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ARTICLE INFO ABSTRACT
Handling Editor: Dr Jing-Juan Xu Background: Photoelectrochemical (PEC) sensors have attracted much attention due to their low cost, simple
instrumentation and high sensitivity. However, conventional PEC sensors require layer-by-layer modification of
Keywords: the photoelectrode surface, which has the disadvantages of being time-consuming and unstable. In addition,
Photoelectrochemical

complex interfering substances in real samples may lead to false-positive or false-negative detection results. It
was thought that the above drawbacks could be eliminated by the construction of a polarity inversion PEC
sensor. In this work, a magnetically separated PEC sensor was constructed for the detection of Carcinoembryonic
antigen (CEA).
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Results: During the experiment, the construction of the sensor was used for sensitive detection of CEA. In the
experimental process, Fe304@SiO2@CdS, a semiconductor material with magnetic properties, was chosen as the
substrate material, and ZnO/CuO was used as the marker on the DNA molecule, and a split magnetic separation
PEC sensor was constructed, which was used to realize the sensitive detection of CEA. Eventually, the detection
range of the sensor for CEA detection is 1-10000 pg/mL, with the detection limit of 0.34 pg/mL. Additionally,
the PEC sensor has the advantages of high speed, high efficiency, high sensitivity, good specificity, and high
stability. The sensing platform constructed in this work can also be extended to detect other targets, which
provides a new idea for PEC sensing platforms.

Significance: In this experiment, we developed a split PEC immunosensor based on magneto-optic nanostructure
and photocurrent polarity switching strategy. Specifically, the proposed magnetic nanostructure Fe304@-
SiO,@CdS-DNA; exhibits good paramagnetism and dispersion ability. By magnetic separation process, the PEC
signals of opposite polarity can be obtained.

1. Introduction

Cancer is the natural enemy of human health from beginning to end.
Early detection and treatment can greatly improve the cure rate of
cancer [1]. Carcinoembryonic antigen (CEA) is an acidic glycoprotein on
the surface of cancer cells differentiated from endoderm cell [2]. It is
considered abnormal when its concentration is greater than 5.0 ng/mL
and can be detected in human serum, gastric juice, sweat and urine, and
other body fluids and feces, and it is a broad-spectrum tumor marker
[3]. A variety of cancers can lead to an increase in the content of CEA,
such as gastric cancer, lung cancer, ovarian cancer and so on [4,5].
Therefore, the detection of CEA is of great significance in the early
diagnosis and disease detection of cancers [6,7]. It is very important to
find a fast and efficient detection method. Researchers have developed
many modes for CEA detection, such as electrochemical detection,
fluorescence detection, electrochemiluminescence detection and so on
[8,9].

Compared to other means of detections, photoelectrochemical (PEC)
sensor has received much attention from many researchers due to its low
background signal, simple equipment, convenient operation, and low
cost [10,11]. The main principle of PEC detection is to connect the
change of the concentration of the detected substance with the change of
photocurrent signal to realize the detection of the target [12-14]. Nor-
mally, signal on and signal off are the two main PEC signal strategies
[15]. In general, signal-open PEC sensors are better than signal-closed
PEC sensors because they can theoretically achieve a wider detection
range, lower background signal, and less possibility of false-positive
results [16]. Whereas, there are still some deficiencies in the interfer-
ence of oxidizing or reducing species in complex samples. In addition,
the construction of a traditional PEC sensor needs to be modified layer
by layer on the surface of the photoelectrode. Therefore, the traditional
model had several shortcomings, including long operation time, poor
stability, and inaccurate test results caused by real sample interferences
[17,18]. It is of great significance to explore a sensor platform that can
overcome the above shortcomings. In recent years, with the introduction
of the target, the polarity switching strategy of the photocurrent direc-
tion has been rapidly developed, which can effectively avoid false pos-
itive or false negative detection results during the detection process [19,
20]. But the traditional pattern of layer-by-layer decoration is still a
challenge that needs to be solved urgently. Fortunately, a recently re-
ported PEC immunosensor based on magnetic separation technology can
address this shortcoming [21,22]. The immunization process is carried
out in solution, and the photocurrent of the immunoreacted product is
obtained by magnetic separation [23]. Therefore, the instability and
cumbersomeness of the layer-by-layer modification mode are avoided.
In this work, a novel PEC immunosensor was developed based on the
polarity switching strategy and magnetic separation technology.

