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ABSTRACT: In contrast to common DNA walkers, multipedal DNA walkers
exhibit larger walking area and faster walking kinetics and provide increased
amplification efficiency. Consequently, they have received a considerable amount
of attention in biosensing. However, most of them are synthesized by
immobilizing multiple DNA walking strands on the surface of Au nanoparticles,
which is tedious and time-consuming. Simple preparation of multipedal DNA
walkers remains a challenge. Herein, we adopted a simple enzyme-free target-
triggered catalytic hairpin assembly (CHA) circuit to synthesize a tripedal DNA
walker. By walking on a DNA track-functionalized electrode, a sensitive
electrochemiluminescence DNA nanomachine biosensor was constructed for
sensing miRNA-21. The DNA walker was powered by toehold-mediated strand
displacement; the whole process did not need the assistance of enzymes, thus
avoiding tedious procedures and enzyme degradation under unfavorable
environmental conditions. Specifically, a superior detection limit of 4 aM and a
broad linear range of 10 aM to 1 pM were achieved. This CHA−tripedal DNA walker biosensor was then applied for the detection
of miRNA-21 in human serum and showed high selectivity and excellent reproducibility, demonstrating its practical application in
bioanalysis. In particular, the Y-shaped tripedal DNA walker comes from the DNA circuit, which makes the approach ideally suited
for biosensing of small nucleic acid targets.
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MicroRNAs (miRNAs) are a group of endogenous small
noncoding RNAs that participate in the regulation of

post-transcriptional gene expression in a variety of biological
processes. They have been considered as important biomarkers
of diseases such as cancers and cardiovascular and autoimmune
diseases.1−4 However, the accurate detection and quantifica-
tion of miRNAs is a challenge because of the small size,
extremely low expression, high homology, and susceptibility to
degradation of miRNA.5,6 Although traditional methods
including quantitative reverse transcription polymerase chain
reaction, microarray analysis, and northern blotting have been
exploited to determine the levels of miRNA expression, their
application has been limited by high cost, complicated
operation, poor sensitivity, and false-positive results.7,8 To
overcome these shortcomings, several novel techniques,
including surface-enhanced Raman spectroscopy,9 fluores-
cence,10 electrochemistry,11 and electrochemiluminescence
(ECL),12 for the detection of miRNA have been developed.
Nevertheless, these techniques alone, without any amplifica-
tion, are not sensitive enough to detect low-abundance
miRNAs. Therefore, utilizing amplification protocols to
improve the detection sensitivity of these methods is of
particular interest in current research.

Among various amplification techniques, DNA walkers, a
type of the autonomous molecular machines, have attracted
particular attention owing to the characteristic of the cascade
signal enhancement generated by their autonomous move-
ment.13−20 For a typical DNA walker, the target can trigger a
specific DNA walking strand to move continuously and
automatically along the predesigned DNA tracks. To date,
most DNA walkers have been based on one nanomachine with
one walking strand so called the single-leg DNA walkers, which
suffer from a limited walking area and slow response
kinetics.14,21 From an analytical point of view, rapid walking
kinetics and high processivity facilitate high signal gain in a
given period of time.22 To achieve high processivity and fast
response, researchers have developed multipedal DNA walkers
by attaching multiple walking strands on the same matrix. In
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such walkers, the walking rate or distance has been greatly
increased with the addition of more “legs”. Nevertheless,
almost all researched multipedal DNA walkers have been
limited to a DNA-functioned gold nanoparticle (AuNP)
structure by immobilizing multiple DNA walker strands on
AuNPs through Au−S bonds.21−25 The synthesis procedures
for DNA-AuNP composites require several steps of salt aging,
centrifugation, and washing, which is cumbersome and time-
consuming. Therefore, the facile preparation of multipedal
DNA walkers remains a challenge.
Furthermore, the motion of a DNA walker is usually

propelled by DNAzyme/endonuclease-mediated hydrolysis
and toehold-mediated strand displacement (TMDR).14,26−29

It is worth noting that the protease/DNAzyme reaction is
easily affected by a variety of factors, such as temperature, pH,
ion concentration, and so forth, which may affect the walking
efficiency and limit its practical application. In contrast, strand
displacement is a promising alternative for constructing DNA
nanomachines that can achieve reliable motion without being
disturbed by environmental factors.30

