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Abstract

In,03@Cu,MoS, nanocomposite with superior photoelectrochemical (PEC) performance is used for the first time as a
photoactivity material, and a signal-off PEC biosensing platform for miRNA detection has been successfully constructed.
Firstly, the Cu,MoS,4 nanosheets are synthesized by a hydrothermal method, and then, the homogeneous In,O3 nanoparticles
(InyO5 NPs) are synthesized by calcination in the air. The In,O3@Cu,MoS, nanocomposite is constructed with the Cu,MoS,
nanosheets as matrix and In,O3 NPs as sensitizer through a layer-by-layer assembly strategy. The nanocomposite with a tight
interface and the matched band structure restrains the electron-hole pair recombination. Under visible light (400-700 nm), the
nanocomposite exhibits a strong initial signal. With the catalyzed hairpin assembly, dozens of PbS quantum dots (QDs) are
introduced on the surface of an electrode, significantly reducing the photocurrent of n-type In,O; @Cu,MoS,. Since PbS QDs
can compete with the nanocomposite for light energy and electron donors, the signal decreased. Under optimal conditions, the
biosensor manifests a broad linear range (1 fM—1 nM) and a low detection limit of about 0.57 fM, at a working potential of 0 V
(vs. Ag/AgCl). The recovery of spiked human serum is between 94.0 and 102%, and the relative standard deviation (RSD) is
between 1.3 and 2.7%. Therefore, the as-fabricated biosensor exhibits a potential for the determination of miRNA-21 in practical

applications.

Keywords Photoelectrochemical biosensor - In,O; @ Cu,MoS, nanocomposite - PbS QDs - Aptasensor

Introduction

Inrecent years, miRNAs have gained increasing attention of
researchers, as miRNAs play an important regulatory role in
a series of gene expressions [1, 2]. The expression of
miRNAs is closely related to the diagnosis, treatment, and
physiological processes in the organism [3]. In addition,
according to the report, various momentous diseases were
interrelated with the aberrant expressions of miRNAs, such
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as cancers, malignancies, and heart disease [4, 5]. Various
techniques have been exploited to detect miRNAs, for in-
stance, colorimetry [6], fluorescence [7, 8],
electrochemiluminescence (ECL) [9], electrochemistry
[10, 11], and capillary electrophoresis [12]. However, due
to the instability of microRNA, low content and short
length, and similar sequences in the microRNA family,
microRNA detection is more difficult. In order to improve
the sensitivity, Bharti et al. designed a carboxylated
graphene oxide decorated with gold-platinum bimetallic
nanoparticles electrochemical bioelectrode for rapid detec-
tion of microRNA-21. The sensor has a wide linear response
from 1 fM to 1 uM microRNA-21 with a detection limit of
1 fM [13]. Chen et al. developed a self-assembled DNA nano-
pompon for microRNA detection with the detection limit of
0.8 pM [14]. There is no doubt that some tremendous progress
has been made in the detection of miRNAs. These analytical
methods still have some non-negligible drawbacks, such as
high background signals, heavy equipment, and cumbersome
operation. Therefore, it is significant to develop a simple and
sensitive biosensor for miIRNA detection.
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Photoelectrochemical (PEC) sensing technology, an
emerged and innovative technology, has gained considerable
attention, due to its unparalleled merits of rapid response,
simple operation, good stability, and easy miniaturization
[15]. Undoubtedly, photoactive materials are an important
part of PEC biosensors. So far, various semiconductor mate-
rials, including Bi,S; [16], BiOI [17], WO3 [18], CulnS, [19],
and Cu,MoS, [20], have received more attention. Among
them, Cu,MoS, is a typical layered semiconductor with abun-
dant resources, no pollution to the soil, and low cost [21].
However, Cu,MoS, suffers from the narrow band gap (~
1.6 eV) which has low photocurrent conversion efficiency
and high electron-hole recombination rate [22]. In a previous
research, Chi et al. developed a sensitized graphene/Cu,MoS,
composite material based on manganese-doped CdS for
the detection of cardiac troponin I, and CdS:Mn nano-
particles expand the light absorption range of Cu,MoS,
and suppress the recombination of electron-hole pairs.
In order to overcome the photocurrent intensity of
Cu,MoS,, some compositing or doping methods have
been introduced to enlarge its light absorption range.

