
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00604-021-05141-0

ORIGINAL PAPER

Sandwich‑type microRNA biosensor based on graphene oxide 
incorporated 3D‑flower‑like MoS2 and AuNPs coupling with HRP 
enzyme signal amplification

Jiangbo Dong1 · Huisi Yang1 · Jiaying Zhao1 · Li Wen1 · Congjuan He1 · Zhikun Hu1 · Jiawei Li2,3 · Danqun Huo1,3 · 
Changjun Hou1,4

Received: 17 September 2021 / Accepted: 8 December 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2021

Abstract
 A sandwich electrochemical biosensing strategy for ultrasensitive detection of miRNA-21 was developed by using graphene 
oxide incorporated 3D-flower-like MoS2 (3D MoS2-rGO) nanocomposites as the substrate and horseradish peroxidase (HRP)-
functionalized DNA strand 1 (S1)-gold nanoparticles (S1-AuNPs-HRP) as signal amplification probes. Herein, 3D MoS2-rGO 
nanocomposites not only had a large specific surface area and excellent conductivity, but also provided more attachment 
sites for electrodepositing AuNPs. In the presence of target miRNA, a sandwich structure was formed, and the determination 
of the miRNA-21 was carried out by measuring the DPV response of H2O2 mediated by hydroquinone (HQ) at a potential 
of + 0.052 V (vs AgCl reference electrode). Under the optimal experimental conditions, the as-prepared biosensor enabled the 
ultrasensitive detection of miRNA-21 from 5 fM to 0.5 μM with the low detection limit of 0.54 fM (S/N = 3), comparable 
or lower than previous reported methods for miRNA-21 detection, which benefited from the synergistic amplification of 3D 
MoS2-rGO and AuNPs-HRP. The prepared biosensor showed satisfactory selectivity, reproducibility, and stability towards 
miRNA-21 detection. The biosensor was feasible for accurate and quantitative detection of miRNA-21 in normal human serum 
samples with RSD below 5.86%, which showed a great potential in clinical analysis and disease diagnosis.

Keywords  Sandwich structure · MoS2 · Electrochemical biosensor · Differential pulse voltammetry · AuNPs · Synergistic 
amplification · miRNA-21

Introduction

MicroRNAs (miRNAs), a kind of noncoding single-
stranded RNA molecule with a length of 19–25 nucleo-
tides, have an important effect in biological processes, 
such as tissue differentiation, growth control, and apop-
tosis [1–3]. Recent accumulative studies have shown that 
the abnormal expression of microRNAs may be associated 
with cancer, genetic diseases, heart disease, AIDS, neu-
rological diseases, obesity, etc. [4–6]. Thus, the determi-
nation of concentration of miRNAs in biological samples 
has far-reaching significance in diagnostic studies. Up to 
now, varieties of analytical technologies have been devel-
oped to detect miRNAs including real-time quantitative 
PCR (qPCR) [7], Northern blotting [8], and fluorescent 
assay [9]. However, these conventional techniques are lim-
ited by complicated operation, high cost, and sample-con-
suming. To address these challenges, some methods have 
been extended to the manufacture of biosensors to detect 
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miRNAs, including electrochemical assay [10], electro-
chemiluminescence [11], microfluidic technology [12], etc. 
Among them, electrochemical sensors have attracted much 
attention in biomarker detection due to their low cost, high 
specificity, simple operation, and miniaturization [13–16].

