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A B S T R A C T

DNA-modified gold nanoparticles (AuNPs) are useful nanomaterials for detecting multiple molecules. However,
their performance is greatly dependent on the density of probe DNA on the surface of AuNPs. Here, we used
Poly-adenine (PolyA) to regulate the surface density of probe DNA to achieve a highly efficient DNA walking
biosensor system to detection miRNA-21. The movement track of the biosensor system consists of PolyA-DNA
probe was connected to AuNPs, and exonuclease III (Exo III) acted as a motor driving the walker movement to
achieve signal amplification. By optimizing the length of PolyA, the surface density of probe DNA was changed,
thereby affecting the target binding and enzymatic processing of the bound probes, which ultimately enhanced
the sensitivity and reduced timeliness of the DNA walker. Furthermore, the designed PolyA-DNA probe exhibits
an outstanding sensitivity, due to the effect of density regulation, which is 7.9 times and 11.1 times lower than
those of the SH-DNA and the free-DNA, respectively. In addition, the hairpin structure of DNA probe locates
fluorophore at a zone adjacent to AuNPs surface, which reduces the background signal by 1.1 times compared
with traditional straight probe. In this work, the biosensor system shows a high selectivity towards miRNA-21.
Moreover, the biosensor system has been demonstrated to be potentially useful for the miRNA-21 detection in
human serum with the recoveries of 93.2%–110.0% and has high repeatability. Considering these advantages,
this PolyA-regulated DNA walking biosensor system has great potential as a routine tool for miRNA detection
and has wide applications in the field of biomedical analysis.

1. Introduction

MicroRNAs (miRNAs) are a class of small (~22 nucleotides), low
abundance, single-stranded, non-protein-coding RNAs which regulate
post-transcriptional gene expression, cell proliferation and apoptosis
[1]. In recent years, researchers have reported that the level of miRNAs
expression is closely associated with the occurrence and development of
different cancers and other pathological conditions [2,3]. Therefore,
the detection of specific miRNAs is of great significance for further
understanding the functions of miRNAs and clinical diagnosis.

In the past two decades, a mass of miRNAs analysis methods, such as
northern blotting, DNA microarrays and quantitative RT-PCR (qRT-
PCR) have been developed [4–7]. However, due to the low abundance
of miRNA, those methods have encountered respective challenges in
practical analysis, such as low sensitivity, time-consuming and com-
plicated. In order to overcome those defects, new strategies such as

fluorescence [8,9], colorimetry [10], electrochemistry [11,12] and
DNA walker [13,14] have been explored to improve the performance of
miRNAs detection system. Among them, DNA walker was considered to
be an efficient method for detecting miRNAs [15,16]. DNA walker is
one kind of DNA nanodevice, exhibits a powerful ability to actuate
walking chains move along their tracks from starting point to destina-
tion, which combines with strand hybridization, enzymatic reaction
and environmental stimuli to achieve signal amplification. However,
DNA walking devices also met serious challenges in three key perfor-
mances: difficult trajectory control, shot movement distance and low
reaction rates [17]. In order to overcome these challenges and build
high performance walking devices, many strategies [18–20] have been
developed, the most important being dimensional expansion [21].

