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� This is the first time that CHA-formed
tripedal walker has been introduced
into DNA biosensors.

� This flexible tripedal DNA walker is
capable of walking freely along the
tracks on electrode with uncon-
strained walking range.

� The design of multiple legs has the
capacity to weaken the derailment of
leg DNA and shorten the moving time
on electrode.

� The ultrahigh sensitivity of this
biosensor is attributed to superior
walking efficiency of tripedal walker.
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DNA walkers, as intelligent artificial DNA nanomachines, have been widely used as efficient nucleic acid
amplification tools that the detection sensitivity can be improved by incorporating DNA walkers into
DNA biosensors. Nevertheless, since the premature release or flameout in a region of locally exhausted
substrate, the walking efficiency of DNA walkers remains unsatisfactory. In this work, we design a smart
tripedal DNA walker that is formed by target-initiated catalyzed hairpin assembly (CHA), which can
move along the DNA duplex tracks on electrode driven by toehold-mediated DNA strand displacement
(TMSD) for transduction and amplification of electrochemical signals. Emphatically, this flexible tripedal
DNA walker is capable of walking freely along the tracks with unconstrained walking range. Moreover,
the design of multi-legged walker can weaken the derailment of leg DNA and shorten the moving time
on electrode, ensuring the processive walking with high efficiency. Additionally, the persistent walking of
tripedal walker is driven by cascading TMSD, which eliminates the defects of high cost and instability of
enzyme-assisted amplification technology. Therefore, the tripedal DNA walker-based electrochemical
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biosensor has enormous potential for the applications of OTA detection, and reveals a new avenue for
food safety analysis and clinical diagnosis.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Besides being genetic materials for life, DNA also can be
employed as the architectural scaffold for applications in the fields
of biomedicine and biosensing [1]. Benefiting from the properties of
the DNA materials including of excellent programmability, high
stability, and addressability, plenty of artificial DNA nanomachines
including DNA tweezers [2], DNA robots [3,4], DNA walkers [5,6],
and DNA motors [7] have been fabricated and exploited for bio-
sensing applications. Among these DNA devices, DNA walkers in
particular have gained tremendous attention and been recognized
as extremely attractive nucleic acid amplification tools that the
detection sensitivity can be improved by incorporating DNA
walkers into DNA biosensors.

DNA walkers are a group of dynamic DNA machines that can
move autonomously along certain oligonucleotide tracks, aiding
the transduction and amplification of signals [8]. As the electrode
can be used as an ideal interface for DNA walkers owing to its high
stability, easy to functionalize, and capable of regeneration, many
different DNAwalkers-based electrochemical biosensors have been
presented for detecting various analytes [9,10]. Generally, DNA
walkers running on electrode surfaces can be divided into two
types. One utilizes tethered swing arm with one end immobilized
on the electrode surface by target-mediated capture or direct
chemical interaction, while the other end can walk step by step
along the tracks without the dissociation of DNA walkers from the
electrode [11,12]. Our prior work also includes the design of an
Exonuclease III-powered DNAwalker for label-free electrochemical
sensing of antibiotics [13]. Nevertheless, the co-assembly of two
different DNA strands is required, and the swing arm can only walk
along a certain area nearby its foothold that is unfavourable for
amplification of electrochemical signal. The other involves a “cleat”
inside the walker that allows it to persistently associate with the
tracks. For example, Ellington group [14] demonstrates a single-
legged walker with a cleat DNA domain, which continuous con-
tacts with the tracks, allowing the catalytic leg to seek out
unreacted substrates. Although the simplicity of the walker design,
the walking efficiency is not enough because only one leg is
running.

According to the existing reports, the walking efficiency can be
increased correspondingly as the number of legs increased. For
example, Xu and co-authors [15] constructs a Zn (II) ion-driven
DNA rolling machine for rapid and ultrasensitive detection of
miRNA by using numbers of legs-immobilized AuNPs. Miao and co-
authors [16] develop a multipedal AuNPs-DNA walker for highly
sensitive detection of circulating tumor cells. Although the walking
velocity is enhanced due to the high-speed rolling mode of wheel-
like DNA walker, the interlocking force of legs and tracks is unsat-
isfactory due to the relatively high steric hindrance between
nanoparticles and the electrode surfaces, in which the leg DNA is
likely to derail the tracks during walking. In addition, the con-
struction of DNA walker involves of the biological labeling and
centrifugal separation of nanoparticles, which suffers from the
shortcomings of complicated process and hardly-reproducible
preparation that may influence the stability and fidelity of results.
Therefore, the development of multi-legged DNA walkers with
superior walking efficiency, simplified and easily repeated
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fabrication is still confronting great challenge.
Inspired by the above research results, we intend to design and

