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HIGHLIGHTS

o MSNs-assisted PEC aptasensor is con-
structed to detection of PSA.

e BiOI/BiOBr destruction by in situ for-
mation of Bi,S3 causes signal quencher.

e The controlled-release strategy effec-
tively ensures biological activity.
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ABSTRACT

Development of new strategies in photoelectrochemical (PEC) sensors is an important way to realize sensitive
detection of biomolecule. In this study, mesoporous silica nanospheres (MSNs)-assisted split-type PEC aptasensor
with in situ generation of BiyS3 was proposed to achieve reliable detection of prostate-specific antigen (PSA). To
be more specific, this bioresponsive release system will release large amounts of NayS by the reaction between
PSA and aptamer that capped NayS-loading MSNs. Next, the NayS reacts with Bi to yield BiOI/BiOBr/BisS3
composite, which leads to an alteration in the electron-hole transfer pathway of the photoelectric material and a
decrease in the response. As the PSA concentration increases, more NayS can be released and lower photocurrent
is obtained. The linear range under the optimal experimental conditions is 10 pg-mL~'-1 pg-mL~?, and the
detection limit is 1.23 pg-mL~}, which has satisfactory stability and anti-interference.

1. Introduction

simple equipment, cost-effectiveness and high sensitivity over the years

[1-6].
The combination of photoelectrochemical (PEC) methods and bio- The selection of photoelectric materials is essential to improve the
sensing technologies, as a prospective analytical tool, has been gaining sensitivity of sensor [7-10]. Bismuth oxyhalide (BiOX, X = Cl, Br and I),
more and more attention resulting from its fascinating characteristics of a new model of layered oxide semiconductor, was extensively utilized in
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the field of photoelectrochemistry [11-13]. However, it can be led to the
high electron-hole pairs recombination rate when BiOX is used alone
[14-16]. Therefore, BiOX always combines with other photoelectric
materials, such as WO3/BiOI/CdS [17], Agl/Ag/BiOIl Z-scheme hetero-
junction arrays [18], Bi/BiOBr/TiO; [19] and AgNP/BiOCl [20]. In view
of this, BiOI/BiOBr type-I heterostructure was prepared through the
one-pot method. BiOI and BiOBr with similar microstructure can effi-
ciently avoid the recombination of photogenerated electron-hole, thus
further improving its photoelectric performance.

Another important process in PEC sensing is biological recognition

A BiNOY,5H0 —

HOH,CCH,OH

- - —

1
1
: CTAB H,0 NaOH TEOS
i 80°C 30 min CH,CH,OH
"\
C P D\ ";.{.
. & ApTEs 80 C
' 12h

,&’, CH,CH,OH

Analytica Chimica Acta 1274 (2023) 341541

[21-24]. The majority of conventional PEC biosensing platforms like the
label-free type as well as the sandwich type, the procedure of the bio-
logical recognition happens straightway on the electrodes [25,26]. On
the one hand, the modification process of electrodes in these strategies is
extremely sophisticated and full of uncertainties. On the other hand, the
presence of metals in photoelectric material may inactivate immune
substances to a certain extent and further lead to a decrease in the
sensitivity [27-29]. To address the above problems, some PEC sensing
strategies that separate the immune response and electrode modification
have been investigated and shown to be well-designed and operable. For
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Scheme 1. The preparation of (A) BiOBr/BiOI and (B) MSN. (C) Fabrication process of the PEC aptasensor.
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example, Gao et al. designed a liposome-assisted in situ generation of
new heterostructure for signal quenching to achieve sensitive detection
of h-FABP [30]. Li et al. achieved high-throughput signal analysis of
lysozyme with the direct introduction of electron donors in electrolyte
assisted by mesoporous silica nanospheres (MSNs) loaded with dopa-
mine [31]. Although some progress has been accomplished, new stra-
tegies based on split-type PEC sensing platforms need to be explored in
depth.

