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A B S T R A C T

MicroRNAs (miRNAs) are regarded as a large variety of cancer-related biomarkers, and they have attracted wide
attentions in recent years. In this work, a novel label-free strategy for the ultrasensitive detection of miRNA-182
(a typical biomarker for lung cancer) based on MoS2/Ti3C2 nanohybrids was suggested. Firstly, modified glassy
carbon electrode (GCE) with massive active sites and good electronic conductivity was prepared for biosensing.
Then, based on this platform a descent signal in differential pulse voltammetry (DPV) peak current could be
observed with the addition of probe RNA with negative charge. Thereafter, with the hybridization of target
miRNA-182 with immobilized probe RNA and the swelling-induced breakage of Au–S bonds between RNA and
the electrode surface, the characteristic DPV signals increase were found. In particular, this biosensing platform
for special miRNAs possessed a good linear detection window in a range from 1 fM to 0.1 nM with a detection
limit of 0.43 fM.

1. Introduction

Cancer endangers human health seriously. It is reported that there
are about 18.1 million new cases of cancer and approximately 9.6
million malignant tumor deaths globally by 2018. Particularly, lung
cancer is a disease with the highest morbidity and mortality in malig-
nancy, and its early and effective diagnosis is of great importance and
necessity (Bray et al., 2018). Compared with traditional detection
methods (chemotherapy, X-ray, computed positron emission topo-
graphies and optical coherence etc.), ultrasensitive detection of cancer-
related biomarkers seems to be more competitive and more promising
in its early diagnosis (Roointan et al., 2018). As a kind of typical cancer-
related biomarkers, miRNAs are a set of short non-coding RNA mole-
cules with about 18–25 nucleotides, which play a vital role in plants
and animals by influencing cell differentiation, proliferation and sur-
vival (Zhu et al., 2011; Rupaimoole and Slack, 2017; Tian et al., 2018).
For example, miRNA-182 shows tissue specificity and sequential ex-
pression in the different stages during lung cancer development or
evolution (Li et al., 2018a, 2018b; Miko et al., 2009). Additionally, a
large number of stable miRNAs have been found in human serum and
plasma, showing good accessibility and convenience of miRNAs de-
tection (Zhao et al., 2010; Resnick et al., 2009; Chen et al., 2008).

Based on the rapid developments of material science, two-

dimensional (2-D) films or flakes (such as graphene, transition metal
dichalcogenides and black phosphorus) are applied to detect molecular
biomarkers due to their large surface area, low biotoxicity, exceptional
biocompatibility and anisotropic electron transporting (Ji et al., 2017;
Kalantar-zadeh and Ou, 2015; Tan et al., 2017; Ryoo et al., 2013; Dong
et al., 2012; Chen et al., 2017). Recently, 2-D transition metal carbides/
carbonitrides (MXenes), which are produced by etching of the A-layers
from Mn+1AXn (MAX) phases selectively (Lin et al., 2016a), have been
revealed as a potential solution for ultrasensitive biosensors, although
only little research has been reported on the detection of miRNAs by
MXenes (Ti3C2) till now. Furthermore, combining 2-D layered materials
with other nanomaterials can achieve better detection by synergetic
effect, such as biofunctionalized 2-D MXenes (Ti3C2) being used to
detect cancer-related biomarker CEA (Kumar et al., 2018; Gan et al.,
2017), MoS2 nanosheets functionalized by poly-xanthurenic acid film
being used for signal amplification (Zhang et al., 2018; Shuai et al.,
2017). Most of these studies focused on increasing its surface area to
improve the electron transfer properties and active sites on the surface,
since the electron transfer events occurr at higher rates at the edge
surface than the basal surface (Chia et al., 2015). In fact, the electro-
chemical performance of Ti3C2 is unstable, resulting from its surface
functional groups (-F, –OH, =O) introduced in its preparation (Fig. S2).
Relevant in-depth research is necessary, and exploring novel strategy
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for Ti3C2-based miRNA detection may be meaningful and attractive.
In this study, MoS2/Ti3C2 nanohybrids were prepared and at-

tempted to use for the ultrasensitive detection of miRNA-182, while the
effective detection range and sensitivity have also been investigated.