prepare a smart tripedal DNA walker that is simply formed by
taking advantage of catalyzed hairpin assembly (CHA), which can
move voluntarily along the DNA duplex tracks on electrode driven
by toehold-mediated DNA strand displacement (TMSD). To
demonstrate the usability and convenience of the CHA-formed
tripedal DNA walker, we select a kind of mycotoxin, ochratoxin A
(OTA) as model analyte. Extensive studies have been reported that
the excessive usage of OTA causes lethal effects such as teratogenic,
nephrotoxic, hepatotoxic, neurotoxic, genotoxic and immunosup-
pressive effect [17e19]. The conventional OTA assay methods can
be generally classified into two categories: instrumental analysis
and immunoassay [20]. The instrumental analysis mainly includes
high-performance liquid chromatography (HPLC) [21] and HPLC-
tandem mass spectrometry (HPLC-MS) [22]. Although the wide-
spread application of these methods, they suffer from the short-
comings of laborious sample pretreatment, sophisticated
instrumentation with the need of professional technicians. The
immunoassay methods such as enzyme-linked immunosorbent
assay (ELISA) [23], and chemiluminescent immunoassay (CLIA) [24]
rely on the specific antigen-antibody reaction, which involves of
incubation and washing steps that are usually time-consuming and
cumbersome. Therefore, it is urgent to develop simple, rapid, and
convenient, and highly sensitive strategies for determining trace
amounts of OTA in foodstuffs.

In this regard, we report here a smart TMSD-driven tripedal DNA
walker which is integrated with electrochemical biosensor for ul-
trasensitive detection of OTA. To the best of our knowledge, this is
the first time that CHA is directly utilized to create tripedal walker
that is driven by TMSD for transduction and amplification of elec-
trochemical signals. This smart tripedal DNA walker features with
several aspects. Above all, our designed DNA walker is capable of
walking freely along the tracks that the walking range is uncon-
strained. Secondly, the leg DNA is able to walk allodially along the
tracks without the dissociation of it from the tracks due to the large
interlocking force of legs and tracks of tripedal walker, thus the
processive walking with high efficiency can be ensured. Thirdly, the
construction of tripedal walker is simple and easy repeated, which
do not require the immobilization of leg DNA on the tracks or
biological labeling of nanoparticles. On the basis of the above
points, this constructed tripedal walker is expected to enable to
solve the problems of the existing DNAwalker including premature
release or flameout in a region of locally exhausted substrate. Be-
sides, benefiting from the superior walking efficiency of this tri-
pedal walker, ultrahigh sensitivity is achieved for electrochemical
assay of OTA due to the property of signal amplification of DNA
walker. In addition, the persistent walking of tripedal walker is
driven by cascading TMSD, which eliminates the defects of high
cost and instability of enzyme-assisted amplification technology.
Furthermore, G-quadruplex/hemin complex is used as biocatalyst
for achieving label-free electrochemical detection, which offers the
advantages of low reagent cost and amplified detection of OTA at
low levels. Hence, the proposed super-fast tripedal DNA walker-
based electrochemical biosensor indeed provides a powerful tool
for detecting trace amounts of OTA and related food safety analysis.
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2. Experimental section

2.1. Materials and chemical

The DNA oligonucleotides sequences included in Table 1 were
purified and synthesized by HPLC by Shanghai Shenggong
Biotechnology Co. Ltd (Shanghai, China). Ochratoxin A (OTA) and
Zearalenone (ZEN) were obtained from Aladdin Biochemical
Technology Co. Ltd (Shanghai, China). Aflatoxin B1 (AFB1) and
Ochratoxin B (OTB) were obtained from Sigma-Aldrich (Shanghai,
China). 6-mercapto-L-hexanol (MCH); EDTA and tris (2-
carboxyethyl) phosphine hydrochloride (TCEP) were purchased
from Aladdin Chemistry Co. Ltd (Shanghai, China). The rest are
analytical grade, purchased from Sinopharm Chemical Reagent Co.
Ltd (Beijing, China). Hemin (1 mM) was prepared by dimethyl
sulfoxide (DMSO) and stored at �20 �C in dark.

The underlined part of H1, H2, H3 is the toehold sequence of
tripedal DNA walker. The 3’ terminus of the S was decorated with
the sulfhydryl group (e(CH2)6eSH). The intermediate italic
sequence of T combines with the R, and the underlined part hy-
bridizes with the underlined part of H1, H2 and H3, and the bold
part hybridizes with the bold part of S.
2.2. Apparatus

Cyclic voltammetry (CV), Electrochemical impedance spectros-
copy (EIS) and differential pulse voltammetry (DPV) experiments
were conducted on CHI 660D Electrochemical workstation
(Shanghai Chenhua Instrument Co., LTD., China). DPV, CV and EIS
were measured using a three-electrode system consisting of a
saturated Ag/AgCl reference electrode with platinum wire as the
auxiliary electrode and modified or bare gold electrode (2 mm in
diameter) as the working electrode. Absorption spectra were con-
ducted on a UV2600 UVevis spectrophotometer (Shimadzu inter-
national trading Co. Ltd., Japan).
2.3. Fabrication of the sensing interface of electrode

Firstly, the gold electrodes were carefully polished to a mirror
surface with 0.5 and 0.05 mm alumina slurries, and cleansed
immersed in the freshly prepared piranha solution (H2O2/H2SO4,
1:3) for 2 h with three times. The gold electrodes were thenwashed
with ultra-pure water and ultrasonic with anhydrous ethanol for
5 min respectively, and it was dried in air.

