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e A novel material, Ti;Co@WSe;, was
firstly synthesized.

e A new double-redox cycling system,
TCEP/SQA/4-AP, was discovered.

© SQA, 4-AP cycling played a key role in
enhancing PEC signals.

o A PEC assay coupled with RPA for RSV
detection with LOD 30 aM.
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ABSTRACT

The photoelectrochemical biosensor based on double redox cycle amplification technology coupled with
Tungsten diselenide and MXene-modified electrode was developed. Signal amplification technology is a
commonly used method to improve the sensitivity. In this article, in the double redox cycle amplification
method, p-aminophenol is used as the signal molecule, and squaric acid acts as a redox indicator. Tris(2-
carboxyethyl) phosphine is an excellent reducing agent, which greatly improves the photoelectric response.
Tungsten diselenide and MXene are used as photosensitive materials. In the presence of model target, respiratory
syncytial virus RNA, the recombinase polymerase amplification process occurred because there is amplification
template, so that the signal molecule p-aminophenol will be produced, leading to redox cycle was carried out,
and the photocurrent signal is improved. In the absence of syncytial virus RNA, the photocurrent signal is low.
The detection range of the biosensor is from 0.2 fM to 80 fM, and the detection limit reaches 30 aM for respi-
ratory syncytial virus RNA. The method of introducing redox cycle amplification and Tungsten diselenide, MXene
into photoelectrochemical biosensing provides a new idea for future biological analysis and has application
potential.
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1. Introduction

As we all know, a mushrooming number of 2D materials with large
surface areas are used as matrix materials for nano-precious metals to
improve the conduction, biocompatibility and catalytic performance of
nano-composite materials [1]. In recent years, titanium carbide Mxene,
a member of two-dimensional layered nanomaterials, has gradually
attracted people’s attention [2]. It has a large surface area of nano-
structure, excellent electron transfer ability, catalytic ability and
biocompatibility, etc. [3,4] The unique properties of the nanomaterial
make it has the potential for applications in biosensing. Among a variety
of photosensitive materials, transition metal disulfides analogues with a
layered structure are also expected to be highly anticipated due to their
excellent mechanical, physical and chemical properties. Especially the
stable semiconductor material tungsten diselenide, which has the ad-
vantages of tunable band gap, high carrier mobility and small size,
especially under light conditions, shows excellent performance, there-
fore, tungsten diselenide (WSey) is also a very promising sensing ma-
terial [5]. Due to the electrical conductivity of the core transition metal
in the layered structure, Ti3Cy exhibit considerable electron density near
Fermi level. High conductivity helps ensure fast transport of electrons. In
addition, Ti3Cy can form a Schottky barrier with semiconductors by
virtue of the lower Fermi energy level relative to the conduction band of
semiconductors to facilitate high-speed electron transport and facilitate
the separation of photogenerated electron-hole pairs [6]. Therefore,
compounding TisCy to WSey enables the effective improvement of
photoelectric conversion efficiency.

On the other hand, many researchers of photoelectrochemical (PEC)
biosensors have studied the factors that influence the increase or
decrease of PEC signal, and there are many studies on electron donors or
electron acceptors [7,8]. A large number of studies have shown that
electron donors or electron acceptors are an important way to improve
the sensitivity of PEC. The most common small molecules are dopamine,
ascorbic acid, p-aminophenol, ferrocene formic acid, ferrocyanide,
methionine, and so on [9-11]. In addition, the effects of active sub-
stances in redox cycle amplification [12] and dual redox cycle amplifi-
cation [13] on PEC signals have also been studied. The dual redox
reaction has obvious advantages due to its higher electron transfer
number and higher electron-hole separation efficiency during the re-
action. Combinatorial using of multiple small molecules lays the foun-
dation for enhanced photocurrent.

Here, we found that the interaction between photoactive materials
and small molecules will greatly promote the photocurrent. We have
developed a strategy based on double redox cycle amplification tech-
nology combined with in situ recombinase polymerase amplification
(RPA) to detect nucleic acid. The respiratory syncytial virus nucleic acid
was used as model target. Respiratory syncytial virus is a kind of
Pneumovirus genus of Paraviridae family, and is crucial viral pathogens
that cause respiratory infections in children and the elderly. It is an RNA
virus that is transmitted by air droplets and close contact. The incuba-
tion period is three to seven days. Respiratory syncytial virus infection
causes clinical manifestations, such as otitis media, mild upper respi-
ratory tract infections, and potentially fatal lower respiratory tracts
[14]. So far, the commercial vaccine is lack. Ribavirin and Palivizumab
are the alternative for the treatment of retroviral infections, but re-
searches have shown that they are not completely effective [15].
Therefore, a convenient and sensitive diagnostic method is essential for
the clinical diagnosis of respiratory syncytial virus infection.