Accumulating evidence has demonstrated that DNA walker nano-
devices powered by enzymes or strand displacement can move along
precisely designed one-dimensional (1D) footpath [22,23] or two-
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dimensional (2D) DNA scaffold [24] in terms of dimensionality. The
walking path of the 1D footpath is relatively short and the walking
chain is difficult to restart after the movement stopped accidently, all of
which limit the signal amplification and sensitivity of the constructed
biosensor [18,25]. The 2D DNA scaffold shows a DNA motor loaded at
one end of the track moves autonomously and has a constant average
speed moving along the full length of the track [26,27]. However,
owing to long-range transport and hard-operation, this track and motor
are difficult to accurate control and design in biosensing [27]. Due to
the 1D, 2D limitations described above, the three-dimensional (3D)
[21] track has caught the attention of researchers, which can better
improve the sensitivity, speed of reaction and has simpler design and
accurate control. For example, Yang et al. [28] have recently reported a
DNA walker nanodevice that can walks randomly along a 3D track on
microparticle surface, which used the Au–S connection on the surface of
AuNPs to successfully achieve a large number of connections and
stepwise movement of the DNA walker. However, with the in-depth
study of the researchers, it has been found that the performance of
DNA-modified AuNP-based biosensors is highly dependent on the
density of probe DNA. The method of Au–S connection is difficult to
control the total number, distance and conformation of DNA probes,
thus reducing the hybridization efficiency of DNA walker and the sen-
sitivity of target detection [29,30]. It was found that at low surface
coverages, the adjacent DNA probes are separated by a great distance,
causing the flexible DNA probe to lodging on the AuNPs surface,
leading to nonspecific DNA–Au binding, which changed the con-
formation and limited the reaction of them with target. At high surface
coverages, more DNA probes are attached to the surface of AuNPs,
resulting high steric and electrostatic repulsion between adjacent DNA
probes. These repulsive forces make interactions with complementary
oligonucleotides difficult, resulting in inefficient hybridization [30,31].
In order to solve these issues, Fan's group [32] constructed a 3D track
through the connection between PolyA and AuNPs, which is an ideal
strategy for forming 3D track. Previous studies have demonstrated that
PolyA binds to the AuNPs surface with a high adsorption affinity and
has the same binding effect as Au–S connection [33–35]. And Zuo's
group [31] found that the surface density of DNA probe can program-
mably engineer by changing the PolyA length. By adjusting the length
of PolyA, the density of probes can be precisely controlled, resulting in
the improvement of hybridization ability [36]. Furthermore, DNA
probes can form an upright conformation due to the elimination of
nonspecific DNA–Au binding by the coverage of PolyA, promoting the
reaction between PolyA-DNA and target. Based on these characteristics,
this connection has been widely employed to develop biosensors for the
diverse targets, including miRNAs [34,37–39].

In this work, we have demonstrated that AuNPs-based 3D DNA
walking system for miRNA-21 detection achieved rapid optimization by
regulating the length of PolyA to adjust the surface coverage of the
DNA. We first systematically studied the optimization of the distance
and conformation between adjacent probes by changing the length of
PolyA, thereby greatly improving the combined efficiency and sensi-
tivity of the preparation system. On the other hands, adjusting the
length of PolyA can change the salt ion concentration on the surface of
AuNPs, thereby affecting the reaction speed of Exo III and changing the
reaction kinetics. In compare with biosensors based on Au–S connec-
tion, the PolyA-based walking system proposed in this paper is a more
sensitive detection ability and higher repeatability for miRNA-21 de-
tection. Later, a DNA hairpin probe was applied, which can reduce the
background signal by improving the quenching effect of fluorescence of
DNA probe on AuNPs surface. Moreover, the designed PolyA synergistic
3D DNA walker can be a promising method for biomolecule detection in
clinical diagnosis and mechanism research.

2. Experimental section

2.1. Materials and methods

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O), sodium
citrate trihydrate (Na3C6H5O7·3H2O), 2-mercaptoethanol (2-C2H6OS)
were purchased from Sigma-Aldrich (USA) and all were analytical
grade. All reagents were dissolved in ultrapure water (18.25 MΩ cm).
Exo III was obtained from New England Biolabs (NEB, U.K.). All oli-
gonucleotides listed in Table S1 were synthesized and purified by
Sangon Biotechnology Co., Ltd (Shanghai, China), all of which were
kept at 94 °C for 3 min, and slowly cool down to room temperature for
at least 2 h before use. To create and maintain an RNase-free en-
vironment, all aqueous solutions, tubes and tips used in this work were
treated with 0.1% DEPC and autoclaved.

