
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
1:

47
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
An interparticle r
School of Chemistry and Chemical Engineeri

R. China. E-mail: xuxw@sdu.edu.cn; wjiang

† Electronic supplementary informa
10.1039/d0sc00109k

Cite this: Chem. Sci., 2020, 11, 7415

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th January 2020
Accepted 28th June 2020

DOI: 10.1039/d0sc00109k

rsc.li/chemical-science

This journal is © The Royal Society o
elatively motional DNA walker and
its sensing application†

Hong Zhang, Xiaowen Xu* and Wei Jiang *

DNA molecular machines are DNA self-assemblies that perform quasi-mechanical movement at the

micro–nano scale, and have attracted increasing attention in the fields of biosensing, drug delivery and

biocomputing. Herein, we report the concept and operation of an interparticle relatively motional DNA

walker. The walker is composed of walking particles (WPs) and track particles (TPs). The WPs and TPs are

obtained by respective functionalization of locked walking strands containing DNAzyme sequences and

fluorophore-labelled track strands containing substrate sequences onto gold nanoparticles (AuNPs).

Triggered by the target that specifically unlocks the walking strand, the liberated walking strands

cooperatively hybridize with the track strands. The track strand gets cleaved by the DNAzyme,

accompanied by the fluorophore release. The adjacent walking strand on the WP subsequently

hybridizes to the next track strand, inducing the relative motion of the WP around the TP. After walking

along the surface of one TP, the WP can continue to interact with another TP. As a result of the

improved moving freedom and area, the interparticle motional mode induces high continuity and

achieves large signal accumulation. Taking Zika virus RNA fragments (ZIKV-RNA) as a model target, the

DNA walker shows a high sensitivity with a detection limit of 118 pM, and can reliably detect the target in

biological fluids due to the stability of its components. The constructed DNA walker provides a new type

of free and robust motion mode between particles and holds potential in clinical diagnosis.
Introduction

Synthetic molecular machines are articially designed self-
assemblies that perform quasi-mechanical movement at the
micro–nano scale under appropriate external stimuli.1–4 Among
classes of building materials, DNA is considered to be an ideal
candidate due to its precise base pairing, sequence program-
mability, structural controllability, and facile synthesis and
modication.5–8 DNA walkers are a kind of DNA molecular
machine in which the component nucleic acids can move
autonomously and progressively along the predetermined
track.9 Their features include self-directed movement and
integration of repetitive stepping. Especially, if each stepping
generates a signal, the DNA walker can accumulate copies of
signals during the walking process and is endowed with
intrinsic signal amplication capability. DNA walkers have
evolved from walking on the one-dimensional (1-D) linear
track10–12 to the two-dimensional (2-D) planar track13–16 and then
to the three-dimensional (3-D) spherical track.17–25 Compared
with 1-D and 2-D DNA walkers, 3-D DNA walkers have better
amplication performance and DNA enrichment capacity, as
ng, Shandong University, 250100 Jinan, P.

@sdu.edu.cn
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f Chemistry 2020
a result of large surface-to-volume ratio of particles and the high
DNA loading density on the 3-D material.22 3-D DNA walkers
have shown emerging and attractive applications in bioanalysis
including nucleic acid testing,17–20,24 protein detection20,22,24 or
cellular imaging and analysis.21

Generally, the constructed 3-D DNA walkers can be divided
into two types; xed DNA walkers17–22 and free DNA walkers.23–25

For xed DNA walkers, typically one end of the walking strand is
xed on the surface of the particle. The walking strands and
track strands are modied on the same particle in such types of
DNA walkers. The movement of the walking strand is conned
to the particle surface, and the walking strands can only swing
near the foothold due to the strand length restriction, so the
walking area of this type of DNA walker may be limited. For free
DNA walkers, typically, a free single or bipedal walking strand
walks along the surface of the track strand-functionalized
particle. During the operation, the walking strand may deviate
from the track to suspend stepping before it can be stably
reconnected to a new DNA track. Overall, for the two types of
DNA walkers, the walking behaviour is manifested to be the
movement of a single-stranded or complexed DNA within the
particle, which is liable to be confronted with a limited walking
area or probable derailment, thus limiting the biosensing
analysis of DNA walkers in terms of signal amplication.

Herein, we design a new type of interparticle relatively
motional DNA walker, in which one kind of DNA-functionalized
Chem. Sci., 2020, 11, 7415–7423 | 7415
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particle moves around the other. The locked walking strands
containing DNAzyme sequences and the uorophore-labelled
track strands containing substrate sequences are respectively
functionalized onto AuNPs to form walking particles (WPs) and
track particles (TPs). In the presence of the target stimulus, the
walking strands get unblocked and cooperatively hybridize with
the track strands, inducing the landing of WPs on TPs. The
track strand is then cleaved by the walking strand via the
DNAzyme-induced ribonucleotide hydrolysis, along with the
release of the uorophore and uorescence enhancement.
Meanwhile, the adjacent walking strand can bind to the next
track strand, initiating the relative motion of WPs to TPs. Until
the consumption of most track strands on the TP surface, WP
would dissociate from the TP and interact with new TPs. During
the operation of the DNA walker, the multipedal walking
strands on the WP cooperatively combine with the track
strands, which are stable and not easy to derail. Through the
continuous interaction between the WP and the TP, the DNA
walker reveals sustainable operation and achieves large signal
accumulation. The DNA walker shows a good detection perfor-
mance by taking Zika virus RNA fragments (ZIKV-RNA) as
a model target, including high sensitivity, high specicity and
good recovery in a complex matrix assay, and will provide
a promising analytical tool in diagnosis.
Results and discussion
Principle of the interparticle relatively motional DNA walker

