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A B S T R A C T

Abnormal expression of microRNAs is closely related to human diseases. Ultrasensitive detection of microRNAs
with wide linear dynamic range is necessary as the concentrations of microRNAs distributed in biological
samples usually range from fM to nM. Here, we constructed an ultrasensitive electrochemical sensor for
microRNA-21 based on the integration of a dual signal amplification strategy of hybridization chain reaction
(HCR) and enzyme-induced metallization (EIM) with anodic stripping voltammetry (ASV). MicroRNA-21 was
captured by capture probe H1 (CP H1) modified magnetic nanobeads (MBs) and amplified by HCR. Multiple
alkaline phosphatases (ALP) were coupled based on the specific reaction of biotin and streptavidin. A dual
amplification strategy of HCR and EIM enhanced electrochemical signal by approximately 120-fold from the
perspectives of target amplification and detection signal amplification, which decreased the detection limit of
microRNA-21 to 0.12 fM. Compared to the reports previously reported, a wider linear dynamic range of 2.5 fM to
25 nM spanning 7 orders of magnitude was obtained. The method provides high sensitivity, specificity and a
wider linear dynamic range, which shows a great potential in the early diagnosis of diseases.

1. Introduction

MicroRNAs are a kind of noncoding small RNA molecules with a
length of 18–24 nucleotides, which were firstly reported in C. elegans
by Wightman in 1993 (Wightman et al., 1993). MicroRNAs participate
in the regulation of individual development, cell apoptosis, prolifera-
tion and differentiation (Johnston, Hobert, 2003; Lu et al., 2005;
Brennecke et al., 2003; Wienholds et al., 2005). There are many unique
characteristics of microRNAs such as small size, high homology, low
abundance, difficult extraction, which pose analytical challenges for
their accurate detection and quantification. Therefore, the detection
method must have high sensitivity and specificity. Traditional detection
methods for microRNAs include northern blot (Varallyay et al., 2008),
microarray chip (Thomson et al., 2004), quantitative reverse tran-
scription-polymerase chain reaction (qRT-PCR) (Rui, Chiang, 2005) and
new generation sequencing (NGS) (Shirley et al., 2014). However, low
sensitivity, complex operation, poor specificity or expensive instru-
ments limit the wide application of these methods. Therefore, it is ne-
cessary to build a sensitive biosensor for the detection of microRNAs. A
growing number of studies showed that MicroRNA-21 is widely

distributed in cells and tissues of breast cancer (Frankel et al., 2008),
gastric cancer (Zhang et al., 2008), glioma (Galina et al., 2008), cervical
cancer (Yao et al., 2009), prostate cancer (Folini et al., 2010) and lung
cancer (Zhang et al., 2010). Yang et al. (2018) found that the con-
centrations of microRNAs widely distributed in biological samples
usually range from fM to nM across 6 orders of magnitude, which re-
quire a wide linear dynamic range of detection methods. Therefore, it is
necessary to develop a detection method for microRNAs, which not
only has a high sensitivity, but also has a wider linear dynamic range.

In clinical diagnosis, the concentrations of target nucleic acids are
too low to obtain the detection signal. On one hand, a series of stra-
tegies from the perspective of target amplification are introduced to
achieve sensitive detection of nucleic acids, such as polymerase chain
reaction (PCR) (Jung et al., 2018), rolling circle amplification (RCA)
(Xu et al., 2018), loop-mediated isothermal amplification (LAMP)
(Salamin et al., 2017), catalytic hairpin assembly (CHA) (Tang et al.,
2018) and hybridization chain reaction (HCR) (Mansourian et al.,
2017) and so on. Among them, HCR is an isothermal, enzyme-free
nucleic acids amplification technique proposed by Dirks and Pierce
(2004). In a typical HCR, the initiator triggers a cascade hybridization
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chain reaction of two hairpin nucleic acids molecules to form alternate
nucleic acids polymers. Due to mild reaction conditions, simple op-
eration, high amplification efficiency, HCR has been widely used in the
electrochemical, fluorescence and colorimetric detection of nucleic
acids (Yuan et al., 2017; Torrente-Rodríguez et al., 2016; Ge et al.,
2014; Hou et al., 2015; Yang et al., 2012; Yu et al., 2015) as an effective
nucleic acids amplification technique.