Herein, we introduce an extremely simple yet effective
catalytic hairpin assembly (CHA) method to prepare a tripedal
walker, which was formed through DNA self-assembly during
one incubation, and no conjugation of the DNA walking strand
to AuNPs is needed. The CHA-formed tripedal DNA walker is
propelled by a toehold exchange reaction to move on a track
strand-functionalized electrode and thus to make possible the
ECL biosensing of low-abundance miRNA. The whole process
does not need the assistance of enzymes, so it can avoid
tedious procedures and enzyme degradation under unfavorable
environmental conditions. More importantly, the detection
sensitivity is much higher than that of most reported DNA
walking machine methods owing to the integration of a
tripedal DNA walker and CHA circuit cascade signal
amplification.

■ EXPERIMENTAL SECTION
Reagents and Apparatus. The chemical reagents and apparatus

are shown in the Supporting Information. Table S1 lists all the DNA
and miRNA sequences used in the experiment.

Preparation of Au@luminol. Au@luminol NPs were prepared as
previously reported.31 Briefly, 0.9 mL of luminol (10 mM) was added
to 50 mL of boiling HAuCl4 solution (0.01%) under vigorous stirring.
The mixture was boiled for 30 min to yield colloidal Au@luminol
NPs. After cooling to room temperature, Au@luminol was stored at 4
°C for further use.

Preparation of Au@luminol-HP5. Ten microliters of HP5
solution (100 μM) was mixed with 2 μL of tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP) (1 mM) and incubated in the dark
for 1 h. Then, 1 mL of Au@luminol solution was added to the above
mixture and incubated at 37 °C for 2 h. The synthesized Au@
luminol-HP5 was centrifuged, washed with water, and resuspended in
1 mL of phosphate buffer saline (PBS, 0.1 M, pH 7.4) for further use.

Preparation of the Tripedal DNA Walker. For the self-
assembly of the tripedal DNA walker, 10 μL of different
concentrations of target miRNA-21 and 15 μL of 1 nM hairpin
DNAs (5 μL HP1, 5 μL HP2, and 5 μL HP3, respectively) were kept
at 37 °C for 4 h to form a stable tripedal DNA walker for further
experiments.

Fabrication of the Biosensor. The Au electrode (AuE) was
polished with 0.3 and 0.05 μm alumina slurries and then washed
ultrasonically in ethanol and ultrapure water. To further clean it, the
resulting electrode was scanned from 0 to +1.5 V in 0.5 M H2SO4
until a notable voltammetric peak was obtained. Then, in the process
of electrode modification, 5 μL of 2 μM DNA track (HP4) pretreated
with 10 mM TCEP was modified on the cleaned electrode by the
Au−S bond at 4 °C for 12 h. Then, the modified electrode was
immersed in a 1 mM MCH solution for 1 h to block the nonspecific
sites. When the electrode was completely rinsed with PBS, the
obtained biosensor was used to monitor different concentrations of
the target miRNA-21 solution.

ECL Measurement Procedure. To measure the ECL response of
the proposed biosensor, 5 μL of tripedal DNA walker and 5 μL of 1
μM Au@luminol-HP5 were cast onto the electrode at the same time
and incubated for 40 min to walk the tripedal DNA walker. After
rinsing, the ECL signal of well-prepared AuE was recorded in PBS
(pH 7.4) containing 100 mM H2O2.

■ RESULTS AND DISCUSSION

The characterization of Au@luminol is described in the
Supporting Information (Figure S1).

Principle of the CHA−Tripedal DNA Walker ECL
Biosensor. The principle of the fabricated ECL biosensor is

Scheme 1. Schematic Illustration of ECL miRNA-21 Detection Based on the CHA−Tripedal DNA Walker Strategy; (A)
Generation Process of the Tripedal DNA Walker; (B) Walking Process of the Tripedal DNA Walker on the Electrode
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schematically illustrated in Scheme 1. The whole sensing
strategy could be simply divided into two modules: preparation
of the tripedal DNA walker and walking machine movement
on the surface of the electrode.
As shown in Scheme 1A, the tripedal DNA walker was

