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ARTICLE INFO ABSTRACT

Keywords: A novel visible light photoelectrochemical immunosensor based on BiOBr/Bi,S3 heterostructures was fabricated
BiOBr to detect squamous cell carcinoma antigen (SCCA). Bi,S3 nanoparticles formed on the BiOBr microflowers by the
Bi>S3 self-sacrificial synthesis method based on the facile reaction between BiOBr and S* ions. The BiOBr/BiySs

Self-sacrificial synthesis method
Visible light
Photoelectrochemical immunosensor

composites exhibited excellent visible light photoelectrochemical activity, when ascorbic acid (AA) was em-
ployed as a perfect electron donor. The photocurrent intensity of BiOBr/Bi,S3; modified ITO electrode arrived at
around 20 pA, which was approximately 30 times than that of pure BiOBr. Dopamine formed easily poly-
dopamine film via self-polymerization on the surface of BiOBr/Bi,S3; composites to immobilize SCCA antibody.
Under the optimal condition, this photoelectrochemical immunosensor realized the ultrasensitive determination
of SCCA. With the logarithm of SCCA concentration in the range of 0.001-75ngmL ™", the specific binding
between SCCA and antibody led to the linearly decrease of photocurrent signal with a low detection limit of
0.3pgmL~"! (S/N = 3). This facilely constructed photoelectrochemical immunosensor maybe have promising
practical application in photocatalysis, analytical detection and biosensor, etc.

1. Introduction

With the high morbidity and mortality, lung cancer increasingly
threatens the health of people. Therefore, exploring effective tumor
markers is crucial. According to the previous reports, Tong et al. studied
the application of squamous cell carcinoma antigen (SCCA) in the di-
agnosis of lung cancer [1]. They found that SCCA was related with the
development condition of lung cancer, which can be used to detect the
clinically recurrence and metastasis of malignant tumors. Zhao et al.
found that the content of SCCA was significantly increased in the lung
cancer group [2]. And the level of squamous cell carcinoma was higher
than other pathological types of lung cancer, suggesting that SCCA
played an important role in the determination of the pathological types
of lung cancer. Therefore, SCCA is generally applied as a dependable
tumor marker for the early diagnosis of lung cancer [3-5].

Nowadays, photoelectrochemical (PEC) immunosensor has been
extensively focused in the fields of analysis and detection [6-9]. PEC
immunosensor detects target accurately by transforming light signals
into electrical signals, and possesses many advantages, such as strong
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specificity, fast analysis speed, high accuracy, simple operating system
and excellent selectivity for the target [10-13]. Therefore, a novel and
facile visible light PEC immunosensor is fabricated to detect SCCA in
our work. As the crucial factor of the preparation of PEC im-
munosensor, the selection of PEC material needs to be carefully treated,
which is benefit to enhancing the sensitivity of PEC immunosensor.
Recently, as a typical p-type semiconductor material, bismuthyl
bromide (BiOBr) has attracted significant interest in various fields, such
as photocatalytic activity [14], sensor [9], electrocatalytic alcohol
oxidation [15] and so on. BiOBr has unique and excellent electrical,
magnetic and optical properties, such as excellent chemical stability,
good photoelectric activity and suitable band-gap [16-18]. The wide
band-gap of BiOBr about 2.7 eV could inhibit the recombination of
electron-hole (e /h*), which is benefit to the strengthening of photo-
electric activity. According to the previous references, the photoelectric
activity of BiOBr is diverse due to their different morphology, for ex-
ample, 2-dimensional flaky structure, 3-dimensional floral structure,
hollow microspheres and spherical microflowers [19]. In our work, the
BiOBr with hierarchical microsphere structure is prepared by
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hydrothermal synthesis method. The smooth surface and the larger
specific surface of BiOBr increase the binding sites, promoting the
combination of BiOBr with more particles.

