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ABSTRACT: In this work, an intelligent multiregion linear DNA
walker (MLDW) with a high walking rate and a high amplification
efficiency was explored for ultrasensitive detection of miRNA.
Significantly, amounts of functional domain could be concentrated
in a long linear DNA obtained by the target miRNA-mediated
rolling-circle amplification to simultaneously increase the local
concentration and collision probability, resulting in an obviously
improved reaction rate. Impressively, the MLDW can accomplish
the reaction within 30 min, which is at least 4 times beyond that of
traditional single-leg and multiple-leg DNA walkers. As a proof of
concept, the high-efficiency MLDW was used to develop an
electrochemical biosensing platform for ultrasensitive detection of
target miRNA-21 with a low detection limit down to 36 aM.
Therefore, the MLDW we designed puts forward an innovative insight to construct a functional DNA nanodevice and promote the
investigation of the inherent performance of nucleic acid signal amplification for ultimate application in the detection of
biomolecules and clinical disease diagnosis.

■ INTRODUCTION
Because MicroRNA (miRNA) is a kind of low-expression
single-stranded RNA and plays an essential role in cancer
development, its sensitive detection is of great importance.1−5

Because of the low abundance of miRNA in cancer cells, a
number of signal amplification methods such as northern
blotting, quantitative reverse transcription polymerase chain
reaction (qRT-PCR), and microarray analysis have been
developed to achieve sensitive detection of miRNA.6−11

However, limited by the disadvantages of complicated
operation, high cost, and high environmental disturbance,
these methods cannot meet the requirements of improved
universality. Therefore, it is essential to develop a novel nucleic
acid signal amplification method with higher efficiency for
ultrasensitive miRNA detection.

DNA walkers, a kind of autonomous molecular nano-
machines, are considered an attractive nucleic acid amplifica-
tion strategy due to the ability of the cascade signal
improvement generated by their autonomous movement.12−19

According to the nanostructure, DNA walkers can be divided
into single-leg DNA walkers20,21 and multiple-leg DNA
walkers.22−25 Single-leg DNA walkers possess the advantage
of low steric hindrance and simple construction;26 however,
they suffer from poor functional domains leading to a low
walking efficiency. Multiple-leg DNA walkers increase the local
concentration of the functional domain, resulting in an
increased walking efficiency to some extent. Nevertheless, the
increased steric hindrance and the contractible reaction space

of traditional multiple-leg DNA walkers hinder further
improvement of their walking efficiency.27−29 Therefore, it
remains a challenge to develop a simple DNA walker with low
steric hindrance and abundant functional domains for
obtaining a high walking efficiency. On the other hand,
according to the walking style, the DNA walkers can also be
divided into free-type30,31 and anchor-type,32,33 and compared
with the free-type walker, the anchor-type walker has a better
continuously walking ability and a higher walking effi-
ciency.34,35 Thus, to address the challenge of low walking
efficiency in traditional single-leg and multiple-leg DNA
walkers, it is expected to achieve significant improvement in
walking efficiency by developing an anchor-type single-leg
walker with multiple functional domains, small steric
hindrance, and a large reaction space.

In this work, we design a versatile multiregion linear DNA
walker (MLDW) as an anchor-type single-leg walker with
multiple functional domains, small steric hindrance, and a large
reaction space and applied it to construct an ultrasensitive
electrochemical biosensor for the rapid detection of miRNA.
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As displayed in Scheme 1, once the target miRNA-21 opens
the hairpin H1 to form the duplex H1-miRNA-21 with the
prelocked toehold exposed, the duplex S1-primer could
hybridize further with the duplex H1-miRNA-21 to release
the miRNA-21 and primer simultaneously, and the released
miRNA-21 could participate in the next reaction and output
amounts of primer. Subsequently, with the assistance of
padlock, T4 DNA ligase, Phi29 DNA polymerase, and dNTP,
the rolling circle amplification (RCA) could be activated by the
primer and output lots of MLDWs. Finally, when the MLDW
was immobilized on the electrode which was modified with
DNA H2 via the polyA-Au,36,37 it can walk on the electrode
surface, and the DNAzyme could cleave a specific RNA
phosphodiester linkage in the H2 with the help of Mg2+

accompanied with the release of Fc from the surface and the
variation of the electrochemical signal response, thus realizing
the sensitive detection of miRNA-21. As a result, based on the
high-efficiency MLDW and nucleic acid signal amplification,
the developed electrochemical biosensing platform could
realize the rapid and ultrasensitive detection of miRNA-21.
Therefore, the intelligent MLDW gives an unique insight to
study nucleic acid signal amplification and possesses potential
for application in biomarker analysis and disease diagnostics.