prepared by target-triggered CHA32 using target miRNA-21
and three well-designed hairpins, HP1, HP2, and HP3, that
have the same ssDNA sequences (black) at their 3′-end. The
CHA cycle begins with miRNA-21 binding to HP1, which
opens the hairpin structure of HP1 (red) and exposes its
initially blocked toehold region. The newly exposed toehold
region of HP1 binds HP2 (green) and triggers a second strand-
displacement reaction to form the target−HP1−HP2 hybrid
and release the toehold region of HP2. HP3 (blue) is opened
in the same way, and its toehold section is also exposed.
Subsequently, the freed toehold sequence of HP3 hybridizes
with HP1 to form Y-shaped DNA (HP1−HP2−HP3) and
releases bound miRNA-21 for the next round of reactions. This
cyclic process continues autonomously until all HPs are
assembled into Y-shaped DNAs. The formed Y-shaped DNA
equipped with three ssDNA ends (legs) is called a tripedal
DNA walker.
In the walking step (Scheme 1B), the surface of AuE is

conjugated with thousands of hairpin DNA strands (HP4) to
serve as DNA tracks. The “legs” of the tripedal DNA walker
hybridize with HP4 and expose its toehold region. The
exposed toehold domain of H4 can interact with Au@luminol-
HP5 through a strand displacement reaction, resulting in the
formation of a thermodynamically favorable configuration of
the HP4/HP5 duplex and the release of “legs” for continued
walking. As a result, HP4 is transferred to the HP4/Au@
luminol-HP5 duplex, a large amount of Au@luminol is fixed on
the electrode surface, and then a significantly amplified ECL
signal is obtained.
Viability Analysis. The viability of the proposed strategy

was first investigated by native polyacrylamide gel electro-
phoresis (PAGE) analysis. The CHA self-assembly process of
tripedal DNA walker formation is shown in Figure 1A. Lanes
1−5 contain HP1, miRNA-21, miRNA-21 + HP1, miRNA-21
+ HP1 + HP2, and miRNA-21 + HP1 + HP2 +HP3,
respectively. The band indicated by the red box confirmed the
successful progressive hybridization. The migration band is not
observed in lane 2 due to the short single-stranded structure of
miRNA-21. The final self-assembled tripedal DNA walker
exhibited extremely low mobility, while the hairpin probe
bands disappeared in lane 5, confirming that the tripedal DNA

walker was completely formed by the introduction of miRNA-
21. In contrast, in the absence of the target miRNA-21, the
hairpin probes HP1, HP2, and HP3 remained stable (lanes 6).
The strand-displacement-driven walking process was also

analyzed by PAGE, and the results are shown in Figure S2.
Lanes 1−8 contain HP4, HP5, and the mixtures of HP4 + HP5
with other hairpin structures (HP1, HP2, and HP3) or tripedal
DNA walkers. From the results, we can see that only the
tripedal DNA walker can induce the reaction between HP4
and HP5 by a strand displacement reaction to form the HP4/
HP5 duplex, resulting in the disappearance of the HP4 and
HP5 bands, thus confirming that the walking process was
successful. To further exemplify the walking capability of the
tripedal DNA walker, a conventional fluorescent method was
employed (Figure S3). For this purpose, FAM-labelled
thiolated HP4-modified AuNPs (HP4-AuNPs) were recruited
as a well-designed track. In the initiation state, the fluorescence
of FAM was quenched by AuNPs owing to a position close to
the surface of AuNPs. During the walking process of the
tripedal DNA walker on AuNPs, the dissociative HP5 could
hybridize with unfolded HP4 and release the “leg” of the
tripedal DNA walker, resulting in the production of plentiful
HP4−HP5 duplexes. The rigid duplex structure of HP4−HP5
kept FAM away from AuNPs, leading to the recovery
fluorescence of FAM. As time extends, the fluorescence signal
increased continuously, which could definitively indicate the
walking capability of the tripedal DNA walker.

Characterization of the Formation Process of the ECL
Biosensor. EIS measurements were employed to embellish
the ECL biosensor. Figure 1B indicates the corresponding
impedance curve changes with stepwise modification of AuE.
An extremely small electron-transfer resistance (Ret) was
observed from the bare AuE (curve a), which is a result of
the fast electron transfer procedure of [Fe(CN)6]

3−/4−. When
HP4 was immobilized on AuE, an obvious increase in Ret was
observed, while the negatively charged DNA prevented
[Fe(CN)6]