2.2. Preparation of gold nanoparticles (AuNPs)

AuNPs (14.10 ± 0.42 nm) were synthesized through the method of
sodium citrate reduction of HAuCl4 as previous reported [40,41]. In
brief, 3 ml 1% (v/v) Na3C6H5O7·3H2O was added into the boiling and
rapidly stirred 47 ml solution containing 1 ml of HAuCl4·3H2O (0.01 g/
ml), and when the color is stable in wine red, the mixture was kept
boiling and stirring for 30 min, then cooled to room temperature with
stirring. The obtained AuNPs were stored at 4 °C for further use. The
size and morphology of AuNPs were assessed by transmission electron
microscopy (TEM) (Tecnai G2 F20 S-TWIN, FEI, USA) and dynamic
light scattering (DLS) (Zetasizer nano ZS90, Malvern, UK). The con-
centration of AuNPs was obtained by C = A 450/ε 450 [42].

2.3. Preparation of PolyA-DNA-AuNPs (PDAs)

AuNPs were functionalized with PolyA-DNA probe in this experi-
ment. Briefly, the obtained AuNPs were aging with PolyA-DNA in a
molar ratio (PolyA-DNA/AuNPs) of 200:1 for 16 h at 25 °C without
additional NaCl. Buffer A (0.1 M PBS, 2 M NaCl, pH 7.4) was then
slowly added to the mixture for salting at room temperature for 40 h
(the final concertation of NaCl was 0.2 M). Subsequently, the mixture
was centrifuged at 1, 4000 g for 20 min, and then washed with buffer B
(10 mM PBS, 0.2 M NaCl, pH 7.4) for three times to remove excess
PolyA-DNA. The obtained PDAs were resuspended in buffer C (10 mM
PBS, 0.1 M NaCl, 1 mM MgCl2, pH 7.4).

2.4. Preparation of SH-DNA-AuNPs (SDAs)

Thiol-modified DNA was anchored onto the AuNPs according to this
method [43]. Briefly, 10 μL of SH-DNA (100 μM) were treated with
TCEP (20 mM) for 1 h to cleave the disulfide bond, then diluted into
400 μL. These activated SH-DNA were incubated with 625 μL AuNPs.
Then, the NaCl was slowly added and aged for another 24 h to gain
0.1 M final concertation of NaCl. The functionalized AuNPs was cen-
trifugally washed and redissolved in binding buffer to 540 μL and stored
at 4 °C for future use.

2.5. Quantification of PolyA-DNA density on AuNPs surface

The density of PolyA-DNA on AuNPs was quantified via the Beer's law
using the 2-mercaptoethanol (MCH) [44], the fluorescence (FAM) labelled
PolyA-DNA was used. The MCH with a final concentration of 20 mM was
added into the PDAs and incubated at 37 °C overnight with shaking. Then
the released PolyA-DNA-FAM was collected by centrifugation and mea-
sured the fluorescence intensity at 520 nm (PerkinElmer Lambda LS 55,
PerkinElmer, USA). The standard linear calibration curves were measured
with different concentrations of PolyA-DNA-FAM as shown in Figure S1.
The concentration and amount of PolyA-DNA-FAM was calculated using
the standard linear calibration curves.
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2.6. Polyacrylamide gel electrophoresis (PAGE)

In the gel electrophoresis assay, a test sample containing 5 μL dif-
ferent reaction products and 1 μL 6 × loading buffer is subjected to
10% polyacrylamide gel. The gel was run at 120 V for 35 min in
1 × TAE buffer, and stained with 4S Red Plus nucleic acid stain for
15 min. Then, the images were obtained by a C300 system (Azure,
USA).

2.7. Preparation of human serum samples

Healthy human serum was collected by No. 4 West China Teaching
Hospital, Sichuan University (West China Hospital ethical clearance
letter number: K2017039). First, healthy human serum was centrifuged
through 5, 000 g for 6 min. The middle layer of the serum sample was
diluted for 5 times by using buffer D (0.1 M PBS, 0.1 M KCl, pH 7.4).
Finally, the diluted serum sample was added into the mixture, and then
the fluorescence intensity of the final mixture was measured at 520 nm
(λex = 494 nm).

