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Nucleic acids, including circulating tumor DNA
(ctDNA), microRNA, and virus DNA/RNA, have been widely
applied as potential disease biomarkers for early clinical
diagnosis. In this study, we present a concept of DNA
nanostructures transitions for the construction of DNA bipedal
walking nanomachine, which integrates dual signal amplifica-
tion for direct nucleic acid assay. DNA hairpins transition is
developed to facilitate the generation of multiple target
sequences; meanwhile, the subsequent DNA dumbbell-wheel
transition is controlled to achieve the bipedal walker, which
cleaves multiple tracks around electrode surface. Through
combination of strand displacement reaction and digestion
cycles, DNA monolayer at the electrode interface could be
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engineered and target-induced signal variation is realized. In addition, pH-assisted detachable intermolecular DNA triplex
design is utilized for the regeneration of electrochemical biosensor. The high consistency between this work and standard
quantitative polymerase chain reaction is validated. Moreover, the feasibilities of this biosensor to detect ctDNA and SARS-
CoV-2 RNA in clinical samples are demonstrated with satisfactory accuracy and reliability. Therefore, the proposed approach
has great potential applications for nucleic acid based clinical diagnostics.
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Nucleic acids contain significant biological information for
understanding physiologic and pathological states."” The levels
of specific sequences can be applied as important indicators of
a variety of diseases.” For example, circulating tumor DNA
(ctDNA) is a type of cell-free DNA fragments derived from
mahgnant cells, which carries tumor-specific sequence
alterations.* SARS-CoV-2 RNA testing of respiratory samples
is an important way to prevent and control the coronavirus
disease 2019 (COVID-19) pandemic.’ Accurate determination
of the concentrations of target DNA or RNA plays a critical
role in the diagnosis and prognosis of certain diseases, which
should be intensively investigated.”” Based on the definite
Watson—Crick base pairing principle, nucleic acid analysis can
be achieved by converting hybridization information into
detectable signals like commonly used fluorescence.”’
Currently, standard techniques for the quantification of nucleic
acid include cla551cal polymerase chain reaction (PCR), digital
PCR (dPCR)," microarray,'’ next-generation sequencing
(NGS),"”” mass spectrometry,'” and so on. However, the
requirements of complicated equipment, expensive reagents,
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and tedious reaction steps restrict their wide applications in
clinical scenes. In order to overcome the limitations, different
techniques have been under development. For example, Wang
et al. developed a fluorescence lateral assay for the detection of
SARS-CoV-2 RNA by the employment of monoclonal
antibody toward DNA—RNA hybrids.'* Fan’s group engi-
neered various tetrahedral DNA nanostructures on gold
electrode for sensitive electrochemical detection of DNA."
Xue et al. fabricated a surface plasmon resonance method for
specific microRNA assay based on two-dimensional nanoma-
terial of antimonene."

To achieve better analytical performances, signal amplifica-
tion, especially isothermal exponential amplification strategies
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Scheme 1. Ilustration of the Electrochemical Sensing Strategy for the Detection of Nucleic Acid
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have attracted great attention in the development of nucleic
acid detection systems.'”'® Rolling circle amplification
(RCA),"” hybridization chain reaction (HCR),”® strand
displacement amplification (SDA),”" loop-mediated am};liﬁca—
tion (LAMP),*” and catalytic-hairpin assembly (CHA)>® have
been widely studied and integrated in various biosensors.
Among them, SDA exhibits outstanding amplification capa-
bility with a number of replicated DNA strands generated from
Target.””*> Besides, DNA nanomachine is a type of artificial
molecular device inspired by nature.”®”” The nanoscale
mechanical motion can be precisely controlled, which
contributes to the generation of amplified signal.”® A number
of DNA nanomachines with various functionalities have been
constructed including DNA walker,” gear,30 and tweezer,”'
which have great potential in biomedical applications.