Traditional optoelectronic materials, such as ZnO and
TiO,, have high photoinduced electron-hole-pair recombina-
tion rate and primary absorption in the ultraviolet spectrum,
which severely hinders their practical application under visi-
ble light. As an n-type semiconductor with a band gap of ~
2.7 eV, In,05 is considered a viable candidate for visible light

Scheme 1 The fabrication
process of the sensor

catalyst. However, there are few applications in
photoelectrochemical sensing. More importantly, the energy
band matching between Cu,MoS, and In,O3 promotes the
separation of photo-generated electrons and holes, which is
conducive to electron transfer.

Herein, the In,0; @Cu,MoS, nanocomposite was prepared
by continuous hydrothermal, calcination, and layer-by-layer
assembly method. To our knowledge, In,O;@Cu,MoS,
nanocomposite has not been reported and has not been used
for sensors. Compared with the previous methods, this syn-
thesis method is simple. In,O;@Cu,MoS,; nanocomposite
promotes the separation of electron and hole pairs and pos-
sesses a stronger photoelectric response. It has great applica-
tion prospects in PEC sensors. In order to explore a sensitive
and high specific strategy to detect miRNA, a “signal-oft”
PEC biosensor based on In,O;@Cu,MoS, nanocomposite
was developed. In this biosensor, PbS quantum dots (PbS
QDs) were an effective quencher because PbS QDs can com-
pete for light and electron donors. Scheme 1 describes the
preparation process of the PEC biosensor. After modification
with the In,O;@Cu,MoS, nanocomposite, thioglycolic acid
(TGA) was dripped on the modified electrode. The
functionalization of In,O;@Cu,MoS, nanocomposite by
TGA introduced the carboxyl groups, which can bind to the
hairpin probe (H1) after N-(3-(dimethylamino)propyl)-N'-
ethylcarbodiimide hydrochloride/N-hydroxysuccinimide
(EDC/NHS) activation. Subsequently, the modified electrode
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was incubated with the target of different concentrations and
H2-PbS to generate DNA complexes after blocking the active
sites with bovine serum albumin (BSA). Thus, catalyzed hair-
pin assembly (CHA) was constructed, and the target can carry
out the next reaction to achieve the cyclic amplification. The
CHA process consists of two hairpin structures (H1 and H2).
Hairpin H2 includes a fragment of a sequence complementary
to the hairpin H1. In the absence of target, H1 and H2 maintain
original hairpin structure in solution. Hairpin HI contains the
recognition sequence of the target. In the presence of target,
H1 will fully hybridize with the target miRNA and expand the
hairpin structure of H1. Then, H2 hybridizes with the unfold-
ed H1 and replaces the target miRNA according to the mech-
anism of strand displacement. The H1 sequence hybridizes
with the replaced target miRNA again and initiates a strand
displacement cycle, thereby introducing PbS QDs into the
double-stranded DNA. The CHA process shows great poten-
tial in signal amplification, because CHA is a kinetic-
controlled reaction that does not require any enzymes to re-
lease the target. Therefore, the PEC biosensor exhibited the
performance of sensitive response.

Experimental section
Materials and apparatus

Copper(Il) chloride dihydrate (CuCl,-2H,0), polyvinylpyr-
rolidone (PVP), ascorbic acid (AA), and sodium molybdate
dihydrate (Na,Mo0O,42H,0) were obtained from Sigma-
Aldrich Co., Ltd. (St. Louis, MO, USA, http://www.
sigmaaldrich.com/). Other reagents and apparatus used are
provided in the Electronic Supporting Material.

Preparation of Cu,MoS, nanosheets and In,0;
nanoparticles

According to reference [20], Cu,MoS, nanosheets were pre-
pared by a simple hydrothermal method with slight changes.
In addition, In,O3 nanoparticles (In,O; NPs) are prepared by
calcination in air. The detailed processes are shown in the
Electronic Supporting Material.

PEC measurements

PEC detection was carried out in the phosphate buffer
(0.1 mol L™! NaH,PO,2H,0, 0.1 mol L' Na,HPO,-
12H,0, and 0.1 mol L™' KCI, pH 7.4) containing 0.1 M
AA. The applied potential was 0 V with 400700 nm light
as an excitation source and a light intensity of 20 mW m 2. All
electrochemical experiments were performed with a classical
three-electrode system including a platinum wire counter

electrode, a modified glassy carbon working electrode (¢ =
3 mm), and an Ag/AgCl reference electrode.