In the process ofmodifying the electrode, the S-R&T should have
been prepared primarily. R (10 mL, 100 mM), T (10 mL, 100 mM), S
(10 mL, 100 mM) with 10 mM Tris-HCl buffer solution (containing
1 M of NaCl, 1 mM of EDTA, 1 mM of TCEP, pH 7.4) were blended,
and which had been reaction for 2 h at 37 �C in thermostatic
waterbath. This mixture was dropped onto the surface of the
electrodes and self-assembled overnight in an incubator at 37 �C.
Table 1
DNA oligonucleotides sequences used in this work.

Oligonucleotide name Sequence (50 to 30) descript

Aptamer GATCGGGTGTGGGTGGCGT
Initiator GTGCCCTGTCCGATGCAATG
H1 GATCGGGTGTCGTTGCATCG
H2 CTACAGCGGTCGGGGTACGG
H3 AACTAGGGGTCGGATCGGG
S GAGGGTGGGGAGGGTGGGG
R TCATGACTCT
T ACCCTCCCCACCCTCAGAGTC
F GTTCATGACTCTGAGGGTGG
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The incubated electrodes were then washed with phosphate buff-
ered saline containing 0.14 M of NaCl (PBS, 10 mM, pH 7.4) to
remove excess S-R&T. To conquer nonspecific adsorption effect,
1 mM MCH solution was used to block the unoccupied sites of the
electrodes. Finally, the modificatory electrodes were washed with
PBS for three times and stored in a refrigerator at 4 �C for later use.
2.4. Preparation of tripedal DNA walker

Aptamer-initiator (Ap-In) duplex were prepared by annealing
firstly, aptamer (5 mL, 25 mM), initiator (5 mL, 25 mM) and reaction
buffer (50 mM of Tris-HCl, 50 mM of KCl, 5 mM of MgCl2, pH 7.4)
were added in 30 mL ultrapure water. The mixture was heated to
95 �C and kept this temperature for 5 min, then gradually cooling to
room temperature to obtain the Ap-In. The H1, H2, H3 were
quenched in reaction buffer before catalytic hairpin assembly, and
then the tripedal DNA walkers were prepared. Mixing 6 mL 2.5 mM
Ap-In, 6 mL 12.5 mMH1, H2, H3,15 mL 100 mM F, 6 mL 100 ng/mL OTA,
with 12 mL 5 � reaction buffer and 3 mL H2O, incubated at 37 �C for
2 h to obtained mixture 1.
2.5. Electrochemical measurements

The mixture 1 was dropped onto the modified electrodes sur-
face and incubated in incubator for 50 min to obtain exposed G-
quadruplets by TMSD reaction on the electrode surface. Then, the
electrodes were immersed in 1 mM hemin for 30 min to from the
hemin/G-quadruplets which as a DNAzyme similar to horseradish
peroxidase. Finally, the electrodes were washed with PBS for three
times. All DPV data were recorded at room temperature of 10 mM
PBS (containing 140mMof NaCl, 5 mM of KCl,1 mMofMgCl2,1 mM
of CaCl2, and pH 7.4). DPV was recorded within the potential range
of modulation amplitude of 50 mV, scanning rate of 50 mV s�1, step
potential of 0.83 mV, and potential range of 0 to �0.5 V. CV scan-
ning rate was 50 mV s�1 in 10 mM PBS (pH 7.4), containing 0.25 of
mM KCl and 5 mM of [Fe(CN)6]3-/4-. EIS was conducted in an
aqueous solution of 0.25 mM of KCl containing 5 mM of [Fe(CN)6]3-/
4-, with frequency range of 0.1 Hze100 kHz and amplitude of 5 mV
[25].
2.6. Polyacrylamide-gel electrophoresis (PAGE) characterization

After mixing the DNA samples with the DNA loading buffer
(volume ratio: 5:1), polyacrylamide gel electrophoresis (PAGE) was
carried out with 1 � TBE buffer (pH 8.0). The electrophoresis time
was 100 V and the electrophoresis time was 60 min. The dynamic
DNA assembly products of the newly prepared 8% polyacrylamide
gel were analyzed.
ion

AAAGGGAGCATCGGACA
ACACCCGATC
GACAGGGCACCCGATCCGACCCGTGCCCTGACCGCTGTAGCGACGCGTTCAT
GTCGGATCGGATGCAACGATACCCGATCCGACCCCTAGTCCGACGCGTTCAT

TGTCGTTGCATGTGCCCTGTCCGATGCAACGACACCCGATCCGACGCGTTCAT
CCAAe(CH2)6eSH

ATGAACGCGTCG
GGAGGGT
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2.7. Analysis of OTA in actual samples

Red wine was taken as the actual sample for OTA determination
at different concentrations. A filtration process was used to remove
the sediment from the wine sample. The actual red wine sample to
be tested was adjusted to pH 7.4 and diluted 20 times, and then
further study was conducted. OTA of different concentrations (0.10,
0.50, 1.0, 5.0, and 10 ng/mL) were added to the sample to make a
standard sample. The following operation is the same as above.
3. Results and discussion