2. Experimental sections

2.1. Materials and instruments

Lithium fluoride (LiF) and Ethylene glycol were obtained from
Nanjing Chemical Reagent Co., Ltd. (Nanjing, China). Hydrochloric
acid (HCl), ethylenediaminetetraacetic acid (EDTA), potassium chloride
(KCl) and Thiourea (SC(NH2)2) were purchased from Shanghai Lingfeng
Chemical Reagent Co., Ltd. (Shanghai, China). Gamma alumina powder
(particle size≤ 0.05 μm) was bought from CH Instruments, Inc. (USA).
Gold Nano-particles (AuNPs, particle size≤ 20 nm) and ammonium
molybdate tetrahydrate ((NH4)6Mo7O24.4H2O) were purchased from
Shanghai Maclean Biochemical Technology Co., Ltd. (Shanghai, China).
Bovine serum albumin (BSA) was purchased from Shanghai Yuanye
Biological Technology Co., Ltd. (Shanghai, China). Diethyl pyr-
ocarbonate (DEPC) water was bought from Hefei Xinenyuan
Biotechnology Co., Ltd. (Hefei, China). Magnesium chloride (MgCl2)
and calcium chloride (CaCl2) were bought from Xilong Science Co., Ltd.
Potassium hexacyanoferrate (III) (K3Fe(CN)6, ≥99.5%) was purchased
from Aladin. Potassium hexacyanoferrate (II) trihydrate (K4Fe
(CN)6•3H2O, ≥99.5%), tris(hydroxymethyl)aminomethane (Tris) and
sodium chloride (NaCl) were obtained from Shanghai Sinopharm Group
(Shanghai, China). All vessels and tips were soaked in DEPC water for
24 h before being used to minimize the effect of RNase on miRNAs
stability. All the oligonucleotides were synthesized by Shanghai Sangon
Biological Engineering Technology Co. Ltd. (Shanghai, China) and their
sequences were as follows:

Probe RNA: 5′–SH–(CH2)6 -UUU UUA GUG UGA GUU CUA CCA
UUG CCA AA-3’.

MiRNA-182: 5′-UUU GGC AAU GGU AGA ACU CAC ACU-3’.
Single-base mismatch: 5′-UUU GGC AAU GGU CGA ACU CAC ACU-

3′
Three-base mismatch: 5′-GUU GGC AAU AGU AGA ACU CAC AAU-

3′
All solutions used in this work were formulated from DEPC water.

The stock solution of probe RNA was prepared in SSPE buffer con-
taining 0.02M EDTA, 2.98M NaCl and 0.20M phosphate buffer
(20× diluted, pH=7.4). The stock solution of miRNA-182 was pre-
pared in Tris-HCl, including 0.02M Tris, 0.14M NaCl, 0.001M MgCl2,
0.005M KCl and 0.001M CaCl2 (pH=7.4). The rinsing solution was
mixed phosphate buffer (PBS, pH=7.4). All solutions and oligonu-
cleotide were kept at −4 °C.

Scanning electron microscope (SEM, Inspect F50, FEI), transmission
electron microscopy (TEM, G220, FEI) and X-ray diffraction (XRD,
Smartlab-3, Rigaku) were used to observe the morphologies and crystal
structures of MoS2/Ti3C2 nanohybrids. Ultra-pure water used in this
work was provided by an UPT- II-10T water purifier (Xi'an Youpu
Instrument Equipment Co., Ltd.). XPS characterizations were acquired
on a PHI Quantera II Scanning XPS Microprobe spectrometer with Al Ka
monochrome X-rays (hv=1486.6 eV) source. All the binding energies
of the XPS spectra were reference to C 1s peak at 284.8 eV.
Electrochemical measurements were performed on a CHI660E electro-
chemical workstation (Shanghai Chenhua Instruments, China). A con-
ventional three-electrode system, consisting of GCE with the diameter
of 3.0mm, an Ag/AgCl electrode as reference electrode and a platinum
wire auxiliary electrode was used in all electrochemical measurements.
The involved electrochemical techniques were cyclic voltammetry
(CV), A.C. impedance (EIS) and differential pulse voltammetry (DPV).
All the electrochemical measurements were operated in PBS buffer
(pH=7.4), containing 0.1 M KCl and 2.5mM [Fe(CN)6]3-/4-.

