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ABSTRACT: An intramolecular photoelectrochemical (PEC) system is
designed from the novel electron donor YYYHWRGWV (Y3-H) peptide
ligand for the first time. The bifunctional nonapeptide cannot only rely on
the HWRGWYV sequence as a site-oriented immobilizer to recognize the
crystallizable fragment (Fc) domains of the antibody but also acts as electron
donors for PEC generation via three tyrosine (Y) of the N-terminal. The
Bi,WOg/AgInS, heterojunction with a significant visible-light absorption is
utilized as a photoelectric generator, and the motivation is ascribed to a
proven proposition, namely, that short-wavelength illuminant radiates
proteins, causing a decline in bioactivity of immune protein. An innovative
biosensor is fabricated using the above strategies for the detection of
CYFRA21-1, a biomarker of squamous cell lung carcinoma. This sort of
PEC-based sensing platform shows convincing experimental data and could
be an effective candidate for clinical application in the future due to their
extremely skillful conception.
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hotoelectrochemical (PEC) bioanalysis, acquainted as an

advanced mean that can convert biorecognition into
readable photocurrent, has become an eye-catching tool in
analytical chemistry." The research and development potential
of PEC-based biosensors are profit from their unique signal
transfer mechanism, which can be optimized through the
choice of efficient photoelectric emitters and sensing
strategies.” For photoactive materials, the application of them
in biosensing at the core of care requires choosing the
semiconductors with excellent biocompatibility and visible-
light absorption.”” The inevitable toxicity of cadmium-based
compounds and other toxic carriers are distinctly unacceptable
for trace analysis based on nontoxic physiology.*

Bismuth tungstate (Bi,WOQq), one of the simplest ortho-
rhombic crystals in the Aurivillius family, is a lamination of
[Bi,0,] layers and [WOs] octahedrons alternately along the c-
direction.” Its valence band (VB) is mainly composed via
hybridization between the O 2p and Bi 6s orbitals, while the
conduction band (CB) is composed of the W 5d energy level,
all that make the photoexcited electrons transfer from the O
2p/Bi 6s hybridization orbital to the empty orbital of W 5d,
resulting in forming photoinduced electron—hole (e”/h*)
pairs.’ The lone electron pair root in the Bi 6s orbital can bring
about asymmetric coordination of the Bi—W—O structure,
whereas the local asymmetry charge can excite the photo-
electric activity of Bi,WO,.” Limited by the narrow spectral
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response, there is no doubt that poses a major challenge of the
expansion Bi,WOg to biosensing because the protein can
undergo irreversible ultraviolet radiation when the illuminant
wavelength is excessively short.” To enhance the response of
visible light, some amplified approaches and innovatory
strategies should be introduced.”

Heterojunctions formed by mass surface contact of two
semiconductors with different work functions or chemical
potentials can enhance the charge separation ability of the
photoelectric system and visible light response.'”"" Quantum
dots (QDs) are an excellent candidate sensitizer benefiting
from their high dispersion and narrow band gap.'” Among the
multitudinous QDs, indium sulfide silver (AgInS,) as a
nontoxic emerging material has become one of the most
promising photoelectric sensitizers to rely on an adjustable
direct band gap.13 With plentiful surface defects, the
heterojunction between AgInS, and other semiconductors
can easily form via raised surface energy and dangling bonds."*
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In the past, plenty of ascorbic acids (AA) are usually injected
into the electrolyte to meet the stability of the whole test."*'°
Nevertheless, this sensing mode relies on the resistance of
antigen to the electron transfer to obtain the inverse
relationship between target concentration and photocurrent,
which is unreasonable for sensitive detection. The photo-
current response has almost no difference when the target
concentration is small enough that its resistance can be
ignored. Otherwise, the coexistence of AA and other reducing
substances in serum also undoubtedly weakens the anti-
interference of the biosensor. Alternative approaches of the
electron donor external-injection are being explored, for
instance, tyrosine (Y) as an intramolecular donor, which
equips a side chain of phenol. When pH is amplified to 9.8 or
higher, phenolic hydroxyl loses proton to form intermediate-
state phenoxyanion (p-O~) with considerable reducibility.'”"®
Foremost, this substance might be coupled as well to
synthesize functional peptides in line with targeted demand,
such as small molecule peptide ligand for antibody site-fixated
or cell recognition.lg’zo With a fixed transportation route, all
electrons can be transported orderly from the secondary
antibody marker to the PEC emitter.