3.1. Principle of the tripedal DNA walker-based electrochemical
biosensor

The working principle of the proposed super-fast tripedal DNA
walker-based electrochemical biosensor for OTA quantification is
illustrated in Scheme 1. The double-stranded DNA complexes (S-
R&T) are immobilized on gold electrode surface via Au-sulfur self-
assembly to constitute the sensing interface, which are used as the
tracks supplying the running of tripedal walkers. S decorated with
sulfhydryl group at the 30-ternimus contains hemin aptamer
sequence that can form G-quadruplex DNAzyme in the presence of
Kþ and hemin. T is comprised of the annealing sequence with S and
R, in which a toehold domain with 8 nt (the gray region in Scheme
1) at the 30-end is designed to ensure the smooth running of strand
displacement amplification (SDA) reaction. F as the fuelled DNA can
hybridize with the toehold domain (6 nt, the red region in Scheme
1) in the middle of T that is blocked by S and R beforehand, which
results in the release of one “leg” of tripedal walkers that can
sequentially seek out other unreacted substrates through toehold-
mediated DNA strand displacement (TMSD) reaction. Our sensing
system consists of target-induced formation of tripedal walker via
CHA in the homogeneous solution and the following running
autonomously along the tracks driven by TMSD on electrode to
Scheme 1. Schematic illustration of the label-free electrochemical bios
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release the electrochemical signal. When target OTA is added into
the reaction solution including aptamer-initiator (Ap-In) duplex,
H1, H2, and H3, the specific recognition of OTA and its aptamer
induces the release of initiator, which as a single-stranded catalyst
initiates the cyclic CHA reaction. As a result, the continuous as-
sembly between three hairpins (H1, H2, and H3) conducts to form
stable tripedal DNA walker. Subsequently, the formed tripedal
walker is tethered along the tracks on electrode surface through the
hybridization of three legs of walker with short extended single-
strand domain (8 nt, the gray region in Scheme 1) at the 30 termi-
nus of T, thus TMSD reaction is activated that supplies the steady
walking of tripedal walker on the tracks. After the association of
one leg of walker with the tracks, R in the double-stranded complex
(S-R&T) is displaced, exposing the toehold domain (the red region
in Scheme 1) in the middle of T, thus F attaches to the exposed
domain and completely hybridizes with T through a branch
migration process accompanied with the displacement of S and the
leg of walker, remaining the single-stranded S on electrode surface.
Immediately, the unchained leg searches for another new track,
allowing to processive walking along the tracks driven by cascading
TMSDs. Particularly, the tripedal walker canmove autonomously on
the tracks at high speedwithout the dissociation of thewalker from
the tracks, which is attributed to the persistent contact of at least
one leg with tracks that allows the catalytic leg to more readily seek
out unreacted substrates. After the continuous consumption of the
tracks by highly efficient tripedal walker, numerous of single chain
S is liberated, in the presence of Kþ, the G-quadruplex/hemin
complex that can act as DNAzyme mimicking peroxidase. Conse-
quently, the reduction of H2O2 catalyzed by G-quadruplex DNA-
zyme can obtain an obvious strong current signal. On the contrary,
when OTA is absent in the reaction system, S is blocked by T and
unavailable for binding with hemin, thus the background signal is
suppressed as expected. In contrast, when the target OTA is not
present, initiator was blocked and the DNAwalker machine did not
work as expected, thus a negligible current signal could be
ensor for detecting OTA based on super-fast tripedal DNA walker.
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obtained. Therefore, the constructed tripedal DNA walker-based
electrochemical biosensor holds the potential to be applied for
detecting OTA at low levels.

