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ABSTRACT

Herein, an ultra-sensitive photoelectrochemicalsénsor based on 30,:CdS
nanocomposite was established for the selectivectien of microRNA159c.
Ti3C,:CdS nanocomposites were used as optoelectronieriadatbecause IT,.CdS
interaction effectively separates photogeneratedtigins and holes, and significantly
improves the high photoelectric conversion efficken Firstly, TgCy:CdS
nanocomposite was deposited on the surface ofltiogirfe-doped tin oxide (FTO)
electrode. After the chitosan (CS) was dropped,SHemiRNA were bonded on the
electrode surface via the S-Cd bond. Then 6-mesbaptnol (MCH) blocked the
unbound site, the DNA strand was introduced to iaybe with the target SH-miRNA.
At this time, the obtained photocurrent graduallgcrases. Subsequently, the
photosensitizer TMPyP as signal amplification wasdified, the photocurrent
increased significantly. The target SH-miRNA wastedeed based upon the
photocurrent change originated from quantities geasf TMPyP. Working under the
best experimental conditions, the sensing platfbat good stability, selectivity, and
high sensitivity. The detection range for miRNA158as 1.0x16-1.0x10"mol-L",
and the detection limit was approximately 33 fmdl-The detection of miRNA159¢c
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in human serum provided a huge opportunity to exptbe relationship between the
abundance of this miRNA and the incidence of breasicer (BC), and to further
achieve effective detection of BC.

Keywords. Photoelectrochemical sensor;3Ji:CdS; miRNA159c; photosensitizer;

strand hybridization

1. Introduction
MicroRNA (miRNA) is a type of endogenous noncodiRINA found in

eukaryotes that has regulatory functions and isamately 20-30 nucleotides long
(Yi et al., 2019; Bai et al., 2020). Its expressisrrelated to the growth of various
human cancer cells (Liu et al., 2019; Li et al.2@0Wu et al., 2019). For example,
MiRNA159 is involved in the development of BC. Aedr group found plant
MiRNA159c in human serum, and its abundance imsevas related to the incidence
and progression of breast cancer patients. It plewed for the first time that
MiRNA159c can affect the growth of BC cells (Chih &., 2016) and have
anti-proliferative capacity against breast cancelisc Therefore, detection of the
MiRNA159c can further directly and effectively mtmmi the patient's condition and
realize the effective detection and treatment ofdrs in BC patients. Traditional
MiRNA analysis and detection methods include bhiridization, microarray, and
real-time quantitative polymerase chain reactiarrecent years, a series of analytical
methods have been developed, such as the comlinaitiamplification reactions
with electrochemistry (Yang et al., 2020; Lu et 2D20; Wang et al., 2020; Miripour
et al., 2020), fluorescence (Zhao et al., 2020; yvanal., 2020; Li et al., 2020),
surface-enhanced Raman scattering (Wang et al9; ZBilet al., 2020; Cao et al.,
2020), and DNA nanotechnology (Shen et al., 2040etLal., 2020), which have
significantly improved sensitivity. However, thesaes existing detection methods
require a large number of initial samples during dhnalysis process or involve a large
number of manual operations and complex processiablems, which hinder their
further development and application. Photoeleceadbal analysis has the
advantages of low background signal, high sensjtigood specificity, etc., and the
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equipment is simple and inexpensive (Devadoss.eR@l5; Zhang et al., 2020). It
has become a biological analysis method with gapatication value in the fields of
immunosensing and biomolecule determination. Tloeeefthis work intends to use
photoelectrochemical methods to achieve highlyiseasletection of miRNA159c.

It is well known that improving detection sensityvis very important for trace
samples, especially for complex biological samphdgpresent, improving sensitivity
involves, on the one hand, the development of pightoelectric efficiency materials
and, on the other hand, the use of signal trangmnisyr amplification modes. The
materials used include CdS, CdSe, CdTe and otreartgon dot materials, as well as
GO-CdS, MOF-GN4, ZnSe-COOH, Ti@nanorods/Au NP composites, etc. However,
there are still many deficiencies in the existingpfoelectric materials or films in
practical applications, such as low photoelectanwersion efficiency, poor stability,
and poor repeatability. Some materials meet soopgneEments to a certain extent, but
some require a large number of initial samplesru@nalysis or involve a large
number of manual operations and complex processgihigh directly limit the further
improvement of the performance of photoelectrocleaimsensors. These problems
directly limit the further improvement of the pemfioance of photoelectrochemical
sensors. Therefore, the exploration of new photaiomaterials is still necessary.