On the other hand, some signal amplification strategies from the
perspective of detection signal amplification based on nanomaterial and
enzyme are also widely used in the detection of nucleic acids. Due to
excellent catalytic activity, nanozyme (Gao et al., 2007; Park et al.,
2002) and enzyme (Alfonta et al., 2001; Rochelet-Dequaire et al., 2009)
are often used as signal markers to improve detection sensitivity. Robert
et al. (2005) found that enzyme-induced metallization (EIM) not only
has the high amplification effect of nanoparticle labels in combination
with metal enhancement, but also has the specificity of enzymatic
catalytic reaction, which greatly reduces the background signal and
significantly improves the detection sensitivity. EIM has been used to
achieve electrochemical and colorimetric detection of the viruses (Zhou
et al., 2015, 2014) and nucleic acids (Hwang et al., 2005). Wu et al.
decreased the detection limit of alkaline phosphatases (ALP) to 1 aM
based on the combination of EIM and anodic stripping voltammetry
(ASV), which proposed an effective signal amplification method (Wu
et al., 2016). In view of the above, a more effective dual signal am-
plification strategy based on target amplification and detection signal
amplification is expected to achieve highly sensitive detection of mi-
croRNAs.

Here, we combined a dual signal amplification strategy of HCR and
EIM from the perspectives of target amplification and detection signal
amplification with ASV to construct an ultrasensitive electrochemical
sensor for detection of microRNA-21 (Scheme 1). The sensor exhibited a
good linear relationship between the current signal and logarithmic
concentration of microRNA-21 in the range of 2.5 fM to 25 nM with a

detection limit as low as 0.12 fM. The main reasons that the sensor
showed an excellent performance were as follows: (1) HCR could ex-
pand microRNA-21 into longer nucleic acids polymers and provide
more binding sites of enzymes, which effectively achieved the ampli-
fication of target; (2) Much Ag0 was deposited on the electrode due to
the EIM, which effectively achieved the amplification of detection
signal; (3) Sensitive ASV was performed to detect microRNA-21 by
keeping a record of stripping signals of silver. In addition, the uniform
AuNPs modified ITO microelectrode array (MA) was constructed to put
multiple samples.

2. Experimental section

2.1. Chemicals and apparatus

Alkaline-phosphatase-labeled streptavidin (SA-ALP) was purchased
from Vector (Burlingame, CA). Poly (dimethylsiloxane) (PDMS,
RTV615A and RTV615B) was purchased from GE (GE Toshiba
Silicones. Co., Ltd., Japan). N-(3-dimethylaminopropyl)-N′-ethylcarbo-
diimide hydrochloride (EDC), 2-(N-Morpholino) ethanesulfonic acid
(MES), 3-aminopropyltriethoxysilane (APTES), HAuCl4 and bovine
serum albumin (BSA) were purchased from Sigma-Aldrich. The p-ni-
trophenol sodium phosphate hexahydrate (p-NPP) and p-aminophenyl
phosphate monohydrate (p-APP) were purchased from Santa Cruz
Biotechnology, Inc. Diethyl dicarbonate (DEPC) treated water was
purchased from Shanghai Sangon Biotech (China). All other chemical
reagents were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All the nucleic acids sequences purified with HPLC
were received from Shanghai Sangon Biotech (China), which were
shown in Table S1.

UV-2550 (Shimadzu, Japan) spectrophotometer was used to acquire
UV–vis absorption spectra. Dynamic light scattering (DLS) measure-
ments were performed on a Zetasizer Nano ZS instrument (Malvern).