3.2. Feasibility study of the proposed biosensor

In order to demonstrate the feasibility of TMSD-driven electro-
chemical sensing strategy based on tripedal DNA walk for OTA
detection, DPV was first used for electrochemical characterization,
and the results obtained in a series of control experiments were
shown in Fig. 1A. To proof the feasibility of the TMSD-driven tri-
pedal DNA walker-based electrochemical sensing strategy for OTA
detection, DPV was used for electrochemical characterization, and
the results obtained in a series of control experiments were shown
in Fig. 1A. For the positive sample (10 ng/mL OTA), an obvious
strong current signal with a DPV peak at around �0.35 V was
observed, indicating tripedal DNA walkers were formed via OTA-
mediated CHA that initiated cascading TMSD, thus numerous of
G-quadruplex/hemin complex generated and catalyzed the reduc-
tion of H2O2 that released a remarkably obvious current signal
(curve a). In contrast, a negligible DPV peak was observed for the
blank sample, which signifying the formation of tripedal DNA
walker and the following TMSD reaction and resulting generation
of G-quadruplex/hemin complex was specifically induced by the
binding of OTA and its aptamer (curve b). Moreover, we also veri-
fied other control experiments in the proof-of-concept experi-
ments, including Ap-In duplex, H1, F, or non-target AFB1. When
10 ng/mL OTA was incubated with the reaction system in the
absence of Ap-In duplex, there was a very weak current signal
similar to that of the blank sample (curve c). This implying H1, H2,
and H3 were stable in reaction solution that CHA reaction couldn’t
conduct in the absence of the initiator functioned as a single-
stranded catalyst. When incubated 10 ng/mL OTA with the reac-
tion system in the absence of H2, a slightly stronger current peak
was observed compared with that of the blank sample, which
suggesting the walking velocity of only single-legged DNA walker
was not as fast as the present tripedal walker that was closely
related to the signal amplification (curve d). Additionally, after the
incubation of 10 ng/mL OTAwith the reaction system in the absence
of H3, it was observed that amoderate current peak appeared in the
DPV curve, manifesting the walking efficiency of two-legged DNA
walker was higher than that of single-legged DNA walker, while
lower than tripedal walker, this is, the walking efficiency increased
correspondingly as the number of legs increased (curve e). This
might be attributed that multi-legged DNA walker weakened the
Fig. 1. (A) The DPV responses of the biosensor obtained upon analyzing 10 ng/mL OTA (curv
(b), 10 ng/mL OTA without Ap-In duplex (c), 10 ng/mL OTA without H2 (d), 10 ng/mL OT
performed in 10 mM PBS (pH 7.4) containing 2 mM H2O2 and 5 mM Kþ. (B) The absorption s
positive sample (10 ng/mL OTA, curve a) and the blank sample (curve b). Experiments were
and the corresponding products. (For interpretation of the references to color in this figure
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detailing of leg DNA and shortened the running time that leads to
significant amplification of the signal outputs. In addition, when
non-target AFB1 replaced OTA, an undetectable DPV peak occurs,
indicating that the constructed biosensor has high specificity
(curve f). On the basis of these above results, the proposed tripedal
DNAwalker-based electrochemical strategy was expected to detect
OTA with high sensitivity and specificity.

We also performed the absorption analysis to further verify the
feasibility of TMSD-driven tripedal DNA walker for OTA assay. As
shown in Fig. 1B, for the positive sample, there was an intense
characteristic absorption peak at ~425 nm, manifesting OTA-
activated tripedal walker driven by TMSD induced the formation
of abundant of G-quadruplex DNAzyme that displayed excellent
catalytic activity toward the H2O2-aided oxidation of TMB (curve a).
In stark contrast, for the blank sample, it was observed that an
extremely weak absorption peak was obtained (curve b), which
implying the hemin aptamer was totally blocked in double-
stranded complexes of S-R&T that couldn’t assemble into G-
quadruplex structure in the presence of Kþ and hemin. This
implying the formation of G-quadruplex DNAzyme was caused by
the specific recognition of OTA and its aptamer rather than other
uncontrolled factors. Besides, G-quadruplex DNAzyme-catalyzed
oxidation of TMB via H2O2 enables to generate a colored signal
readout that can be easily discerned by the naked eye. The inset
displaying a corresponding color changes for the positive sample
and the blank sample, which was consistent with the absorption
spectral measurements. In brief, these data further confirmed the
feasibility of tripedal DNA walker-based sensing strategy for OTA
detection.

3.3. PAGE validation

As a proof-of-concept experiment, the mechanism of TMSD-
driven tripedal DNA walker for OTA detection was investigated by
PAGE analysis, and the results were depicted in Fig. 2. Lane M was
the DNAmarker with different molecular weights. The band at Lane
1 represented Ap-In duplex prepared by annealing aptamer with
initiator. After the incubation of OTA with Ap-In duplex, the
brightness of the band at the position of Ap-In obviously decreased,
indicating the specific binding of OTA and its aptamer as expected.
Lands 3, 4, 5 displayed corresponding bands of H1, H2, and H3,
respectively. As seen from Lanes 6e8, the assembly process of tri-
pedal DNA walker could be clearly observed. After incubation of
OTAwith Ap-In duplex and H1, we observed from Lane 6 that a new
band with high molecular weight appeared on the image,
e a). Curves b-g were for the control experiments which were performed with no OTA
A without H3 (e), and non-target AFB1 in place of OTA (f). DPV measurements were
pectral responses of tripedal DNA walker-based biosensor obtained upon analyzing the
performed in TMB-H2O2 reaction system. The inset shows a naked-eye color difference
legend, the reader is referred to the Web version of this article.)