2.2. Preparation of MoS2/Ti3C2 nanohybrids

Layered Ti3C2 was synthesized by a modified chemical exfoliation
method according to previous reports (Naguib et al., 2011; Lin et al.,
2016b). Briefly, 1.98 g LiF was dispersed in HCl (30mL, 6M). Then
3.00 g Ti3AlC2 powder was added and etched for 3 days under magnetic
stirring. After etching, it was washed with water and ethanol, separated
by centrifugation. Finally, the cleaned powder was dried at 80 °C for
10 h.

MoS2/Ti3C2 nanohybrids were prepared via a hydrothermal method
(Liu et al., 2018). 0.80 g (NH4)6Mo7O24 4H2O and 1.80 g SC(NH2)2
were dispersed in 24mL deionized water, and the mixture was soni-
cated for 30min. Then, 50mg Ti3C2 powder was added into the mix-
ture, followed by a 30-min ultrasonication. After that, the mixture was
transferred into a 50mL polytetrafluoroethylene-lined stainless steel
autoclave and was heated to 200 °C for 10 h. After cooling to room
temperature, it was washed with water and ethanol, separated by
centrifugation. The product was dried at 80 °C for 10 h.

2.3. Fabrication of biosensing platform

Fig. 1 shows the fabrication process of the biosensing platform for
the detection of miRNA-182 (BSA/ssRNA/AuNPs/MoS2/Ti3C2/GCE):
7.5 mg MoS2/Ti3C2 powder was dispersed in 5mL deionized water by
ultrasonication for 30min to get uniform suspension (1.5 mgmL−1).
Prior to use, bare GCE was sanded with 0.05 μm alumina slurry on a
clean flannel until a mirror-like surface was obtained. Successively, it
was sonicated in mixture of ethanol and deionized water for 5min to
remove adhered alumina particles, rinsed with DEPC water and dried
under nitrogen flow. 10 μL MoS2/Ti3C2 suspensions was dripped onto
the pretreated GCE and dried to obtain a MoS2/Ti3C2 film at 35 °C.
Afterwards, 10 μL AuNPs solution was added onto the electrode surface
and dried at room temperature. The obtained electrode was noted as
AuNPs/MoS2/Ti3C2/GCE. When the MoS2/Ti3C2 suspensions were
transferred to the dried surface of GCE, a continuous uniform film was
formed on the electrode surface. The nanohybrids were immobilized on
the surface of the electrode by van der Waals force and electrostatic
action, and Au atoms were adsorbed on MoS2/Ti3C2 nanohybrids by
weak van der Waals through dripping solutions with AuNPs on the
electrode surface. Moreover, Au was adsorbed on the top site directly
above a Mo atom (Li et al., 2015).

After that, 10 μL probe RNA solution was dripped onto AuNPs/
MoS2/Ti3C2/GCE and then dried at room temperature. The modified
electrode was washed with PBS solution (pH=7.4) to remove unbound
ssRNA, 50 μL of 1% BSA was dripped onto ssRNA/AuNPs/MoS2/Ti3C2/
GCE for 40min to block unbound gold particles surface and avoid non-
specific adsorption. Then, the electrode was rinsed by PBS solution
(pH=7.4) again. Finally, the resulting electrode was used for the de-
tection of miRNA-182.

3. Results and discussion

3.1. Characterization of nanohybrids for biosensing

SEM image (Fig. 2A) shows the compact microstructure of solid
Ti3AlC2, where there is no gap between layers. Therefore, Ti3AlC2

possessed low active sites as an adsorption substrate. After etching Al
by HF, Ti3C2 (Fig. 2B) exhibits a lot of loose structures compared with
Ti3AlC2. The spacing between the slices was significantly enlarged. SEM
image of MoS2/Ti3C2 nanohybrids (Fig. 2C and the inserted image)
indicates that the flower-like substance is uniformly distributed be-
tween Ti3C2 layer and surface. The thickness of nanosheet was about
20 nm, and flower-like MoS2 grew vertically around the layered Ti3C2.

