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Abstract
MicroRNAs (miRNAs), as the small, non-coding, evolutionary conserved, and post-transcriptional gene regulators of the 
genome, have been highly associated with various diseases such as cancers, viral infections, and cardiovascular diseases. 
Several techniques have been established to detect miRNAs, including northern blotting, real-time polymerase chain reaction 
(RT-PCR), and fluorescent microarray platform. However, it remains a significant challenge to develop sensitive, accurate, 
rapid, and cost-effective methods to detect miRNAs due to their short size, high similarity, and low abundance. The electro-
chemical biosensors exhibit tremendous potential in miRNA detection because they satisfy feature integration, portability, 
mass production, short response time, and minimal sample consumption. This article reviewed the working principles and 
signal amplification strategies of electrochemical DNA biosensors summarized the recent improvements. With the develop-
ment of DNA nanotechnology, nanomaterials and biotechnology, electrochemical DNA biosensors of high sensitivity and 
specificity for microRNA detection will shortly be commercially accessible.
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Introduction

MicroRNAs (miRNAs) are small, non-coding RNAs with 
a length of 19–25 nucleotides, which were first discovered 
in a study of gene lin-14 in C. elegans (Lee et al. 1993). 
Although with small length, miRNAs have important func-
tions in transcriptional and post-transcriptional regulation of 
gene expression. Recent researches have indicated that miR-
NAs play essential roles in various physiological or patho-
logical processes such as cell differentiation, proliferation, 

and apoptosis (Li and Gregory 2008; Bartel 2009; Qiu et al. 
2021). Aberrant expression of miRNAs has been implicated 
in numerous diseases such as human cancers, cardiovascular 
diseases, viral infections, kidney diseases and nervous sys-
tem diseases (Esquela-Kerscher and Slack 2006; Calin and 
Croce 2006; van Rooij et al. 2006; Jones et al. 2014). miR-
NAs in the blood are highly stable and hardly affected by 
RNAase, pH or temperature (Mitchell et al. 2008; Chen et al. 
2008). Due to these advantages, miRNAs have been regarded 
as promising biomarkers of various human diseases. Rapid 
and sensitive detection of miRNAs can be applied to clini-
cal diagnosis providing critical information on disease sta-
tus (Chen et al. 2008; Garg and Sharp 2016; Choi 2020). 
However, the intrinsic properties of miRNAs, such as low 
abundance, short and highly homologous sequences, make 
it practically challenging to develop a rapid, low-cost, and 
sensitive miRNA detection platform.

In the past decade, extensive research efforts have been 
made towards rapid and sensitive miRNA detection tech-
niques (Labib et al. 2016; Koo et al. 2019; Jet et al. 2021). 
Conventional techniques for miRNA detection include 
Northern blotting, RT-PCR and microarrays (Lagos-Quin-
tana et al. 2001; Kroh et al. 2010; Koscianska et al. 2011; 
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Zhou et al. 2011). Some published works have evaluated 
the advantages and disadvantages of these conventional 
techniques (Keshavarz et al. 2015; Chen et al. 2018a; Kilic 
et al. 2018). Northern blotting is the golden standard, but 
it is time-consuming and limited by low sensitivity. At 
the same time, the application of RT-PCR is restricted by 
sophisticated instruments and false-positive problems due 
to the short primers involved in the miRNA amplification 
step of the PCR process. Microarray is a semi-quantitative 
detection method with low sensitivity and selectivity, which 
limits its practical application. Electrochemical biosensors 
have been widely integrated and hyphenated with sampling, 
fluidic handling, separation and other engineering detection 
scenarios (Boriachek et al. 2018; Masud et al. 2019b; Kal-
ambate et al. 2020). Besides, electrochemical biosensors 
exhibit numerous advantages such as high sensitivity and 
selectivity, reliable reproducibility, easy use for continuous 
on-site analysis, minimal sample preparation, relatively low 
cost, and short time of response. Since the first reported elec-
trochemical biosensor for miRNAs detection (Gao and Yang 
2006), publications concerning electrochemical miRNA bio-
sensors have increased rapidly (Fig. 1, Web of Science).

DNA carries genetic information and is considered as the 
foundation material of biological heredity (Varshney et al. 
2020). Researchers have employed DNAs as non-biological 
engineering materials to construct biosensors due to the 
advantages of its programmability, biocompatibility and 
stability (Song et al. 2008; Masud et al. 2017; Stanciu et al. 
2021). Electrochemical DNA biosensors were constructed 
using DNAs as recognition probes to hybridize with the 
target molecules (Zeng et al. 2020). Such biosensors have 
held great promise as devices suitable for point-of-care diag-
nosis and multiplexed platforms for fast, inexpensive and 

straightforward miRNA analysis (Miao and Tang 2020a). 
These features made electrochemical DNA biosensors 
as desired solutions for phenomics diagnosis (Chen et al. 
2018a; Soda et al. 2019; Masud et al. 2019a; Wu et al. 2020). 
Chen et al. (2018a) summarized the signal amplification 
strategies for miRNA detection that is not specific for elec-
trochemical biosensors. Huang et al. (2018) reviewed DNA 
nanostructure-based electrochemical, optical biosensors, 
and application in the tumor field. Jet et al. (2021) analyzed 
miRNA detection methods, especially for sensitive multiplex 
detection, and they indicated the importance of multiplex 
miRNA sensing in disease-related signature discovery. Elec-
trochemical miRNA biosensors with high sensitivity, high 
selectivity, and reliable reproducibility hold promise to mul-
tiplex detection. Besides, Hasan et al. (2021) reviewed the 
application of electrochemical biosensors in cancer-related 
biomarkers detection.

Herein, we summarized and discussed the recent devel-
opment of electrochemical DNA biosensors for miRNA 
detection. We also reviewed the reaction modes of miRNA 
detection and signal amplification strategies of the electro-
chemical DNA biosensors. Currently, the detection limit at 
Femto- or Atto-molar of miRNA has been achieved feasibly 
by electrochemical DNA biosensors (Xu et al. 2020; Miao 
and Tang 2020b). With the development of DNA nanotech-
nology, nanomaterials, and biotechnology, miRNA detec-
tion of high sensitivity and specificity will be commercially 
accessible.

Working Principles of Electrochemical DNA 
Biosensors

The complementary base pairing proposed by Watson and 
Crick (1953) is the foundation of electrochemical DNA bio-
sensors. The DNAs could be utilized as probes to form the 
self-assembled monolayers on the surface of an electrode 
through covalent bonds or physical adsorption (Degliangeli 
et al. 2014). The electrochemical DNA biosensors include 
electrodes, probes, and electronic reporters (Keshavarz 
et al. 2015). The electrode acts as the electrochemical trans-
ducer that converts biochemical signals to an electronic 
signal (Chaubey and Malhotra 2002). Excellent electrodes 
require high electrical conductivities and substrate affinity, 
stable electrochemical and physical properties, with a wide 
working range and low costs (Sonuç Karaboğa et al. 2016). 
According to previous reviews (Isin et al. 2017; Sharma 
et al. 2018; Abraham et al. 2020), the electrodes can be 
divided into metal-based electrodes (gold, platinum, alu-
minum and copper), metal oxides (MnO2, Fe3O4 and CeO2), 
and carbon-based electrodes (glassy carbon, pencil graphite, 
carbon fiber, carbon ceramic and boron-doped diamond). 
Different modification strategies on bare electrodes have 
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Fig. 1   Publications on electrochemical biosensors for miRNA detec-
tion since 2000 (source—Web of Science, June 2021). Keywords: 
“electrochemical sensor OR electronic” and “miRNA OR microRNA 
OR miR-”
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been developed to improve the electrical conductivity and 
selectivity, including modifications with conducting materi-
als and capture probes (Sharma et al. 2018). For instance, 
Cui et al. (2019) used iron embedded nitrogen-rich carbon 
nanotubes (FeCN) to modify the glassy carbon electrode 
(GCE), then the conductivity was increased and the current 
of thionines (12.30 mA) was significantly enhanced when 
compared with the bare GCEs (2.022 mA) that based on 
different pulse voltammetry (DPV) curves. They modified 
gold nanoparticles (AuNPs) on the FeCN modified GCE 
followed by thiolated capture probes immobilization via the 
Au–S bond to realize selective and sensitive detection of 
miRNA-486-5p of A549 cells (Cui et al. 2019).

The probes could hybridize with DNAs or RNAs, of 
which the sequences are complementary to adjacent areas 
of the probes (Xu et al. 2020). The developed DNA biosen-
sors are usually immersed in the detection samples contain-
ing targets (Boriachek et al. 2018). Once target miRNAs 
exist in the sample solution, the DNA probes immobilized 
on the surface of the electrode will hybridize with the tar-
get miRNAs, forming DNA–RNA double helix structures. 
The hybridization process will lead to signal variation from 
the electroactive indicators or electrode properties such as 
conductivity. The concentration of the detected miRNAs is 
correlated with the signal change. The sensitivity and selec-
tivity of the electrochemical DNA biosensors are greatly 
influenced by hybridization modes and signal amplification 
strategies (Boriachek et al. 2018; Wu et al. 2020).

Three types of reaction modes for hybridizing DNA 
recognition probes and target miRNAs were commonly 
used to fabricate electrochemical DNA biosensors, 
including direct reaction, sandwich reaction and com-
petitive reaction (Fig. 2). Direct reaction mode is the 
primary reaction mode, meaning the recognition probes 
with reporters directly interacted with the target miR-
NAs without other assistance requirements (Degliangeli 
et al. 2014). Sandwich reaction mode refers to a type of 
reaction in which a recognition probe is first combined 
with part of the target miRNA to form a DNA–RNA 
complex. Then the last part of the miRNA is hybrid-
ized with another signal probe to form a complex, which 
is similar to a sandwich structure (Chen et al. 2018b). 
The competitive reaction is a reaction mode based on 
the competition process, relying on the target miRNAs 
competing with labeled miRNAs for hybridization with 
the recognition probes (Zouari et al. 2017). According 
to electrochemical techniques and parameters utilized to 
capture and readout the electronic change, the electro-
chemical biosensors can be classified into five primary 
types, including voltammetry, impedance, electrical 
conductivity, potential, and field-effect transistor, which 
have been thoroughly introduced in a previous review 
(Labib et al. 2016).

Fig. 2   Schematic diagram of three types of reaction modes for hybridization of DNA recognition probes and target miRNAs



21Recent Progresses in Electrochemical DNA Biosensors for MicroRNA Detection﻿	

1 3

Signal Amplification Strategies 
of Electrochemical DNA Biosensors

Due to the low abundance of miRNAs in actual samples 
and high homogeneities of different miRNAs, signal 
amplification strategy could reduce the limit of detection 
(LOD), which is an essential factor for evaluating bio-
sensor sensitivity of miRNA and detective interference 
signals (Chen et al. 2018a). Numerous signal amplifica-
tion strategies have been developed for electrochemical 
DNA biosensors. The typical strategies used in miRNA 
detection included nanomaterial-based amplification, 
enzyme amplification (Chen et al. 2018a), hybridization 
chain reaction (HCR) (Zeng et al. 2020) and catalytic hair-
pin assembly (CHA) (Chen et al. 2018b). Multiple signal 
amplification strategies may be combined to realize ultra-
sensitive detection of miRNAs.

