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Sensitive detection of CA15-3 is important for postoperative monitoring and early diagnosis of breast cancer. In
this work, a photoelectrochemical (PEC) biosensing platform was constructed of CA15-3 by using BixO3/
CdLaxS4/BisS3 ternary type-II heterojunction as the photoactive transduction material for sensitive detection,
and the raspberry-shaped CuO nanospheres were exploited as the signal sensitizing tags. On one hand, the use of
BiyS3 as a sensitizer can effectively enhance the visible light excitation of the substrate material. On the other
hand, BiyS3 and BiO3/CdLasS4 have the ability to create dual type-II heterojunctions with matched energy
levels, which significantly enhances the separation and migration efficiency of the photogenerated carriers and
effectively suppresses the recombination of the e /h" pairs. Raspberry-like semiconducting Cu,O nanospheres
can mediate the PEC process of the heterojunctions. An immunosensor was developed combining the signal
transduction capacity of ternary heterojunction and the signal sensitizing effect of CuyO nanospheres. The
proposed PEC immunosensor showed good selectivity and stability for detecting CA15-3 (0.001 ~ 100 U/mL)
with a detection limit of 0.0003 U/mL (S/N = 3). The constructed PEC immunosensor had potential applications
in the clinical detection of CA15-3, and was expected to play a great role in the early diagnosis of breast cancer in
the future. Moreover, in the design engineering of photoactive materials, the improvement of visible excitation
and the enhancement of carrier separation efficiency have been realized simultaneously using a single material,
which provides new ideas for the design of photoactive materials.

1. Introduction biosensors [7], and fluorescent aptamer sensors [8]. Photo-

electrochemical (PEC) sensing, an important branch of electrochemical

Nowadays, the incidence of various types of cancer is on the rise due
to the serious aging of the population, poor living habits, environmental
pollution, and other factors. CA15-3, as an antigen associated with
malignant tumors, was often used in the clinical diagnosis of a variety of
cancers, including lung cancer and breast cancer [1-3]. Therefore,
realizing the rapid and sensitive detection of CA15-3 is of great signifi-
cance for the early detection of cancers, clinical diagnosis and treatment,
as well as treatment prognosis [4,5]. Common methods for the detection
of CA15-3 include electrochemiluminescent sensors [6], LSPR

detection, has technical advantages including low cost, high sensitivity,
and ease of operation. Now, PEC sensors have been widely used for the
detection of disease markers and environmental pollutants [9]. Photo-
active materials play a crucial role in PEC sensors, so the rational design
of photoactive materials is a key step in the design of high-performance
PEC sensors [10].

Photogenerated electron-hole pairs are produced when a photoactive
material is excited by visible light. But the photogenerated electron-hole
pairs will be compounded in various ways during the migration process,
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and thus compounding is essentially a key factor affecting the conver-
sion efficiency of photoactive materials [11]. For this reason, re-
searchers have developed different strategies to suppress charge carrier
compounding, among which designing and constructing heterojunctions
is the most common and effective method because the separation and
transfer of photogenerated carriers can be more efficient in the inter-
facial region of different components. Compared with the binary het-
erojunction, the ternary heterojunction with reasonable energy band
structure can realize sufficient light absorption, effective photoinduced
charge separation, and efficient continuous directional electron transfer.
From the existing research results, such as WO3/FeOOH/Cuy0 [12],
ZnSe-GCN-MoS; [13], UiO-66/NHy-MIL-125/g-C3N4 [14], etc., the
photocurrent response of a ternary heterojunction can be improved by at
least 50 ~ 100 % compared to the binary heterojunction of which it is
composed. However, applications based on the ternary heterojunction
are mostly focused on photocatalysis, and less in photoelectrochemistry
sensors. Higher photocurrent response can bring wider detection range
and higher sensitivity to photoelectrochemical sensors. Therefore, it is
meaningful work to design and construct ternary heterojunctions and
apply them to photoelectrochemical sensors.