Scheme 1. Illustration of the protocol for electrochemical detection of microRNA-21: (A) Capture of microRNA-21 and HCR. (B) EIM and electrochemical detection
of multiple samples on the same MA.
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All electrochemical assays were performed on a CHI660a electro-
chemical workstation (CH Instruments, Inc. Shanghai, China), which
used Ag/AgCl as reference electrode and platinum wire as counter
electrode. TEM (FEI Tecnai G2 20 TWIN) was performed to obtain the
morphology of magnetic nanobeads (MBs) and AuNPs. SEM images
were acquired on a ZEISS SIGMA FESEM.

2.2. Preparation of AuNPs modified ITO microelectrode array (MA)

MA was fabricated according to the literatures (Young et al., 2016;
Wu et al., 2018). AuNPs were prepared by sodium citrate reduction
method and concentrated by ultrafiltration. The fabrication process of
MA was shown in Fig. S1. First of all, the ITO glasses were cut into
2× 2 cm2 square pieces. After washing with ultrapure water, the
glasses were dried with N2 and then soaked in piranha (7:3, (v/v)
concentrated H2SO4/30% H2O2) solution for about 5min to achieve
further cleaning [Caution! The piranha solution should be handled with
extreme care]. Next, the ITO glasses were put into the mixed solution of
10mL water, 4 mL methanol, 20 μL acetic acid and 300 μL APTES under
the condition of 37 °C for 2 h with gentle shaking. Subsequently, the
AuNPs modified ITO glasses were obtained by placing ITO glasses in the
mixed solution of 800 μL 0.01M PBS (PH=7.2), 4 μL 10mM EDC and
40 μL AuNPs with gentle shaking for 15min.

At the same time, 5 g PDMS (10:1, w/w, RTV615A/RTV615B) was
mixed evenly and spin-coated on the silicon wafer by spin coater. After
that, the silicon wafer was baked at 75 °C for 2 h to form PDMS mem-
brane. Next, the PDMS membrane was cut into a rectangular section of
2× 1.5 cm2. The MA were obtained by covering the PDMS membrane
with an array of 1mm diameter holes onto the surface of AuNPs
modified ITO glasses.

2.3. Extraction of total RNA in cells

The total RNA were extracted from MCF-7 cells and Jurkat T cells
according to the instruction of Eastep® Super Total RNA Extraction Kit.
The cells were placed in a non-enzymatic centrifuge tube and were
lysed by pyrolysis liquid. The supernatant were collected by centrifugal.
After that, the supernatant was washed by ethanol and RNA lotion.
Subsequently, DNA enzymes were added to remove excess DNA. At last,
total RNA could be obtained by washing with RNA lotion and then
stored at −70 °C for further use.

2.4. Preparation of magnetic nanobeads (MBs)-capture probe H1 (MBs-CP
H1)

The MBs with good dispersion and excellent magnetic response
were synthesized by using the assembly method previously reported by
our group (Wen et al., 2014). The MBs-CP H1 were prepared based on
the amidation reaction between the carboxyl group on the surface of
the MBs and the amino group of the capture probe H1 (CP H1). After
washing with MES, 40 μL MBs (11.0 mg/mL) were mixed with 50 μL
12 μM CP H1 and 0.2mg EDC at 25 °C with gentle shaking (150 rpm)
for 1 h. Then, 4 μL 100mg/mL EDC was added to the mixed solution,
which was kept at 25 °C with gentle shaking (150 rpm) overnight.
Magnetic scaffold was used to adsorb MBs and remove the redundant
CP H1. After washing with PBS for three times, the MBs-CP H1 were
blocked with 1% BSA and stored at 4 °C for further use.

