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A B S T R A C T   

Molecular machines constructed by three-dimensional (3-D) DNA walker have emerged as a hot topic in ap
plications such as novel biosensors, cargo delivery platforms and intracellular imaging. Herein, we first propose a 
lame DNA walker that can randomly and autonomously move on microsphere-based 3-D track. The stochastic 
lame walker has a long leg mainly responsible for persistent movement and a short leg cutting substrates rapidly. 
Its motion is propelled by a nicking endonuclease cleavage of hybridized DNA tracks. Kinetic and persistent study 
show that the lame DNA walker enables reaction equilibrium at 30 min, need a cleat domain of at least 14 
nucleotides and can persistently move on 3-D tracks with an average rate of 6.467 × 10− 11 M s− 1. We also 
demonstrate that the lame walker can be used to detect target DNA in the detection range of 10 pM–5 nM with 
high specificity by toehold exchange mechanism. This work will further expand the performance of 3-D DNA 
walkers and substantially contributes to the improved understanding of DNA walking systems.   

1. Introduction 

Inspired by both biology and macroscopic engineering, molecular 
machines using strategies of DNA walkers have been extensively 
investigated in recent years (Abendroth et al., 2015; Li et al., 2018a; 
Thubagere et al., 2017; Wang 2009; Yehl et al., 2016; Zhang and Seelig 
2011). Typically, these walkers are driven by strand exchange reactions 
(Gu et al., 2010; Ma et al., 2018; Muscat et al., 2011; Urban et al., 2015), 
photoactivated reactions (Liu et al., 2014; Loh et al., 2014), DNAzymes 
(Cha et al., 2014; Pan et al., 2017) and protein enzymes (Feng et al., 
2018; Huang et al., 2019; Li et al., 2018b; Tian et al., 2017). The real
ization of the earliest one-dimensional (1-D) DNA footpaths (Bath et al., 
2009; Shin and Pierce 2004; Wang et al., 2015; Yin et al., 2004; You 
et al., 2012), and two-dimensional (2-D) DNA origami (Fan et al., 2019; 
Liber et al., 2015; Wang et al., 2017; Wickham et al., 2011; Yang et al., 
2015; Zhou et al., 2015), as well as current three-dimensional (3-D) DNA 
modified particle tracks (Jung et al., 2016; Liang et al., 2017; Xiao et al., 

2019; Yang et al., 2016) has released the signal amplification power of 
DNA walking devices. Among them, 3-D DNA walkers have attracted 
significant attention with the sustainable advance of nanotechnology 
and the increased demand for further improvement of DNA walker 
performance. Applications of these DNA walkers include novel bio
sensors (Chai and Miao 2019; Li et al., 2018b), intracellular imaging 
(Liang et al., 2017; Xu et al., 2019) and cargo delivery platforms (Pan 
et al., 2017; Yang et al., 2016). 

In the earlier report, Ellington and co-workers introduced the first 3- 
D DNA walker based on the principle of catalytic hairpin assembly 
including the single-catalyst and double catalyst (Jung et al., 2016). 
Although, the speed of double catalyst walker was faster than that of the 
single-catalyst, the double catalyst walker had crossed between the 
microspheres. Besides, as the particle-bound substrate was exhausted, 
the catalyst readily dissociated from the depleted substrate patch. For 
the sake of upgrading the persistence, the same group modified the 
walker design by replacing one catalyst with a cleat domain to prevent it 
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from dissociating from the track, thereby ensuring its higher persistence 
(Jung et al., 2017). However, the fixed single-legged DNA walker via the 
cleat sacrificed the walking speed to a large extent, resulting in slow 
catalytic kinetics that cannot reach equilibrium even after 12 h. In 
addition to attaching a cleat on the walker, some researchers also fixed 
walking catalyst on the surface of particles to increase its persistence, 
thus preventing the catalyst from falling off. For example, Yang et al. 
designed an enzyme-powered 3-D DNA nanomachine whose walking 
catalyst was directly attached to gold nanoparticles (Yang et al., 2016). 
Later, we also successively proposed a two-layer 3-D DNA walker with 
highly integrated entropy-driven and enzyme-powered reactions based 
on the similar structure (Yuan et al., 2019). Although these DNA walkers 
bypass the dissociation, they involve sophisticated track construction 
that relies largely on the proportion of two different substrates. There
fore, there is still a great demand to develop a 3-D DNA walker with 
simple design, fast speed and high persistence. 