Biy03 is a semiconductor material with good stability under acid-
base conditions [15]. In addition, it has the advantages of simple
preparation, low cost, and unique electronic structure [16]. However,
bismuth oxide alone has a wide bandgap that makes it difficult for
electrons to leapfrog. In past studies, researchers had usually used
methods such as constructing heterojunctions [17] or surface modifi-
cations [18] to solve this problem. CdLasSy4 is a ternary sulfide semi-
conductor material, that has been widely used in environmental
purification, energy storage and conversion, and photocatalytic
hydrogen production due to its suitable band gap and strong absorption
in the visible region [19-21]. The suitable band gap width and perfect
band-matching structure of CdLayS4 make it one of the best candidates
for forming heterojunctions with BizOs. To improve the photocurrent
response of the substrate material, Bi;S3 was utilized. BisS3 is a binary
sulfide semiconductor with a narrow bandgap and a wide spectral ab-
sorption range, capable of absorbing light up to 800 nm wavelengths
[22]. For a sensor, its ultimate goal is to achieve sensitive detection of
the object to be measured, to produce a highly sensitive response to trace
changes. To achieve this effect, CupO was chosen as the signal tag to
realize the signal amplification of the sensor. CuyO is a p-type semi-
conductor material that is simple to synthesize, has a diverse and
controllable morphology [23], and possesses an anti-fluorite crystal
structure and a direct band gap of 2 ~ 2.2 eV [24,25]. It is widely used in
photocatalysis because of its narrow band gap and suitable conduction
and valence band energies.

In this study, a dual type-II ternary heterojunction with good
photocurrent response was constructed using Bi»O3, CdLasS4, and BiSs.
Compared with binary heterojunctions, ternary heterojunctions with
matched energy band structures are more favorable for improving the
visible light absorption and the separation efficiency of photogenerated
carriers [26,27]. It is noteworthy that Bi,Sg exists as a special presence,
which can act as a sensitizer for surface sensitization of Bi;O3/CdLasS4
to improve visible excitation while forming a ternary heterojunction to
improve the carrier separation efficiency. Raspberry-shaped Cu,O
nanospheres were synthesized for the first time. The morphology pos-
sesses a larger specific surface area, providing more active loading sites.
Cuy0 was used as the signal tag to label the signal antibody, and Cu0
increased the spatial resistance of the sensor while competing with the
substrate for electron donor (AA) and light, resulting in higher sensi-
tivity of the constructed sensor. On this basis, a novel PEC immuno-
sensor was successfully constructed for the sensitive detection of CA15-
3. This sensor had potential applications in the detection of CA15-3 and
was expected to play a great role in the clinical diagnosis of breast cancer
in the future.
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2. Experimental section
2.1. Materials and instruments

All reagents and apparatus were reported in the Supporting
Information.

2.2. Preparation of CdLayS4, BizO3/CdLazS4, BisSs, and Cuy0

Fig. S1 showed the synthesis of CdLasS4, Bi2O3/CdLasS4 and CuyO.
The method of synthesis has been improved from the existing one
[13,28,29]. A more detailed synthesis process was reported in the
Supporting Information.

2.3. Preparation of Cuz0-Ab2 bio-complexes

At first, ethanol(80 mL), water(20 mL), and concentrated ammonia
solution (1 mL, 28 wt%) were mixed with 0.1 g of Cup0 and dispersed by
sonication. Subsequently, (3-Aminopropyl) triethoxysilane (APTES, 67
pL) and tetraacetoxysilane (TEOS, 67 pL) were added, and the mixture
was stirred for 3 h at 35 degrees Celsius. After undergoing centrifugal
drying, aminoconjugated raspberry-like CupO nanorods (CupO-NHy)
were produced. To prepare CuzO-Absy, 10 pL of Ab, solution (10 pg/mL)
was mixed with 80 pL of EDC solution (5 mg/mL) and 80 pL of NHS
solution (1 mg/mL) and shaken for 30 min. Next, 1 mL of CupO-NH;
solution (2 mg/mL) was added to the mixture, which was then shaken
overnight at 4 °C. The resulting mixture was washed twice by centri-
fugation: the first time without any additional reagents, and the second
time with 1 mL of phosphate-buffered saline (PBS) (0.1 M, pH = 7.4).
Finally, the mixture was combined with phosphate-buffered saline to
obtain CusO-Abs.