In this study, we have pioneered a DNA bipedal walker with
dumbbell-wheel structural transition for nucleic acid detection,
which is further amplified by DNA hairpins transition-
mediated SDA. ctDNA is first taken as an example Tarzget
input, which is a promising noninvasive tumor biomarker.”* A
hairpin structured DNA combining the primer and template
sequences of SDA is designed to improve the reaction
efficiency. Target sequence is able to assist the formation of
a more stable hairpin for fast SDA and the generated multiple
products are responsible for the DNA dumbbell-wheel
transition. Downstream bipedal walking is then carried out
on the electrode surface and ultrahigh sensitivity for Target
assay is achieved.

RESULTS AND DISCUSSION

Sensing Principle of the Electrochemical Method. We
have established a reusable electrode interface for the
biosensor. As shown in Scheme 1A, a pH-controlled
detachable intermolecular DNA triplex nanostructure is
constructed between DNA Probe A and B (Supporting
Information (SI) Figure S1A).*? Single-stranded Probe A
with multiple cytosine bases is first attached on the gold
electrode surface via gold—sulfur chemistry.”* The hairpin-
structured Probe B can be further immobilized by the
Hoogsteen interaction between its stem segment and
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cytosine-rich segment of Probe A.>> The immobilized Probe
B can be easily released by alkaline treatment which destroys
the Hoogsteen interaction. Also, regeneration of Probe A/B
modified electrode can be facilely achieved by adjusting the pH
condition and subsequent incubation with fresh Probe B. The
regeneration procedure not only promises high stability, but
also reduces the cost for point-of-care testing applications.

Next, we have designed a simple but effective SDA strategy
to amplify Target sequences. Allele of KRAS gene as ctDNA
(Probe T) is first introduced as an example (SI Table S1). As
shown in Scheme 1B, another hairpin-structured Probe E is
designed, which integrates primer and template sequences for
SDA into one. This smart form improves the reaction
efficiency compared with traditional SDA with discrete primer
and template design.’® A short single-stranded segment at the
S’ end is applied as a toehold for Target nucleic acid binding.
After specific recognition, the loop of Probe E is opened. The
unrestrained single-stranded segment at the 3’ end can thus
hybridize with part of original loop sequence, leading to the
formation of another hairpin structure. In addition, the
segment even acts as the primer and extension is catalyzed
with Klenow fragment polymerase. Target sequence can thus
be released and recycled. Since a restriction site of nicking
endonuclease is designed in the stem section of the newly
formed hairpin, after further introducing Nb.BbvCl, a nick is
created, followed by multiple rounds of polymerization and
strand displacement. The generated single-stranded DNAs
contains Probe T sequence, which are applied for following
reactions.

A DNA wheel based bipedal walker is then developed which
is initiated by the above SDA products. As depicted in Scheme
1C, the loop parts of dumbbell-structured Probe D contains
the red parts of DNAzyme sequences (Probe C) which are
inactivated in original state. However, the stem part interacts
with Probe T sequence from SDA and relieves the two loops.
Self-hybridization in turn occurs between the §' and 3’
terminals of Probe D. A DNA wheel structure is thus formed
by Probe D/T. Before interacting with electrode interface, the
pH condition is controlled to satisfy the requirements of triplex
nanostructure. The DNA wheel contains active Probe C
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Figure 1. (A) Nyquist plots corresponding to bare electrode, Probe A modified electrode, Probe A/B modified electrode, after alkaline
treatment. (B) R, values of DNA modified electrode after cyclically changing pH between 5.5 and 7.0. (C) Square wave voltammograms
corresponding to bare electrode, Probe A modified electrode, Probe A/B modified electrode, after regeneration of electrode by changing pH.
(D) SWV peak currents of DNA modified electrode after cyclically changing pH between 5.5 and 7.0.

sequences for bipedal walking. After interacting with adjacent
Probe B at the electrode surface, DNAzyme-catalyzed cleavage
reactions occur with the existence of suitable cofactors. The
release of electrochemical tracer modified at the 5’ end of
Probe B explains the decrease of the electrochemical response.
In addition, DNA wheel with bipedal walking strands could
move around the surface of electrode to cleave more Probe B
strands. By analyzing the electrochemical responses, Target
concentration can be evaluated. To probe different Targets,
only slight adjustments of Probe D and E are required.
Generally, the complementary sequences of Target (purple
parts) are displaced according to new Target; meanwhile, the
stems (black and blue parts) should also be altered to fulfill
complementary hybridization. Note that, due to the existence
of duplex part of Target/Probe D, circularization can be
formed with the Target length less than 70 nt.