On the basis of previous research foundation and the problems 
appeared, we herein engineer a new 3-D lame DNA walker. As depicted 
in Fig. 1, the whole system is composed of only one type of particle- 
bound substrate, lame catalyst and enzyme, which makes it readily 
approach the optimal operation condition. Lame DNA walker driven by 
enzyme consists of a pair of legs with different length but contains the 
same enzyme recognition site, one is 21 nucleotides (nt) long while the 
other is only 7 nt, for which we call it lame DNA walker. The long leg is 
mainly responsible for continuous movement and persistent associate 
with another track through a unique cleat after enzymatic hydrolysis 
track, whereas the short leg is designed particularly to stochastic walk 
on the track and rapidly search for new substrates. Such lame design 

promotes the persistent fixation of the walking strands on the track and 
achieves the high kinetics with the concurrent movement of two legs 
assist. Overall, the simple design meets simultaneously the requirements 
of high speed and persistence. 

2. Experimental 

2.1. Reagents and materials 

All oligonucleotides were synthesized and purified with HPLC by 
Sangon Biotech Inc. (Shanghai, China), and the sequences were shown 
in Table S1. Streptavidin-coated microsphere suspensions (0.86 μm and 
1 μm) were purchased from Spherotech and Bangs Laboratory (Fishers, 
IN) respectively. Nicking endonuclease Nb.BbvCI and Nt.CviPII, blunt 
endonuclease AluI and SspI-HF were all purchased from New England 
Biolabs (Canada). All other chemicals were of analytical grade and were 
obtained from Sangon Biotech Inc. (Shanghai, China) unless otherwise 
indicated. 

2.2. Preparation of Biotin-S-FAM and Biotin-S microspheres 

50 μL streptavidin coated microspheres (10 mg microspheres/mL) 
were washed twice with 50 μL of binding buffer (20 mM Tris, pH 7.5; 1 
M NaCl; 1 mM EDTA; 0.0005% Triton X-100) by centrifuging the par
ticles at 12K rpm for 2 min followed by decanting the supernatant. After 
re-suspending the microspheres in 50 μL of binding buffer, biotin-S-FAM 
or biotin-S (5 μL, 20 μM) was added into the particles and then incubated 
for 20 min at 37 ◦C. After removing any unbound biotinylated 

Fig. 1. Schematic illustration of a 3-D lame DNA walker that persistently moved along the surface of microspheres.  
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oligonucleotide by washing twice in 50 μL TE buffer (10 mM Tris-HCl; 1 
mM EDTA; pH = 8.0), biotin-S-FAM or biotin-S microspheres were 
prepared by resuspension with 50 μL of TE buffer. 

2.3. The walker reaction and fluorescence microscopy imaging on the 
surface of microspheres 

For a typical walker reaction, a reaction mixture containing biotin-S- 
FAM microspheres (5 μL), various single-legged or lame catalyst (10 μL, 
final concentration: 5 nM), nicking endonucleases (2 μL, 20 U), 10 ×
NEB CutSmart buffer (10 μL) and ultrapure water (73 μL) was incubated 
for appropriate time at 37 ◦C. After centrifugation, the fluorescence 
signals in the supernatant were measured by the Cary Eclipse Fluores
cence Spectrophotometer (Agilent, California). Fluorescence emission 
was excited at 480 nm with recording emission range of 500–600 nm. 