The construction and operation of the DNA walker are illus-
trated in Scheme 1. The DNA walker is composed of two kinds of
DNA-functionalized AuNPs, locked walking strand-
functionalized AuNPs denoted as WPs and track strand-
functionalized AuNPs denoted as TPs. The walking strands
contain 8–17E DNAzyme sequences that are single strand DNA
fragments with high catalytic activity and structure recognition
ability. The locking strands are hybridized with the walking
strands and meanwhile contain complementary sequences to
the target. The track strands contain DNA–RNA chimeric
Scheme 1 Schematic illustration of the interparticle relatively
motional DNA walker triggered by the target.

7416 | Chem. Sci., 2020, 11, 7415–7423
substrate sequences and are labelled with uorescent dye Car-
boxyuorescein (FAM) that is initially quenched by the AuNPs.
In the presence of the target sequence, the locking strand will be
displaced via the strand displacement reaction and the walking
strand will be liberated. Then, the liberated walking strands on
theWP can cooperatively hybridize with the track strands on the
TP. The track strand gets cleaved by the DNAzyme sequence by
taking Mg2+ as a cofactor, and the uorophore is released from
the AuNP surface to generate enhanced uorescence. The
adjacent walking strand further hybridizes with the next track
strand on the TP, inducing the relative motion of the WP
around the TP as well as the step-by-step cleavage of track
strands. Aer the movement of the WP along the surface of one
TP, it can continue to interact with another TP, releasing
abundant uorophores and generating large signal accumula-
tion. However, when the target is absent, the DNAzyme
sequence on the walking strand is blocked, and thus its
hybridization and catalytic action to track strands are inhibited.
The DNA walker cannot be initiated and merely a weak back-
ground signal is obtained.
Feasibility study of the interparticle relatively motional DNA
walker

AuNPs were synthesized and characterized with a diameter of
approximately 13 nm (Fig. S1†). To test the amount of DNA
strands on the AuNP and the operation of the interparticle
relatively motional DNA walker, uorescence characterization
was performed. Through the DTT displacement method, the
amounts of walking strands and track strands modied on each
WP and TP are determined to be 21 and 88 strands, respectively
(Fig. S2†). The difference between the amounts of DNA on
AuNPs is due to the different lengths between walking strands
and track strands. This also indicates that WPs have multipedal
walking strands and TPs can offer high-density 3-D tracks. As
shown in Fig. 1A, in the presence of the target sequence,
a signicantly enhanced uorescence signal is obtained. This
Fig. 1 Characterization of operation of the interparticle relatively
motional DNA walker. (A) Fluorescence emission spectra of the DNA
walker in the presence of the target (red curve), in the absence of the
target (blue curve) and in the absence of Mg2+ (grey curve). Green
curve contains the TPs only. (B) Non-denaturing PAGE analysis of the
DNA walker: lane M: 20bp DNA ladder; lane 1: target; lane 2: locking
strand; lane 3: DNAzyme strand; lane 4: track strand; lane 5: DNAzyme
strand + locking strand; lane 6: target + locking strand; lane 7: DNA-
zyme strand + locking strand + target; lane 8: DNAzyme strand +
locking strand + track + 10 mM Mg2+; lane 9: DNAzyme strand +
locking strand + target + track + 10 mM Mg2+.

This journal is © The Royal Society of Chemistry 2020
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suggests that the target sequence can hybridize with the locking
strand, leading to the exposure of the DNAzyme sequence and
the initiation of the DNA walker. In contrast, in the absence of
the target sequence, merely a weak uorescence signal is ob-
tained, which indicates that the DNAzyme sequence is blocked
and cannot trigger the DNA walker movement. In control
experiments, a weak uorescence signal is obtained if WPs are
excluded, indicating that the formed track on TPs is stable
unless its accommodation of WPs for walking and cleavage.
Also, almost identical uorescence intensity to the background
is obtained if Mg2+ is excluded, suggesting that WPs cannot
walk around TPs due to the lack of the cofactor for the DNAzyme
cleavage reaction, or the disrupted hybridization between the
WP and TP due to the weakened stability of the walking strand/
track strand duplex. Especially, if the WP concentration is
reduced to half, a similar uorescence signal level can be ob-
tained by elongating the operation time from 2.5 h to 6 h
(Fig. S3†). This suggests the relative motion between the WP
and the TP, which enables that the similar surface area of TPs
can be interacted by WPs in spite of the decreased amount of
WPs. The reaction was further characterized by non-denaturing
polyacrylamide gel electrophoresis (PAGE). As seen in Fig. 1B, in
comparison with the individual DNA marker from lane 1 to 6, it
can be concluded from lane 7 that a strand displacement
reaction occurs between the target and the locked walking
strand. The target hybridizes with the locking strand to form
a duplex, accompanied by the walking strand release. When the
target sequence is absent, the band corresponding to the track
strands is observed (lane 8). This suggests that the DNAzyme
sequence on the walking strand is sealed by the locking strand
and cannot trigger the cleavage reaction. When the target
sequence is present, the band corresponding to the track strand
is diminished (lane 9), indicating its cleavage by the walking
strand and the walker's initiation by the target.