3. Results and discussion

3.1. Principle of the exo III- propelled 3D DNA walker

Design of the Exo III- Propelled 3D DNAWalker based on PolyA, and
the working principle of biosensor system is shown in Fig. 1. Our 3D
DNA Walker contains three components: 3D PDAs track, Exo III and
walking strand (miRNA-21). Firstly, the fluorophore (6- FAM) on
PolyA-DNA is quenched by nanosurface energy transfer (NSET)
[45,46]. Then, the RNA walking strand is first hybridizes with miRNA-
21 capture PolyA-DNA probe on the surface of AuNPs, based on the
simple rule of Watson-Click base pairing, the hairpin structure of PolyA-
DNA probe is opened to form the DNA/RNA heteroduplexes with blunt
terminal, and the Exo III gradually digests the 3′ blunt terminal of DNA
by burnt-bridge mechanism [14,47], so that the fluorophore as signal
reporter is released and monitored. As the number of PolyA-DNA-
miRNA-21 complementary bases decreased, miRNA-21 loses its stabi-
lity and automatically binds to another stands of PDAs and initiates the
next cleavage cycle. Hence, the movement of the 3D DNA walker offers
an effective approach to transduce and amplify biorecognition signals.
By contrast, in the absence of the miRNA-21, the hairpin structure of
PolyA-DNA remains on the surface of AuNPs, leading to the FAM-la-
belled PolyA-DNA is not digested and recovered fluorescence. In view
of the way of signal amplification, this Exo III -propelled, PolyA sy-
nergistic DNA walker with high target-triggered hybridization effi-
ciency is enable to detect miRNA-21sensitively.

3.2. Feasibility of 3D DNA walker

To verify the feasibility of the proposed biosensor, the connection
between PolyA-DNA and AuNPs was characterized at first. As shown in
Fig. 2A, the UV/Vis absorption spectrum (PerkinElmer Lambda 25 UV/

VIS, PerkinElmer, USA) of bare AuNPs shows the characteristic peak at
517 nm (black line). After functionalizing with PolyA10-DNA probe,
the absorption peak of the PDAs shows a tiny red shift (~3 nm) to
520 nm (red line). As shown in Fig. 2B and C, the size of the prepared
bare AuNPs is 14.10 ± 0.42 nm and the functionalized PolyA10-DNA-
AuNPs (P10DAs) shows the uniform size at 18.32 ± 0.75 nm as shown
in Fig. 2D and E. TEM results also shows that the functionalized P10DAs
has better dispersion than bare AuNPs. Meantime, the size of digestion
P10DAs shows a decreasing trend as shown in Figure S2. These results
strongly demonstrated that the PolyA-DNA probes had been success-
fully modified on the surface of AuNPs. The fastness of PDAs was ver-
ified by PolyT according to the simple rule of Watson-Click base
pairing. As shown in Figure S3, the presence of PolyT has no remark-
able effect on the fluorescence intensity of the PDAs, demonstrating the
fastness of the PDAs.

Subsequently, the fluorescence experiment was carried out to verify
the feasibility of the 3D DNA walker for miRNA-21 assay. As shown in
Fig. 2F, the fluorescence is not well quenched when AuNPs are mixed
with PolyA10-DNA without additional NaCl (curve c) compared with a
high effective quenching effect on fluorescence mixed with NaCl by
salting-aging (curve a). And the spectrum of PolyA10-DNA-FAM with
same concentration in solution is shown (curve b). The biosensor
cannot achieve signal amplification (curve d) when only miRNA-21-
DNA present. In contrast, in the presence of miRNA-21-DNA and Exo III,
a relatively strong fluorescence intensity is observed at 520 nm (curve
e), which indicating that this biosensor has made effective signal am-
plification to the targeted RNA.

In addition, the performance of biosensor was also investigated
using PAGE assay. As shown in Figure S4, the band of PolyA10-DNA is
obviously observed in the absence of additional NaCl (lane 4). When
additional NaCl was added into the mixture, no obvious PolyA10-DNA
is observed (lane 5), because the PolyA10-DNA is connected to the
surface of AuNPs. In the group of miRNA-21-DNA present only (lane 6)
in PDAs solution, the band of miRNA-21-DNA is unclear. This is because
that some miRNA-21-DNA and PolyA10-DNA formed the double-
stranded structures that connected to the surface of AuNPs. However,
when miRNA-21-DNA and Exo III are added (lane 7), the band of
miRNA-21-DNA is obvious, as the Exo III digested the double-stranded
structure and released the miRNA-21-DNA. All the above results
strongly prove that the designed biosensor is a rational strategy for
detecting miRNA-21.

