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ARTICLE INFO ABSTRACT

Keywords: A sandwich-type photoelectrochemical (PEC) immunosensor was developed for cytokeratin 19 fragment 21—1
Photoelectrochemical (CYFRA21-1) ultrasensitive detection relying on a multiple signal inhibition strategy. In this work, Bi;¢OgSy
Nanozyme

nanosheet arrays (BiOS) sensitized strontium titanate nanocubes (SrTiO3 NCs) was used as photoactive matrix.
Bij906Se with the large specific surface area and narrow band gap could improve the utilization of light to
provide strong initial PEC signal. Besides, bovine serum albumin stabilized gold nanoparticles (BSA@Au NPs)
anchored on CuyS4 polyhedron composite (BSA-Au@CuyS4 polyhedron) was utilized as an effective PEC signal
regulator. As a duple nanozyme with the glucose oxidase (GOx)-like activity and the peroxidase-like activity,
BSA@Au NPs induced intriguing tandem biocatalytic precipitation (BCP). On the one hand, the BCP could
produce precipitations which obstructed the electron transfer between the photoelectrode and electron donor,
leading a decrease of PEC signal; On the other hand, the competitive light absorption between BSA-Au@Cu;S4
polyhedron and photoactive matrix caused a further reduction of PEC signal. Generally, the PEC signal was
quenched sharply taking advantage of multiple signal inhibition strategy including tandem BCP strategy,
competitive absorption of light and steric hindrance, which improved the detection sensitivity of PEC immu-
nosensor. The suggested PEC immunosensor displayed a good linearity in the range of 0.1 pg/mL - 50 ng/mL for
CYFRA21-1 detection with a low detection limit of 1.12 fg/mL (S/N = 3). The skillful strategy has infinite
potential in biological samples analysis.

Biocatalytic precipitation
Bismuth oxysulfide
Signal inhibition

1. Introduction

Biosensor, known as a vigorously rising analytical method which
transforms specific biorecognition events into readable signal has drawn
growing attention for decades in bioanalytical areas including nucleic
acids detection, immunoassays, enzyme detection and so on [1-3].
Thereinto, photoelectrochemical (PEC) biosensor is a primary detection
method. Generally, quantitative analysis with PEC immunosensor is
based on photoelectron transfer of electrode/electrolyte interface and
subsequent electrical signal changes after specific recognition [4,5]. PEC
immunosensor converts the light source excitation signal into a
displayable electrical signal and it has high sensitivity and low back-
ground due to inconsistency of excitation source and detection signal.

Photoactive matrix is a component for PEC immunosensor and its
brilliant performance is important for producing satisfactory

photocurrent signal. Most recently, strontium titanate (SrTiOs), a sig-
nificant multimetallic oxide perovskite, has been widely applied in solar
cells, photocatalytic water splitting and so on [6-8]. What is more, with
similar band gap structure to titanium dioxide, SrTiO3 also owns pro-
spective application potential in PEC bioanalysis [9]. However, the ab-
sorption of SrTiOj3 is limited in the ultraviolet (UV) light region where
irradiation source causes biomolecule damage owing to the wide band
gap [10]. To further increase the harvesting of visible light, com-
pounding SrTiOs with narrow band gap semiconductor materials is a
valid method [11]. Given the brilliant photoactive, electrical and
eco-friendly properties, various Bi-based materials such as bismuth salt,
bismuth oxyhalides and bismuth oxysulfide have caused wide public
concern [12-15]. As a promising layered material, bismuth oxysulfide
stands out in the light absorption among of Bi-based semiconductors due
to narrow band gap. Therefore, Bi;¢O¢Sy (BiOS) nanosheet arrays were
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Scheme 1. Assembly process of the proposed PEC sensing platform for detecting CYFRA21-1.

utilized to broaden the light absorption range of strontium titanate
nanocubes (SrTiO3 NCs). And it’s worth mentioning that the randomly
oriented nanosheet array thin films of BiOS possessed low recombina-
tion losses and increased PEC response. Nevertheless, constructing
label-free PEC immunosensor directly based on the BiOS nanosheet ar-
rays sensitized SrTiO3 nanocubes (SrTiO3/BiOS) may lead to insufficient
sensitivity when detecting analytes [16]. Consequently, signal regula-
tion strategy plays a vital role in the construction process of ultrasen-
sitive PEC biosensors.