During the operation of the DNA walker, the reaction solu-
tion was pipetted out at different time points for TEM charac-
terization. As shown in Fig. 2, WPs and TPs remain dispersed at
the beginning of the reaction (0 h). With the progress of the
operation (0.5 to 1.5 h), the nanoparticles start to approach each
other, and are mostly collected in dimers, less in trimers or few
Fig. 2 TEM image of the interparticle relatively motional DNA walker
consisted of 13 nm WPs (0.2 nM) and 13 nm TPs (1.0 nM) at different
reaction time points.

This journal is © The Royal Society of Chemistry 2020
numbers of nanoparticles. This indicates the specic interac-
tion between the WP and TP, resulting from the base comple-
mentarity between the walking strands on the WP and track
strands on the TP. Until the end of the reaction (2.0 to 2.5 h), the
nanoparticles gradually get dispersed again, suggesting that the
interaction between the WP and TP is diminished and the
relative motion is almost nished, due to the consumption of
the majority of track strands on the TP. A similar trend can also
be observed if a 20 nm TP is utilized, which allows one to
distinguish WPs and TPs clearly and better exclude the possi-
bility of the gathered particles composed of only WPs or only
TPs (Fig. S4†). Meanwhile, time-dependent UV-vis spectra show
neither red shi of the absorption peak nor new absorption
bands at longer wavelengths (Fig. S5†), indicating that aggre-
gation of AuNPs can hardly form during the operation and
excluding the possibility of formation of large WP–TP aggre-
gates cross-linked by the hybridization of walking strands and
track strands. All results testify the operation feasibility of the
designed DNA walker.

To improve the operation performance of the interparticle
relatively motional DNA walker, the reaction conditions were
optimized, including the concentration ratio between WPs and
TPs, the pH, the salt concentration, and the operation time (see
Fig. S6† for details). The value of F/F0 was adopted to appraise
the performance of the DNA walker, where F and F0 were uo-
rescence signal responses of this DNA walker in the presence
and absence of the target sequence, respectively. The goal of
optimization is to improve the F/F0, and nally obtain the best
operation performance of the DNA walker. Aer optimization,
the optimal ratio of WPs to TPs is 1 : 5, and the best pH value is
8.3. The appropriate concentrations for NaCl and Mg2+ are
175 mM and 10 mM respectively, and the best operation time is
2.5 h. The following investigation is carried out under these
optimal experimental conditions.
Investigation of cooperative binding of walking strands to the
TP

To better assess the impact of multipedal walking strands of the
WP on walker performance, time-dependent uorescence
changes of the DNA walker to different concentrations of target
were studied. As illustrated in Fig. 3A, the uorescence intensity
is enhanced with the target concentration from 0 nM to 25 nM
as the reaction time increases. The uorescence changes show
a rapid growth in the rst 30 min of reaction, followed by a slow
growth (0.5–2.5 h), and eventually tend to be stable (2.5–3.5 h).
This is due to the fact that the walking strands interact with
a large number of track strands on the TP at the beginning, so it
exhibits an obvious uorescence enhancement in the rst
30 min. As the DNA walker operates from 0.5 h to 2.5 h, the
number of track strands on TPs and the walking area are
gradually reduced, so the uorescence increase is slowed down.
When the track strands tend to be exhausted, the uorescence
change does not show a further increase aer 2.5 h. A good
linear relationship is obtained through plotting the uores-
cence intensities at ve-minute intervals in the rst 30 min of
the reaction (Fig. 3B). As the target concentration increases, the
Chem. Sci., 2020, 11, 7415–7423 | 7417
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Fig. 3 Investigation of cooperative binding of the interparticle rela-
tively motional DNA walker. (A) The fluorescence increases of the DNA
walker in the presence of different target concentrations as a function
of reaction time, in which curves are drawn by nonlinear fitting with the
ExpDec2 function. (B) Fluorescence changes of the DNA walker in the
first 30 min at various target concentrations. (C) Initial reaction rate of
the DNAwalker at varying target concentrations. The error bars are the
standard deviation of three measurements. (D) Schematic diagram of
operation of the DNA walker response to low or high target
concentration.