After a 24-h hydrothermal treatment at 200 °C, small parts of Ti3C2

were oxidized to TiO2, but the obtained Ti3C2 still maintained good
layered structure (Fig.2E and Fig. S1). HR-TEM image of MoS2/Ti3C2
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nanohybrids (Fig. 2D) illustrates the lattice structure of MoS2 and the
layer-to-layer spacing of MoS2. It indicated that the pitch of (002) peak
plane was about 0.62 nm, which was consistent with the theoretically
calculated value (Joly-Pottuz et al., 2005). The formation of MoS2/
Ti3C2 nanohybrids was also confirmed by XRD (Fig. 2E). After HF-
etching, the most intense XRD peak of Ti3AlC2 at 38° disappeared. After
the aluminum atomic layer was extracted to form lamellar titanium
carbide, only the peak at 6° was still significant. Compared with MoS2
powder formed by direct hydrothermal method, XRD spectrum for
MoS2/Ti3C2 nanohybrids also shows a MoS2 characteristic peak at 14°.

In addition, layered Ti3C2 provided enough spatial loci for MoS2 growth
and great electronic conductivity for the nanohybrids. By simple hy-
drothermal method, layered Ti3C2 surface was covered uniformly by
vertical MoS2 nanosheets with a size of ∼100 nm.

3.2. Electrochemical biosensing platform

As shown in Fig. 1A, MoS2/Ti3C2 nanohybrids were added onto the
GCE surface by simple drop casting method, which intended to enlarge
the specific surface area and broadened the junction area of the

Fig. 1. The schematic of sequent steps of nanobisensor fabrication and detection (A). The explanation of the swelling-induced Au–S bond breakage (B).

Fig. 2. SEM image of original Ti3AlC2 (A), Ti3C2 after HF etching (B) and MoS2/Ti3C2 (C). HR-TEM image of MoS2/Ti3C2 nanohybrids (D). XRD image of original
Ti3AlC2, Ti3C2, MoS2 and MoS2/Ti3C2 (E). X-ray photoelectron spectra of Au 4f on modified electrode (F) and the comparison XPS spectra of AuNPs: without Au–S
bond breakage(G-a) and with Au–S bond breakage partly(G-b).
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electrode/electrolyte. Combining the high electronic conductivity and
stable electrochemical performance, MoS2/Ti3C2 nanohybrids showed
better electronic conductivity, higher specific surface area, more active
sites and excellent electrochemical performance. In order to enlarge the
immobilization of probe RNA (ssRNA) on the electrode surface, AuNPs
are introduced through electrostatic adsorption. Then, AuNPs were
introduced to the surface of MoS2/Ti3C2/GCE (Fig. S3) to amplify the
electrochemical signal and reduce the Rct. AuNPs provided Au atoms to
form Au–S bonds with –SH modified ssRNA, and the probe RNA was
immobilized on the AuNPs/MoS2/Ti3C2/GCE by Au–S bonds. Nu-
merous studies have shown that ssRNA is negatively charged through
its phosphate backbone, which weakens the electrochemical signal
because the redox probe [Fe(CN)6]3-/4- is also charged negatively. Due
to MoS2 grown vertically on the surface of layered Ti3C2, the edge
surface was exposed absolutely and Au–S bonds were approaching sa-
turation. That meant the large grafting density of Au–S bonds, which
induced the critical dry thickness decreasing. With the addition of
miRNA-182, the dry thicknesses of dsRNA films exceeded the critical
dry thickness. Then, swelling-induced Au–S bond breakage occurred
and dsRNA was released from the electrode surface (Lv et al., 2014)
(Fig. 1B). Finally, the amount of ssRNA was decreasing with the release
amount of dsRNA, consistent with the addition of target miRNA-182.
Accordingly, the electrochemical biosensor based on MoS2/Ti3C2 na-
nohybrids was established successfully.