Moreover, the construction of heterojunction is an effective tech-
nique to improve the photoelectric activity of PEC immunosensor. For
example, Guo et al. prepared BiOBr/Bi heterojunctions [20], Hu et al.
fabricated a Z-scheme Bi,MoO4/BiOBr photocatalyst [21], Di et al.
prepared N-CQDs/BiOBr [22]. Recently, bismuth sulfide (Bi»S3) with a
narrow band-gap (1.30-1.70 eV) has attracted intensive attention in the
fields of photocatalytic degradation [23], electrochemical determina-
tion [24] and so on. The most important thing is that the valence band
(VB) and conduction band (CB) of Bi,S; are higher than that of BiOBr.
The satisfying match of band-gap accelerates efficiently the electron
transfer under the visible light irradiation, which improves the con-
ductivity of PEC immunosensor. Therefore, as the matrix, the BiOBr/
Bi,S3 heterostructures were fabricated via self-sacrificial synthesis
method in our work.

Most importantly, it is the first time that Bi,S3; nanoparticles formed
on the BiOBr microflowers by the self-sacrificial synthesis method.
Comparing with other references [25-28], the self-sacrificial synthesis
method is simple and quick. The obtained BiOBr/Bi,S; composites ex-
hibit excellent photoelectric activity, when ascorbic acid (AA) is em-
ployed as a perfect electron donor. Based on the above discussion, a
novel visible light PEC immunosensor based on BiOBr/Bi,S; hetero-
structures is designed via self-sacrificial synthesis method to detect
SCCA.

2. Experimental
2.1. Materials and instrumentation

SCCA and SCCA antibodies (anti-SCCA) McAb (coating) were pur-
chased from Shanghai Linc-Bio Science Co., Ltd. China. Tris(hydro-
xymethyl)aminomethane was purchased from Shanghai Macklin
Biochemical Co., Ltd. China, which was used for the preparation of Tris-
HCl buffer solution. X-ray photoelectron spectroscopy (XPS) analysis
was performed on ESCALAB 250 X-ray photoelectron spectrometer
(Thermo Fisher Scientific, USA). The other details are shown in
Electronic Supplementary Information (ESIT)

2.2. Preparation of hierarchical BiOBr microspheres

The hierarchical BiOBr microspheres were fabricated by a typical
synthetic procedure according to the report [29]. Under the magnetic
stirring, Bi(NO3)3'5H>0 (4 mmol) was dissolved in 2-methoxyethanol
(80mL) as solution A. Analogously, 1-dodecyl-3-methylimidazolium
bromide ([C;,Mim]Br), 6 mmol) was injected into 80 mL of 2-methox-
yethanol as solution B. The above solution A and B were mixed together
and magnetically stirred for 10 min. Then the mixed solution was
transferred into an autoclave (100 mL) to react at 160 °C for 2 h. After
cooling to room temperature, the product was centrifuged and washed
three times with ethanol and ultrapure water, respectively. Finally, the
product was dried in vacuum to obtain the hierarchical BiOBr micro-
sphere.

2.3. Fabrication of PEC immunosensor

As shown in Fig. 1, the PEC immunosensor was prepared by layer-
by-layer (LBL) assembly. Before fabrication, the ITO substrates (3.0 X
0.8 cm?) were processed by ultrasound in acetone, ethanol and ultra-
pure water for 30 min, respectively. After drying, the ITO slices were
reserved to use. Firstly, 4 mg mL~! of BiOBr (10 pL) were coated on
ITO, and then calcinated in muffle furnace at 400 °C for an hour. After
cooled to room temperature, Na,S solution (5 puL) was modified on the
ITO/BiOBr electrode. By self-sacrificial synthesis method, Bi,S; gener-
ated on the BiOBr microspheres due to the reaction between S* and
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Fig. 1. The schematic of the preparation process of PEC immunosensor.

—_—

ITO BiOBr

ITO

Y.