First, we modify the carbon paste electrode (CPE) with flake titanium
carbide (Ti3Cy) and tungsten diselenide (WSe3) (Ti3Co@WSey), and then
drop the dispersion of gold nanoparticles on the material modified
electrode. After the film is formed, the formed electrode is modified with
forward primer with the interaction of gold-sulfur bond. Respiratory
syncytial virus (RSV) is selected as the model target used as a template
for reverse transcription and then amplified in situ by RPA. The product
of RPA binds to streptavidin alkaline phosphatase (SA-ALP). ALP
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catalyzes the hydrolysis reaction of p-aminophenyl phosphate mono-
sodium (4-APP) to generate the electron donor p-aminophenol (4-AP).
Due to the redox effect of 4-AP and squaric acid (SQA) and dicarbox-
yethyl phosphate (TCEP), the electrons continue to increase, which in
turn increases the PEC signal. As the RSV concentration increases, more
SA-ALPs are connected to the electrodes. Enzyme catalysis based on ALP
enhances the photocurrent response through the continuous generation
of electrons. Based on the strategy of RPA and dual redox cycle ampli-
fication technology, the relationship between photocurrent and RSV
concentration was developed, and this PEC biosensor has the charac-
teristics of high sensitivity, good selectivity, and broad application
prospects.

2. Experimental section
2.1. Reagents and apparatus

Bulk tungsten diselenide (WSez) was purchased from J&K Scientific
Ltd. (Beijing, China). Ti3AlC, was obtained from Sciclubs (Zhejiang,
China). 4-aminophenylphosphate monosodium (4-APP) was obtained
from Biosynth Carbosynth (United Kingdom). Strepavidin-alkaline
phosphatase (SA-ALP), 4-aminophenol (4-AP), Squaric acid (SQA) and
Tris(2-carboxyethyl)phosphine (TCEP) and all the other reagents were
purched from ABCR (Karlsruhe, Germany). DNA were synthesized by
Sangon Biotech (Shanghai, China) (SH-ATACACTATTCAACGTAGTA-
CAGGAGA, SH-FP; Biotin-TGAATTTATGATTTGCATCTTCAGTGATT,
Biotin-RP).

The morphology of WSe,, TizCy, WSey/Ti3Cy; and AuNPs were
characterizated by TEM (JEM-2100, USA). The others information of
reagents and apparatus provided in Supporting Information S1 and S2.

2.2. Preparation of WSey/Ti3Cy and AuNPs

First, 2 g Ti3AlC; and 2 g LiF were accurately weighed. Then 40 mL
HCl (9 M) was measured with plastic measuring cylinder and slowly
transferred into the Teflon beaker. Then LiF was added to the beaker and
stirred for 30 min. After stirring, TisAlCy was added in a slow process.
Then magnetic stirring was carried out at room temperature for 24 h at
200 rpm. After stirring, the solution was centrifuged at 4000 rpm for
cleaning. Centrifugation was stopped until the pH of upper turbid so-
lution reaches 6. The Ti3Cy was obtained. Finally, the precipitate was
dried in vacuum and stored at 4 °C. Then 0.0120 g Ti3C; and 0.0120 g
bulk WSe, were dispersed in DMF respectively. The WSe, solution was
ultrasoniced for 4 h, and thin sheet WSe, were obtained. Finally, 2 mL
Ti3Cy and WSe; dispersions were mixtured evenly. WSey/Ti3Cy were
gained.

0.5 mL of 100 mmol/L HAuCl4-4H20 and 0.5 mL of 100 mmol/L
sodium citrate were added sequentially to 18 mL ultra pure water at
room temperature and stirred for 5 min. Then 0.85 mL of 0.1 mmol/L
sodium borohydride was added quickly to the mixture. The reaction was
executed continuously. The basis for obtaining gold nanoparticles with a
particle size of 10 nm is that the color of the solution changes from or-
ange to orange-red.

