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Abstract
MicroRNAs (miRNAs) have been accepted as promising non-invasive biomarkers for cancer early diagnosis. Developing
amplified sensing strategies for detecting ultralow concentration of miRNAs in clinical samples still requires much effort.
Herein, an integrated fluorescence biosensor using nicking enzyme-powered numerous-feet DNA walking machine was devel-
oped for ultrasensitive detection of miRNA. A long numerous-feet walker produced by target-triggered rolling circle amplifica-
tion autonomously moves along the defined DNA tracks on gold nanorods (AuNRs) with the help of nicking enzyme, leading to
the recovery of fluorescence. This results in an amplified fluorescence signal, typically measured at 518 nm emissionwavelength.
Benefiting from the long walker that dramatically improves movement range, the homogenous and one-step strategy realizes
ultrahigh sensitivity with a limit of detection of 0.8 fM. Furthermore, this walking machine has been successfully used to
quantification of miRNA in clinical serum samples. The consistency of the gained results between of the developed strategy
and reverse transcription quantitative polymerase chain reaction (RT-qPCR) shows that the sensing method has great promise for
tumor diagnostics based on nucleic acid.
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Introduction

The incidence and mortality of cancer is rapidly increasing.
Although tumor biopsies are the most credible technologies in
the clinical cancer diagnosis [1], these methods suffer from
several disadvantages including the difficulty of attaining
samples, invasion that usually yields severe concurrent side
effects, sampling bias that cannot react to the heterogeneity

and continuous evolution of tumor [2, 3]. Thus, it is important
to search new biomarkers with non-invasive and highly sen-
sitive and specific for tumor diagnosis.

MicroRNAs (miRNAs), small single-stranded endogenous
non-coding RNA, can regulate physiological function [4, 5].
Studies demonstrated that miRNAs released into fluids (serum,
saliva, and cerebrospinal fluid) by tumor cells are potential non-
invasive biomarkers for cancer early diagnosis and real time mon-
itoring [6, 7]. For instance, the expression level of miRNA-21
obviously elevated in breast cancer patients and reduced after sur-
gery [8]. Despite miRNAs are novel ideal tumor biomarkers, de-
tecting miRNAs is still a challenge since its low abundance, short
length, and high sequence homology [9, 10]. Currently, common
methods such as northern blotting, microarray, reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR), and next-
generation sequencing have been used for the detection of
miRNAs [11–13]. However, these methods undergo either cum-
bersome experimental operation or low sensitivity [14]. Thus,
enormous interest exists in developing new and simple alternative
strategies for detecting extremely low concentration ofmiRNAs in
real samples [15, 16].
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As one of the most appealing building materials, DNA has
been applied to assemble many dynamic molecular devices,
including DNA walkers, tweezers, and catalytic circuit sys-
tems, to sense and enlarge target [17–22]. Among them, DNA
walkers have been used to construct various signal amplifica-
tion strategies for sensing clinical biomarkers [23–25]. In term
of typic DNA walkers, the autonomous movement of the
walkers along the defined DNA tracks can transfer target in-
formation into detectable signals [26–29]. To date, most DNA
walkers have only one walking strand, which are called as the
single-legged DNA walkers. However, these DNA walkers
suffer from several drawbacks such as limited walking dis-
tance, slow response kinetics, and premature dissociation
from the tracks [30–32]. To achieve high signal gain in a short
reaction time, bipedal, tripedal, and four-legged DNAwalkers
have been developed [33–35]. Although such DNA walkers
possess improved walking distance and response rate,
the number of “legs” still is relatively limited.
Therefore, constructing DNA walkers with more “legs”
remains an urgent need.

In this work, we developed an integrated nicking enzyme-
powered numerous-legged DNA walker prepared by rolling
circle amplification (RCA) on gold nanorods (AuNRs) for
ultrasensitive fluorescence detection of miRNA. RCA is one
of the commonly used strategies to construct biosensing sys-
tems because of its high amplification efficiency [36]. In the
presence of miRNA, RCA is triggered, producing a long
single-strand containing numbers of repetitive sequences that
is regarded as a numerous-feet walker. Then, the long walker
stepwise recognizes the FAM-labeled hairpins immobilized
on AuNR, resulting in progressively enhanced the binding
force of track. After the hairpins are opened, nicking enzymes
specifically bind the nicking site to cleave the opened
hairpins, simultaneously driving the long walker to fur-
ther move, therefore generating abundant fluorescence
signal for target detection.