All in all, based on the above ideas, this work proposed a new
detection mode: the relationship between the output current and the
target concentration will be revealed by destroying the original energy-
matched heterojunction through in situ generation of BiySs with the
assistance of MSNs. In particular, indium-tin oxide (ITO)/BiOBr/BiOI
was prepared as working electrode, as exhibited in Scheme 1. BiOBr/
BiOI as energy-matched type-I heterojunction under visible light irra-
diation can generate large photocurrent. In addition, the MSNs loaded
with NayS are blocked by the PSA aptamer chain and anchor-DNA. In the
absence of PSA, the blocked MSNs will not be opened and NajyS will
continue to exist in the MSNs without significant changes in photocur-
rent. When PSA is present, it will specifically bind to the aptamer chain
causing the MSNs to be opened while releasing NayS that reacts with Bi
on the ITO/BiOBr/BiOlI electrode in situ to form BiOBr/BiOI/BisS3 [32,
33]. Because the conduction band (CB) and valence band (VB) of BisS3
are higher than those of BiOI, after being excited by light, electrons in
the CB of BiyS3 are more inclined to transfer towards the CB of BiOI,
resulting in a decrease in the number of electrons that occurs reduction
reactions on the electrode surface. To sum up, the original hetero-
junction is destroyed causing the quenching of the photocurrent. Thus,
the obtained photocurrent signal will reveal the specific recognition,
which can be used for quantitative determination of PSA: higher con-
centrations of PSA will release more NayS and thus obtain a lower signal
response. This work demonstrates the important potential of generating
new compounds by in situ growth to destroy the original perfect heter-
ostructure under MSNs-assisted and thus leads to the output signal
change in PEC analysis. It may provide new thoughts for the design of
advanced PEC sensors in the future.

2. Experimental section
2.1. Preparation of BiOBr/BiOI

A hydrothermal method was used to prepare BiOBr/BiOI on the basis
of a previous literature [16]. The details were presented in Supple-
mentary Material.

2.2. Preparation of MSNs and amino-functionalized MSNs

About the preparation of MSNs [34], 0.5000 g CTAB and 240 mL
ultrapure water were added to 500 mL flask, which heated to 80 °C and
stirred until CTAB was completely dissolved. Then 6 mL 0.5 mol-L™!
NaOH was slowly added to the above solution, maintained for 30 min,
after which added a mixture of 2.5 g tetraethyl silicate (TEOS) and 5 g
anhydrous ethanol. Holding for 2 h after precipitation occurred, then
cooled it naturally and washed the above products with a mixed solvent
of anhydrous ethanol/ultrapure water, and dried overnight at 60 °C.
After sufficient grinding with a mortar, the products were calcined at a
temperature increase rate of 1 °C-min"! to 550 °C for 5 h.

For the amination of MSNs [35], 0.2400 g SiO5 and 240 pL (3-ami-
nopropyl) triethoxysilane (APTES) were refluxed in 12 mL anhydrous
ethanol at 80 °C for 12 h. The MSNs was centrifuged at 12,000 r and
cleaned with ultrapure water. After cooling at room temperature, the
products were dried to obtain the MSNs-NHs.

2.3. Preparation of DNA-modified MSNs and NayS blocking

A conventional method was used to prepare the DNA-modified MSNs
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[35,36]. The specific preparation steps were shown in Supplementary
Material. The as-obtained DNA-modified MSNs was centrifuged, fol-
lowed by a washing step with ultrapure water to remove excessive
anchor-DNA, and the resulting product was distributed in 500 pL pH 7.4
0.1 mol-L ™! phosphate buffered saline (PBS) for subsequent utilization.
Subsequently, NayS was added to the above solution so that the final
concentration of NayS was 2.0 mol-L ™! and shaken for 24 h to load Na,S
into the DNA-modified MSNs. Following, NasS was blocked by adding
50 pL 200 pmol-L~! PSA aptamer and incubated at 37 °C for 8 h. The
NayS-loaded MSNs were centrifuged, washed with ultrapure water at 15,
000 r and scattered in 500 pL pH 7.4 PBS. Ultimately, the product was
placed at 4 °C for further use.

2.4. Fabrication process of the sensor and PEC measurements

70 pL pH 7.4 PBS was used to dilute 20 pL NayS-loaded MSNs and 10
uL PSA at different concentrations was added for releasing the $2~. The
sulotion was shaken for 4 h, then the supernatant was collected. For the
PEC electrode part, 10 pL 6-mg mL ™" well-dispersed BiOI/BiOBr solu-
tion was dropped onto ITO conductive glass. After natural drying, 10 pL
the above supernatant was added dropwise onto ITO/BiOI/BiOBr elec-
trode, followed by repeated washing with ultrapure water after natural
drying to obtain the PSA concentration-dependent ITO/BiOIl/BiOBr/
Bi,S3 working electrode [32,33].