Nanomaterials‑Based Signal Amplification 
Strategy

With the development of nanotechnology, nanomaterials 
have been widely used to construct electrochemical bio-
sensors due to the property of a high surface-to-volume 
ratio. Common nanomaterials mainly include gold nano-
particles (AuNPs) (Koo et al. 2016), carbon nanomate-
rials (Li et al. 2014), silver nanoparticles (Salahandish 
et al. 2018), copper nanoparticles (Tian et al. 2018a) and 
metal–organic frameworks (MOFs) (Chang et al. 2019). 
Here, we summarized and compared the nanomaterials 
utilized in electrochemical miRNA biosensors (Table 1).

AuNPs have a large surface-to-volume ratio, high sta-
bility and excellent biocompatibility, and are suitable for 
serving as substrates or mediators in miRNAs detection 
(Degliangeli et al. 2014; Liu et al. 2014; Han et al. 2019; 
Bao et al. 2020). A dual-mode electrochemical biosensor 
was developed for miRNA-21 detection based on AuNPs@
MoS2 (Su et al. 2017). As shown in Fig. 3a, AuNPs@MoS2 
film was modified on the surface of the electrode as a nano-
amplifier. DNA recognition probes were immobilized on 
the AuNPs@MoS2 decorated electrode to hybridize with 
the target miRNAs. Once target miRNAs existed in the 
detection system, the formed sandwich structures would 
upregulate the EIS and DPV signals with increased miR-
NAs. Tian et al. (2018a) applied AuNPs superlattices to 
amplify electrochemical signals. AuNPs superlattices were 
modified on the electrode surface to enlarge the specific 
surface area and electrical conductivity. The biosensors 
displayed good selectivity and repeatability with a LOD of 
78 aM. Conventional single-stranded (ssDNA) probes and 

stem-loop DNA probes can hardly achieve high sensitiv-
ity in miRNA detection. 3D DNA tetrahedron probes were 
developed by assembling four designed oligonucleotides, 
and the novel structure could control the probe density and 
obtain upright orientation. AuNPs were combined with 3D 
DNA tetrahedron probes for miRNA detection (Liu et al. 
2015). The sensing part of the unique 3D DNA probe was 
a stem-loop structure constructed on the top of DNA tet-
rahedron bearing three thiol groups as anchors on the gold 
electrode. Electroactive ferrocene was utilized to generate 
an electrochemical signal, and AuNPs electrodeposition on 
the gold electrode was introduced to improve the sensitiv-
ity. Tavallaie et al. (2018) modify gold-coated magnetic 
nanoparticles (Au@MNPs) with methylene-blue-labeled 
probe DNAs complementary to target miRNAs. After 
DNA probes hybridizing with targeted miRNAs, Au@
MNPs were magnetically collected on the gold electrode 
and reconfigured electrical signal to quantify the target 
miRNAs (Tavallaie et al. 2018). The developed biosensor 
first measured miRNA from 10 aM down to 1 nM in unpro-
cessed blood samples (Tavallaie et al. 2018).

Carbon nanomaterials including graphene and carbon 
nanotubes are also frequently used to construct electrochem-
ical DNA biosensors due to the advantages of hardness, con-
ductivity and heat resistance (Li et al. 2014; Isin et al. 2017; 
Wang et al. 2019a, b). Kong et al. (2016) used three-dimen-
sional (3D) graphene films growth in situ on the gold sub-
strate for biosensor fabrication. Since the 3D graphene films 
exhibited excellent properties such as enlarged surface area, 
high conductivity and solid binding strength, the sensitivity 
and specificity of the developed electrochemical biosensor 
have been significantly improved. As shown in Fig. 3b, Deng 
et al. (2018) employed the shortened multi-walled carbon 
nanotubes (MWCNTs) with high-loaded thionin as an ampli-
fied signal indicator for miRNA detection. DNA probes were 
inserted into an alkane monolayer-assembled and AuNPs-
modified electrode. By combining large numbers of Thi as 
signal indicators decorated on MWCNTs, an increased cur-
rent response was achieved due to the large effective surface 
area of MWCNTs. The LOD of the biosensor was 0.032 pM.

MOFs are the open crystalline frameworks with perma-
nent porosity constructed by joining metal-containing units 
with organic linkers using strong metal–oxygen-carbon 
bonds (Yaghi et al. 2003) and have open metal sites in the 
skeleton. They have received increased attention in the field 
of sensors, especially for electrochemical biosensors, due 
to their unique merits, including large surface areas, mod-
ulated pores, and mimetic catalysis properties (Furukawa 
et al. 2013; Hu et al. 2021a, b; Zhang et al. 2021). Chang 
et al. (2019) utilized functionalized UIO-66-NH2 loading 
with two different electroactive dyes, methylene blue (MB) 
and 5,5′-tetramethylbenzidine (TMB), to simultaneously 
detect two tumor biomarkers of let-7a and miRNA-21. They 
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utilized the UIO-66-NH2 consisting of Zr4+ and 2-ami-
noterephthalic acid as nanocarriers to encapsulate MB or 
TMB and linked carboxylated ssDNA onto the UIO-66-NH2 
through the amidation reaction (Fig. 3c). The ssDNA/UIO-
66-NH2 encapsulated the MB or TMB and another ssDNA, 
which was partially complementary to the modified ssDNA 
and target miRNA, hybridized with modified ssDNA, a 
gatekeeper to form double-stranded DNA (dsDNA)-capped 
MOFs. The introduced target miRNA would hybridize with 
complementary to release capped electroactive dyes. Moreo-
ver, these dsDNA-capped MOFs simultaneously detected the 
let-7a and miRNA-21 with LOD down to 3.6 fM and 8.2 fM, 

respectively, and they were successfully applied to detect 
target miRNAs spiked in serum samples.

These nanomaterials display excellent performance in 
amplifying signal intensity and significantly decreasing the 
LOD of electrochemical miRNA biosensors. The gold nano-
particles show excellent performance in sensing while are 
limited to high cost. The carbon nanomaterials and MOFs 
are low-cost but need a complex modification process. 
Besides, nanomaterials-based signal amplification strategies 
are of high background signal. Therefore, nanomaterials-
based biosensors show the tendency to combine with other 
amplifying strategies with reasonable specificity.

Table 1   Comparison of nanomaterials used in electrochemical DNA biosensors for signal amplification

CV cyclic voltammetry, DPV differential pulse voltammetry, EIS electrochemical impedance spectroscopy, MOFs metal–organic frameworks, 
SWV square wave voltammetry, LSV linear sweep voltammetry, SSWV stripping square-wave voltammetry

Nanomaterial miRNAs Detection Linear range LOD References

Three-dimensional graphene films (3DGFs) miR-155 SWV 0.01 nM–1.0 μM 5.2 pM Kong et al. (2016)
Graphene quantum dots (GQDs) miR-155 i–t curve 1 fM–100 pM 0.14 fM Hu et al. (2016)
Graphene oxide (GO) miR-34a DPV 5 μg/mL–35 μg/mL 7.52 μg/mL Wang et al. (2019a)
Multi-walled carbon nanotubes (MWCNTs) miR-24 DPV 1 pM–1 nM,

1 nM–10 nM
1 pM Li et al. (2014)

Thionin (Thi) on shortened multi-walled carbon nanotubes 
(S-MWCNTs/Thi)

miR-21 DPV 0.1 pM–12000 pM 0.032 pM Deng et al. (2018)

AuNPs-decorated MoS2 nanosheet (AuNPs@MoS2) miR-21 DPV 10 fM–1 nM 0.78 fM Su et al. (2017)
AuNPs-decorated MoS2 nanosheet (AuNPs@MoS2) miR-21 EIS 10 fM–1 nM 0.45 fM Su et al. (2017)
MoS2 nanosheet functionalized with thionine and gold 

nanoparticles (MoS2-Thi-AuNPs)
miR-21 SWV 1.0 pM–10.0 nM 0.26 pM Zhu et al. (2017)

Hierarchical flower-like gold nanostructures (HFGNs) miR-21 SWV 1 fM–10 pM 1 fM Su et al. (2016)
Ferrocene (Fc)-capped gold nanoparticle/streptavidin 

conjugates
miR-182 CV 5 fM–100 fM 0.14 fM Lu et al. (2016)

AuNPs superlattice miR-21 CV 100 aM–1 nM 78 aM Tian et al. (2018b)
Biotin-MB-AuNPs miR-21 EIS 1 pM–1000 pM 0.3 pM Azzouzi et al. (2017)
CuCo−CeO2 nanospheres miR-141 EIS 0.1 fM–10 nM 33 aM Xue et al. (2019)
CuCo−CeO2 nanospheres miR-141 DPV 0.1 fM–10 nM 33 aM Xue et al. (2019)
Gold nanoparticles (AuNPs) miR-21 SSWV 0.5 pM–1000 pM 0.3 pM Azzouzi et al. (2019)
Silver nanoparticles (AgNPs) miR-141 SSWV 50 pM–1000 pM 10 pM Azzouzi et al. (2019)
APBA–biotin–AuNPs miR-21 i–t curve 10 fM–5 pM 3 fM Liu et al. (2014)
Citrate-capped AgNPs miR-21 LSV 0.1 fM–50 fM 20 aM Liu et al. (2017)
Pyrrolidinyl peptide nucleic acid (acpcPNA)/polypyrrole 

(PPy)/silver nanofoam (AgNF)
miR-21 CV 0.20 fM–1.0 nM 0.20 fM Kangkamano et al. (2018)

Copper nanocluster (CuNC) miR-101 i–t curve 25 fM–300 fM 8.2 fM Wang et al. (2017)
Cu-based metal–organic frameworks (Cu-MOFs) miR-155 DPV 1.0 fM–10 nM 0.35 fM Wang et al. (2018)
PdNPs@Fe-MOFs miR-122 EIS 10 fM–100 nM 10fM Li et al. (2018)
PdNPs@Fe-MOFs miR-122 i–t curve 0.01 fM–10 pM 0.003 fM Li et al. (2018)
Tungsten oxide-graphene composites (WO3-Gr) miR-21 DPV 0.1 fM–100 pM 0.05 fM Shuai et al. (2016)
N-doped functionalized graphene (NFG)/AgNPs/polyani-

line
miR-21 DPV 10 fM–10 μM 0.2 fM Salahandish et al. (2018)

UIO-66-NH2 let-7a DPV 0.01–10 pM 3.6 fM Chang et al. (2019)
miR-21 0.02–10 pM 8.2 fM

CoNi-MOF miR-126 EIS 1 fM–10 nM 0.14 fM Hu et al. (2021a)
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Enzyme‑Based Signal Amplification Strategy

Various enzymes have been involved in amplifying the signal 
of electrochemical DNA biosensors for miRNA detection. 
Duplex-specific nuclease (DSN) can cleave DNA–DNA or 
DNA–RNA duplexes and disintegrate the duplex DNA long 
chains into short fragments. DSN is inactive towards ssDNA 
or RNA. DSN-assisted target recycling is widely used for 
signal amplification in constructing DNA biosensors (Zhu 

et al. 2020; Yang et al. 2020; Wu et al. 2020). Yang et al. 
(2014) developed a multiplexed biosensor for dual detection 
of miRNA-141 and miRNA-21 based on the redox labels 
with distinct potential positions, and DSN-assisted target 
recycling was employed for signal amplification. As shown 
in Fig. 4a, the stem-loop DNA probe hybridized with target 
miRNAs to form DNA–RNA duplexes. DSN shows a prefer-
ence for cleavage of DNA–RNA duplexes, resulting in the 
release of target miRNAs, which could hybridize with the 

Fig. 3   Nanomaterials-based signal amplification strategies. a Sche-
matic diagram of label-free and dual-mode electrochemical detec-
tion for miRNA-21 based on gold nanoparticle-decorated MoS2 
nanosheet (Su et al. 2017) (Reprinted with permission from Elsevier). 
b Schematic illustration of miRNA-21 determination with the short-

ened multi-walled carbon nanotubes (Deng et  al. 2018) (Reprinted 
with permission from Elsevier). c Schematic representation of steps 
of the dsDNA-capped MOFs (I) and principles of miRNA detections 
(II) (Chang et al. 2019) (Reprinted with permission from ACS)
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DNA probe again to initiate the cyclic cleavage of DNA 
strands. The LOD of miRNA-141 and miRNA-21 in the 
developed biosensor was 4.2 fM and 3.0 fM, respectively.