2.5. Ultrasensitive electrochemical detection of microRNA-21

Different concentrations of microRNA-21 standard samples or
complex samples were reacted with 20 μL MBs-CP H1 at 25 °C for 1 h
with gentle shaking (150 rpm), After washing three times, the MBs-CP
H1/microRNA-21 complexes were redispersed into 80 μL PBS.
Subsequently, 10 μL 1.2 μM biotin-H1 and 10 μL 1.2 μM biotin-H2 were
added to the solution, continuing reaction at 25 °C for 2 h with gentle

shaking (150 rpm). After repeat washing to remove excess biotin-H1
and biotin-H2, the MBs-CP H1/microRNA-21/biotin-H1/biotin-H2
complexes were reacted with 100 μL 1 μg/mL SA-ALP at 25 °C for
30min. Removing the redundant SA-ALP, and washing for three times,
the MBs-CP H1/microRNA-21/biotin-H1/biotin-H2/SA-ALP were
mixed with p-APP and AgNO3, and then added rapidly into MA for
reaction for 30min. Then, MA was gently flushed with water. At last,
1 μL 0.1M KCl were added in each microelectrode, respectively. The
electrochemical tests were based on a three-electrode system, in which
MA was used as the working electrode, the Ag/AgCl and the platinum
wire were used as the reference electrode and the counter electrode,
respectively. The dissolved voltammetric currents of silver were col-
lected based on linear sweep voltammetry (LSV) performed within
−0.1 V~0.3 V, with a sweep rate of 0.1 V/S.

3. Results and discussion

3.1. Characterization of MA

MA was prepared based on the covalent coupling reaction between
carboxyl groups on the surface of AuNPs and amino groups on the
surface of ITO glasses. AuNPs with uniform particle size of 15.8 nm and
rich carboxyl groups were coupled with ITO glasses (Fig. S2). The
surface morphology of microelectrodes was characterized by SEM.
AuNPs presented the characteristics of submonolayer and uniform ar-
rangement on the ITO slides (Fig. 1A). The cyclic voltammograms (CV)
curve of the microelectrode in H2SO4 indicated that AuNPs were suc-
cessfully modified on ITO glasses (Fig. 1B). The electroactive area of the
microelectrode was calculated to be 0.186mm2. Fig. 1C showed the CV
curves of an AuNPs modified ITO microelectrode and an unmodified
ITO microelectrode in [Fe(CN)6]3-/4-. It was observed that the peak
current was significantly enhanced by AuNPs. And the CV curves of the
five randomly selected microelectrodes in [Fe(CN)6]3-/4- (Fig. 1D) were
basically coincident (peak current, relative standard deviation (RSD)
=0.82%), which proved that the MA had uniform electrochemical
response and good repeatability.

3.2. Fabrication and characterization of MBs-CP H1

MBs are easier to operate and separate due to rapid magnetic re-
sponse. The uniform and dispersive MBs were synthesized by layer-by-
layer assembly method, with an average particle size of 281 nm
(Fig. 2A, B). The magnetic response of MBs was tested according to the
capture efficiency of MBs in different time with a magnetic scaffold
(Fig. 2C). The results showed that almost all the MBs could be captured
in 90 s, which had a rapid magnetic response and could achieve rapid
separation. The coupling of CP H1 and MBs based on amidation reac-
tion resulted in a negative shift of the surface potential from −11.5mV
to −46.4mV (Fig. 2D). In addition, the absorption of CP H1 in the
supernatant at 260 nm decreased significantly compared to the added
CP H1 after the reaction (Fig. S3), which further proved the successful
coupling of CP H1 with MBs. The numbers of CP H1 per MB were
calculated to be 102 according to the standard curve of MBs and CP H1
(Fig. S4A, B), which could achieve efficient capture of microRNA-21.