Confirmation of DNA Nanostructure Transitions. The
feasibility of the sensing strategy relies on the control of DNA
nanostructures, which is first theoretically analyzed. DNA
melting temperature (T,,) during transitions is applied as an
important parameter. Higher T, indicates a steadier state. We
have calculated T, values of two hairpins as well as dumbbell
and wheel structured DNA. The obtained values demonstrate
the thermodynamically tendencies of DNA transitions (SI
Figure S1B).

Gel electrophoresis is then performed to analyze the
reactants and products during the transitions. For hairpins
transition based SDA, after the hybridization between Target
and Probe E, the original hairpin of Probe E is reconstructed
with a larger molecule weight, which is supposed to run slower
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in the gel. The band position is observed to be higher,
demonstrating successful hairpins transition (lane c, SI Figure
S2A). After further introduction of polymerase, Target is
displaced and a complete new hairpin structure is formed (lane
d). Dimer of the polymerized product may be assembled.
However, the yield is quite low and the band can hardly be
observed. After further introduction of nicking endonuclease,
multiple single-stranded DNA containing Target sequence are
generated, which is located at the band above the displaced
Target band (lane e). We have then studied DNA dumbbell-
wheel transition and walking reactions by gel electrophoresis.
After reaction between Target and Probe D, the product runs
slower than Probe D and the band reflects a higher molecule
weight (lane a and b, SI Figure S2B). On the contrary, after
mixing Probe B and D in the presence of Mg*', the position of
the resulting bands are identical to single Probe B and D (lane
d). It is because the DNAzyme sequences are restricted in the
loops of Probe D, inhibiting effective hybridization with Probe
B. We have then drawn out DNAzyme sequence (Probe C)
from Probe D to demonstrate the cleavage activity.”” After
incubating Probe C with Probe B in the presence of Mg*, the
band of Probe B disappears, and two new bands with smaller
molecule weights are observed, which are ascribed to the
cleaved products of Probe B (lane f). We have further
challenged the Probe D/T in the digestion of Probe B. Similar
results are achieved compared with the case of Probe C,
suggesting effective structural transition of Probe D to activate
DNAzyme (lane e).

Electrochemical Characterizations. DNA assembly at
electrode surface is first characterized by chronocoulometry
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Figure 2. (A) Nyquist plots, (B) cyclic voltammograms and (C) square wave voltammograms of Probe A/B modified electrode, after Probe
C or Probe D/T immobilizations in the absence and presence of Mg>*. (D) SWV peak currents of the sensing system with the cofactors of

Mg, Ca®, Cd**, Cu®*, and Mn*, respectively.