X-ray photoelectron Au 4f spectra of AuNPs and Au–S bond are
presented in Fig. 2F and G, which are characteristic of predominant
metallic gold with the Au 4f7/2 binding energy of 83.60 ± 0.05 eV, and
its relative intensity correlated with AuNPs of about 20 nm. A line at
85.00 ± 0.05 eV that corresponded to Au(I) atoms bonded to S of
probe RNA, which revealed the content of Au–S bond [Mikhlin et al.,
2010]. Fig. 2G gives the comparison of the XPS spectra for Au 4f before
and after the addition of target miRNA-182. The ratios of peak areas of
the line at 85.0 ± 0.05 eV and the one at 83.6 ± 0.05 eV were 20.31%
and 13.30% respectively. It showed the peak intensity and area corre-
sponding to Au(I) decreased after the addition of miRNA-182. The re-
sult illustrated the occurrence of Au–S bond formation with the addi-
tion of probe RNA and Au–S bond breakage with the addition of target
miRNA-182.

The CV and EIS were used to electrochemically evaluate the elec-
trode surface performance during the modified process and monitor the
electron transfer properties under a standard redox system. According
to the CV plot, the bare GCE (Fig. 3A, curve a) displayed excellent
redox peaks. The peak-to-peak potential separation was about 100mV,
which verified good performance of the electrochemical three-electrode
system. Compared with bare GCE, the electrodes modified with MoS2/
Ti3C2 (Fig. 3A, curve b) and AuNPs (Fig. 3A, curve c) showed in-
creased cathodic/anodic currents, which revealed that the modification
of GCE was successful. The corresponding EIS data were also consistent
with CV curve. Randle's equivalent circuit (inserted image in Fig. 3B)

was chosen to simulate the physico-chemical process occurring at the
electrode surface (Panagopoulou et al., 2010). Nyquist spectra was
plotted to describe the EIS data. The electron transfer resistance (Rct)
and the diffusion limited procedure (Suni, 2008) were characterized by
the diameter of the semicircle and the linear region respectively
(Fig. 3B). Generally, the bare GCE showed small semicircle region and
an almost straight line (Fig. 3B, curve a). After adding the MoS2/Ti3C2

nanohybrids onto GCE, the semicircle diameter of Nyquist spectra
(Fig. 3B, curve b) raised sharply. This trend indicated the electron
transfer resistance at the surface increased largely, resulting from the
nanohybrids added expanding the gap between the electrode surface
and the supporting electrolyte solution and the distance of charge ex-
change. In contrast, the sorption of AuNPs decreased the semicircle
diameter of Nyquist spectra (Fig. 3B, curve c). The curve illustrated
that Rct values at the electrode surface were decreased, which was
consistent with the improvement of electron migration.

CV and EIS experiments were coincident with each other, which
claimed the successful modification of MoS2/Ti3C2 nanohybrids and
AuNPs. In addtion, the peak of oxidation was chosen to discuss the
capability of nanobiosensor in the DPV techniques, resulting from that
the peak current ratio (Ra/c) is about 1.02 (Wu et al., 2012).

3.3. Optimization of biosensing platform for miRNA-182 detection

Concentration of MoS2/Ti3C2 nanohybrids. The amount of MoS2/
Ti3C2 nanohybrids was very important and influential during the sen-
sing process. With the increasing amount of MoS2/Ti3C2 nanohybrids,
the peak current of redox increased first and was kept or decreased
(Fig. 4A). When the concentration of MoS2/Ti3C2 nanohybrids was low,
the nanohybrids film was too thin to provide enough active sites to
adsorb and immobilize AuNPs. Until the concentration of MoS2/Ti3C2

nanohybrids was up to 1.5 mg/mL, the nanohybrids film was too thick
and obstructs the electron transfer between electrode and solution. As
shown in the Nyquist spectra (Fig. 4B), the tendency of the slope in the
linear region was consistent with the tendency of the peak current of
redox appeared in the CV plot. Thus, 1.5mg/mL was the optimum of
miRNA-182 detection.