Using a LED white light lamp (100 W), the PEC signals were recorded
under illumination by electrochemical workstation. For experiment
part, a conventional three-electrode system was applied in 0.1 mol L™?
pH 8.0 Tris-HCl: the ITO/BiOI/BiOBr/Bi,S3, Hg/HgoCly and Pt wire
were chosen as the working, reference and counter electrode,
respectively.

3. Results and discussion
3.1. Characterization of the amino-functionalized MSNs

The morphology of the as-synthesized MSNs was first investigated by
scanning electron microscopy (SEM) and high resolution transmission
electron microscopy (HRTEM). As exhibited in Fig. 1A, the majority of
the prepared MSNs presented homogeneous nanostructure with a
diameter of about 50 nm.

In order to connect the carboxylated anchor-DNA strands to the
synthesized MSNs surface, the success of the amino-functionalized MSNs
process was demonstrated by energy-dispersive X-ray (EDX) spectros-
copy and Fourier transform infrared (FT-IR) spectroscopy. A uniform
distribution of N, Si, O can be seen from Fig. 1B, indicating that the
MSNs were successfully modified with the amino groups. The results as
displayed in Fig. 1C, the MSNs before amination emerged remarkable
peaks at 819 and 1097 cm ™, corresponded to SiO-H and Si-O-Si of
SiOq, respectively. The FT-IR spectrum after amination shown that the
N-H stretching vibrational peaks appeared at 3389 and 1557 cm™ L. The
intensity of the original peak at 819 cm™! is not significantly increased
and shifted in the direction of the small wave number. In conclusion,
amino-functionalized MSNs had been successfully obtained. Moreover,
nitrogen adsorption-desorption isotherms were shown in Fig. 1D. The
Brunauere-Emmette-Teller (BET) specific surface area was 838.1 m?
g%, and the most pore sizes were around 2 nm, which provided the
prerequisite for the MSNs to be appropriate for loading NasS.

3.2. Characterization of the BiOBr/BiOI and BiOBr/BiOIl/Bi,Ss

Firstly, X-ray diffraction (XRD) pattern was used to identify the
successfully preparation of material. As can be seen from Fig. 2A, the
peaks of BiOBr/BiOl heterojunction were consistent to what was re-
ported in previous articles [16], which demonstrated the combination of
the monomers was successful. In addition, compared with alone BiOI
and BiOBr, the widened peak shape is also a feature of successful
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Fig. 1. (A) SEM and TEM image of MSNs. (B) EDX elemental mapping images of MSNs-NH,. (C) FT-IR image of MSNs and MSNs-NH,. (D) Pore-size distribution and
nitrogen adsorption-desorption isotherms of MSNs-NH.
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Fig. 2. (A) XRD image of BiOBr/BiOI. (B) XPS spectra of BiOBr/BiOI heterojunction. High-resolution XPS spectra of (C) Bi 4f (D) Br 3d (E) I 3 d and (F) O 1s.
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BiOBr/BiOI preparation [37]. To be specific, there are 6 diffraction
peaks in the spectra at 9.6°, 24.3°, 29.6°, 31.6°, 39.3° and 76.6°, cor-
responding to (001), (101), (102), (110), (004) and (107) of BiOI
(JCPDS No. 10-0445). Besides, 10 diffraction peaks appeared at 10.9°,
22.0°, 25.3°, 31.8°, 39.4°, 46.3°, 56.4°, 67.6°, 71.2° and 77.0°, which is
corresponding to (001), (002), (011), (012), (112), (020), (114), (220),
(124) and (130) of BiOBr (JCPDS No. 73-2061). The elemental com-
positions and chemical states of BiOBr/BiOI were revealed by X-ray
photoelectron spectroscopy (XPS). As presented in Fig. 2B, five elements
can be detected. The corresponding high-resolution XPS spectra of Bi,
Br, I and O were depicted in Fig. 2C-F. The characteristic peaks,
centered at 158.7 and 164.0 eV, could be attributed to Bi 4f;,5 and Bi
4fs /2, demonstrating the existence of the valence states of Bi®* [38]. The
binding energies of 68.7, 69.7, 618.6 and 630.3 eV could be assigned to
Br 3ds,2, Br 3ds/2, I 3ds/2, I 3ds/2, which confirming the existence of Br™
and I [39-41]. The O 1s peaks at 529.7 and 531.2 eV could be ascribed