In order to achieve the high sensitivity of electro-
chemical biosensors, the surface fabrication of electrodes 
is an important component that needs to be improved. 
The application of two-dimensional (2D) layered nano-
materials [17–20], such as MoS2, provides a strategy for 
enhancing the performance of electrochemical biosensors. 
MoS2 is an analogous nanomaterial to GO, with a S-Mo-S 
layered skeleton, giving it a unique electronic structure, 
which is beneficial to improve detection sensitivity [21]. 
However, MoS2 is easy to overlap and aggregate owing to 
the strong van der Waals between S-Mo-S layers, which 
would seriously affect the performance of MoS2 as an elec-
trode modification material [22]. To solve the above prob-
lem, a common method is to hybridize MoS2 with other 
nanomaterials, such as carbon dots, graphene oxide (GO), 
and CNT [23], in which graphene is the preferred hybrid 
material due to its abundant functional groups [24–26]. In 
addition to substrate materials, the preparation of various 
nanoprobes loaded with different signal labels has also 
received significant attention and is widely applied in sig-
nal transduction of biosensors [27]. Among multiple nano-
probes, HRP-functionalized Au NPs nanoprobes have been 
employed for the signal amplification of different electro-
chemical biosensors due to their good biocompatibility, 
high catalytic activity, and long-term stability [28, 29].

So far, numerous efforts have been reported on the MoS2, 
rGO, and HRP for the electrochemical detection of miRNAs 
[30–32]. However, to the best of our knowledge, there are 
few reports exploring the combination of MoS2, rGO, and 

HRP-functionalized gold nanoprobes for miRNA detec-
tion and analysis. Herein, we constructed a sandwich-type 
biosensor platform based on MoS2-rGO nanocomposites as 
the modified electrode’s substrate and AuNPs-HRP as sig-
nal amplification nanoprobes for ultrasensitive and highly 
specific miRNA-21 detection (Scheme 1). Firstly, we syn-
thesized the graphene oxide incorporated flower-like MoS2 
nanocomposites through one-step hydrothermal strategy and 
used them as electrode modification. The MoS2-rGO exhib-
ited a high specific surface area, unique three-dimensional 
structure, and uniform dispersion, which could load more 
AuNPs deposited by the electrochemical procedure to fix 
more capture probes and enhance the electron transport. 
Then, the thiolated capture probes were introduced onto the 
AuNPs/MoS2-rGO surface via the Au–S bond. When the 
target miRNA-21 existed, S1-AuNPs-HRP, the bioconjugate 
functionalized signal nanoprobes, were linked to the modi-
fied electrode to form a sandwich-type structure. Finally, 
the signal amplification could be achieved by the synergistic 
amplification of 3D MoS2-rGO and AuNPs-HRP in hydro-
quinone (HQ) and hydrogen peroxide (H2O2) system. This 
method showed high sensitivity and ideal selection to detect 
miRNA-21, and provided a universal and potential platform 
for ultrasensitive detection of clinically related diseases.

Experimental

The preparation of MoS2‑rGO and S1‑AuNPs‑HRP 
nanoprobes

The MoS2-rGO was synthesized by one-step hydrother-
mal method [33], and S1-AuNPs-HRP nanoprobes were 
prepared following a previously published procedure with 

Scheme 1   A Preparation 
process for MoS2-rGO. B Sche-
matic diagram of miRNA-21 
detection based on MoS2-rGO 
and HRP strategy
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slight modification [34]. The details were provided in the 
Electronic Supplementary Material.

PAGE gel electrophoresis

The PAGE gel electrophoresis analysis was performed on 
20% polyacrylamide gel and ran at a constant voltage at 
120 V for 90 min in 1 × TBE buffer (89 mM Tris, 89 mM 
boric acid, 2  mM EDTA, pH 8.3). The gel image was 
obtained using Azure Biosystems C150.