In recent years, new two-dimensional materialsansition metal carbides
(MXenes)y—have become an emerging research area. As a nesitiva metal
MXenes are widely used in batteries (Xie et al140 electrocatalysis (Wang et al.,
2019), thermoacoustic devices (Gou et al., 2019)esapacitors (Mu et al., 2019;
Li et al.,, 2020), energy conversion (Anasori et &017) and Photodegradation
(Huang et al., 2020). Among themzT} has become a research hotspot because of its
excellent performance and has played an importdatin many fields. In this work, a
method for the composite use of3d3 and CdS materials was proposed. The
successful implementation of various applicatiohsTieC, largely depends on its
excellent electronic conductivity, rich exposed ahaites and numerous hydrophilic
functions (Liu et al., 2018). 3TC,, as a two-dimensional (2D) layered structure, can
effectively improve the efficiency of electron-hadeparation because of its higher
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electron transport capability (Hemanth et al., 2020azaei et al., 2013; Peng et al.,
2016; Zhang et al.,, 2020). So it is considered afiethe most promising
light-absorbing materials due to its higher ligkabslity and absorption coefficient.
Cadmium sulfide (CdS) has very good photoelectraperties in the visible range
(Liu et al., 2018). As the scale decreases, itlathidifferent optical and electrical
characteristics from its bulk and thin film matésialhe quantum size effect of CdS
causes the energy level of CdS to change. Dueettrdb recombination and complex
lattice structure of quantum dots, electron-holiespare easily recombined. Therefore,
can the combination of 3T, and CdS QDs be used as a new optoelectronic @&teri
To answer this question, a sensing platform baseal T;C,:CdS nanocomposite was
established in this work. The band gap of two-disi@mal layered EC, could match
with energy level of CdS. After CdS QDs excited doy external light source, the
photogenerated electrons are quickly transfer ftbme valence band (VB) to the
conduction band (CB). €, was able to promote the charge transformation and
utilization because of its high electron transnmsscapacity. It is beneficial to
transfer the photogenerated electrons to the cdinduband of T4C, (Yao et al.,
2020), and realize the effective separation of pipemnerated electrons and holes.
Therefore, TC,:CdS nanocomposite achieving higher photoelectanversion
efficiency (Scheme 1).

Porphyrins and metalloporphyrins exist widely intura and in organisms. Each
atom is highly conjugated on the same plane, aaddmplex properties are stable. It
can be evenly distributed as a monomer in water @ interact with various
biological macromolecules. The porphyrin TMPyP Eed as a photosensitizer to
achieve signal amplification and obtain an enhanphkdtocurrent. The working
platform can eliminate background signals and &ffelty improve sensitivity. Based
on the excellent characteristics of the sensog ftatform was used for specific

detection of microRNA159c.
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Scheme 1. Schematic diagram of the steps in the constructfanphotoelectrochemical biosensor

and electronic delivery process.

2. Experimental

Reagents and chemicals, equipment, and some gbthgons used are provided
in the supporting materials(Please seen in Supmgphtformation).
2.1 Synthesis of TizC,, CdS QDs and Nanocomposites

The well-formed TC; flakes were prepared according to the literatti@afg et
al., 2020), and the preparation process was adjuté g of LiF and 20 ml of 9 M
HCI solution were uniformly mixed and reacted Hygieand it was found that LiF was
completely dissolved. Then, 0.5 g okAIC, was added to the reaction system, and
the temperature was raised to 35o0r 24 h.The product was centrifuged at 5,000
r-min® with secondary water and absolute ethanol, respéet The product was
added with 100 mL of secondary water for 1 h. Gligation again, drying at 60
to obtain T§C..

CdS QDs were prepared according to the literatune €t al., 2018). 172
3-mercaptopropionic acid was added to 40 ml of 20 b CdCl, solution, adjusted



to pH=11 with NaOH, and passed throughfdf 30 minutes. 40 mL of 20 mmoliL
TAA was introduced into the reaction system, andtée to 80 for 2 hours. Then,
cool at room temperature, addabsolute ethanottéetd overnight, and centrifuge to
obtain CdS QDs.
2.2 Synthesis of TizC,: CdS Nanocomposites

5 mg TgC, was dissolved in 5 mL of deionized water and sateid for 30
minutes. Add 325L of CdS QDs, sonicate for 2 hours, through elestatic bonding.
2.3 Construction of the PEC biosensor platform