2.3. Fabrication of PEC biosensor

15 pL WSey/Ti3Cy solution was dripped onto the fresh bare CPE
surface. And it was dried naturally in the air. Then 15 pL AuNPs were
modified on the electrode surface and dried.

3 pL forward primers (5 pM) were dropped onto modified electrode
surfaces. Then, 5 pL. MCH (0.3 mM) was added into the electrode to
block the non-specific active sites of the electrode.

RPA solutions, 2.4 pL of reverse primer (10 pM), 29.5 pL of rehy-
dration buffer and 13.2 pL of Dnase-free water, were mixed. Then they
were added to the freeze-dried enzyme pellet. The mixture and mag-
nesium acetate at a concentration of 280 mM (2.5 pL) were added to the
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tube. 10 pL RSV then was added. The reaction volume of 15 pL was
added onto AuNPs/WSe,/Ti3Cy/CPE. It was reacted at 37 °C for 30 min.

3. Results and discussion
3.1. Morphological characterization of nanomaterials

The morphology of WSe, was characterized by TEM. As shown in
Fig. 1A, the WSe; exhibits irregular hexagonal shapes, and after exfoli-
ation, the WSe, became thinner and smaller. The Ti3AlC, exhibits a
massive morphology with a smooth surface (Fig. 1B). And the lateral of
Ti3AlC; is shown in Fig. 1B insert, but the layered structure is not
obvious. After HF etching Al layers, the bulk TizAlC; is transformed into
the typical organ like structure. This appearance indicates that the Ti3Cy
is successfully prepared (Fig. 1C) [16,17]. Elemental mapping results of
Fig. 1E show that elements of C, Ti, Se and W were well-distributed. And
that further confirming the formation of the WSey/Ti3C, (Fig. 1D) [18].
The morphologies of bulk WSe; and AuNPs were characterized by TEM
were provided in S3.

Fig. 1F shows the XRD patterns of the WSey, Ti3Cy and WSey/Ti3Co.
For the TizCy or WSey/TisCy, the only strong diffraction peak is located
at around 20 = 8.98°, which matches well with literature reports about
TizCy Mxene [19]. After etching TizAlC, with HF treatment, it is hard to
observe the characteristic peak at around 40° of Ti3Cy or WSey/Ti3Co
[20,21]. This phenomenon shows that the Al layers had successfully
fallen off and the appearance of multilayered Ti3Cy according to refer-
ence. [22] The intensity of the peaks were weakened after Ti3Ca complex
loading, which may be due to the Ti3Co complex loaded on the surface of
WSe; influencing the detection of the WSey substrate by X-ray. The
WSey/TizCo composite exhibited combinatorial XRD spectra of pure
WSe, and TisCo.

3.2. PEC property of the AuNPs/WSez/TisCs

Here, the basic properties of the sensor were investigated through the
modified electrode. The process was detected in the phosphate buffer.
WSe; photocurrent response is 111.4 nA (Fig. 2A), and TizCy photo-
current response is 211.1 nA. But when WSe, and Ti3C;, were combined
together, the photocurrent response is greatly enhanced (425.6 nA). The
addition of AuNPs improves the photocurrent response slightly (512.7
nA). It might be that AuNPs increases the conductivity of the electrode.
The photocurrent response of the AuNPs/WSey/Ti3Cy/CPE in phosphate
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buffer contained different molecules was then evaluated as depicted in
Fig. 2B. The photocurrent response of TCEP, SQA, 4-AP are 1510.2 nA,
1644.5 nA and 2242.7 nA, respectively. It can be seen that those mol-
ecules could enhance the photocurrent response. The three substances
could be easy oxidized by the photogenerated holes of the photo-
electrode and depressed the electron-hole pair recombination. For the
TCEP/SQA system, there was no significant difference from the photo-
current response of TCEP or SQA alone. For the TCEP/4-AP system, its
response was much higher than that of TCEP or 4-AP because of the 4-AP
regeneration from the 4-quinone imine (4-QI) [23]. And the photocur-
rent response was 3155.0 nA. Similarly, signal enhancement of
SQA/4-AP was caused by the regeneration of CBO from the reaction
between SQA, CBT and 4-AP. And the photocurrent response reached
2882.2 nA. However, the highest photocurrent (11180.9 nA) was
observed in the TCEP/SQA/4-AP system. These results clearly demon-
strated that the coexistence of TCEP, SQA and 4-AP had a particularly
good response to the WSey/TigCy/AuNPs/CPE. And the
TCEP/SQA/4-AP system had great potential for increasing the sensi-
tivity of the bioanalysis.