Specifically, as a kind of superparamagnetic nanomaterial, Fe3O4 has
excellent water dispersion ability, excellent biocompatibility, and sta-
bility, and has a broad application prospect in the field of PEC immu-
nosensors [24]. In this study, Fe304@SiO,@CdS nanostructures with

magneto-optical properties were further synthesized using Fe3O4 as a
matrix. The Fe304@SiO2@CdS nanomaterials have both the super-
paramagnetic properties of Fe3O4 and the excellent photoelectric con-
version ability of CdS [25]. As an n-type semiconductor with a wide
band gap of 3.37 eV, ZnO owns the advantages of better stability and
biocompatibility. Whereas, the large bandgap limited the light absorp-
tion efficiency [26]. To address this problem, a heterostructure was
constructed by ZnO/CuO. CuO is a p-type metal oxide with a narrow
band gap of 1.20 eV. This narrow band gap will accelerates the
recombination of electron-hole [27]. By synthesizing a kind of ZnO/-
CuO p-n heterostructure nanocomposite, the separation efficiency of the
electron-hole can be accelerated and the recombination of the electro-
n-hole can be reduced. ZnO/CuO effectively compensates for the de-
ficiencies of ZnO and CuO, and the cathodic current is obtained under
visible light irradiation [28].

The Fe304@Si0O2@CdS and ZnO/CuO are used as photosensitive
materials in this work. The Fe304@SiO,@CdS-DNA;-CEA apta-
mer-DNA,-ZnO/CuO immune complex was easily formed in PBS buffer
solution and modified to detect the cathodic current. Low concentration
of CEA can lead to the dissociation of the immune complex, and the
interference in the real sample can be effectively removed by magnetic
separation. The Fe304@SiO2@CdS-DNA; collected by magnetic sepa-
ration was modified on the electrode to detect the anodic photocurrent.
Therefore, it is possible to avoid false positive or false negative test re-
sults caused by oxidation or reduction of interfering substances [29].
This PEC immunosensor has the advantages of high speed, high effi-
ciency, high sensitivity, good specificity, and stability [30]. The sensing
platform constructed by this work can also be extended to detect other
targets, which provides a new idea for the PEC sensing platform [31].

2. Experimental part
2.1. Reagents and apparatus

The ITO conductive glass was acquired from Zhuhai Kaivo Electronic
Components Co. Ltd., China. Other details were shown in supplementary
material.

2.2. Preparation of Fes04@SiO,@CdS-DNA;

Firstly, 1 mL of Fe304@SiO>@CdS suspension and chitosan acetic
acid solution (3 mL, 0.1 wt%) were mixed and reacted at 50 °C for 2 h.
After washing with ultrapure water, it was dispersed into glutaraldehyde
aqueous solution (3 mL, 5 wt%), then heated at 38 °C for 1 h, magnetic
separation, NH>-DNA; (1 mL, 100 nmol/L) was added and incubated at
2 °C for 12 h. Finally, monoethanolamine (MEA) was added to obtain
Fe304,@Si0O,@CdS-DNA; at 2 °C.

2.3. Preparation of DNA2-ZnO/CuO

55 mg of ZnO/CuO was added to ethanol/water solution (25 mL,
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Vethanol/ Vwater = 19/1). Then, 1 mL of APTES was added to the ZnO/CuO
suspension, and the mixed suspension was heated at 70 °C for 1 h. After
cooling, the suspension was centrifuged and washed 3 times with
ethanol. It was redispersed in 5 mL of ultrapure waterto obtain amino-
—functionalized ZnO/CuO. It was stirred at room temperature for 12 h,
then SH-DNA;, (10 pL, 10 pmol/L) was added, stirred for 10 h, then
centrifuged and washed 3 times with ultrapure water to obtain
DNA2-ZnO/CuO.