To monitor the behaviour of the lame catalyst on the microspheres 
surface, catalyst-primed microspheres and unprimed biotin-S-FAM mi
crospheres were mixed in a ratio of 1:1. The detailed procedure was as 
follows. The suspension of prepared biotin-S microspheres (5 μL), 10 ×
NEB CutSmart buffer (10 μL) and ultrapure water (68 μL) were incu
bated with various lame walkers (10 μL, 5 nM) at 37 ◦C for 1 h to form 
catalyst-primed microspheres, followed by the addition of 5 μL of 
unprimed biotin-S-FAM microspheres. 20 U Nb.BbvCI was then added to 
a total volume of 100 μL. After incubation at 37 ◦C for 15 min, the su
pernatant was taken to detect the fluorescence signals, and the 
remaining microspheres were resuspended in 50 μL TE buffer for fluo
rescence microscopy imaging (Nikon 80i, Japan). 

2.4. DNA detection using the lame DNA walker 

Reservoir microspheres were prepared by the same process as for 
Biotin-S microspheres. Group B streptococcus DNA (GBS T) was used as 
the model target. Bacteria culture, sequencing and GBS T from the whole 
GBS genome see Supporting Section 1and 2. A certain concentration of 
GBS T was added to 30 μL NEB CutSmart buffer containing 5 μL reservoir 
microspheres to react at 37 ◦C for 60 min. The samples were centrifuged 
and the supernatants transferred to a new reaction tube including 5 μL 
synthesized biotin-S-FAM microspheres and 20 U Nb.BbvCI. A lame 
DNA walker reaction was performed at 37 ◦C in NEB CutSmart buffer for 
60 min. Reactions were stopped by centrifugation at 12K rpm for 2 min, 
and the fluorescence signals in the supernatant were measured. Re
actions without target DNA were taken as the background. 

3. Results and discussion 

3.1. Design of the lame DNA walker and operation principle 

The design of lame DNA walker is illustrated in Fig. 1. The carbox
yfluorescein (FAM)-labeled substrates (S), bearing cleavage sequence of 
nicking endonuclease (Nb.BbvCI), are interlinked by biotin-streptavidin 
on the surface of streptavidin-coated microspheres. Specially designed 
lame catalyst consists of long leg, spacer (A) and short leg. The se
quences of both legs are designed to be complimentary to that of the 
substrates. One is 21 nucleotides (nt) long while the other is only 7 nt. 
Long leg is further conceptually subdivided into a toehold domain (T) 
and a cleat domain (C) to elucidate the roles of different domains in the 
lame catalyst on the microsphere surface. The lame catalyst is driven 
forward by the hydrolysis of DNA tracks via Nb.BbvCI. 

In more detail, based on Watson-Crick base pair basic principle, lame 
catalyst can interact with S and form complete recognition sites of Nb. 
BbvCI with high sequence specificity (Huang et al., 2019; Li et al., 2013; 
Zhang et al., 2019), causing the S to split. For long leg, since the hy
bridization of seven complementary nucleotides is not stable enough at 
ambient temperature (Yuan et al., 2019; Zhang et al., 2015), the 
‘5′-TGAGGTT-FAM-3′’ signal strand will break away from S and 
concomitant with the formation of a T domain of long leg. In this state, 

the C domain keeps lame catalyst in tight contact with S, whereas the 
newly exposed T domain within long leg can undergo branch migration 
with adjacent S through toehold exchange, allowing long leg to persis
tently move on microsphere and release signal strand. During the 
movement of long leg, as the short leg contains only the enzymatic 
cleavage sequence, it will randomly and continuously cut S nearby and 
release signal strand in a much fast speed until all available cleavage 
sites are used up and reach equilibrium. Overall, the lame walker has 
two characteristic behaviors: the speedup of the double catalysts reac
tion and the persistence of the long legs. Finally, the fluorescent signal in 
supernatant solutions are determined by fluorescence spectrophotom
eter after centrifugation. 

