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Abstract

A photoelectrochemical (PEC) biosensor capable of detecting cytokeratin 19 fragment 21-1 (CYFRA21-1) was optimized by
taking advantage of the powerful conjugate repeats of horseradish peroxidase and tyramine (HRP-tyramine)-triggered enzymatic
biocatalytic precipitation (BCP) on high-performance BiVO4/Agz;VO4/SnS, photoelectrodes. Compared with the ubiquitous
BCP strategy, we identified a design supporting conjugate repeats generated by HRP and tyramine—triggered immeasurable
insoluble precipitates in the presence of hydrogen peroxide and 4-chloro-1-phenol (4-CN), and the steric hindrance improved
sensitivity. Moreover, by virtue of BiVO,, Ags;VO,, SnS, excellent level matching structure and chemical stability, a
heterojunction (BiVO4/AgzV0O,4/SnS,) with high light absorption efficiency has been successfully prepared. The novel
heterostructure system of BiVO4/Ag;VO,/SnS, with high detection current and low background signal exhibited high-
performance PEC determination. Generally, the hitherto untapped biosensor resource realized the sensitive detection of
CYFRA21-1 with a wide linear range from 50 fg/mL to 200 ng/mL, and a detection limit of 15 fg/mL, which illustrated the

potential for biotechnological applications.
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Introduction

Since the beginning of the new century, cancer has become a
disease with high frequency. Due to the asymptomatic char-
acteristic in the early stage, cancer patients cannot get timely
and effective treatment. Therefore, it is an urgent task to
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construct a simple and rapid method to detect disease markers
[1, 2]. In recent years, for the detection of disease markers,
many promising technologies have been developed in the field
of biosensor analysis [3—7]. The constructions of these sensors
have achieved the detection of disease markers to a certain
extent. However, in order to pursue the advantages of future
miniaturization of sensors, low background signal, and rapid
detection, a photoelectrochemical (PEC) immunosensor is
constructed for non-small cell lung cancer marker
(CYFRA21-1) detection in this work. The PEC sensor is a
device that outputs light signals as readable electrical signals
[8—10]. When the light stimulates to the photoelectric materi-
al, the energy of the photons is given to the electrons, which
results in the transition of electrons from valence band to
conduction band; the photo-generated electrons are generated,
and they further produce photocurrent [11-14]. In this detec-
tion mode, a series of signal amplification strategies can be
carried out on the substrate material through loading specific
disease markers. For example, Xu et al. used the specific
binding of antigen and antibody on the photoelectric material
to hinder the electron exchange between the substrate mate-
rials and the electrolyte [15]. Zhao et al. and Yang et al. used
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nano-mimetic enzyme as the marker labeled on secondary
antibody; it can absorb light energy competed with sub-
strate materials [8, 16]. However, the nano-mimetic en-
zyme has slightly inferior catalytic activity as biological
enzymes to achieve signal amplification, and the low ac-
tivity of the mimic enzyme results in low sensitivity.
Fortunately, horseradish peroxidase (HRP)-based tyra-
mine amplification has been applied in electrochemical
immunoassay [17], electrochemiluminescence immunoas-
say [18], and chemiluminescence biosensors [19], but the
field of PEC sensors has not yet been explored. Therefore,
based on the work of the abovementioned research group,
we further optimized the detection scheme to realize the
sensitive detection of CYFRA21-1.

In this work, SiO, nanospheres (SiO, NSs) coupled with
HRP were co-modified on secondary antibody (Ab,) to form
the bioconjugate HRP-SiO,-Ab,. This conjugate could react
with the followed HRP-tyramine to trigger HRP conjugate
repeats under the excitation of hydrogen peroxide. At the
same time, insoluble precipitates (4-CD) under the catalysis
of HRP was generated when the electrode was placed in a
solution containing 4-chloro-1-phenol (4-CN). The steric hin-
drance of HRP-SiO,-Ab,, enzyme amplification strategy of
HRP-tyramine conjugate repeats, and the insoluble precipi-
tates of 4-CD greatly hindered the transmission of electron
donors and extremely changed the value of the photocurrent.
Thus, the obtained sensor realized the super sensitivity of
CYFRA21-1 detection.