o oo 0 b oo |
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to the oxygen in BiOBr/BiOI lattice, and peak at 532.3 eV could be
corresponded to hydroxyl adsorbed on BiOBr/BiOI surface [42,43].
The microstructure of the BiOBr/BiOl heterojunction and BiOBr/
BiOI/BiyS3 composite were studied using SEM. The BiOBr/BiOI heter-
ojunction was synthesized by reported literature, as shown in Fig. 3B
presented ultrathin nanosheet architectures [44]. This ultrathin nano-
sheet with large specific surface area can offer abundant adsorption/-
reaction sites and facilitate light absorption, which is beneficial for the
following construction of PEC aptasensor. The SEM image of BiO-
Br/BiOl/BisS3 obtained directly by the reaction of S>~ released through
MSNs with BiOBr/BiOI was shown in Fig. 3D. We can see that BiO-
Br/BiOl/BiS3 has become thicker compared to simple BiOBr/BiOI. The
elemental distribution of BiOBr/BiOI and BiOBr/BiOl/BiyS3 were
investigated using EDX spectroscopy. The elemental mapping images of
BiOBr/BiOl in Fig. 3A and a-d exhibited that the elements Bi, Br, O and I
were uniformly distributed throughout BiOBr/BiOI. Moreover, the

Bil IBillI] {1}I} 11 18] Bi

T L L T

ORI I R U B

Fig. 3. (A) (a-d) (C) EDX elemental mapping images of BiOBr/BiOl. SEM image of (B) BiOBr/BiOlI, (D) BiOBr/BiOl/Bi,Ss. (E) (e-i) EDX elemental mapping images of

BiOBr/BiOI/Bi,Ss.
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Fig. 4. (A) Photocurrent response and (B) the corresponding calibration curves of PSA detection: (a-i) 0.01, 0.1, 1, 5, 10, 50, 100, 1000 ng-mL’l, respectively. (C)
Stability test (c psp =5 ng-mL’l). (D) Selectivity test: (a) Blank, 50 ng-mL’1 (b) CEA, (c) NSE (d) BSA (e) SARS-Cov-2, (f) 5 ng-mL’l PSA, ()5 ng-mL’1 PSA + MIX (n

=5).

element S can be observed, as shown in Fig. 3E and e-i, which may be
due to the newly formed BiOBr/BiOI/Bi,Ss.

3.3. Characterization of the PEC sensor

In order to obtain the best performance of the aptasensor, the con-
centration of BiOBr/BiOI and the pH of Tris-HCl were optimized, and the
experimental results were shown in Fig. S1A and B, it can be seen that
the maximum current can be obtained when the concentration of BiOBr/
BiOI is 6 mg-mL ™! and the pH value of the electrolyte is 8.0.

The PEC response (Fig. S2A) and the electrochemical impedance
spectroscopy (EIS) (Fig. S2B) were methodically implemented to sub-
stantiate the successful fabrication of the aptasensor. ITO alone does not
produce a photocurrent response when illuminated by visible light.
After the BiOBr/BiOI was loaded on the electrode, a large photocurrent
response was generated upon illumination due to its better energy level
matching. When the S?~ was applied to the BiOBr/BiOI surface, the
signal was obviously diminished, further demonstrating that S*~ can
destroy the already well-formed heterojunction. —1400 and —770 nA
were corresponding to the photocurrents of ITO/BiOBr/BiOI incubated
in the release solution after identification of 0 and 10 ng-mL™}, indi-
cating the reduce in the photocurrent of ITO/BiOBr/BiOI to be
approximately 55%. Such an obvious current decrease demonstrated the
high sensitivity of the split-type PEC aptasensor. Besides, the imped-
ances of ITO, ITO/BiOBr/BiOI, and ITO/BiOBr/BiOl/BiySs3 tested in the
K3[Fe(CN)g] solution were, separately, exhibited in Fig. S2B. In addi-
tion, the results of incremental impedances further verified the suc-
cessful constraction of the split-type PEC sensing platform.