Probe RNA concentration. The concentration detection of miRNA-
182 was depended on the amount of probe RNA immobilized on the
electrode surface directly. According to the DPV curves (Fig. 4C), with
the increase of probe RNA concentration, the peak current went up
until the probe concentration up to 1.0×10−9 M. At low probe con-
centration (less than 1.0×10−9 M), the capture efficiency of target
miRNA-182 was low because of the immobilization of probe RNA de-
creasing, resulting in the low peak current of DPV at first. With the
increase of probe RNA concentration, the capture efficiency increased
so that the peak current went up until the probe concentration up to
1.0×10−9 M. When the concentration of probe RNA continuously
increasing, the hybridization of target miRNA-182 with immobilized

Fig. 3. CV (A) and EIS (B) of bare GCE (a), MoS2/Ti3C2/GCE (b) and AuNPs/MoS2/Ti3C2/GCE (c) in PBS buffer solution (pH 7.4) containing 0.1M KCl and 2.5 mM
[Fe(CN)6]3-/4-; the schematic of Randle's equivalent circuit (B-insert).
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probe RNA was saturated and the release of dsRNA was almost in-
variable. However, the immobilization of probe RNA was increasing, so
the residue probe and negative charge on the electrode was increasing.
Therefore, the peak current held on or decreased under the coupling
effect of the saturation of hybridization and the increasing residue
probe when the probe concentration was more than 1.0×10−9 M.
Hence, the effect of detection was optimal as the probe concentration

up to 1.0×10−9 M.
Hybridization temperature. The binding degree of probe RNA and

miRNA-182 was affected greatly by hybridization temperature, which
influences the detection of miRNA-182 (Fig. 4D). The detection was
sensible to the temperature change, and the plots illustrates that 37 °C,
which was near the human physiological temperature, was the most
suitable condition to detect miRNA-182.

Fig. 4. CV (A) and EIS (B) of AuNPs/MoS2/Ti3C2/GCE
modified with different concentrations of MoS2/Ti3C2

nanohybrids (from a to f): including 0mg/mL, 0.5mg/
mL, 1.0 mg/mL,1.5 mg/mL, 2.0 mg/mL and 2.5 mg/mL;
DPV curves responding to 1.0× 10−12 M miRNA-182 for
evaluating the optimization of different parameters in-
fluencing detection performance: the concentration of
probe RNA (C) and the hybridization temperature (D). All
the electrochemical techniques were repeated three times
using different GCE and tested in the PBS solution (pH
7.4) containing 0.1M KCl and 2.5 mM [Fe(CN)6]3-/4-.

Fig. 5. DPV (A) response of BSA/ssRNA/AuNPs/MoS2/Ti3C2/GCE at various concentration of miRNA-182 (0, 1.0× 10−15-1.0× 10−10 M). Calibration plot (B)
between the magnitudes of peak current obtained and log of miRNA-182 concentration. DPV (C) response of the proposed biosensor in selectivity for complementary
target miRNA-182, single mismatch miRNA, three mismatch miRNA and blank. The concentration was 1pM respectively. All the electrochemical techniques were
repeated three times using different GCE and tested in the PBS solution (pH 7.4) containing 0.1M KCl and 2.5 mM [Fe(CN)6]3-/4-.

Table 1
Comparison of the biosensing performance of Au nanoparticles-grafted MoS2/Ti3C2 nanohybrids constructed in this study against the recently reported biosensors of
miRNAs based on MoS2 nanomaterials.

Materials Detection methods Target miRNA Linear range (M) LOD (fM) Ref

polyC10-MB/MoS2 Fluorescence miRNA let-7b 10 f-10 p 3.4 Xiao et al. (2018)
MoS2 Field-effect transistor miRNA-155 0.1 f-10 n 0.03 Majd et al. (2018)
MoS2-AuNPs Photoelectrochemical miRNA-21 10 f-1 n 4.21 Fu et al. (2018)
AuNPs@MoS2 DPV

EIS
miRNA-21 10 f- 1 n 0.78

0.45
Lorencová et al. (2017)

MoS2/Ti3C2 DPV miRNA-182 1 f −0.1 n 0.43 This work
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3.4. Sensitivity, reproducibility and selectivity for miRNA-182 sensing