Experimental section

Materials and reagents

Oligonucleotides shown in Table S1, H2 labeled with 6-
carboxyfluorescein (FAM) and black-hole-quencher 1
(BHQ1), chloroauric acid (HAuCl4), and 10 mM dNTP mix-
ture were purchased from Sangon Biotech (Shanghai, China,
https://www.sangon.com). Sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), and ascorbic acid
(AA) were bought from Sigma-Aldrich (ht tps: / /
www.sigmaaldrich.com/). Nicking enzyme (Nb.BbvCI),
DNA polymerase (Phi29), T4 DNA ligase, Exonuclease I,
and Exonuclease III were supplied by New England Biolabs
(https://www.neb.com/). All DNA sequences were annealed

before use. All other reagents were of analytical reagent grade.
All aqueous solutions were prepared with Milli-Q water
(≥18 MΩ, Millipore, http://www.merckmillipore.com/).

Apparatus

The morphology features of AuNRs were characterized by
transmission electron microscope (TEM) (Hitachi-7500,
Japan, http://www.jeol.co.jp/). UV-vis absorption spectra
(Nano-Drop1000, Thermo, USA, http://www.nanodrop.com)
were applied to confirm the constructed machine tracks. The
fluorescence spectra were obtained from Cary Eclipse
Fluorescence Spectrophotometer (Agilent, California, http://
www.agilent.com).

Construction of the machine tracks

To build the tracks (hairpins-AuNRs), AuNRs were firstly
synthesized following previous reported seed-mediated
growth method [37]. The synthesis detail was shown in
Supporting Material. The concentration of AuNRs was esti-
mated to be 12.5 nM using UV-Vis spectroscopy [38, 39].
Then, the synthesized AuNRs were functionalized with
thiolated DNA hairpins according to previous method [39,
40], and the process was described in Supporting Material.

Preparation of DNA ring for RCA

The mixture including 5′-phosphorylated DNA padlock
(100 μM, 1.5 μL) and ligation DNA (100 μM, 3.0 μL) was
annealed. After which, T4 DNA ligase (2 μL 50 U), 10 × T4
DNA ligase buffer (2 μL), and 11.5 μL diethylpyrocarbonate
(DEPC) water were added into the mixture, and then the mix-
ture was incubated at 16 °C for 24 h followed by heat treating
at 65 °C for 15 min to deactivate T4 ligase. Subsequently,
40 U Exo I and 40 U Exo III were added to digest uncirculated
DNA. After that, the protein enzymes were further inactivated
at 90 °C for 20 min. Finally, the prepared DNA ring was
stored at 4 °C for further use.

Fluorescence measurements

To drive the walker system, 2 μL different concentrations of
miRNA-21 was added to 18 μL of the mixture consisting of
0.2 U/L Phi29, 0.15 U/L Nb.BbvCI, 200 M dNTP, 2 μL of
phi29 reaction buffer, 2 μL of CutSmartTM buffer, 2 μL of
hairpins-AuNRs solution, and 2 μL of DNA ring. Then, the
mixture was incubation at 37 °C for 1.5 h. Subsequently, the
mixture was diluted to 100 μL and then measured. The emis-
sion spectrum was recorded from 500 to 600 nm. The maxi-
mum fluorescence signal was recorded at 518 nm. The exci-
tation wavelength was set at 480 nm in steps of 1 nm. The
emission and excitation slit widths were set at 5 nm. Before
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each test, the quartz cell was washed 3 times in 75% ethanol, 3
times in distilled water, and then dried with nitrogen.

miRNA-21 detection in serum samples

The human serum was firstly diluted to 10% in deionized
water. Then, different concentrations of miRNA-21 were
added into the diluted human serum. The following steps of
detection were the same with the detection steps in buffer
solution.

Native polyacrylamide gel electrophoresis (PAGE)

Native PAGE was employed for verifying the RCA. The ex-
periment was conducted in 1 × TBE buffer. The PAGE was
run for 40 min at 110 V. Then, the gel (8%) was stained with
Gel-Red for 30 min and imaged by a Bio-Rad ChemDoc XRS
(Bio-Rad, USA, http://www.biorad.com/).