Anti-SCCA

BiOBr. Subsequently, the prepared ITO/BiOBr/Bi,S; electrode was
rinsed with ultrapure water to remove redundant Na,S. Then, 5 uL of
dopamine hydrochloride (1 mgmL~?) in pH 8.5 Tris-HCl solution was
modified on the above electrode for one hour and then cleaned with
ultrapure water. It is effortless for dopamine hydrochloride (DA) to
polymerize, which makes it possess the excellent adsorptivity. The
polydopamine film (PDA) formed by self-aggregation not only con-
solidated the stability of photoelectric signals, but also facilitated the
binding of anti-SCCA. Anti-SCCA (10 ug mL ™%, 5 L) was added to the
ITO/BiOBr/Bi,S3/PDA electrode and incubated at room temperature.
Followed by washing the uncombined anti-SCCA, BSA (5upL,
1mgmL~') was dropped onto ITO/BiOBr/Bi,Ss/PDA/anti-SCCA elec-
trode to block the nonspecific binding sites. After rinsing, different
concentrations of SCCA (5 puL) was modified on the ITO/BiOBr/Bi,S/
PDA/anti-SCCA/BSA electrode, respectively. Finally, rinsed with ul-
trapure water, the ITO/BiOBr/Bi,S;/PDA/anti-SCCA/BSA/SCCA PEC
immunosensor was prepared successfully by LBL assembly.

3. Results and discussion
3.1. Characterization of BiOBr, and BiOBr/Bi,S3

As shown in Fig. 2, the morphology and elemental analysis of the
prepared BiOBr, and BiOBr/Bi,S3 were researched by scanning electron
microscope (SEM) and energy dispersive spectrometry (EDS). The SEM
(Fig. 2A) and magnified SEM (Fig. 2B) images of BiOBr coated on ITO
without calcination indicated that BiOBr has a complete hierarchical
microsphere structure. BiOBr has a smooth surface, which like
blooming petals. And the larger specific surface increased the binding
sites, promoting the combination of BiOBr with more particles. More-
over, the existence of Bi, O and Br elements in EDS image of BiOBr
without calcination (Fig. 2C) convincingly confirmed the successful
fabrication of hierarchical BiOBr microsphere. In order to enhance the
combination between BiOBr and ITO, the BiOBr coated on ITO was
calcined in muffle furnace at 400 °C for an hour, and the SEM and
magnified SEM images of calcined BiOBr coated on ITO were further
surveyed (Fig. S1). Compared the SEM of BiOBr before and after cal-
cination, there was no obvious change in morphology and the calci-
nated BiOBr possessed more satisfactory aggregation. Based on the
calcination, Na,S solution was modified on the BiOBr coated ITO to
obtain the BiOBr/Bi»S3; composites. Owing to the fact that the solubility
product constant of BiOBr (3.0 x 10~7) was much greater than that of
Bi,Ss3 (4.97 x 10*), Bi,S3 was easier to form than BiOBr. Thus, after
modifying Na,S on ITO/BiOBr electrode, the S element in Na,S could
despoil Bi element in BiOBr to form Bi,S; with excellent stability. Ob-
serving the SEM (Fig. 2D) and magnified SEM (Fig. 2E) images of
BiOBr/Bi,Ss, the surface of BiOBr/Bi,S; composites was rough, and
many particles attached to the surface of BiOBr microsphere. As shown
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Fig. 2. SEM (A), magnified SEM (B) and EDS (C) images of BiOBr coated on ITO without calcination. SEM (D), magnified SEM (E) and EDS (F) images of calcined

BiOBr/Bi,Ss.

in Fig. 2F, it was obvious that Bi, O, Br and S element were existed in
the EDS images of BiOBr/Bi,S3. By comparing the Tables S1 and S2
(ESIt), the EDS data indicated that the atom percentage of S was 5.88 in
calcined BiOBr/Bi,S3 composites, which further improved the pre-
paration of BiOBr/Bi,S; was successful.