2.4. Preparation of Fes04@SiO2@CdS-DNA;-CEA
aptamer—DNA 2-ZnO/CuO

The 1 mL (200 nmol/L) DNA>-ZnO/CuO and 1 mL (200 nmol/L)
CEA aptamer solution containing 20 mmol/L MgCl, was mixed to form a
uniform solution. Then 1 mL (200 nmol/L) Fe304@SiO,@CdS-DNA;
containing 20 mmol/L MgCl,, Fe304@SiO>@CdS-DNA;-CEA apta-
mer-DNA2-ZnO/CuO composite were formed by partial hybridization
reaction within 1 h at 37 °C, extracted and washed by external magnetic
field and dispersed in 1 mL deionized water. Fe304@-
Si0,@CdS-DNA;-CEA aptamer-DNA,-ZnO/CuO immune hybrid was
obtained.

2.5. Fabrication of PEC immunosensor

The construction process of the PEC immunosensor was shown in
Scheme 1. The ITO conductive glass electrode (0.8 x 2.0 cm?) was
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successively cleaned with detergent, acetone, ethanol, and ultrapure
water, and dried in a nitrogen atmosphere. The PEC immunosensor was
fabricated on ITO electrode. Different concentration of CEA (1-10000
pg/mL) were incubated with Fe304@SiO2@CdS-DNA;-CEA apta-
mer-DNA,-ZnO/CuO at 4 °C for 2 h. After magnetic separation, 20 pL of
product containing separated Fe304@SiO2@CdS-DNA; was modified on
the ITO electrode and dried at 25 °C, and dried naturally at room tem-
perature. Finally, the electrode was washed with PBS (pH = 7.4) and
prepared for the PEC measurement.

2.6. PEC measurement

The photocurrent was measured on the PEC workstation (CHI 760E
Chenhua Instrument Company, Shanghai, China). Other details were
shown in supplementary material.

3. Results and discussion
3.1. Characterization of synthesized materials

In order to verify the success of ZnO/CuO preparation, the
as-synthesized nanocomposites were characterized. Fig. 1A shows the
X-ray diffraction (XRD) pattern of ZnO/CuO, in which the diffraction
peaks at 31.8°, 34.4°, 26.3°, 47.5°, 56.6°, 62.9°, and 38.0° are attributed
to (100), (001), (101), (102), (110), (103), and (112) crystal faces of
ZnO (JCPDS 36-1541). The diffraction peaks at 35.5°, 38.7°, 38.9°,
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Fig. 1. (A) XRD pattern and (B) SEM image of ZnO/CuO, (C) HRTEM image of ZnO/CuO (D) XRD pattern of Fe304,@SiO>@CdS, (E) SEM image of Fe304@SiO, (F)

SEM image of Fe30,@SiO,@CdS.

48.7°, 58.2°, 51.4°, 57.7°, 66.1°, and 68.0°can well correspond to the
(~111), (111), (200), (—202),(202), (—113), (022), (—311), (022), and
(220) crystal planes of CuO (JCPDS 80-1916). Fig. 1B shows the scan-
ning electron microscope (SEM) image of ZnO/CuO, from which we can
see that ZnO/CuO exhibited a sphere-like structure with a diameter of
about 20 nm. Fig. 1C shows the high resolution transmission electron
microscopy (HRTEM) image ZnO/CuO, it can be clearly observed the
crystal boundary with the ZnO (101) of 0.28 nm and CuO (111) of 0.38
nm. In addition, XRD (Fig. 1D) and SEM (Figure S1, Fig. 1E and F) tests
were performed on Fe304@SiO,@CdS. The peaks at 18.3°, 30.1°, 35.4°,
37.1°, 43.1°, 53.5° 56.9°, and 62.6°correspond to the peaks of Fe304
(JCPDS 65-3107). In particular, the characteristic diffraction peak at
17.28° can be attributed to the amorphous SiO2 (JCPDS 29-0085). The
peaks at 24.8°, 26.5°, 28.2°, 43.8°, and 52.8° correspond to the crystal
plane of CdS (JCPDS 41-1049). In addition, the Fe304 and Fe304@SiOo,
and Fe304@SiO2@CdS were characterized in the synthesis process.
Figure S1, Fig. 1E and 1F are SEM images of Fe304 and Fe304@SiO, and
Fe304@SiO,@CdS, respectively. It is obvious in the image that a rela-
tively smooth SiO, film is deposited to the surface of Fe304@SiOy
compared to Fe3O4. Compared to Fe3O4@SiO,, CdS particles were
observed on the surface of Fe304@SiO,@CdS. It is verified that the
composite material is a gradually coated core-shell structure.

