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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Cancer cells detection by entropy-driven 
DNA walker. 

• Bipedal hairpin fuel chain combines 
with the rolling of DTNs to achieve 
multipedal walking of DNA walkers. 

• 3D multipedal-DNA walker increases 
the reaction rates and sensitivity of 
entropy-driven DNA walker.  
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A B S T R A C T   

Sensitive and accurate detection of cancer cells is of great significance for the early diagnosis and treatment of 
cancer. In this work, we developed a simple fluorescent signal amplification biosensor based on an entropy- 
driven three-dimensional (3D) multipedal-DNA walker for highly sensitive detection of cancer cells. Firstly, 
DNA tetrahedron nanostructures (DTNs) combined with AS1411 aptamer were used as the capture probe to 
achieve efficient capture of cancer cells. Then, the bipedal hairpin fuel chain hybridized with DTNs and exposed 
two catalytic “legs” to form a walker probe. Finally, the walker probe autonomously walked on polystyrene 
microspheres (PS) via entropy-driven catalytic reaction. DTNs rolled on the PS to achieve multipedal walking, 
realizing fluorescence signal amplification due to fluorescence recovery of DNA-CdTe quantum dots on the PS 
surface. This fluorescence signal amplification strategy showed excellent selectivity and sensitivity toward cancer 
cells with the detection limit of 7 cell mL− 1. This entropy-driven 3D multipedal DNA walker fluorescence 
exhibited great potential in detecting circulating tumor cells and tumor markers used for early diagnosis and 
clinical treatment of cancer.   
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1. Introduction 

Cancer, one of the most severe diseases globally, remains the main 
cause of human death so far [1,2]. Developing an accurate and sensitive 
cancer cells detection strategy has been of great importance for diag
nosing and treating cancer. Currently, a series of technologies based on 
polymerase chain reaction (PCR) [3,4], flow cytometry [5,6], immu
nohistochemistry [7,8], and mass spectrometry [9] have been developed 
for detecting cancer cells. However, most of these methods are restricted 
by their time-consuming procedures, complicated platform, high cost, 
and poor stability. In particular, for the lack of an efficient signal 
amplification strategy, these methods exhibit a limited sensitivity for 
detecting cancer cells due to their low concentration at early stages and 
heterogeneity. 

As a powerful DNA nanomachine, the DNA walkers have been 
developed and applied in biosensing and biological imaging due to its 
predictable properties, selectivity, and accurate Watson-Crick base 
pairing. So far, DNA walker have been used in sensing detection of DNA 
[10,11], miRNA [12–14], protein [15,16], mycotoxin [17], etc. 
Entropy-driven DNA walkers are an enzyme-free DNA nanomachine first 
presented by Zhang et al., in 2007, which utilizes single-stranded linear 
DNA molecules to activate a sequence of DNA hybridization and disso
ciation reactions to achieve a signal amplification [18]. Due to the 
absence of enzymes, the entropy-driven DNA walkers exhibit excellent 
stability in different environmental conditions, such as temperature, pH, 
and salt concentrations. Moreover, because the complicated second 
structure in DNA is absent, the background signal is significantly 
reduced in entropy-driven DNA walkers to avoid undesired interaction 
between metastable hairpin structures [19,20]. However, some draw
backs, such as relatively slow reaction rates in solution, and lower 
sensitivity, limit entropy-driven DNA walker in sensing the low-level 
targets [21]. Three-dimensional (3D) DNA walkers, which move 
continuously and controllably on the 3D surface of micro- or nano
particles, possess better sensitivity than the 2D surface due to their 
strong loading capability and broader moving space. Jung et al. devel
oped a 3D DNA walker that used catalytic hairpin assembly to drive 

walking on DNA-coated microparticle surfaces, and the walker could 
take more than 30 continuous steps [22]. Cheng et al. reported a flap 
endonuclease 1-assisted 3D DNA walker system to detect DNA target and 
mutation abundance, and the theoretical detection limits were down to 
0.22 fM and 0.01%, respectively [23]. Although the detection sensitivity 
was improved via the 3D DNA walker, the walking steps with one leg 
were not enough for the high-efficiency sensing detection. Recently, 
multipedal DNA walkers have gained extensive attention because they 
can accelerate the walking reaction and enhance amplification effi
ciency. Lv et al. reported a bipedal DNA walker that autonomously 
traveled on gold nanoparticles via the catalytic hairpin assembly reac
tion, resulting in the amplified fluorescence signal for highly sensitive 
detection of low-abundance biomarker APE1 activity inside living cells. 
Meanwhile, they demonstrated that the bipedal DNA walker showed 
excellent kinetics and walking steps [24]. Xiong et al. proposed a 
cascade signal amplification biosensing platform based on a protein 
binding-induced 3D-bipedal DNA walker to detect thrombin. The 
detection limit was as low as 23 fM [25]. Although various multipedal 
DNA walkers have been developed, complex chemical modification and 
multiple assembly processes of DNA legs are tedious. Moreover, multi
pedal DNA walkers are rarely found in detecting cancer cells directly or 
indirectly because achieving efficient capture of cancer cells and pre
venting the signal probe from endocytosis of cells remains challenging. 