In order to prove the successful synthesis of materials, the X-ray
diffraction (XRD) patterns of BiOBr and BiOBr/Bi,S; were further stu-
died in Fig. 3A. Through observing the XRD pattern of BiOBr, there was
no other interferential diffraction peaks by comparing with the re-
ference [29], which manifested the successful preparation of BiOBr.
The diffraction peaks of BiOBr existed completely in the XRD pattern of
BiOBr/Bi,S3. And the diffraction peaks of Bi,S3 were located at 22.4°
and 34.0° revealing the successful loading of Bi,S; [30]. It was worth
mentioning that the low content of Bi,S; leaded to the less diffraction
peaks existed in the XRD pattern of BiOBr/Bi,Ss.

The UV-vis diffuse reflectance spectra of BiOBr and BiOBr/Bi,S3
(Fig. 3B) exhibited the absorption effect of materials to visible light. It
was obvious that the absorption wavelength range of pure BiOBr was
mainly below 400nm, which indicated that BiOBr had certain ab-
sorption of visible light (curve a). However, the absorption was weak in
the visible light area. After interacted with Na,S, the absorption of
visible light enhanced obviously and the absorption area widened sig-
nificantly, which proved that the BiOBr/Bi,S; composite had dis-
tinguished photoelectric activity (curve b). The result could explain that
Bi,S3, generated by self-sacrificial synthesis method, had narrow band-
gap lead to the fewer required electron transition energy. Therefore,
BiOBr/Bi,S3 composite could easily produce photo-generated electron-
hole under visible light irradiation, causing the redshift of BiOBr ab-
sorption wavelength, which made the apparent increase of photo-
electric activity. The insets in Fig. 3B were BiOBr coated ITO electrode
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(a) and Na,S modified ITO/BiOBr electrode (b). After interacted with
Na,S, the color of the sample changed from white to black, certifying
the formation of new substances. The color of Bi,S; was black, which
was consistent with the above explanation.

The X-ray photoelectron spectroscopy (XPS) spectra (Fig. 3C) dis-
played two obvious peaks at about 159.1 and 164.4 eV, which were
resolved into Bi 4f,,, and Bi 4fs,, of Bi** in BiOBr, respectively. It is
interesting that after interacting with Na,S solution, the peak of O 1s
changed from 530.0 eV to 529.8 and 531.2 eV (Fig. 3D). The two peaks
could be explained to the bonding of Bi-O and O-H [31,32]. The XPS
peaks of Br 3d of BiOBr/Bi,S; in Fig. 3E shift to the higher binding
energy than that of BiOBr, which were ascribed to the slight variation of
the environment of Br 3d due to the heterostructure formation. As
shown in Fig. 3F, there were two typical speaks at around 159.1 and
169.4 eV, which were consistent with the binding energy of S 2p,
proving the successful generation of Bi,Ss.

3.2. Optimization of experimental conditions

The concentrations of BiOBr, Na,S and AA were optimized (shown
in Fig. 4) to enhance the performance of the PEC immunosensor. Fig. 4A
indicated that with the increase of BiOBr concentration, the intensity of
photocurrent gradually enhanced in the range of 1-4 mgmL~!. The
phenomenon maybe explained that the thickness of the ITO/BiOBr
electrode film could become larger as the increase of BiOBr con-
centration, which was benefit to the absorption of visible light and the
generation of photo-generated electrons-holes. However, if the con-
centration of BiOBr was increased continually, the intensity of photo-
current could decrease due to the obstruction of thicker BiOBr film to
the diffusion of electrons. Thus, the photocurrent reached the maximum
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(0.68 pA) while the BiOBr concentration was 4 mg mL ™~ 1, It was obvious
that with the increase of the concentrations of Na,S solution in the
range of 0.03-0.07 molL ™!, the intensity of photocurrent gradually
enhanced (Fig. 4B). Nevertheless, as the increase of the concentrations
of Na,S, the photocurrent displayed a decreasing trend. The result could
be explained that the amount of generated Bi»S; was increased gradu-
ally, which contributed to the reinforcement of photoelectric activity.
Once the concentration of Na,S exceeded a certain range, the excess of
Bi,S3 could block the electron transfer. So, the optimal concentration of
Na,S was designed as 0.07 mol L™ '. As shown in Fig. 4C, the intensity
of photocurrent demonstrated an increasing trend until the concentra-
tion of AA achieved 0.10molL™!, and then the intensity almost un-
changed with the increase the concentration of AA. AA, as the excellent
electron donor, could capture photo-generated holes to enhance the
PEC activity. But, the electron donor could achieve saturation if the
concentration of AA surpass 0.1 molL~'. Hence, the optimal con-
centration of AA was set as 0.1 mol ™' in PBS buffer solution.