3.3. Signal amplification of hybridization chain reaction (HCR)

The feasibility of HCR was verified by agarose gel electrophoresis.
As shown in Fig. S5, microRNA-21 could react with CP H1 and then
long dsDNA were formed (Lane 3). With the addition of biotin-H1 and
biotin-H2, the generation of longer dsDNA proved the occurrence of
HCR (Lane 4). However, in the absence of microRNA-21, no long nu-
cleic acids were observed (Lane 5). In addition, the amplification effect
of HCR was further investigated based on the characteristic absorption
at 405 nm generated by the catalysis of ALP (Fig. 3A). After the target
was captured by MBs-CP H1, biotin-H1 and biotin-H2 were added
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together indicating the presence of HCR, whereas only biotin-H2 was
added indicating the absence of HCR. Then, ALP were coupled based
the specific reaction between biotin and streptavidin. The occurrence of
HCR greatly increased the number of coupled ALP. Then stronger ab-
sorption at 405 nm was observed. At the same time, more significant
color change was observed with the naked eye (Fig. S6). Moreover,
when microRNA-21 existed in the solution, the ultraviolet absorption
was stronger than the solution without microRNA-21 (Fig. 3A). UV
spectra and photographs from Fig. 3A and S6 showed that microRNA-
21 was successfully amplified by HCR.

3.4. Electrochemical signal amplification of enzyme-induced metallization
(EIM)

EIM was incorporated into HCR to achieve further signal amplifi-
cation. Based on the specific effect between biotin and streptavidin,
multiple ALP molecules were conjugated to the nucleic acids polymers
produced by HCR. ALP catalyzed substrate p-APP to produce p-ami-
nophenol (p-AP), which could react with Ag+ as a reductant to produce
Ag0 depositing on the electrode surface. At last, microRNA-21 could be
detected by the dissolving signal of Ag0. Significant current was ob-
served when microRNA-21 was present (Fig. S7A), indicating a high
signal-to-background ratio of the method. In order to confirm the am-
plification effects of EIM and HCR, respectively, we detect microRNA-
21 under different reaction conditions. The current was negligible,
which indicated Ag0 could not be deposited by p-APP only (Fig. 3B,
curve black). However, with the introduction of ALP, a nearly 40-fold

increase of current could be observed (Fig. 3B, curve red), indicating an
efficient amplification of detection signal by EIM. Then, the combina-
tion of HCR could amplify the current by about 3-fold under the same
concentration of microRNA-21 (Fig. 3B, curve blue), which achieved
amplification of microRNA-21. As shown in Fig. S7B, the currents ob-
tained by three parallel tests were recorded. Overall, a dual signal
amplification strategy of HCR and EIM effectively enhanced electro-
chemical signal by nearly 120-fold. The main reasons were as follows:
(1) The HCR rapidly expanded the target into a long nucleic acids
polymers and provided a large number of enzyme binding sites; (2) The
EIM combined the high specificity of the enzyme with the high sensi-
tivity of nanoparticle labels in combination with metal enhancement,
which realized the direct amplification of signal; (3) Anodic stripping
voltammetry (ASV) was combined with EIM to achieve a more sensitive
detection signal. In summary, the integration of dual signal amplifica-
tion of EIM and HCR with ASV could effectively realize signal ampli-
fication and achieve sensitive detection of microRNA-21. The best
signal-to-background ratio could be obtained as the concentrations of
SA-ALP, p-APP and Ag+ were 1 μg/mL, 3mM and 12.5 μM, respectively
(Fig. S8A, B and C). In addition, the optimal enzymatic reaction time
was 30min (Fig. S8D).

3.5. Ultrasensitive detection of microRNA-21 with a wide linear dynamic
range

Based on the combination of a dual signal amplification of HCR and
EIM with ASV, an electrochemical sensor for microRNA-21 was

Fig. 1. Characterization of MA. (A) SEM image of MA. (B) CV curve of a microelectrode in 0.5M H2SO4. (C) CV curves of an AuNPs modified ITO microelectrode and
an unmodified ITO microelectrode in [Fe(CN)6]3-/4-. (D) CV curves of five parallel microelectrodes in [Fe(CN)6]3-/4-.
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constructed. Multiple groups of standard samples and cell samples
could all be put on the same MA, which realized the detection of
standard and cells samples synchronously (Fig. 4A). As shown in
Fig. 1D and Fig. S9A, the MA with good repeatability and uniform
performance was fabricated for the detection of multiple samples.
Subsequently, the currents at different concentrations of microRNA-21
were recorded (Fig. 4B, C). As shown in Fig. 4D, there was a good linear
relationship between the current and logarithmic concentration of mi-
croRNA-21 in the range of 2.5 fM to 25 nM with a detection limit of
0.12 fM (S/N=3). The combination of a dual signal amplification
strategy of HCR and EIM with ASV made the method highly sensitive.
Compared with the previous reports (Table S2), this method was not
only highly sensitive, but also had a wider detection range spanning 7

orders of magnitude, which could meet the requirement of wide range
detection of microRNAs. At the same time, the MA had successfully
been used for the detection of multiple samples, which had a good re-
peatability.