Similarly, an immobilization-free electrochemical bio-
sensor was developed for amplified detection of miRNA-21 
(Zhang et al. 2016). The capture probe was modified with 
the biotin group at the end and partly complementary with 
the target miRNA, while the rest sequences were used for 
signal output (Fig. 4b). When the target miRNA-21 existed 
in the detection system, capture probes partially hybridized 
with the target miRNA-21 to form DNA–RNA duplexes. 
DSN selectively cleaved the duplexes and released the tar-
get miRNA-21 for further hybridization. Due to the lack of 
biotin-labeled at the end, capture probes could not attach 
to the streptavidin-modified magnetic beads, resulting in a 

small charge-transfer resistance. An ultralow detection limit 
of 60 aM was obtained through electrochemical impedance 
spectroscopy. As shown in Fig. 4c, a miRNA sensing plat-
form was constructed based on DSN and the electrochemi-
cal–chemical–chemical (ECC) redox cycling (Shuai et al. 
2017a). DSN cleaved the DNA–RNAs duplexes that miR-
NAs could recycle in the detection system. Besides, FcM, 
TCEP, and ascorbic acid 2-phosphate (AAP) were used as 
the redox mediator, reducing reagent and enzyme–substrate, 
respectively. Ascorbic acid (AA) produced from alkaline 
phosphatase enzyme triggered the ECC redox cycling that 
generates a tremendous electrochemical response. The LOD 
of the developed sensing platform was reported to be 86 aM.

Polymerase extension is another amplification strat-
egy that usually uses in electrochemical DNA biosensor 

Fig. 4   Enzyme-based signal amplification strategy. a Schematic of 
DSN-assisted target recycling signal amplification via DSN for mul-
tiplexed detection of miRNA-141 and miRNA-21 by coupling differ-
ent redox labels (Yang et al. 2014) (Reprinted with permission from 
ACS). b Experimental principle of biosensor includes recognizing 
target miRNA-21 and magnetic collection of beads without capture 
probes removed by DSN (Zhang et al. 2016) (Reprinted with permis-

sion from Elsevier). c miRNA-21 detection strategy based on AuNPs/
MoS2 modified electrode and DSN signal adding ECC redox cycling 
amplification strategy (Shuai et  al. 2017a) (Reprinted with permis-
sion from Elsevier). d Schematic of miRNA-196a detection based 
on CESA and template-free DNA extension amplification (Guo et al. 
2018) (Reprinted with permission from Elsevier)
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fabrication. Template-independent DNA polymerase (TdT) 
is a polymerase that can catalyze the sequential addition 
of deoxyribonucleoside 5′-triphosphates (dNTP) at 3′-OH 
group of DNA to produce a long ssDNA structure directly. 
Guo et al. (2018) developed a sensitive biosensor by immo-
bilizing 3′-PO4 terminated capture probes on the gold elec-
trode blocked with MCH. The fabrication process of the 
developed biosensor was detailed in Fig.  3d. DSN was 
used to cleave the DNA–RNAs duplexes after hybridiza-
tion with the target miRNAs of which 3′-OH groups were 
exposed. Simultaneously, the recycling of target miRNAs 
generated large numbers of cleaved capture probe frag-
ments with 3′-OH terminals. In TdT and dNTP, the 3′-OH 
groups on the gold electrode surface triggered sequential 
DNA extension. Positively charged methylene blue used as 
an electroactive redox indicator was specifically absorbed 
on the DNA extension, generating amplified electrochemi-
cal signals with a LOD of 15 aM. Poly (U) polymerase 
can catalyze the template-independent addition of uridine 
monophosphate (UMP) from uridine triphosphate (UTP) to 
the 3′-terminal of RNA (Zhou et al. 2016). Zhou et al. (2016) 
adopted a Poly (U) polymerase mediated isothermal signal 
amplification strategy to detect miRNA. Biotin conjugated 
UTP (biotin-UTP) was selected as a UMP donor to form 
poly (U)-biotin tail at the 3′-terminal of hybridized miRNA. 
Avidin conjugated alkaline phosphatase (avidin-ALP) was 
captured to catalyze the hydrolysis reaction of p-nitrophenyl 
phosphate disodium salt hexahydrate (PNPP) via biotin–avi-
din interaction. A detection limit of 1.7 fM was achieved.

Hybridization Chain Reaction (HCR)

Hybridization chain reaction (HCR) has drawn attractive 
attention in fabricating electrochemical biosensors for 
miRNA detection since Dirks and Pierce (2004) proposed it 
in 2004. HCR is a kinetics-controlled reaction and can act 
as an amplification signal transducer without any external 
inputs to realize sensitive miRNAs detection (Zhang et al. 
2020; Zeng et al. 2020). For a basic HCR amplification 
strategy, two stable species of DNA hairpins coexist in the 
solution until the introduction of initiator miRNA, which 
can open the first kind of DNA hairpins and expose a new 
single-stranded region to open the other species of hairpins 
(Dirks and Pierce 2004). In turn, the initiator miRNA for the 
first hairpins will form and start another round of hybridi-
zation events. HCR has a specific advantage in biosensor 
fabrication since it can fulfill both recognition and ampli-
fication roles.

The target-triggered HCR strategy was introduced for 
miRNA detection that simultaneous detection of miRNA-
141 and miRNA-21 was realized (Yuan et al. 2017). Yuan 
et al. (2017) synthesized two kinds of magnetic nanoprobes 

by hydrothermal treatment, and a target-triggered HCR 
strategy was adopted to increase the binding sites of nano-
probes (Fig. 5a). The two distinguishable nanoprobes carry 
extensive redox signals, which can realize the dual signal 
amplification when target miRNAs exist. Besides, DSN has 
added in the detection system that miRNA-initiated cleavage 
of DNA in RNA–DNA duplexes lead to the release of target 
miRNA and another cleaves cycle (Yuan et al. 2018). An 
ultralow detection limit of 11 aM was obtained by utilizing 
this combination strategy. Tian et al. (2018b) developed an 
electrochemical biosensor for miRNA detection based on the 
novel planar intercalated copper (II) complex molecule cou-
pled with a target-triggered HCR strategy. The planar copper 
(II) complex could intercalate well into the long-range DNA 
structures formed by HCR, resulting in an intense electro-
chemical response. The detection limit of miRNA was down 
to 33 aM. DNA tetrahedron structure was introduced to com-
bine with HCR amplification strategy shown in Fig. 5b. Ge 
et al. (2014) used the synergetic effects of DNA tetrahedron 
probes and HCR amplification to detect miRNAs. The avi-
din-modified HRP attached to the HCR products produced 
an electrocatalytic signal, and the detection sensitivity was 
significantly improved to 10 aM for miRNA detection.

To date, most HCR systems are mainly formed into linear 
nanostructures. Some nonlinear HCR systems for miRNA 
detection have been developed (Liu et al. 2015; Liang et al. 
2018; Zhou et al. 2019). Liang et al. (2018) formed a nonlin-
ear HCR system, in which the cascade HCR was employed. 
As shown in Fig. 5c, captured DNAs modified onto the elec-
trode were partially complemented by the target miRNA-21, 
disclosing a single-stranded toehold. The disclosed toehold 
region as an initiator sequence (trigger 1) led to the first 
HCR process (HCR1), which results in polymer chains of 
HCR1 that are encoded with another single-stranded initiator 
(trigger 2) for another HCR process (HCR2) on the chains 
of the previous HCR product. Thus, the cascade HCR pro-
cess generated a nonlinear HCR system, and it was further 
amplified by the interaction of redox probes. This biosensor 
can detect the miRNA-21 in the range from 30 pM to 7 nM, 
and the detection limit is estimated to be as low as 11 pM.

Catalytic Hairpin Assembly (CHA)

Catalytic hairpin assembly (CHA) is a new signal amplifi-
cation strategy based on DNA structure without the assis-
tance of enzymes (Si et al. 2020). Two designed stem-loop 
DNA probes were triggered by the target miRNAs, leading 
to the recycling of target miRNAs (Liu et al. 2019; Ning 
et al. 2020). Liu et al. (2018) introduced an electrochemical 
biosensor based on Fe3O4/CeO2@Au MNPs as nanocata-
lyst and CHA for signal amplification. As shown in Fig. 6a, 
target miRNAs hybridized with stem-loop DNA probe H2 
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to form a DNA duplex, which could further open the stem-
loop DNA probe H1 to form an H1–H2 DNA duplex. Tar-
get miRNAs were released during the process and recycled 
for signal amplification. A detection limit of 0.33 FM was 
obtained. CHA was combined with HCR in biosensor con-
struction for signal amplification in miRNA detection (Bao 
et al. 2019). In Fig. 6b, Au/PPy–rGO nanocomposite was 
used as a substrate to enhance the efficient electron transport 
of biosensors. The DNA capture probes were self-assembled 
on the nanocomposite. Target miRNAs triggered stem-loop 
structures of H1 and H2 to form the double helix structure 
of H1-H2, leading to the recycling of target miRNAs. Under 
H3 and H4, the exposed sequence of H2 triggered the HCR 
to form a long DNA strand. MB was used as redox probes 
that intercalated into the DNA duplexes to achieve amplified 
electrochemical signals. The LOD of the fabricated biosen-
sor was as low as 1.57 fM.

Conclusions

In this review, recent advances in miRNA detection with 
electrochemical DNA biosensors were summarized. The 
working principles and amplification methodologies tailored 
to miRNA of unique properties were discussed. To fulfill 
the various requirements of laboratory and clinical appli-
cations, especially for early disease diagnosis, numerous 
efforts have been devoted to developing emerging strategies 
of miRNA detection and signal amplification, accompany-
ing the improvements of nanomaterials and microfabrication 
technology.

Electrochemical DNA biosensors, which are capable of 
integration and portability, have a great potential to realize 
miRNA detection as point-of-care devices with a signifi-
cant impact on the diagnosis of diseases such as cancers and 
neurodegenerative diseases in practice. The advancement 

Fig. 5   Hybridization chain reaction (HCR). a Schematic of simulta-
neous detection of miRNA-141 and miRNA-21 based on multifunc-
tional magnetic nanoparticles combining HCR (Yuan et  al. 2017) 
(Reprinted with permission from Elsevier). b Design of miRNA-122b 
biosensors utilizing the synergetic effects of tetrahedral probes and 

HCR amplification strategy (Ge et al. 2014) (Reprinted with permis-
sion from ACS). c Design of cascade HCR for miRNA-21 detection 
(Liang et al. 2018) (Reprinted with permission from John Wiley and 
Sons)
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of biosensors will facilitate the general data acquisition for 
phenomics and disease prognosis.

