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A B S T R A C T

MicroRNA-21 (miRNA-21) is a promising diagnostic biomarker for breast cancer screening and disease pro-
gression. A sensitive and selective strategy for the quantitative determination of miRNA-21 is of great sig-
nificance in the early diagnosis of cancers. Herein, a novel electrogenerated chemiluminescence (ECL) biosensor
was designed for the detection of miRNA-21 with dual signal amplification based on isothermal strand-dis-
placement polymerase reaction (ISDPR) and bridge DNA-gold nanoparticles (AuNPs) nanocomposites. The ECL
biosensor was fabricated by self-assembling a thiolated capture probe (SH-CP) on the surface of a gold electrode.
The target miRNA-21 initiated the phi29 DNA polymerase-mediated ISDPR, which could generate large numbers
of single-stranded DNA (assistant DNA) with accurate and comprehensive nucleotide sequences. The assistant
DNA was captured by the SH-CP self-assembled on the Au electrode and further hybridized with bridge DNA-
AuNPs nanocomposites, more biotins can be captured on the electrode surface. Afterward, a streptavidin-
modified Ru (bpy)32+ complex (SA-Ru) was bound to the bridge DNA-AuNPs nanocomposites via a specific
interaction between biotin and streptavidin to produce a strong ECL signal. The ECL intensity was logarith-
mically proportion to the concentration of target miRNA-21 over a range from 0.01 fM to 10,000 fM with a
detection limit of 3.2 aM. The proposed ECL biosensor was successfully applied to detect miRNA-21 in total RNA
samples extracted from human breast cancer cells, and it showed great potential for early cancer diagnosis based
on miRNA as a biomarker.

1. Introduction

MicroRNAs (miRNAs) are endogenous and noncoding single-
stranded RNAs with lengths of 18–25 nucleotides (nt) (Git et al., 2010)
that play considerable roles in biological processes such as cell reg-
ulation, tumor metastasis, stem-cell differentiation renewal, and viral
replication (Li et al., 2017). MiRNAs have been evaluated as significant
biomarkers for cancer diagnosis or prognosis (Deng et al., 2017). In
early studies, some traditional techniques, including Northern blotting
(Lee and Ambros, 2001), microarrays (Liang et al., 2005; Yuen et al.,
2002), and real-time polymerase chain reaction (RT-PCR) (Chen et al.,
2005) have been reported for miRNA detection. However, these tech-
niques present the disadvantages of time-consuming, labor-intensive,
and expensive, which limits their application in early diagnosis (Hansen
et al., 2013). In addition, the content of miRNA in peripheral blood
plasma and serum often range from the femto-to nanomolar levels

(Yang et al., 2018a; Tian et al., 2018). Therefore, the development of a
highly sensitive method and signal enhancement strategy for miRNA
detection is greatly required.

Electrogenerated chemiluminescence (ECL) biosensing method,
owing the merits of high sensitivity, wide detection range and easy
operation (Liu et al., 2014b, 2015), has attracted significant interest
and offers new opportunities for applications in the determination of
biomolecules, such as DNA (Wang et al., 2015), microRNA (Zhang
et al., 2015), DNA methylation (Lu et al., 2018), and proteins (Wang
et al., 2018b). To increase the sensitivity and adaptability of ECL
method, a variety of nucleic acid amplification technologies have been
extensively used in the area of biosensors, such as catalyzed-hairpin-
assembly amplification (CHA) (Yu et al., 2016; Zhang et al., 2018),
hybridization chain reaction (HCR) (Chen et al., 2012), rolling circle
amplification (RCA) (Chen et al., 2016), and isothermal strand-dis-
placement polymerase reaction (ISDPR) (Wang et al., 2018a). Among
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these signal amplification approaches, ISDPR attracted great attention
due to its unique merits, such as without the need for specific re-
cognition sites, specially designed circular templates and repeated
thermal cycling (Wang et al., 2015, 2018a). In the process of ISDPR, the
hybridization between target miRNA and the template can trigger a
polymerization reaction with the addition of phi-29 DNA polymerase,
which can generate a large quantity of DNA fragments to substitute for
the target miRNA (Chen et al., 2015). The released target miRNA hy-
bridizes with the next template to induce a new cycle. After the cycle-
after-cycle process of hybridization, polymerization and displacement
constantly generate more accurate and specific sequences, leading to
amplification of the signal. Thus, in this work, we choose an ISDPR
amplification strategy to improve the sensitivity of the miRNA ECL
biosensor.