2.4. Construction of PEC immunosensor

The ITO conductive glass is first cut to size and pre-treated. Then, 10
uL of BizO3/CdLasSs4 suspension (4 mg/mL) was dropped on the
conductive glass surface and allowed to dry naturally. Subsequently, 7
uL of 0.14 M Bi(NO3)3 solution and 7 pL of 0.2 M NasS solution were
added sequentially to generate BiySs in situ dropwise and left to dry.
Excess BipS3 was rinsed off using deionized water and dried again. The
prepared electrodes were soaked in 1 mg/mL dopamine hydrochloride
solution, held at 4 °C for 10 h, washed with deionized water, and dried.
The role of this step is to use the quinone functional group in PDA as a
cross-linking agent to covalently react with the antibody with amine as
the terminal group through the Michael reaction to immobilize the
antibody on the substrate material. Next 6 pL of 10 pg/mL capture
antibody Aby, 3 pL of 1 wt% bovine serum albumin BSA, 6 pL of different
concentrations of CA15-3 antigen and 6 pL of 2 mg/mL Cuy0-Ab,
droplets were coated onto the electrodes respectively. Finally, electrodes
were incubated in a refrigerator at 4 °C for 1 h. When the incubation was
completed, they were rinsed with PBS and dried for use (Scheme 1).

2.5. Testing of PEC immunosensor

In this study, a conventional three-electrode system (the working
electrode is the sensor, the reference electrode is a saturated calomel
electrode (SCE), and the counter electrode is a platinum electrode) was
used to test. The light source system was a 100 W LED lamp, and the PEC
signal was detected with a CHI760E electrochemical workstation with
an applied voltage of 0 V and PBS as a buffer solution.
3. Results and discussion

3.1. Materials characterization

Scanning electron microscopy (SEM) images showed that the
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Scheme 1. Construction of PEC immunosensor.
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Fig. 1. SEM images of CdLa,S, (A), Bi»O3 (B), Bi;O3/CdLa»S4 (C) and Cu,0 (D), Elemental mapping images of Bi;0O3/CdLa,S,4 (E), XRD pattern of Bi,O3/CdLasS4 (F)

and Cuy0 (G), FT-IR spectra of CuyO and Cu,O-NH, (H).
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morphology of the prepared CdLayS4 was Bufon fruit-like nanoparticles
with diameters in the range of 400 — 500 nm (Fig. 1A) while Bi;O3 was
stacked by irregular nanosheets with diameters around 1 pm (Fig. 1B).
CdLayS4 nanoparticle ensembles were dispersed onto BiyOs-stacked
nanosheets to form BiyO3/CdLasS4 complexes (Fig. 1C). TEM image of
Biy03/CdLasS4 (Fig. S2C) can also further corroborate the successful
composite. Image of EDS (Fig. S2E) and Elemental Mapping (Fig. 1E) of
Bi;03/CdLasS4 showed the distribution locations of the elements Bi, O,
S, Cd, and La. Cuy0O synthesized in this study appeared as raspberry-like
nanoparticles with diameters of approximately 300 — 400 nm, as shown
in Fig. 1D and Fig. S2D using scanning electron microscopy. To
demonstrate the successful growth of BiySs at the electrode, the elec-
trode surface was compared before and after in situ BiS3 growth. The
results depicted in Fig. S4 demonstrate significant changes in the surface
morphology of the electrodes before and after in situ growth of BisSs,
indicating successful generation of BiySs. In addition, based on SEM
images (Fig. S2A), it was determined that BiyS3 does not exhibit any
specific morphology.