As summarized in Table 2, different amplification strate-
gies have specific advantages and limitations. Nanomaterial-
based amplification strategies could improve the sensitivity 
without long time reaction while are limited by specific-
ity and complicated synthesis process of nanomaterials. 
Enzymes-based electrochemical biosensors could realize 
excellent amplification efficacy without complicated design 
while the enzyme activity and high cost still concern. HCR-
based electrochemical biosensor has an excellent perfor-
mance in specific recognition of target miRNAs but needs 
specific probe design and longtime reaction. CHA amplifica-
tion strategy is advantageous for low background and good 
stability but also needs a long reaction time and specific 
DNA sequence design. This review summarized the primary 
amplification strategies and their recent development, which 
might provide information for designing electrochemical 
sensing platforms with excellent sensitivity and specificity, 
ideal stability and reproducibility, low cost, easy operation, 
and potential for accurate early disease diagnosis.

However, although numerous amplification-based strate-
gies for miRNA detection were proposed, common technical 
challenges still exist. Compared with the well-established 
traditional methods, the electrochemical DNA platforms 
are still in the mid-to-late research stage. Technically, most 
miRNA electrochemical biosensors were utilized to totally 
extract miRNAs from cells or blood samples with pre-treat-
ment. The stability and specificity of measurement results, 
especially in complicated samples, still need to be improved 
by developing reproducible and stable modification meth-
ods on electrodes and amplification strategies. Clinically, 
the detection of several miRNAs simultaneously is of great 
significance to identify disease-associated features. The 
amplification strategies which could be compatible with 
multiplex channels or chips are necessary. Since the elec-
trochemical biosensors for glucose in the blood have been 
realized, the electrochemical biosensors are advantaged in 
analyzing miRNAs of actual samples. It is expected that the 
commercial electrochemical biosensors of reliable stability 
and accuracy of miRNA detection could be available with 
the advancement of technologies shortly.

Fig. 6   Catalytic hairpin assembly (CHA). a Fabrication process of 
miRNA-21 detection biosensors including preparation of Fe3O4/
CeO2@Au MNPs and CHA signal amplification strategy (Liu et  al. 
2018) (Reprinted with permission from Elsevier). b Schematic illus-

tration of miRNA-16 based on enzyme-free signal amplification of 
CHA and HCR (Bao et  al. 2019) (Reprinted with permission from 
Elsevier)



28	 L. Zhang et al.

1 3

Ta
bl

e 
2  

C
om

pa
ris

on
 o

f d
iff

er
en

t a
m

pl
ifi

ca
tio

n 
str

at
eg

ie
s i

n 
th

is
 re

vi
ew

AL
P 

al
ka

lin
e 

ph
os

ph
at

as
e,

 L
O

D
 li

m
it 

of
 d

et
ec

tio
n,

 M
W

C
N

Ts
 m

ul
ti-

w
al

le
d 

ca
rb

on
 n

an
ot

ub
es

, N
PG

 th
re

e-
di

m
en

si
on

al
 n

an
op

or
ou

s 
go

ld
, T

W
J 

th
re

e-
w

ay
 ju

nc
tio

n,
 S

D
R 

str
an

d 
di

sp
la

ce
m

en
t r

ea
c-

tio
n

M
et

ho
ds

M
ec

ha
ni

sm
LO

D
Li

ne
ar

 ra
ng

e
A

dv
an

ta
ge

s
Li

m
ita

tio
ns

Re
fe

re
nc

es

N
an

om
at

er
ia

ls
Pd

N
Ps

@
Fe

-M
O

Fs
/C

H
A

0.
00

3 
fM

0.
01

 fM
–1

0 
pM

La
rg

e 
su

rfa
ce

 a
re

a,
 n

um
er

ou
s a

ct
iv

e 
si

te
s, 

fa
sc

in
at

in
g 

ca
ta

ly
tic

 a
ct

iv
ity

, 
en

zy
m

e-
fr

ee
, g

oo
d 

se
ns

iti
vi

ty
, a

nd
 

se
le

ct
iv

ity

C
om

pl
ic

at
ed

 m
at

er
ia

l s
yn

th
es

is
 p

ro
-

ce
ss

es
Li

 e
t a

l. 
(2

01
8)

A
u/

PP
y–

rG
O

/C
H

A
/H

C
R

1.
57

 fM
10

 fM
–5

 n
M

Ex
ce

lle
nt

 c
on

du
ct

iv
ity

, e
nz

ym
es

 fr
ee

, 
hi

gh
 se

le
ct

iv
ity

, s
at

is
fa

ct
or

y 
st

ab
ili

ty
, 

an
d 

id
ea

l r
ep

ro
du

ci
bi

lit
y

C
om

pl
ic

at
ed

 se
qu

en
ce

 d
es

ig
n,

 lo
ng

 
re

ac
tio

n 
tim

e
B

ao
 e

t a
l. 

(2
01

9)

M
W

C
N

Ts
0.

03
2 

pM
0.

1–
12

,0
00

 p
M

En
zy

m
e-

fr
ee

, h
ig

h 
se

le
ct

iv
ity

, w
id

e 
lin

ea
r r

an
ge

, s
im

pl
e 

de
si

gn
Lo

w
 se

ns
iti

vi
ty

, l
on

g 
re

ac
tio

n 
tim

e
D

en
g 

et
 a

l. 
(2

01
8)

En
zy

m
e

D
SN

/A
uN

P/
G

O
1.

5 
fM

1 
fM

−
10

 p
M

Ea
sy

 to
 o

pe
ra

te
H

ig
h 

co
st,

 sp
ec

ia
l e

nz
ym

es
 n

ee
de

d,
 

lo
ng

 re
ac

tio
n 

tim
e

H
an

 e
t a

l. 
(2

01
9)

SD
R

/C
a2+

-d
ep

en
de

nt
 D

N
A

zy
m

e
2.

3 ×
 10

−
17

 M
10

−
16

–1
0−

11
 M

Ex
ce

lle
nt

 se
ns

iti
vi

ty
 a

nd
 se

le
ct

iv
ity

H
ig

h 
co

st,
 sp

ec
ia

l e
nz

ym
es

 n
ee

de
d

Ya
ng

 e
t a

l. 
(2

01
8)

A
LP

/M
gO

 n
an

ofl
ow

er
50

 a
M

0.
1–

10
0 

fM
G

oo
d 

st
ab

ili
ty

 a
nd

 re
pr

od
uc

ib
ili

ty
, h

ig
h 

se
le

ct
iv

ity
Sp

ec
ia

l e
nz

ym
es

 n
ee

de
d,

 lo
ng

 re
ac

tio
n 

tim
e,

 lo
w

 se
ns

iti
vi

ty
Sh

ua
i e

t a
l. 

(2
01

7b
)

H
C

R
D

N
A

zy
m

e-
dr

iv
en

 3
D

 w
al

ke
r a

nd
 

hy
pe

rb
ra

nc
he

d 
H

C
R-

D
N

A
zy

m
e 

ca
sc

ad
e

0.
02

 fM
0.

1 f
M

–1
00

 n
M

G
oo

d 
se

ns
iti

vi
ty

 a
nd

 a
nt

i-i
nt

er
fe

re
nc

e 
ab

ili
ty

C
om

pl
ex

 d
es

ig
n 

of
 o

lig
on

uc
le

ot
id

es
 

se
qu

en
ce

, s
pe

ci
fic

 e
nz

ym
e 

ne
ed

ed
Li

 e
t a

l. 
(2

02
1)

H
C

R
53

 a
M

10
0–

1 ×
 10

11
 a

M
C

he
ap

, e
as

y 
to

 o
pe

ra
te

, s
im

pl
ic

ity
, 

ex
os

om
al

 m
iR

N
A

 d
et

ec
tio

n,
 w

id
e 

lin
ea

r r
an

ge
, h

ig
hl

y 
se

le
ct

iv
e 

an
d 

re
pr

od
uc

ib
le

Lo
ng

 re
ac

tio
n 

tim
e,

 sp
ec

ifi
c 

se
qu

en
ce

 
de

si
gn

G
uo

 e
t a

l. 
(2

02
0)

Y-
D

N
A

 re
co

gn
iti

on
/n

on
lin

ea
r H

C
R

0.
33

34
 fM

1 
fM

–1
0 

pM
H

ig
h 

sp
ec

ifi
ci

ty
, c

os
t e

ffi
ci

en
cy

, e
xc

el
-

le
nt

 se
ns

iti
vi

ty
Re

qu
ire

m
en

t o
f a

 p
ar

tic
ul

ar
 se

qu
en

ce
 

de
si

gn
, l

on
g 

re
ac

tio
n 

tim
e

Zh
ou

 e
t a

l. 
(2

01
9)

C
H

A
C

H
A

/c
op

pe
r n

an
op

ar
tic

le
s

1.
1 

fM
10

 fM
–1

0 
nM

Lo
w

 b
ac

kg
ro

un
d,

 h
ig

h 
se

ns
iti

vi
ty

, 
re

as
on

ab
le

 sp
ec

ifi
ci

ty
, s

in
gl

e-
ba

se
 

m
is

m
at

ch
 d

is
cr

im
in

at
io

n 
ca

pa
bi

lit
y,

 
ex

ce
lle

nt
 st

ab
ili

ty
, a

nd
 re

pr
od

uc
ib

ili
ty

Re
qu

ire
m

en
t o

f a
 p

ar
tic

ul
ar

 se
qu

en
ce

 
de

si
gn

, A
LP

 n
ee

de
d

C
ui

 e
t a

l. 
(2

02
0)

C
H

A
/D

N
A

-T
W

J
3.

6 
fM

10
 fM

–1
0 

nM
En

zy
m

e 
fr

ee
, h

ig
h 

se
ns

iti
vi

ty
, g

oo
d 

sp
ec

ifi
ci

ty
Re

qu
ire

m
en

t o
f a

 sp
ec

ia
l s

eq
ue

nc
e 

de
si

gn
Jia

ng
 e

t a
l. 

(2
02

0)

C
H

A
/N

PG
 fi

lm
0.

17
 p

M
0.

5–
50

0 
pM

Fa
ci

le
, u

ltr
as

en
si

tiv
e,

 lo
w

-c
os

t, 
an

d 
hi

gh
 a

nt
i-i

nt
er

fe
re

nc
e 

ca
pa

bi
lit

y
Re

qu
ire

m
en

t o
f a

 p
ar

tic
ul

ar
 se

qu
en

ce
 

de
si

gn
, n

ar
ro

w
 li

ne
ar

 ra
ng

e
X

u 
et

 a
l. 

(2
02

1)



29Recent Progresses in Electrochemical DNA Biosensors for MicroRNA Detection﻿	

1 3

Authors' Contributions  LZ and WS contributed equally to this work. 
LZ and WS performed the literature survey and wrote the manuscript. 
SL and CH corrected the manuscript. BG and DA modified the paper. 
XD provided the theme and guided the manuscript writing.

Funding  We gratefully thank the financial support from Shang-
hai Municipal Science and Technology Project (18430760500 and 
2017SHZDZX01), Shanghai Municipal Education Commission 
Project (ZXWF082101), Shanghai Jiao Tong University Projects 
(YG2021ZD19, Agri-X20200101, SL2020MS026, 19X190020154, 
ZH2018ZDA01, YG2016QN24, YG2016MS60, 2020 SJTU-HUJI, 
2019 SJTU-Usyd, SD0820016), Shanghai Municipal Health Com-
mission Project (2019CXJQ03), Shanghai Clinical Medical Research 
Center Project (19MC1910800). Thanks for the support of Advanced 
Electronics Materials and Devices, Shanghai Jiao Tong University.