Recently, AuNPs-functionalized DNA biobarcoded nanoprobe
emerged as an alternative and facile amplification tool for the devel-
opment of highly sensitive biosensors due to its well-established con-
jugation strategies, superior optical and electrical properties (Giljohann
et al., 2010; Song et al., 2010). The detection sensitivity can be im-
proved to a certain degree when a large number of thiolated DNA
strands are strongly bound to the surfaces of the AuNPs through Au–S
bonds (Hu et al., 2008). However, these nucleic acid assays based on
AuNPs-biobarcode amplification strategies involve one-to-many re-
cognition reactions between the signal amplification unit and the target
DNA. The event of one AuNPs-biobarcode probe hybridized with many
target DNAs may lead to low sensitivity for the DNA detection. To
further amplify the signal, bridge DNA probes were prepared by the
hybridization of ingeniously designed DNA sequences. The bridge DNA
could combine with three AuNPs-biobarcodes to form the bridge DNA-
AuNPs nanocomposites, which effectively improved the sensitivity and
accurately controlled the aggregation of the three AuNPs-biobarcodes
(Bo et al., 2018; Zhong et al., 2009). In the designed ECL biosensor, the
bridge DNA-AuNPs nanocomposites as carriers for biotin-thiolated DNA
probes that were bound much more to the ECL signal probes by the
specific interaction between biotin and streptavidin and thus resulting
in amplified the ECL signal.

In this work, we fabricated a sensitive and selective ECL biosensor
for the detection of microRNA-21 (miRNA-21) as a model target
through integrating ISDPR with a bridge DNA-AuNPs nanocomposites
dual-signal amplification strategy. The miRNA-21 chosen for this study
was of biomedical significance because it participates in the regulation
of oncogenic processes and is distinctively overexpressed in a variety of
cancer cells (Andorfer et al., 2011). Firstly, this method involved the
ISDPR process, which transforms a small number of targets (miRNA-21)
into a large number of assistant DNAs. This could be considered the first
signal amplification element. Secondly, the bridge DNA-AuNPs nano-
composites were introduced into the detection system, which can bond
much more ECL signal probes by the specific interaction between biotin
and streptavidin. This is the second signal amplification strategy.
Therefore, the designed ECL sensor achieved ultrasensitive detection of
the target miRNA-21, which opens a new path for the detection of other
biomarkers in biomedical research and therapeutic monitoring. To our
knowledge, this is a new example of ECL detection of miRNA based on
ISDPR and bridge DNA-AuNPs nanocomposites.

2. Experimental section

2.1. Preparation of streptavidin-modified Ru(bpy)32+ complex and bridge
DNA-AuNPs nanocomposites

A streptavidin-modified Ru (bpy)32+ complex (SA-Ru) was synthe-
sized according to previous literature (Deiss et al., 2009), which is
provided in the supplementary material. The SA-Ru synthesized was
characterized by ultraviolet (UV)-vis spectroscopy (Fig. S1). The results
indicate that the Ru (bpy)32+ complex tag was attached to the strep-
tavidin.

AuNPs were synthesized according to previous literature (Ye et al.,
2015). The AuNPs synthesized were characterized by transmission
electron microscopy (TEM) (Fig. S2A) and dynamic light scattering
(DLS) (Fig. S3). The results indicated that the Au nanoparticles were
highly monodispersed, with an average diameter of 13 nm. AuNPs-
biobarcodes were prepared according to the previous literature with
some minor revisions (Bo et al., 2018; Zhang et al., 2006). The glass
vials were soaked in chromic acid solution for 1 day and then rinsed
with Millipore water before use. In brief, two thiolated probes (DNA
probes 1 and 2) were separately dissolved in immobilization buffer (IB)
solution [10mM tris-(hydroxymethyl)aminomethane hydrochloride
(Tris–HCl), 1 mM EDTA, 10mM tris(carboxyethyl)phosphine (TCEP),
0.1 M NaCl, pH 7.4]. Next, 400 μL of 8 μM DNA probe 1 and 200 μL of
8 μM DNA probe 2 were added into 1mL of AuNPs and shaken gently
for 16 h without light. Then, the obtained AuNP-biobarcode nano-
composites were redispersed in 0.1 M phosphate-buffered saline (PBS)
with 1.0 M NaCl (pH 7.0) for 24 h (Bo et al., 2018). Afterward, the
formed nanocomposites were purified in 10mM PBS (pH 7.4) con-
taining 0.2 M NaCl through centrifugation (12,000 rpm, 30min, 4 °C) to
remove excess reagents. Finally, the resulting AuNPs-biobarcodes were
resuspended in 1mL of 10mM PBS containing 0.2M NaCl (pH 7.4) and
stored at 4 °C. The synthesized AuNPs-biobarcodes were characterized
by UV–vis spectra (Fig. S2C) (Dong et al., 2015). The results indicate
that DNA was successfully modified on the surface of the AuNPs.

