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HIGHLIGHTS

e An electrochemical biosensor ampli-
fied with anchored monopodial DNA
walker and target-induced proximity
hybridization is developed.

e The anchored “cleat” enlarges the
surface walking steps and thus im-
proves greatly the efficiency of signal
amplification.

e The one-step and enzyme-free detec-
tion can be conveniently performed in
room temperature.

e The excellent performance demon-
strates the good extendability of this
strategy for different targets.
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ABSTRACT

This work designed an anchored monopodial DNA walker to amplify amperometric biosensing signal for
sensitive detection of nucleic acid and protein. The biosensing surface was constructed by self-
assembling hairpin DNA1 (H1) and small amount of P1-W (probe DNA1 hybridized with walking
DNA) on a gold electrode. In the presence of target molecule, the walker could be triggered by the surface
proximity hybridization product of P1, target and P2 to induce the cyclic hybridization of H1 with
ferrocene modified hairpin DNA2 (H2-Fc), which took electroactive Fc to the electrode surface for
amplified amperometric detection of the target. By linking P1 and P2 with dual specific DNA strands,
aptamers or antibodies to recognize the target for proximity hybridization of P1 and P2, the walker
amplified amperometric strategy could be used for highly sensitive biosensing of different targets. Using
DNA and thrombin as the target models, the proposed biosensing methods achieved the linear range
from 0.2 pM to 2 nM with a detection limit of 0.11 pM and 1.0 pM to 10 nM with a detection limit of 0.61
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pM, respectively. The specific recognition process endowed the strategy with high selectivity and po-

tential applications.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Enlightened by native motor protein, various artificial mo-
lecular machines, such as computer [1], walker [2], tweezer [3],
robot [4] and rotor [5], have been proposed for different pur-
poses. Given the characteristics of highly ordered and easy to
design, DNA walker has attracted widespread attention especially
in bioimaging [6,7] and biosensing fields [8—16] and greatly
improved the sensitivity of biosensors [17—20]. As one of
commonly developed DNA walkers, swing-arm walker [21] has
been designed in different forms of assembly for electrochemical
biosensing. For example, a “signal off” electrochemical biosensor
has been achieved by using aptamer sequence to block the
swing-arm, and target to trigger the walker in the presence of
nicking endonuclease [22] and a swing-arm strand has been
constructed by the recognition of immobilized DNA-antigen to
antibody and then another DNA’-antigen for “signal on” elec-
trochemical biosensing through cyclic proximity hybridization,
ferrocene (Fc) labeled primer annealing and DNA polymerization
induced walker release [23]. Obviously, these swing-arm walkers
can only walk within the radius of arm strand. In order to enlarge
the walking distance, some single or multiple leg walkers have
been developed for one-to-all walking [24]. Unfortunately, both
the triggering and the walking of above walkers needs nicking
endonuclease or polymerase, which leads to the dependence of
walking step on the enzyme activity and indirectly influences the
walking region. Thus, a bipedal DNA walker propelled by locked
nucleic acid modified toehold mediate strand displacement re-
action has been proposed for electrochemical detection of
microRNA [25]. Although this enzyme-free strategy uses a two-
leg system to make it persist on DNA tracks, it is possible to
detach walker into solution when both two legs are replaced at
the same time, which also limits the walking steps and thus the
amplification efficiency.

To achieve more walking steps, Ellington et al. designed a simple
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Scheme 1. Schematic illustration of the designed walker triggered by surface prox-
imity hybridization product for amplified amperometric biosensing of protein.

single-legged DNA walker with an optimized “cleat” to hold it on a
particle-bound substrate and demonstrated its ability easier to be
integrated into analytical detection schemes than previous double
legged walkers [26]. Inspired by the “cleat” strategy, this work
designed an anchored monopodial walker that was triggered with a
proximity hybridization to achieve target-induced switch for
amplified electrochemical biosensing.