Result and discussion

Operation principle of the biosensor

The detection principle of the biosensor based on nicking
enzyme-powered numerous-feet DNA walker is shown in
Scheme 1. Hairpins H1 and H2 immobilized on the same
AuNR are used to capture the target and act as walking track,
respectively. In this method, the target specifically hybridizes
and opens H1, leading to the exposure of the lock domain. The
exposed domain recognizes the DNA ring to produce a long

DNA strand containing many repetitive sequences that is used
as a numerous-feet walker with the help of Phi29. Then, the
numerous-feet walker binds to the loop domain in H2 succes-
sively, forming numbers of double-strands containing cleav-
age sites for Nb.BbvCI. Hydrolysis of the DNA track can
release FAM-tagged fragments from AuNR and leads to the
recovery of FAM fluorescence. Subsequently, the numerous-
feet walker is released and binds further to the next adjacent
track probes to form new cleavage sites. Thus, the autono-
mous movements of the numerous-feet walker can be driven
by nicking enzyme cleavage to release numerous FAM-
labeled fragments for detection of miRNA. In the absence of
miRNA, the walking machine fails to be activated, and the
FAM fluorescence is quenched by AuNR and BHQ1
quenching agent.

Characterization of the machine tracks

To prove the successful construction of the machine tracks,
the feature of AuNRs and the binding of the hairpins onto
AuNRs were depicted by TEM and UV-vis absorption spec-
tra, respectively. The good dispersity and uniformity of the
synthetic AuNRs are clearly seen in Fig. 1A. Analyzing by
ImageJ, the average dimension of the synthetic AuNRs is
88.3 nm in length and 15.6 nm in diameter. As shown in
Fig. 1B, DNA hairpins solution has a characteristic absorption
peak at 260 nm. Compared to DNA hairpins and AuNRs,
there is a typical DNA absorption peak in hairpins-AuNRs,
demonstrating the successful assembly of hairpins on AuNRs.
Furthermore, the zeta potentials of AuNRs and DNA
hairpins@AuNRs were conducted, and the results were

Scheme 1 Schematic illustration of the biosensor using nicking enzyme-powered numerous-legged DNA walker for the detection of miRNA-21
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shown in F ig . S1 . Compared to AuNRs , DNA
hairpins@AuNRs exhibits more negative potential, demon-
strating the successful binding of DNA hairpins to AuNRs.
These results demonstrate that the machine tracks have been
constructed as expected. The number of DNA hairpins on
AuNR was calculated based on the previously reported
methods [31, 41], a liner relationship between fluorescence
intensity and concentration of FAM-labeled H1 was gained
(Fig. S2). Based on the fluorescence intensity of the superna-
tant containing superfluous FAM-labeled H1, the amount of
DNA hairpins on each AuNR was about 452.

Feasibility of the sensing strategy

The RCA was first verified by native PAGE. As shown in
Fig. 2A, the primer stands for the exposed domain of H1,
locating in lane 1. Compared with the band of DNA ring (lane

3), a new band with a slower mobility is observed in the
mixture of the primer and DNA ring (lane 2), indicating the
successful hybridization between the primer and DNA
ring. After the incubation of phi29 and dNTPs, many
new bands with obviously reduced migration are ob-
served (lane 4), suggesting the generation of long
DNA strands by means of RCA.

Furthermore, the fluorescence spectra were recorded in dif-
ferent conditions to confirm the reaction process of the sensing
strategy (Fig. 2B). An ignorable signal is observed when the
machine tracks (hairpins-AuNRs) is present (curve a), sug-
gesting that the fluorescence of FAM is fully quenched.
Upon the DNA ring, Phi29, Nb.BbvCI, and dNTPs are added
to the machine tracks solution, the signal has hardly changed
(curve b). The result demonstrates that the RCA cannot be
activated in the absence of the target, due to the frustrated
hybridization of the DNA ring and H1. Thus, the sensing

Fig. 1 Characterization of the
machine tracks. (A) TEM images
of AuNRs. Scale bars: 200 nm.
(B) UV-vis spectra of DNA
hairpins, AuNRs, and hairpins-
AuNRs