3.2. Characterization of the lame DNA walker 

Initially, the streptavidin-coated microspheres were analyzed by 
scanning electron microscope (SEM). Fig. 2B showed a clear magnifi
cation image of the microspheres. Obviously, the microspheres were 
uniform in shape and size with 1 μm average diameter. Then, we per
formed a feasibility test to determine whether the lame walker could 
proceed on microsphere surfaces. A catalyst-free control (Fig. 2, Blank) 
was studied with S modified microspheres and Nb.BbvCI. It was 
observed that lame walker displayed a stable and low background 
fluorescence (4.306 a.u.), depending on the specific enzymatic property, 
powerful streptavidin-biotin bond and the strong elution ability of TE 
buffer, which minimized the nonspecific adsorption between S and mi
crospheres (Fig. S1). A successful reaction activated by the lame walker 
should cause a large amount of S far away from the microsphere sur
faces, thus enhancing the fluorescence of the supernatant. In lame 
walker reactions, the 60-min fluorescence intensity of the C domain with 
length of 8 (LC8, with a 7 base of toehold domain) and 14 (LC14) 
increased remarkably by a factor of 62.643 (Figs. 2C) and 60.445 
(Fig. 2D), respectively, indicating a success of lame walker proceed on 
microsphere surfaces. Besides, the signal-to-noise ratio calculated by the 
lame walker was more than 60-fold, with the highest rate recorded in the 
existing 3-D DNA walkers (Table 1). High signal-to-noise ratio means it 
can detect targets of the same concentration with greater discrimination. 

3.3. Kinetic study of the 3-D lame walker 

Comparative experiment between lame walker (L) and one-legged 
walker (O) (scheme in Fig. 2A) was studied to demonstrate the superi
ority of the lame walker by the ratio of the final fluorescence increased 
at 60 min. Fig. 2C showed that the fluorescence intensity was 1.134 
times high in lame walker (LC8) as that in one-legged walker with the 
same length of C domain (OC8). But when the length of C domain was 
14, the ratio reached to 1.539 in Fig. 2D, suggesting that the length of C 
domain is of great significance to lame walker. In order to verify the 
merits of lame walker over one-legged walker more intuitively, a kinetic 
study was carried out by monitoring the fluorescence increase every 20 
min for totally 160 min (Fig. 2E). Remarkably, 5 nM of lame catalyst 
LC14 (red line) reached equilibrium at 30 min, while the one-legged 
catalyst OC14 with the same concentration required about 120 min 
(green line). The average rates of the lame and one-legged walker re
action were measured to be 6.467 × 10− 11 M s− 1 and 3.025 × 10− 11 M 
s− 1, respectively. To obtain the average rate, the difference in fluores
cence in the absence and presence of the walker was divided by 20 min 
(Supporting Section 3). These results sufficiently reveal that the lame 
walker is superior to the one-legged walker. The average rate of lame 
walker also had advantages in stochastic DNA walker (roughly esti
mated at 4.43 × 10− 12 M s− 1

, Supporting Section 3), endogenous 
stimulus-based walker (3.7 × 10− 12 M s− 1) (Ma et al., 2018) and other 
enzyme-driven walker (5.72 × 10− 11 M s− 1) (Yang et al., 2016). 
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3.4. Study on the persistence of the lame DNA walker 

Since the persistence of lame walker was determined by its long leg, 

the C domain with different lengths of 2 (LT7C2), 4 (LT7C4), 8 (LT7C8), 
12 (LT7C12), 14 (LT7C14) and 16 (LT7C16) were designed to evaluate 
the performance of lame walker reaction. Considering that the 

Fig. 2. (A) Schematic illustrating the principle of one-legged DNA walker that moved on the microsphere surfaces. (B) SEM image of clustered streptavidin-coated 
microspheres (SU8010, Japan). The analysis of fluorescence emission spectra of substrates hydrolysis on the microspheres by 8-nt length of the C domain (C) (5 nM 
LC8, red; 5 nM OC8, green; Blank, without walker) and 14-nt length of the C domian (D) (5 nM LC14, red; 5 nM OC14, green; Blank, without walker). (E) Monitoring 
the fluorescence increase as a function of time in response to lame DNA walker (5 nM LC14, red), one-legged DNA walker (5 nM OC14, green) and background 
(without walker, black). Error bars represented one standard deviation from triplicate analyses. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Table 1 
Comparison between lame walker and other 3-D DNA walkers.  