The requirements of substrate materials for PEC sig-
nal amplification sensors are extremely harsh, and the
biocompatibility, photosensitive performance, electron-

hole composite, and the stability of the materials must
be taken into account [20-22]. BiVO, [23] has attracted
wide attention due to its excellent characteristics, such
as narrow band gap, low toxicity, and chemical stability.
However, pure BiVO, with excessive recombination of
charge carriers and poor carrier transport performance
impedes practical application; thus, it needs a modifica-
tion of other materials to obtain efficient photoelectric
conversion efficiency. The band gap of Agz;VO,
matched with the BiVO, energy level makes it possible
to broaden the absorption of visible light [24, 25]. In
addition, ternary heterojunction combining SnS, with
BiVO4/Ag;VO, has a perfect bandgap matching struc-
ture, which can further improve the efficiency of elec-
tron transmission, and provides infinite possibilities for
our innovative signal amplification strategy sensors
[26-28]. Therefore, based on HRP-tyramine-triggered enzy-
matic biocatalytic precipitation (BCP) on high-performance
BiVO4/AgzVO,4/SnS, photoelectrodes, the prepared ultrasensi-
tive photoelectrochemical immunoassay of CYFRA21-1
achieved a wide linear range and low detection limit. The con-
struction process of the immunosensor is showed in Scheme 1.

Experimental section
Materials and apparatus

Reagents and equipment and more experimental information
are found in the Supplementary information.
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Preparation of BiVO, and BiVO,/Ag;VO,

The synthesis process was modified based on the reference
[29]. Firstly, 0.06 g of bismuth nitrate pentahydrate and
0.046 g of sodium orthovanadate were dissolved in 40 mL
of ultrapure water. The mixed solution reacted at 160 °C for
8 h in a Teflon-lined autoclave, after sonication for 20 min.
When the reaction cooled to 25 °C, it was washed by using
absolute ethanol and ultrapure water for 5 times, and then was
vacuum-dried to obtain product powder (BiVOy).

In total, 0.32 g BiVO, was dissolved in 50 mL of ultrapure
water, then 0.12 g of silver nitrate was added with stirring for
30 min. And then, we dissolved 0.044 g of sodium
orthovanadate in 50 mL of ultrapure water and stirred for
30 min; then this solution was slowly dropped into the above
BiVO, solution, stirring for 3 h in the dark. After being
washed and vacuum-dried for 10 h at 60 °C, BiVO,/
Ag;VO, was obtained.

Preparation of HRP-tyramine

A total of 1.2 mL of HRP solution (1 mg/mL) was mixed in
3 mL of N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate,
and was shaken for 5 min; then the pH of 3 M hydrochloric
acid solution was adjusted to 7.3. Then 30 mg NHS and 40 mg
EDC were added while shaking for 45 min. Subsequently,
1.2 mL of tyramine (5 mg/mL) was added drop by drop into
the mixture, and was shaken for 12 h at 25 °C, and then the
resulting solution was dialyzed in 0.1 M PBS solution with pH
of 7.4 for 24 h. The obtained HRP-tyramine solution was
stored at 4 °C. Other details of material preparation processes
are shown in the “Supplementary information” file.