(CC). After incubating 0.8 4uM Probe A with the electrode, a
large number of hexaammineruthenium(III) chloride ([Ru-
(NH,)6]**) can be adsorbed on the DNA strand. After
investigating the CC curve (SI Figure S3), the DNA coverage
density at the electrode interface is determined according to
Cottrell equation, which is estimated to be 1.9 pmol/cm®**
We have then applied electrochemical impedance spectroscopy
(EIS) and square wave voltammetry (SWV) to check the
regeneration of the electrode interface. As shown in Figure 1A,
after the incubation with Probe A, the electrochemical species
of [Fe(CN)4]>/* could be repelled by the negatively charged
DNA monolayer.”” Therefore, a semicircle domain appears in
the nyquist plot, replacing the straight line for bare electrode.
After further interaction with Probe B, the intermolecular
DNA triplex on the electrode shows larger negativity thus the
diameter of the semicircle domain becomes larger. However,
after controlling the pH condition, excess Probe B strands can
be disassociated and the nyquist plot recovers to the state of
original Probe A modified electrode. We have then estimated
charge transfer resistance (R,) values of the DNA modified
electrode with different pH conditions, which indicates pH
control is a promise way to repeatedly adjust DNA assembly
states on electrode surface (Figure 1B). We have also studied
the detachability of triplex DNA structure by measuring SWV
signal of methylene blue (MB) labeled at the end of Probe B.
As shown in Figure 1C, no current peaks are observed for bare
electrode and Probe A modified electrode. After incubation
with Probe B, the labeled MB contributes to the significant
current peak around —0.3 V. After resetting the electrode by
alkaline treatment and regeneration by fresh Probe B
incubation, the peak current can be successfully recovered.
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By cycles of regeneration, the peak current barely changes,
demonstrating excellent stability of the treatment (Figure 1D).

The properties of electrode during different experimental
stages are investigated by EIS, cyclic voltammetry (CV) and
SWV. As shown in Figure 2A, after incubating Probe C with
Probe A/B modified electrode, the semicircle domain is
enlarged, verifying successful hybridization reaction. However,
after introduction of cofactor Mg**, DNAzyme is activated to
cleave Probe B and the semicircle diameter is decreased.
Similar trends are achieved by successively introducing Probe
D/T and Mg*, demonstrating that bipedal walker can be
carried out like monopedal walker. Figure 2B are correspond-
ing CV curves. The changes of peak currents are consistent
with the variations of R, values in Figure 1A. The SWV curves
recorded in Figure 2C also indicate that Mg*" is essential for
the cleavage reactions. Note that the concentrations of
introduced Probe C and Probe T are the same. However,
with bipedal walking (Probe D/T), the SWV peak variation is
much larger than that of pure Probe C assisted monopedal
walker. It reflects the high efficiency of upstream SDA that
generates abundant strands to activate more Probe C regions
on bipedal walker. We have then introduced other metal ions
as potential cofactors for DNAzyme including Ca**, Cd*,
Cu®*, and Mn**. After referring to the SWV peak currents,
none of them participate in the cleavage reactions and the
finally obtained peaks are nearly unchanged (Figure 2D).
Therefore, it is concluded that the applied DNAzyme
sequences are only sensitive to Mg’*.

Optimization of Experimental Conditions and Elec-
trochemical Quantification. To improve the detection
sensitivity, several parameters should be studied throughout.
By comparing the finally recorded SWV peak currents, the
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assay.

optimized conditions are as follows: 0.8 uM Probe A, 0.2 uM
Probe D, and 30 mM Mg*" (SI Figure S4A—C). We have also
compared the kinetics of monopedal (Probe C) and bipedal
walking (Probe D/T). Since the DNA wheel structure contains
two legs for walking, the cleavage reaction can be accomplished
in 15 min, which is one-quarter of that for monopedal walking,
demonstrating improved reaction efficiency (SI Figure S4D).
Under these optimized conditions, the performances of the
electrochemical biosensor for the detection of Target nucleic
acid are studied. As shown in Figure 3A, SWV peak decreases
with Target concentration increased from 10 aM to 10 pM.
The peak currents for independent measurements of different
concentrations of Target are recorded. The relative errors are
less than 7%, indicating good reproducibility of this approach.
Detailed relationship between peak current and logarithm of
Target concentration is depicted in Figure 3B. A wide linear
range is established from 10 aM to 100 fM with the equation as
follows:

y = 18.592 + 1.464x(n = 3, R* = 0.993)

in which y stands for the measured SWV peak current and x is
the logarithm of Target concentration. The limit of detection is
calculated to be 2.2 aM (S/N = 3). Since multiple reaction
procedures are integrated to improve the sensitivity, overall
testing time is relatively long. However, compared with
previously developed strategies, this work exhibits ultrahigh
sensitivity, indicating obvious analytical superiority (SI Table
S2). The linear range is satisfactory for biological studies and
clinical diagnosis. The excellent performances are ascribed to
the upstream SDA to produce walking trigger strands and

4730

downstream bipedal walker for efficient engineering of tracks
on electrode surface.