The proximity hybridization is generally achieved by the
simultaneous recognition of target molecule to two DNA-
conjugated affinity ligands [27—29]. By using the proximity hy-
bridization product to open the self-reporting molecular beacon, a
series of chemiluminescent [30] or electrochemical [31—33] prox-
imity assay methods have been developed for specific detection of
target DNA or proteins. To improve the detection sensitivity, these
proximity assay strategies have further been coupled with nicking
endonuclease induced recycling [30] and hybridization chain re-
action [34] for signal amplification.

In this work, the designed monopodial walker (W) was firstly
cleated on an affinity ligand conjugated DNA strand (P1), which
was then assembled on gold electrode along with a large number of
hairpin DNA1 (H1) (Scheme 1). Upon the target-induced proximity
hybridization of immobilized P1 and P2 in solution, the walking
DNA strand was replaced by P2 from its 5’ end to open immobilized
H1, the anchored “cleat” at its 3’ end was then dehybridized to bind
the 5’ end of the opened H1. The 3’ end of the opened H1 could
recognize the ferrocene modified hairpin DNA2 (H2-Fc), which
took electroactive Fc to the electrode surface and replaced the
walking DNA strand for subsequent recognition and anchored
walking. Theoretically, the walking DNA strand could traverse the
whole biosensing surface via the continuous strand displacement
reaction, which brought H2-Fc to immobilized H1 and greatly
amplified the readout signal, thus leading to a robust amperometric
biosensing strategy for sensitive detection of target. Using DNA and
thrombin as the target models, the corresponding affinity ligands
(dual specific DNA strands and aptamers) could be linked to P1 and
P2 for design of two biosensing methods. The excellent perfor-
mance of the proposed methods demonstrated the extendability of
the monopodial DNA walker and its promising application in bio-
sensing of nucleic acids and proteins.

2. Experimental
2.1. Materials and reagents

Anthropogenic thrombin, tris (2-carboxyethyl) phosphine hy-
drochloride (TCEP), mercaptohexanol (MCH) and N, N, N/, N'-tet-
ramethylethylenediamine (TEMED) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Carcinoembryonic antigen (CEA) and
a-fetoprotein (AFP) were purchased from Keybiotech Co. Ltd.
(Beijing, China). Ultrapure water was obtained from Millipore water
purification system (>18MQ, Milli-Q, Millipore) and used
throughout the experiment. Tris-HCl buffer (30 mM, pH 7.4) con-
tained 140 mM NaCl, 5 mM KCl, 1 mM MgCl; and 1 mM CaCl,. PBS
buffer (10 mM, pH 7.4) contained 137 mM NaCl. The serum samples
were from Jiangsu Cancer Hospital and stored at —20 °C before use.
O’RangeRuler 20bp DNA ladder, 6 x DNA loading buffer and 10000x
SYBR Gold dye was purchased from Bio-Rad Co. Ltd (Hercules,
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California, USA). 20 x PBS which was diluted to 1 x as washing
buffer, premixed 10 x TBE powder, 30% methylene acrylamide and
all oligonucleotides were obtained from Sangon Biotech Co. Ltd.
(Shanghai, China). The oligonucleotides were purified by high
performance liquid chromatography, and their sequences were
listed as follows:

P1:

5'-SH-(CH2)g-GCCATTTCGTCAGTGAGCTAGGTTA-
GATGTCGTTTTTTTITTT-TTTTTTTTTTCACCGTATGCTACTGTAGAT-3'
P2: 5'-TAGGAAAAGGAGGAGGGTGGTTTTTTTITITTITITITITC-
GACATC-TAACCTA-3’

W(0B):

5'-CGACATCTAACCTAGCTCACTGAC-3’

W(2B):
5'-CGACATCTAACCTAGCTCACTGACGA-3'
W(4B):
5'-CGACATCTAACCTAGCTCACTGACGAAA-3'
W(6B):
5’-CGACATCTAACCTAGCTCACTGACGAAATG-3'
W(8B):
5’-CGACATCTAACCTAGCTCACTGACGAAATGGC-3'
H1:

5'-SH-(CH2)6-GCCATTTCGTCAGTGAGCTAGGTTA-
GATGTCGCCATGTGTA-GACGACATCTAACCTAGC-3'

H2-Fc:

5'-AGATGTCGTCTACACATGGCGA-
CATCTAACCTAGCCCATGTGTAGA-CTCACTGAC-Ferrocene-3’

Target DNA:

5'-CCACCCTCCTCCTTTTCCTATTTTCTTTAATTTCTTATTTCTCTT-AA
[TTTAATTTGTTTATCTACAGTAGCATACGGTG-3'

P1’:

5’-HS-(CH2)s-GCCATTTCGTCAGTGAGCTAGGTTA-
GATGTCGTTTTITTITTTIT-TTTTTITITTGGTTGGTGTGGTTGG-3’

P1":

5'-GCCATTTCGTCAGTGAGCTAGGTTA-
GATGTCGTTTTTTTTTTTTTITIT-TTTGGTTGGTGTGGTTGG-3'

P2’

5'-AGTCCGTGGTAGGGCAGGTTGGGGT-
GACTTTTTTTITITTITITTT-TTCGACATCTAACCTA-3'

The complementary sequences of P1 with P2, P1’ or P1” with
P2’ are shown in italic, the sequences of “cleat” in W and the

complementary sequence in H1 are shown in underline, the spe-
cific DNA strands and aptamer sequences for recognition of target
DNA and thrombin in P1, P2, P1’ and P2’, are shown in bold,
respectively.

2.2. Apparatus

Electrochemical electrode arrays were composed of 16 sensors,
which were from Ninghaijieyi Biotech LLC (Ningbo, China). Each
sensor contained a gold working electrode (3 mm in diameter), a
gold auxiliary electrode and a gold reference electrode. The elec-
trode arrays were prepared by electronic beam evaporation for
single use, and thus could not be treated through Piranha solution
immersion. Differential pulse voltammetric (DPV) measurements
were performed on a CHI 1040C electrochemical workstation (CH
Instruments Inc., Austin, USA) at room temperature. Electro-
chemical impedance spectroscopic (EIS) measurements were per-
formed on VersaSTAT 3 electrochemical analyzer (Princeton
Applied Research, USA) with external platinum wire counter elec-
trode and Ag/AgCl reference electrode. Gel electrophoresis analysis
was performed using Bio-Rad ChemDoc XRS (Bio-Rad, USA).

2.3. Fabrication of electrochemical biosensor

P1-W was firstly formed by mixing 20 uM P1 and 20 uM W at
1:1 (V/V) to denature at 95 °C for 5 min and then slowly cooling
down to room temperature. After 3 pl of the mixture of H1 (1 pM),
P1-W (0.03 uM), and TCEP (1 mM) was incubated at 37 °C for 1 h to
reduce disulfide bonds, it was dropped on newly gold electrode to
incubate at 37 °C for 2 h. Afterward the electrode was rinsed with
10 mM PBS (pH 7.4, 0.1 M NaCl) and dried with nitrogen, and 3 pul of
1 mM MCH was dropped on its surface to block the unmodified
sites. After washed with 10 mM PBS and dried with nitrogen, the
electrochemical biosensor was obtained for DNA detection. The
biosensor for thrombin was fabricated with P1’ in a similar
procedure.

2.4. Detection of target DNA and thrombin

Prior to measurement, various concentrations of target DNA
were firstly mixed with 2 uM H2-Fc and 100 nM P2 in 10 mM PBS
for at least 15 min. 3 pl of the mixture was then dropped on above
DNA biosensor surface to incubate for 90 min at room temperature.
After the biosensor was washed with 10 mM PBS and dried with
nitrogen, 40 ul of 10 mM PBS containing 100 mM NaClO4 was
dropped on three-electrode region to perform the DPV measure-
ment from —0.05 V to +0.35 V (vs. Au reference electrode) with an
increment potential of 0.004 V, an amplitude potential of 0.05 V,
and a pulse width of 0.5 s.