Preparation of photoelectrochemical sensor

Firstly, the ITO was ultrasonically cleaned with washing pow-
der, acetone, ultrapure water, and ethanol in sequence, and
dried in an oven at 70 °C. Ten microliters of BiVO,/
Ag;VO, and SnS, (5 mg/mL) was added dropwise to the
conductive surface of the ITO in sequence, dried under infra-
red light, and then burned in the air at 250 °C for 2 h. Then on
the surface of electrode, we dropped 10 pL of thioglycolic
acid (TGA, 3 mM) and was incubated for 0.5 h, and then
added 10 uL of the mixture (15 mg/mL NHS and 30 mg/mL
EDC). An hour later, the electrode surface was washed with
PBS (pH =7.4) and dried at room temperature until it became
a wet film. Then adding 10 puL, 10 pg/mL of CYFRA21-1
capture antibody (Ab;) was placed at room temperature for an
hour. Ten microliters of the prepared BSA (1%) solution was
added to incubate for an hour. Ten microliters of CYFRA21-1
antigen was dropped to incubate for 40 min, and then 10 puL of
Ab,-Si0,-HRP was added after 40 min. Subsequently, 7 uL
of HRP-tyramine and 3 puL of H,O, (4 mM) were added on

the electrode for 20 min. Finally, the finished electrode was
soaked in the solution with 4-CN (10 mM) and 0.15 mM
H,0, for 15 min (Scheme 1).

Photoelectrochemical sensor detection

Electrochemical workstation was used to test with three elec-
trode systems, the prepared ITO modified sensor as a working
electrode in PBS buffer solution containing 0.1 M electron
donor (ascorbic acid). The i-t method was utilized to detect
the CYFRA21-1 antigen standard solution prepared by suc-
cessive dilutions with PBS, setting the voltage to 0 V, run time
65 s, and the light source which is a white mixed light (400—
700 nm). After the electrodes were placed, turning on the light
for 10 s and continuing to irradiate for 10 s, recording the
photocurrent, and a series of detection tasks were completed
continuously.

Results and discussion
Characterization of materials

To prove the photoelectric substrate materials were successful-
ly prepared, here, physical characterizations were performed
for all the prepared solutions. The X-ray diffraction (XRD)
patterns were carried out to explore the crystallographic struc-
ture, and the results are shown in Fig. 1A (BiVO,4 and BiVO,/
Agz;VO,) and Fig. S1A (SnS,). Pure BiVO, showed peaks
characteristic of monoclinic BiVO, (PDF No.75-1867); when
AgzVO,4 was composited with BiVO,, the intensities of the
diffraction peaks corresponding to the (121), (-213) and
(=512) crystal planes of Ag;VO, emerged [29, 30]. Electron
microscopy images were taken for photoelectric nanomaterials
with various compositions (BiVOy,, BiVO4/AgzVOy, SnS,) to
display their morphological attributes. Specifically, the mean
nanorods’ length shifted from 200 to 300 nm as deduced from
the histograms in Fig. 1B. SEM (Fig. 1C) and TEM (Fig. 1E
and F) images confirmed that the Ag;VO, nanocrystallites
were evenly dispersed on the BiVO,4 nanorods. An SEM image
was also taken for the bare SnS, (Fig. 1D); in the figure, we can
clearly see that SnS, presented the nanoflower morphology
with the large specific surface. Moreover, the mapping image
of BiVO4/Ag;VO, (Fig. S2) revealed the existence of Bi, Ag,
V, and O elements. The scans of Bi, Ag, V, and O further
proved the Agz;VO, random distribution on BiVO, surface.
XPS was employed to confirm the chemical valence of the
BiVO4/Ag3;VO,. Figure 1G shows that the two strong peaks
at 164.1 eV and 158.8 eV are assigned to 4fs/, and 4f;,, of Bi,
respectively. The 3D peaks located at 367.3 and 373.6 eV
should originate from Agz;VO, (Fig. 1H), which demonstrated
that the silver species is Ag” cations. The peaks of 516.7 and
524.1 eV were consistent with V>* in Fig. 11. The predominant
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Fig.1 (A) XRD image of BiVO,4 and BiVO,/Ag;VOy,, (B) SEM image of BiVOy,, (C) SEM image of BiVO4/AgzVO,, (D) SEM image of SnS,, (E) and
(F) TEM image of BiVO4/Ag;VOy,, (G) XPS spectra of Bi 4f, (H) XPS spectra of Ag 3d, (I) XPS spectra of V 2p, and (J) XPS spectra of O 1 s