 Availability of Data and Materials  Not applicable.

 Code Availability  Not applicable.

Declarations 

Conflicts of interest  The authors declare that they have no competing 
interests.

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent to publication  Not applicable.

References

Abraham P, Renjini S, Vijayan P, Nisha V, Sreevalsan K, Anithaku-
mary V (2020) Review—review on the progress in electrochemi-
cal detection of morphine based on different modified electrodes. 
J Electrochem Soc 167(3):037559. https://​doi.​org/​10.​1149/​1945-​
7111/​ab6cf6

Azzouzi S, Mak WC, Kor K, Turner APF, Ali MB, Beni V (2017) An 
integrated dual functional recognition/amplification bio-label for 
the one-step impedimetric detection of Micro-RNA-21. Biosens 
Bioelectron 92:154–161. https://​doi.​org/​10.​1016/j.​bios.​2017.​02.​
014

Azzouzi S, Fredj Z, Turner APF, Ali MB, Mak WC (2019) Generic 
neutravidin biosensor for simultaneous multiplex detection of 
microRNAs via electrochemically encoded responsive nano-
labels. ACS Sens 4(2):326–334. https://​doi.​org/​10.​1021/​acsse​
nsors.​8b009​42

Bao J, Hou C, Zhao Y, Geng X, Samalo M, Yang H, Bian M, Huo D 
(2019) An enzyme-free sensitive electrochemical microRNA-16 
biosensor by applying a multiple signal amplification strategy 
based on Au/PPy–rGO nanocomposite as a substrate. Talanta 
196:329–336. https://​doi.​org/​10.​1016/j.​talan​ta.​2018.​12.​082

Bao J, Qiu X, Yang H, Lu W, Yang M, Gu W, Wu L, Huo D, Luo Y, 
Hou C (2020) Disposable 3D GNAs/AuNPs DNA-circuit strip 
for miRNAs dynamic quantification. Small 16(39):e2001416. 
https://​doi.​org/​10.​1002/​smll.​20200​1416

Bartel DP (2009) MicroRNAs: target recognition and regulatory func-
tions. Cell 136(2):215–233. https://​doi.​org/​10.​1016/j.​cell.​2009.​
01.​002

Boriachek K, Umer M, Islam MN, Gopalan V, Lam AK, Nguyen N-T, 
Shiddiky MJA (2018) An amplification-free electrochemical 
detection of exosomal miRNA-21 in serum samples. Analyst 
143(7):1662–1669. https://​doi.​org/​10.​1039/​C7AN0​1843F

Calin GA, Croce CM (2006) MicroRNA signatures in human cancers. 
Nat Rev Cancer 6(11):857–866. https://​doi.​org/​10.​1038/​nrc19​97

Chang J, Wang X, Wang J, Li H, Li F (2019) Nucleic acid-functional-
ized metal-organic framework-based homogeneous electrochemi-
cal biosensor for simultaneous detection of multiple tumor bio-
markers. Anal Chem 91(5):3604–3610. https://​doi.​org/​10.​1021/​
acs.​analc​hem.​8b055​99

Chaubey A, Malhotra BD (2002) Mediated biosensors. Biosens Bioel-
ectron 17(6–7):441–456. https://​doi.​org/​10.​1016/​s0956-​5663(01)​
00313-x

Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, Zhang Y, Chen J, 
Guo X, Li Q, Li X, Wang W, Zhang Y, Wang J, Jiang X, Xiang Y, 
Xu C, Zheng P, Zhang J, Li R, Zhang H, Shang X, Gong T, Ning 
G, Wang J, Zen K, Zhang J, Zhang C-Y (2008) Characterization 
of microRNAs in serum: a novel class of biomarkers for diag-
nosis of cancer and other diseases. Cell Res 18(10):997–1006. 
https://​doi.​org/​10.​1038/​cr.​2008.​282

Chen Y-X, Huang K-J, Niu K-X (2018a) Recent advances in signal 
amplification strategy based on oligonucleotide and nanoma-
terials for microRNA detection-a review. Biosens Bioelectron 
99:612–624. https://​doi.​org/​10.​1016/j.​bios.​2017.​08.​036

Chen Y-X, Wu X, Huang K-J (2018b) A sandwich-type electrochemical 
biosensing platform for microRNA-21 detection using carbon 
sphere-MoS2 and catalyzed hairpin assembly for signal ampli-
fication. Sens Actuators B Chem 270:179–186. https://​doi.​org/​
10.​1016/j.​snb.​2018.​05.​031

Choi J (2020) Exosomal microRNA in serum is a prognostic factor in 
cutaneous squamous cell carcinoma. JCO 38(15_suppl):e22073–
e22073. https://​doi.​org/​10.​1200/​JCO.​2020.​38.​15_​suppl.​e22073

Cui L, Wang M, Sun B, Ai S, Wang S, Zhang C (2019) Substrate-free 
and label-free electrocatalysis-assisted biosensor for sensitive 
detection of microRNA in lung cancer cells. Chem Commun 
55(8):1172–1175. https://​doi.​org/​10.​1039/​C8CC0​9688K

Cui L, Zhou J, Yang X-Y, Dong J, Wang X, Zhang C (2020) Catalytic 
hairpin assembly-based electrochemical biosensor with tan-
dem signal amplification for sensitive microRNA assay. Chem 
Commun 56(70):10191–10194. https://​doi.​org/​10.​1039/​D0CC0​
4855K

Degliangeli F, Kshirsagar P, Brunetti V, Pompa PP, Fiammengo R 
(2014) Absolute and direct microRNA quantification using 
DNA-gold nanoparticle probes. J Am Chem Soc 136(6):2264–
2267. https://​doi.​org/​10.​1021/​ja412​152x

Deng K, Liu X, Li C, Huang H (2018) Sensitive electrochemical 
sensing platform for microRNAs detection based on shortened 
multi-walled carbon nanotubes with high-loaded thionin. Biosens 
Bioelectron 117:168–174. https://​doi.​org/​10.​1016/j.​bios.​2018.​
05.​055

Dirks RM, Pierce NA (2004) Triggered amplification by hybridization 
chain reaction. Proc Natl Acad Sci USA 101(43):15275–15278. 
https://​doi.​org/​10.​1073/​pnas.​04070​24101

Esquela-Kerscher A, Slack FJ (2006) Oncomirs—microRNAs with a 
role in cancer. Nat Rev Cancer 6(4):259–269. https://​doi.​org/​10.​
1038/​nrc18​40

Furukawa H, Cordova KE, O’Keeffe M, Yaghi OM (2013) The chem-
istry and applications of metal-organic frameworks. Science. 
https://​doi.​org/​10.​1126/​scien​ce.​12304​44

Gao Z, Yang Z (2006) Detection of microRNAs using electrocatalytic 
nanoparticle tags. Anal Chem 78(5):1470–1477. https://​doi.​org/​
10.​1021/​ac051​726m

Garg S, Sharp PA (2016) Single-cell variability guided by microRNAs. 
Science. https://​doi.​org/​10.​1126/​scien​ce.​aag10​97

https://doi.org/10.1149/1945-7111/ab6cf6
https://doi.org/10.1149/1945-7111/ab6cf6
https://doi.org/10.1016/j.bios.2017.02.014
https://doi.org/10.1016/j.bios.2017.02.014
https://doi.org/10.1021/acssensors.8b00942
https://doi.org/10.1021/acssensors.8b00942
https://doi.org/10.1016/j.talanta.2018.12.082
https://doi.org/10.1002/smll.202001416
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1039/C7AN01843F
https://doi.org/10.1038/nrc1997
https://doi.org/10.1021/acs.analchem.8b05599
https://doi.org/10.1021/acs.analchem.8b05599
https://doi.org/10.1016/s0956-5663(01)00313-x
https://doi.org/10.1016/s0956-5663(01)00313-x
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1016/j.bios.2017.08.036
https://doi.org/10.1016/j.snb.2018.05.031
https://doi.org/10.1016/j.snb.2018.05.031
https://doi.org/10.1200/JCO.2020.38.15_suppl.e22073
https://doi.org/10.1039/C8CC09688K
https://doi.org/10.1039/D0CC04855K
https://doi.org/10.1039/D0CC04855K
https://doi.org/10.1021/ja412152x
https://doi.org/10.1016/j.bios.2018.05.055
https://doi.org/10.1016/j.bios.2018.05.055
https://doi.org/10.1073/pnas.0407024101
https://doi.org/10.1038/nrc1840
https://doi.org/10.1038/nrc1840
https://doi.org/10.1126/science.1230444
https://doi.org/10.1021/ac051726m
https://doi.org/10.1021/ac051726m
https://doi.org/10.1126/science.aag1097


30	 L. Zhang et al.

1 3

Ge Z, Lin M, Wang P, Pei H, Yan J, Shi J, Huang Q, He D, Fan C, Zuo 
X (2014) Hybridization chain reaction amplification of micro-
RNA detection with a tetrahedral DNA nanostructure-based elec-
trochemical biosensor. Anal Chem 86(4):2124–2130. https://​doi.​
org/​10.​1021/​ac403​7262

Guo J, Yuan C, Yan Q, Duan Q, Li X, Yi G (2018) An electrochemical 
biosensor for microRNA-196a detection based on cyclic enzy-
matic signal amplification and template-free DNA extension 
reaction with the adsorption of methylene blue. Biosens Bioel-
ectron 105:103–108. https://​doi.​org/​10.​1016/j.​bios.​2018.​01.​036

Guo Q, Yu Y, Zhang H, Cai C, Shen Q (2020) Electrochemical sensing 
of exosomal microRNA based on hybridization chain reaction 
signal amplification with reduced false-positive signals. Anal 
Chem 92(7):5302–5310. https://​doi.​org/​10.​1021/​acs.​analc​hem.​
9b058​49

Han Y, Qiu Z, Nawale GN, Varghese OP, Hilborn J, Tian B, Leifer K 
(2019) MicroRNA detection based on duplex-specific nuclease-
assisted target recycling and gold nanoparticle/graphene oxide 
nanocomposite-mediated electrocatalytic amplification. Biosens 
Bioelectron 127:188–193. https://​doi.​org/​10.​1016/j.​bios.​2018.​
12.​027

Hasan MR, Ahommed MS, Daizy M, Bacchu MS, Ali MR, Al-Mamun 
MR, Saad Aly MA, Khan MZH, Hossain SI (2021) Recent devel-
opment in electrochemical biosensors for cancer biomarkers 
detection. Biosens Bioelectron X 8:100075. https://​doi.​org/​10.​
1016/j.​biosx.​2021.​100075

Hu T, Zhang L, Wen W, Zhang X, Wang S (2016) Enzyme catalytic 
amplification of miRNA-155 detection with graphene quan-
tum dot-based electrochemical biosensor. Biosens Bioelectron 
77:451–456. https://​doi.​org/​10.​1016/j.​bios.​2015.​09.​068

Hu M, Zhu L, Li Z, Guo C, Wang M, Wang C, Du M (2021a) CoNi 
bimetallic metal–organic framework as an efficient biosensing 
platform for miRNA 126 detection. Appl Surf Sci 542:148586. 
https://​doi.​org/​10.​1016/j.​apsusc.​2020.​148586