Hence, an entropy-driven 3D multipedal-DNA walker fluorescent 
signal amplification strategy for ultrasensitive sensing detection for 
cancer cells was reported. As Scheme 1 depicted, the process of this 
entropy-driven 3D multipedal DNA walker involved two parts: the 
construction of the multipedal DNA walker probe and the 3D movement 
track by catalytic recycling. In the first part, to construct the multipedal 
DNA walker probe, DNA tetrahedron nanostructures (DTNs) with single- 
stranded DNA pendants (the sequence of the target strand) at three 
vertices were synthesized. And then, the aptamer AS1411 was assem
bled on the single-stranded DNA pendant of DTNs to form the capture 
probe (DTNs-AS1411). When HeLa cells were presented as model tar
gets, DTNs-AS1411 would interact with nucleolin on the surface of the 
cell membrane, which exhibited excellent resistance to the endocytosis 

Scheme 1. Schematic illustration of the fluorescence signal amplification via the entropy-driven 3D multipedal DNA walker strategy. A) The process of cancer cell 
recognition. B) The process of fluorescence signal amplification. 
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of cells under optimized incubation time [26]. In the meantime, AS1411 
would dissociate from the capture probe due to its structure evolution to 
stable dimeric G-quadruplex on membranes of cancer cells [27,28], 
accompanied by the release of DTNs and the exposure of the target 
sequence on the pendant. Subsequently, the exposed “target” strand on 
the DTNs hybridized with bipedal hairpin fuel chain (F2) and triggered 
the opening of F2 to expose two catalytic “legs” to form the walker probe 
(Fig. S1). In the second part, to construct the 3D movement track, the 
synthesized 5′–NH2–ssDNA (denoted as “S” strand) functionalized CdTe 
quantum dots (DNA-CdTe QDs), whose excitation and emission wave
lengths were 365 nm and 597 nm, respectively, bond to the surface of 
COOH-polystyrene microspheres (COOH-PS). Meanwhile, a comple
mentary DNA sequence with BHQ2 (denoted as “Q” strand) hybridized 
with S strand, leading to fluorescence quenching of DNA-CdTe QDs 
under light irradiation of 365 nm due to the fluorescence resonance 
energy transfer (FRET) between the DNA-CdTe QDs and quencher 
(BHQ2). Therefore, 3D walking track and fluorescent signal probe were 
obtained. Finally, the two catalytic “legs” of walker probe alternately 
hybridized with the S and autonomously traveled on PS via 
entropy-driven catalytic reaction, resulting in separation between the 
DNA-CdTe QDs and BHQ2 and fluorescence recovery of DNA-CdTe QDs. 
Meanwhile, DTNs could roll on the PS to achieve a multipedal walking, 
realizing fluorescence signal amplification. The multipedal 
entropy-driven 3D DNA walker showed excellent stability, selectivity, 
and capabilities of signal amplification, and realized the highly sensitive 
detection of HeLa cells, which provided a simple and high-efficiency 
signal amplification strategy for highly sensitive detection of cancer 
cells. 

2. Experimental section 

2.1. Synthesis of DNA-CdTe QDs 

The DNA-CdTe QDs were synthesized as previously reported [29, 
30]. Briefly, the CdCl2 (1.2 mmol) and 3-mercaptopropionic acid (1.2 
mmol) were added to 25 ml of deionized water under vigorous stirring, 
and the pH of the mixture solution was adjusted to 10.5. Then, Na2TeO3 
(0.15 mmol) and NaBH4 (3 mmol) were added to the above mixture 
solution. 