Fabrication of the modified electrodes

Firstly, the bare GCE was polished with 0.3 and 0.05 µm alu-
mina powder, followed by sonicating in ethanol and deion-
ized water. After being dried under N2, 5 μL MoS2-rGO 
suspension (0.5 mg mL−1) was directly cast onto the surface 
of the GCE to obtain MoS2-rGO/GCE. Then, the electrode 
was placed in 2 mM HAuCl4 solution and electrodeposited 
at − 0.2 V for 120 s to obtain AuNPs/MoS2-rGO/GCE. After 
that, 5 μL of 0.6 μM capture probes (CP) was cast onto the 
AuNPs/MoS2-rGO/GCE and hybridized for 120 min at 
37 °C to obtain CP/AuNPs/MoS2-rGO/GCE. After wash-
ing with 100 mM PBS, 4 μL of 1 mM MCH was modified on 
the CP/AuNPs/MoS2-rGO/GCE and hybridized for 30 min 
at 37 °C to block the unbound site to get MCH/CP/AuNPs/
MoS2-rGO/GCE. Finally, 5 μL of different concentrations 
of the miRNA-21 and 5 μL of S1-AuNPs-HRP conjugates 
were applied to the modified electrode, respectively, and 
incubated for 2 h at 37 °C, respectively, to obtain miRNA-
21/MCH/CP/AuNPs/MoS2-rGO/GCE and S1-AuNPs-HRP/
miRNA-21/MCH/CP/AuNPs/MoS2-rGO/GCE.

miRNA‑21 detection in normal human serum

The detection of miRNA-21 in normal human serum was 
performed by the standard addition method. Firstly, the nor-
mal human serum was a commercial synthetic sample, which 
was purchased from Beijing Solarbio Technology Co., Ltd. 
Before the recovery experiments, the normal human serum 
was diluted tenfold by 0.01 M (pH = 7.4) PBS. Then, differ-
ent concentrations of miRNA-21 (5 pM, 50 pM, 500 pM) 
were added to the diluted normal human serum. Following 
that, 5μL of the abovementioned diluted serum containing 
miRNA-21 of different concentrations was dropped onto 
the electrodes and incubated for subsequent experimental 
analysis. Thereafter, differential pulse voltammetry (DPV) 
was carried out to detect the concentration of miRNA-21 
in spiked serum samples and recorded the current response 
value at a potential of 0.052 V. The DPV signal was finally 
converted to the molar concentration of miRNA-21 by com-
paring with the standard linear calibration curve to calculate 
the recovery.

Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) were tested in 5  mM [Fe 
(CN)6]3−/4− solution containing 0.1 M KCl. DPV was carried 
out in 5 mL PBS (100 mM, pH = 7.4) containing 2 mM H2O2 
and 2 mM HQ, its parameter setting: the potential window 
was − 0.3 to 0.3 V, and the pulse amplitude was 0.05 V.

Results and discussion

Characterization of materials

The microstructures of MoS2 and MoS2/rGO were charac-
terized by SEM. As shown in Fig. 1A and B, a mass of 
2D MoS2 were self-interconnected and assembled into a 
highly aggregated nanostructure [35]. After the introduc-
tion of rGO, as can be seen from Fig. 1C, D, and E, MoS2 
nanosheets were anchored on the surfaces of flake rGO via 
an in situ growth process, which was beneficial to prevent 
the accumulation of MoS2 nanosheets and produced hybrid 
materials with a larger specific surface area. The rGO-MoS2 
nanocomposites with three-dimensional (3D) nanostruc-
tures, on the one hand, provided more loading sites for gold 
nanoparticles, and on the other hand also improved the sen-
sitivity of the biosensor. EDS revealed that the elements of 
O, C, Mo, and S were evenly distributed on the surface of 
MoS2/rGO (Fig. 1F). Additionally, XPS and XRD analyses 
of different nanomaterials are shown in Electronic Supple-
mentary Material (Figs. S1 and S2). All these data above 
strongly validated the successful preparation of rGO-MoS2.

The morphologies of AuNPs, S1-AuNPs, and S1-AuNPs-
HRP were characterized by TEM (Fig. S3 A, B, and C). 
UV–Vis spectroscopy was applied to analyze and charac-
terize S1-AuNPs-HRP probes (Fig. S3 D). The details are 
provided in the Electronic Supplementary Material.