Fig. 4 (A) Fluorescence response of the interparticle relatively
motional DNA walker and control conjugate as a function of reaction
time: (a) control conjugate without the target; (b) interparticle rela-
tively motional DNA walker without the target; (c) control conjugate
with the target (25 nM); (d) interparticle relatively motional DNA walker
with the target (25 nM). The curves are obtained by nonlinear fitting
with the ExpDec2 function. (B) Fluorescence emission spectra of the
interparticle relatively motional DNA walker and control conjugate
measured at 2.5 h. The error bars are the standard deviation of three
measurements.
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uorescence intensity generated by the walker increases line-
arly. The initial reaction rates of the DNA walker, equalling to
the release rates of track strands,17 are determined by calcu-
lating the concentration of the track strands consumed per unit
time in the rst 30 min (Fig. 3C). Within the rst 30 min of the
reaction, the initial reaction rates of the DNA walker (V) are
linearly dependent on the concentration of the target
throughout the range tested (5 to 25 nM). This is because the
amount of liberated walking strands on the WP increases as the
concentration of the target increases, and the cooperative
binding ability of multipedal walking strands to the track is
enhanced. Fig. 3D illustrates the case of the DNA walker
responding to a low or high concentration of target. When the
target concentration is low, the presence of locked walking
strands that otherwise are liberated at high concentration of
target poses a barrier for the hybridization of adjacent liberated
walking strands to the track, which causes a lagging movement.
When the target concentration is high, the increased amount of
liberated walking strands on the WP will be more liable to bind
the remaining track on TPs considering the consumption of the
track. This induces increasingly stable stepping of WPs around
TPs, generating gradually enhanced uorescence accumulation
along with the increasing concentration of the target.

Investigation of the sustainability of the interparticle
relatively motional DNA walker

In order to verify the continuous walking ability, time-dependent
uorescence changes of the interparticle relatively motional DNA
walker and its control conjugate were recorded under the optimal
experimental conditions. The control DNA–AuNP conjugate is
obtained by simultaneously modifying locked walking strands
and track strands onto the same AuNPs with an identical DNA
7418 | Chem. Sci., 2020, 11, 7415–7423
ratio in the interparticle relatively motional DNA walker, in which
the track strand concentration is maintained the same as that for
TP modication. The results are shown in Fig. 4A. The interpar-
ticle relatively motional DNA walker demonstrates a speedy and
intense uorescence signal growth (red curve). For comparison,
the control DNA–AuNP conjugate exhibits a slowly growing uo-
rescent signal (blue curve). Moreover, the reaction rate of the
interparticle relatively motional DNA walker (1.21 � 10�11 M s�1)
is 2-fold higher than that of the control DNA–AuNP conjugate
(5.91� 10�12 M s�1), which means that the interparticle relatively
motional DNA walker has an accelerated walking speed (Fig. S7†).
When the reaction is about 1 h, there is no signicant uores-
cence increase in the control DNA–AuNP conjugate, while the
interparticle relatively motional DNA walker still shows a contin-
uously growing uorescence signal until 2.5 h, which demon-
strates that the constructed DNAwalker holds good sustainability.
According to Fig. 4B, the signal accumulation degree of two types
of the walking mode can be intuitively compared from the uo-
rescence spectrum that reaches saturation. A 2.1-fold cumulative
signal increase is obtained in the interparticle relatively motional
DNA walker in comparison to the control DNA–AuNP conjugate.
The signal accumulation of the interparticle relatively motional
DNA walker is also superior to that of two other control systems:
the control molecular beacon composed of DNAzyme strands and
substrate strands, and the control nanoprobe composed of free
DNAzyme strands and track strand-functionalized AuNPs. Under
their respective optimal reaction conditions (Fig. S8 and S9†), the
interparticle relatively motional DNA walker shows an obvious
higher uorescence increase when detecting the same concen-
tration of target (Fig. S10†).

According to the corresponding uorescence intensity and
the standard curve of FAM-labelled track strands, we calculate
the concentration of released track strands during the operation
of the DNA walker, and further calculate the percentage of the
amount of released track strands to that of the total track
strands on the TPs. It is calculated that the operation process of
the interparticle relatively motional DNA walker has 52% of the
track strands released, and the model diagram of the operation
This journal is © The Royal Society of Chemistry 2020
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process is shown in Fig. 5A. The control DNA–AuNP conjugate
has 31% of the track strands released, and the model diagram
of the operation process is shown in Fig. 5B. This is attributed to
the fact that the cooperative hybridization of multipedal
walking strands on the WP to the track results in enhanced
binding affinity and freely continuous stepping forward of the
WP along the TP, so the walking area of the interparticle rela-
tively motional DNA walker is expanded, which achieves
enhanced uorescent signals. To validate the relative motion of
theWP along the TP rather than the simultaneous hybridization
of multiple TPs to the WP, the percentage of track strand release
is compared. The model of simultaneous hybridization of
multiple TPs to the WP is constructed under the optimal
experimental conditions with the ratio of WP to TP of 1 : 5
(Fig. 5C). The overlap model of the interaction between the WP
and the TP in the middle of Fig. 5C is built according to the
literature,26–28 in which the complementary regions between
walking strands and track strands are represented by the point-
like sticky end. We further obtain the overlap model in the right
diagram of Fig. 5C, in which the distance between the two
surfaces of the WP and TP is equal to the length of the track
strand. The size of the overlap model is calculated based on the
distance between adjacent base pair planes of DNA (0.34 nm)
and the size of AuNPs (13 nm). The percentage of track strand
release is represented by n and calculated using eqn (1):

nð%Þ ¼ S

STPs

� 100% (1)

In eqn (1), S is the accessible track area, and STPs is the total
area of TPs. The ratio of area in eqn (1) can be transformed into
the ratio of angle and expressed as eqn (2):
Fig. 5 Illustration of model construction for the interparticle DNA
walker, control conjugate and cross-linked DNA modified particles,
where the model size is equivalent to the hydrodynamic diameter of
the particle by dynamic light scattering, and the model particle
includes AuNPs and DNA strands. (A) 3D model diagram of the inter-
particle relatively motional DNA walker. (B) 3D model diagram of the
control conjugate. (C) 3D model diagram of simultaneous hybridiza-
tion of multiple TPs to the WP, in which the complementary region
between walking strands and track strands in the middle diagram is
represented by the point-like sticky end, and the overlap area in the
right diagram is represented by the shadow.