Fig. 2. Gel electrophoresis image of TMSD-driven tripedal walker for OTA assay.
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suggesting the binding of OTA and its aptamer resulted in the
release of initiator followed by the hybridization with H1 and the
formation of IneH1 duplex. After incubation of OTA with Ap-In
duplex, H1, and H2, a fresh band with higher molecular weight
than that of Lane 6 was observed, which indicating the opened H1
combined with H2 and formed IneH1eH2 assemblies. After incu-
bation of OTAwith Ap-In duplex, H1, H2, and H3, there was another
new band with relatively slower migration rate (Lane 8). This
demonstrated a continuous assembly step between H1, H2, and H3
smoothly conducted and formed stable duplex DNA assemblies
with branching connections, which could be supported by the
previous report about CHA-induced “Y” shape DNA nanostructure
[26e28]. Land 9 represented a double-stranded DNA complex
formed by annealing R, T with S. After incubation of OTAwith Ap-In
duplex, H1, H2, H3, and S-R&T, the brightness of the band charac-
teristic for S-R&T became weaker, and certain new bands with
extremely slow migration rate appeared on the image (Lane 10).
This implying the generated tripedal walker was tethered on S-R&T
through the hybridization of three legs of walker with short
extended single-strand domain at the 3’ terminus of T, forming
bulky DNA assemblies with large molecular weight. After incuba-
tion of OTA with Ap-In duplex, H1, H2, H3, S-R&T, and F (the pos-
itive sample), the top bands showed a downward trend, and the
band at the position of S-R&T disappeared accompanied with the
appearance of a new band with low molecular weight (Lane 11).
This was attributed that the tripedal DNA walker initiated
cascading TMSD with the aid of F, which resulted in the partially
unwinding of the bulky DNA assemblies and the formation of F-T
duplex. In contrast, for the blank sample, it was found that Lane 12
displayed two bright bands characteristic for S-R&T and three
hairpins. These data gave the immediate evidence only the addition
of target OTA can induce the formation of tripedal DNAwalker that
ignites cascading TMSD reaction for signal output.
3.4. Characterization of the modified electrodes

CV measurements were constructed in 5.0 mM [Fe(CN)6]3-/4- to
26
monitor the modification of the electrochemical sensing interface.
As shown in Fig. 3A, a distinctly declined current signal (curve b) for
the electrode modified with S-R&T duplex was observed compared
with that of the bare Au electrode (curve a). Seen from curve c, for
the MCH/S-R&T complex/Au electrode, the current signal was
further decreased, which was attributed that the electron transport
between the electrode and solutionwas mostly hindered by nucleic
acids and MCH molecules with poor conductivity. Nevertheless,
when incubated MCH/S-R&T complex/Au electrode with the reac-
tion system in the presence of 10 ng/mL OTA, the peak current was
dramatically increased and the peak-to-peak separation declined in
the CV curve (curve d). This signifying target-initiated tripedal DNA
walker consumed large amounts of S-R&T complex powered by
TMSD that leaded to the enhanced electron transfer efficiency.
Furthermore, EIS measurements were also implemented to further
supervise the fabrication process of the modified electrode. As
depicted in Fig. 3B, it was observed that the impedance curve of the
bare Au electrode had almost no semi-circle (curve a). With the
stepwise modification of S-R&T complex (curve b) and MCH (curve
c), the diameter of the semi-circle (Ret) correspondently increased.
However, when treated the modified electrode with the reaction
system in the presence of target OTA, the Ret showed an obvious
decrease owing to the consumption of S-R&T complex induced by
tripedal walker-activated cascading TMSD (curve d). All above data
verified the successful construction of OTA electrochemical sensing
interface.
3.5. Optimization of the experimental conditions

In order to make the electrochemical biosensor have the best
analytical performance, a series of experimental conditions, such as
the concentrations of Ap-In duplex, H1/H2/H3, H2O2, and S-R&T
complex andwalking times of tripedal DNAwalker were optimized,
and the results were shown in Fig. 4. Fig. 4A depicted the effect of
Ap-In duplex concentration on the current signal of the biosensor.
We observed the current intensity of positive sample increased
gradually with the increase concentration of Ap-In duplex and then



Fig. 3. CVs (A) and EISs (B) obtained for the bare Au electrode (a), S-R&T complex/Au (b), MCH/S-R&T complex/Au (c), and the modified electrode upon analyzing 10 ng/mL OTA (d).
CV and EIS measurements were performed in 10 mM PBS (pH 7.4) containing 0.25 mM KCl and 5.0 mM [Fe(CN)6]3-/4-.