3.3. The mechanism of photocurrent generation

According to the literature, the photoinduced electrons and holes
were efficiently by the light illumination [24], which occurred simul-
taneously in WSey/TizCy composites. Hence, the band gap of WSe; and
WSe,/TizCy were measured by via ultraviolet-visible diffusion reflec-
tance spectra (UV-vis DRS). Single layer WSe, belongs to direct semi-
conductor. In addition, WSey/Ti3Cy is also classified as a direct
semiconductor [25,26]. As shown in Fig. 3 A, B, the band gap of WSe; is
1.30 eV and that of WSey/Ti3Cy is 1.20 eV. The shortened band gap of
WSe, is attributed to the addition of Ti3Cy. As illustrated in Fig. 2B,
under the condition of light irradiation, the photocurrent response of the
WSe,/Ti3Co/CPE is significantly higher than that of WSe,. The existence
of TizCy not only narrowed the band gap of WSe; but also enhanced its
light absorption ability [27,28].

According to the Mott-Schottky measurements, the type of semi-
conductor can be determined by tangent to the longest straight line of
the curve. As shown in Fig. 3C, the slopes of the tangents were positive,
which illustrated that the samples are n-type semiconductors. And the
flat band potential (Epg) can be inferred from the intersection of the
epitaxial tangent and the abscissa. Thus, the Egg of WSe; and TizCy, were
around - 0.5 eV and - 0.25 eV, respectively. Based on the published
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Fig. 1. TEM images of WSe, (A). SEM images of Ti3AlC, (B), Ti3C, (C) and WSe,/Ti3C, (D). Elemental mapping of WSe,/TizCs, (E). (F) XRD patterns of WSe, (a),

TizC, (b) and WSe,/TisC, (c). The insert in (B) is the side view of TizAlC,.
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Fig. 2. (A) The photocurrent response of CPE, WSe,, Ti3Cp, WSey/TizCo, AuNPs/WSe,/TizC, in phosphate buffer (the peak from a to e). (B) The photocurrent
response of AuNPs/WSe,/Ti3C, in phosphate buffer contained different small molecules.
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Fig. 3. UV-vis DRS of WSe, (A) and WSe,/Ti3C, (B). Mott-Schottky of WSe, (C) and Ti3C, (D).

reports, for n-type semiconductors, the Egp is about 0.1 eV higher than
the CB. The CB edge of WSe; is —0.4 eV. The minimum value of VB can
be calculated according to equation (1). Based on the above investiga-

-1.0

tion, the energy level structure diagram was obtained (Fig. 4). Wsez CB
Evp = E, - Ecp e} -0.5 Ti3C2 —— — — >
———Ef=_0.50ev Q
0.0=B=E, = - 0.25 eV &
3.4. Test and verify of redox cycle process —
0.5 VB

As shown in Fig. 5, the feasibility of the proposed PEC RPA strategy
was first investigated by the cyclic voltammogram (CV) behaviors of the
AuNPs/WSe,/Ti3Cy/CPE in different buffer solutions. There was no
obvious redox peak of SQA or TCEP. The 4-AP oxidation peak appeared
at 0.1 V. There was no obvious signal change in the SQA/TCEP system
when the TCEP added to the SQA solution. This clearly indicated that the Fig. 4. Band structures of WSe; and TisCy.
4-AP was more easily oxidized than SQA. The added SQA was reduced to
cyclobutaneoctol (CBO) by TCEP [13]. And then the CBO was oxidized

1.0
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Fig. 5. (A) CV of AuNPs/WSe,/Ti3C, in phosphate buffer contained different small molecules. (B) The local graph of (A) at —0.5 V-0.5 V. (C) UV-vis of 4-AP, TCEP,

SQA, TCEP/SQA, TCEP/4-AP, SQA/4-AP, TCEP/SQA/4-AP respectively.

to cyclobutanetetrone (CBT) by 4-AP. The resulting CBT was reduced
again back to CBO by TCEP. Significantly, in the 4-AP/SQA/TCEP sys-
tem, the peak current further increased compared to that of 4-AP/TCEP
and 4-AP/SQA. It shows that the interaction between the three small
molecules promoted the electron transfer, thereby resulting in the
amplification of the signal.