This journal is © The Royal Society of Chemistry 2020
S

STPs

¼ q

360
� � 100% (2)

In eqn (2), q is the angle between the two radii on the TP
circle and can be calculated using eqn (3):

cos
q

2
¼ d

r
(3)

In eqn (3), d is the distance from the center of the TP circle to
the corresponding common chord length in the overlapping
area, and can be calculated according to the two circle equa-
tions (Fig. S11†); r is the radii of TP. The calculation formula of q
can be expressed as eqn (4):

q ¼ 2 cos�1
d

r
(4)

Combining eqn (4) with (1) and (2), the calculation formula
of n is expressed as eqn (5):

nð%Þ ¼ 1

180� cos�1
d

r
(5)

Thus n is calculated as 30.2% using eqn (5). Obviously, the
value is far less than 52% of track strand release obtained from
the experiment. Therefore, the operation process of the DNA
walker is conducted by the relative movement of the WP along
the TP rather than the cross-linking of multiple TPs with the
WP.

Effect of TP sizes on the operation of the interparticle
relatively motional DNA walker

We then investigated the effect of AuNP size change of TPs on
the operation performance of the DNA walker. First, the track
strands were modied on AuNPs of different sizes (5 nm, 13 nm
and 25 nm), in which 5 nm and 25 nm AuNPs were character-
ized using a UV-vis spectrometer and TEM (Fig. S12†), and TP-
5 nm AuNPs (TP-Au5), TP-13 nm AuNPs (TP-Au13) and TP-
25 nm AuNPs (TP-Au25) were obtained. The amount of track
strands on each TP-Au5 and TP-Au25 is determined to be 17 and
185 strands, respectively (Fig. S13†). The hydrodynamic diam-
eters of TP-Au5, TP-Au13, TP-Au25 and WP are 26.0 nm,
37.8 nm, 32.2 nm and 43.8 nm, as characterized by DLS
(Fig. S14†). Among them, although the diameter of AuNPs in TP-
Au25 is large, the track strands exhibit a “lying-down” confor-
mation on TP-Au25. This may be due to the difference of the
surface density for track strands on AuNPs. The surface density
for track strands on TP-Au25 (9.4 � 1012/cm2) is much smaller
than that for track strands on TP-Au13 (1.7 � 1013/cm2),
accounting for the “lying-down” conformation and smaller
hydrodynamic diameter of TP-Au25. As shown in Fig. 6B, in the
case of the same concentration of TPs, the size changes of the
TP affect the output value of uorescence intensity of the DNA
walker. By regarding WPs and TPs as two collision particles,
these could be explained by the difference in collision efficiency
between WPs and TPs of different sizes. The collision efficiency
Chem. Sci., 2020, 11, 7415–7423 | 7419
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Fig. 6 Investigation on the impact of size change of TPs on the
performance of the interparticle relatively motional DNA walker, in
which the curves are obtained by nonlinear fitting with the ExpDec2
function. (A) Schematic diagram of WPs binding to different sizes of
TPs. (B) Fluorescence changes of the DNAwalker with different sizes of
TPs as a function of reaction time (the same TP concentration). (C)
Fluorescence changes of the DNA walker with different sizes of TPs as
a function of reaction time (the same track strand concentration). (D)
Determining the reaction rate of the DNAwalker toward different sizes
of TPs in the first 30 min (the same track strand concentration).

Fig. 7 (A) Fluorescence emission spectra of the interparticle relatively
motional DNA walker at various concentrations of target ZIKV-RNA.
From (a) to (j) were 0 nM, 1 nM, 2 nM, 4 nM, 5 nM, 6 nM, 8 nM, 10 nM,
12 nM and 15 nM, respectively. Inset illustrates the linear responses
between the fluorescence signal value and ZIKV-RNA concentrations
in the range from 1 nM to 15 nM. (B) Specificity of the interparticle
relatively motional DNA walker.
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for particles of different sizes is smaller than that for particles of
the same particle size, and a larger radius ratio of the two
collision particles can lead to a smaller collision efficiency.29

The radius ratios of two particles (RWP/RTP) in TP-Au5, TP-Au13
and TP-Au25 are 1.68, 1.15 and 1.36, respectively. The combi-
nation of WPs and different sizes of TPs is shown in Fig. 6A.
When TP-Au13 is utilized in the reaction system, the WPs and
TPs in the DNA walker system have an approximate particle size,
and the highest uorescence increase is obtained. When TP-
Au5 and TP-Au25 exist in the system, the difference in particle
size between the WPs and TPs is large, so the collision efficiency
is reduced. The radius ratio of WPs to TPs in the TP-Au5 system
is larger than that in the TP-Au25 system, and the number of
track strands on TP-Au5 is smallest, so TP-Au5 shows the lowest
uorescence signal.