The bridge DNA was prepared according to previous literature with
minor modifications (Bo et al., 2018; Zhong et al., 2009). In brief,
bridge DNA probes 1 and 2 were dissolved separately in TE buffer so-
lution (10mM Tris-HCl, 1.0mM EDTA, pH 8.0). Then, 250 μL of 8 μM
bridge DNA probe 1 solution and 250 μL of 8 μM bridge DNA probe 2
solution were mixed and heated to 94 °C for 5min, followed by slowly
cooling to room temperature to complete the hybridization reaction.
The prepared bridge DNA was kept at 4 °C until use.

The bridge DNA-integrated AuNPs-biobarcode signal amplification
unit was prepared as follows (Bo et al., 2018). The synthesized bridge
DNA was mixed with the AuNPs-biobarcodes and shaken gently in the
dark at 25 °C for 2 h, followed by centrifugation for 30min at
12,000 rpm to remove excess reagents. Following removal of the su-
pernatant, the red precipitate was rinsed with 10mM PBS (pH 7.4)
containing 0.2M NaCl and then redispersed in 1mL of 10mM PBS (pH
7.4) containing 0.2M NaCl. The prepared signal amplification unit was
stored at 4 °C. The bridge DNA-AuNPs nanocomposites were char-
acterized by TEM (Fig. S2B). The results were consistent with those in a
previous report (Jing et al., 2014).

2.2. Isothermal strand-displacement polymerase reaction

The ISDPR was conducted according to previous reports with some
minor revision (Zhang et al., 2014; Zeng et al., 2018). The ISDPR was
carried out by mixing 20 μL of 1 μM template DNA, 10 μL of 5ΧmiRNA
hybridization buffer, and 20 μL of varying concentrations of target
miRNA-21. Then, the mixture was allowed to react at 80 °C for 10min
and slowly cooled to room temperature over approximately 2.5 h to
ensure hybridization between the template DNA and miRNA-21. After
the addition of a 50 μL solution consisting of 100 U/mL phi29 DNA
polymerase, 250 μM dNTPs, 100 U/mL nicking endonuclease (Nt.
BsmAI), and 1× reaction buffer [50mM Tris-HCL, 10mM (NH4)2SO4,
200 μg/mL BSA, 10mM MgCl2, 4 mM DTT, 50mM KCl. pH 7.5], the
mixed solution was kept at room temperature for 2.5 h in a constant-
temperature incubator to produce assistant DNA. Finally, the reaction
was terminated by incubation at 65 °C for 10min, and the obtained
products were stored at 4 °C. The results of Gel electrophoresis suggest
that the ISDPR is feasible (Fig. S4).

2.3. Fabrication of the ECL biosensor

A gold disk (Au) electrode (Φ=2.0mm) was cleaned according to
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our previous method (Ma et al., 2016). Then, 10 μL of the IB (10mM
Tris-HCl, 1 mM EDTA, 10mM TCEP, 0.1M NaCl, pH 7.4) containing
0.5 μM thiolated capture probe (SH-CP) was dropped on the cleaned Au
electrodes and assembled at room temperature for 12 h. The condition
of the SH-CP assembly was based on previous work by our group and
other literature (Li et al., 2013; Wei et al., 2017; Cheng et al., 2018).
Subsequently, the SH-CP assembled electrode was carefully washed
with ultrapure water, and 10 μL of 1mM 6-mercaptohexanol (MCH)
was dropped onto the SH-CP assembled electrode for 1 h to block the
nonspecific binding sites. The resulting MCH/SH-CP/-modified Au
electrode was then thoroughly washed with hybridization buffer (HB)
solution (10mM Tris-HCl, 1.0 mM EDTA, 1.0M NaCl, pH 7.4) and used
as an ECL biosensing electrode.