Fabrication of PEC sensor

In this study, a glassy carbon electrode (GCE) surface with a
diameter of 3 mm was thoroughly rinsed with alumina powder
of 0.05 wm and then sonicated for 2 min with water and
ethanol. Meanwhile, 2 mg of Cu,MoS, was dispersed in
1 mL ultrapure water and 10 pL of Nafion by sonication to
obtain a suspension. Following that, 10 uL of the suspension
was coated on the cleaning GCE and dried at room tempera-
ture. Then, the resulting electrode was anchored on 10 puL of
In,O5 suspension (2 mg/mL) and then evaporation in the air.
After that, 10 uL of TGA (3 mM) was incubated on the mod-
ified electrode overnight. After washing with water, 10 uL of
the mixed solution containing 10 mM EDC and 20 mM NHS
was dropped on the TGA/In,O3/Cu,MoS,/GCE electrode to
activate the modified electrode for 1 h, followed by washing
with water. Whereafter, 10 uL of hairpin HI (2 uM) was
added to the modified electrode and incubated in a refrigerator
overnight. The physically adsorbed H1 was eliminated by
washing with water. After blocking with 1% BSA for 1 h,
the BSA/H1/In,03/Cu,M0S4/GCE was incubated with
10 puL of target and 10 uL of H2-PbS at 37 °C for 2 h.

Results and discussion

Characterization of Cu,MoS, nanosheets and In,0;
NPs

The morphology of Cu,MoS, nanosheets at different magni-
fications was investigated by a scanning electron microscope
(SEM) in Fig. 1a, b, and c. As can be seen from these pictures,
Cu,MoS,4 nanosheets formed as a square nanoplate with a size
of about 0.8 to 1.1 wm. In Fig. 1d, indium mixed-ligand
metal-organic frameworks (MIL-68 (In)) was rod-shaped
and had a relatively uniform size, which was about 1.1 um.
MIL-68 (In) derived In,O3 NPs presented homogeneous ag-
gregates with a size of about 20 nm (Fig. le, f). The elemental
mapping certified the appearance of Cu, Mo, S, In, and O
elements in the nanomaterial (Fig. S1). In addition, the char-
acterization of PbS QDs is presented in the Electronic
Supporting Material (Fig. S2).

In addition, the crystal structure of the nanomaterials was
verified by X-ray power diffraction (XRD). As illustrated in
Fig. 2a, the diffraction peaks of Cu,MoS, were consistent
with the literature [22], meaning that the Cu,MoS, has been
successfully synthesized. Similarly, all peaks appearing in the
In,O5 NPs were consistent with the literature [23]. In Fig. 2b,
UV-vis diffuse reflectance spectrum (DRS) of In,O3 exhibits
poor photo-absorption. Nevertheless, Cu,MoS, is a broaden
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Fig. 1 SEM images of Cu,MoS, (a—¢), MIL-68(In) (d), and In,O3 NPs (e, f)

absorption range in the visible light. The XPS spectra and
optical band gaps of Cu,MoS, and In,O5 materials are shown
in the Electronic Supporting Material (Figs. S3-S5).

PEC and electrochemical impedance spectroscopy
characterization of the prepared materials

The i-t curves were used to investigate the PEC prop-
erties of Cu,MoS4, In,O3, and Cu,MoS4/In,05. As
shown in Fig. 3a, compared with Cu,MoS,/GCE and
In,03/GCE, the photocurrent signal of In,O3/Cu,MoS,/
GCE is supreme. The photocurrent of Cu,MoS4/GCE is
the second, and that of In,O3/GCE is the weakest. This
demonstrated that the combination of Cu,MoS,; and
In,O3 can suppress the recombination of photo-
generated electron and hole efficiently, thereby improv-
ing the photoelectric signal. In addition, the Nyquist
plots of the materials are depicted in Fig. 3b. A total
of 5 mM [Fe (CN)6]3_/4_ solution is used as the elec-
trolyte for testing. The semicircle diameter of the bare
GCE exhibits the smallest. As expected, after Cu,MoS,
immobilization, the diameter changes sharply, which can

be interpreted to poor electron transfer capability of
semiconductor materials. Whereas, after In,O3; loaded
on the electrodes, the diameter of the semicircle is ex-
tremely reduced, which can be attributed to two mate-
rials with well-matched band structure and the rapid
charge transfer.

Feasibility of the signal amplification method

To verify the cycling process, polyacrylamide gel electro-
phoresis (PAGE) analysis was used to assess the feasibil-
ity of the method (Fig. S6). The bands of lanes 1-3 show
H1, H2, and the target, respectively. As expected, the H1/
H2 mixture showed H1 and H2 monomer bands, suggest-
ing that CHA amplification was prohibited in the absence
of miRNA-21 (lane 5). When the target is added, H1 can
form a hybrid band with the target (lane 4), while lane 6
clearly shows a lower electrophoretic mobility band, indi-
cating that the CHA circuit has been successfully assem-
bled. Consequently, the above results signify that the de-
sign of CHA amplification is feasible.