3−/4− from approaching the AuE (curve b). A
further enhancement of the value of Ret was obtained after
treatment with nonconductive MCH (curve c). Sequentially,
when the modified AuE was incubated with a mixture
containing a tripedal DNA walker, an obvious increase in Ret
(curve d) could be seen due to the hybridization of the
overhanging part of the tripedal DNA walker with HP4.
Finally, when Au@luminol-HP5 replaced the tripedal DNA
walker on the electrode, a remarkable decrease in Ret was
observed (curve e), owing to the outstanding electrical

Figure 1. (A) Native PAGE images of different samples. Lane 1: HP1; lane 2: miRNA; lane 3: miRNA + HP1; lane 4: miRNA + HP1 + HP2; lane
5: miRNA + HP1 + HP2 + HP3; lane 6: HP1 + HP2 + HP3. The total volume of all samples was 10 μL, and the concentration of DNA was 2 μM
and miRNA-21 was 100 nM. (B) EIS characterization for the stepwise fabrication of the proposed biosensor. (a) Bare AuE; (b) HP4/AuE; (c)
MCH/HP4/AuE; (d) tripedal DNA walker/MCH/HP4/AuE; (e) Au@luminol-HP5/tripedal DNA walker/MCH/HP4/AuE.
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conductivity of AuNPs. In summary, the EIS results can
definitively indicate the successful fabrication of the proposed
biosensor.
Optimization of the Experimental Conditions. To

realize the best performance of the sensor for miRNA-21
detection, the effects of HP4 and Au@luminol-HP5 concen-
tration on the performance of Au@luminol ECL were first
studied. As shown in Figure S4A, the ECL intensity increased
with increasing HP4 concentration and reached a plateau at 2.0
μM. Thus, the concentration of 2.0 μM was chosen as the
optimum condition of HP4. Similarly, the optimum concen-
tration of Au@luminol-HP5 was 1.0 μM, as shown in Figure
S4B. Some other conditions including a concentration of 1 nM
hairpin DNAs (HP1, HP2, and HP3) and an assembly time of
4 h to generate the tripedal DNA walker were also optimized
as shown in Figure S4C,D.
The coreactant (H2O2) concentration and the walking time

of the tripedal DNA walker were other vital factors affecting

the performance of the sensors. As shown in Figure 2A, the
ECL intensity of Au@luminol gradually increased with
increasing concentration of the coreactant H2O2 from 10 to
100 mM and nearly stabilized at 100 mM and above. Thus,
100 mM H2O2 was chosen in this work. As displayed in Figure
2B, the ECL signal increased rapidly when the walking time
increased from 10 to 40 min and subsequently maintained a
relatively stable value. Therefore, the walking time of the
tripedal DNA walker on the electrode surface was set at 40 min
for the subsequent study. Compared with bipedal and unipedal
walkers, the tripedal DNA walker shows the highest walking
speed since more “legs” on a DNA walker allow higher rates.24

The comparison results are shown in Figure 2B. The tripedal
DNA walker exhibited the fastest signal variation rate and
reached a plateau in 40 min. The bipedal DNA walker reached
equilibrium in 60 min, but the single-leg DNA walker was still
working after 60 min.

Figure 2. (A) Effect of H2O2 concentration on the ECL performance of the tripedal DNA walker biosensor. (B) ECL responses of the tripedal
DNA walker, bipedal walker, and unipedal walker. miRNA-21 concentration: 1 pM.

Figure 3. (A) ECL−time curves of different concentrations of miRNA-21 (0, 10−17, 10−16, 10−15, 10−14, 10−13 and 10−12 M). (B) Calibration plot of
the ECL intensity vs lgCmiRNA-21 [(C) 10−17, 10−16, 10−15, 10−14, 10−13 and 10−12 M].