■ EXPERIMENTAL SECTION
Construction of the Electrochemical Biosensor. The

glass carbon electrode (GCE) was finely polished with 0.3 μm
alumina slurry and rinsed with distilled water. The electrode
surface was coated with gold particles (depAu) through
electrodepositing in HAuCl4 for 30 s (−0.2 V). Then, 10 μL of
Tris−HCl (pH 7.4) containing annealed hairpin H2 (2 μM)
was dripped onto the electrode surface (depAu/GCE) and
kept at room temperature overnight. At last, the modified
electrode was completely rinsed with distilled water to remove
non-specific adsorbed DNA on the surface.

Preparation of the MLDW. First, the hairpin H1 was
annealed to form a stable hairpin structure. Then, 15 μL of
hairpin H1 (2 μM), 2.5 μL of target miRNA-21 with different
concentrations, and 2.5 μL of S1 (10 μM) and primer (2.5 μL

10 μM), respectively, were mixed and reacted for 3 h to
achieve the full hybridization reaction. Then, 2.5 μL of padlock
(10 μM), 10× T4 DNA ligase buffer (3 μL) and 2 μL of T4
DNA ligase (5 U/μL) were mixed with the solutions to react at
37 °C (4 h) for obtaining the circle padlock. Subsequently, the
solution (30 μL) was heated (10 min, 65 °C) for the
inactivation of the T4 DNA ligase. Next, dNTP (5 μL, 25
mM), 10× Phi29 DNA polymerase buffer (4 μL), and Phi29
DNA polymerase (1 μL, 10 U/μL) were mixed with the above
solutions and reacted (37 °C, 30 min) to form the MLDW.
Finally, the reaction mixture containing MLDW was heated
(10 min, 65 °C) to denature the Phi29 DNA polymerase, and
the prepared MLDW was stored (4 °C) for follow-up
experiments.

Polyacrylamide Gel Electrophoresis. First, 40% acryl-
amide (10 mL), distilled water (10 mL), 5× TBE buffer (5
mL), 10% APS (200 μL), and TEMED (15 μL) were mixed
successively under constant stirring. Following that, different
DNA reaction solutions were mixed with the DNA-loading
buffer (6×), then polyacrylamide-gel electrophoresis (PAGE)
was used to characterize the DNA samples in 1× TBE buffer at
30 mA for 30 min (16%, pH = 8.0).

■ RESULTS AND DISCUSSION
Characterization of MLDW. We used atomic force

microscopy (AFM) to study the morphology of MLDW. As
shown by the results displayed in Figure 1, an evident linear
DNA nanostructure could be easily observed, demonstrating
the successful operation of MLDW via RCA.

PAGE Analysis. The formation of MLDW and the cleaving
process of DNAzyme were proved by gel electrophoresis. As
the results illustrated in Figure 2A, the obvious bands in lanes
1−6 are related to miRNA-21, H1, S1, padlock, primer, and
H2, respectively. After the H1 was added into the miRNA-21
solution (lane 7), we could notice an obvious band with
decreased electrophoretic mobility (the top band in lane 7)
compared with lane 1 (miRNA-21) and lane 2 (H1),
successfully demonstrating the hybridization of H1 and
miRNA-21. When the S1 was mixed with the primer, a