Hu Z, Wang Y, Zhao D (2021b) The chemistry and applications of 
hafnium and cerium(IV) metal–organic frameworks. Chem Soc 
Rev 50(7):4629–4683. https://​doi.​org/​10.​1039/​D0CS0​0920B

Huang R, He N, Li Z (2018) Recent progresses in DNA nanostructure-
based biosensors for detection of tumor markers. Biosens Bio-
electron 109:27–34. https://​doi.​org/​10.​1016/j.​bios.​2018.​02.​053

Isin D, Eksin E, Erdem A (2017) Graphene oxide modified single-use 
electrodes and their application for voltammetric miRNA analy-
sis. Mater Sci Eng C 75:1242–1249. https://​doi.​org/​10.​1016/j.​
msec.​2017.​02.​166

Jet T, Gines G, Rondelez Y, Taly V (2021) Advances in multiplexed 
techniques for the detection and quantification of microRNAs. 
Chem Soc Rev 50(6):4141–4161. https://​doi.​org/​10.​1039/​D0CS0​
0609B

Jiang L, Yang Y, Lin Y, Chen Z, Xing C, Lu C, Yang H, Zhang S 
(2020) An electrochemical sensor based on enzyme-free recy-
cling amplification for sensitive and specific detection of miR-
NAs from cancer cells. Analyst 145(9):3353–3358. https://​doi.​
org/​10.​1039/​D0AN0​0275E

Jones K, Nourse JP, Keane C, Bhatnagar A, Gandhi MK (2014) Plasma 
microRNA are disease response biomarkers in classical Hodgkin 
lymphoma. Clin Cancer Res 20(1):253–264. https://​doi.​org/​10.​
1158/​1078-​0432.​CCR-​13-​1024

Kalambate PK, Rao Z, Dhanjai WuJ, Shen Y, Boddula R, Huang Y 
(2020) Electrochemical (bio) sensors go green. Biosens Bioel-
ectron 163:112270. https://​doi.​org/​10.​1016/j.​bios.​2020.​112270

Kangkamano T, Numnuam A, Limbut W, Kanatharana P, Vilaivan T, 
Thavarungkul P (2018) Pyrrolidinyl PNA polypyrrole/silver nan-
ofoam electrode as a novel label-free electrochemical miRNA-21 
biosensor. Biosens Bioelectron 102:217–225. https://​doi.​org/​10.​
1016/j.​bios.​2017.​11.​024

Keshavarz M, Behpour M, Rafiee-pour H-A (2015) Recent trends in 
electrochemical microRNA biosensors for early detection of 
cancer. RSC Adv 5(45):35651–35660. https://​doi.​org/​10.​1039/​
C5RA0​1726B

Kilic T, Erdem A, Ozsoz M, Carrara S (2018) microRNA biosensors: 
opportunities and challenges among conventional and commer-
cially available techniques. Biosens Bioelectron 99:525–546. 
https://​doi.​org/​10.​1016/j.​bios.​2017.​08.​007

Kong D, Bi S, Wang Z, Xia J, Zhang F (2016) In situ growth of three-
dimensional graphene films for signal-on electrochemical bio-
sensing of various analytes. Anal Chem 88(21):10667–10674. 
https://​doi.​org/​10.​1021/​acs.​analc​hem.​6b031​12

Koo KM, Carrascosa LG, Shiddiky MJA, Trau M (2016) Poly(A) 
extensions of miRNAs for amplification-free electrochemi-
cal detection on screen-printed gold electrodes. Anal Chem 
88(4):2000–2005. https://​doi.​org/​10.​1021/​acs.​analc​hem.​5b047​95

Koo KM, Mainwaring PN, Tomlins SA, Trau M (2019) Merging new-
age biomarkers and nanodiagnostics for precision prostate cancer 
management. Nat Rev Urol 16(5):302–317. https://​doi.​org/​10.​
1038/​s41585-​019-​0178-2

Koscianska E, Starega-Roslan J, Czubala K, Krzyzosiak WJ (2011) 
High-resolution northern blot for a reliable analysis of microR-
NAs and their precursors. Sci World J 11:102–117. https://​doi.​
org/​10.​1100/​tsw.​2011.​11

Kroh EM, Parkin RK, Mitchell PS, Tewari M (2010) Analysis of 
circulating microRNA biomarkers in plasma and serum using 
quantitative reverse transcription-PCR (qRT-PCR). Methods 
50(4):298–301. https://​doi.​org/​10.​1016/j.​ymeth.​2010.​01.​032

Labib M, Sargent EH, Kelley SO (2016) Electrochemical methods 
for the analysis of clinically relevant biomolecules. Chem Rev 
116(16):9001–9090. https://​doi.​org/​10.​1021/​acs.​chemr​ev.​6b002​
20

Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T (2001) Identifi-
cation of novel genes coding for small expressed RNAs. Science 
294(5543):853–858. https://​doi.​org/​10.​1126/​scien​ce.​10649​21

Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans heterochronic 
gene lin-4 encodes small RNAs with antisense complementarity 
to lin-14. Cell 75(5):843–854. https://​doi.​org/​10.​1016/​0092-​
8674(93)​90529-Y

Li Q, Gregory RI (2008) MicroRNA regulation of stem cell fate. Cell 
Stem Cell 2(3):195–196. https://​doi.​org/​10.​1016/j.​stem.​2008.​
02.​008

Li F, Peng J, Wang J, Tang H, Tan L, Xie Q, Yao S (2014) Carbon 
nanotube-based label-free electrochemical biosensor for sensi-
tive detection of miRNA-24. Biosens Bioelectron 54:158–164. 
https://​doi.​org/​10.​1016/j.​bios.​2013.​10.​061

Li Y, Yu C, Yang B, Liu Z, Xia P, Wang Q (2018) Target-catalyzed 
hairpin assembly and metal-organic frameworks mediated non-
enzymatic co-reaction for multiple signal amplification detection 
of miR-122 in human serum. Biosens Bioelectron 102:307–315. 
https://​doi.​org/​10.​1016/j.​bios.​2017.​11.​047

Li M, Cheng J, Yuan Z, Zhou H, Zhang L, Dai Y, Shen Q, Fan Q (2021) 
Sensitive electrochemical detection of microRNA based on DNA 
walkers and hyperbranched HCR-DNAzyme cascade signal 
amplification strategy. Sens Actuators B Chem 345:130348. 
https://​doi.​org/​10.​1016/j.​snb.​2021.​130348

Liang M, Pan M, Hu J, Wang F, Liu X (2018) Electrochemical bio-
sensor for microRNA detection based on cascade hybridization 
chain reaction. ChemElectroChem 5(10):1380–1386. https://​doi.​
org/​10.​1002/​celc.​20180​0255

Liu L, Xia N, Liu H, Kang X, Liu X, Xue C, He X (2014) Highly 
sensitive and label-free electrochemical detection of microRNAs 
based on triple signal amplification of multifunctional gold nano-
particles, enzymes and redox-cycling reaction. Biosens Bioel-
ectron 53:399–405. https://​doi.​org/​10.​1016/j.​bios.​2013.​10.​026

https://doi.org/10.1021/ac4037262
https://doi.org/10.1021/ac4037262
https://doi.org/10.1016/j.bios.2018.01.036
https://doi.org/10.1021/acs.analchem.9b05849
https://doi.org/10.1021/acs.analchem.9b05849
https://doi.org/10.1016/j.bios.2018.12.027
https://doi.org/10.1016/j.bios.2018.12.027
https://doi.org/10.1016/j.biosx.2021.100075
https://doi.org/10.1016/j.biosx.2021.100075
https://doi.org/10.1016/j.bios.2015.09.068
https://doi.org/10.1016/j.apsusc.2020.148586
https://doi.org/10.1039/D0CS00920B
https://doi.org/10.1016/j.bios.2018.02.053
https://doi.org/10.1016/j.msec.2017.02.166
https://doi.org/10.1016/j.msec.2017.02.166
https://doi.org/10.1039/D0CS00609B
https://doi.org/10.1039/D0CS00609B
https://doi.org/10.1039/D0AN00275E
https://doi.org/10.1039/D0AN00275E
https://doi.org/10.1158/1078-0432.CCR-13-1024
https://doi.org/10.1158/1078-0432.CCR-13-1024
https://doi.org/10.1016/j.bios.2020.112270
https://doi.org/10.1016/j.bios.2017.11.024
https://doi.org/10.1016/j.bios.2017.11.024
https://doi.org/10.1039/C5RA01726B
https://doi.org/10.1039/C5RA01726B
https://doi.org/10.1016/j.bios.2017.08.007
https://doi.org/10.1021/acs.analchem.6b03112
https://doi.org/10.1021/acs.analchem.5b04795
https://doi.org/10.1038/s41585-019-0178-2
https://doi.org/10.1038/s41585-019-0178-2
https://doi.org/10.1100/tsw.2011.11
https://doi.org/10.1100/tsw.2011.11
https://doi.org/10.1016/j.ymeth.2010.01.032
https://doi.org/10.1021/acs.chemrev.6b00220
https://doi.org/10.1021/acs.chemrev.6b00220
https://doi.org/10.1126/science.1064921
https://doi.org/10.1016/0092-8674(93)90529-Y
https://doi.org/10.1016/0092-8674(93)90529-Y
https://doi.org/10.1016/j.stem.2008.02.008
https://doi.org/10.1016/j.stem.2008.02.008
https://doi.org/10.1016/j.bios.2013.10.061
https://doi.org/10.1016/j.bios.2017.11.047
https://doi.org/10.1016/j.snb.2021.130348
https://doi.org/10.1002/celc.201800255
https://doi.org/10.1002/celc.201800255
https://doi.org/10.1016/j.bios.2013.10.026


31Recent Progresses in Electrochemical DNA Biosensors for MicroRNA Detection﻿	

1 3

Liu S, Su W, Li Z, Ding X (2015) Electrochemical detection of lung 
cancer specific microRNAs using 3D DNA origami nanostruc-
tures. Biosens Bioelectron 71:57–61. https://​doi.​org/​10.​1016/j.​
bios.​2015.​04.​006

Liu L, Chang Y, Xia N, Peng P, Zhang L, Jiang M, Zhang J, Liu L 
(2017) Simple, sensitive and label–free electrochemical detection 
of microRNAs based on the in situ formation of silver nanopar-
ticles aggregates for signal amplification. Biosens Bioelectron 
94:235–242. https://​doi.​org/​10.​1016/j.​bios.​2017.​02.​041

Liu S, Yang Z, Chang Y, Chai Y, Yuan R (2018) An enzyme-free elec-
trochemical biosensor combining target recycling with Fe3O4/
CeO2@Au nanocatalysts for microRNA-21 detection. Biosens 
Bioelectron 119:170–175. https://​doi.​org/​10.​1016/j.​bios.​2018.​
08.​006

Liu J, Zhang Y, Xie H, Zhao L, Zheng L, Ye H (2019) Applications 
of catalytic hairpin assembly reaction in biosensing. Small 
15(42):e1902989. https://​doi.​org/​10.​1002/​smll.​20190​2989

Lu Z, Tang H, Wu D, Xia Y, Wu M, Yi X, Li H, Wang J (2016) Ampli-
fied voltammetric detection of miRNA from serum samples of 
glioma patients via combination of conducting magnetic micro-
beads and ferrocene-capped gold nanoparticle/streptavidin conju-
gates. Biosens Bioelectron 86:502–507. https://​doi.​org/​10.​1016/j.​
bios.​2016.​07.​010