2.4. ECL measurements

Before use, the ECL biosensor was incubated with the mixture of the
reaction product of the ISDPR at room temperature for 1 h to capture
the assistant DNA on the surface of the sensing electrodes by hy-
bridizing with SH-CP. The resulting electrode was labeled as the as-
sistant DNA/MCH/SH-CP/Au electrode. Next, the assistant DNA/MCH/
SH-CP/Au electrode was washed two times with HB solution and
deionized water and further exposed to the bridge DNA-AuNPs for 1 h
(labeled as the bridge DNA-AuNPs/assistant DNA/MCH/SH-CP/Au
electrode) and rinsed two times with deionized water to remove non-
specifically adsorbed sequences. Afterward, the SA-Ru was drop-coated
onto the electrode surface and allowed to stay for 60min. The obtained
electrode was washed with deionized water and labeled as the SA-Ru/
bridge DNA-AuNPs/assistant DNA/MCH/CP/Au electrode. Finally, the
resulting electrode was transferred to 1.0mL of 0.1 M PBS (pH 7.4)
containing 50mM tri-n-propylamine (TPrA) to record the ECL response.
The linear potential with a scan rate of 50mV/s was applied from 0 to
1.2 V (vs. Ag/AgCl) and the ECL signal was recorded.

3. Results and discussion

3.1. Principle of the ECL biosensor

A schematic diagram of the constructed biosensor is provided in
Scheme 1. In brief, we first took advantage of the hybridization of two
partially complementary sequences (bridge DNA probes 1 and 2) to
form bridge DNA. Then, AuNPs-biobarcodes were prepared by two
kinds of biotin-thiolated DNA probes and AuNPs via the gold-sulfur
affinity. Then, the bridge DNA-AuNPs nanocomposites were formed by
mixing the bridge DNA and the AuNPs-biobarcodes. The bridge DNA
consisted of a double-stranded middle section and four single-stranded
tails; two of the tails were designed to hybridize with DNA probe 1 on
the surface of the AuNPs-biobarcodes, the other one could hybridize
with DNA probe 2, and the remaining single-stranded tail was used for
further hybridization on the surface of the electrode. Thus, the bridge
DNA uniquely linked three AuNPs-biobarcodes to achieve a significant
sensitivity (as shown in Scheme 1A). In the ISDPR, the target miRNA
(miRNA-21 was chosen as a model) could hybridize with the template
sequence, and then the microRNA-21 can be extended from its 3′
terminal to the 5′ terminal of the template DNA to form a double
stranded DNA in the presence of dNTPs and phi29 DNA polymerase.
Meanwhile, a recognition site for the Nt. BsmAI was generated, which
initiated Nt. BsmAI to cut one strand nick of DNA on a double-stranded
DNA. The subsequent strand displacement synthesis extended the 3′-
end at the nick, and the downstream DNA strand (labeled assistant
DNA) could be displaced and released. The release of the assistant DNA
could lead to another round of polymerase reaction of the miRNA-21
and the generation of plenty of assistant DNA. As a result, the target
miRNA was cyclically reused and assistant DNA was released, resulting
in signal amplification of the target (as shown in Scheme 1B). There-
fore, we conclude that the ISDPR can be regarded as the second signal

amplification element. After the completion of the ISDPR, the assistant
DNA was captured by the SH-CP self-assembled on the Au electrode and
further hybridized with the fourth single-stranded end of the bridge
DNA to immobilize the bridge DNA-AuNPs nanocomposites. As a con-
sequence of the bridge DNA linking three AuNPs-biobarcodes, a large
quantity of biotin groups was introduced into the sensing platform.
Thus, more ECL signal probe SA-Ru could be linked to the surface of the
bridge DNA-AuNPs nanocomposites by the specific interaction between
biotin and streptavidin, leading to a significant enhancement of the ECL
intensity (as shown in Scheme 1C). This ECL signal response was pro-
portional to the amount of SA-Ru within a certain range, which in turn
indicated the concentration of target miRNA-21. The processes of pre-
paring the signal-on ECL biosensor were characterized by cyclic vol-
tammograms (CVs) and electrochemical impedance spectra (EIS). The
results (Fig. S5A, Fig. S5B) demonstrated that the biosensor was suc-
cessfully fabricated and bound with assistant DNA and bridge DNA-
AuNPs nanocomposites.