The XRD Images provide information about the crystal structure and
composition of the samples obtained. Fig. 1F showed several different
diffraction peaks of CdLayS4 [30], which indicates that the synthesized
CdLayS4 was highly crystalline and had no other phase. And XRD pattern
of prepared Bi;O3 indicated diffraction of (111), (200), and (220)
crystal planes at peaks 27.9, 32.3, and 46.4 respectively, which was in
agreement with the standard card PDF#27-0052 [31]. In addition to
this, the characteristic peaks of both Bi;O3 and CdLa3S4 can be seen in
Fig. 1F in the prepared complexes, which indicated that BisO3/CdLa3S4
complexes had been successfully prepared. Fig. 1G confirmed the suc-
cessful preparation of CupO with good crystallinity, as seen by the
characteristic peaks aligned with standard card PDF#05-0667. The XRD
image of BiaS3 (Fig. S2B) showed that the position of its peaks was
consistent with that of the standard card (PDF#04-0774), indicating
successful preparation of BisSs.

Fourier transform infrared spectroscopy (FT-IR) spectra were used to
determine the results of the modification modification of Cu,O nano-
spheres by APTES. Fig. 1H demonstrates that compared to the CuyO
curve, the CupO-NH; curve displays three new peaks at wavelengths of
approximately 2930 em™}, 1010 ecm™!, and 830 cm'. These peaks
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belonged to the stretching vibrational peaks of the C-H, Si-O-Si, and Si-O
groups of APTES. It seemed that APTES had successfully enveloped the
Cu,0 nanorods.

X-ray photoelectron spectroscopy (XPS) showed the valence states of
the elements Bi, O, Cd, La, and S in Bi3O3/CdLasS4 (Fig. 2A). Fig. 2B
shows the peak splitting results of O 1 s with lattice oxygen (Bi-O) at
530.8 eV, and surface adsorbed oxygen (Ogps) at 532.1 eV. Fig. 2C
indicated that the Bi 4f5,» and Bi 4f;,, orbitals’ peaks were at 159.4 and
165.0 eV, respectively. The peaks of the Cd 3d3,, and Cd 3ds,» orbitals
can be seen in Fig. 2D at 412.6 and 405.5 eV. According to Fig. 2E, the La
3d orbital split into La 3ds,2 (838.8 eV), La 3ds,, (834.8 eV), La 3ds3/»
(852.1 eV) and La 3ds3/; (854.9 eV). Fig. 2C showed that the binding
energies at 160.5 and 165.9 eV should belong to the genus S 2p; 2 and S
2ps3,2 orbitals, respectively. Subsequently, a comparison of the binding
energies before and after the complexation of each element reveals that
the binding energies are shifted in a lower direction, which suggests that
a strong chemical bond exists between Bi;O3 and CdLayS4. These results
clearly support the formation of BipO3/CdLasS4 heterojunctions.

3.2. Comparison of PEC signals

In order to better compare the positive influence of the ternary
heterojunction on the photocurrent response, the photocurrent re-
sponses of Bi203, BizSg, CdLa2$4, BigOg/CdLazs4, and B1203/CdLaZS4/
BiyS3 were tested under identical conditions Based on Fig. S5, it could be
seen that the photocurrent response of pure Bi;O3, pure BisSs3, and pure
CdLayS4 were feeble. The photocurrent responses of BioO3/CdLasS4 and
Bip03/BisSs were significantly improved compared to those of the in-
dividual materials. This was mainly due to the heterojunction structure
which greatly improved carrier separation efficiency. The addition of
BiyS3 resulted in a substantial enhancement of the photocurrent
response, which suggested that ternary heterojunctions were able to
promote rapid carrier separation and migration relative to binary het-
erojunctions, overcoming the problem of short carrier lifetimes due to
photogenerated carrier composite.
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3.3. Mechanistic of PEC immunosensors