Similarly, the detection of thrombin was performed with P1’-W
and H1 co-modified electrode by mixing 2 uM H2-Fc, 100 nM P2’
and various concentrations of thrombin in Tris-HCI (30 mM, pH 7.4)
[35,36].

2.5. Polyacrylamide gel electrophoresis (PAGE)

Non-denatured hydrogel was prepared using 12% gel solution.
The electrophoresis was carried out at 100 V, 90 min, and in 1 x TBE
with external ice bath to reduce the gel thermal deformation. The
gel was stained using SYBR Gold dye and placed in dark for 30 min,
and photographed under UV irradiation.
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3. Results and discussion
3.1. Principle of electrochemical biosensing

H1 and P1-W (or P1’-W) at a ratio of 100:3 were self-assembled
on gold electrode surface through Au-S bond. P1 or P1’ contained 3
regions: specific DNA strand for DNA or aptamer for thrombin (ID#
64 in aptamer database Aptagen) as affinity ligand at 3’ end, poly T
spacer sequence to reduce the steric hindrance, and a sequence
complementary with W. In the reaction solution, P2 or P2’ con-
tained another specific DNA strand for DNA or aptamer (ID# 315 in
aptamer database Aptagen) for thrombin at 5’ end, poly T spacer
and a sequence complementary with to 5’ end of P1 or P1’. The W
was complementary with the 5 end of H1, at which H1 was
immobilized on the electrode surface, and H2-Fc was comple-
mentary with H1 from the 3’ end. In the absence of target, the
binding between P1 and P2 could not happen due to the thermo-
dynamic stability. As shown in Scheme 1, after the mixture con-
taining target, P2 or P2/, and H2-Fc was added to the biosensor
surface, the proximity hybridization among P1 or P1’, target DNA or
protein, P2 or P2’ respectively resulted in a strand displacement
reaction to release the 5’ end of W, which hybridized with neigh-
boring H1 and then completely peeled from P1 or P1’ to bind onto
the 5 end of H1. Upon the recognition of the opened H1 to H2,
another strand displacement reaction induced the release of the 5’
end of W from the H1 strand and the introduction of electroactive
Fc group labeled at the 3’ end of H2 onto electrode surface. The
released 5 end of W subsequently hybridized with another
neighboring H1 before the complete separation of the “cleat” from
foregoing H1. In the end, a plenty of H2-Fc were bound to the
immobilized H1 to generate significant current signal for amplified
amperometric biosensing.

3.2. Feasibility characterization

The feasibility of continuous strand displacement reaction for
cleated DNA walking was characterized via PAGE analysis. The
mixture of H1 and H2 showed two clear bands of H1 and H2
respectively, and no new band was observed (Fig. 1A, lanes 2—4),
indicating the absence of the direct hybridization. Here lane 2
showed a weak layer, which possibly resulted from the conforma-
tion change at the tail of H1 (Fig. S1). After W was mixed with H1,
both bands of H1 and W disappeared, and a new band occurred at
greater weight (Fig. 1A, lanes 1, 2 and 5), indicating the hybridiza-
tion of H1 and W to form H1-W. When W was mixed with H1 and
H2 at the same amount, the hybridization complex of H1, W and H2
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Fig. 1. PAGE analysis of walker feasibility: (A) lane 1, W(6B); lane 2, H1; lane 3, H2;
lane 4, mixture of H1 and H2; lane 5, mixture of H1 and W(6B); lane 6, mixture of H1
and H2 containing 10% W(6B); lane 7, mixture of H1, H2 and W(6B) at 1:1:1; lane 8,
DNA marker; and (B) lane 1, W(OB); lane 2, H1; lane 3, H2; lane 4, mixture of H1 and
H2; lane 5, mixture of H1 and W(0B); lane 6, mixture of H1 and H2 containing 10%
W(0B); lane 7, mixture of H1, H2 and W(0B) at 1:1:1; lane 8, DNA marker.