Investigation of Selectivity and Practical Utility. To
check the selectivity of the electrochemical biosensor, seven
DNA sequences with various mismatched sites are chosen as
potential interferents. As shown in Figure 3C, the recorded
SWV peaks with the cases of mismatched strands are quite
large, indicating the absence of DNA walking to eliminate MB
from the electrode surface. However, after spiking certain levels
of Target, sharp declines of peak currents are achieved, which
are identical to the response of single Target ctDNA. These
results are solid evidence to support the high selectivity of this
method. To primarily investigate its feasibility in real biological
samples, we have first determined Target concentrations in
four random clinical serum samples by comparing the SWV
peaks with the established calibration curve. As shown in
Figure 3D, the measured concentrations by the proposed
method are quite consistent with standard qRT-PCR,
demonstrating excellent accuracy of the proposed electro-
chemical biosensor.

Probe A/B modified electrodes are also demonstrated to be
highly stable. After stored in 4 °C for 2 weeks, the
electrochemical response maintains over 94% compared with
freshly prepared electrodes, suggesting promising practical
utility. We have further introduced grouped clinical samples
collected from healthy individuals and breast cancer patients.
Peripheral blood samples are first collected. After centrifuga-
tion, serums are diluted for 10 folds with 10 mM Tris-HCL
The applied buffer dilutes possible interfering molecules or
enzymes in the serum, which also supplies suitable pH and
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ionic environment for DNA hybridizations. Afterward, the
ctDNA levels are directly evaluated by the proposed method.
As revealed in Figure 4A, the obtained SWV peak currents for
patients are significantly higher than those for healthy controls,
which are due to the existence of overexpressed ctDNA that
initiates DNA walker. To further assess the clinical
applicability, we have modified the DNA sequences (Probe
D* and E*) in this study to adapt to SARS-CoV-2 RNA
(Probe T*). After careful treatments of oropharyngeal swabs of
COVID-19 positive patients and recovered individuals, total
RNAs (at least 100 ng for the following experiments) are
extracted with a nucleic acid isolation kit from Bioperfectus
Technologies (Taizhou, China). After analyzed by the
proposed method, the electrochemical responses are displayed
in Figure 4B. It is clearly observed that the differences of
electrochemical responses for the patients and controls are
even larger. It is due to the fact that there are nearly no
exogenous virus RNAs in recovered individuals, whereas the
RNAs are heavily replicated in positive patients. Detailed
information about calculated nucleic acids concentrations can
be found to be consistent with qRT-PCR results, further
demonstrating good accuracy of this strategy when challenging
real samples (SI Table S3).

CONCLUSION

In summary, we present a DNA nanostructure transitions-
based DNA bipedal walker to identify Target nucleic acid
sequence. Dual amplification via successive SDA and walking
nanomachine promises ultrahigh sensitivity. With nanoscale
control of DNA structural transitions, high selectivity can be
validated. Traditional bipedal walking nanomachine usually
requires multiple single-stranded DNA probes as walking
strands. The design of the proposed wheel structured bipedal
walker is facile and concise, which releases two reaction regions
hidden inside original dumbbell structured DNA. The as-
prepared electrochemical method not only couples cascade
reactions to achieve exponential amplification dynamics, but
also takes full advantage of pH-controlled detachable
intermolecular DNA triplex for regeneration. Thus, repeated
modification of the electrode can be avoided and the cost-
effective detection is reliable. Upon the application of
optimized experimental conditions, the proposed method
offers a limit of detection as low as 2.2 aM and excellent
single base resolution. Moreover, different kinds of Targets
including ctDNA and SARS-CoV-2 RNA have been tested in
clinical samples with satisfactory results. The strategy could
also be extended to other Targets with different GC contents
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by simply adjusting Probe D and E accordingly. Therefore, the
electrochemical biosensor can be utilized as a promising tool
for nucleic-acid-based clinical disease screening which has
important significance to public health administration.