3.2. Investigation of the bridge DNA-AuNPs nanocomposites

We investigated the amplification efficiency of the bridge DNA-
AuNPs nanocomposites. Fig. 1 presents the ECL intensity of the bio-
sensor under different conditions. A much lower ECL response was
observed in the SH-CP self-assembled on the electrode (curve a), which
was ascribed to the fact that the ECL probe SA-Ru was not captured on
the electrode. In contrast, the ECL signal was increased to some extent
in the presence of the DNA probe 3-modified AuNPs-biobarcodes (curve
b). DNA probe 3 was designed with the complementary sequence to the
assistant DNA. As a result, the DNA probe 3-modified AuNPs-bio-
barcodes could be employed to hybridize with the assistant DNA so that
the ECL species SA-Ru could be fixed on the surfaces of the AuNPs-
biobarcodes. The ECL intensity was significantly amplified when the
bridge DNA-AuNPs nanocomposites were captured by assistant DNA
sequences (curve c). The reason for this observation is that the bridge
DNA linked three AuNPs-biobarcodes, leading to ECL probe SA-Ru
composites being bound to the surface of the biosensor. The results
suggested that the bridge DNA-AuNPs nanocomposites could sig-
nificantly improve the performance of the ECL biosensor.

3.3. Feasibility study

The feasibility of this protocol was investigated by comparing the
ECL signal of electrodes with and without the signal amplification unit.
From Fig. 2, it can be seen that a weak ECL signal can be detected by the
MCH/SH-CP/Au electrode, due to there is no target miRNA (curve a).
The ECL intensity from the sample without target miRNA with ampli-
fication (curve c) was just a little higher than that from the MCH/SH-
CP/Au electrode (curve a) whose ECL response could be ascribed to the
nonspecific adsorption of SA-Ru on the electrode surface. With addition
of the target miRNA, the other control experiments, those without
bridge DNA-AuNPs nanocomposites (curves b) or without ISDPR (curve
d), were performed. The results showed only small or weakly increased
MCH/SH-CP/Au electrode ECL signals, which could be attributed to the
fact that the ECL signal probe SA-Ru could not be effectively linked to
the surface of the biosensing electrode by the specific interaction. In the
presence of miRNA-21 (10 fM), the ISDPR proceeded to produce
abundant assistant DNA that could be used to hybridize with the SH-CP
on the biosensing electrode. The introduction of the assistant DNA led
to an evident increase in the ECL response (curve e), suggesting that the
bridge DNA-AuNPs nanocomposites had been successfully hybridized
with the assistant DNA and that the ECL signal probe SA-Ru was linked
to the surface of the biosensing electrode by the specific interaction
between biotin and streptavidin. When the concentration of miRNA-21
was increased from 10 fM to 10,000 fM, the ECL response was further
increased (curve f), indicating that the ECL response was closely asso-
ciated with the miRNA-21 concentration. The experimental results
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Scheme 1. Schematic diagram of the proposed ECL-based biosensor for miRNA-21 detection: (A) The preparation process of the bridge DNA-AuNPs nanocomposites.
(B) The target-induced cycling reaction based on the phi29-mediated ISDPR. (C) The ECL biosensor for miRNA analysis based on bridge DNA-AuNPs nanocomposites
and the ISDPR.
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clearly indicated the apparent signal amplification ability of the es-
tablished strategy via the integration of the ISDPR and bridge DNA-
AuNPs nanocomposites dual-signal amplification strategy. Therefore,
the developed dual-signal amplification means was feasible for the
further detection of miRNA-21.

3.4. Performance of the ECL biosensor for miRNA-21

Under optimal conditions (Fig. S6), different concentrations of
miRNA-21 were detected by the ECL biosensor. Fig. 3A shows the ECL
responses versus potential profiles from the biosensor with different
concentration of miRNA-21. The ECL intensity is logarithmically pro-
portion to the concentration of the miRNA-21 in the range 0.01 fM to
10,000 fM. The regression equation was I=493.92 log c + 9258.74