The electrochemical measurements of various concentration of
miRNA-182 were obtained at the optimal sensing conditions as fol-
lowing: 1.5 mg/mL for MoS2/Ti3C2, 1.0× 10−9 M for ssRNA and 37 °C
for the hybridization of target miRNA-182 with ssRNA. As shown in
Fig. 5A, the proposed biosensor exhibited great sensitivity to the con-
centration change of target miRNA-182. The hybridization of target
miRNA-182 with ssRNA causes the swelling-induced Au–S breakage.
Then, the negative charge on the surface of electrode decreased, which
led to the raise of electron transfer magnitude between electrode and
electrolyte. The calibration plot indicates that the average peak current
increased linearly against the logarithm concentration of the dropped
miRNA-182 (Fig. 5B).

Meanwhile, the extensive application of the biosensors was de-
pended on its reproducibility. Therefore, all the DPV electrochemical
measurements have been carried out for three times at least on different
GCE to verify the reproducibility of the proposed biosensor. From
10−15 M to 10−10 M, the corresponding coefficient of variation of the
sensing (n=3) are calculated to be 4.369%, 1.232%, 6.013%, 2.622%,
1.702% and 0.992% separately. The reproducibility of miRNA-182
biosensor was shown in Fig. 5B. The linear relationship in a range of
1 fM to 0.1 nM was depicted by the regression equation:

Ip (μA) = 296.4 + 10.77logC (I: the peak current value; C: the
target miRNA-182 concentration and the regression coefficient
R2=0.987).

Furthermore, the detection limit of 0.43 fM was calculated by X+3σ
(X: the average of the peak current of DPV; σ: the known standard
deviation of DPV blank signal consecutive readings). Compared with
the reported biosensors, our biosensor is competitive as shown in the
Table 1.

The selectivity of the proposed biosensor was obtained by per-
forming the detection of thoroughly complementary miRNA-182, the
single-mismatched target miRNA, the three-mismatched target miRNA
at 1.0× 10−12 M respectively (Fig. 5C). The peak current of thoroughly
complementary miRNA-182 was the highest among them, and the
signal of three-mismatched target miRNA was close to the blank one.

3.5. Stability and serum sample studies

The stability of the proposed biosensor has great influence on its
practicability. Therefore, a lifetime study of the biosensor was per-
formed at regular interval of time. The modified electrode was storage
at 4 °C for 0–8 days to evaluate its stability. The study showed that a
total loss of about 17% appears in signal strength after 8 days. (Fig. S4).

To evaluate the applicability of this sensing strategy in real sample,
three different amounts of miRNA-182 have been added into human
serums, and detected results shown in Table S1 indicated desired re-
covery rates and low relative standard deviation (RSD) percentages.
The recovery was 105.10%, 95.30% and 92.96% for the concentration
of 10−10 M, 10−12 M and 10−14 M respectively, manifesting its effec-
tive detection of miRNA-182 in real sample. In addition, the biosensor
showed good reproducibility according to the low RSD percentages
(Table S1).

4. Conclusion

In summary, MoS2/Ti3C2 nanohybrids have been prepared and ap-
plied in the ultrasensitive detection of special miRNA by the compre-
hensive utilization of Ti3C2 frames with layered sturcture and MoS2
nanoflakes with massive active sites. On one hand, DPV signal is am-
plified due to the support of MoS2/Ti3C2 nanohybrids and dropped
AuNPs; on the other hand, the peak current increases with the swelling-
induced Au–S bond breakage due to the huge grafting density after
adding miRNA-182. By this way, the linear detection window is de-
termined in a range from 1 fM to 0.1 nM with the detection limit of

0.43 fM. In addtion, the detection of miRNA-182 in serum verifies its
well practicability. Now, it is difficult for us to achieve multiplex sen-
sing of kinds of miRNAs synchronously. In the future, more in-depth
research will be carred out to realize synchronous multi-channel sen-
sing of kinds of miRNAs based on the strategy suggested in this work.
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