3.3. Regulation of PolyA-DNA density on the surface of AuNPs

Some previous reports have shown that DNA with different PolyA
lengths have different connection density on the surface of AuNPs [48].
In other words, the PolyA length could adjust the final amount of
PolyA-DNA loaded on AuNPs, which is vital factor on the sensitivity of
target detection. To obtain an optimal performance, PolyA lengths of
DNA probe were investigated in this work. The PolyA-DNA-FAM on the
surface of AuNPs was released by using MCH, which can break inter-
action between single-stranded DNA (ss-DNA) and AuNPs [38,49]. As
shown in Figure S5, the fluorescence intensity of the PDAs is low (curve
b). Meanwhile, the fluorescence is strongly recovered (curve c) by using
MCH, which could reach 94.2% of the free DNA probe (curve a). The
density of PolyA on AuNPs surface was calculated by normalizing the
recovery fluorescence intensity.

In this experiment, DNA probes with PolyA5, PolyA10, PolyA20,
PolyA30 and PolyA40 tail were respectively loaded on the AuNPs sur-
face. As shown in Fig. 3B, as the length of PolyA increases, the DNA
probes attached to AuNP reduces gradually. However, the number of
adenines connected to per AuNP are approached (Fig. 3C), which is
consistent with the previous reports [32,34]. In the meantime, those
results confirmed that the amount of PolyA-DNA loaded on AuNPs
surface decreases as the length of PolyA increases as shown in Fig. 3A,
indicating that the distance between adjacent PolyA-DNA probes

Fig. 1. Illustrates for Exo III- propelled 3D DNA walker based on PolyA moving
on the AuNPs surface.
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Fig. 2. Characterizations of the connection between PolyA-DNA and AuNPs and feasibility of the walking system. (A) UV/Vis spectra of AuNPs before (black) and
after（red）coating with PolyA10-DNA. (B) The TEM image of the bare AuNPs. The scale bar is 20 nm. (C) The DLS result of the bare AuNPs. (D) The TEM image of
the functionalized AuNPs. The scale bar is 20 nm. (E) The DLS result of the functionalized AuNPs. (F) The fluorescence measurement of verifying the feasibility of 3D
DNA nanomachine. Reaction condition: curve a: 100 μL PolyA10-DNA-AuNPs (P10DAs); curve b: 1.8 μM PolyA10-DNA; curve c: 100 μL AuNPs and 1.8 μM PolyA10-
DNA without additional NaCl; curve d: 1.2 nM miRNA-21-DNA, 100 μL P10DAs; curve e: 1.2 nM miRNA-21-DNA, 100 μL P10DAs, 0.06 U/μL Exo III. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Density changes with PolyA length. (A) Schematic diagram of spatial control on AuNPs by varying the PolyA length. (B) Surface density of assembled PolyA-
DNA (Strands/AuNPs). (C) Surface amount in terms of adenine bases (Base/AuNPs). Each experiment was conducted for three times.
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increases. In addition, this deduction was also proved by gel electro-
phoresis (Figure S6).

3.4. Optimization of experimental parameters

To acquire the optimal performance for miRNA-21 detection, four
key experimental parameters, including the molar ratio of PolyA-DNA/
AuNPs, the length of PolyA, the amount of Exo III and reaction time
were optimized. Firstly, molar ratios of PolyA-DNA/AuNPs ranging
were tested. As shown in Fig. 4A, as the molar ratio increases from
100:1 to 300:1, the background signal increases gradually, since more
residual free PolyA-DNA-FAM cannot be quenched by AuNPs. Mean-
while, when 1.2 nM of miRNA-21 is tested, the fluorescence intensity
increases gradually from 100:1 to 200:1, and reaches a plateau when
the molar ratio further increased. This is probably because PDAs of
200:1 have enough DNA probes to combine with miRNA-21 to generate
fluorescence signal. Thus, the further increase of molar ration only
improves the background signal. According to the change of (F-Fo)/Fo
ratio, the molar ratio of 200:1 was applied in the followed experiments.