(where I and c refer to the ECL intensity and miRNA-21 concentration,
respectively), and the square of the correlation coefficient (R) was
0.9992, with a detection limit estimated to be 3.2 aM (Fig. 3B). As
shown in Table 1, the linear range of the developed method is much
wider than that of previously reported miRNA-21 assays. The detection
limit of the signal-on ECL biosensor with the dual-signal amplification
strategy in this work was a few orders of magnitude lower than those of
previous methods for miRNA-21 detection except Wen et al.‘s work
(Wen et al., 2012). The detection limit of the signal-on ECL biosensor
for miRNA-21 in this work (3.2 aM) was slight lower than that (6.8 aM)
using the analogous electronic biosensing scheme reported by Bo et al.
(2018). As described above, the low detection limit in this work can be
explained by the ISDPR process, which transformed a small number of
targets (miRNA-21) into a large number of assistant DNAs and bridge
DNA-AuNPs nanocomposites as carriers for biotin-thiolated DNA probes
which bound much more ECL signal probes by the specific interaction
between biotin and streptavidin.

To explore the selectivity of the ECL method, miRNA-199a, miRNA-
141, and miRNA-155 were selected as interfering agents. As shown in
Fig. 3C/D, the ECL signals of miRNA-199a, miRNA-141, and miRNA-
155 did not exhibit any substantial increase compared with that of the
blank sample. By contrast, when the mixture solution (1000 fM miRNA-
21 containing 10 pM miRNA-199a, 10 pM miRNA-141, and 10 pM
miRNA-155) was investigated, the ECL intensity of the biosensor pre-
sented an ECL intensity similar to that observed after incubating the
biosensor with the miRNA-21 (1000 fM), which indicated that the in-
terference factors had negligible influence on the response to miRNA-
21. The results indicate that the ECL method developed in this work had
good selectivity.

Reproducibility is another important factor when evaluating a
method for practical application. To monitor the reproducibility of the
biosensor, seven identical biosensors were constructed with miRNA-21
concentrations of 10 fM. As shown in Fig. 3E, the seven biosensors
exhibited similar ECL responses, with a relative standard deviation
(RSD) of 2.21%. This result indicates that the fabricated detection
strategy has acceptable reproducibility.

3.5. Detection of miRNA-21 in cancer cells

To further verify the applicability and feasibility of the method,
human breast cancer cells (MCF-7) were chosen for ECL assays to
monitor the expression of miRNA-21 biomarkers in cancer cells. The
cell samples were treated with a commercial miRNA extraction kit after
cell counting. Then, the sensitivity was investigated with cell numbers
from 10 cells to 104 cells. As observed from Fig. 4, when the number of
MCF-7 cells increased from 10 cells to 104 cells, the ECL signal in-
creased gradually. From the results in Fig. 4 and the aforementioned
linear regression equation, we determined that the miRNA-21 con-
centrations of the MCF-7 cell lysates 10 cells, 100 cells, 1000 cells,
5000 cells, and 10,000 cells were 0.02 fM, 0.032 fM, 0.1 fM, 1 fM and
22 fM, respectively. The amount of miRNA-21 detected in MCF-7 cells
(the normal expression of miRNA-21) was approximately 2408 mole-
cules per cell, which is in good accordance with other literature (Yang
et al., 2014; Zhang et al., 2013). The reliability of the proposed method
was also tested by recovery experiments, which were performed via
spiking miRNA-21 with different concentrations into MCF-7 total
miRNA extract samples. The obtained results (Table S2 in the Sup-
porting Information) show the acceptable relative standard deviation
and quantitative recoveries, indicating that the present ECL biosensor
could be applied to the sensitive detection of miRNA-21 in real samples.

4. Conclusions

In summary, a signal-on ECL biosensor for the detection of miRNA-
21 was constructed based on a dual-signaling amplification strategy
(ISDPR and bridge DNA-AuNPs nanocomposites). The assay exhibited

Fig. 1. ECL intensity vs potential profiles of the biosensors for (a) the self-as-
sembled SH-CP–modified Au electrode, (b) capture of DNA probe 3-modified
AuNPs-biobarcodes after the completion of the ISDPR in the presence of
miRNA-21, and (c) after capture of the bridge DNA-AuNPs nanocomposites. The
ECL signals were measured in 0.1M PBS containing 50mM TPrA (pH 7.4) by
scanning the potential from 0 to 1.2 V (vs. Ag/AgCl) at a scanning rate of
50mV/s.

