resulting in a stable photocurrent.>
When the target molecules were added onto rMIP/

This journal is © The Royal Society of Chemistry 2025
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CdIn,S,@In,S;/ITO, the imprinted cavities could be re-occu-
pied, thereby hindering the diffusion and electron transfer
between the electron donor and photoactive material and
resulting in the reduction of the photocurrent intensity.

Optimization of experimental conditions

To achieve MIP-PEC with excellent properties, several experi-
mental parameters, such as the concentration of the CEA tem-
plate, the number of electrochemical polymerization cycles,
the elution time for the CEA template, and the incubation
time between the CEA target and rMIP, were systematically
investigated (Fig. S4). Among these parameters, several trends
in the photocurrent change (AI = I, — I) were measured, where
I, and I were the photocurrent of the MIP-PEC sensor incu-
bated in the detection solution without and with CEA, respect-
ively. As shown in Fig. S4A, the photocurrent of the MIP-PEC
sensor increased with the increasing concentration of the CEA
template in the range of 0.1 pg mL™" to 0.5 pg mL™", and then
decreased with a further increase in the CEA concentration;
hence, 0.5 ug mL~" was selected as the optimal template con-
centration. Similarly, the effect of the electropolymerization
cycles on the MIP-PEC sensor was examined (Fig. S4B). The
maximum change in the AT value was observed at 20 cycles.
Thus, 20 cycles were chosen for the DA-based polymerization
reaction.

The elution time was also studied as an important factor of
the sensing proprieties. As shown in Fig. S4C, the AI value of
the MIP-PEC sensor varied with the elution time, and reached
a maximum value at 40 min. After that value, the photocurrent
basically remained unchanged despite the extension of time.
Therefore, 40 min was the optimal elution time. Furthermore,
it can be seen from Fig. S4D that when the photocurrent
changes of the MIP-PEC sensor increased to 40 min, a plateau
was achieved with any further extension of the incubation time
because adsorption equilibrium between CEA and rMIP was
reached. Thus, 40 min was taken as the optimal incubation
time.

Analytical performances of the developed sensor

The properties of the constructed MIP-PEC sensor were investi-
gated after it was incubated with different concentrations of
the CEA samples. As depicted in Fig. 5A, a gradual declining
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Fig. 5 (A) Photocurrent responses of the designed sensor under
different concentrations of the CEA target: 0 (a), 1 (b), 10 (c), 100 (d),
1000 (e), 10 000 (f), 100 000 (g), 500 000 (h), 1000 000 (i) pg mL™ (B)
The corresponding calibration curves.

Analyst, 2025, 150, 4855-4862 | 4859


https://doi.org/10.1039/d5an00775e

Published on 16 September 2025. Downloaded on 2/12/2026 11:04:34 PM.

Paper

trend in the photocurrent was observed with the incremental
increase in the CEA level because the adsorbed CEA molecules
in the imprinted cavities effectively hindered diffusion and
electron transfer from the electron donor to the photoactive
material. Meanwhile, a linear relationship between the photo-
current intensity and the logarithm of CEA concentration was
obtained in the range of 1 pg mL™" to 500 ng mL™", and the
linear regression equation was AI (pA) = 0.250 + 0.114 log Ccga
(pg mL™") with a correlation coefficient of R* = 0.992 (Fig. 5B).
The limit of detection (LOD) was determined to be 0.52 pg
mL™" at 36. Moreover, the performance comparisons between
the above MIP-PEC sensor and other previously reported CEA
sensors/biosensors are summarized in Table S1. Obviously, the
designed MIP-PEC sensor can achieve comparable or superior
abilities within the linear range and detection limit due to the
desirable photo-to-current conversion of CdIn,S,@In,S; HMTs
and the specific binding sites of rMIP.

The stability of the constructed MIP-PEC sensor was exam-
ined in Fig. 6A. It can be seen from this figure that no distinct
photocurrent change was observed after continuous “on-off”
light irradiation for 18 cycles; this shows that the sensor has
excellent cycling stability. When the photoanodes were stored
for 1 and 2 weeks at 4 °C, the detection signal maintained
96.8% and 93.2% of the original value, respectively. In
addition, five independent measurements of the MIP-PEC
sensors were performed with 100 ng mL™" CEA, and the rela-
tive standard deviation (RSD) was 2.68%. Thus, the proposed
MIP-PEC sensor had good long-term stability and acceptable
reproducibility for the CEA assay.

Furthermore, several potential biomarkers, such as alpha-
fetoprotein antigen (AFP), prostate-specific antigen (PSA),
thrombin (TB), and their mixtures, were detected for assessing
the specificity of MIP-PEC sensor. As shown in Fig. 6B, the
change in the photocurrent of the sensor for the target sample
was 0.8 pA, which was approximately 3.8, 4.7 and 4.4 times
that of the sensor for the AFP, PSA, and TB samples, respect-
ively. However, the AI value for the mixed sample indicated
only a slight photocurrent change in comparison to that for
the CEA sample. Obviously, the specific shape and size of the
blotting cavities in rMIP can enable selective binding to target
molecules by means of a complementary spatial configuration

A B
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<12|
312 0.6
§ 3
3 %41 0.2 %
S

0.0 b

o

80 160 240 320
Time (s)

AFP PSA TB CEA Mixed

Fig. 6 (A) Time-based photocurrent response of the proposed sensor
under continuous “off-on—off" irradiation. (B) Selectivity of the designed
sensor for the CEA target in comparison to other interfering substances
at 100 ng mL~%: AFP, PSA, TB, CEA, and the mixture containing AFP, PSA,
TB and CEA.
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Table 1 Comparison of the proposed and reference methods for the
CEA assay in human serum samples (n = 5)

Reference Proposed
Samples method (ng mL ™) method (ng mL ™) RSD
1 0.50 0.47 7.02%
2 1.36 1.33 2.93%
3 4.47 4.41 1.11%

and hydrogen-bond interaction. Thus, the above sensor had
excellent anti-interference ability due to the introduction of
PDA-MIP.

CEA analysis in human serum samples

The practicality of the developed MIP-PEC sensor was also
investigated. All the human serum samples used were available
from Subei People’s Hospital in Yangzhou City. Prior to CEA
testing, the serum samples were diluted with 0.01 M PBS at pH
7.4 to avoid the influence of a high tissue level on target reco-
gnition. As shown in Table 1, the detection results of the pro-
posed sensor were 0.47, 1.33, and 4.41 ng mL™", respectively,
which had no distinct change compared to the corresponding
values from the reference electrochemiluminescence method
(e.g., 0.50, 1.36, and 4.47 ng mL™"), and the related RSD values
were no more than 7.02%, indicating great potential for clini-
cal diagnostic applications.

Conclusions

In summary, an antibody-free molecularly imprinted PEC
sensor was developed for the CEA assay based on
CdIn,S,@In,S; HMTs and PDA-MIP. Among the synthesised
compounds, the heterostructured CdIn,S,@In,S; had excellent
photoelectric properties under visible-light excitation. When
the template molecules were eluted from PDA-MIP, abundant
cavities were formed that specifically recognized the target,
CEA, due to the high binding interaction between the target
molecules and rMIP, which effectively improved the selectivity
of the sensing platform. Under optimal conditions, this
MIP-PEC sensor exhibited a wide linear range of 0.001-500 ng
mL™", low detection limit of 0.52 pg mL ™", and good stability,
and was applied to the CEA assay in human serum, providing
a feasible strategy for the sensitive and selective detection of
other disease markers.
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