(H1-W-H2) could be formed at greater weight, while H1-H2, H1-W,
and left H2 could also be observed (Fig. 1A, lane 7), demonstrating
the presence of W-triggered strand displacement reaction for the
formation of H1-H2.

Interestingly, after a small amount of W was added in the
mixture H1 and H2, the band of W did not occur, while the bands
for H1 and H2 weakened, and two new bands attributed to H1-H2
and H1-W-H2 occurred, respectively (Fig. 1A, lane 6). The difference
in the band brightness indicated the less amount of H1-W-H2 than
that of H1-H2. Thus the presence of W induced the formation of
more H1-H2 via the continuous strand displacement reaction. More
importantly, when using W(0B) to replace W(6B), the mixture of
W(0B), H1 and H2 did not show the band of H1-W-H2, and more
H1-H2 than the mixture of W(6B), H1 and H2 could be formed
(Fig. 1B, square b), indicating the “cleat” with 6 bases could anchor
the W on both H1 and the complex of H1-H2 for anchored walking
on the electrode surface.

3.3. Characterization for biosensing fabrication and recognition

Using W(6B) as the optimized W strand, the fabrication process
of the biosensor and its recognition to target molecule were char-
acterized with EIS measurements in 0.1 M KCl containing
5 mM K3Fe(CN)g/K4Fe(CN)g from 0.1 to 10,000 Hz with an ampli-
tude of 0.01 V and DPV detection in 10 mM PBS containing 100 mM
NaClO4. As shown in Fig. 2A, the bare electrode exhibited a rela-
tively low electron transfer resistance (Ret) (curve a), while the Ret
obviously increased after the electrode was incubated in the
mixture of P1’-W and H1 (curve b), indicating the successful as-
sembly of P1’-W and H1 on electrode surface, which led to the
repelling between negatively charged phosphate skeleton and
[Fe(CN)g]>7*". The blocking with MCH led to great increase of the
Ret (curve c). After the DNA walker-based thrombin biosensor was
incubated with the mixture of P2/, H2-Fc and thrombin, the Ret
further increased from about 40 kQ to 147 kQ (curve d), indicating
the immobilization of protein on the biosensor surface. The
occurrence of great oxidation peak current (in this work, all
mentioned “peak current” means peak value of current) in the DPV
curve (Fig. 2B, curve d) demonstrated the introduction of electro-
active Fc group through the walking DNA-induced strand
displacement reaction. It should be pointed out that the electrode
arrays was prepared by electron beam evaporation to deposit a
thick gold layer (about 50 nm), thus the bare electrode showed
higher impedance than general gold electrode. The much weaker
DPV response of the biosensor incubated with 30 mM Tris-HCl
containing 2 uM H2-Fc (curve b) or 2 uM H2-Fc + 100 nM P2’
(curve c) than that in the presence of 100 pM thrombin (curve d)
could be attributed the adsorption of a little H2-Fc, which could be
treated as the background.

3.4. Optimization for thrombin detection

To obtain the efficient performance of the biosensor for
thrombin detection, the concentration of H1 and the ratio of P1’-W
to H1 for biosensor fabrication, the concentration of H2-Fc and the
reaction time were optimized. The biosensing response obviously
depended on both the amount and the surface density of H1 for
binding of H2-Fc. With the increasing H1 concentration, the
amount of assembled H1 increased, thus the DPV peak current of
bound H2-Fc increased (Fig. 2C). However, high loading of H1 was
detrimental to the binding of H2-Fc due to the steric hindrance,
which led to the decrease of the peak current. The optimal con-
centration of H1 was 1.0 uM, at which the concentration ratio of
P1’-W to H1 biosensor preparation was optimized to be 1:30
(Fig. 2D). It means that a little target could take a large number of
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Fig. 2. (A) EIS Nyquist plots of (a) bare and (b) P1’-W/H1 modified electrodes, (c) MCH blocked (b), and (d) (c) after incubation with 30 mM Tris-HCl containing 100 pM thrombin,
100 nM P2’ and 2 uM H2-Fc. (B) DPV curves of the biosensor after incubation with (a) 30 mM Tris-HCl, (b) (a) + 2 uM H2-Fc, (c) (b) + 100 nM P2’, and (d) (c) + 100 pM thrombin.
Optimization of (C) H1 concentration and (D) ratio of P1’-W to H1 for biosensor preparation, and (E) H2-Fc concentration and (F) incubation time for thrombin detection. Error bars

represent standard deviations of three parallel experiments.