The experimental procedure is show in scheme Ind?ly, FTO conductive
glass (Huanan Technology Co., Ltd.) was ultrasdlyicaashed three times with
secondary water and,8sOH and dried in an oven overnight. Subsequently, a
uniform solution of 3QuL of TizC,:CdS composite material was uniformly dropped on
the surface of the clean bare FTO electrode (0.5xcf.9 cm), dried at room
temperature, and allowed to stand for 8 h. Theddelectrode was then slowly rinsed
with deionized water and blown dry with,No successfully obtain a modified
TisC:CdS/FTO. Next, fuL of CS (1x10°mol-LY) was dropped onto the surface of
the modified electrode and dried at room tempeeator 1 hour. Rinsed slowly with
TE buffer solution to remove excess CS on the eldetsurface, then blown dry with
N».. Then, 30uL of the target miRNA was dropped onto the surfatéhe electrode
and incubated overnight at 4°C. Rinsed slowly with buffer solution to remove
unbound DNA, then blown dry with AN After that, 20uL of MCH was added
dropwise to the electrode slice to block the exdmsding sites for 1 h. Rinsed with
TE solution to remove excess MCH and blown dry. A[H&0 uL of DNA (2x10°
mol-LY) was dropped onto the electrode and incubated atfdr 105 minutes to
completely hybridize the DNA strand to the RNA sttaThen, 2QuL of TMPyP (20
umol- L) was added dropwise to the electrode surface mcubated for 3 hours.
Rinsed and blown dry. Then, the sensor construet@s complete (Scheme 1).
2.4 PEC measurement

The electrochemical workstation was equipped withxemon lamp with a
wavelength of 200-1100 nm as a light source, agldi-ldark current interleaving is
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performed every 20 seconds. The test solution waB% buffer solution with an AA
concentration of 0.1 molt.

3. Results and discussion

3.1 Characterization of materials

First, TEM was used to explore the morphology & base material 3T, and the
nanocomposite IC,:CdS. The etched IT, had a better layered structure ( Fig. 1A).
AFM hatching images indicate that the height afC}iis about 2 nm. (Fig. S1). EDX
shows that BC, is composed of two elements, Ti and C, and wasesstully
prepared (Fig. 1B). Through the combination of pesiand negative electricity (Fig.
S2), the quantum dots were densely adsorbed osutti@ce of TC, (Fig. 1C). Clear
lattice fringes of CdS QDs were also observed tinodR-TEM (Fig. 1D), and the
structure is a sphere with an average size of appedely 4.3 nm. The XRD pattern
of the sample was recorded (Fig. 1E) (Devados$,2@L5; Luo et al., 2016). It also
shows that the aluminum layer in titanium alumincembon is completely etched, and
Ti3C, has been successfully prepared.

To investigate the light absorption of hanomatsristhe UV-visible absorption
spectra of the 3C,:CdS, TyC, and CdS were measured (Fig. 1F) (Mostafa et al.,
2020; Zhang et al., 2018). After the nanomaterladoabs ultraviolet and visible
radiation, charge transitions occur, and then aisdmaped absorption spectrum is
generated. The position of the spectral peak id tse@letermine the light utilization
efficiency of the material. According to the speat; TkC, has a small amount of
absorption in the ultraviolet-visible spectrum wiangth range, while CdS has a
strong absorption in the range of 200-400nm. Itowvious that the ultraviolet
absorption intensity of the composite material @ases and a redshift occurs. This
shows that compared with a single material, dudn¢ointeraction of &C, and CdS,
the composite material has better absorption agtehiutilization of light. At the
same time, the electron affinity of the compositatenal increases, the maximum
absorption wavelength shifts in the long-wavelenglinection, and the energy
required for the electron transition decreasesréibee, TsC,:CdS has strong optical

properties.
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Fig. 1. (A) TEM image of TiC,, (B) EDX of TisC,, (C) TEM image of HC,:CdS, (D) HR-TEM
image of CdS.(E) UV-vis of CdS, 300, and TiC,:CdS, (F) XRD patterns of &, and TAIC,
X-ray photoelectron spectroscopy (XPS) was usemhvestigate the molecular
structure and chemical bonding of the(iCdS composites(Fig. 2) (Liu et al., 2018;
Li et al., 2019; Braic et al., 2015; Chang et 2019; Pazniak et al., 2019). XPS can
accurately measure an atom's inner electron bindmeygy and its chemical shift,
providing many types of information for chemicalsearch. The XPS overall
spectrum of the complex (Fig. 2A) and the analg$isach element (Fig. 2B) are as
follows. In CdS, Cd gives rise to two absorptiorakse Cd 3¢, (405.33 eV) and Cd