Secondly, the influence of PolyA length on the biosensor perfor-
mance was further investigated. As shown in Fig. 4B, the background
signal decreases gradually as the PolyA length changed from PolyA5 to
PolyA40, since the conformation of DNA probe has changed. However,
when 1.2 nM of miRNA-21 is tested, the fluorescence signal increases
from PolyA5 to PolyA10 and then decreases. Meantime, the increase in
fluorescence signal was also calculated as shown in Figure S7, all of
which made PolyA10 have the supreme (F-Fo)/Fo ratio and ability of
controlling the density to achieve the optimal performance of 3D DNA
walker.

Thirdly, the process of signal amplification is closely related to the
amount of Exo III, it was also optimized in this work. As shown in
Fig. 4C, when the amount of Exo III increases from 0.03 U/μL to 0.06 U/
μL, the signals increases obviously, but the signals don't increase sig-
nificantly when more Exo III are used. Meanwhile, the background
signals are nearly constant as the amount of Exo III increased. Hence,
0.06 U/μL Exo III was selected in the following experiments.

Fourthly, in order to achieve timeless and rapid detection, the re-
action time was investigated. As shown in Fig. 4D, the relative fluor-
escence remarkably increases when the reaction time increases from
30 min to 50 min and then remains almost constant from 50 min to
80 min. At the same time, the background signals don't change sig-
nificantly with time. To achieve the desired results, 50 min was selected
as the reaction time in this work.

3.5. Superiority of PolyA synergistic 3D DNA walker biosensor

Based on the above research findings, the change in length of PolyA
affects the density and confirmation of DNA probes on the surface of
AuNPs, thereby the hybridization efficiency of biosensor was also
changed. Therefore, we infer that the density of PolyA-DNA probe is
related to the performance of 3D DNA walker. To prove our specula-
tion, the reaction kinetics of different PolyA length were detected by
monitoring fluorescence intensity in real-time. As shown in Fig. 5A,
firstly, the maximum fluorescence signal of walking system decreases as
the length of PolyA increases (from top to bottom), because the number
of DNA probes connected to the AuNPs surface is reduced. Secondly,
the reaction equilibrium time reduces gradually from 65 to 30 min,
when the DNA density was tuned from high to low. However, the

Fig. 4. Optimization of key parameters. (A) Fluorescence analysis of PolyA-DNA/AuNPs at different molar ratios, including 100:1, 150:1, 200:1, 250:1 and 300:1. (B)
The change of fluorescence intensity of different length of PolyA including PolyA5, PolyA10, PolyA20, PolyA30, PolyA40-DNA. (C) Effect of the amount of Exo III.
Reaction conditions: 100 μL P10DAs, 0/1.2 nM miRNA-21 and different amount of Exo III. (D) Effect of reaction time. Reaction conditions: 100 μL P10DAs, 0/1.2 nM
miRNA-21 and 0.06 U/μL Exo III using different reaction time.
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reaction speed of Exo III has different changes according to the slope of
reaction kinetics curve. These slopes displayed the maximum reaction
speed of Exo III is PolyA10-DNA, which indicted that PolyA10-DNA
efficiently control the distance of adjacent DNA probes, which is ben-
eficial to the movement and enzymolysis of Exo III. By reaction kinetics
experimental result, the best performance of 3D DNA Walker is ob-
tained by PolyA10-DNA.