Table 1. Comparison of Recent DNA Walker-Based Methods for miRNAs Detection

DNA walker type detection methods target detection limit references

dual-enzyme-driven single-leg walker fluorescent miRNA-892b 4.0 pM 13
TMDR-driven single-leg walker fluorescent miRNA-21 4.0 pM 14
enzyme-driven single-leg walker photoelectrochemical miRNA-141 0.6 fM 15
enzyme-driven single-leg walker fluorescent miRNA-21 1.67 fM 16
DNAzyme-driven single-leg walker fluorescent miRNA-21 34.0 pM 17
enzyme-driven walker electrochemical miRNA-155/miRNA-21 42.7/51.1 aM 18
DNAzyme-driven bipedal walker ECL miRNA-155 12.2 aM 19
TMDR-driven bipedal walker ECL miRNA-21 0.24 pM 20
TMDR-driven unipedal walker ECL miRNA-21 1.6 pM this work
TMDR-driven bipedal walker ECL miRNA-21 10.0 fM this work
TMDR-driven tripedal walker ECL miRNA-21 4.0 aM this work
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Detection of miRNA-21. The biosensor was used to
quantitatively determine the concentration of miRNA-21
under the optimal conditions. As shown in Figure 3A, the
ECL intensity gradually increased with increasing miRNA-21
concentration from 0 to 1 pM. A linear relationship of the ECL
intensity was observed and was dependent on the logarithmic
value of miRNA-21 concentration ranging from 10 aM to 1
pM with a correlation coefficient of 0.9977 (Figure 3B). The
detection limit (LOD) was estimated to be 4 aM (S/N = 3).
Compared with some DNA walker methods for miRNA
detection in previous reports (Table 1), the unipedal walker
and bipedal walker used in this work and the proposed CHA−
tripedal DNA walker ECL biosensor exhibited a lower
detection limit, making it more promising for application in
early diagnosis.
Selectivity, Reproducibility, and Storage Stability of

the Proposed ECL Biosensor. To evaluate the selectivity of
the developed biosensor, single-base-mismatched miRNA-21
and miRNA-155 were chosen as interfering agents. As shown
in Figure 4A, significant ECL signals were observed only in the
presence of miRNA-21 (1 fM), either with miRNA-21 alone or
in a mixture containing miRNA-21 samples. The incubation of
the biosensor with interference substances (1 nM) gave a
negligible signal. The results above indicated that only
completely complementary miRNA-21 could trigger CHA to
form a tripedal DNA walker efficiently and lead to an increase
in ECL intensity, which demonstrates the desirable differ-
entiation capability toward target miRNA-21.
To investigate the reproducibility of the ECL biosensor, five

proposed biosensor electrodes from the same batches were
analyzed by repeated detection of 1 fM target miRNA-21
under the same experimental conditions. The relative standard
deviation (RSD) was 2.4% (Figure 4B), indicating that the
proposed biosensor had satisfactory reproducibility. The
storage stability of the proposed biosensor after two weeks of
storage (at 4 °C) was investigated. No significant change in
ECL intensity was observed, which suggested that the
biosensor was reliable and stable.
Detection of miRNA-21 in Serum Samples. To test the

practical applicability, different concentrations of miRNA-21
were added to the diluted human serum (10 times with PBS),
and the analysis results are shown in Table 2. The recoveries
were between 95.0 and 102.4%, while RSD ranged from 2.9 to
5.3%, demonstrating the favorable practicality in complex real
samples.

■ CONCLUSIONS
In summary, a simple tripedal DNA walker was designed and
applied for an ECL biosensor to selectively and sensitively
detect miRNA-21. The tripedal DNA walker was activated by
the CHA assembly, forming a Y-shaped structure with three
“legs” in the presence of miRNA-21, and walked on a DNA
track-functionalized electrode, producing a significant ECL.
Unlike the previously studied multipedal DNA walker, our
tripedal DNA walker does not require complex process of
immobilization of walker DNA on the NPs. Taking advantage
of CHA and tripedal DNA walker dual signal amplification,
high sensitivity for miRNA-21 detection was achieved. This
biosensor exhibited excellent selectivity and was successfully
applied to detect miRNA-21 in human serum samples. In
addition, this strategy possesses very good extensibility by
using corresponding DNA hairpins to hybridize with the
targets for the formation of a tripedal DNA walker, indicating
its promising application for detecting various nucleic acids
(RNA and DNA).
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Figure 4. (A) Selectivity evaluation for the proposed biosensor. SM: single-base-mismatched miRNA-21. (B) Reproducibility of the proposed
biosensor with five electrodes (1 fM miRNA-21).

Table 2. Serum Sample Analysis for the Proposed Biosensor

sample added detected recovery (%) RSD (%)

1 100.0 aM 98.3 aM 98.3 4.2
2 500.0 aM 475.0 aM 95.0 2.9
3 10.0 fM 9.6 fM 96.0 4.8
4 50.0 fM 51.2 fM 102.4 5.3
5 100.0 fM 98.9 fM 98.9 3.2
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