Fig. 2. ECL responses of the sensing electrodes for (a) the absence of miRNA-21
without ISDPR and bridge DNA-AuNPs nanocomposites, (b) the presence of
miRNA-21 (10 fM) with ISDPR but without bridge DNA-AuNPs nanocompo-
sites, (c) the absence of miRNA-21 (10 fM) with ISDPR and bridge DNA-AuNPs
nanocomposites, (d) the presence of miRNA-21 (10 fM) without ISDPR with
bridge DNA-AuNPs nanocomposites, (e) the presence of miRNA-21 (10 fM), and
(f) miRNA-21 (10,000 fM) with ISDPR and bridge DNA-AuNPs nanocomposites.
The immobilization concentration of SH-CP was 0.5 μM, the concentration of
template DNA was 1 μM, the ISDPR incubation time was 60min, and the bridge
DNA-AuNPs hybridization time was 60min.
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excellent specificity and ultrahigh sensitivity with a detection limit of
3.2 aM, and it had an extremely large dynamic range of six orders of
magnitude in the range from 0.01 fM to 10,000 fM. Furthermore, the
proposed strategy successfully detected miRNA-21 in total RNA samples
extracted from human breast cancer cells. However, ISDPR amplifica-
tion element in this work suffered from negative factors, involving high
cost and potential instability due to enzyme-dependent. The negative
factors can be resolved if enzyme-free amplification based on oligonu-
cleotide strategy was used to fabricate an ECL biosensor. Further works
on these projects are in progress going to the ECL detection of other
cancer-related nucleic acids.
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Fig. 3. (A) ECL responses to different concentrations of miRNA-21 (from a to i, 0.01 fM, 0.05 fM, 0.1 fM, 0.5 fM, 1 fM, 10 fM, 100 fM, 1000 fM, 10,000 fM, re-
spectively). (B) The linear relationship between ECL intensity and the logarithm miRNA-21 concentrations. Error bars are standard deviations obtained from three
independent experiments. (C, D) The ECL responses of the biosensor to different interfering nucleic acids: blank, miRNA-141 (10 pM), miRNA-155 (10 pM), miRNA-
199a (10 pM), and a mixture of these nucleic acids (containing 1 pM miRNA-21, 10 pM miRNA-141, 10 pM miRNA-155, 10 pMmiRNA-199a). (E) The reproducibility
of seven biosensors fabricated identically toward miRNA-21 of 10 fM.

Table 1
Comparison of different methods for miRNA-21 detection.

Methods Linear range (M) LOD (M) Reference

Electrochemistry 10−16 - 1.5× 10−12 3.3×10−17 Gai et al. (2017)
Electrochemistry 10−15 - 10−10 6.4×10−16 Yang et al. (2015)
Electrochemistry 10−14 - 5.0× 10−12 3.0×10−15 Liu et al. (2014a)
Electrochemistry 2.0× 10−12 - 2.0× 10−7 2.0×10−12 (Poehlmann et al., 2010)
Electrochemistry 5.0× 10−15- 5.0×10−11 3.0×10−15 Yang et al. (2014)
Electrochemistry 10−17- 10−11 6.8×10−18 Bo et al. (2018)
Fluorescence 10−12 - 10−8 1.0×10−13 Zhang et al. (2013)
Fluorescence 10−14 - 10−11 7.3×10−15 Lv et al. (2016)
Fluorescence 10−10 - 8.0× 10−6 6.0×10−11 Lu et al. (2017)
Colorimetry 10−17 - 10−12 2.0×10−18 Wen et al. (2012)
Photoelectrochemical 5× 10−15 - 2.5× 10−12 1.67× 10−15 Wang et al. (2014)
Chemiluminescence 5× 10−15 - 5× 10−11 1.7×10−15 Chen et al. (2019)
SERS 10−14 - 10−8 2.33× 10−15 Wang et al. (2019)
SERS 10−15 - 10−8 6.7×10−16 Yang et al. (2018b)
ECL 10−16 - 10−9 1.07× 10−17 Jiang et al. (2019)
ECL 10−16 - 10−10 3.6×10−17 Zhou et al. (2018)
ECL 10−15 - 10−9 5× 10−16 Feng et al. (2016)
ECL 10−17 - 10−11 3.2×10 −18 This work
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Fig. 4. (A, B) Application of the biosensor in tumor cell line detection: (a) blank, (b) 10 cells, (c) 102 cells, (d) 103 cells, (e) 5× 103 cells, and (f) 104 cells of the
human breast cancer (MCF-7) cell line. The measurement conditions were the same as those described in Fig. 1.
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