Electrochemical study of MoS2‑rGO/GCE

To prove the feasibility of MoS2-rGO/GCE in application of 
miRNA-21 detection, the electrochemical technology was 
adopted to study MoS2-rGO/GCE. As displayed in Fig. 2A, 
CVs of different modified electrodes were performed on 
electrochemical workstation, respectively, and the results 
demonstrated that the nanocomposites had the excellent con-
ductivity. Moreover, we calculated the electroactive surface 
area (A) by the Randles–Sevcik equation.

where Ip is the peak current (A); n = 1 (num-
ber of electronic transfers); D = 6.7 × 10−6 cm2·s−1 

(1)IP = 2.69 × 10
5 × n3∕2AD1∕2v1∕2C
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(diffusion coefficient); ν is the scan rate (V s−1); 
and C = 5 × 10−6  mol·cm3 (the concentration of the 
[Fe(CN)6]3−/4−). According to Eq. (1), the electroactive 
surface area of MoS2-rGO/GCE was 0.0871 cm2, which 
was about 1.22 times of bare GCE (0.0713 cm2).

As displayed in Fig. 2B, a different scan rate was per-
formed on MoS2-rGO/GCE in 5 mM [Fe (CN)6]3−/4− solu-
tion, its parameter settings: 10, 30, 50, 70, 90, 110, 130, 
150, 170, 190, 210, 230, 250, 270, 290, and 310 mV·s−1. 
As displayed in Fig.  2C, the relevant linear regres-
sion equations were as follows, where the anode: Ipa 
(μA) = 506.173 v1/2 − 6.815 (R2 = 0.9999), and the cathode: 
Ipc (μA) =  − 484.30v1/2 + 4.998 (R2 = 0.9998), indicating 
that the redox process on the electrode surface was a dif-
fusion-controlled reaction. As displayed in Fig. 2D, with 
the increase of scanning rate, the oxidation peak potential 
shifted positively, and the reduction peak potential shifted 
negatively. When ΔEp > 110  mV, the relevant linear 
regression equations were as follows, where the anode: Epa 
(V) = 0.05496 lg (v) + 0.30707 (R2 = 0.981), and the cath-
ode: Epc (V) =  − 0.06071 lg (v) + 0.08845 (R2 = 0.981). 
Moreover, according to the Laviron theory [36]:

where ka and kc are the slopes of Epa to lg (v) and Epc to 
lg (v), respectively. R, T, and F are gas constant, room tem-
perature, and Faraday constant, respectively, n = 1. Based 
on Eqs. (2) and (3), α = 0.475 (charge transfer coefficient) 
and ks = 1.167 s−1 (apparent electron transfer rate constant). 
The ks was better than the reported in the article (Table S2), 
which indicated MoS2-rGO enhanced the electron transfer.

Electrochemical characterization of the modified 
electrodes

CV was used to characterize the modification steps of elec-
trode surface (Fig. 3A). After applying MoS2-rGO to the 
GCE, the peak signal increased (curve b), which may be due 

(2)lg
ka

kc
= lg

�

1 − �

(3)

lgks � lg(1 − a) + (1 − a)lga − lg(
RT

nFv
) −

2.3RTa

(1 − a)nF △ kp

Fig. 1   SEM images of (A, B) 
MoS2 and (C, D, E) MoS2/rGO, 
and the corresponding EDS 
elemental mapping data (F) of 
MoS2/rGO (E)
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to the fact that the flake rGO loading with flower-like MoS2 
could improve the conductivity of the modified electrode and 
accelerate the electron transfer. After AuNPs were depos-
ited on MoS2-rGO/GCE, the electrochemical signal (curve 
c) was further enhanced owing to the excellent conductiv-
ity of AuNPs. Then, the current response (curve d) dropped 
sharply when the capture probes (SH-CP) were loaded on 
AuNPs/MoS2-rGO/GCE, which could be attributed to the 
steric hindrance and electrostatic repulsive force of SH-CP 
to [Fe(CN)6]3−/4−. Similarly, the current further decreased 
(curve e) after the MCH was fixed on the CP/AuNPs/MoS2-
rGO/GCE. As the macromolecule miRNA-21 was added to 
the electrode, the peak current was decreased again (curve 
f). The result was because that dsDNA’s polymerization 
increased the electrostatic repulsion between potassium fer-
ricyanide and the electrode surface. As expected, the current 
response reduced (curve g) when the S1-AuNPs-HRP nano-
probes were applied to the modified electrode, which could 
explain that the negatively charged DNA and high molecu-
lar weight proteins made the modified electrode insulated, 
and electron transfer became more obstructed. The results 
above showed that the electrode modification step by step 
was successful.