Type Catalyst Track substrates Concentration of 
catalyst 

Reaction time 
(min) 

Signal-to-noise 
ratio 

Linear range Sensitivity 

Stochastic DNA walker (Jung et al., 2016) Two-legged 
catalyst 

A type of DNA 2 nM 120 ~6.7 / 0.01–1 nM 

Two-layer walker (Yuan et al., 2019) One-legged 
catalyst 

Sophisticated 
track 

5 nM 60 13.4 2 pM-5 nM 2 pM 

Enzyme-powered 3-D walker (Yang et al., 
2016) 

One-legged 
catalyst 

Sophisticated 
track 

5 nM 60 ~8 5 pM-5 nM 5 pM 

Endogenous stimulus-based walker (Ma 
et al., 2018) 

One-legged 
catalyst 

Sophisticated 
track 

5 nM 60 ~8 100 pM-2 
nM 

100 pM 

Entropy-driven walker (Liang et al., 
2017) 

One-legged 
catalyst 

Sophisticated 
track 

5 nM 60 16.8 20 pM-10 
nM 

8 pM 

Enzyme-free DNA walker (Li et al., 2017) Two-legged 
catalyst 

A type of DNA 1 nM 90 15 50 pM − 1 
nM 

6.5 pM 

Nonenzymatic DNA nanomachine (Zheng 
et al., 2018) 

Two-legged 
catalyst 

A type of DNA 0.37 nM 180 ~5 15 pM–370 
pM 

3.4 pM 

Lame walker (this work) lame catalyst A type of DNA 5 nM 30 60.4 10 pM-5 nM 10 pM  
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saturation time of LT7C2 and LT7C4 should be shorter than that of LC14 
(30 min), fluorescence intensity detection in a shorter time (15 min) was 
required to identify the performance of different walkers. As shown in 
Fig. 3B, the shorter the length of C domain (LT7C2, LT7C4 and LT7C8), 
the higher the fluorescence intensity of lame walker (261.212 a.u., 
259.877 a.u. and 242.030 a.u.), which indicated that double catalyst 
walker with equal-length legs (LT7C2) had an advantage over lame 
walker in speed. This was because the shorter C domain could initiate 
branch migration with adjacent tracks more rapidly. But at the same 
time, they may be more likely to fall off from the original microsphere 
surface, resulting in their relatively low persistence. The longer the 
length of C domain, the stronger the bond between S and lame catalyst, 
and the longer the persistence of the walker. However, the longer C 
domain was the rate limiting step of the overall branch migration, it was 
slower in toehold mediated branch migration between the long leg and 
the new S, thus causing lower fluorescence (LT7C12, 178.532 a.u.; 
LT7C14, 155.608 a.u.; LT7C16, 136.758 a.u.). Therefore, it was neces
sary to find an appropriate length of cleats to balance lame walker’s 
speed and persistence. 

Given that an effective lame walker should traverse on the pre- 
designed tracks with minimal dissociation, an additional experiment 
was conducted. The catalyst-primed microspheres not labeled FAM and 
unprimed microspheres labeled FAM (biotin-S-FAM microspheres) were 
uniformly mixed in a ratio of 1:1 (Fig. 3A). Walking in the presence of 
different lengths of C domain was initiated by adding Nb.BbvCI. The 

fluorescence of separated supernatant and the remaining washed mi
crospheres and the corresponding results were available by fluorescence 
spectrophotometer and fluorescence microscope respectively. If lame 
walker was persistent, lame catalyst should not be transferred from 
microspheres primed with lame catalyst to adjacent unprimed fluores
cent microspheres, which will result in no fluorescence detected in the 
supernatant, in relative terms, abundant of fluorescent microspheres 
will be observed under the microscope. As shown in Fig. 3C, short C 
domain caused masses of fluorescence because of catalyst leakage 
(LT7C2, 156.766 a.u.; LT7C4, 149.804 a.u.; LT7C8, 138.276 a.u.). For 
lame catalyst LT7C12, a slight increase in fluorescence signal was 
observed (38.682 a.u.). When longer C domain was introduced, lame 
walkers LT7C14 and LT7C16 were hardly released and the fluorescence 
signal remained nearly unchanged (21.530 a.u. and 19.319 a.u.). The 
fluorescence microscopic analysis showed that almost no green fluo
rescence dots were observed in lame catalyst LT7C4 (Fig. 3C) and LT7C8 
(Fig. 3D), but remaining microspheres of lame catalyst LT7C14 existed 
in a distribution of bright green fluorescent dots (Fig. 3F), which 
matched well with the results of supernatant, that is, the lame catalyst 
remained attached to the original microsphere. So, for the sake of the 
balance between speed and persistence, LT7C14 with very little leakage 
but a higher speed was preliminary selected as the research condition. 