3.3. Characterization of the fabricated PEC immunosensor

Under the ideal condition, the time-based photocurrent response
curves and electrochemical impedance spectroscopy (EIS) Nyquist plots
of the fabricated PEC immunosensor were researched in Fig. 5. Firstly,
Fig. 5A showed that the intensity of photocurrent corresponding bare
electrode was nearly O uA (curve a). After modified with BiOBr, the in-
tensity of photocurrent slightly rose to 0.68 pA (curve b). Fortunately, the
ITO/BiOBr electrode coated with Na,S manifested excellent photo-
current intensity (19.72 pA), which certified the BiOBr/Bi,S; composite
possess prominent PEC activity (curve c). In order to preferably combine
with anti-SCCA, 1mgmL~' DA with distinguished adsorptivity was
dropped on the ITO/BiOBr/Bi,S; electrode to form PDA film. However,
the loading of the organic layer not only prevented the electron transfer,
but also weakened the irradiation of visible light to BiOBr/Bi,Ss, de-
creasing the photocurrent intensity of ITO/BiOBr/Bi,S3/PDA electrode
(curve d). After modified with anti-SCCA and BSA, the photocurrent
signal of electrode reduced due to the excellent insulation of biological
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macromolecule. By the specific recognition between SCCA and anti-
SCCA, different concentrations of SCCA were modified on the ITO/
BiOBr/Bi»S3/PDA/anti-SCCA/BSA electrode decreasing the photocurrent
signal, which achieved the detection of SCCA.

In order to further illustrate the construction process of the PEC
immunosensor, EIS of the modified electrodes were researched in [Fe
(CN)6]>”* solution (5.0 mmol L™, containing 0.10 mol L™ * KCI). As an
effective method, EIS is used to describe the electron transfer resistance
of electrode which changes with electrode modification. In general, the
EIS consists of a semicircle part with higher frequency in the process of
electron transfer restriction and a linear part with lower frequency
during diffusion. And the semicircle diameter reflects the electron-
transfer resistance (R.;) value, which represents the magnitude of re-
sistance. As shown in Fig. 5B, the curve a exhibited the EIS of bare ITO
electrode, and the diameter of semicircle was small due to the certain
conductivity of ITO electrode. After modified with BiOBr (curve b) and
Na,S (curve c), the diameter of semicircle gradually increased proving
the successful preparation of BiOBr/Bi,S; on the ITO electrode. Sub-
sequently, the diameter was decreased with the addition of DA (curve
d). Because the DA adsorption is so strong that it may adsorb [Fe
(CN)e]®/* ions in the solution promoting the electron transfer and
reducing the resistance of electron transfer. Then, the diameter of
semicircle gradually increased with the modified of anti-SCCA (curve
e), BSA (curve f) and SCCA (curve g), which was caused by the excellent
insulativity of biological macromolecules blocking the electron transfer.
Moreover, the Randles equivalent circuit for EIS was displayed in the
inset in Fig. 5B consisting of the double layer capacitance (Cq), the
resistance of solution (R;), the Warburg impedance (Z,,) and R... The
relevant data were displayed in Table S3 (ESIY).

