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Circulating tumor DNA (ctDNA) refers to a class of acellular nucleic acids carrying genetic features of
primary tumor, which can be regarded as a promising noninvasive biomarker for cancer diagnosis. The
development of ctDNA assay is an important component of liquid biopsy. In this study, we have fabricated
a novel electrochemical strategy for ultrasensitive detection of ctDNA combining the merits of strand
displacement amplification and DNA nanostructures. Stable DNA triangular prism is firstly self-
assembled and modified on the electrode surface. After target initiated strand displacement

Iéi?'cvzggig rumor DNA polymerization reaction, the generated DNA product helps the formation of three-way junction
Biosensor nanostructure on triangular prism, which localizes electrochemical species. By carefully investigating the

DNA triangular prism electrochemical responses, the limit of detection (LOD) for ctDNA assay as low as 48 amol/L is achieved.
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This proposed electrochemical biosensor shows great potential for clinical applications.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Circulating tumor DNA (ctDNA) is a subset of cell-free DNA
(cfDNA), which is a type of gene fragments originated from tumors
[1,2]. Since ctDNA released to peripheral blood carries tumor
specific sequence alterations [3], it has been demonstrated to be a
promising biomarker for liquid biopsy over other traditional
invasive targets [4]. In addition, the result of ctDNA assay is much
accurate with short half-life in blood, which is able to reflect real-
time conditions [5]. ctDNA level in biological samples is usually
pico-to-fetomolar level, thus the development of sensitive and
selective methods is quite important [6]. Currently, common
methods for ctDNA assay usually rely on modern techniques like
digital droplet PCR, next-generation sequencing and so on.
However, they may require complicated instruments and time
consuming procedures, which are not suitable for daily clinical use
[7.8].

DNA nanotechnology offers promising routes to construct
various DNA nanostructures for nanofabrication, biosensing, drug
delivery and many other biomedical applications [9-12]. DNA
nanostructures can be constructed in a predictable manner by
Watson-Crick base pair interactions. Especially, three-dimensional
(3D) DNA nanostructures may provide multiple functional sites for
recognition, amplification or signaling purposes. DNA triangular
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prism (TP) is a typical 3D DNA nanoarchitecture with geometrical
rigid structure, which shows unique advantages in different
applications [13]. For example, Tan’s group reported a DNA TP
based logic gate nanomachine for computing on target cell surfaces
[14].

In this contribution, a novel ctDNA sensing strategy is
fabricated. We have firstly designed five DNA strands to construct
DNA TP, which is then designed as the three-dimensional scaffold
for target ctDNA recognition and signal generation. Four thiol
groups are separately modified at the end of the four fuel strands of
TP. After self-assembly, the rectangle bottom of DNA TP contains
four “anchors”, which facilitate firm immobilization of TP
nanostructure on gold electrode surface via gold-sulfur chemistry.
This three-dimensional DNA scaffold is also superior to linear DNA
with improved molecular recognition efficiency [15-17]. The top
edge of TP reserves single-stranded region for the formation of
DNA three way junction after target ctDNA initiated cycles of
strand displacement reactions, which is a convenient isothermal
amplification procedure. The formed DNA nanostructures contrib-
ute to much intense electrochemical responses which can be used
to indicate target ctDNA level. Detailed working principle is
illustrated in Scheme 1. Generally, template DNA is designed with
the complementary sequence of ctDNA and partial duplex is
formed by hybridization. ctDNA can thus be extended by
polymerase to achieve the complete duplex. In addition, since it
contains the restriction site of nicking endonuclease, a nick can be
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Scheme 1. Illustration of the DNA triangular prism and three-way junction
nanostructures based ctDNA biosensor.

created. With further polymerization reaction, TWJ1 strand can be
displaced. After cycles of strand displacement reaction, a large
number of TW]J1 sequences are produced. On the other hand, DNA
TP is assembled with four thoils on the bottom surface for
immobilization on electrode and single-stranded edge on top for
three-way junction formation. Another two essential strands are
the displaced TWJ1 by ctDNA and TW]2, which is labeled with
ferrocene (Fc) as the electrochemical probe. By the hybridization of
corresponding parts of the three DNA sequences, stable junction
structure can be fabricated and Fc is localized near the electrode
surface to generate electrochemical response. By studying the
intensity of Fc signal, initial ctDNA level can be evaluated. In real
clinical applications, ctDNAs may have various lengths and
possible 3’ protruding termini may inhibit extension reaction.
One possible solution is the employment of exonuclease I, which
digests single-stranded DNA from 3’ to 5.