We further tested which size of TPs is favorable for distri-
bution of the track strands of the same amount for the effective
operation of the DNA walker. Tomaintain the same track strand
concentration, the molar ratios of WPs to TP-Au5, TP-Au13 and
TP-Au25 in the reaction solution are adjusted at 1 : 25.8, 1 : 5
and 1 : 2.3, respectively. As shown in Fig. 6C, the TP-Au13 shows
the fastest signal growth and obtains the highest uorescence
intensity, because the WPs and TP-Au13 in the reaction solution
have an approximate particle size. Although the collision effi-
ciency between theWPs and TPs in the TP-Au5 reaction solution
is generally weaker than that of TP-Au25, the concentration of
TP-Au5 is higher, so the number of TP-Au5 that can be con-
tacted by the WP increases. And the DNA strand on TP-Au5 has
an up-right conformation compared with TP-Au25, which
promotes the cooperative hybridization of the WP to the track,
thereby producing an accelerated reaction rate and enhancing
the uorescence signal (Fig. 6D). The results demonstrate that
7420 | Chem. Sci., 2020, 11, 7415–7423
arranging the track strands on the surface of TPs approximated
to the size of the WPs is benecial to improving the walking
speed and signal accumulation of the interparticle relatively
motional DNA walker.
Detection performance of the interparticle relatively motional
DNA walker

Zika virus (ZIKV) is a single-stranded positive-strand RNA virus
belonging to the Flaviviridae family.30,31 ZIKV-infected diseases
pose a huge threat to global human health due to their high
morbidity and mortality, and so far there are no effective drugs
or licensed vaccines.32,33 The key to pathogenic virus detection is
high sensitivity, and early discovery and detection can assist to
heighten the survival rate. Various concentrations of ZIKV-RNA
were detected under the optimal experiment conditions to test
the detection performance of the DNA walker. The uorescence
intensity gradually enhances as the ZIKV-RNA concentration
increases (Fig. 7A). The calibration curves in the inset suggested
that the estimated limit of detection (LOD) is 118 pM according
to the principle of three times standard deviation (LOD ¼ 3s/K,
where s is the standard deviation of the blank parallel deter-
minations, K is the slope of the calibration curve), which indi-
cates that the proposed DNA walker has better sensitivity than
some reported analysis strategies toward ZIKV related nucleic
acid sequences (Table S1†). Fluorescence intensity displays
a good linear relationship with the concentration of ZIKV-RNA
within the range from 1 nM to 15 nM. And the correlation
coefficient obtained from the linear equation indicates a good
correlation at the tested concentrations of ZIKV-RNA.

To investigate the specicity of the DNA walker, the RNA
sequences of the target ZIKV (T-ZIKV), dengue virus (T-DENV),
Japanese encephalitis virus (T-JEV) and yellow fever virus (T-
YFV) were compared under the same experimental conditions.
All of the four viruses are single-stranded RNA viruses belonging
to the Flavivirus genus of the family Flaviviridae that have similar
clinical symptoms. It can be seen that only the target RNA
sequence causes signicant uorescence enhancement, while
the RNA sequences of other similar viruses only cause uorescent
signals similar to the blank (Fig. 7B). This result suggests that the
DNA walker has good specicity for the detection of ZIKV-RNA.
This journal is © The Royal Society of Chemistry 2020
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Analysis in complex biological samples

To evaluate the practical application of the interparticle rela-
tively motional DNA walker in complex biological samples, the
human serum was used as the complex system for recovery
experiments. Different concentrations of ZIKV-RNA were added
to human serum. The samples were tested by the DNA walker,
and the spiked recoveries of ZIKV-RNA in human serum were
determined. The spiked recoveries of ZIKV-RNA from the
human serum are in the range from 97.5% to 103.5% (Table
S2†), indicating that the DNA walker can effectively resist the
interference of complex components coexisting in human
serum. The good anti-interference ability should come from the
stability of WPs and TPs in the reaction system. The AuNPs of
WPs and TPs have a strong spatial effect and high ionic charge,
which can be used to effectively stabilize DNA.34 In contrast, the
two control systems generally show signal variation when
applied in target detection in serum (Fig. S15†), mainly due to
the degradation of the doubly-labelled substrate strands or the
instability of un-immobilized locked DNAzyme. The results also
demonstrate that the DNA walker has a potential application in
real biological sample analysis. Although ZIKV-RNA is taken as
a model target, the potential analytes can be expanded to small
molecules and proteins by substituting the aptamer sequence
for the RNA-complementary sequence in the locking strand.
Conclusion