Masud MK, Islam MN, Haque MH, Tanaka S, Gopalan V, Alici G, 
Nguyen N-T, Lam AK, Hossain MSA, Yamauchi Y, Shiddiky 
MJA (2017) Gold-loaded nanoporous superparamagnetic nano-
cubes for catalytic signal amplification in detecting miRNA. 
Chem Commun 53(58):8231–8234. https://​doi.​org/​10.​1039/​
C7CC0​4789D

Masud MK, Na J, Younus M, Hossain MSA, Bando Y, Shiddiky 
MJA, Yamauchi Y (2019a) Superparamagnetic nanoarchitec-
tures for disease-specific biomarker detection. Chem Soc Rev 
48(24):5717–5751. https://​doi.​org/​10.​1039/​c9cs0​0174c

Masud MK, Umer M, Hossain MdSA, Yamauchi Y, Nguyen N-T, 
Shiddiky MJA (2019b) Nanoarchitecture frameworks for electro-
chemical miRNA detection. Trends Biochem Sci 44(5):433–452. 
https://​doi.​org/​10.​1016/j.​tibs.​2018.​11.​012

Miao P, Tang Y (2020a) Dumbbell hybridization chain reaction based 
electrochemical biosensor for ultrasensitive detection of exoso-
mal miRNA. Anal Chem 92(17):12026–12032. https://​doi.​org/​
10.​1021/​acs.​analc​hem.​0c026​54

Miao P, Tang Y (2020b) DNA walking and rolling nanomachine for 
electrochemical detection of miRNA. Small 16(47):e2004518. 
https://​doi.​org/​10.​1002/​smll.​20200​4518

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-
Agadjanyan EL, Peterson A, Noteboom J, O’Briant KC, Allen 
A, Lin DW, Urban N, Drescher CW, Knudsen BS, Stirewalt DL, 
Gentleman R, Vessella RL, Nelson PS, Martin DB, Tewari M 
(2008) Circulating microRNAs as stable blood-based markers 
for cancer detection. PNAS 105(30):10513–10518. https://​doi.​
org/​10.​1073/​pnas.​08045​49105

Ning Z, Zheng Y, Pan D, Zhang Y, Shen Y (2020) Coupling aptazyme 
and catalytic hairpin assembly for cascaded dual signal ampli-
fied electrochemiluminescence biosensing. Biosens Bioelectron 
150:111945. https://​doi.​org/​10.​1016/j.​bios.​2019.​111945

Qiu Y, Liu X, Sun Y, Li S, Wei Y, Tian C, Ding Q (2021) In situ 
saturating mutagenesis screening identifies a functional genomic 
locus that regulates Ucp1 expression. Phenomics 1(1):15–21. 
https://​doi.​org/​10.​1007/​s43657-​020-​00006-7

Salahandish R, Ghaffarinejad A, Omidinia E, Zargartalebi H, Majidza-
deh-A K, Naghib SM, Sanati-Nezhad A (2018) Label-free 
ultrasensitive detection of breast cancer miRNA-21 biomarker 
employing electrochemical nano-genosensor based on sand-
wiched AgNPs in PANI and N-doped graphene. Biosens Bioel-
ectron 120:129–136. https://​doi.​org/​10.​1016/j.​bios.​2018.​08.​025

Sharma S, Singh N, Tomar V, Chandra R (2018) A review on elec-
trochemical detection of serotonin based on surface modified 
electrodes. Biosens Bioelectron 107:76–93. https://​doi.​org/​10.​
1016/j.​bios.​2018.​02.​013

Shuai H-L, Huang K-J, Xing L-L, Chen Y-X (2016) Ultrasensitive 
electrochemical sensing platform for microRNA based on tung-
sten oxide-graphene composites coupling with catalyzed hair-
pin assembly target recycling and enzyme signal amplification. 
Biosens Bioelectron 86:337–345. https://​doi.​org/​10.​1016/j.​bios.​
2016.​06.​057

Shuai H-L, Huang K-J, Chen Y-X, Fang L-X, Jia M-P (2017a) Au nan-
oparticles/hollow molybdenum disulfide microcubes based bio-
sensor for microRNA-21 detection coupled with duplex-specific 
nuclease and enzyme signal amplification. Biosens Bioelectron 
89:989–997. https://​doi.​org/​10.​1016/j.​bios.​2016.​10.​051

Shuai H-L, Huang K-J, Zhang W-J, Cao X, Jia M-P (2017b) Sand-
wich-type microRNA biosensor based on magnesium oxide 
nanoflower and graphene oxide–gold nanoparticles hybrids 
coupling with enzyme signal amplification. Sens Actuators B 
Chem 243:403–411. https://​doi.​org/​10.​1016/j.​snb.​2016.​12.​001

Si Y, Xu L, Deng T, Zheng J, Li J (2020) Catalytic hairpin self-
assembly-based SERS sensor array for the simultaneous meas-
urement of multiple cancer-associated miRNAs. ACS Sens 
5(12):4009–4016. https://​doi.​org/​10.​1021/​acsse​nsors.​0c018​76

Soda N, Rehm BHA, Sonar P, Nguyen N-T, Shiddiky MJA (2019) 
Advanced liquid biopsy technologies for circulating biomarker 
detection. J Mater Chem B 7(43):6670–6704. https://​doi.​org/​
10.​1039/​C9TB0​1490J

Song S, Wang L, Li J, Fan C, Zhao J (2008) Aptamer-based biosen-
sors. TrAC Trends Anal Chem 27(2):108–117. https://​doi.​org/​
10.​1016/j.​trac.​2007.​12.​004

Sonuç Karaboğa MN, Şimşek ÇS, Sezgintürk MK (2016) AuNPs 
modified, disposable, ITO based biosensor: early diagnosis of 
heat shock protein 70. Biosens Bioelectron 84:22–29. https://​
doi.​org/​10.​1016/j.​bios.​2015.​08.​044

Stanciu LA, Wei Q, Barui AK, Mohammad N (2021) Recent 
advances in aptamer-based biosensors for global health appli-
cations. Annu Rev Biomed Eng 23(1):433–459. https://​doi.​org/​
10.​1146/​annur​ev-​bioeng-​082020-​035644

Su S, Wu Y, Zhu D, Chao J, Liu X, Wan Y, Su Y, Zuo X, Fan C, 
Wang L (2016) On-electrode synthesis of shape-controlled 
hierarchical flower-like gold nanostructures for efficient inter-
facial DNA assembly and sensitive electrochemical sensing of 
microRNA. Small 12(28):3794–3801. https://​doi.​org/​10.​1002/​
smll.​20160​1066

Su S, Cao W, Liu W, Lu Z, Zhu D, Chao J, Weng L, Wang L, Fan C, 
Wang L (2017) Dual-mode electrochemical analysis of micro-
RNA-21 using gold nanoparticle-decorated MoS2 nanosheet. 
Biosens Bioelectron 94:552–559. https://​doi.​org/​10.​1016/j.​
bios.​2017.​03.​040

Tavallaie R, McCarroll J, Le Grand M, Ariotti N, Schuhmann W, 
Bakker E, Tilley RD, Hibbert DB, Kavallaris M, Gooding JJ 
(2018) Nucleic acid hybridization on an electrically reconfig-
urable network of gold-coated magnetic nanoparticles enables 
microRNA detection in blood. Nature Nanotech 13(11):1066–
1071. https://​doi.​org/​10.​1038/​s41565-​018-​0232-x

Tian L, Qi J, Oderinde O, Yao C, Song W, Wang Y (2018a) Planar 
intercalated copper (II) complex molecule as small molecule 
enzyme mimic combined with Fe3O4 nanozyme for bienzyme 
synergistic catalysis applied to the microRNA biosensor. Bio-
sens Bioelectron 110:110–117. https://​doi.​org/​10.​1016/j.​bios.​
2018.​03.​045

Tian L, Qian K, Qi J, Liu Q, Yao C, Song W, Wang Y (2018b) 
Gold nanoparticles superlattices assembly for electrochemi-
cal biosensor detection of microRNA-21. Biosens Bioelectron 
99:564–570. https://​doi.​org/​10.​1016/j.​bios.​2017.​08.​035

https://doi.org/10.1016/j.bios.2015.04.006
https://doi.org/10.1016/j.bios.2015.04.006
https://doi.org/10.1016/j.bios.2017.02.041
https://doi.org/10.1016/j.bios.2018.08.006
https://doi.org/10.1016/j.bios.2018.08.006
https://doi.org/10.1002/smll.201902989
https://doi.org/10.1016/j.bios.2016.07.010
https://doi.org/10.1016/j.bios.2016.07.010
https://doi.org/10.1039/C7CC04789D
https://doi.org/10.1039/C7CC04789D
https://doi.org/10.1039/c9cs00174c
https://doi.org/10.1016/j.tibs.2018.11.012
https://doi.org/10.1021/acs.analchem.0c02654
https://doi.org/10.1021/acs.analchem.0c02654
https://doi.org/10.1002/smll.202004518
https://doi.org/10.1073/pnas.0804549105
https://doi.org/10.1073/pnas.0804549105
https://doi.org/10.1016/j.bios.2019.111945
https://doi.org/10.1007/s43657-020-00006-7
https://doi.org/10.1016/j.bios.2018.08.025
https://doi.org/10.1016/j.bios.2018.02.013
https://doi.org/10.1016/j.bios.2018.02.013
https://doi.org/10.1016/j.bios.2016.06.057
https://doi.org/10.1016/j.bios.2016.06.057
https://doi.org/10.1016/j.bios.2016.10.051
https://doi.org/10.1016/j.snb.2016.12.001
https://doi.org/10.1021/acssensors.0c01876
https://doi.org/10.1039/C9TB01490J
https://doi.org/10.1039/C9TB01490J
https://doi.org/10.1016/j.trac.2007.12.004
https://doi.org/10.1016/j.trac.2007.12.004
https://doi.org/10.1016/j.bios.2015.08.044
https://doi.org/10.1016/j.bios.2015.08.044
https://doi.org/10.1146/annurev-bioeng-082020-035644
https://doi.org/10.1146/annurev-bioeng-082020-035644
https://doi.org/10.1002/smll.201601066
https://doi.org/10.1002/smll.201601066
https://doi.org/10.1016/j.bios.2017.03.040
https://doi.org/10.1016/j.bios.2017.03.040
https://doi.org/10.1038/s41565-018-0232-x
https://doi.org/10.1016/j.bios.2018.03.045
https://doi.org/10.1016/j.bios.2018.03.045
https://doi.org/10.1016/j.bios.2017.08.035


32	 L. Zhang et al.

1 3

van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, 
Gerard RD, Richardson JA, Olson EN (2006) A signature 
pattern of stress-responsive microRNAs that can evoke car-
diac hypertrophy and heart failure. Proc Natl Acad Sci USA 
103(48):18255–18260. https://​doi.​org/​10.​1073/​pnas.​06087​
91103

Varshney D, Spiegel J, Zyner K, Tannahill D, Balasubramanian S 
(2020) The regulation and functions of DNA and RNA G-quad-
ruplexes. Nat Rev Mol Cell Biol 21(8):459–474. https://​doi.​org/​
10.​1038/​s41580-​020-​0236-x

Wang Y, Zhang X, Zhao L, Bao T, Wen W, Zhang X, Wang S (2017) 
Integrated amplified aptasensor with in-situ precise preparation 
of copper nanoclusters for ultrasensitive electrochemical detec-
tion of microRNA 21. Biosens Bioelectron 98:386–391. https://​
doi.​org/​10.​1016/j.​bios.​2017.​07.​009