Among a variety of strategies, biocatalytic precipitation (BCP) is a
convenient and effective method, in which the insoluble sediment for-
mation making use of the catalysis of enzymes affected PEC response
[17,18]. It is noteworthy apparently that the choice of enzyme plays a
hard-core role in BCP strategy. Previously, natural enzymes are
preferred in a large number of PEC immunoassays. For example, alkaline
phosphate (ALP) catalyzes 5-bromo-4-chloro-3-indoyl phosphate (BCIP)
to yield precipitation and resulting in the suppression of the photocur-
rent responses [19]. However, natural enzymes are impressible to
external environment and liable to denaturation and inactivation. To
overcome this bottleneck, a lot of mimic enzymes are developed with the
advancements in nanomaterials. As a promising substitute for natural
enzymes, nanoenzymes have advantages of excellent stability and
unique enzyme-like capabilities, which broaden new path for bio-
detection [20-22]. Noble-metal nanoparticles display good biocompat-
ibility and catalytic activity [23]. As representative mimic enzyme, it
was reported that gold nanoparticals stabilized by bovine serum albu-
min (BSA@Au NPs) have dual enzyme-like activities including glucose
oxidase (GOx)-like activity and peroxidase-like activity [24]. It was
indicated that BSA@Au NPs can perform tandem catalysis to catalyze
the production of hydrogen peroxide (H202) from glucose and the
further reaction between 4-chloro-1-naphthol (4-CN) and H»0, was
conveniently catalyzed to form insoluble and nonconductive
benzo-4-chlorohexadienone (4-CD). Besides, copper sulfide nano-
crystallites (CuySy) have aroused increasing attention in PEC area due to
the excellent light absorption and the peroxidase-mimicking activities,
which make them become outstanding signal regulators in PEC immu-
noassay [25-27]. In order to load more BSA@Au NPs and biomolecules,
polyhedron CuyS4 was prepared. Its peroxidase-mimicking catalytic

property and large specific surface area were beneficial to the occur-
rence of tandem catalysis in BCP strategy [28]. Based on the above
analysis, BSA@Au NPs anchored on the Cu;S4 polyhedron (BSA-Au@-
CuyS4 polyhedron) was chosen as signal quencher in the BCP strategy
which altered the interfacial electron-transfer property and reduced the
PEC response produced by SrTiO3/BiOS.

Over here, a sandwich-type PEC immunosensor was constructed for
target analyte basing on the BiOS nanosheet arrays sensitized SrTiO3
nanocubes (SrTiO3/BiOS) as photoactive substance providing initial
photocurrent and BSA-Au@Cu7S, polyhedron as a signal regulator to
realize multiple signal inhibition strategy. BiOS nanosheet arrays
sensitized SrTiO3 NCs prompted the electron transfer with the assistance
of electron donor and improved sharply PEC response in the visible light
region. In view of CuyS4 as a solar absorber with strong vis-NIR ab-
sorption [29,30] and dual enzyme-like activities of BSA@Au NPs,
BSA-Au@Cu;S4 polyhedron took advantage of BCP strategy, competi-
tive absorption of light and steric hindrance to reduce photocurrent. In
this work, cytokeratin 19 fragment 21-1 (CYFRA21-1), as a target
example, is a reliable biomarker for squamous cell carcinomas. This
strategy will broaden new horizons for designing facile, biocompatible,
and eco-friendly PEC biosensors.

2. Experimental section
2.1. Reagents and apparatus

The reagents and apparatus utilized in this work could be found in
the Supporting Information (SI) file.