3.2. Possible mechanism of PEC immunoassay

The possible electron transfer mechanism of the proposed PEC
immunosensor. In the absence of CEA, the sandwich immune complex
Fe304@SiO,@CdS-DNA;-CEA aptamer-DNA,-ZnO/CuO is formed in
the solution and fixed on the photoelectrode, in which the ZnO/CuO in
the immune complex plays a leading role. Under radiation by light, the
majority of the electrons transfer from the CB of CdS to the CB of ZnO/
CuO and then trapped by the electron acceptor in the solution, resulting
in a cathodic current. When the CEA and the sandwich immune complex
are fully reacted in the solution, the sandwich immune complex is
dissociated due to the combination of CEA and the CEA aptamer. As the
CEA concentration increases, Fe304@SiO,@CdS gradually increases in
the solution and plays a leading role. The magnetic products are
collected and fixed on the electrode by magnetic separation, and the
electrons are excited by light to transition from the VB to the CB of the
CdS and transfer to the electrode direction, resulting in an anode
photocurrent. During the detection process, it can be observed that the
as-prepared sensor gradually changes the photocurrent from the cath-
ode to the anode as the CEA concentration increases. This strategy of
changing the direction of the signal during the detection process can
achieve highly sensitive detection of CEA.

3.3. Characterization of the PEC immunosensor

By testing during the modification process, it can be proved that each
step of the experiment was successfully completed. As shown in Fig. 2A,
curve a indicates that the photocurrent value of Fe304@SiO.@CdS is
about 143.8 nA. The photocurrent value of Fe304@SiO,@CdS-DNA;
(curve b) decreases to 123.6 nA. This is due to the fact that the protein
molecule is a biomolecule that acts as a barrier to electron transfer.
When the photocurrent value of Fe304@SiO2@CdS-DNA;-CEA aptamer
was further examined to be 73.4 nA (curve c), the photocurrent further
decreased, but the direction was still positive. After the preparation of
Fe304@SiO2@CdS-DNA;-CEA aptamer-DNA,-ZnO/CuO, the photo-
current value (—75.5 nA, curve d) was detected, and it was found that
the direction of the photocurrent changed. This indicates that each step
in the sensor synthesis process was successful.

Moreover, electrochemical impedance spectroscopy (EIS) is used to
prove the success of the electrode layer modification. The impedance
was measured in the frequency range of 0.1 Hz-100000 Hz with an
amplitude parameter of 5 mV and a bias voltage of 0 V. As shown in
Fig. 2B, Fe304@SiO>@CdS (curve a) has the smallest diameter, and the
diameters of Fe304@SiO;@CdS-DNA; (curve b), Fe304@-
SiOo@CdS-DNA;-CEA  aptamer (curve c¢) and  Fe304@-
SiO,@CdS-DNA;-CEA aptamer-DNA,-ZnO/CuO (curve d) gradually
increase, indicating that the gradual resistivity increases in turn, proving
that each step is successfully prepared. This is due to the insulating effect
of the protein molecules, which prevents the transfer of electrons.