peak (Fig. 1J) of O 1 s (529.5 eV) was attributed to the lattice shown in Fig. S1B. The constructions of BiVO4/Ag;VO, and
oxygen, and the other O 1 s peak can be belonged to the O in ~ SnS, were prepared successfully through the confirmation of
H,0 (532.1 eV). The survey spectrum of BiVO4/Ag;VO, is  the above results.
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Fig. 3 (A) PEC signal of (a) ITO/BiVO,, (b) ITO/BiVO4/AgzVOy, (c)
ITO/SnS,, (d) ITO/BiVO./SnS,, (e) ITO/BiVO4/Ag;VO,/SnS,. (B) The
change of PEC signal and (C) Nyquist diagrams of (a) ITO/BiVO,/
AgzVO, (b) ITO/BiVO4/AgzVO4/SnS,, (¢) ITO/BiVO4/Ag;VO./SnS,/
Aby, (d) ITO/BiVO,/AgzVO,/SnS,/Ab/Ag, (e) ITO/BiVO,/AgsVO,/

Optimization of the experimental conditions

The stage of HRP-tyramine conjugate repeats involves the
complex process of tyramine generating radical intermediates
under the excitation of H,O,, and then HRP-tyramine conju-
gate repeats generated on SiO, NSs; therefore, the incubation
time is important. Here, we used the concentration 10 ng/mL
of Ag and 4 mM of H,O, for the test. Five, 10, 15, 20, 30 and
40 min were selected for optimization. Figure 2A proves that
the photocurrent dropped rapidly in the first 10 min, and then
it showed a relatively slow decline; in the case of comprehen-
sive consideration, we finally selected 20 min as the incuba-
tion time to generate conjugate repetition.

The conjugate repeats generated on SiO, NSs and the ex-
citation of H,O, will convert 4-CN into insoluble 4-CD pre-
cipitation, and the precipitation conversion time was selected.
Five, 15, 20, 25 and 30 min were selected as the time optimi-
zation. In Fig. 2B, it can be clearly understood that the precip-
itate generation occurred in the first 15 min under the catalysis

&

Time/s

YA))

SnS,/Ab;/Ag/HRP-Si0,-Ab,, (f) ITO/BiVO,/Ag;VO,/SnS,/Abi/Ag/
HRP-Si0,-Aby/HRP-tyramine, (g) ITO/BiVO4/Ag;VO,/SnS,/Ab,/Ag/
HRP-SIOZ-Abz/HRP-tyramlne/4-CD (CCYFRAZI-I =0.001 ng/mL) Inset
in C:equivalent circuit for EIS.

of HRP, while the subsequent time process was extremely
slow (¢ =10 ng/mL). Therefore, 15 min was selected as the
time point for the precipitate generation.

Characterization of the immunosensor

In this work, each modification was characterized by photo-
current and impedance to represent the successful construction
of the sensor. In Fig. 3A, we could get clear information that
the construction of the BiVO,4/Ag;VO,/SnS, heterojunction
greatly improved the photoelectric efficiency compared with
each individual material (a: ITO/BiVOy,, b: ITO/BiVO,/
AgzVOy, c: ITO/SnS,, d: ITO/BiVO,/SnS,, e: ITO/BiVO,/
AgzV0O,/SnS,). Photocurrent (Fig. 3B) and impedance (Fig.
3C) tests were performed to confirm the sensor construction
process (ITO/BiVO4/Ag;VO,, ITO/BiVO4/Ag;VO,4/SnS,,
Ab;, Ag, HRP-Si0O,-Ab,, HRP-tyramine and 4-CD were fur-
ther appended to the previous step from a to g). In Fig. 3C
from a to g, the modification sequence in impedance test was

B
< 7 1=-0.5264logc+4.5699
= 2
i R%=0.9926
= 6
T
p
5 5
(5]
S
o 41
=
-
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Fig.4 (A)PEC response and (B) calibration plot of ITO/BiVO4/Ag;VO,4/SnS, electrode toward CYFRA21-1 at different concentrations. (a—f) 0.00005,

0.0001, 0.001, 0.01, 0.1, 10, 50, and 200 ng/mL. Error bars=SD (n=3)
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consistent with Fig. 3B; it could be seen that each step of the
modification of the sensor was successful.