2.2. Preparation of BiOS nanosheet arrays

Previous to use, indium tin oxide (ITO) electrodes were disposed
using acetone, ethanol and ultrapure water severally, and then dried
with nitrogen. The SrTiO3 nanocubes were prepared via the controllable
hydrolysis of tetrabutyl titanate as shown in SI [31]. The BiOS nanosheet
arrays were synthesized with the method of chemical bath deposition
[32]. At first, 0.50 g Bi(NO3)3-5H20 was dissolved in 5.60 g trietha-
nolamine to form a transparent solution. Then, 0.79 g thiourea and 0.50
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Fig. 1. (A) XRD pattern of SrTiO3 NCs and BiOS nanosheet arrays; (B) and (C) SEM images of SrTiO3 NCs and BiOS nanosheet arrays; (D) XRD pattern of Cu;S4
polyhedron and BSA-Au@Cu;S4 polyhedron; (E) SEM image of Cu;S4 polyhedron; (F) TEM and HRTEM image (inset) of BSA@Au NPs; (G) SEM image and (H)

Elemental mapping of BSA-Au@Cu;S4 polyhedron.

mL NH4OH (25-28 % wt) were added to the mentioned mixture and
diluted into a final volume of 50 mL. Finally, an ITO electrode was
immersed into 1.50 mL above solution maintaining at 100 °C for 50 min.
The acquired product was washed several times by ultrapure water.

2.3. Preparation of BSA@Au NPs

CuyS4 polyhedron was prepared according the previous literature
displayed in the SI [26]. BSA@Au NPs was prepared utilizing reduction
of chloroauric acid by sodium borohydride with BSA as stabilizer [24].
Firstly, 0.0034 g BSA was dissolved into 4 mL deionized water. Then, 1
mL of chloroauric acid (24.3 x 102 mol/L) was added into above BSA
solution. After stirring for 1 h, 100 pL of NaBH4 (1 mg/mL) was added
into the above reaction system and magnetic stirred for 0.5 h. The ac-
quired BSA@Au NPs were stored at 4 °C.

2.4. Assembly process of the proposed PEC immunosensor

The fabrication of suggested PEC immunosensor was illustrated in
Scheme 1. At first, 10 pL of SrTiO3 NCs (6 mg/mL) suspension was
dipped to the ITO electrode. After dried at the room temperature, ITO/
SrTiO3 electrode was calcinated at 200 °C for 1 h in a muffle furnace.

Followed by cooled to the room temperature, the BiOS nanosheet arrays
grow on the ITO/SrTiO3 electrode in the light of the above steps in the
section 2.1 to gain the ITO/SrTiO3/BiOS electrode. Then the ITO/
SrTiO3/BiOS electrode was modified with 4 pL of thioglycolic acid
(TGA) (3 mmol/L). For activing the —COOH group, 3 pL of EDC/NHS
was covered on the mentioned electrode. After each of the above steps,
electrode was rinsed with deionized water. Subsequently, 6 pL of Ab;
(10 pg/mL) was drop onto the ITO/SrTiO3/BiOS electrode and then 3 pL
of BSA (1% wt) was added onto the above electrode to block non-specific
binding sites. Afterwards, different concentrations of CYFRA21—1 were
applied for specific recognition with Ab;. After that, 6 pL of BSA-
Au@Cu;S4-Aby (2.5 mg/mL) was incubated on the above electrode.
Each of the above steps involving biomolecules was carried out at 4 °C
for 60 min and thoroughly washed with PBS (pH 7.4). Finally, the
aforesaid electrode was immersed into 5 mM glucose and 5 mM 4-
chloro-1-naphthol (4-CN) for 30 min at room temperature, respectively.

3. Results and discussion
3.1. Characterization of prepared materials
spectra (XRD),

X-ray powder diffraction scanning electron
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Fig. 2. (A) XPS survey pattern of BSA-Au@Cu;S4 polyhedron and the high-resolution XPS spectra of (B) S 2p, (C) Cu 2p, (D) Au 4f.

microscopy (SEM), X-ray photoelectron spectra (XPS) and so on were
utilized to reveal the structural and compositional information of the as-
fabricated materials. Primarily, the crystal structures of SrTiO3 NCs and
BiOS nanosheet arrays were distinguished by XRD as shown in Fig. 1A.
All the observed diffraction peaks for synthesized pure SrTiOs NCs
centered at 22.78°, 32.42°, 46.48°, 57.79° and 67.80° were corre-
sponding to (100), (110), (200), (211) and (220) diffraction planes of
tausonite SrTiO3 (JCPDS No.35—0734). For the ITO/SrTiO3/BiOS elec-
trode, auxiliary weak diffraction peaks appeared at 25.11°, 28.42° and
44.38° could be assigned to BiOS nanosheet arrays in literature reports
[33]. Simultaneously, Fig. 1B and Fig S1A showed the morphology of
SrTiO3 nanocubes, increasing the roughness of the ITO electrode for the
growth of BiOS nanosheet arrays. In Fig. 1C and its inset, BiOS showed a
highly-developed nanoarray structure that grew densely in a radial
manner on SrTiOs nanocubes, providing large specific surface area for
light-harvesting and biomolecule-loading [34]. In Fig S1 B and C,
energy-dispersive spectroscopy (EDS) and element mapping illustrated
that Sr, Ti, O, Bi and S elements were existed and uniformly dispersed on
ITO/SrTiO3/BiOS electrode.