Next, the reaction kinetics of PDAs using PolyA10, SDAs [36] and
free DNA probe were tested by time-dependent fluorescence analysis.
When the three biosensors were mixed with the same concentration of
miRNA-21, the changes in fluorescence intensity over time were mea-
sured every 5 min. As shown in Fig. 5B, the reaction equilibrium time of
PDAs is 2.4 times faster than free DNA, and 1.6 times faster than SDAs,
indicating that the reaction speed of PDAs is significantly improved.
Meanwhile, as shown in Figure S8, the fluorescence intensity of PDAs in
equilibrium is about 7.4 times higher than that of free DNA, and 1.7
times higher than that of SDAs, indicating the highest reaction effi-
ciency of PDAs. In the PDAs system, the van der Waals force [50] be-
tween AuNPs and PolyA-DNA probe is reduced because the surface of
AuNPs is coated with adenines, which can keep the DNA probe upright
on the surface of AuNPs, so that miRNA-21 is easy to move under the
digestion of Exo III, resulting in efficient reaction speed and excellent
performance of constructed biosensor. On the contrary, the SH-DNA
probe causes the inhomogeneity lodging on AuNPs surface [47], which
seriously affects the movement of walking chain and result in the re-
duced of biosensor performance. To validate this, we treated the SH-
DNA probe based AuNPs surface with MCH, which can minimize the
nonspecific binding between the DNA and AuNPs. After treatment, the
reaction kinetics of the SDAs increased, indicating the minimization of
nonspecific adsorption can improve the biosensor performance (Fig. 5B,
green line). And free DNA has no fixed trajectory, leading to dis-
continuity in the process of signal amplification, which weakens the
enzyme-driven reaction kinetics and makes the constructed biosensor
perform poorly. Therefore, it is believed that the method of PolyA
connection can significantly improve the biosensor performance by
precisely controlling the DNA density and conformation.

At the same time, the effect of the shape of the PolyA-DNA probe on
the biosensor was also investigated. As shown in Fig. 5C, the back-
ground fluorescence intensity of the hairpin structure probe is 1.1 times
lower than that of the traditional straight structure probe. The reason is
that the PolyA-DNA probe was designed as a hairpin structure to
minimize the distance between the fluorophore and AuNPs, which leads
to better quenching effect of fluorescence intensity. When the same
concentration of miRNA-21 is added, the fluorescence intensity of the
hairpin structure probe increases 5.7 times, while the straight structure
probe was only 2.6 times by the calculation of F/Fo ratio. Namely, the

hairpin structure probe shows higher biosensor performance than the
straight structure so that the hairpin configuration offers a new choice
for 3D DNA walker biosensor.

3.6. Performance of PolyA synergistic 3D DNA walker

Under the optimized reaction conditions, the walking system
PolyA10-DNA synergistic was further applied to the analysis of miRNA-
21. A series of different concentrations of miRNA-21 were tested and
the corresponding fluorescence spectra were recorded by fluorescence
spectrophotometer. Fig. 6A displays the fluorescence intensity changes
of 3D DNA walker biosensor upon the introduction miRNA-21 with
different concentrations. Fig. 6B shows the relationship between the
miRNA-21 concentration and the fluorescence intensity change at
520 nm, indicating that fluorescence intensity increases remarkably
with the addition of miRNA-21 at various concentrations ranging from
0 to 400 nM and then remains nearly constant. The inset in Fig. 6B
shows the calibration curve for analyzing the miRNA-21. A good linear
correlation (R2 = 0.998) was observed between the fluorescence in-
tensity and the miRNA-21 concentrations in the range of 20
pM–2.5 nM, and the detection limit was calculated to be 8.9 pM based
on a signal to noise ratio (S/N) of 3. Meantime, the fluorescence spectra
of SDAs (Figure S9) and free DNA (Figure S10) were measured and
calibration curves were given. Through the same calculation method,
the detection limit of SDAs is 69.9 pM, which was 7.9 times higher than
that of PDAs and the detection limit of free DNA is 98.6 pM, which was
11.1 times higher than that of PDAs, indicating the highest Performance
of PDAs for miRNA-21 detection. Compared with other 3D DNA walker
biosensors, this sensing platform displayed better or comparable sen-
sitivity toward miRNA-21 (Table S2).

3.7. Selectivity of the 3D DNA walker

In order to evaluate the selectivity of the proposed biosensor, the
analytical signals of miRNA-21 were compared with those control
groups, including miRNA-141 [51], miRNA-429 and miRNA-200b [52].
As shown in Fig. 7, a great relative fluorescence enhancement is ob-
tained when miRNA-21 is added. However, the enhanced intensity for
control groups is about one-sixth of that for the targeted miRNA-21 at
the same concentration. Because the weak hybridization between other
miRNAs and PolyA-DNA probe, it is so difficult to form double-stranded
structure that Exo III is unable to digest the 3′ blunt terminal and then
fluorescence signal cannot be released. The results validated the feasi-
bility of our proposed sensor to discriminate miRNA-21 and other
miRNAs.