Additionally, 20 base pairs (bp) of C domain lengths were required to 
achieve the best persistent state in previous persistence studies (Jung 
et al., 2017). However, we observed that the optimum length of C 

Fig. 3. Study on the persistence of the lame DNA walker. (A) Schematic illustration of the design of persistent assay. (B) The performance of the lame walker for 
designs bearing different lengths of C domain (5 nM LT7C2, LT7C4, LT7C8, LT7C12, LT7C14 and LT7C16). (C) Effect of C domian length on the persistence (5 nM 
LT7C2, LT7C4, LT7C8, LT7C12, LT7C14 and LT7C16). (D–F) Fluorescence images showing a lawn of FAM-labeled microspheres for various lame catalysts (LT7C4, 
LT7C8 and LT7C14). The arrow indicated the region where microspheres took on green fluorescence. Error bars represented one standard deviation from triplicate 
analyses. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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domain of lame walker for persistence was 14, 6 bases less than ex
pected. We reasoned that with the aid of short leg, the long leg with 
fewer C domain could form a very stable structure so as not to fall off the 
track. To verify this hypothesis, we approximately estimated the melting 
temperature (Tm) of the following three states. Tm of the purely 
double-stranded hybridization (14 bp) between the C domain of long leg 
and S was estimated to be 48.1 ◦C (using the UNAFold 3.9 software and 
the following input parameters: 5 nM DNA, 50 mM NaCl, and 10 mM 
MgCl2). When the base number of hybridization increased to 20 bp, the 
estimated Tm was up to 67.0 ◦C. In lame walker, one lame catalyst 
would form a temporarily closed ring with two S chains and the surface 
of microspheres between S (Fig. S2). In analogy to a hairpin structure, 
we estimate the Tm with 14 bp of C domain as the stem sequence and a 
loop containing a number of adenine. The loop bearing a 7 nt T domain, 
43 nt spacer, 7 nt short leg and its 7 nt complementary sequence, 16 nt 
partial sequence of S and the distance between adjacent S accounting for 
about 6 nt (estimated to be approximately 3 nm based on the informa
tion provided by the manufacturer). Thus, the total number of nucleo
tides in the loop is 86. We finally evaluated the Tm of 14 bp of C domain 
in the lame walker as 73.8 ◦C, which is even much higher than that of 
14-bp purely double-stranded hybridization. Therefore, it is not sur
prising that a relatively short C domain could execute the persistence of 
lame catalyst on the microspheres during walking. 

3.5. Optimization of the lame DNA walker 

In lame walker reaction, the rate-limiting steps rely primarily on the 
dissociation of the C domain complementary sequence and branch 
migration with adjacent S through T domain, apart from the cleavage 
step by Nb.BbvCI. Therefore, we designed six types of catalysts with 
different lengths of T domain (LT5C14, LT6C14, LT7C14, LT8C14, 
LT9C14 and LT10C14). In solution, the rate of the branch migration, 
determined by the binding free energy of the toehold domain, was 
saturated with the length of toehold about 6–10 nt (Genot et al., 2011; 
Zhang et al., 2012). We also observed a similar result on the surface of 

microspheres in Fig. 4A. Although the dissociation of the short T domain 
(LT5C14) with its complementary sequence was fast, it was not condu
cive to the toehold exchange mediated branch migration reactions of 
lame walker due to the low binding free energy of the short T domain. 
When the length of T domain increased to 7 nt, the lame walker re
actions achieved the best performance. Too long toehold (LT10C14), 
however, inhibited the walker reactions because of slow dissociation of 
the toehold complementary sequence, resulting in lower fluorescence 
intensity. Another critical factor for achieving optimum performance of 
lame walker involved the spacer. As shown in Fig. 4B, a minimum spacer 
length of 43 nt was required to facilitate coordination between long leg 
and short leg. The impact of rigid structure of spacer on the performance 
of the 3-D walker was also measured. We mixed the lame catalyst with 
its spacer complementary sequence to improve the rigidity of the lame 
catalyst to a certain extent. We found that the performance of lame 
walker was independent of rigidity (Fig. S3), which was conducive to the 
construction of subsequent biosensor. 