The XRD pattern of Cu;S4 polyhedron was displayed in the Fig. 1D.
The peaks appeared at 27.88°, 32.30°, 35.34°, 37.77°, 46.46°, 48.34°,
and 54.64° were in accordance with (022), (004), (031), (302), (040),
(323) and (422) in crystallographic planes (JCPDS No. 33-0489). After
BSA@Au NPs anchored on CuyS4 polyhedron, the new peaks arose at
38.18°, 44.39°, 64.58° and 77.55° were vested in BSA@Au NPs (JCPDS
No. 04-0784). However, the peaks of CuyS4 polyhedron were weakened
due to the existence of BSA on the surface. In Fig. 1E, the Cu;S4 poly-
hedron possessed 18 facets with an average size of about 500 nm. The
polyhedral structure of Cu;S4 has a large specific surface area, exposing
more active sites so that the occurrence of subsequent tandem catalysis
reactions. The size of BSA@Au NPs was about 5 nm and uniformly

dispersed as shown in Fig. 1F. Farther, Fig. 1G displayed the prepared
BSA@Au NPs were successfully anchored on Cu;S4 polyhedron and EDS
spectrum in Fig S2C showed Cu, S, Au, O, C and N elements consisting in
BSA-Au@Cu;S4 polyhedron. In more details, Fig. 1H revealed the even
distribution of the Cu, S, Au, O, C and N elements. UV-vis absorption
spectra were recorded to assess the optical properties of SrTiO3 NCs,
BiOS nanosheet arrays and CuyS4 polyhedron. As shown in Fig S2A, the
BiOS nanosheet arrays exhibited the broad light absorption spectrum in
comparison to SrTiO3 NCs, which suggested that the existence of BiOS
nanosheet arrays on SrTiO3 NCs promoted light absorption in the
visible-light region. In Fig S2B, Cu;S4 polyhedron had the strong capture
in visible-light absorption and the strong absorption peak of BSA-
Au@Cu;S4 polyhedron at about 540 nm on account of BSA@Au NPs.
Therefore, BSA-Au@CuyS4 polyhedron could compete with photoactive
matrix for light absorption.

To further explore the chemical state of prepared Cu;S4 polyhedron
and BSA@Au NPs anchored on the CuyS4 polyhedron successfully, the X-
ray photoelectron spectroscopy (XPS) was measured. In Fig. 2A, there
were S, Cu and Au peaks in the overall XPS survey pattern, which
illustrated the BSA@Au NPs loaded on Cu;S4 polyhedron. In detail, the
high-resolution XPS spectra of S 2p in Fig. 2B, the peaks at 161.07 eV,
162.55 eV and 164.90 eV were associated with S 2p and the peaks at
167.45 eV belonged to residual SO3~ specie which its high intensity in
CuyS4 advocates the oxidation of surface sulfur [35]. The XPS pattern of
Cu 2p was observed in Fig. 2C displayed the peaks at 929.9 eV, 932.11
eV, 950.46 eV and 952.69 eV were attributed to Cu (I) 2ps/2, Cu (II)
2p3/2, Cu (I) 2p; 2 and Cu (II) 2p; 2 [36]. In addition, the weak peaks at
944.2 eV and 945.7 eV belonged to the satellite band for cu?t [37,38].
The Au profile clearly displayed in Fig. 4D and the main peaks at 84.90
eV and 87.54 eV were vested in Au 4f; /5 and Au 4fs/2 complied with the
chemical states of nanosized Au [39], which hinted the BSA-Au@Cu;S4
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polyhedron was fabricated successfully.