CYFRA21-1 analysis

After exploring the electron transfer mechanism of the biosen-
sor, the strategy was used for signal detection for CYFRA21-1
under the experimental conditions described above (Fig. 4A).
In a nutshell, the concentration of the antigen was expressed in
the form of photocurrent. Data analysis based on the relation-
ship between antigen concentration and obtained photocurrent
was utilized, and the equation was / =4.5699-0.5264 logc
(ng/mL, linear range from 50 fg/mL to 200 ng/mL), and the
correlation coefficient was 0.9926. According to the method
of signal-to-noise ratio of 3 (S/N =3), the limit of detection
(LOD) could be calculated, and 15 fg/mL was confirmed (Fig.
4B). For the detection range and detection limit of this signal
amplification strategy, we have made a detailed comparison
(Table S1) between this and the other sensors with excellent
performance. From Table S1, we can clearly understand that
the sensor has obviously competitive advantages in marker
detection. Moreover, in order to further demonstrate the ad-
vantages of the high-performance materials, the materials used
in this work were compared with other sensors, and the result
(Table S2) showed that the sensor based on BiVO4/Ag;VO,/
SnS, has obvious advantages.

Reproducibility and stability

Repeatability and stability are another extremely important
characteristic factors for the application of biosensors in clin-
ical diagnosis. The sensors prepared here were tested contin-
uously 20 times with turning the excitation light on and off
(ccyrraz1-1 = 0.001 ng/mL). Figure SA clearly shows that the
sensor was extremely stable. The repeatability experiment was
performed 5 times at the Ag concentration of 0.01 ng/mL, and
2.26% of the relative standard deviation (RSD) was obtained,
which obviously indicates the reproducibility of the
immunosensor. The photocurrent of proposed sensor (Fig.
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S4 A) maintained 98.8%, 97.9%, 96.7%, 95.6%, and 93.8%
of its initial photocurrent after storing at 4 °C for 3 days,
6 days, 9 days, 12 days, and 15 days, respectively, proving
good long-time stability. In addition, the operating lifetime
was tested under the visible light irradiation of 400 s, which
proved that there was no significant photocurrent attenuation
in Fig. S4 B.

Real sample analysis

Clinical application is the ultimate goal of all the work done
above; therefore, real sample detection was carried out.
CYFRAZ21-1 of different concentrations (0.01, 0.05, 1.0, 10,
100 ng/mL) in human serum was tested, and the results are
shown in Table S3. The range of 2.84-4.90% of RSD can be
obtained from Table S2, and the recovery rate can be achieved
96.6-103.4%. According to the result obtained, clinical diag-
nostic potential has been demonstrated in real serum samples,
but the performance of sensors may need to be further en-
hanced in the face of more complex serum samples.

Conclusion

In this work, a new signal amplification photoelectrochemical
immunoassay based on HRP-tyramine conjugate repeats—
triggered enzymatic biocatalytic precipitation on SiO, NSs
was designed for ultrasensitive detection of a tumor marker
(CYFRA21-1) with high-performance BiVO,4/Agz;VO,/SnS,
as the substrate material. The HRP-SiO,-Ab,, HRP-tyramine
conjugate repeats, and 4-CD greatly hindered the transmission
of electron donors and extremely sensitively changed the pho-
tocurrent. Therefore, the work realized the sensitive detection
of CYFRA21-1 with a wide linear range from 50 fg/mL to
200 ng/mL, and the detection limit of 15 fg/mL. In the future,
we will apply this immunosensor to more and more complex
human serum samples in order to further enhance the ability of
the sensor for clinical application. This informative idea of
using HRP-tyramine conjugate to increase the amount of
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substrate catalyzed per unit modified area may inspire more
possibilities for improvement of sensitivity in biosensing and
immunoassays..

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04938-3.
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