Scheme 1. (A) Schematic Illustration of the Development of the (MLDW) via Target miRNA-21-Mediated RCA; (B)
Illustration of the Electrochemical-Biosensing Platform Construction via the MLDW for miRNA Detection
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brighter band with slow mobility corresponding to the duplex
S1-primer was present (lane 8), demonstrating the successful
hybridization between them. In addition, a band with quite
slower migration (lane 9) appeared after padlock was mixed
with the primer, verifying that the primer could react with
padlock. After the miRNA-21 and H1 were mixed the mixture
of S1 and primer, a band (the top band in lane 10)
corresponding to duplex S1−H1 could be observed, indicating
the successful proceeding of the nucleic acid signal
amplification. Finally, after the miRNA-21, H1, S1, primer,
T4 DNA ligase, padlock, Phi29 DNA polymerase, and dNTPs
were mixed, an obvious band with low mobility in lane 11
corresponding to the MLDW could be noticed, illustrating that

the MLDW was successfully prepared. Moreover, as illustrated
in Figure 2B, lane 1 and lane 2 correspond to the DNA strands
of DNAzyme and hairpin H2, respectively. Next, with the
assistance of Mg2+, H2 was mixed with DNAzyme, and a new
band corresponding to DNA strand released from the hairpin
H2 could be noticed (lane 3). In comparison, after the hairpin
H2 was added to the solution of DNAzyme without the
presence of Mg2+, there were only two obvious bands
corresponding to H2 and DNAzyme (lane 4), respectively.
The results further suggested that the H2 could only be
cleaved by the DNAzyme with the help of Mg2+.

Optimization of the Reaction Conditions of MLDW.
To realize the optimum performance of this proposed
biosensing platform, the reaction time of MLDW preparation
and the walking progress of MLDW were optimized,
respectively. First, the influence of the reaction time of
MLDW preparation was studied. As depicted in Figure 3A, the
electrochemical signal responses decreased gradually as the
reaction time increased and reached a stationary phase after 0.5
h. Consequently, the optimum reaction time of MLDW
preparation was fixed at 0.5 h. Meanwhile, the effect of the
walking time of MLDW on the current response of the
biosensor was also investigated. As shown in Figure 3B, the
current signal of the biosensor decreased as the reaction time
increased and reached a plateau after 0.5 h. Therefore, 0.5 h
was selected as the optimum walking time of MLDC.

Reaction Rate Comparison of the MLDW with Other
DNA Walkers. To demonstrate the excellent efficiency of the
MLDW, typical kinetic data of the MLDW were measured, and
some different conventional DNA walkers (a, MLDW; b, free-
type MLDW; c, anchor-type single-leg DNA walker; and d,
free-type single-leg DNA walker) were set as control groups.
As shown in Figure 4A, the current feedback of the biosensing
platform based on MLDW decreased much faster than those of
the biosensing platform based on traditional DNA walkers,
demonstrating the superior cleavage efficiency of MLDW.

To further study the kinetic characteristics of the proposed
methods, we calculated the corresponding reaction rate in
electrochemistry, and as depicted in Figure 4B the initial
reaction rate of MLDW (−14.2 μA h−1) is obviously faster
than those of free-type MLDW (−8.87 μA h−1), anchor-type
single-leg DNA walker (−8.87 μA h−1), and free-type single-leg
DNA walker (−5.97 μA h−1). When the variation of the
current intensity is close to 0, the MLDW reached equilibrium
with the corresponding reaction time of 30 min, which is quite
shorter than those of control groups (free-A MLDW: 60 min,
free-A single-leg DNA walker: 120 min), and the comparison

Figure 1. AFM images of MLDW (scale bars: 100 nm and 50 nm).

Figure 2. PAGE characterization analysis of (A) the formation of
MLDW: lanes 1−6: miRNA-21 (4 μM), H1 (1 μM), S1 (1 μM),
padlock (1 μM), primer (1 μM), and H2 (1 μM); lane 7, miRNA-21
(1 μM) + H1 (1 μM); lane 8, S1 (1 μM) + primer (1 μM); lane 9,
padlock (1 μM) + primer (1 μM); lane 10, miRNA-21 (1 μM) + H1
(1 μM) + S1 (1 μM) + primer (1 μM); lane 11, miRNA-21 (9 nM) +
H1 (1 μM) + S1 (1 μM) + primer (1 μM) + padlock (1 μM) (in the
presence of Phi29 DNA polymerase, T4 DNA ligase, and dNTPs)
(PAGE 16%, 30 mA, 30 min) and (B) cleaving process of DNAzyme:
lane 1, DNAzyme (2 μM); lane 2, H2 (2 μM); lane 3, DNAzyme (2
μM) + H2 (2 μM) (with the Mg2+ of 100 mM); and lane 4,
DNAzyme (2 μM) + H2 (2 μM) (without Mg2+). nt: nucleotide, bp:
base pair.