Herein, a long-term proposition is first proved by circular
dichroism (CD) spectra, namely, that short-wavelength
illuminant radiates proteins, causing a decline in immune
protein bioactivity; the detailed process of proof is shown in
section SI-9 in the Supporting Information for better
understanding. Based on this fact, AgInS, QDs are embedded
in the aperture of the Bi,WO4 microsphere for the
construction of heterojunction (Bi,WO4/AgInS,) to improve
visible-light utilization and e”/h* pairs separation. Scheme 1
stands for the energy band structure of Bi,WO4/AgInS,
composites and the PEC mechanism using Y as an the

Scheme 1. PEC Mechanism of Bi,WO,/AgInS,
Heterojunction and Graphical Expression of e /h*
Separation Using Y as an Electron Donor
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electron donor. The power producer of carriers transfer roots
in the matched interlacing band gap of Bi;WOy and AgInS,.
Influenced by the van der Waals force, the heterojunction
interface is formed gradually with the Bi,WO4 and AglInS,
energy bands upshifting or downshifting until the Fermi energy
level attains equilibrium. In accordance with the law of
thermodynamic equilibrium, the photoexcited electrons in the
CB of AgInS, can easily jump to the CB of Bi,WOq via a large
number of Bi—S bonds in the heterojunction interface. While
photoexcited holes could be driven from the VB of Bi,WOg to
AglInS,, carrier cycles mirror the same path at a site opposite to
the electron transfer. The addition of p-O~ as the electron
donor can rapidly consume the holes in the whole system to
restrain the recombination of the e”/h* pairs, thus amplifying
the photoelectric response. The increased photocurrent of
Bi,WO¢/AgInS, composites as compared to pure Bi,WOq
confirms the above theoretical prediction (Figure S2).

The X-ray diffraction (XRD) patterns of as-synthesized
Bi,WO¢ and Bi,WO¢/AgInS, are provided in Figure la.
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Figure 1. (a) XRD patterns of Bp,WO, and Bi,WO,/AgInS, and (b)
XPS overall spectrum of Bi,WOg/AgInS,. High-resolution XPS
spectra of Bi 4f and S 2p (c) and S 2s (d).

Compared with the pure Bi,WO¢, Bi,WO4/AgInS, emerges
multiple low peaks that are not obvious at 2-theta = 27.42°,
28.97°, 33.15°, 46,74°, 48.27°, and 55.04°, which belong to the
characteristic peak of AgInS, are corresponding to (006),
(012), (104), (018), (110), and (101) lattice planes (JCPDS
card no. 22-1329 and no. 39-0256).”" To further confirm the
existence of AgInS, to make up for the defects of the XRD
pattern, the X-ray photoelectron spectroscopy (XPS) is used
for analysis of the valence state of the composites, from which
the composition of heterojunctions are well elucidated. The
overall survey of the XPS spectrum, displayed in Figure 1b,
illustrates the existent of Bi, W, O, Ag, In, and S elements. The
spin—orbit components of Bi 4f,, and Bi 4f;,, peaks are
shifted to approximate 159.4 and 164.7 eV (Figure 1lc),
respectively. The distinct movement compared to the standard
peaks is likely a result of the formation of Bi—S bonds, which
can be proved via shoulder satellite peaks at 158.3 and 163.5
eV.””? Besides, the peaks that situate at 226.0 and 227.3 eV
split from the S 2s fitting spectrum are assigned to the sulfur in
metal—sulfur bonds of In—S and Bi—S, while the peak located
at 224.5 eV is the residual sulfydryl root in dodecyl mercaptan
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(Figure 1d).”*** All of these, along with other core level XPS
spectra (see section SI-11 in the Supporting Information),
confirming the successful preparation of Bi,WO4/AgInS,
composites.

To probe into the morphological feature of Bi,WOy, AgInS,,
and their composites, the scanning electron microscope (SEM)
and transmission electron microscope (TEM) images are
provided in Figure 2. Flower-shaped Bi,WO, (Figure 2a and

Figure 2. (a) SEM image of Bi,WO, (b) TEM image and size
distribution of AgInS, QDs, and (c) TEM and (d) HRTEM images of
Bi,WO4/AgInS, composites.

Figure S4a) microspheres inserted by countless nanosheets
provides a mass of attached spaces for AgInS, immobilization.
Later, both TEM image and size distribution of AgInS, QDs
show a uniform particle size of about 8 + 1 nm (Figure 2b).
After inlay in Bi,WOg, the AgInS, QDs equally disperse on
Bi,WOg nanosheet observed from the TEM (Figure 2c). To
confirm the successful heterojunction formation, the high-
resolution TEM (HRTEM) observes the different lattice
configurations (Figure 2d) and has no buffer layers or
amorphous phase between Bi,WO4 and AgInS,. All of that
provide strong evidence that the Bi,WO4/AgInS, hetero-
junction is successfully fabricated owing to such lattice
distribution is recognized as typical heterojunctions, corre-
sponding to the XPS and UV— v1s (see in section SI-13 in the
Supporting Information) results.”®

The expansion of the above PEC system to the immuno-
assay utilizing Bi;WO,/AgInS, acting as a sensing substrate to
coupling capture antibody (anti;-CYFRA21-1) and functioning
as a photocurrent generator realizing signal converter. Y-
Modified YYYHWRGWV (Y3-H) nonapeptide, however, is
used for marker detection antibody (anti,-CYFRA21-1) and
also provides electrons to the whole PEC system. In the past, it
is obviously unreasonable to obtain the inverse relationship
between signal and antigen concentration using the signal-off
PEC biosensors, which rely on the hindrance of antigen to the
electron. Because the impedance is negligible when the antigen
concentration is low to the picogram level, that undoubtedly
limits the detection range of the biosensor. Herein, bounding Y
to anti,-CYFRA21-1, as the concentration of antigen raises,
more anti,-CYFRA21-1 can be captured. In consequence,
raising Y to realize the increase of the photocurrent, this signal-
on mode makes up for the defects of the traditional scheme.