Fig. 2 Feasibility of the sensing strategy. (A) Verification of the reaction
process of RCA by PAGE. The concentrations of DNA substrates were
2 μM. The reaction time of RCA was 2.0 h. (B) Fluorescence signal
responding to different reaction conditions: (a) the machine tracks, (b)
DNA ring + Phi29 + Nb.BbvCI + the machine tracks, (c) target + DNA

ring + Phi29 + the machine tracks, and (d) target + DNA ring + Phi29 +
Nb.BbvCI + the machine tracks. The concentration of the target was
100 nM. Excitation wavelength: 480 nm and Emission wavelength:
518 nm
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strategy has low background noise. Also, an enhanced signal
is recorded in the presence of target, DNA ring, Phi29, dNTPs,
and the machine tracks (curve c), suggesting that the
numerous-feet walker produced by RCA opens the H2, lead-
ing to the part recovery of fluorescence. However, when the
target exists in the whole sensing system including Nb.BbvCI,
Phi29, DNA ring, dNTPs, and the machine tracks, a signifi-
cant amplified fluorescence signal is seen (curve d). This
might be because Nb.BbvCI releases the FAM-labeled se-
quences from the AuNRs and further propels the movement
of the numerous-feet walker, resulting in the decrease of the
fluorescence quenching and the increase of the number of the
opened H2. The results clearly demonstrate the feasibility of
the numerous-feet DNAwalking machine for amplified detec-
tion of miRNA.

In addition, compared to free H1 and H2, the developed
numerous-feet DNA walking machine products significantly
enhanced fluorescence signal in the same reaction time (Fig.
S3). This is due to that H1 and H2 are integrated on the same
AuNR, enhancing the reaction rate of the machine.

Optimization of sensing conditions

To obtain the best sensitivity of the proposed strategy, several
reaction conditions were optimized. These conditions includ-
ed the ratio of H1 to H2, the H1 concentration, the Phi29
concentration, and the reaction time. Since the competitive
relation between H1 and H2 during assembly on AuNRs,
the concentration ratio of H1 to H2 was first evaluated. As
shown in Fig. S4A, with the decrease of the ratio of H1 to H2
from 1/6 to 1/10, the fluorescence intensity gradually en-
hances and reaches to the peak value at 1/10, suggesting the
optimal target recognition efficiency and the number of the
DNA track probes. Under the optimal ratio, various H1 con-
centrations were tested. As illustrated in Fig. S4B, the fluores-
cence signal undergoes an upward trend from 4.0 to 10.0 μM
H1, after which, the signal remains unchanged. Figure S4C
shows the change in fluorescence signal with Phi29
concentration from 0.05 to 0.6 U/L. The signal reaches

to the maximum value at 0.2 U/L, indicating that the
polymerase concentration is adequate to operate RCA.
Figure S4D gives information about the fluorescence
intensities in different reaction times. The signal im-
proves gradually from 0.5 to 1.5 h, and the maximal
signal is gained at 1.5 h. As shown in Fig. S5, the
fluorescence signal gradually enhances with the increase
of Nb.BbvCI concentration from 0.05 to 0.15 U/L.
Then, the signal remains stable. According to these re-
sults, the following sensing conditions were used to the
subsequent assay: the best ratio of H1 to H2 is 1/10,
the incubation time is set at 1.5 h, and the optimal
concentrations of H1, Phi29, and Nb.BbvCI are
10.0 μM, 0.2 U/L, and 0.15 U/L, respectively.

Sensitivity of the sensing strategy

Under the optimal sensing conditions, the sensitivity of the
strategy was assessed by detecting different target concentra-
tions. As seen in Fig. 3A, there is an ascending trend in fluo-
rescence signal with the augment of miRNA concentrations
ranging from 1 fM to 100 nM. When the target concentration
is more than 100 nM, the signal has not increased any more.
This is due to that 100 nM of target is enough to open all H1
hairpins. The detailed correlation between the variation of
fluorescence intensity and the logarithm of target concentra-
tion is illustrated in Fig. 3B. A good linear range is from 1 fM
to 100 nM with the regression equation as follows: F =
198.4 + 47.6 lg C, in which F is the fluorescence intensity,
and C stands for the miRNA concentration. The correspond-
ing correlation coefficient is 0.9942. The limit of detection
(LOD) of the sensing strategy is calculated to be 0.8 fM based
on the average signal of blank plus three times of the standard
deviation. In addition, Stern–Volmer equation was used to
describe the quenching process of the strategy: (Io/If) = 1 +
Ksv[quencher], where Io is the fluorescence intensity of the
developed method in the absence of quencher, If is the fluo-
rescence intensity of the method in various concentrations of
quencher, and Ksv is the Stern–Volmer constant. As shown in