Figure 3. Effects of the reaction time of (A) MLDW preparation and (B) the walking progress of MLDW on the current response of the
electrochemical biosensor (the concentration of miRNA-21 is 1 nM, error bars, SD, n = 3).

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c02004
Anal. Chem. 2022, 94, 10524−10530

10526

https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02004?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c02004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


results are listed in Table 1. Moreover, we also compared the
reaction time of the MLDW with those of other typical DNA

walkers. As shown by the results listed in Table 2, the MLDW
has the shortest reaction time. These results above illustrated
that the MLDW in this work broke the bottleneck of these

conventional nucleic acid amplification methods successfully:
low efficiency and long reaction time, making it more
promising for application in rapid detection of biomarkers.

Performance Analysis of the Electrochemical Bio-
sensor. As a proof of concept, the high-efficiency MLDW was
used to construct an electrochemical biosensor for the rapid
and ultrahigh-sensitive detection of miRNA-21. After the
reaction conditions were optimized, the current response of
the developed electrochemical biosensor to the target miRNA-
21 was evaluated by SWV. As we can see, the peak value of
SWV decreased with the elevated target concentration (100
aM−10 nM) (Figure 5A), and a good linear relationship
between the peak currents and the logarithm of the miRNA-21
concentration could be observed in Figure 5B. The
corresponding regression equation can be expressed as I =
−0.4026 lg c − 2.8259 (I and c represent the current response
and the concentration of miRNA-21, respectively, R =
−0.9999). The corresponding LOD was as low as 36 aM
according to the 3σ criterion. Additionally, as exhibited in
Table 3, the prepared electrochemical biosensor illustrated a
much wider response range and an obvious LOD, which were
ascribed to the glorious amplification efficiency of the MLDW.

Investigation of Reproducibility, Selectivity, and
Stability. In order to further evaluate the performance of
the prepared biosensing platform, the reproducibility,
selectivity, and stability of the electrochemical biosensor were
studied. First, to check the reproducibility of the electro-
chemical biosensor, four prepared electrodes with miRNA-21
(100 pM) under the same experimental conditions were
monitored. As shown in Figure 6A, the relative standard
deviation (RSD) of 6.95% was realized. Otherwise, after 5

Figure 4. (A) SWV responses of the biosensing platform based on different DNA walkers with 1 nM miRNA-21; (B) reaction rate of different
walkers [(a) MLDW, (b) free-type MLDW, (c) anchor-type single-leg walker, and (d) free-type single-leg walker] (error bars, SD, n = 3).

Table 1. Comparison of the Developed MLDW with Other
Typical DNA Walkers

DNA walker walking time (h) reaction rate (μA h−1)

free-type single-leg walker 2 −5.97
anchor-type single-leg walker 1.25 −7.64
free-type MLDW 1 −8.87
MLDW 0.5 −14.2

Table 2. Comparison of Recent DNA Walker-Based
Efficiency for miRNA Detection

DNA walker walking time (h) refs

one-Step DNA walker 4 38
light-actuated 3D DNA walker 3 39
1-assisted DNA walker 4 40
DNAzyme walker 4 41
bipedal DNA walker 2 42
3D DNA walking machines 2 43
DNAzyme walker 2.5 44
3D DNA walker 2 45
enzyme-driven single-leg walker 2 46
MLDW 0.5 this work

Figure 5. (A) SWV responses of the biosensing system for the target miRNA-21 analysis with different concentrations: (a−j) 0 fM, 100 aM, 1 fM,
10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, and 10 nM; (B) calibration curve reflecting the relationship of the SWV peak current vs lg c (error
bar, SD, n = 3).
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days, some control groups with the same miRNA-21 (100 pM)
were also investigated (4 °C), and the RSD was 6.94%,
exhibiting a desirable reproducibility of the developed
biosensor.