In summary, we have demonstrated the design and operation of
an interparticle relatively motional DNA walker. First, the DNA
walker is composed of WPs and TPs, and the operation is
realized by conducting the relative motion of theWP around the
TP under the stimulation of the specic target. Second, due to
the cooperative binding of multipedal walking strands to the
track and freely continuous walking of the WP along TPs, the
walking affinity is enhanced, and the walking freedom and area
are improved. Third, the DNA walker possesses large signal
accumulation and anti-interference ability, and further achieves
sensitive determination of ZIKV-RNA in the complex matrix.
Such a new type of DNA walker should be promising in sensitive
detection of biomolecules and real sample analysis. Besides, the
construction of a DNA molecular machine based on separate
components may provide new tools for the regulation of particle
motion that is liable to suffer photoinduced damage by some
physical methods35 and the study of interaction between
surface-immobilized molecules.
Experimental section
Materials and reagents

Chloroauric acid (HAuCl4$3H2O), trisodium citrate dihydrate
(Na3C6H5O7$2H2O) and tris-(2-carboxyethyl)-phosphine (TCEP)
were bought from Sigma (St. Louis, MO, USA). Tris base, boric
acid, EDTA disodium salt, dithiothreitol (DTT), and the DNA
and RNA sequences (Table S3†) were supplied by Sangon
Biotechnology Co., Ltd. (Shanghai, China). 5 nm and 25 nm of
gold nanoparticles (AuNPs) were synthesized by Nanjing
This journal is © The Royal Society of Chemistry 2020
Xianfeng Nanomaterials Technology Co., Ltd. (Nanjing, China).
Some analytically pure chemical reagents were not required to
be puried. All solutions were prepared from 0.1% DEPC water
(DEPC-H2O).

Instrumentation

A UV-2910 spectrometer (Hitachi, Japan) was applied to record
UV-vis absorption spectra. A JSM-6700F transmission electron
microscope (JEOL, Japan) was utilized to image the morphology
of nanoparticles. A F-7000 uorescence spectrometer (Hitachi,
Japan) was used to test uorescence spectra excited at 488 nm,
the emission wavelength range was 510–650 nm and the slits of
excitation and emission were 10 nm. The voltage of the photo-
multiplier was 700 V. The GelDocTM XR+ imaging apparatus
(Bio-RAD Laboratories Inc., USA) was used to obtain the poly-
acrylamide gel image. A Zetasizer Nano ZS (Malvern, UK) was
used to perform dynamic light scattering (DLS) measurements.

Preparation and characterization of the interparticle relatively
motional DNA walker

First, 13 nm-AuNPs were prepared following the procedure re-
ported in the literature.36 Briey, 5 mL of 38.8 mM trisodium
citrate dihydrate was quickly added to 50 mL of boiling aqueous
1 mM HAuCl4 solution with vigorous stirring. Aer 10 min of
continuous boiling, the mixture was stirred for another 15 min.
The above solution was cooled to room temperature with slow
stirring, ltered through a 0.22 mm lter and stored at 4 �C and
shielded from light before use. The properties of AuNPs were
characterized using a transmission electron microscope (TEM)
and UV-vis spectrometer. The concentration of the synthesized
13 nm-AuNPs was determined based on the absorbance value at
519 nm and corresponding molar extinction coefficient.

The DNA walker is composed of WPs and TPs. For the
preparation of WPs, the walking strands and the locking
strands at a mole proportion of 1 : 5 were mixed with 1� Tris–
HCl buffer (pH 8.3). The mixture was warmed to 90 �C and
maintained for 10 min, and then it was cooled to room
temperature to obtain locked walking strands. Prior to the
functionalization, thiolated DNA was incubated with TCEP in
a 1 : 100 molar ratio for 2 h to reduce the disulde bond of DNA.
Next, a mixture containing 50 mL of 30 mM locked walking
strands and 1 mL of 10 nM AuNPs was stirred slowly for 16 h.
100 mL of 2 M NaCl was then gradually added to the above
mixture six times at intervals of 40 min. Aer incubation for an
additional 24 h, the solution was centrifuged at 12 500 rpm for
30 min to separate WPs from the unfunctionalized DNA. WPs
were washed three times by using 1� Tris–HCl buffer (pH 8.0)
and dispersed in 1� Tris–HCl buffer (10 mM Tris, pH 8.3). For
the preparation of TPs, a mixture containing 20 mL of 100 mM
TCEP-reduced track strands and 1 mL of 10 nM AuNPs was
stirred slowly for 16 h. TPs were then obtained through the
same process as above, including salt addition, separation and
washing. Finally, the TPs were dispersed in Tris–HCl buffer
(10 mM Tris, pH 8.3). The solution was stored at 4 �C and
shielded from light before use. The concentrations of WPs and
TPs were determined by UV-vis spectrometry.
Chem. Sci., 2020, 11, 7415–7423 | 7421
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Determination of the amount of DNA strands on WPs and TPs

To measure the amount of DNA strands on each AuNP of WPs
and TPs, the DNA strands were rst released from the AuNP
using the dithiothreitol (DTT) displacement method.37 The WPs
and TPs were mixed with 20 mM DTT respectively and incu-
bated overnight. The mixed solution was then centrifuged at
12 000 rpm for 15 min to precipitate AuNPs, and the uores-
cence of the supernatant was tested for the analysis of released
DNA strands. The concentration of the DNA strands was
measured by using uorescence of the supernatant and the
calibration curve of the uorophore-labelled DNA strands.
Finally, the amount of DNA strands per AuNP of WPs and TPs
was determined by dividing the concentration of DNA strands
by the concentration of AuNPs.
Operation procedure of the interparticle relatively motional
DNA walker