3.2. Possible mechanism and characterization of the PEC immunosensor

First of all, the band structures of SrTiO3 NCs and BiOS nanosheets
array were measured combining with UV-vis DRS diffuse-reflectance
spectra and Mott-Schottky curves. As displayed in Fig S3A and C, the
band gap energies of SrTiO3 NCs and BiOS nanosheets array were 3.32
eV and 1.61 eV. The positive slope of line in Fig S3B and D demonstrated
the characteristics of their n-type semiconductors [40]. The flat-band
potential (Vg,) of SrTiO3 NCs and BiOS nanosheets array were -0.89 V
and 0.46 V (vs. SCE), respectively. The conduction band potential (Ecp)
were near to Vg, for n-type semiconductors. Therefore, the valence band
potential (Eyp) of SrTiO3 NCs and BiOS nanosheets array were 2.43 V
and 1.15 V (vs. SCE), respectively.

The possible mechanism of electron transfer and the multiple signal
inhibition strategy were depicted in Fig. 3A. In the first place, the for-
mation of original PEC signal was explored. To obtain an excellent initial
PEC response, BiOS nanosheet arrays was employed to sensitize SrTiO3
NCs as photoactive matrix. Under the irradiation of light, BiOS nano-
sheet arrays and SrTiO3 NCs gained energy and the electrons of them
were excited transitioning from the valence band (VB) to the conduction
band (CB) and generating the photoinduced electron-hole (e7/h™).
Subsequently, the electrons in CB of SrTiO3 NCs injected into CB of BiOS
nanosheet arrays and the photoinduced holes in VB of SrTiO3 NCs
moved to VB of BiOS nanosheet arrays according to the band structure
[41-43]. With the aid of ascorbic acid as an electron donor, the
photo-induced holes were swept reducing the photoinduced e /h™*
recombination and forming the initial photocurrent. For multiple signal

v

160 240 320 400 480
Z' (ohm)

inhibition strategy, BSA-Au@Cu;S4 polyhedron as multiple signal
regulator controlled the photocurrent response. The photocurrent value
about multiple signal inhibition strategy step by step was shown in Fig
S4 and the principle and effect of inhibition was elaborated. Firstly,
BSA-Au@Cu;S4 polyhedron as favorable light absorber possessed a
broad absorption range, becoming a competitor with photoactive ma-
trix. Secondly, the precipitation was formed because the BSA-Au@Cu;S4
polyhedron possessed duple enzyme-mimicking activities (GOx-like
activity and peroxidase-like activity), producing tandem catalysis after
incubated with glucose and 4-CN [13]. In detail, the BSA@Au NPs
catalyzed glucose to produce HyO3 and then catalyzed 4-CN and H204 to
produce 4-CD precipitates on the surface of electrode. And the precipi-
tation hindered electron transfer and light absorption, reducing the PEC
response. Thirdly, the steric hindrance effect from BSA-Au@Cu;S4
polyhedron also led to the reduction of photocurrent [44].

The change of photocurrent presented by i-t curve was employed to
describe the construction process of PEC immunosensor in Fig. 3B. At
first, the bare ITO electrode has no photocurrent. After coated by SrTiOg
NCs, the working electrode produced a weak photoelectric response.
Followed by the growth of BiOS nanosheet arrays, the photocurrent
sharply increased due to the band structure formed between SrTiO3 and
BiOS. After incubated with Ab;, BSA and CYFRA21—1, the photoelectric
response was reduced in turn which attributed that biomolecules hinder
electron transfer. Finally, since the immobilization of BSA-Au@CuySy-
Ab, and the reaction happened in glucose and 4-CN solution, the pho-
toelectric response was decreased by large steric hindrance, competitive
absorption with photoactive matrix of BSA-Au@Cu7S4 polyhedron and
the formation of 4-CD precipitates.
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ducibility analysis.
3.3. Analytical performance of PEC immunosensor

The analytical performance of proposed PEC immunosensor was
inspected making use of CYFRA21—1 as a model under the best exper-
imental conditions. Fig. 4A and B revealed the relationship between
photocurrent response of the suggested PEC immunosensor and different
concentration of CYFRA21—1 from 0.1 pg/mL to 50 ng/mL. Overtly, the
photocurrent value was reduced accompanied by the increasing of
CYFRA21-1 concentration in Fig. 4A. In the meantime, a linear rela-
tionship between the photocurrent and logarithm concentration was
established and the fitted linear equation was I = -14.96 log ¢ cyrra21 -1
+ 62.26 (R2 = 0.9821) with a low detection limit of 1.12 fg/mL (S/N =
3). Then a comparison with other obtained method for detecting
CYFRA21-1 (Table S1), the proposed PEC immunoassay was remark-
able to most previous bioanalyses.