Moreover, to study the selectivity of this electrochemical
biosensor, three different miRNA sequences (let-7a, miRNA-
155, and miRNA-141) were chosen as interferences. As
illustrated in Figure 6B, the current signals of the biosensor
without target miRNA-21 were ignorable (miRNA-144,
miRNA-155, and let-7a). Oppositely, the current response of
the electrochemical biosensor with quite less target miRNA-21
(0.1 nM) was much more obvious. Moreover, the signal
responses of the biosensor to the mixture containing target
miRNA-21 (0.1 nM) and interference miRNAs (b) were
almost conformable with the one of the biosensors in the
presence of target miRNA-21 alone. These results indicate the

satisfactory selectivity of the constructed electrochemical
biosensor.

The stability is the key to its real application, in a complex
biomedical environment especially, assessed by continuous
scans of the electrochemical biosensing platform 20 times
(miRNA-21, 0.1 nM). As revealed in Figure 6C, the
corresponding SWV response just changed from 88.2 to
107% with the RSD = 5.86%, indicating the excellent stability
of this biosensor.

Practical Applicability of the Electrochemical Bio-
sensor in Cancer Cells. So as to evaluate the feasibility of the
electrochemical biosensor for the analysis of miRNA-21 in a
complex practical biological matrix, the electrochemical
response of the biosensor to the miRNA-21 from lysates of
MCF-7 and HeLa cells (human cancer cells) was studied,
respectively. As illustrated in Figure 7, the electrochemical

signal response increased significantly with the elevated
number of MCF-7 cells (101−104), showing the high

Table 3. Comparison of this Strategy with Other Studies for
Detection of miRNA

analytical methods linear range LOD refs

fluorescence 50 pM to 5 nM 10 pM 47
fluorescence 1 pM to 10 nM 0.35 pM 48
PEC 0.5 fM to 1.0 nM 0.29 fM 49
PEC 1 fM to 1.0 nM 0.33 fM 50
ECL 1 fM to 10 nM 0.33 fM 51
ECL 1 fM to 100 pM 0.18 fM 31
electrochemical 10 fM to 1.0 nM 3.5 fM 52
electrochemical 100 fM to 100 nM 33.6 fM 18
electrochemical 1.0 fM to 1.0 nM 0.28 fM 25
electrochemical 0.2 pM to 2 nM 0.11 pM 33
electrochemical 5 fM to 100 pM 2.2 fM 53
electrochemical 10 fM to 20 nM 10 fM 54
electrochemical 0.1 fM to 100 nM 53 aM 55
electrochemical 100 aM to 10 nM 36 aM this work

Figure 6. (A) Reproducibility of the prepared biosensing platform (100 pM miRNA-21), error bars, SD, n = 3. (B) Selectivity evaluation of the
biosensing platform: (a) miRNA-21 (0.1 nM), (b) mixed sample, (c) miRNA-141 (10 nM), (d) miRNA-155(10 nM), (e) let-7a (10 nM), and (f)
blank sample (error bars, SD, n = 3); and (C) stability detection of the proposed biosensing platform (1 pM miRNA-21, n = 20) *P < 0.05, **P <
0.01, and ***P < 0.001.

Figure 7. Current response of the developed biosensing platform
from cancer cells (HeLa cells and MCF-7 cells) with different
numbers: (a) 101 cancer cells, (b) 102 cancer cells, (c) 103 cancer
cells, and (d) 104 cancer cells (error bars, SD, n = 3). *P < 0.05, **P
< 0.01, and ***P < 0.001.
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expression of miRNA-21 in MCF-7 cells, whereas the current
response value was inconspicuous in HeLa cells, suggesting the
low expression of miRNA-21 in the HeLa cells. The results
were the same as those reported in the literature.56,57

Therefore, the prepared electrochemical biosensor possessed
great potential to monitor the expression of miRNA-21 in
cancer cells.

■ CONCLUSIONS
In summary, we developed an intelligent MLDW with high
amplification efficiency to develop an ultrasensitive electro-
chemical biosensing platform for rapid miRNA-21 analysis.
Impressively, the elaborated MLDW not only possessed more
functional domain but also faced smaller steric hindrance,
exhibiting a superior rate and efficiency compared with those
of conventional DNA walkers. Benefiting from these
advantages, the MLDW is adopted to successfully construct
an ultrasensitive electrochemical biosensor for the rapid
detection of miRNA-21, which provides a creative way to
develop a potential approach for the functional DNA
nanomachine and nucleic acid signal amplification for
exploring its applicability and superiority in DNA nano-
biotechnology, disease monitoring, and clinical diagnosis.
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