Fig. 5. Superiority of PolyA synergistic walking system. (A) Comparison of time-dependent reaction kinetics curve of different length of PolyA of detecting miRNA-
21. Reaction conditions: 100 μL PDAs, 1.2 nM miRNA-21 and 0.06 U/μL Exo III. (B) Comparison of time-dependent fluorescence spectra of different kinds of method
of detecting miRNA-21 in response to the same concentration of miRNA-21. Reaction conditions: 100 μL P10DAs/SDAs/SDAs-MCH/1.8 nM Free-DNA, 1.2 nM
miRNA-21 and 0.06 U/μL Exo III. (C) Compare the F/Fo ratio between Hairpin-PolyA10-DNA and Straight-PolyA10-DNA. Fo is background signal, F is experimental
signal. Reaction conditions: 100 μL hairpin/straight PDAs, 1.2 nM miRNA-21 and 0.06 U/μL Exo III.
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3.8. Detection of the miRNA-21 in human serum

It has been reported that miRNA-21 is a stable circulating miRNA in
human serum and its levels are associated with cancer [53], so that the
analyzing performance of the 3D DNA walker system was also assessed
by spiking targets of varying concentrations in human serum. The so-
lution with miRNA-21 was used as a sample for analysis by the pro-
posed sensor and human serum solution as a blank. As demonstrated in
Table 1, following the concentration of targeted RNA in the serum

varied between 0.05 nM and 1 nM, the spiked recovery is varied within
the range of 93.2–110.0% and the relative standard deviation (RSD)
varies from 1.2% to 3.4%. According to these results, this biosensor can
be used for real samples and has great potential application of cancer
detection.

4. Conclusion

In this work, a 3D DNA walking system for miRNA-21 detection by
using PolyA regulated density of DNA-Modified AuNPs was con-
structed. By tuning the length of PolyA, the surface coverage and
conformation of adjacent DNA probes were exactly regulated to pro-
grammably adjustment the biosensor performance, which is a challen-
ging problem in the biomolecule–nanoparticle research. In addition, the
PolyA covers the surface of AuNPs by salting-aging method and the
localized DNA probe efficiently avoids the lodging on 3D surface, which
is beneficial to the movement and timeliness of DNA walking system.
Furthermore, by rational structure design of PolyA-DNA probe, we
minimized the distance that deceased the background signal to main-
tain the biosensor performance. With these advantages, this new
strategy can be applied to detect other interested targets. We believe
that these novel three-dimensional DNA walkers can provide opportu-
nities for better application of new biomolecule–nanoparticle research.
Our proposed has great potential to develop DNA walker devices ap-
plied into cancer diagnosis field.
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Fig. 6. Performance of the constructed 3D DNA walker biosensor. (A) Fluorescence responses of the present biosensor to different concentrations of miRNA-21. The
curves from bottom to top correspond to 0, 0.02, 0.05, 0.1, 0.5, 1, 2.5, 5, 10, 50, 100, 200, 300, 400 nM targeted RNA, respectively. (B) The relationship between the
concentration of miRNA-21 and the fluorescence intensity. The inset is the calibration curve.

Fig. 7. Fluorescence intensity changes signal/background of the sensing plat-
form for detecting different targets: 1.2 nM miRNA-141, 1.2 nM miRNA-429,
1.2 nM miRNA-200b and 1.2 nM miRNA-21.

Table 1
Application of the proposed biosensor for targeted RNA detection in humana (n = 3).

Sample Original miRNA-21 (nmol/L)b Target added (nmol/L) Detected by the Sensor (nmol/L) Spiked Recovery (%) RSD (%)

human serum 0.0245 0.050 0.0795 110.0 2.4
0.500 0.4905 93.2 3.4
1.000 0.9855 96.1 1.2

a The mean concentrations were calculated by the linear curve of the proposed miRNA-21 biosensor.
b The dilution factor was 5, because 20 μL of actual human serum was tested in a total reaction volume of 100 μL.
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