EXPERIMENTAL SECTION

Materials and Chemicals. Tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP), ethylenediaminetetraacetic acid (EDTA), sodium
hydroxide (NaOH), mercaptohexanol (MCH), and [Ru(NH;)¢]**
were ordered from Sigma-Aldrich (U.S.). Klenow fragment,
Nb.BbvCl, and dNTPs were obtained from New England Biolabs,
Ltd. (Beijing, China). Human serum and oropharyngeal swab samples
were supplied by local hospitals (China). Informed written consent
from all participants was obtained prior to the research. All protocols
involving human subjects were previously approved by the Ethics
Committee for the Use of Human Subjects of Second Hospital of
Nanjing. All other chemicals were of analytical grade and used as
received. Solutions prepared in this study utilized DEPC treated
redistilled deionized water. All oligonucleotides were synthesized and
purified by Sangon Biotech Co., Ltd. (Shanghai, China). The
sequences are listed in SI Table SI.

Preparation of Probe A/B Immobilized Gold Electrode. The
substrate gold electrode was cleaned prior to modification. Briefly, the
electrode was incubated with piranha solution for about S min
(Caution: Piranha solution dangerously attacks organic matter!). Next, it
was rinsed with double-distilled water and then carefully polished
(silicon carbide paper and alumina powders with diameters of 1.0, 0.3,
0.05 um). Subsequently, the gold electrode was sonicated in ethanol
and then double-distilled water for 5 min. It was further electro-
chemically cleaned by employing 0.5 M H,SO,. The cleaned
electrode was incubated with Probe A (0.8 uM, 10 mM Tris-HClI,
1 mM EDTA, 10 mM TCEP, and 0.1 M NaCl, pH 7.4) for 8 h and
then MCH for 30 min. After carefully rinsing, the electrode was
further incubated with Probe B (1 M, 10 mM phosphate buffer, 250
mM NaCl, pH 5.7) for 1 h.

DNA Hairpins Transition Based SDA. 50 uL of sample that
contains Target sequence was mixed with 10 L of Probe E (1 uM), 2
uL of Klenow fragment, 3 uL of Nb.BbvCl, 25 uL of dNTPs (2.5
mM) and 10 uL of 10 X NEB buffer 2.1. After reacting at 37 °C for 2
h, the enzymes were inactivated by heating to 80 °C for 20 min.

DNA Dumbbell-Wheel Transition for Walking and Electro-
chemical Measurements. The above solution was further blended
with Probe D (1.5 uM) and Mg** (30 mM). pH of the solution was
adjusted to 5.5. Probe A/B modified electrode was incubated with the
solution for 15 min. After that, electrochemical measurements were
performed using a CHI 660D electrochemical workstation (CH
Instrument, China). A three-electrode system was assembled applying
a saturated calomel reference electrode (SCE), a platinum auxiliary
electrode, and the reacted gold working electrode. CV and EIS were
carried out in the electrolyte of 5 mM [Fe(CN)¢]*~/#~ with 1 M
KNOj;. CC was carried out in 10 mM Tris—HCI solutions containing
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50 uM [Ru(NH;)¢]** while SWV was performed in 20 mM Tris-HCL.
The scan ranges for CV and SWV were 0.55 to —0.2 V and —0.65 to
0.05 V, respectively. The parameters for EIS were 0.21 V biasing
potential, 5 mV amplitude, and 0.1 Hz to 100 kHz frequency range.

Electrophoresis Measurements. Polyacrylamide gel electro-
phoresis was performed in the Tris-boric acid buffer solution (90 mM,
1 mM EDTA, pH 8.0) at 110 V for 50 min. Then, the polyacrylamide
gel was stained with 4S Red Plus solution, which was further
photographed under UV light by Gel DocTM XR+ Imaging System
(Bio-Rad, U.S.).
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