To characterize the formation of DNA nanostructures including
TP and three-way junction nanostructures, polyacrylamide gel
electrophoresis (PAGE) experiments are applied to identify the
molecule weights of corresponding reaction products. We have
mixed different combinations of the elements of DNA nano-
structures. As shown in Fig. 1A, more strands help the formation of
more complete DNA TP structure and the corresponding bands are
localized at higher positions with larger molecule weights. The
bands with smaller molecular weights (lanes c-e) are ascribed to
small fractions of unreacted DNA sequences TP3, TWJ1 or TW]J2
(Table S1 in Supporting information). The successful strand
displacement reaction can also be validated by PAGE. After the
hybridization of ctDNA and template, the duplex with larger
molecule weight is formed and the band is clearly shown in the gel.

Fig.1. (A)Polyacrylamide gel electrophoresis analysis of (a) TP1, (b) TP1 and TP2, (c)
TP1, TP2 and TP3, (d) TP1, TP2, TP3, TP4 and TP5, (e) TP1, TP2, TP3, TP4, TP5, TWJ1
and TWJ2. (B) Polyacrylamide gel electrophoresis analysis of (a) ctDNA, (b)
template, (c) ctDNA and template, (d) TW]1, (e) ctDNA and template after strand
displacement reaction, (f) random DNA and template after strand displacement
reaction.

The further introduction of polymerase and nicking endonuclease
can help the formation of complete double-stranded DNA and
abundant displaced TWJ1 strands, the bands of which appear
correspondingly. However, since random DNA does not contain
complementary sequence with template, partial duplex cannot be
formed. As a result, no strand displacement reaction products can
be observed in the gel (Fig. 1B).

Aiming to verify the feasibility of the electrochemical biosensor,
electrochemical impedance spectroscopy (EIS) and square wave
voltammetry (SWV) are carried out to identify the step-wise
electrochemical properties. As shown in Fig. 2A, a straight line is
observed in the nyquist plot for bare electrode, which reflects
excellent electrical conductivity of the gold electrode interface.
After modified with DNA TP, due to the repellant between
negatively charged DNA scaffold and electrochemical species, a
semicircle domain appears, the diameter of which is the reflection
of the charge transfer resistance. With the incubation of TW]J2,
three-way junction nanostructures are not formed in the absence
of TW]J1. The slightly increased diameter of semicircle domain is
due to non-specific adsorption. However, target ctDNA triggers
strand displacement reaction, generating a larger amount of TWJ1
strands. DNA three-way junction can thus be formed. Due to the
increase of electronegativity caused by the two additional DNA
strands, charge transfer resistance is increased and the semicircle
domain of nyquist plot is enlarged significantly. We have then
recorded SWV after these reaction steps. Only after the formation
of three-way junction, the Fc labeled at the end of TW]J2 can be
located near the electrode surface, which contributes to the
remarkable current peak (Fig. 2B). EIS and SWV results have well
confirmed the feasibility of this electrochemical strategy.

As mentioned above, the diameter of semicircle domain of
nyquist plot is the reflection of charge transfer resistance. We have
thereby studied the relationships between this parameter and the
concentrations of DNA TP and TWJ2 (Fig. S1 in Supporting
information). 1 pwmol/L of DNA TP and 0.2 pmol/L of TWJ2 are
used as optimized concentrations for subsequent quantitative
experiments. The amount of TW]J1 is another critical element for
the generation of electrochemical signal. With the increase of
reaction time of Klenow fragment polymerase and Nb.BbvCl, more
TW]J1 strands are supposed to be produced and displaced in the
solution. Therefore, more three-way junctions are formed to
localize electrochemical species. After the reaction time reaches
60 min, the SWV peak current tends to be saturation (Fig. S2 in
Supporting information). Therefore, the time of 60 min is selected
for the following experiments. Under these optimized conditions,
we have then recorded the square wave voltamograms in the
presence of ctDNA of a series of concentrations. As shown in
Fig. 3A, with the increase of ctDNA level, the current peak grows
gradually. The detailed relationship between logarithmic ctDNA
concentration and peak intensity is depicted in Fig. 3B. A linear
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Fig. 2. (A) Nyquist plots and (B) square wave voltamograms corresponding to bare
electrode, TP modified electrode in the absence and presence of TWJ2, TP modified
electrode incubated with product of target (100 fmol/L) induced strand displace-
ment reaction and TWJ2.
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Table 1