Using UV-Vis diffuse reflectance spectroscopy (DRS) analysis to
study photoactive materials’ light absorption properties is effective
[32]. Forbidden bandwidths of synthesized BizO3, CdLayS4, BisSs, and
Cu0 analyzed according to Fig. S6 were respectively about 3.1 eV, 2.2
eV, 1.3 eV, and 1.6 eV. In addition, the type of material can be deter-
mined from the Mott-Schottky curve [33], so from the image analysis, it
can be learned that Bi;O3, CdLasS4, BipSs3 are n-type semiconductors,
and Cuy0 is a p-type semiconductor. Mott-Schottky curves also can infer
flat-band potentials (Eg,) of BiOs, BisS3, CdLagS4, and Cuz0 to be 0.28,
—0.71, —0.45, and 1.36 V vs SCE, respectively (Fig. S7). Conduction
band potentials (Ecp) of BizOs, Bi2S3, and CdLasS4 were 0.28, —0.71, and
—0.45 V vs SCE, and valence band potential (Eyg) of CusO was 1.36 V vs
SCE. Based on Eg = Eyg — Ecp, Eyp of BizOg, BisS3, and CdLasS4 were
3.38, 0.59, and 1.75 V vs SCE, and Ecg of CuyO was 0.24 V vs SCE.
Therefore, Bi;O3, CdLayS4, and BiySs could form energy band-matched
dual type-II heterojunctions.

Based on the above test results, the working mechanism of the PEC
immunosensor could be hypothesized (Fig. 3). Photoreactive materials
generate photogenerated electron/hole pairs (¢/h") after visible light
irradiation. The presence of sensitizer BisS3 improves the overall visible
excitation of the substrate material. Since BiyO3, CdLayS4, and BiS3 can
form a matched energy level structure, the e” migrated sequentially
down the conduction band from BiyS3 to CdLasS4, BioOs, and ultimately
to the ITO surface. In contrast, the h* were sequentially migrated down
the valence band from BiyO3 to CdLasS4, BisSs, and finally captured by
the electron donor. The final results showed that the ternary hetero-
junction composed of BizO3/CdLasS4/BisS3 significantly enhances the
separation efficiency of the carriers and prevented effectively e’ /h" pairs
complexation. The photoquencher CuyO can effectively reduce the
photocurrent response for the following possible reasons. On one hand,
Cuy0 competed with the substrate material for visible light, and at the
same time the h™ produced by Cu,0 by photoexcitation also competed
with the substrate material for electron donors (AA). On the other hand,
the prepared raspberry-like Cu,O had a large specific surface area,
which provided abundant active sites for antibody loading. In addition,
the spatial site resistance of Cuy0 further reduced the contact between
electron donors (AA) and the substrate material, which decreased the
efficiency of hole removal by electron donors. Therefore photoquencher
Cup0 was an effective signal amplification strategy. In summary, the
electron transfer mechanism of the ternary heterojunction and the mode

Chemical Engineering Journal 489 (2024) 151141

of action of photoquencher CuyO were discussed to provide a theoretical
basis for the construction of the sensor.

3.4. EIS and PEC behaviors

When constructing the PEC immunosensor, the signal changes
somewhat with each modified layer [34]. Fig. 4A perfectly showed the
current variation during the construction of the sensor, and it can be
seen that with the construction of the heterojunction, the photocurrent
response also peaks at curve c. As Abj, BSA, and CA15-3 were modified
onto the ITO/Biy03/CdLasS4/BisS3 electrodes and incubated, the cur-
rent signals began to diminish gradually, which was attributed to the
blocking and spatial site-blocking effects of the proteins (curve e — h).
The main reason for the decrease in curve h was the role of the antibody-
labeled immune complex (CupO-Aby). Notably, there was a small up-
ward increase in the curve d due to the presence of polydopamine. This
is because polydopamine can absorb visible light, act as a photosensi-
tizer, and transfer electrons, resulting in higher photocurrent.