According to the previous work, the fluorescence emission wave
length of DNA-CdTe QDs exhibited a red shift with the increase of the 
reaction time [30]. The fluorescence intensity reached the maximum 
when the reaction time is 60 min. Therefore, to obtain the maximum 
fluorescence intensity of PS@S, 10 μL 5′–NH2–ssDNA (10 μM) was added 
to 990 μL above mixture solution and heated to 90 ◦C for 60 min. Then, 
the DNA-CdTe QDs (denoted as “S” strand) solutions were washed with 
ethanol and distilled water three times. 

In order to optimize the incubation time of DTNs and HeLa cells, 10 
μL ssDNA C (10 μM) was added to 990 μL above mixture solution and 
heated to 90 ◦C for 45 min to obtain the C-QDs. The final DNA-CdTe QDs 
solution was also washed with ethanol and distilled water three times 
and then stored in the dark at 4 ◦C. 

2.2. Synthesis of DNA tetrahedron probe (DTNs) and DTNs-CdTe QDs 

To construct the DTNs, strand A, B, C, and D of the same concen
tration (10 μM) and volume (5 μL) were mixed in PBS buffer. Then, to 
construct DTNs-AS1411, we added excess AS1411 aptamer (10 μM, 20 
μL) to the above solution, and the mixture solution was heated to 95 ◦C 
for 5 min. Finally, the mixture solution was cooled to room temperature, 
and washed with PBS buffer three times for various tests after 2 h. To 
construct the DTNs-CdTe QDs, the strand C in the above DTNs structure 
was replaced by C-QDs. 

2.3. Synthesis of PS@S and PS@S-Q 

20 μL carboxyl polystyrene microspheres (PS–COOH, 50 mg/mL) 
were washed three times by PBS buffer solution and suspended into 1 ml 
PBS buffer solution. Then, the 18 mg EDC and 27 mg NHS were added to 
the above solutions at 37 ◦C for 15 min to activate the PS-COOH. In order 
to obtain the optimal fluorescence signal of PS@S, a series of different 
volumes (10, 20, 30, 40, and 50 μL, respectively) S strand solutions (10 
μM) were added to the above solutions to incubate 8 h at 37 ◦C. Then, 
the fluorescence intensity was monitored by an F-7000 fluorescence 
spectrophotometer. To obtain PS@S-Q, 2 μL ssDNA-BHQ2 was added to 
100 μL PS@S (the volume of S is 30 μL) and incubated 8 h at room 
temperature. 

2.4. Cells fluorescence imaging 

To optimize the incubation time of DTNs-AS1411 and HeLa cells, the 
C-QDs and Cy5-AS1411 were chosen to fabricate the DNA tetrahedron 
capture probe (DTNs-QDs-AS1411-Cy5). As the control experiment, C- 
QDs were chosen to hybridize with Cy5-AS1411 to obtain C-QDs-Cy5- 
AS1411. The HeLa cells were seeded in a 35 mm Petri dish with a 1 mL 
culture medium at 37 ◦C for 24 h. Then, the cells were incubated with 
100 μL DTNs-QDs-AS1411-Cy5 or C-QDs-Cy5-AS1411 (10 μM) for 15, 
30, 45, and 60 min, respectively. After washing three times with PBS to 
remove DTNs-QDs-AS1411-Cy5 or C-QDs-Cy5-AS1411, which did not 
react with cells, the fluorescence microphotographs were taken by XSP- 
63X fluorescence microscope. 

2.5. Cells experiment 

Firstly, 50 μL PS@S-Q (10 μM) and 10 μL F2 (10 μM) were added to 
500 μL PBS solutions to obtain 3D walker solutions. Then, the HeLa cells 
with different densities were incubated with 100 μL DTNs-AS1411 (10 
μM) for 45 min, and then the suspension was centrifuged at 1000 rpm for 
10 min. Finally, the 20 μL supernatant was incubated with the above 3D 
DNA walker solutions for 45 min, and the fluorescence intensity was 
recorded by an F-7000 (Hitachi, Tokyo, Japan). 