For a typical interparticle relatively motional DNA walker
operation, rstly, 6 mL of 250 nM target sequence was added to
a mixed solution containing 12 mL of 1 nM WPs, 12 mL of 5�
Tris–HCl (100 mM Tris–HCl, 875 mM NaCl, pH 8.3), 12 mL of
50 mMMgCl2 and 6 mL DEPC-H2O. Aer incubation at 37 �C for
1.5 h to expose the liberated walking strands on WPs, 12 mL of
5 nM TPs were then added to initiate the movement of the DNA
walker. The mixed solution was reacted at 37 �C for 2.5 h. Aer
the walker's operation completed, the above solution was
centrifuged at 12 000 rpm for 15 min, and the uorescence of
the supernatant was then measured.

During the operation of the DNA walker, the reaction solu-
tion was pipetted out at time intervals of half an hour, added on
a carbon-coated copper grid, and allowed to dry under an
infrared lamp, so as to prepare the samples for TEM
characterization.

For UV-vis characterization of the DNA walker's operation,
the reaction solution was added into a cuvette and set in the
spectrophotometer equipped with a temperature controller.
Time-dependent absorption curves were recorded with time
intervals of half an hour at 37 �C.

To test the signal level of the DNA walker in the case of
reduced WP concentration, 6 mL of 125 nM target sequence was
added to a mixed solution containing 12 mL of 0.5 nM WPs, 12
mL of 5� Tris–HCl (100 mM Tris–HCl, 875 mMNaCl, pH 8.3), 12
mL of 50 mM MgCl2 and 6 mL DEPC-H2O, followed by the same
procedures in the typical interparticle relatively motional DNA
walker operation. Aer the operation at 37 �C for 6 h, the
uorescence is measured.
Polyacrylamide gel electrophoresis analysis

The feasibility of interparticle relatively motional DNA walker
operation was conrmed by using the 15% non-denaturing
polyacrylamide gel electrophoresis (PAGE) experiment. 10 mL
of the reaction solution containing 1 mL of locked walking
strands (10 mM), 1 mL of target (10 mM), 1 mL of track strands (10
mM), 2 mL of 5� Tris–HCl (pH 8.3), 2 mL of MgCl2 (50 mM) and 3
mL DEPC-H2O was incubated at 37 �C for 1 h. Subsequently, 2 mL
7422 | Chem. Sci., 2020, 11, 7415–7423
of 6� loading buffer was added to the above solution, and the
mixture was loaded onto a 15% polyacrylamide gel for DNA with
different molecular weight separation. Next, 1� TBE running
buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3) was
used to carry the gel at 15 �C for 65 min with a 30 mA constant
current. SYBR gold was then utilized to stain the gel for 40 min
and imaged by the gel imaging system.
Test of control systems

For the control DNA–AuNP conjugate, 20 mL of 5 mM TCEP-
reduced, locked walking strands and 10 mL of 200 mM TCEP-
reduced track strands were added into 1 mL of 10 nM AuNPs,
followed by the salt-aging process as mentioned before. The
conjugate was thenwashed and stored in Tris–HCl buffer (10mM
Tris, 140 mM NaCl, pH 8.3). For the test, 6 mL of 250 nM target
sequence was added into a mixed solution containing 12 mL of
6 nM control conjugate, 12 mL of 5� Tris–HCl (100mMTris–HCl,
875mMNaCl, pH 8.3), 12 mL of 50mMMgCl2 and 18 mL of DEPC-
H2O. The mixture was allowed to react at 37 �C for 2.5 h, followed
by centrifugation and uorescence measurements.

For the control nanoprobe, 22 mL of 100 nM DNAzyme
strand, 66 mL of 100 nM locking strand and 22 mL of 5� Tris–
HCl buffer were mixed. The mixture was heated at 90 �C for
10 min and slowly cooled to room temperature to obtain locked
DNAzyme strands. 6 mL of 250 nM target sequence was added
into a mixed solution containing 12 mL of 20 nM locked DNA-
zyme strands, 12 mL of 5� Tris–HCl (100 mM Tris–HCl, 875 mM
NaCl, pH 8.0), 12 mL of 50 mM MgCl2 and 6 mL of DEPC-H2O.
Aer incubation at 37 �C for 1.5 h, 12 mL of 5 nM TPs was added
was added and the mixture was allowed to react at 37 �C for
2.5 h. The reaction solution was centrifuged and the uores-
cence of the supernatant was measured.

For the control molecular beacon, 5 mL of 250 nM target
sequence was added into a mixed solution containing 10 mL of
20 nM locked DNAzyme strands, 10 mL of 5� Tris–HCl (100 mM
Tris–HCl, 750 mM NaCl, pH 8.3), 10 mL of 50 mM MgCl2 and 5
mL of DEPC-H2O. Aer incubation at 37 �C for 1.5 h, 10 mL of
400 nM substrate strands were added and the mixture was
allowed to react at 37 �C for 1 h, followed by uorescence
measurements.
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