The detailed diagram of biosensor fabrication and intra-
molecular PEC are illustrated in Scheme 2. (EIS profiles and
photocurrent—time (I—t) curves are provided in section SI-14
in the Supporting Information for ensuring the stepwise
biosensor fabrication).

Scheme 2. Detailed Diagram of Biosensor Fabrication and
Intramolecular PEC
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Under optimal conditions (see in section SI-1S in the
Supporting Information), different concentrations of
CYFRA21-1 are detected for evaluating the clinical utility of
the biosensor. It can be seen from the figure that the as-
fabricated biosensors have a good photoelectric response to
CYFRA21-1 with a linear range of 0.5 pg mL™" to 100 ng mL™"
(Figure 3a). With fitting, a calibration equation is obtained and
described as I = 23.81 — 94.71 X lg ¢ with a correlation
coefficient (R*) of 0.992 (Figure S8). Later, an ultralow limit of
detection (LOD) is attained that is 7.72 fg mL™"' (S/N = 3)
lower than other reports (Table S1) according to the method
suggested in Compendium of Analytical Nomenclature.

Taking into account the diversity of serum sample
constituents, for instance, total cholesterol (TC), triglyceride
(TG), estradiol (EZ), C-reactive protein (CRP), albumin
(ALB), procalcitonin (PCT), glutamic-pyruvic transaminase
(ALT), bilirubin (BIL), etc., may interfere with the real sample
analysis data of the biosensor. These constant substances are
selected as interferents to assess the specificity of the as-
fabricated biosensor. Mixing these substances with 0.1 ng mL™"
CYFRA21-1 and modifying them orderly as a target on the
sensing interface and detecting the photocurrent under the
same conditions as before. The stable photocurrent of each
sensor are summarized in Figure 3b, almost a similar
photocurrent intensity with a relative standard deviation
(RSD) of 1.33% proves that the biosensor has excellent
specificity.

The commercialization of biosensors depends directly on
their stability and batch consistency. First, to test the excitation
stability of the as-fabricated biosensor, 2 equiv of antigens with
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Figure 3. (a) I-t curves of CYFRA21-1 detection with multiple
concentrations ranging from 0.5 pg mL™ to 100 ng mL™. (b)
Specificity experiments of as-prepared biosensor using common
substances in serum. (c) Stability experiments for low and high
concentration of CYFRA21-1 using as-prepared biosensor. (d)
Repeatability experiments are carried out by detecting nine biosensors
modified with 0.1 ng mL™" CYFRA21-1 (error bar = SD, n = 3).

0.1 ng mL™" and 10 ng mL™" are employed to evaluate this
metric. Neither high nor low concentrations show a significant
fluctuation of photocurrent signal of biosensor output (Figure
3c). Following, we repeat the experiments on nine biosensors
modified with 0.1 ng mL™" CYFRA21-1 under the same
experimental conditions (Figure 3d). With a low RSD of 2.62,
the good batch consistency provides convincing evidence for
the application of clinical sensing strategies.

The sample-labeling-recovery approach is used to analyze
CYFRA21-1 in human serum. To start the detection, five
serum samples obtained from the school hospital with an
original concentration of 0.7 ng mL™" are mixed with different
spikings of CYFRA21-1 as 0.5, 1, S, 10, 50 ng mL™% Modifying
them as a target and converting the current signal into
CYFRA21-1 concentration, recovery rates (Rt) from 91.90% to
98.96% are obtained (Table S2) by the equation of Rt
(Found — Origin)/Spiked, proving the practicability of the as-
purposed biosensor.

In summary, as a bifunctional nonapeptide, Y3-H can
function not only as an intramolecular electron donor for holes
consumption but able to act as a site-fixed capturer for
antibody conjugation. As-purposed intramolecular PEC system
using the Bi,WO;/AgInS, heterojunction as a photocurrent
generator, which can effectively maintain the protein
bioactivity in the detection process and avoid the complexity
of serum samples to interfere with the detection results. With
these innovative approaches for CYFRA21-1 analysis, a
biomarker of squamous carcinoma, the sensing platform
reveals a potential for clinical application due to its remarkable
sensitivity and anti-interference ability.
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