H2-Fc to biosensor surface through the target-induced proximity
hybridization and then DNA walking triggered continuous strand
displacement reaction, which greatly amplified the amperometric
response for thrombin detection.

The concentration of H2-Fc used for strand displacement reac-
tion and the reaction time were optimized to be 2.0 pM and 90 min,
respectively (Fig. 2E and F). At higher H2-Fc concentration and
longer reaction time, the DPV peak current trended to the
maximum value, indicating the saturated binding of H2-Fc to the
immobilized H1.

3.5. Detection performance of biosensor for thrombin

Under optimal conditions, the DPV peak current increased with
the increasing thrombin concentration from 0.1 pM to 20 nM
(Fig. 3A). The plot of peak current vs the logarithm of thrombin
concentration showed very good linearity in the concentration
range of 1.0 pM—10 nM, following the regression equation of
I = 51.73 Log C + 26.51 with a correlation coefficient of 0.9975
(Fig. 3B). The limit of detection was calculated to be 0.61 pM at 3
times standard deviation of background, which was 4 fold lower
than that of swing-arm walker based strategy [37], and much lower
than those of DNA-based electrochemical methods [38—41], as

listed in Table S1. It was worth mentioning that, the reaction time
was optimized at 1.0 nM thrombin, the limit of detection could be
further decreased at longer reaction time.

The biosensing specificity was evaluated using AFP and CEA at
the concentration 10 times that of thrombin (Fig. 3C). In contrast of
blank, both AFP and CEA did not show obvious signal, and the
mixture of thrombin with AFP and CEA showed significant response
with the same peak current as that for thrombin, indicating the
excellent specificity of the biosensor and that the coexisting pro-
teins did not interfere with the detection of thrombin.

To figure out the advantages of the designed strategy, a bio-
sensing method by using the proximity hybridization product of
P1”-W, thrombin and P2’ in solution to trigger the walking for
continuous strand displacement reaction (Fig. S2A). Here P1” pos-
sesses the same sequence as P1/, and the biosensor was prepared by
dropping 3 ul mixture of H1 (1 uM) and TCEP (1 mM) on gold
electrode to incubate at 37 °C for 2 h. For thrombin detection, a
mixture containing 2 pM H2-Fc, 100 nM P2, 0.03 uM P1”-W and
different concentrations of thrombin were dropped on the
biosensor surface to incubate for 90 min at room temperature. The
plot of DPV peak current vs the logarithm of thrombin concentra-
tion showed the linearity in 10 pM to 10 nM (Fig. S2B). The rela-
tively lower sensitivity than that based on the surface proximity
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Fig. 3. (A) DPV curves of the biosensor for 0, 0.1, 0.2, 1.0, 2.0, 10, 20, 100 and 200 pM (a-i), and 1.0, 2.0, 10 and 20 nM (j-m) thrombin. (B) Plot of peak current vs logarithm of
thrombin concentration. (C) Responses of biosensor for detection of 10 nM AFP, 10 nM CEA, 1.0 nM thrombin and the mixture of 10 nM AFP, 10 nM CEA and 1.0 nM thrombin. Error

bars represented standard deviations of three parallel experiments.
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Table 1
Recovery for detection of thrombin in diluted serum samples.
Sample no. Added/pM Found/pM Recovery/% RSD /%
1 10 9.792 97.9 6.49
2 20 19.47 97.4 6.20
3 100 98.48 98.5 4.78
4 200 2043 102.2 4.36
5 1000 1008 100.8 451

¢ The mean of three measurements.

hybridization triggered DNA walking indicated that the triggering
of DNA walking by proximity hybridization product formed in so-
lution was more difficult. Thus this strategy was better than multi-
leg strategy in the same conditions due to the long dwell time of W
resulted from the “cleat”.