It is worth noting that microRNAs are highly homologous, which
requires the detection methods to be highly specific. To evaluate the
specificity of the present sensor, the same concentration of microRNA-
21 (T) and single-base mismatched sequence (MT1) and double-base
mismatched sequence (MT2) were detected by this method. The elec-
trochemical signal of microRNA-21 was almost twice that of MT1, and
three times that of MT2 (Fig. S9B), which proved that this method had a
good specificity to distinguish the mismatched sequences.

Fig. 2. (A) TEM image of MBs. (B) Size distribution of MBs. (C) Magnetic response test of MBs. (D) Zeta potential of MBs and MBs-CP H1.

Fig. 3. (A) UV–vis absorption spectra of the supernatant under different conditions. (B) LSVs under different conditions in 0.1M KCl: MBs/CP H1/microRNA-21/
biotin-H2 (curve black); MBs/CP H1/microRNA-21/biotin-H2/SA-ALP (curve red); MBs/CP H1/microRNA-21/biotin-H2/biotin-H1/SA-ALP (curve blue).
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3.6. Detection of microRNA-21 in complex samples

The detection of real samples was an important factor to evaluate
the analytical performance of the method. Firstly, the developed bio-
sensor was used to detect microRNA-21 in human serum samples from
the Zhongnan Hospital of Wuhan University by the method of standard
addition. As shown in Table S3, the recoveries from 96% to 104.8%
were obtained, indicating a good performance of the biosensor in
human serum. We further applied the electrochemical sensor to detect
the content of microRNA-21 in various amounts of MCF-7 cells asso-
ciated with human breast cancer. As shown in Fig. 5A, the current
obtained from 10 MCF-7 cells was indistinguishable from the blank one.

But the current intensity was stronger when the amounts of MCF-7 cells
increased to 100, indicating that the method also had excellent sensi-
tivity to cells. Furthermore, the electrochemical sensor was used to
detect the content of microRNA-21 in MCF-7 cells and Jurkat T cells.
Compared with current obtained from Jurkat T cells, more significant
current obtained from MCF-7 cells was observed, proving the over ex-
pression of microRNA-21 in MCF-7 cells (Fig. 5B). In a word, the
electrochemical sensor had excellent performance in the detection of
microRNA-21 in complex samples.

Fig. 4. (A) Scheme of detection of multiple samples on the same MA. (B) Typical LSV signals in the presence of different microRNA-21 concentrations. (C) The plot of
current intensity vs. the concentration of microRNA-21. (D) The linear relationship between the current intensity and the logarithm of microRNA-21 concentration.

Fig. 5. (A) Histogram for microRNA-21 expression level in various amounts of MCF-7 cells. (B) Histogram for microRNA-21 expression level in MCF-7 cells and
Jurkat T cells.
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4. Conclusions

In summary, an ultrasensitive electrochemical biosensor for
microRNA-21 based on the combination of a dual signal amplification
strategy with ASV has been demonstrated. A dual signal amplification
strategy was realized by using HCR for target amplification and EIM for
detection signal amplification, which could amplify current by 120-
fold. As low as 0.12 fM microRNA-21 could be detected with high
sensitivity and specificity and a wide linear range from 2.5 fM to 25 nM
was obtained spanning 7 orders of magnitude. The developed biosensor
was also used to the detection of microRNA-21 in cells, showing a great
potential for microRNAs detection in complex samples and providing a
possibility for early diagnosis of the diseases.
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