Comparison of analytical performances of this method with previously developed assays.
Technique Strategy Detection range (mol/L) LOD (mol/L) Ref.
EIS Layer-by-layer film of chitosan and carbon nanotubes 107° to 1077 128 x 10710 [18]
Fluorescence DNA four-way junction 10°to2x107 1.2x10°1° [19]
Colorimetry Gold nanoparticles and isothermal amplification 6.7x10" " to 108 6.7x10°" [20]
FRET Rolling circle amplification and time-gated FRET 7.5 %107 to 4.5 x 10712 6x1071 [21]
LSPR Plasmon mode of gold nanoparticles 5x107t0 3.2 x 10712 5x10° 14 71
Amperometry Allostery regulated DNA nanowire 10" to 10°8 10" [22]
SWV DNA three-way junction 107" to 107 41x10716 [23]
DPV DNA rolling walker 107 to 108 29x10716 [24]
SERS RNase HII mediated recycle 10" '® to 10°8 1.2x10716 [25]
DPV Molybdenum disulfide and graphene nanocomposites 107 to 103 1077 [26]
SWV DNA TP and three-way junction nanostructures 10716 to 10°° 48 %1077 This work

nanostructure may be beneficial to the application in complicated

(A) |(B) real sample analysis. We have further validated this ctDNA assay in
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Fig. 3. (A) Square wave voltamograms for the detection of ctDNA with the
concentrations of 0,107'6,107'>,104,10"3,107'2,10"",107'°,10°,10°8,107,10°® mol/
L (from bottom to top). (B) Calibration curve showing the relationship between the
peak current and logarithmic ctDNA concentration. Inset shows the linear range. (C)
Selectivity investigation of electrochemical biosensor for ctDNA detection. (D)
Comparison of the biosensor performances in buffer, serum and cell conditions.

range is established from 100 amol/L to 1 nmol/L. The equation is
as follows:

y=20.295 + 1.205x (n =3, R*=0.995)
in which y is the peak current and x represents the logarithmic
ctDNA concentration. The limit of detection is calculated to be
48 amol/L. We have then compared the analytical performances of
this method with those of some recently developed biosensors. As
list in Table 1 [7,18-26], this work shows distinct superiority in
sensitivity and detection range. We have also performed more
experiments to confirm the high stability of this biosensor. The
electrodes modified with DNA TP are firstly stored in 10 mmol/L
Tris—HCI buffer (10 mmol/L TCEP, pH 8.0) at 4 °C for three weeks.
Then, the electrodes are used to detect target ctDNA. The recorded
electrochemical responses are over 93% of original values,
confirming good stability of this electrochemical system.

For real sample analysis, target ctDNA may present in a large
background of normal DNA fragments. Therefore, we have then
firstly studied the selectivity of this ctDNA biosensor by introduc-
ing several mismatched DNA sequences. As shown in Fig. 3C, in the
presence of the four mismatched sequences, the obtained SWV
peak currents are negligible compared with that of target ctDNA
sequence. This result demonstrates that only target ctDNA can be
used to help produce TW]1, which is required for the generation of
DNA three-way junction. The highly stable three-dimensional DNA

biological samples directly. Different amount of ctDNA are spiked
with standard buffer, serum and cell samples, which are then
measured by the proposed method. The obtained SWV peak
currents are recorded and compared in Fig. 3D. The trends of serum
and cell tests with the increase of ctDNA concentration are similar
to that of buffer condition. The absolute values are also in good
accordance, demonstrating that this method is quite effective for
practical utility.

In summary, we have successfully developed an ultrasensitive
biosensor for ctDNA based on the engineering of DNA nano-
structures. DNA TP is firstly formed and immobilized on the surface
of electrode, which provides stable scaffold for effective reaction.
With ctDNA triggered strand displacement amplification, abun-
dant essential DNA strands can be generated, which aid the
formation of three-way junction on the upright edge of DNA TP.
This strategy simplifies the design and ctDNA can be indicated by
the electrochemical responses with ultrahigh sensitivity. It can also
distinguish target from potential interfering sequences. The
proposed biosensor shows great promise for advanced liquid
biopsy applications in the future.
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