Fig. 3 Evaluation of the
sensitivity of the sensing strategy.
(A) Fluorescence intensities of the
strategy with different miRNA
concentrations (a to j: 0 fM, 1 fM,
10 fM, 100 fM, 1 pM, 10 pM, 100
pM, 1 nM, 10 nM, 100 nM). (B)
The relationship between
fluorescence intensities and the
logarithm of miRNA
concentrations. All results
expressed as mean ± standard
variation (n = 3). Excitation
wavelength: 480 nm and emission
wavelength: 518 nm
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Fig. S6, the relationship between Io/If and quencher concen-
tration is almost linear and Ksv is 0.81, indicating that
quenching is static. Compared with the recently reported
miRNA fluorescence biosensors based on DNA walkers
[42–46], the strategy shows superior sensitivity, wide detec-
tion range, and comparable detection time (detail in Table S2).
The good analytical performance of the biosensor is attributed
to the long movement distance of the developed multiple-
legged DNA walker, which has more potential for the detec-
tion of trace miRNA in clinical samples.

Specificity and reproducibility investigation

To investigate the specificity of the sensing strategy, the
comparative studies between the target miRNA-21 and
other analogous miRNAs were performed. These analo-
gous miRNAs included single-base mismatched miRNA-
21 (M1), two-base mismatched miRNA-21 (M2), three-
base mismatched miRNA-21 (M3), miRNA-122 (a), and
miRNA-155 (b). Figure 4A shows the results of the
comparative studies. The fluorescence signals of M3,
miRNA-122, and miRNA-155 are almost consistent with
the blank control. The signal generated by miRNA-21 is
about 5.4 times and 2.1 times that of M2 and M1,
respectively. These results indicate that the sensing
strategy has a good specificity, even can distinguish
single-base mismatched. In addition, the reproducibility
of the strategy was evaluated by three individual mea-
surements with 10 fM, 1 pM, and 1 nM target miRNA,
respectively. The relative standard deviations (RSDs)
were 4.2%, 5.9% and 5.7% for the three different con-
centrations of target miRNA, respectively (Fig. 4B).
Considering that the random distribution of the modified
hairpins on the AuNRs could influence fluorescence sig-
nal, the walker tracks synthesized in three different
batches were also used to investigate the reproducibility.
The RSD was evaluated as 6.7% responding to 1 pM
target. According to these results, the developed sensing
strategy has acceptable reproducibility.

Practicability of the fluorescence strategy

To evaluate the practicability of the sensing strategy, standard
addition method was conducted in 10% serum samples according
to the previously reported papers [32, 34]. The serum samples
were diluted to mitigate the strong fluorescence absorption.
These serum samples were from different healthy persons. After
spiked with different concentrations of miRNA-21, these serum
samples were tested by the proposed strategy and RT-qPCR, re-
spectively. As shown in Table S3, the two methods gain the ac-
cordant analytical results. The recoveries are between 98.0% and
108.6%, and the RSDs are between 4.9% and 5.7%. These results
reveal that the developed sensing strategy has great application
value for the early diagnosis of tumor.

Conclusion

In conclusion, a nicking enzyme-propelled numerous-feet DNA
walking machine for ultrasensitive detection of miRNA has been
developed. Compared with the reported DNA walkers that suffer
from untimely derail and limited movement distance, this method
is endowed with several obvious advantages. Firstly, the long
numerous-feet walker produced by RCA improves the binding
force of track, avoiding dissociate prematurely from the track.
Secondly, the developed DNA walker has superior mobility by
increasing the number of “legs.” Thirdly, the target-induced nu-
merous-legged walker and DNA tracks are integrated on the
AuNR, which significantly enhances the reaction rate. In the light
of this fact that ultrahigh sensitivity and practicability are both
realized, the DNA walking machine provides a potential sensing
platform to detect biomarkers for cancer diagnosis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04875-1.
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Fig. 4 (A) Evaluation of the
specificity of the strategy. The
concentrations of all miRNAs are
100 nM. (B) Investigation of the
reproducibility of the strategy by
detecting different concentration
of target miRNA in three
individual tests. Excitation
wavelength: 480 nm and emission
wavelength: 518 nm
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