3. Results and discussion 

3.1. Characterization of DNA tetrahedron nanostructure 

To improve the recognition ability and signal amplification effi
ciency of the capture probe, DTNs were designed in which three single- 
stranded DNA pendants were at vertices, serving as the hybridizing with 
AS1411 to construct the capture probe and triggering the opening of the 
bipedal hairpin fuel chain (F2) to form DNA walker probe. To ensure 
that the target sequence on the DTN pendant is fully bonded to AS1411, 
we added excess AS1411 aptamer to the DTNs solution. Moreover, the 
other vertex had a phosphorothioate linkage that served as a ligand 
structure for the synthesis of QDs. The successful formation of DTNs was 
first verified by agarose gel electrophoretic experiments. As shown in 
Fig. 1A, strand A, A + B, A + B + C, A + B + C + D, and A + B + C + D +
AS1411 were exhibited in Lane 1–5, respectively. The gel electropho
resis analysis demonstrated the successful assembly of DTNs as Line 4 
because the band of a combination containing four ssDNA moved more 
slowly than other bands. There was no significant difference in the 
mobility of Lane 4 and 5 after AS1411 was assembled on DTNs because it 
is only a short-chain. Moreover, the AFM and TEM image showed the 
average height and size was about 6.9 ± 0.6 nm and 6.8 ± 0.5 nm in the 
dried state, which was a bit larger than the calculated height of the DTNs 
(The four sides of DTNs consist of 17 base pairs. Therefore, the height of 
DTN is about 6 nm due to the distance between each base pair is 0.34 
nm) due to the presence of AS1411 (Fig. S2). 

Due to the polyanionic nature of DNA, DTNs usually be considered as 
nanoparticles and easy to be intracellular uptake without transfection 
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agents [31]. As we know, the endocytosis of DTN is a time-dependent 
process. To balance cell recognition and cell-endocytosis event, incu
bate time of single-strand DNA (ssDNA) and DTNs with HeLa cell were 
investigated, as shown in Fig. 1B. A hybrid DNA template, strand C, was 
designed containing a phosphorothioate domain at the 5’ end for the 
growth of the CdTe QDs and two phosphate domains for the assembly of 
DTNs and hybridization of aptamer AS1411. Strand C functionalized 
CdTe QDs (C-QDs) were synthesized via a one-pot route as in our pre
vious work [29,30]. The TEM image and the particle size distribution 
histogram showed that the diameter of C-QDs was about 2.5 nm 
(Fig. S3). The emission wavelength was 570 nm under an excitation 
wavelength of 365 nm when reaction time was 45 min (Fig. S4). 
C-QDs-AS1411-Cy5 and DTNs-QDs-AS1411-Cy5 described in Fig. 1B 
were obtained through assembled Cy5-labeled-aptamer AS1411 coupled 
with C-QDs and C-QDs assembled DTNs. We discussed the interaction 
between the HeLa cells and AS1411-Cy5 and DTNs-QDs-AS1411-Cy5 by 
distinguishing color. The fluorescence of CdTe QDs and Cy5 exhibited 
green and red colors under an excitation wavelength of 365 nm and 650 
nm. C-QDs-AS1411-Cy5 and DTNs-QDs-AS1411-Cy5 were incubated 
with HeLa cells for 15 min, 30 min, 45 min, and 60 min, respectively. As 
shown in Fig. 1B, Cy5 fluorescence (red) in C-QDs-AS1411-Cy5 and 
DTNs-QDs-AS1411-Cy5 were observed after 30 min, which indicated 
that the AS1411 interacted with nucleolin on the surface of the HeLa 
cell. The QDs fluorescence (green) in C-QDs-AS1411-Cy5 was observed 
after 30 min, while a weak fluorescence of QDs in 
DTNs-QDs-AS1411-Cy5 was shown after 60 min, which demonstrated 
that the ssDNA began to be endocytosed after 30min and the endocytosis 
of DTNs appeared after 60 min. These results showed that the modifi
cation of ssDNA with AS1411 aptamer increased its endocytosis by cells 
and solved the problem of poor permeability of ssDNA, which is 
consistent with the previously reported [32,33]. These results indicated 
that the DTNs were more suitable as a capture probe than ssDNA for the 
subsequent signal amplification process. The optimal incubating time of 
DTNs with cancer cells was less than 45 min. 

3.2. Characterization of the 3D tracks 

Three-dimensional (3D) DNA walkers walking along the surface of 
nano-/micro-particles have drawn particular attention due to their 
larger surface area, high mobility, and powerful carrying capacity. 
Herein, COOH-PS with a diameter of 1 μm was chosen to construct 3D 
walking tracks, and NH2-ssDNA S functionalized CdTe QDs bond to the 