The detection accuracy of the biosensing strategy was examined
by performing recovery test of thrombin in 10-fold diluted clinical
human serum sample from Jiangsu Cancer Hospital. As shown in
Table 1, the recovery of thrombin was from 97.4% to 102.2% in the
concentration range of 10 pM to 1.0 nM, and the RSDs for three
measurements were from 4.36% to 6.49%, indicating the good ac-
curacy and acceptable precision.

3.6. Detection of target DNA

To achieve the detection of target DNA with the designed
monopodial walker, two specific DNA strands for target DNA were
bound at 3’ end of P1 and 5’ end of P2. After the mixture of target
DNA with P2 and H2-Fc was dropped on corresponding biosensor
to incubate at room temperature for 90 min (Fig. 4A), the DPV signal
was detected for optimizing the conditions of biosensor fabrication
and DNA analysis. When 0.03 uM P1-W was used for preparation of
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Fig. 4. (A) Schematic illustration of the walker triggered by using DNA as target.
Optimization of (B) H1 concentration, (C) ratio of P1-W to H1, and (D) length of “cleat”
for DNA detection. (E) Plot of peak current vs logarithm of DNA concentration. Error
bars represent standard deviations of three parallel experiments.

the biosensor, the DPV response increased with the increasing H1
concentration, and reached the maximum value at 1.0 pM (Fig. 4B),
at which the suitable ratio of P1-W to H1 was also 1:30 (Fig. 4C).
Thus the mixture of 0.03 uM P1-W and 1.0 pM H1 was used for co-
immobilization of P1-W and H1.

The anchored walking depended on the length of designed
“cleat” at 3’ end of W, while the length of toehold did not signifi-
cantly influence the efficiency of toehold mediated strand
displacement reaction when it was longer than 8 nt [42]. Thus we
examined the effect of “cleat” length on the response with the
toehold length beyond 8 nt. The short “cleat” made it difficult to
anchor the walker on biosensor surface, which led to the leakage of
the waking DNA strand from the surface and thus decreased the
walking efficiency. However the too long “cleat” endowed the dou-
ble stranded P1-cleat and cleat-H1 with better stability, which
decreased the walking rate and thus the amplification efficiency. The
maximum response occurred at the “cleat” length of 6 nt (Fig. 4D).
Therefore, W(6B) was chosen as the optimal walking strand.

Similarly, the DPV peak current increased with the increasing
target DNA concentration under optimal conditions. The plot of
peak current vs the logarithm of DNA concentration followed the
equation [ = 55.22 Log C + 78.13 in the concentration range of 0.2
pM—2.0 nM with a correlation coefficient of 0.9987 (Fig. 4E). The
detection limit was calculated to be 0.11 pM at 3 times standard
deviation of background. The analytical performance was compa-
rable with those of DNA-amplified electrochemical methods
(Table S2), indicating its application potential.

4. Conclusion

This work designs an anchored monopodial walker to perform
the “one-to-all” walking amplification strategy. By self-assembling
a little P1-W and a large number of H1 on gold electrode surface,
the DNA walking based electrochemical biosensor can be conve-
niently prepared. The DNA walker can be triggered with a target-
induced surface proximity hybridization, which causes contin-
uous strand displacement reaction to take the electroactive H2-Fc
to biosensor surface for amplified amperometric biosensing.
Different from swing-arm or multi-leg walkers, this strategy con-
ducts an optimal “cleat” as the anchor sequence to prolong the
dwelling time of walker on biosensor surface and increase the
walking efficiency. Using DNA and thrombin as the target models,
this work uses dual specific DNA strands and aptamers to demon-
strate the excellent performance and extendability of the designed
strategy for detection of DNA and proteins. Therefore, the proposed
one-step and enzyme-free biosensing strategy possesses promising
application in analysis of proteins and nucleic acids.
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