EIS is an important tool to investigate the assembling 
procedure of sensing electrode surface. As displayed in the 
inset in Fig. 3B, the equivalent circuit was employed to 
study the EIS Nyquist plots of whole assembly process. 
Firstly, the Rct of the bare GCE was with a small semi-
circle (curve a, 117.6 Ω). When MoS2-rGO was applied 

on the GCE, the Rct value significantly decreased, which 
was ascribed to the excellent conductivity of the MoS2-rGO 
(curve b, 35 Ω). After the AuNPs were electrodeposited on 
the modified electrode, the Rct dropped further and exhib-
ited almost a straight line (curve c, 0.8 Ω) due to the syner-
gistic effect of AuNPs and supporting substrate. However, 
when capture probes (curve d, 72 Ω), MCH (curve e, 96 
Ω), miRNA-21 (curve f, 165 Ω), and S1-AuNPs-HRP nano-
probes (curve g, 300 Ω) were stepwise modified onto the 
AuNPs/MoS2-rGO/GCE, a successively increased Rct could 
be seen. The following fact could explain the results above 
that macromolecular proteins and more phosphate backbone 
of DNA polymers were attached to the modified electrode, 
and hindered the transfer of electrons on the electrode sur-
face. All the EIS results were in conformity with CV in 
Fig. 3A, indicating the successful construction of miRNA 
detection platform.

Meanwhile, to demonstrate the synergistic amplification 
of 3D MoS2-rGO and AuNPs-HRP, the DPV responses of 
different modified electrodes were studied in 0.1 M PBS con-
taining 2 mM HQ and 2 mM H2O2. As displayed in Fig. 3C, 
in the absence of AuNPs-HRP, the DPV signal (curve b) of 
S1-AuNPs/miRNA-21/MCH/CP/AuNPs/MoS2-rGO/GCE 
was weak. At the same time, it could be observed that the 
DPV signal (curve c) of S1-AuNPs-HRP/miRNA-21/MCH/
CP/AuNPs/GCE was also weak when there was no 3D 
MoS2-rGO. However, when 3D MoS2-rGO and AuNPs-HRP 
were used together to modify the electrode, a strong DPV 
signal (curve d) was generated. The above phenomenon could 

Fig. 2   A CV of bare GCE, 
MoS2-rGO/GCE, and AuNPs/
MoS2-rGO/GCE. B CV curves 
of MoS2-rGO/GCE at differ-
ent scan rates. C The linear 
relationship between the anodic 
and cathodic peak currents 
versus scan rate. D The linear 
relationship between the anodic 
and cathodic peak potentials 
versus scan rate
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explain that the simultaneous presence of 3D MoS2-rGO 
and AuNPs-HRP could significantly enhance the current 
response, which played a vital role in improving the detec-
tion sensitivity.

In the presence or absence of miRNA-21, the DPV sig-
nals of the prepared electrodes are shown in Fig. 3D. When 
the miRNA-21 existed, an obvious electrochemical signal 
could be seen from curve b, which could be attributed to 
the fact that the presence of the target miRNA-21 made the 
HRP with catalysis and signal amplification integrate into 
the electrode. However, almost no response was emerged 
in curve a compared to curve b, which was attributed to the 
lack of HRP that could catalyze the substrate reaction in the 
system.