surface of PS (PS@S) through amide bonds. After then optimized the 
incubation time and concentration of PS and S strand, and the optimal 
incubation time was 8 h (Fig. S5). The optimal fluorescence intensity 
could be obtained by adding a 0.3 nmol S strand to 20 μL PS solutions 
(Fig. S6). Compared with the very smooth surface of the PS (Fig. 2A), 
some synapses were distributed on the PS surface (Fig. 2B), and the 
results of large-scale TEM images were consistent with the above results 
(Fig. S7), which also indicated that CdTe QDs were linked on the PS. 
Moreover, both Cd, Te, N, P, and S elements in SEM-EDX mapping 
(Fig. 2C), and red fluorescence of CdTe QDs in fluorescence images 
(Fig. S8), also demonstrated that S strand functionalized CdTe QDs had 
grafted on the surface of COOH-PS. Then, the ssDNA-BHQ2 was chosen 
as the quencher of QDs and hybridized with S strand, which had a linker 
on the surface of PS. Due to the absorption spectrum of the BHQ2 
overlaps well with the emission spectrum of the CdTe QDs (Fig. 2D), it 
provided an efficient FRET process between QDs and BHQ2. As observed 
in Fig. 2E, after the strand Q hybridized with strand S, the fluorescence 
intensity of QDs was quenched by 62%. Therefore, 3D DNA walking 
tracks were achieved. 

3.3. Feasibility of the entropy-driven bipedal DNA walker 

We used a single strand “target” as the initiator to verify the feasi
bility of the 3D entropy-driven DNA walker in solutions. The agarose gel 
electrophoresis results were shown in Fig. 3A. Lane 1 and 2 represented 
the target strand and F2, respectively. Compared with Lane 1 and Lane 
2, a new band appeared in Lane 3 (the mixture of target strand and F2), 
which indicated the “target” strand hybridized with complementary 
sequences on F2 and triggered the opening of F2. The new band with 
higher molecular weight in Lane 4 suggested that the mixture of S and Q 
strand hybridized to form a stable complex. Compared with bands in 
Lane 1 and Lane 4, the mixture of S-Q and target strand in Lane 5 could 
coexist stably in the solution without F2. Similarly, the mixture of S-Q 
and F2 could coexist without the target. In the presence of the target, the 
mixture of S-Q and F2, target bands (Lane 1), and two new bands 
different from Lane 3 and 4 appeared, which indicated the entropy- 
driven DNA walker was successfully initiated by the target (Fig. 3B). 
In addition, we adopted fluorescence spectrometry to prove the signal 
amplification process of the entropy-driven DNA walker (Fig. 3C). The 
fluorescence signal of S strand was quenched when the presence of Q 
strand. When the F2 was added to S-Q, no obvious fluorescence 
enhancement was observed. However, in the presence of the target, the 

Fig. 1. A) Agarose gel electrophoresis of the fold DNA nanostructure. Lane 1: A strand; Lane 2: A + B; Lane 3: A + B + C; Lane 4: A + B + C + D; Lane 5: A + B + C +
D + AS1411. B) Fluorescence images of HeLa cells incubated with C-QDs-AS1411-Cy5 or DTNs-QDs-AS1411-Cy5 for 15, 30, 45, and 60 min, respectively. 
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fluorescence intensity recovered to 85.5% when F2 was added to S-Q. 
These results demonstrated that when the presence of the target strand, 
the entropy-driven DNA walker could achieve fluorescence signal 
amplification. Furthermore, we found the optimal value of fluorescence 
intensity at pH 7.4 (Fig. S9), which meant that the entropy-driven DNA 
walker could perform in the physiological environment. The stability 
test showed that the S-Q complex structure kept stable within 100 h 
(Fig. S10). Simultaneously, we employed the unipedal hairpin fuel chain 
(F1) instead of F2 to conduct the above agarose gel electrophoresis 
experiment (Fig. S11). The experimental results we obtained were the 
same as Fig. 3A, which indicated that F1 could also trigger the entropy- 
driven DNA walker. However, fluorescence spectrometry showed when 
the F1 was added to S-Q + target, the fluorescence intensity recovered to 
67.5%, which was 18% lower than F2. Moreover, the kinetic analysis 
showed that the bipedal hairpin fuel chain displayed faster velocity than 
that of the unipedal hairpin fuel chain (Fig. S12). These results 
confirmed that the entropy-driven multipedal DNA walker exhibited 

better kinetics and higher fluorescence signal amplification. 