In addition to the design changes, we also optimized the lame walker 
by investigating other parameters, including S concentration (Support
ing Section 3), enzyme concentration, microsphere concentration and 
microsphere size. The optimal amounts of S, enzyme, and microsphere 
were 89 nM, 5 U and 0.5 mg/mL respectively (Fig. 4C and D and 4F). It 
should be noted that 0.86 μm microspheres could produce a higher end- 
point fluorescence signal than 1 μm microspheres in Fig. 4E. The factors 
leading to the signal variation in fluorescence largely stemmed from 
differences in curvature effect (Hill et al., 2009). Therefore, 0.86 μm 
microspheres were used in subsequent experiments (Considering the 
centrifugal requirements of microsphere size, smaller size microspheres 
were not selected). 

3.6. Analytical performance of the lame walker 

To apply this technology to the analytical target, GBS T was used as 
the model target. The bacterial colonies were counted (Fig. S4), together 
with a set of methods to confirm the existence of GBS based on the 

Fig. 4. Optimization of the lame walking system. Effect of the length of the T domain (A), spacer length (B), S concentration (C), enzyme concentration (D), 
microsphere size (E) and microsphere concentration (F) on the performance of the lame walker. Error bars represented one standard deviation from tripli
cate analyses. 
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alignment between DNA sequencing and Genbank sequences (Fig. S5). 
Following addition of GBS T, the lame catalyst from reservoir micro
spheres was displaced by toehold exchange mechanism. After centrifu
gation, the free catalyst in the supernatant can then serve as an amplifier 
to activate subsequent walker reactions (Fig. 5A). We titrated GBS and 
found the minimum detectable concentration of the lame walker was 10 
pM at a signal-to-noise ratio of 3 (Fig. 5B), which was comparable to or 
even better than most 3-D DNA walkers (Table 1). Linear fitting of target 
concentration and fluorescence intensity suggested a good correlation in 
the detection range of 10 pM–5 nM with a correlation coefficient R2 of 
0.995 (Fig. 5C). Moreover, the selectivity of the assay was also investi
gated in the presence of eight potential interfering bacteria. As expected, 
no significant fluorescent enhancement was observed (Fig. 5D), indi
cating that our lame walker-based sensor showed high selectivity. We 
also exploited movement-triggered cascade signal amplification to 
achieve highly specific and sensitive detection of bacteria DNA (Sup
porting Section 4). As a proof-of-concept for using this sensor based on 
the lame walker, our proposed lame DNA walker system showed supe
rior potential for sensing detection. 

5. Conclusions 

Unlike the construction of most double-legged walkers, the lame 
walker has a long leg mainly responsible for persistent movement and a 
short leg cutting substrates rapidly. This enzyme-propelled lame walker 

displays a signal-to-noise ratio of 60.4 in 30 min, showing an advantage 
over other 3-D DNA walkers. Kinetic studies demonstrate that the 
average rate of the lame walker can reach 6.467 × 10− 11 M s− 1. Besides, 
Study on the persistence of the lame walker confirms that the lame 
catalyst does not dissociate—it is only transferred from a split substrate 
to an adjacent intact substrate on the same microspheres, and is bound 
to the substrate by hybridization of at least 14 nucleotides. As a proof-of- 
concept for using this sensor, our proposed lame DNA walker system 
showed superior potential for sensing detection with high sensitivity and 
specificity. This work thereby will advance the design of 3-D DNA 
walkers and substantially contributes to the exploration and application 
of DNA walking systems. 
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