3.4. PEC determination of CEA

The calibration curve of the sensor is detected and fitted under the
most ooptimal conditions, and the result is shown in Fig. 3. There is an
excellent linear relationship between the photocurrent and the loga-
rithm of the CEA concentration in the range of 1-10000 pg/mL. The
regression equation is I = 34.68:1gc (pg/mL) — 59.24, and the correlation
coefficient is 0.9995. The detection limit (LOD, S/N = 3) of the sensor is
about 0.34 pg/mL.

3.5. Reproducibility and specificity of the PEC immunosensor

In order to make this work more rigorous, the reproducibility,
selectivity, and stability of the immunosensor were tested. In order to
verify that the constructed PEC immunosensor has good reproducibility,
we constructed five electrodes under the same conditions and tested the
photocurrent (Fig. 4A). The relative standard deviation (RSD) of these
five groups of immunosensors is less than 2.65 %, indicating that the



X. Ren et al.

Analytica Chimica Acta 1310 (2024) 342703

200 300 400

7Z'/Q

100 500

Fig. 2. (A) Photocurrent responses and (B) Nyquist diagrams of (a) the bare Fe30,@SiO.@CdS, (b) Fe304@SiO2@CdS-DNA;, (c¢) Fe304@SiO2@CdS-DNA;-CEA
aptamer, (d) Fe304@SiO>@CdS-DNA;-CEA aptamer-DNA,-ZnO/CuO. Inset of part B: the electrical equivalent circuit applied to fit the impedance spectra.
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Fig. 3. (A) PEC immunosensor photocurrent response and (B) the corresponding calibration curve of the photocurrent measured in 0.1 mol/L PBS (pH = 7.0)
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Fig. 4. (A) Stability test of the PEC immunosensor, (B) Selectivity of the PEC sensing platform for CEA detection CEA (10 ng/mL); interferent (100 ng/mL); the
mixture containing CEA (10 ng/mL), and five interferents (the concentration of each interferent, 100 ng/mL). Error bars = SD (n = 3).

sensor can be easily repeated.

Specificity is a necessary property of the constructed PEC immuno-
sensor. Here, we selected alpha-fetoprotein (AFP), brain natriuretic
peptide (BNP), prostate-specific antigen (PSA), procalcitonin (PCT), and
cytokeratin 19 fragment 21-1 (CYFRA21-1) as interfering antigens to
determine the specificity of the proposed PEC immunosensor. The con-
centration of the interfering antigen was 100 ng/mL, while the con-
centration of CEA was 10 ng/mL. And the magnetic product obtained
when only the interfering antigen was added to the immune sandwich
complex was cathodic current. On the contrary, anodic photocurrent
was detected when only CEA and the solution containing CEA and
interference antigen were present. This shows that the sensor can realize
the specific detection of CEA. This is because only CEA can cause the
dissociation of the sandwich immune complex. This shows that the

constructed PEC immunosensor has good specificity.
3.6. Real simple detection

In order to verify the feasibility of the proposed PEC immunosensor
for the detection of CEA in complex serum samples, the standard addi-
tion method was used to detect CEA in the serum samples. The experi-
mental results are shown in Table S1. The average recovery rate of this
PEC immunosensor is in the range of 100.2-102.8 %, and the RSD is
1.23-2.84 %. Therefore, the PEC immunosensor platform has good ac-
curacy in clinical diagnosis.
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4. Conclusion

In this study, a polarity switching PEC immunosensor with good
magnetic and optoelectronic properties was successfully prepared.
Fe304,@Si0O,@CdS was chosen as the substrate material, and ZnO/CuO
was used as the signaling marker with excellent photocurrent response.
The PEC immunosensor can achieve highly sensitive and selective
detection of CEA with a detection range of 1-10000 pg/mL and a
detection limit of 0.34 pg/mL. The magneto-optical nanostructures and
photocurrent polarity—switching sensing platforms provide novel and
unique inspirations for the detection of other disease markers or envi-
ronmental pollutants.
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