Fig. 5C displayed the schematic of electron transfer of the prepared
PEC immunosensor. Under the irradiation of visible light, the band-gap
of pure BiOBr was so wide (2.7 eV) that the e and h* were difficult to
separate. The band-gap of Bi,S; was 1.4 eV [33], which was benefit to
the separation of e /h*. Therefore, Na,S was modified on the surface of
BiOBr to obtain BiOBr/Bi,S; heterostructures via self-sacrificial synth-
esis method. Under the irradiation of visible light, the electrons were
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easily excited, and then efficiently transferred from the VB of Bi,S; to
CB. More importantly, the CB edge of Bi»S; is higher than that of BiOBr
accelerating the photo-generated electrons transfer to the CB of BiOBr.
The wide band-gap of BiOBr was benefit to the electrons transfer from
BiOBr to ITO to obtain distinguished photocurrent signal, which in-
dicated the BiOBr/Bi,S; heterostructures possessed satisfying photo-
electric activity corresponding to the UV-vis diffuse reflectance spectra
of BiOBr/Bi,S; (shown in Fig. 3B). Meanwhile, AA was used as an
electron donor clearing photo-generated holes to ensure the stability of
photocurrent signals.

3.4. Sensitive PEC immunosensor detection of target SCCA

As shown in Fig. 6A, it was obvious that the photocurrent intensity
gradually decreased with the increase of the concentration of SCCA.
Because of the specific immune response between SCCA and anti-SCCA,
different concentrations of SCCA were bound to blank electrodes (ITO/
BiOBr/Bi,S3/PDA/anti-SCCA/BSA) to reduce the photocurrent signal,
which showed the fabricated PEC immunosensor achieved sensitive
detection for target SCCA. With the logarithm of SCCA concentration
range from 0.001ngmL ™! to 75ngmL™!, the photocurrent intensity
reduced linearly (Fig. 6B). And the linear equation was I
= 6.577-0.675log (cscca, ng'mL™ ') with a correlation coefficient of
0.990. According to the literature [34], the detection limit was
0.3pg mL™! (S/N = 3). As displayed in Table S4 (ESIY), the fabricated
PEC immunosensor achieves much lower detection limit and wider
detection linear range than other detection methods.

Modified with 1 ngmL~! SCCA, the stability of the prepared PEC
immunosensor was researched under on/off irradiation cycles for 320 s
(shown in Fig. 6C). There was no noticeable variation in the photo-
current signal, which manifested the fabricated PEC immunosensor
possessed excellent stability. Meanwhile, the reproducibility of the PEC
immunosensor (modified with 1ngmL~! SCCA) was explored by
measuring the photocurrent signals of five electrodes. The data were
6.85 pA, 6.51 pA, 7.03 pA, 6.43 pA and 6.47 pA, severally. And the
relative standard deviation (RSD) was 4.0%, which manifested that the
reproducibility of the PEC immunosensor was satisfying.

In addition, Fig. 6D showed the selectivity detection of the PEC
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immunosensor for SCCA. When modified 1ngmL~' SCCA solution
(containing 100ngmL~! interfering substances) on the blank elec-
trodes, the photocurrent signal was no obvious variation comparing
with that of the SCCA solution absent of interfering substances. The
result illustrated the prepared PEC immunosensor owned excellent se-
lectivity and specificity to detect SCCA.

3.5. Application of the fabricated PEC immunosensor in human serum

In order to explore the application of the fabricated PEC im-
munosensor, the recoveries of SCCA in human serum were detected.
The related data were shown in Table S5 (ESI{), the RSD was obtained
between 2.26% and 4.18% and the recovery was in the range from
92.0% to 102%. Thus, the prepared PEC immunosensor have promising
practical application for SCCA detection.

4. Conclusion

In our work, a novel visible light PEC immunosensor based on
BiOBr/Bi,S3 heterostructures was fabricated successfully for SCCA de-
tection. With hierarchical structure, BiOBr microspheres had the larger
specific surface contributing to the combination with more particles. By
the self-sacrificial synthesis method, Bi,S; nanoparticles formed on the
BiOBr microflowers to obtain BiOBr/Bi»S3; composites. The BiOBr/Bi,S3
revealed the satisfying absorption to visible light, which enhanced the
photocurrent signal of the fabricated PEC immunosensor. Moreover, the
PEC immunosensor was successfully prepared based on the specific
recognition between antigen and antibody under the ideal condition,
which realized the ultrasensitive determination of SCCA.
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