In addition, the conversion between small molecules was explained
by UV-vis spectra (Fig. 5C). The TCEP alone had no absorption peak.
When 4-AP was detected separately, a distinct spectral profile with ab-
sorption at 240 nm and 300 nm were obtained. When the TCEP was
added to the 4-AP, two new absorption peaks at 210 nm and 270 nm
appeared. Meanwhile the peak value of 4-AP had a blue shift. There was
a wider absorption peak in the system containing SQA. When 4-AP or
TCEP were added to SQA solution, the peak value increased. Especially,
when the three small molecules were mixed, the peak enhancement
effect was the best. Thus, through the interaction of the three kinds of
small molecules, the photoelectric signal can be amplified, and then the
purpose of detection can be achieved.

Herein, a new sensing mechanism for enhancing photocurrent
response was proposed by the arrangement of AuNPs/WSes/TizCa
levels. As displayed in Scheme 1, upon light illumination, the electron-
hole pairs of WSe, were separated. According to the UV-vis DRS
(Fig. 3), the mixing of Ti3Cy narrowed the band gap and enhances the
ability of WSe; to absorb visible light (Fig. S2). In order to suppress the
recombination of electron-holes, a continuous supply of electrons was
needed. In phosphate buffer solution, which containing SQA and TCEP,
the SQA was reduced to CBO by TCEP. Then the generated CBO was
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oxidized step by step to CBT by 4-AP. And the resulting CBT was reduced
again back to CBO by TCEP. This catalytic cycle allowed electrons to be
continuously supplied to the solution, thereby resulting in the amplifi-
cation of the photocurrent response. AuNPs absorb visible light and can
transfer the electrons to the CB of the WSe,. Moreover, the E¢ of Ti3Cy
was lower than the CB of WSe,, which was more convenient for electron
transfer. Finally, electrons were transferred to the CPE surface to achieve
the purpose of detection.

3.5. Characterization of the PEC biosensor fabrication

The principle of RSV detection was shown in Scheme 1. AuNPs/
WSe,/Ti3Cy was firstly modified onto CPE. Then SH-FP was immobilized
onto it. After the RSV target being added it was amplified with RPA and
SA-ALP was attached. 4-APP was catalyzed into 4-AP. The dual redox
cycling amplification of TCEP/SQA/4-AP was triggered. This catalytic
cycle allowed electrons to be continuously supplied to the solution,
thereby resulting in the amplification of the photocurrent response.

As shown in Fig. 6A, the bare CPE exhibited the small semicircle, and
the R value is 250 Q. After the WSey/TisC, being drop-cast onto the
surface of the CPE, the R value of the WSe,/Ti3Cy/CPE got bigger,
indicating that the film formed by the composite material hinders the
transfer of electrons to the CPE. But when the WSe,/Ti3Cy/CPE was
modified with AuNPs, the WSey/Ti3Co/AuNPs/CPE showed a smaller
semicircle and the R, value was about 400 Q. It is attributed to the
excellent conductivity of AuNPs. While SH-DNA, MCH, the products
were amplified by RPA and SA-ALP were connected to the WSey/TizCa/

QI LBT,

TCEP

on e\
S

*4-APP

&= AuNPs/WSe,/Ti,C,

< SH-TP
® MCH
. ‘ Biotin
SA ALP

‘

Scheme 1. Schematic experimental procedure for the detection of RSV using RPA and TCEP/SQA/4-AP double redox cycling amplification based on AuNPs/WSe,/

Ti3C, modified electrode.
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Fig. 6. ESI (A) of (a) CPE, (b) WSey/Ti3Co/CPE, (c) AuNPs/WSe,/Ti3Co/CPE, (d) SH-RP/AuNPs/WSe,/Ti3Co/CPE, (¢) MCH/SH-RP/AuNPs/WSe,/Ti3C,/CPE, (f)
Biotin-RP/MCH/SH-RP/AuNPs/WSe,/Ti3C,/CPE, (g) SA-ALP/Biotin-RP/MCH/SH-RP/AuNPs/WSe,/Ti3Co/CPE. (B) PAGE analysis. M, Marker; +, Target; -, Non.