3.4. Stability, reproducibility and specificity of PEC immunosensor

Stability is a vital parameter for the propositional PEC immunoassay,
which was studied with the method of the continuous on/off cycles of
the light for ten times [45,46]. Fig. 4C demonstrated the acceptable
results that the photocurrent response did not change significantly. In
addition, the storage stability was tested (Figure. S6A) and the photo-
current kept 99.7 %, 97.6 %, 95. 9%, 94.7 % and 92.0 % of its original
photocurrent after storing at 4 °C for one day, three days, five days, one
weeks and two weeks respectively, thus revealing recognizable storage
stability. To investigate the reproducibility of constructed PEC immu-
nosensor, five electrodes including 1.0 ng/mL CYFRA21—-1 were man-
ufactured and measured with the identical environment [47]. Fig. 4D
showed the measure results (63.22, 64.41, 61.35, 64.34, 63.77 pA) and
the RSD was 1.67 % illustrating the satisfactory reproducibility.

Specificity as a necessary performance of the PEC immunosensor was
studied [48]. Using amino-terminal pro-B-type natriuretic peptide

Table 1
CYFRA21-1 detection in real sample.
Samples  Added amounts Detection amounts RSD (%,n  Recovery
(ng/ (ng/mL) (ng/mL) =5) (%)
mL)
7.78,7.65, 7.99, 7.85,
2 701 1.65 98.80
10.82, 11.03, 10.80,
5.86 5 1078, 11.14 1.48 101.08
16.18, 15.45, 15.75,
10 16.01, 15.71 1.79 99.60
4.35,4.29, 4.30, 4.24,
2 4.38 1.26 100.10
231 5 7.09, 7.45, 7.39, 7.53, 2.32 100.76
7.28
10 11.88, 12.04, 3.00 100.24

12.63,12.74, 12.38

(NT-pro BNP), cardiac troponin T (¢TnT) and amyloid p-protein (Ap) as
interfering substances measured the specificity. The specificity of PEC
immunosensor was tested with mixture containing 1 ng/mL
CYFRA21-1 and 50-fold interfering substances. Meanwhile, the PEC
response was also measured when the electrode was modified with 50
ng/mL interfering substances. The results as exhibited in Fig S6B illus-
trated the highly selective of the PEC sensing platform.

3.5. Real sample analysis

The standard addition method was employed to evaluate the prac-
ticality and feasibility of the PEC sensing platform for CYFRA21-1
detection. Briefly, different concentration of CYFRA21—1 was added
into human serum sample and then the obtained sample was incubated
on suggested PEC sensing platform. As demonstrated in Table 1, the
recoveries were found from 98.80% to 101.08% and the RSD were with
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the scope of 1.26-3.00 %, which testified the potential of the proposi-
tional PEC immunosensor for real sample detection.

4. Conclusion

Conclusively, an ultrasensitive PEC immunosensor was successfully
fabricated for CYFRA21-1 detection. The BiOS nanosheet arrays
sensitized SrTiOs (SrTiOs/BiOS) as photoactive material, which
improved the absorption of visible light and facilitated the separation
and transfer of photogenerated electrons and holes with the aid of
electron donor. At the same time, the large specific surface area of
SrTiO3/BiOS electrode is beneficial to the immobilization of bio-
molecules. To improve the detection sensitivity, an innovative tandem
biocatalytic precipitation (BCP) strategy by using BSA-Au@Cu;S4
polyhedron as the signal regulator to control PEC signals of SrTiO3/BiOS
through efficient quenching process. The developed PEC sensing plat-
form displayed sensitive response to CYFRA21—-1 concentration. The
photocurrent and the logarithm of concentration exhibited a good linear
relationship from 0.1 pg/mL to 50 ng/mL with a low detection limit of
1.12 fg/mL. The suggested PEC biosensor provides creative thought to
develop an effective method for the early diagnostics of biomarker.
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