3.4. Cell detection 

Based on the above investigations, we next tested the detecting 
ability of cancer cells by this strategy of the entropy-driven multipedal 
3D DNA walker. HeLa cells with different concentrations were pre- 
incubated with DTNs-AS1411 for 45 min and then centrifuged to 
collect the supernatant. And then, the isolated DTNs were added to DNA 
walker solutions. As shown in Fig. 4A, the recovered fluorescence in
tensity was responded to the amount of HeLa cells, and the fluorescence 
intensity recovery showed a good linear relationship with the logarithm 
of HeLa cells concentration in the range from 1 × 102 to 1 × 106 cells 
mL− 1 (Fig. 4B). The linear regression equation was, (F– F0)/(F0) =
− 0.223 + 0.555 lgC (C, cells mL− 1) with a correlation coefficient of 
0.997 (n = 6). The limit of detection (LOD) was estimated to be 7 cells 
mL− 1 (S/N = 3), which is lower than related methods (Table S2). In 

Fig. 2. Characterization of PS@S. A) TEM images of PS and PS@S B). C) SEM image of PS@S and corresponding EDX elemental mapping images of C, O, N, Cd, Te, P, 
and S. D) The fluorescence emission spectra of strand S (red) and the absorption spectra of strand Q. E) Fluorescence spectrometry of strand S and S-Q. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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order to evaluate the selectivity of the entropy-driven 3D DNA walker, 
cancer cells (A549 and MCF-7, 105 cell/mL), normal cells (HUVEC and 
L929, 106 cell/mL), alpha-fetoprotein (AFP, 1 μg/mL), and uric acid 
(UA, 100 μg/mL) were investigated under identical conditions as HeLa 
cells (105 cell/mL). As shown in Fig. 4C, the fluorescence intensity 
recovered only when cancer cells were presented. However, normal cells 
and biomolecules (AFP and UA) would not interfere with the recognition 
of AS1411 for nucleolin on the surface of tumor cells, even if the con
centration of normal cells is higher than that of cancer cells. These re
sults demonstrated that the entropy-driven DNA walker could achieve 
fluorescence signal amplification in detecting cancer cells with high 
expression of nucleolin. 

4. Conclusions 

In summary, a versatile fluorescent signal amplification biosensor 
based on 3D multipedal entropy-driven DNA walker for cancer cell 
detection was developed. The DTNs-AS1411 composite was used as the 

capture probe to prevent DTNs from being endocytosed by cells, real
izing efficient capture of cancer cells. The bipedal hairpin fuel chain 
walked on the PS via entropy-driven catalytic reaction, and DTNs could 
roll on the PS to achieve multipedal walking, achieving the fluorescence 
signal amplification. Compared to the unipedal hairpin fuel chain, the 
bipedal hairpin fuel chain provided excellent kinetics and higher fluo
rescence signal amplification. Combining the high specific recognition 
of AS1411, the high-efficiency reaction of bipedal hairpin fuel chain, 
high-capacity of 3D traces on PS, and the high photo-stability of quan
tum yields of QDs, we had achieved a selective capture and highly 
sensitive sensing detection for cancer cells based on fluorescent signal 
amplification strategy of entropy-driven 3D multipedal-DNA walker. 
The entropy-driven 3D multipedal-DNA walker displayed good selec
tivity, stability, and wide linear range (1 × 102 to 1 × 106 cells mL− 1), 
and the low LOD (7 cells mL− 1). This DNA nanomachine-assisted signal 
amplification method could be further used to detect circulating tumor 
cells and other biomarkers of cancer cells by the corresponding aptamer, 
holding great potential in early diagnosis and clinical treatment. 

Fig. 3. A) Agarose gel electrophoresis of entropy- 
driven multipedal catalytic reactions. Lane 1, target; 
Lane 2, F2 (bipedal fuel); Lane 3, the mixture of target 
and F2; Lane 4, the mixture of S strand and Q strand; 
Lane 5, the mixture of S strand, Q strand and target; 
Lane 6, the mixture of S strand, Q strand, and F2; 
Lane 7, the mixture of the target, F2, S strand and Q 
strand. B) Schematic diagrams represent of the pro
cess of entropy-driven DNA walker for target analysis 
in solutions. C) The fluorescence spectrometry of the 
mixtures, S strand (red line), S-Q (black line), S-Q and 
F1 (unipedal fuel, blue line), S-Q and F2 (pink line), 
S-Q, F1, and target strand (brown line), S-Q, F2 and 
target strand (green line). (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 4. A) Fluorescence spectrometry in the presence of HeLa cells at different concentrations (from 0 to 106 cell/mL) by the 3D multipedal-DNA walker. B) Relative 
fluorescence intensity ((F − F0)/F0) of the 3D multipedal-DNA walker in response to varying concentrations of HeLa cells. Inset shows the linear range. C) Selectivity 
assay of 3D multipedal-DNA walker towards cancer cells (A549 and MCF-7), normal cells (HUVEC and L929), and biomarkers (AFP and UA). 
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