AuNPs/CPE step by step, the relative Re; increased correspondingly. This
phenomenon indicates that their insulation effect or space effect hinders
the electron transfer on the electrode surface. The RPA amplification
process was demonstrated by PAGE (Fig. 6B). Lane M is a Mark; Lane-is
the product of RPA with each other but without target. When target was
introduced into RPA, one band is clearly displayed in Lane + to indicate
that successful amplification of RPA. The successful construction of this
biosensor is verified by the PEC response (S4). The results illustrated
that this biosensor was fabricated successfully.

3.6. Analytical performance of PEC biosensor

Under the optimum experimental conditions, the quantitative anal-
ysis performance of the PEC biosensor was investigated. Conspicuously,
when the RSV concentrations increased, the photocurrent response of
the obtained PEC biosensor raised continuously. An ideal linear rela-
tionship between the photocurrent response of the biosensor and the
logarithm of RSV concentration was obtained. The linear regression
equation was I (pA) = 0.7730 log C (fM) + 6.932 (R% = 0.9964) with RSV
concentration in the range from the 0.2 fM to 80.0 fM (Fig. 7). The
comparisons are provided in Table 1. meaning of I, C and R were the
photocurrent response, the RSV concentration and the correlation co-
efficient. LOD was 30 aM. RSD was 3.2% at 1.0 fM.

3.7. Stability, and selectivity of the PEC biosensor
As shown in Fig. 8, the stability of the PEC biosensor was investigated

by measuring every six days. And after thirty days storage, the PEC
biosensors were monitored. The photocurrent response retains the

Table 1
Comparison of PEC biosensor and other methods for RSV detection.
Methods Linear range LOD Ref
Colr* 0.1-10 pg/mL 0.04 pg/mL [29]
ELISA 0.5-50 pg/mL 0.5 pg/mL [30]
PEC 0.2 fM-80 fM 30 aM This work

# Coll: colorimetric immunoassay; ELISA: enzyme-linked immunosorbent
assay.

initial 97.8% that there was not changed obviously. Hence, the PEC
biosensor exhibited excellent stability. As for repeatability RSD of PEC
response is 3.52% for five consecutive cycles.

The selectivity of the PEC biosensor was monitored by testing several
interfering substances, including influenza virus types A (Flu-A),
adenovirus (ADV), human rhinovirus (HRV) and human meta-
pneumovirus (HMPV). The blank test photocurrent response demon-
strated that there had no difference in comparison with interfering
substances (Fig. 8C). While RSV was tested as the detection sample, a
dramatically raised photocurrent response was recorded. In addition,
when those interfering substances were mixed with RSV, the result that
exhibited no significant variation (98.7 + 2.3%) in the photocurrent
response compared with that of RSV alone. It illustrated that this
biosensor showed an excellent selectivity towards RSV assay.

3.8. Detection of RSV in practical samples

The feasibility of clinical detection of this sensor was investigated by
the method of adding standard recovery. Collect throat secretions of

9
g- - <9 —
- |Blank / f = 8 2
STt o \ = 5
= e = =
5 | 27} &
gaN/ I = z
= g\ = E
DO RRAA -
0 90 180 270 0 20 40 60 80
Time /s c/tM

Fig. 7. Calibration plot between photocurrent signals and concentrations of RSV in the concentration range of 0.2 fM-80.0 fM (A, B). The data points were averaged

from eleven electrodes (n = 1).
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Fig. 8. Stability, repeatability, and interference studies of PEC sensor towards RSV detection. The content of RSV being 80.0 fM.

healthy people, and add RSV with concentrations of 1 fM, 3 fM, 5 fM and
7 fM to the secretions. The sensor constructed as described above was
used as the working electrode for testing. The experimental results were
shown in Table S1. The recoveries are between 95.8 and 105.0%. The
standard method qRT-PCR [31] was also used for comparison. It shows
that results of this method are in good agreement with those obtained by
qRT-PCR. It indicated the method had good precision and excellent
clinical application potential.

4. Conclusion

A photoelectrochemical biosensor based on double redox cycle
amplification technology combined with RPA amplification technology
was developed here. Firstly, the combination of titanium carbide and
tungsten diselenide yields an excellent photosensitive material that can
effectively prevent electron-hole pairs from forming fast recombination.
Secondly, a new method of effective charge separation through TCEP/
SQA/4-AP double redox cycle is proposed. The rapid and efficient
feature of RPA isothermal amplification technology is also used to
achieve rapid and highly sensitive RSV virus detection. The sensor is
inexpensive, easy to operate, has wide applicability, and has develop-
ment potential, providing a new method for the detection of other
biomolecules.
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