8



302 (411.98 eV) ; Two S peaks also appear: $,2161.52 eV) and S 2p (162.54
eV). Ti 2p has four characteristic absorption pe#ks peak positions are 455.09 eV,
458.72 eV, 461.07 eV, and 464.35 eV, and the cporeding bonds are Ti-C, Ti = O,
Ti-C, and Ti = O. C 1s shows four absorption peakh peak positions at 281.31 eV,
284.75 eV, 286.11 eV, and 288.23 eV. The correspgnchemical bonds are C-Ti,
C-H, C-O,and C=0.
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Fig. 2. XPS survey spectra analysis for (A)Ji:CdS, (B) plots of (a) Cd, (b) S, (c) Tiand (d) C.



3.2 Photoel ectrochemical and EIS behaviors of modified electrodes

We studied the PEC behavior of modified electrddesarying degrees (Fig. 3A).
The PEC response photocurrent of the bare electsoalenost zero. When J¢,:CdS
is modified on the electrode surface, the curreathes a maximum value of 31L&
(curve a), indicating that the nanocomposite haslguhotoelectric properties. When
CS, DNA, MCH, and miRNA were sequentially modifiedto the electrode surface,
the photocurrent decreased gradually (curves d, e) until it reached a minimum
value of 3.4uA. It may be that the modifier is loaded onto thectode surface layer
by layer, and the substance itself has poor condiyctresulting in an increase in
resistance and a decrease in photocurrent. Firedligr the photosensitizer loading
was complete, the photocurrent increased to iAZue to the sensitization and
catalysis of the photosensitizer TMPyP (curve f).

At the same time, to explore the electron condugtief different modified
electrode surfaces, electrochemical alternatingectiimpedance spectroscopy (EIS)
was used to characterize the diameter of the higdnaency semicircle equivalent to
the resistance of the electrode surface electranster process (Fig. 3B). The
impedance solution was a 0.01 mét-PBS buffer solution containing 0.2 mM; ke
(CN) ¢), K4[Fe (CN)g] and 0.01M KCI, pH = 7.4. It can be intuitivelyesefrom Fig.
3A that when the solution resistance and variodaration conditions are ignored,
when TgC,:CdS is modified on the electrode surface, the diamof the semicircle of
the modified electrode becomes larger than thathefbare electrode; that is, the
electron transfer resistance (Ret) increases (cayv&he reason for this finding may
be the poor conductivity of the modified materfalibsequently, when chitosan (CS),
DNA, MCH, and miRNA were sequentially connectedthe electrode surface, the
impedance value of the entire electrochemical segrsmlually increased (curves b, c,
d, e). This indicates that the modifier was sudcdlgsloaded onto the electrode
surface. The increase in the resistance value mayebause the DNA and miRNA
strands are long-chain polymers, which have almustelectrical conductivity.
Modification of the electrode surface increases diféculty of electron transfer.
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When the photosensitizer TMPyYP is loaded onto kbetr@de surface, the diameter of
the semicircle decreases, and the resistance desteMost likely due to the
sensitization and catalysis of the photosensitittex, electron transfer ability of the

electrode surface is improved, and the impedanke s reduced.

3.3 Optimization of PEC measurement conditions

In this experiment, in order to improve the semgitiand efficiency of the whole
experiment, we have optimized several conditiamduding miRNA incubation time,
photosensitizer incubation time and concentratiorst, whether the incubation time
of mIRNA is sufficient directly affects whether tHeNA and miRNA hybridize
completely (Fig. 3C). By optimizing the experiméimne, it was found that the
photocurrent reached a larger value when the inmubdime was 105 minutes.
Second, the concentration and incubation time oPyMare also key to ensuring full
linkage to the hybrid duplex. The optimal concetirawas 20umol-L* (Fig. 3D),
and the optimal incubation time was 3 hours (Fig). 3Jnder these conditions, the
photocurrent is large, and the current is relayivaiable. Subsequent experiments

were performed using these optimized conditions.
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mMiRNA159c, (D) the incubation time and (E) concatitm of TMPyP.

3.4 Performance analysis of the devel oped biosensor

To prove the superiority of the photoelectric pmbies of the TiC,:CdS
nanocomposite, we performed photocurrent testb@rcamposite, quantum dots, and
pure TgC, (Fig. 4A). The corresponding photocurrent resporsdaes were 31.08A
(curve a), 7.931A (curve b), and 2.53RA (curve c). It is clear that the photocurrent
of the composite material is much higher than tfa single material and has good

photoelectric properties, so the composite wasctaleas the photovoltaic material
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for the experiment.