Fig. 4. (A) Effect of the concentration of Ap-In duplex on the current signal of the biosensor in the presence (curve a) and absence (curve b) of 10 ng/mL OTA; (B) Effect of the
concentration of H1/H2/H3 on the current signal of the biosensor in the presence (curve a) and absence (curve b) of 10 ng/mL OTA; (C) Effect of the walking time of tripedal DNA
walker on the current signal of the biosensor in the presence (curve a) and absence (curve b) of 10 ng/mL OTA; (D) Effect of the concentration of H2O2 on the current signal of the
biosensor in the presence (the black bar) and absence (the red bar) of 10 ng/mL OTA. Error bars are standard deviations across three repetitive experiments; (E) Effect of the
concentration of S-R&T complex on the current signal of the biosensor. (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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tended to be constant when the concentration reached to 250 nM
(curve a), while the blank sample showed little change (curve b).
So, the concentration of 250 nM was selected as the optimal Ap-In
duplex concentration. As shown in Fig. 4B, the current signal was
intensified with increasing of H1 concentration and experienced
almost no change when H1/H2/H3 concentration reached to
1.25 mM (curve a). Nevertheless, the current intensity of the blank
sample changed little (curve b). Therefore, 1.25 mM was selected as
the optimal concentration for H1/H2/H3. It was of great importance
for the running time of tripedal DNAwalker to speedy detection. As
seen in Fig. 4C, the electrodes incubated with the positive samples
showed intensified current signals with increasing of walking time
and little changed when the time reached 50 min (curve a). There
were no obvious changes for the current signals of the blank
samples (curve b). Hence, the walking time of the tripedal DNA
walker was chosen as 50 min, which was superior to single or
bipedal DNA walker [29e31]. Additionally, it was of great impor-
tance for the concentration of H2O2 to the signal-to-noise (S/N) of
the proposed strategy. The concentration of H2O2 was studied and
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the current signals of positive samples and blank samples were
detected. It was found from Fig. 4D that the concentration of 2 mM
gave the highest S/N (6.737). Thus, 2 mM were chosen as the
optimal concentration for H2O2 in the following experiments.
Furthermore, the amount of S-R&T complex immobilized on elec-
trode surface had an effect on the walking efficiency of tripedal
DNA walker. The concentration of S-R&T complex also was opti-
mized on the basis of the current signal upon analyzing the positive
sample and the blank sample (Fig. 4E). We investigated the vari-
ances of the (IeI0)/I0 value with different concentrations of S-R&T,
where I and I0 were the current intensity at�0.35 V in the presence
and absence of OTA, respectively. The value of (IeI0)/I0 increased
continuously with increasing of S-R&T concentration, and then
leveled off when the concentration of S-R&T was reached to 25 mM.
As the concentrations of S-R&T continuously increased, the current
signal declined, which was attributed that the immobilized DNA on
electrode surfaces was too crowded that influenced the hybridi-
zation efficiency between the tripedal walker and S-R&T. Hence,
25 mM was selected as the optimal S-R&T concentrations for the



Fig. 5. (A) DPV responses of the biosensor to different concentrations of OTA (from 0 pg/mL to 10 ng/mL: 0, 1.0 � 10�3, 5.0 � 10�3, 1.0 � 10�2, 5.0 � 10�2, 1.0 � 10�1, 5.0 � 10�1, 1.0,
5.0, 10 ng/mL). (B) The calibration curve of DPV peak intensity at around �0.35 V for different concentrations of OTA. Inset is the plot of the DPV peak intensity at around �0.35 V
versus the logarithm of OTA concentrations. Error bars are standard deviations across three repetitive experiments.

Table 2
Comparison of different methods for OTA determination.

Method Detection range (ng/mL) Detection limit (ng/mL) Reference

ELISA 5.00 � 10�3 - 6.40 � 10�1 4.00 � 10�2 [33]
ELISA 1.25 � 10�2 - 1.50 � 10�1 1.78 � 10�2 [34]
Fluorescent assay 5.00 � 10�2 - 2.00 � 101 1.30 � 10�2 [35]
Fluorescent assay 5.00 � 10�2 - 1.00 � 102 2.00 � 10�2 [36]
Electrochemiluminescence assay 1.00 � 10�2 - 1.00 � 102 4.28 � 10�3 [37]
Electrochemiluminescence assay 1.00 � 10�2 - 1.00 � 10�0 2.00 � 10�3 [38]
Electrochemical assay 1.00 � 10�2 - 1.00 � 101 3.00 � 10�3 [39]
Electrochemical assay 1.00 � 10�1 - 1.00 � 101 3.00 � 10�2 [40]
Electrochemical assay 1.00 � 10�3 - 1.00 � 101 9.50 � 10�4 This work

Fig. 6. DPV responses of the biosensor obtained towards the detection of different
substances. The concentration of OTA is 10 ng/mL. The concentrations of non-target
substances are 100 ng/mL. Error bars are the standard deviations across three repet-
itive experiments.
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subsequent experiments. We also studied the effect of pH on the
catalytic activity of G-quadruplet/hemin DNAzyme by TMB color-
imetry and the results were shown in Fig. S1. It was observed that
the highest catalytic activity was achieved when the pH was 7.4,
and the catalytic activity was rather lower when the buffer was
acidic (pH < 6) or alkaline (pH > 8.5). This result was consistent
with the conclusion reported in previous work [32].