3.4. Analysis of PSA and the PEC sensor performance

Based on the relationship between the current reduction and PSA
concentration, a split-type signal-quenching PEC biosensing platform
can be accordingly fabricated. As exhibited in Fig. 4A, the gradual

decrease of photocurrent corresponded to the increasing of PSA con-
centration when ITO/BiOBr/BiOl reacts with MSNs releasing solution.
The corresponding derived calibration curve was exhibited in Fig. 4B. In
the range of 10 pg-mL -1 pg-mL~?, by the results of the measurement,
the current linearly decreased with the logarithm of PSA concentrations.
The linear regression equation is I = 173.19 Ig cpsp—873.08, with a
satisfactory correlation coefficient of R?2 = 0.9959. Moreover, the
detection limit of constructed PEC aptasensor is 1.23 pg-mL~!, which
was compared with other reported methods for the PSA detection
(Table S1). Fig. 4C exhibited the stable signal output of ITO/BiOBr/BiOI
after dropping the releasing solution of 10 ng-mL~! of PSA under re-
petitive on—off illumination for 450 s. Then, other possible interference
substances, such as carcinoembryonic antigen (CEA), neuron-specific
enolase (NSE), bovine serum albumin (BSA) and severe acute respira-
tory syndrome coronavirus 2 (SARS-Cov-2), were used to explore the
specificity of this aptasensor. As shown in Fig. 4D, the results exhibited
insignificant changes in the signal of the PEC platform under duplicate
environment. These above conclusions demonstrated that the proposed
ITO/BiOBr/BiOI combined with MSNs-mediated split-type bioassay can
be used for the reliable PSA detection.

3.5. Sample analysis

Three human serum samples were used as initial samples for stan-
dard recovery testing to prove the application of the constructed PEC
aptasensor. Prior to the experiment, serum samples were centrifuged
three times at 9500 r to obtain the supernatant. The concentration of
PSA in the serum was 3.04 ng-mL™'. After testing, the calculated re-
covery rates were located in the range of 97.0-101.4% with a low RSD
from 2.4 to 3.2% (Table S2), indicating that the split-type PEC apta-
sensor can meet the needs of clinical PSA detecting.
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Scheme 2. Possible schematic mechanism of the PEC aptasensor for detecting PSA.

3.6. Possible mechanism of the PEC sensor

Scheme 2 illustrated the possible mechanism of the MSNs-assisted
PEC aptasensor for the detection of PSA. Upon visible light irradiation,
BiOBr/BiOI type-I heterojunction can generate photoexcited electro-
n—hole pairs. Because of the perfect energy level matching, the electrons
in CB of BiOBr may transfer to that of BiOI. Meanwhile, the holes in VB
of BiOBr should shift to BiOI, and the potential of O2/05 is —0.33 eV that
is more positive than the CB of BiOI, accordingly, dissolved O3 in the
electrolyte will reacte with the electrons in the CB of BiOI, which
contributed to produce the PEC response [45]. When PSA of various
concentrations were introduced to react with the NasS-loaded MSNs for
releasing the encapsulated NayS, the MSNs released products were
dropped onto ITO/BiOBr/BiOI electrode, which led to the BiOBr/BiOIl
was extremely destroyed by BisS3. Because the CB and VB of BiyS3 are
higher than those of BiOl, there is a tendency for the photoexcited
electrons of BiySs to shift to BiOI under the illumination. Compared with
the previous case without dropwise addition of the releasing solution,
the electron transfer path is altered, and the reaction between the dis-
solved oxygen and electron becomes more difficult, and the output PEC
response is subsequently weaker.

4. Conclusion

In summary, this study successfully constructed MSNs-assisted in situ
growth of BipS3 to destroy type-I heterojunction for PEC bioassay by
NayS-loaded MSNs, biorecognition in centrifugal tubes and ITO/BiOBr/
BiOI photoelectrode. The NayS released from MSNs was guided to react
with BiOBr/BiOI to form the BiOBr/BiOl/Bi,Ss in situ. The newly in situ
generated BiyS3 possesses higher VB and CB than BiOl. Therefore, the
transfer paths of photogenerated electron-hole pairs are altered, even-
tually leading to signal quenching. A new type of PEC bioassay for PSA
detection can be realized with excellent analytical characteristics such
as excellent reproducibility, satisfactory specificity and high sensitivity.
Meanwhile, the innovative thought of using Na,S-triggered perfectly
matched BiOBr/BiOI heterojunction destruction to fabricate split-type
platform based on a controlled-release strategy may motivate more
prospective applications for advanced PEC biosensor development.
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