Wang H, Jian Y, Kong Q, Liu H, Lan F, Liang L, Ge S, Yu J (2018) 
Ultrasensitive electrochemical paper-based biosensor for micro-
RNA via strand displacement reaction and metal-organic frame-
works. Sens Actuators B Chem 257:561–569. https://​doi.​org/​10.​
1016/j.​snb.​2017.​10.​188

Wang F, Chu Y, Ai Y, Chen L, Gao F (2019a) Graphene oxide with in-
situ grown Prussian Blue as an electrochemical probe for micro-
RNA-122. Microchim Acta 186(2):116. https://​doi.​org/​10.​1007/​
s00604-​018-​3204-9

Wang J, Lu J, Dong S, Zhu N, Gyimah E, Wang K, Li Y, Zhang Z 
(2019b) An ultrasensitive electrochemical biosensor for detec-
tion of microRNA-21 based on redox reaction of ascorbic acid/
iodine and duplex-specific nuclease assisted target recycling. 
Biosens Bioelectron 130:81–87. https://​doi.​org/​10.​1016/j.​bios.​
2019.​01.​031

Watson JD, Crick FH (1953) Molecular structure of nucleic acids; a 
structure for deoxyribose nucleic acid. Nature 171(4356):737–
738. https://​doi.​org/​10.​1038/​17173​7a0

Wu Y, Cui S, Li Q, Zhang R, Song Z, Gao Y, Chen W, Xing D (2020) 
Recent advances in duplex-specific nuclease-based signal ampli-
fication strategies for microRNA detection. Biosens Bioelectron 
165:112449. https://​doi.​org/​10.​1016/j.​bios.​2020.​112449

Xu S, Chang Y, Wu Z, Li Y, Yuan R, Chai Y (2020) One DNA circle 
capture probe with multiple target recognition domains for simul-
taneous electrochemical detection of miRNA-21 and miRNA-
155. Biosens Bioelectron 149:111848. https://​doi.​org/​10.​1016/j.​
bios.​2019.​111848

Xu Y, Wang X, Chen H, Chen L, Chen W, Yin X, Liu A, Lin X, Weng 
S, Zheng Y (2021) A facile approach for fabrication of three-
dimensional platinum-nanoporous gold film and its application 
for sensitive detection of microRNA-126 combining with cata-
lytic hairpin assembly reaction. J Electroanal Chem 886:115109. 
https://​doi.​org/​10.​1016/j.​jelec​hem.​2021.​115109

Xue S, Li Q, Wang L, You W, Zhang J, Che R (2019) Copper- and 
cobalt-codoped CeO2 nanospheres with abundant oxygen vacan-
cies as highly efficient electrocatalysts for dual-mode electro-
chemical sensing of microRNA. Anal Chem 91(4):2659–2666. 
https://​doi.​org/​10.​1021/​acs.​analc​hem.​8b037​78

Yaghi OM, O’Keeffe M, Ockwig NW, Chae HK, Eddaoudi M, Kim 
J (2003) Reticular synthesis and the design of new materials. 
Nature 423(6941):705–714. https://​doi.​org/​10.​1038/​natur​e01650

Yang C, Dou B, Shi K, Chai Y, Xiang Y, Yuan R (2014) Multiplexed 
and amplified electronic sensor for the detection of microRNAs 
from cancer cells. Anal Chem 86(23):11913–11918. https://​doi.​
org/​10.​1021/​ac503​860d

Yang D, Cheng W, Chen X, Tang Y, Miao P (2018) Ultrasensitive 
electrochemical detection of miRNA based on DNA strand 
displacement polymerization and Ca2+ -dependent DNAzyme 
cleavage. Analyst 143(22):5352–5357. https://​doi.​org/​10.​1039/​
C8AN0​1555D

Yang J, Xia Q, Guo L, Luo F, Dong Y, Qiu B, Lin Z (2020) A highly 
sensitive signal-on biosensor for microRNA 142–3p based on 
the quenching of Ru(bpy)32+-TPA electrochemiluminescence 
by carbon dots and duplex specific nuclease-assisted target recy-
cling amplification. Chem Commun 56(49):6692–6695. https://​
doi.​org/​10.​1039/​c9cc0​9706f

Yuan Y-H, Wu Y-D, Chi B-Z, Wen S-H, Liang R-P, Qiu J-D (2017) 
Simultaneously electrochemical detection of microRNAs based 
on multifunctional magnetic nanoparticles probe coupling with 
hybridization chain reaction. Biosens Bioelectron 97:325–331. 
https://​doi.​org/​10.​1016/j.​bios.​2017.​06.​022

Yuan Y-H, Chi B-Z, Wen S-H, Liang R-P, Li Z-M, Qiu J-D (2018) 
Ratiometric electrochemical assay for sensitive detecting micro-
RNA based on dual-amplification mechanism of duplex-specific 
nuclease and hybridization chain reaction. Biosens Bioelectron 
102:211–216. https://​doi.​org/​10.​1016/j.​bios.​2017.​11.​030

Zeng Z, Zhou R, Sun R, Zhang X, Cheng Z, Chen C, Zhu Q (2020) 
Nonlinear hybridization chain reaction-based functional DNA 
nanostructure assembly for biosensing, bioimaging applications. 
Biosens Bioelectron 173:112814. https://​doi.​org/​10.​1016/j.​bios.​
2020.​112814

Zhang J, Wu D-Z, Cai S-X, Chen M, Xia Y-K, Wu F, Chen J-H (2016) 
An immobilization-free electrochemical impedance biosensor 
based on duplex-specific nuclease assisted target recycling for 
amplified detection of microRNA. Biosens Bioelectron 75:452–
457. https://​doi.​org/​10.​1016/j.​bios.​2015.​09.​006

Zhang C, Chen J, Sun R, Huang Z, Luo Z, Zhou C, Wu M, Duan Y, Li 
Y (2020) The recent development of hybridization chain reaction 
strategies in biosensors. ACS Sens 5(10):2977–3000. https://​doi.​
org/​10.​1021/​acsse​nsors.​0c014​53

Zhang S, Rong F, Guo C, Duan F, He L, Wang M, Zhang Z, Kang 
M, Du M (2021) Metal–organic frameworks (MOFs) based 
electrochemical biosensors for early cancer diagnosis in vitro. 
Coord Chem Rev 439:213948. https://​doi.​org/​10.​1016/j.​ccr.​2021.​
213948

Zhou W-J, Chen Y, Corn RM (2011) Ultrasensitive microarray detec-
tion of short RNA sequences with enzymatically modified nano-
particles and surface plasmon resonance imaging measurements. 
Anal Chem 83(10):3897–3902. https://​doi.​org/​10.​1021/​ac200​
422u

Zhou Y, Yin H, Li J, Li B, Li X, Ai S, Zhang X (2016) Electrochemical 
biosensor for microRNA detection based on poly(U) polymerase 
mediated isothermal signal amplification. Biosens Bioelectron 
79:79–85. https://​doi.​org/​10.​1016/j.​bios.​2015.​12.​009

Zhou L, Wang Y, Yang C, Xu H, Luo J, Zhang W, Tang X, Yang S, 
Fu W, Chang K, Chen M (2019) A label-free electrochemical 
biosensor for microRNAs detection based on DNA nanomate-
rial by coupling with Y-shaped DNA structure and nonlinear 
hybridization chain reaction. Biosens Bioelectron 126:657–663. 
https://​doi.​org/​10.​1016/j.​bios.​2018.​11.​028

Zhu D, Liu W, Zhao D, Hao Q, Li J, Huang J, Shi J, Chao J, Su S, 
Wang L (2017) Label-free electrochemical sensing platform for 
microRNA-21 detection using thionine and gold nanoparticles 
Co-functionalized MoS2 nanosheet. ACS Appl Mater Interfaces 
9(41):35597–35603. https://​doi.​org/​10.​1021/​acsami.​7b113​85

Zhu L, Zhang M, Ye J, Yan M, Zhu Q, Huang J, Yang X (2020) Ratio-
metric electrochemiluminescent/electrochemical strategy for sen-
sitive detection of microRNA based on duplex-specific nuclease 
and multilayer circuit of catalytic hairpin assembly. Anal Chem 
92(12):8614–8622. https://​doi.​org/​10.​1021/​acs.​analc​hem.​0c019​49

Zouari M, Campuzano S, Pingarrón JM, Raouafi N (2017) Competitive 
RNA-RNA hybridization-based integrated nanostructured-dis-
posable electrode for highly sensitive determination of miRNAs 
in cancer cells. Biosens Bioelectron 91:40–45. https://​doi.​org/​10.​
1016/j.​bios.​2016.​12.​033

https://doi.org/10.1073/pnas.0608791103
https://doi.org/10.1073/pnas.0608791103
https://doi.org/10.1038/s41580-020-0236-x
https://doi.org/10.1038/s41580-020-0236-x
https://doi.org/10.1016/j.bios.2017.07.009
https://doi.org/10.1016/j.bios.2017.07.009
https://doi.org/10.1016/j.snb.2017.10.188
https://doi.org/10.1016/j.snb.2017.10.188
https://doi.org/10.1007/s00604-018-3204-9
https://doi.org/10.1007/s00604-018-3204-9
https://doi.org/10.1016/j.bios.2019.01.031
https://doi.org/10.1016/j.bios.2019.01.031
https://doi.org/10.1038/171737a0
https://doi.org/10.1016/j.bios.2020.112449
https://doi.org/10.1016/j.bios.2019.111848
https://doi.org/10.1016/j.bios.2019.111848
https://doi.org/10.1016/j.jelechem.2021.115109
https://doi.org/10.1021/acs.analchem.8b03778
https://doi.org/10.1038/nature01650
https://doi.org/10.1021/ac503860d
https://doi.org/10.1021/ac503860d
https://doi.org/10.1039/C8AN01555D
https://doi.org/10.1039/C8AN01555D
https://doi.org/10.1039/c9cc09706f
https://doi.org/10.1039/c9cc09706f
https://doi.org/10.1016/j.bios.2017.06.022
https://doi.org/10.1016/j.bios.2017.11.030
https://doi.org/10.1016/j.bios.2020.112814
https://doi.org/10.1016/j.bios.2020.112814
https://doi.org/10.1016/j.bios.2015.09.006
https://doi.org/10.1021/acssensors.0c01453
https://doi.org/10.1021/acssensors.0c01453
https://doi.org/10.1016/j.ccr.2021.213948
https://doi.org/10.1016/j.ccr.2021.213948
https://doi.org/10.1021/ac200422u
https://doi.org/10.1021/ac200422u
https://doi.org/10.1016/j.bios.2015.12.009
https://doi.org/10.1016/j.bios.2018.11.028
https://doi.org/10.1021/acsami.7b11385
https://doi.org/10.1021/acs.analchem.0c01949
https://doi.org/10.1016/j.bios.2016.12.033
https://doi.org/10.1016/j.bios.2016.12.033

	Recent Progresses in Electrochemical DNA Biosensors for MicroRNA Detection
	Abstract
	Introduction
	Working Principles of Electrochemical DNA Biosensors
	Signal Amplification Strategies of Electrochemical DNA Biosensors
	Nanomaterials-Based Signal Amplification Strategy
	Enzyme-Based Signal Amplification Strategy
	Hybridization Chain Reaction (HCR)
	Catalytic Hairpin Assembly (CHA)
	Conclusions
	References