The analysis of PAGE gel electrophoresis

The results of PAGE gel electrophoresis further provided 
evidence for the successful hybridization of the probes and 
miRNA-21 (Fig. S4). The capture probes (CP), DNA strand 
S1 (S1), and target miRNA-21 corresponded to the bands 
from lane 5, lane 3, and lane 6, respectively. After incubat-
ing the miRNA-21 with the CP and the S1, respectively, 
shorter bands could be seen (lane 3, lane 4) due to the 
increment of molecular weight after pairing. Meanwhile, 
a conspicuous band close to 50 bp was observed (lane 2) 
with lower electrophoretic mobility than lane 3 and lane 4, 
which was attributed to the hybrid of CP, target miRNA-
21, and the S1.

Optimization of the experimental conditions

The experimental conditions significantly affect the detec-
tion performances of the biosensor. Therefore, some impor-
tant experimental parameters (deposition time of AuNPs, the 
incubation time of capture probes and miRNA-21, as well as 
incubation time between S1-AuNPs-HRP and the miRNA-
21) were studied. The results and descriptions are shown in 
Electronic Supplementary Material (Fig. S5).

Electrochemical detection of miRNA‑21

Under the optimized experimental conditions, the DPV was 
adopted to study the detection performance of the prepared 
biosensor. As depicted in Fig. 4A, the peak signal enhanced 
with the increase of miRNA-21 concentration and showed an 
excellent linear range from 5 × 10−1 to 5 × 10−9 μM and the 
linear equation was I (μA) =  − 5.89 lg (c/μM) − 71.69 with a 
correlation coefficient of 0.995, the sensitivity was 67.62 μA 
μM−1 cm−2 and the detection limit was estimated to be 0.54 fM 
(S/N = 3), where I represented the peak current and c represented 
the concentration of miRNA-21. Compared with other previ-
ously reported test results (Table 1), the detection performance 
was better than or comparable to some previous works. The 
satisfactory result could be attributed to the following points: 
(1) 3D MoS2-rGO had a large specific surface area and excel-
lent conductivity; (2) 3D MoS2-rGO nanocomposites and HRP 
synergistically amplified the signal in H2O2 + HQ system. These 

Fig. 3   A CV and B EIS of (a) 
bare GCE, (b) MoS2-rGO/GCE, 
(c) AuNPs/MoS2-rGO/GCE, (d) 
CP/AuNPs/MoS2-rGO/GCE, (e) 
MCH/CP/AuNPs/MoS2-rGO/
GCE, (f) miRNA-21/MCH/CP/
AuNPs/MoS2-rGO/GCE, (g) 
S1-AuNPs-HRP/miRNA-21/
MCH/CP/AuNPs/MoS2-rGO/
GCE; C DPVs of bare GCE (a), 
S1-AuNPs/miRNA-21/MCH/
CP/AuNPs/MoS2-rGO/GCE (b), 
S1-AuNPs-HRP/miRNA-21/
MCH/CP/AuNPs/GCE (c), and 
S1-AuNPs-HRP/miRNA-21/
MCH/CP/AuNPs/MoS2-rGO/
GCE (d) in 0.1 M PBS (pH 7.4) 
including 2 mM HQ and 2 mM 
H2O2; D DPVs of the modified 
electrodes in 0.1 M PBS (pH 
7.4) including 2 mM HQ and 
2 mM H2O2: the absence (a) or 
presence (b) of miRNA-21
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advantages made the prepared biosensor with higher sensitivity 
for target miRNA detection.

Selectivity, repeatability, and stability

To evaluate the selectivity of the proposed biosensor, the DPV 
responses of the biosensor toward miRNA-21, five interferences 
(miRNA-155, miRNA let-7a, non-complementary sequence, 
three-base mismatched, double-base mismatched), and their 
mixture were investigated. As shown in Fig. S6, the DPV 
responses for the detection of 500 pM interfering miRNA were 
almost the same as that of the blank sample, while a significant 
increase of the DPV response was recorded with the presence 
of 5 pM miRNA-21. In addition, the DPV signal of the biosen-
sor toward the mixture of miRNA-21 and interfering miRNA 
revealed a similar DPV response compared with that of miRNA-
21, confirming that the proposed biosensor had good selectivity.