Fig. 2 a XRD and b the UV-vis a b
DRS of Cu2M0S4 and In203 1.2
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Detection mechanism

In addition, the photocurrent generation and reduction mech-
anism of the sensor are proposed in Scheme 2. Since Nafion
cannot be used for In,O3 solution during the process of fixing
the material, the Cu,MoS, is modified first. In addition, the
electrons in the n-type semiconductor move toward the posi-
tive potential, so the sequence shown in Scheme 2 is adopted.
As can be seen from Scheme 2a, photo-generated electrons of
Cu,;MoS, are excited from the VB to the CB, and photo-
generated holes are generated in VB under the visible light.
Therefore, the photo-generated electrons in the CB of
Cu,MoS, were injected to the CB of In,O3 and then trans-
ferred to the electrode surface, generating an anode signal.
Then, the photo-generated holes in the VB of In,O3 transfer
to the VB of Cu,MoS,, and the holes in the VB of Cu,MoS,
were further consumed by the AA, which existed in the elec-
trolyte. Consequently, the entire process accelerates the mi-
gration of photo-generated electrons between two materials,
avoiding the recombination of electrons and holes.

As PbS QDs were introduced through the CHA reaction,
the photocurrent was reduced (Scheme 2b). Firstly, since
In,0; @Cu,MoS,4 nanocomposite is an n-type semiconductor,
the photo-generated electrons will be transferred to the elec-
trode surface to generate an anode photocurrent, so they will
not be captured by oxygen. In the presence of p-type PbS
QDs, the photo-generated electrons will be transferred to the
electrolyte and then captured by dissolved oxygen (electron
acceptors) in the solution to form O, “(¢), and the photo-
generated holes are neutralized with ascorbic acid, which

Scheme 2 Photocurrent a
generation mechanism of the In,0, CuMoS, }@
biosensor e‘\ (\ &
vl -
1.6eV
¢ |
2.7eV ht
- 1 \\/ AA
h+

Z' (Ohm)

can decrease the concentration of electron donors in solution
mediately [24]. Secondly, the wide absorption of PbS QDs
competes with In,O3@Cu,MoS, to absorb light energy,
which reduces the light absorption of the In,O;@Cu,MoS,
and leads to a reduction in photocurrent [25]. Third, the elec-
tron transfer was retarded due to the steric hindrance of PbS
QDs, which can also reduce the photocurrent response.
Therefore, an effective reduced photocurrent response can
be obtained in the presence of PbS QDs.

Characterization of the as-fabricated sensor

To ensure the complete assembly of the electrode, electrochem-
ical cyclic voltammetry (CV) was employed to characterize
each step of the construction process. Figure 4a shows curve
(1) represents bare GCE with a couple of quasi-reversible redox
peaks. After the electrode surface was modified with Cu,MoS,,
the signal was obviously reduced (curve ii). Afterwards, the
In,O3 was anchored; the redox peak current increased sharply,
indicating that Cu,MoS, and In,O3 have good conductivity and
accelerate electron transfer (curve iii). When H1 is attached, the
steric resistance of the electrode surface is increased; thus, the
redox peak current will have a relatively significant decrease
(curve iv). Non-specific recognition sites were blocked with
BSA, hindering the transfer of electrons and reducing the redox
peak current (curve v). Due to the CHA reaction, many PbS
QDs are assembled. As an electron acceptor, the electron trans-
fer on the electrode surface is reduced, and the redox peak
current is markedly decreased (curve vi).

b .
In,O; Cu,MoS,

N
o e FE = (o

I 1.6 eV
c l 1.2 eV
2

E \Pbs \ 1L
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Figure 4b reveals that the bare electrode (curve 1) dis-
plays a negligible signal. Compared with curve (a), re-
markable photocurrent signal is generated after modifi-
cation of Cu,MoS, (curve ii). This phenomenon can be
illustrated as Cu,MoS, itself is an outstanding
photoactive material, which can generate photo-
generated electrons under the excitation of light. At
the same time, as In,O3 is modified on the electrode
of Cu,MoS,, the photocurrent signal increases sharply
(curve iii). This is because the band structure of
Cu,MoS4/In,O5 is well matched, which can greatly en-
hance the photoelectric conversion under visible light
irradiation. After incubation with HI1, the photocurrent
decreased to some extent (curve iv), which was due to
the spatial inhibition effect. BSA then blocked non-
specific binding sites and increased steric hindrance, so
photocurrent decreased (curve v). When H2-PbS is

modified, the photocurrent is significantly reduced
(curve vi). This result fully proves the successful con-
struction of PEC biosensors.