3.6. Analytical performances of the biosensor for OTA assay

Under the optimal experiments, the ability of the proposed
electrochemical biosensor for quantitative assay of OTA was stud-
ied. Fig. 5A depicted typical DPV responses of the biosensor upon
analyzing OTA of varying concentrations. We observed the current
signal increased accordinglywith the increase of OTA concentration
from 0 pg/mL to 10 ng/mL. In addition, the plot of the peak current
intensities versus the logarithm of OTA concentrations had a good
linear relationship in the concentration range 1 pg/mL - 10 ng/mL,
that was, over 4 orders of magnitude (Fig. 5B). The regression
equationwas I¼ 2.4þ 0.61� lgCOTA, the correlation coefficient was
0.997, where I and C represented the peak current intensity and
OTA concentration (ng/mL), respectively. The detection limit (LOD)
was calculated to be 0.95 pg/mL according to the 3s rules. Addi-
tionally, the relative standard deviations (RSDs) of current signal
at �0.35 V were 2%, 1%, 1%, 1%, in four repetitive assays of
5.0 � 10�3, 5.0 � 10�2, 5.0 � 10�1, and 5.0 ng/mL of OTA, which
manifested the excellent reproducibility of this biosensor. In addi-
tion, the performance of OTA quantitative analysis of existing
electrochemical biosensors was compared with some previously
reported methods. As shown in Table 2, our biosensor showed
improved detection limit and expanded detection range in com-
parison with these methods. The ultrahigh sensitivity could be
ascribed to superior walking efficiency of the constructed tripedal
DNA walker. As a result, our electrochemical biosensor is capable
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for profiling OTA with low abundance in foodstuffs.
The selectivity of sensing strategy is an essential parameter

during practical applications in complicated samples. We examined
the specificity of this biosensor upon analyzing target OTA and
several kinds of non-target substances including Ochratoxin B
(OTB), Aflatoxin B1 (AFB1), Zearalenone (ZEN), Acesulfame, Ethanol
and Resveratrol, respectively under the same experimental condi-
tions. As shown in Fig. 6, a remarkably strong current signal was
observed only when OTA exists in the reaction system, while the
current signals were negligible in the presence of even 10-fold
excess of other substances. These observations confirmed the



Table 3
Application of the electrochemical biosensor to detect OTA in wine and comparison with HPLC detection.

Spiked amount (ng/mL) Found amount (ng/mL) (±SD, n ¼ 5) Recovery (%)

Our biosensor HPLC Our biosensor HPLC

10 9.850 ± 0.069 9.870 ± 0.084 98.45 98.27
5.0 4.980 ± 0.007 4.960 ± 0.008 99.58 99.26
1.0 0.9760 ± 0.009 0.9830 ± 0.005 97.30 98.40
0.50 0.5100 ± 0.011 0.5150 ± 0.009 103.2 102.7
0.10 0.09590 ± 0.002 0.09660 ± 0.002 96.40 96.90
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ultrahigh specificity of the proposed biosensor for OTA detection.
Further studies were conducted to investigate the stability of the
biosensor, and the results were shown in Fig. S2 in the supporting
information. We stored the working electrode at 4 �C for 0, 5, 10,
and 15 days, and then detected 10 ng/mL OTA under the same
experimental conditions. The results showed that the current
response was similar and the original DPV response to OTA was
preserved at least 97%, suggesting the constructed biosensor had
very good stability.
3.7. Application of the biosensor in actual samples

In order to further demonstrate the practicability of the con-
structed biosensor, the quantitative assay of OTA in actual red wine
samples was examined using this biosensor. The red wine samples
were spiked with 5 different concentrations of OTA (0.10, 0.50, 1.0,
5.0, and 10 ng/mL) and detected without any pretreatment except
dilution with buffer. These spiked samples were also measured by
classical HPLC. The results were shown in Table 3. We observed that
the data obtained using our biosensor was consistent with that
obtained by HPLC. Besides, the recoveries of our strategy were in
the range of 96.40e103.2% with relative standard deviations (RSDs)
in the range of 0.140e1.18%. The results show that the biosensor can
be used in complex sample analysis with high reliability and
accuracy.
4. Conclusions

The current study describes a super-fast CHA-formed tripedal
DNA walker driven by TMSD for amplified electrochemical detec-
tion of OTA. Our smart tripedal DNA walker has several highlights.
First, the design of multiple legs has the capacity to weaken the
derailment of leg DNA and shorten the moving time on electrode,
ensuring the processive walking of DNA walker with high effi-
ciency. Second, this tripedal walker is capable of walking freely
along the tracks on electrode that the walking range is uncon-
strained. Third, unlike previously reported DNA walkers, the
preparation of tripedal walker is simple and easy repeated, which
do not require the immobilization of leg DNA on the tracks or
biological labeling of nanoparticals. Lastly, the persistent walking of
tripedal walker is driven by cascading TMSD, which eliminates the
defects of high cost and instability of enzyme-assisted amplifica-
tion technology. Owing to the above highlights of this tripedal
walker, this efficient tripedal walker is expected to be capable of
solving the problems of the previous DNA walker including being
prone to release prematurely or flameout in a region of locally
exhausted substrate. To the best of our knowledge, this is the first
time that CHA-formed tripedal walker is introduced into DNA
biosensors. Using OTA as a model analyte, the proposed electro-
chemical biosensor demonstrates excellent sensitivity and speci-
ficity toward OTA with detection limit as low as 0.95 pg/mL. In
addition, this biosensor has been successfully applied for practical
samples analysis. Furthermore, the tripedal DNA walker-based
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sensing strategy can be readily expanded as a universal platform
for the detection of a variety of analytes by changing the affinity
probe pairs. Overall, the developed biosensor could pave a pro-
spective way for application in bioanalysis.
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