Under the optimized experimental conditions, thetpburrent response of the
designed sensor was enhanced as the miRNA159c rdosiien increased. The
miRNA concentration range was 1.0%10.0x10%mol-L™* (Fig. 4B). There was a
good linear relationship between the photocurrentd d@he logarithm of the
MIiRNA159c concentration (Fig. 4C). The linear regien equation is | =
0.9837Igc+17.923, the correlation coefficient /5=R0.9997, and the detection limit is
33fmol-L™. Compared with other experimental methods foraliztg miRNA (Table
S1), the sensor platform in this strategy has a&miihear range and lower detection

limit, which shows the excellent performance of skeasor.
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Fig. 4. (A) Photocurrents of the different material: (apCe:CdS, (b) CdS, (c) ¥C, , (B)
Photocurrent response of different concentraticnmi®NA159¢c and (C) Calibration curve of

biosensor  platform:  (a)IBmol-L?*,  (b)10"mol-L*, (c)10"mol-L*,  (d)10°mol-L?,
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(e)10°mol- L™, (H10%mol-L?, (g)10’mol- L%, (h)10°mol- L™

3.5 The stability and selectivity of the constructed PEC biosensor

To evaluate the selectivity of the designed sersame interfering substances
were selected and added to human serum samplesefection, including a
single-base mismatch target (1MT), a three-basematish target (3MT), a
noncomplementary sequence (NC), and DENV (Dengues)at a concentration of
1.0x10" mol- L* instead of miRNA159c with a concentration of 1.0%inol- L. The
mixed sample contained all interfering RNA in aduitto the target (Fig. 5A). It is
found that in all interference experiment groupscept for the sample group
containing MiRNA159c, the PEC response was sigmtiy enhanced after chain
hybridization and photosensitizer loading. Therefdhe detection results show that
the photoelectrochemical sensor of this strategy dwod selectivity for the target
MiRNA.

In addition, the storage stability of the sensor swdested. The
photoelectrochemical sensor of the target miRNA1WEAs stored in an environment
at 4C for 33 days. The final test showed that the phat@nt could reach 90% of
the original value. At the same time, the photoenirrresponse for 9 consecutive
cycles was recorded with a relative standard dewiadf 2.08% Fig. 5B). The results

show that the sensor has excellent stability apdatbility at room temperature.
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Fig. 5. (A) The responses for different interferences with 10 times concentration, (B) The
stability of the constructed PEC biosensor at 9esy¢the concentration of miRNA-159¢c was

1.0x10% mol- LY.

3.6 Detection in actual serum samples

The standard addition method was used to expl@&eagiplication of the sensor
in serum samples from BC patients (Table S2). Térmns comes from the First
Affiliated Hospital of Anhui Medical University. NRNA159c with different
concentration gradients was added to the serumlsanifhe concentration of added
miRNA159¢ were 0, 1Gmol-L*, 100 nmol-L*, 200 nmol-I', 300 nmol-[*.
According to the calibration curve (Fig. 4Che amount of miRNA159c was
determined in the serum sample. The calculated veago range was from
98.89-107.92%, and the relative standard deviatwas 1.91-2.43%. Studies have
shown that the constructed sensor has high sahsiéimd excellent stability, which
indicates that the designed PEC sensor has geesbiigy in the detection of miRNA

and is expected to be applicable to the clinicahmooing of breast cancer.

4. Conclusion

In brief, this work uses IC,:CdS nanocomposites with excellent photoelectric
properties as photoelectric materialsChihas high electron transport capability, high
electrical conductivity, high light stability, ar@dS quantum dots (QDs) have unique
photoelectrochemical properties. The two are costbias optoelectronic materials.
When a light source is added, CdS photogeneragatrehs quickly transfer from the
valence band to the electron conduction band. Wioégs are left in the valence band,
TisC, can help adjust the direction of electron transfed increase the yield of
photogenerated electrons. It effectively reducesealectron-hole reorganization and
expands its light-capturing ability. In additionVPyP is a photosensitizer that plays a
role in signal amplification. The designed biosenisas a relatively wide detection
range, low detection limit, good stability and gSfieity, easy operation and low cost.
The range is 1.0x181.0x10%%mol-L', and the detection limit is 33 fmol'LThis
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novel biosensor for detecting miRNA159c providedsiable option for sensitive

detection of other types of microRNAs.
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