Five electrodes were made in the same way to study the 
repeatability of the proposed biosensor. According to the results 
in Fig. 5A, the relative standard deviation (RSD) was 1.6% when 
the proposed biosensor was used to detect 50 pM miRNA-21, 
respectively, indicating a satisfactory reproducibility. In addition, 
the stability of the modified electrodes was studied by storing 
the proposed miRNA biosensor at 4 °C for 20 days and the elec-
trochemical response was recorded. According to the results in 
Fig. 5B, 96% of the original response was retained, which sug-
gested that the prepared biosensor had excellent stability.

Analytical application in serum sample

To evaluate the application potential and feasibility of the pre-
pared biosensor, the method of standard addition was adopted 
to analyze miRNA-21 in normal human serum samples. Various 
concentrations of miRNA-21 (5 pM, 50 pM, and 500 pM) were 
spiked into the serum samples diluted 10 times. Each sample 
was then analyzed with the biosensors. As shown in Table 2, 
the recoveries were from 97.80 to 103.54%, and the RSD val-
ues were from 2.40 to 5.86%, demonstrating that the proposed 
biosensor had great potentiality in monitoring miRNA-21 in real 
clinical analysis.

Conclusions

In summary, an ultrasensitive miRNA-21 detection platform was 
established by introducing the 3D MoS2/rGO nanocomposites 
and AuNPs-HRP nanoprobes. The 3D MoS2/rGO nanocom-
posites provided excellent electron conductivity. Besides, the 
use of HRP with high catalytic activity as signal molecules in 
H2O2 + HQ system could achieve efficient and reliable signal 
amplification. The prepared biosensor has a wider linear range 
from 5 fM to 0.5 μM, high sensitivity (67.62 μA μM−1 cm−2), 
low detection limit (0.54 fM), excellent selectivity, and long-
term storage stability, showing an outstanding electrochemi-
cal performance for miRNA-21 detection. Therefore, the 

Fig. 4   A DPVs of different 
concentrations of miRNA-21 in 
0.1 M PBS (pH = 7.4) (a to m): 
0, 5 × 10−9, 1 × 10−8, 5 × 10−8, 
1 × 10−7, 5 × 10−7, 1 × 10−6, 
5 × 10−6, 5 × 10−5, 5 × 10−4, 
5 × 10−3, 5 × 10−2, 5 × 10−1 μM, 
respectively. B The linear rela-
tion of DPV current and the 
negative logarithm of target 
miRNA-21. Error bars: SD, 
n = 3

Table 1   Comparison of the 
proposed biosensor with other 
techniques for detecting miRNA

Materials Detection modes Linear range Detection limit Reference

Poly(TMSMA-r-PEGMA-r-NAS) Electrochemistry 10 fM ~ 1 nM 2 fM [37]
Pt/MWCNT Electrochemistry 10 fM ~ 1 nM 1.64 fM [7]
MoS2-Thionine-AuNPs Electrochemistry 1 pM ~ 10 nM 0.26 pM [30]
Au/PPy-rGO Electrochemistry 10 fM ~ 5 nM 1.57 fM [3]
GO/GNR/OB Electrochemistry 2 fM ~ 8 pM 0.6 fM [38]
SnO2/CdCO3/CdS Photoelectrochemical 10 fM ~ 1 μM 3.25 fM [39]
AuNP-PNT Electrochemistry 10 fM ~ 0.3 nM 3.90 fM [40]
Pt/Sn–In2O3 nanoflower Electrochemistry 5 pM ~ 5 fM 1.92 fM [41]
SWCNTs Electrochemistry 10 fM ~ 0.3 nM 3.5 fM [42]
3D MoS2-rGO; HRP Electrochemistry 5 fM ~ 0.5 μM 0.54 fM This work
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constructed platform offers an efficient protocol for sensitive 
determination of miRNA, which has great potential in the early 
diagnosis of clinical diseases and the bioassay of other related 
subjects.
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