EIS is a widely used method for analyzing interfacial properties, and
the magnitude of the electron transfer resistance (R,,) in the analysis of
the results can be expressed in terms of the magnitude of the diameter of
the semicircle. The layer-modified electrodes were tested for electro-
chemical impedance in a solution containing 0.10 M KCl and 5.0 mM [Fe
(CN)6]3'/ 4 In the Nyquist plot shown in Fig. 4B, it was shown that the
semicircle of ITO was very small, indicating a low R, This was because
ITO has good electrical conductivity. The increasing R, values after
sequential dropwise addition of Bi;O3/CdLasS4, Bi2S3, Aby, BSA, CA15-
3, and Cuy0-Abs on ITO further proved the success of the sensor con-
struction. Exceptionally, a decrease in the value of R occurred after
modification with polydopamine. Data collected from EIS had
confirmed that the construction of the PEC immunosensor was
successful.

3.5. Comparison of electrode activity area

A larger specific surface area means more active sites, necessitating
surface area evaluation of the electrode [35]. Cyclic voltammetry (CV)
test was performed on ITO alone, ITO/BiyO3/CdLayS4, and ITO/BisO3/
CdLayS4/BisSs in order to visualize the change in the surface active area
of the substrate materials more intuitively. The test was performed in
[Fe(CN)e] 4/3 solution and all analyses were based on the Randles
Sevcik equation (I, = (2.69 x 10°) ADY?n%/%y1/2¢, where I, is the peak
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Fig. 3. PEC immunosensor possible mechanism diagram.
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current, A is the electroactive surface area of the electrode, D is the value
of the [Fe(CN)6]4'/ 3- diffusion coefficient of (6.70 + 0.02) x 10°° cmz/s,
n is 1, which denotes the number of electrons transferred in the redox
reaction, c is the value of the concentration of [Fe(CN)g] 4/3- at 5 mmol/
L, and v is the scanning volume CV rate (V/s). Cyclic voltammetry tests
were performed on the electrodes at scan rates of 0.1-2.7 V/s, respec-
tively, and the results were shown in Fig. S8. Subsequently the results
were linearly fitted and the fitted regression equations were respectively
I, = 2237 /272 (R* = 0.9965), I, = 2562 v'/2-108 (R* = 0.9995), and
I, = 3488 v/2_6 (R% = 0.9976). Taking into account the Randles Sevcik
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CdLasS4/BisS3 electrode can be calculated as 0.64 cmz, 0.74 cmz, and
1.00 cm?. The results showed that the electrochemically active surface
area of the modified ITO/BiyO3/CdLasS4 nanocomposites increased by
15.6 %, while the electrochemically active surface area of ITO/BiyO3/
CdLayS4/BisS3 increased by 35.1 % in comparison to ITO/BiO3/
CdLa254.
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alone (f), and NSE alone (g). (D) repeatability test of PEC immunosensor with CA15-3 concentrations.
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3.6. Condition optimization

The performance of the PEC immunosensor is affected by several
external factors, so the external conditions were screened to obtain the
optimal experimental conditions [36,37]. The pH of PBS in the buffer
and the concentration of the electron donor (AA) were first screened,
and the photocurrent response peaked when the AA concentration was
0.1 mol/L and the pH of PBS was 7.4, as shown in Fig. S9A and Fig. S9B.
The mass ratio of the two in the Bi;O3/CdLaySs complex was then
screened, as shown in Fig. S9C, and the sensor photocurrent was
maximum when the mass ratio of BisO3 to CdLayS4 was 1:1.3. The
volumes of the Bi(NO3)s and NayS solutions used for in situ growth of
BiyS3 were subsequently optimized. The screening process, as shown in
Fig. SOD, revealed the optimal sensor photocurrent when the volume of
the solution was 7 uL. Finally, the incubation time of CuyO-Aby was
optimized. The results showed that there was almost no change in the
photocurrent response when the incubation time exceeded 1 h
(Fig. S9E). Therefore, 1 h was recognized as the optimal incubation time.

3.7. Immunosensor performance

After optimizing experimental conditions, PEC immunosensor was
used to analyze different concentrations of CA15-3. As can be seen from
Fig. 5A and Fig. 5B, the photocurrent was negatively related to CA15-3
concentration, and logarithmic value of photocurrent response and
CA15-3 concentration was linear. Fig. 5B showed the fitting results, the
linear regression equation is I = — 11.1356 1g ¢ + 39.0677 (where I (uA)
is the photocurrent, ¢ (U/mL) is the CA15-3 concentration), and the
square of the correlation coefficient R> = 0.9804. Finally, the detection
limit of the fabricated sensor was calculated to be 0.0003 U/mL. The
sensor constructed by this method had a wider detection range and
lower detection line compared to other methods for CA15-3 detection
(Table S1).