Effective surface area

To investigate the effect of various fabricated materials on
electrode surface, CV responses were measured at different
scan rates from 10 to 100 mV/s in 5 mM [Fe (CN)¢]* "+
solution. The calculation results are presented in the ESM
(Table S1 and Fig. S7), which can be used to calculate the
current density of different electrodes.

Optimization of experimental conditions

To improve the analytical performance of the designed PEC
sensor, the experimental conditions were optimized,

Fig.5 a Photocurrent response of a N b
different concentrations target 20 . EREENY e 1466 - 184 1a C
(miRNA-21) (0 fM,1 fM, 10 fM, < — —im < 124¢ ST
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different concentrations of target. @ 101 _1301’11:’1“4 @ 61 -~ e e
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Table 1 Performance comparison

of microRNA-21 detection by Method Linear range (pM) Detection limit (fM) Reference
different detection methods
ECL 1.0x10%1.0 10.0 [26]
ECL 1.0 x 107*-100.0 34x%107° [27]
Fluorescence 1.0x107%1.0 x 10° 10.0 [28]
Electrochemistry 1.0x107°-10.0 1.0 [29]
Electrochemistry 1.0x10°-1.0x 1072 5.0x107° [30]
Electrochemistry 0.1-1.0x 10° 68.0 [31]
PEC 1.0x107°-1.0x 10 0.57 This work

including (a) the concentration of AA, (b) the incuba-
tion time of H2-PbS QDs, and (c) the concentration of
H2 (Fig. S8). Details have been discussed in the ESM.
The electrolyte AA (0.1 M), 2 uM H2 probe, and 2-h
incubation time were selected for response studies.

Analytical performance

The photocurrent of PEC biosensor is directly related to the
concentration of microRNA-21. As depicted in Fig. 5a, as the
target concentration increased, the photocurrent is reduced,
which is attributed to PbS QDs assembled on the electrode.

Furthermore, the photocurrent response had a clear linear re-
lationship with the concentration of microRNA-21 (Fig. 5b). The
linear equation is / =— 14.66—1.84lg c, and the correlation coef-
ficient is 0.997. The limit of detection for microRNA-21 was
about 0.57 M (307/S, where o denotes the standard deviation of
8 tests for blank sample and S refers to the slope of the linear
equation; Table S2), which is comparable with previous reported
biosensors for microRNA-21 detection (Table 1).

As is seen from Fig. Sc, after switching on and off the light
for dozens of times within 400 s, the photocurrent has not
decreased significantly, indicating that the sensor has excel-
lent stability. To probe selectivity of the prepared sensor,
blank group and various miRNAs were used to evaluate spec-
ificity. As shown in Fig. 5d, in the presence of various targets:
miRNA-141 (10 pM), miRNA-155 (10 pM), miRNA-203a
(10 pM), compared with the blank group, the photocurrent
signal did not change significantly, while 10 pM miRNA-21
significantly reduced the PEC signal, indicating the good se-
lectivity for the sensor.

Analysis application in real samples

To confirm the practicability of the sensor, standard addition
method was carried out. First, the blood samples were centri-
fuged and the supernatant serum is taken out. The serum was
diluted fivefold with phosphate buffer (0.1 M pH 7.4). No
miRNA-21 was detected in unspiked serum in this method.
Then, different concentrations of microRNA-21 (5 pL) within
the linear range were added to the serum (5 puL). Other

experimental conditions remain unchanged. The photocurrent
was recorded by visible light irradiation at an applied potential
of 0 V. The lamp (20 mW m 2, 400-700 nm) was used as
irradiation source in the PEC test. From the results in Table S3,
the recovery was between 94.0 and 102%, and relative standard
deviation (RSD) was between 1.25 and 2.72%, indicating that
the constructed biosensor had promising analytical applications
in clinical research. However, the modification process of the
sensor is complicated and needs further improvement.

Conclusions

The In,O;@Cu,MoS, nanomaterials were employed as the
photoactive material for the first time. Due to the matched band-
edge levels, the photoelectric conversion of the nanomaterials is
significantly enhanced, which can effectively suppress the recom-
bination of photo-generated electrons. A new type of optoelec-
tronic active material was developed, and with the aid of the
circular amplification strategy of CHA, the detection range and
the application prospect of the sensor were improved. Therefore,
compared with the traditional PEC sensing method of “signal-
oft,” the developed photoelectric-based materials can effectively
improve the sensitivity and selectivity of the sensor. Obviously,
this strategy provides a new method for biological analysis.
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