3.8. Selectivity, Repeatability, and stability of sensor

It is critical to analyze the performance of the sensors to ensure the
reliability of the serum sample detection [38-40]. Therefore, the
selectivity, repeatability, and stability of the constructed sensors were
examined. Firstly, the PEC immunosensor’s selectivity was tested by
measuring its response to CA15-3, a combination of CA15-3 and inter-
fering antibodies, and interfering antibodies alone. According to the
experimental results shown in Fig. 5C, the sensor had excellent selec-
tivity. To check the repeatability of the sensor, five electrodes were
utilized to detect different concentrations of CA15-3. As shown in
Fig. 5D, the photocurrent response fluctuated less among electrodes
with RSD values of 2.0 %, 2.6 %, and 4.7 % at the same concentration.
After being irradiated by switching the light on and off 20 times in 400 s
when the concentration of CA15-3 was 1 U/mL, the PEC immunosensor
exhibited good stability, as shown in Fig. ST0A. Next, the storage sta-
bility was examined. Based on the data presented in Fig. S10B, it can be
observed that two sets of electrodes with varying concentrations showed
photocurrent signals that still were 95.1 % and 92.3 % of the initial
signals after 16 days of being stored in a refrigerator at 4 °C. This sug-
gested that the sensor had good storage stability.

3.9. Sample analysis

Using the standard addition method, the sensor was tested for
feasibility and accuracy in analyzing real serum samples. As shown in
Table 1, CA15-3 standard solutions of 2.00, 5.00, and 7.00 U/mL were
added dropwise to the samples, respectively. The RSD of CA15-3 sam-
ples were in the range of 1.5 ~ 2.1 %, and the spiked recoveries were
104.50, 97.60, and 102.43 %, respectively. To further assess the us-
ability of the sensor, five sets of serum samples were chosen and the
readings obtained from this method (Y) were compared with those from
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Table 1
The results of the CA15-3 determination in samples.
Samples Addition Average RSD Recovery
(U/mL) (U/mL) (U/mL, n = 5) (%, n=05) (%)
4.69 2.0 6.78 2.1 104.50
5.0 9.57 1.5 97.60
7.0 11.86 1.7 102.43

the Beckman Automated CL Analyzer-Access IA system (X) (Table 2).
The regression equation derived from the comparison was Y =
1.0520*X — 2.4362 (with R? = 0.9981). This indicates a high level of
correlation between the two systems, thus validating the usefulness of
the constructed sensor. Therefore, the PEC biosensing platform has good
application prospects in serum sample analysis.

4. Conclusion

In this study, through the rational design of the photoactive mate-
rials, the visible light excitation is improved and the carrier separation
efficiency is enhanced, so that the photocurrent of the final substrate
material obtains a significant enhancement accordingly. A dual type-II
photoelectrochemical biosensing platform was developed to realize
the sensitive detection of CA15-3 by using BipO3/CdLayS4/BisSs dual
type-Il heterojunction as the photoactive substrate material and
raspberry-shaped CuzO nanorods were synthesized for the first time as
the light quencher. The dual type-II BiyO3/CdLayS4/BisS3 hetero-
junction provided excellent photocurrent response. The large spatial site
resistance and strong competitiveness of the raspberry-like Cuy0
endowed the sensor with high sensitivity. The PEC biosensing platform
was able to detect CA15-3 in the range of 0.001 ~ 100 U/mL with a limit
of detection of 0.0003 U/mL. Moreover, the experimental results
showed that the constructed PEC immunosensor had good selectivity,
repeatability, and stability. This sensor had potential applications in the
detection of CA15-3 and was expected to play a great role in the future
clinical diagnosis of breast cancer.
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