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HIGHLIGHTS

e A novel electrochemical assay for
detection of circulating tumor DNA is
proposed.

e The assay takes advantages of nest
hybridization chain reaction for
signal amplification.

e The biosensor exhibits high sensi-
tivity and specificity for ctDNA
detection.

e This biosensor has been applied in
the detection of ctDNA in clinical
samples and holds great potential in
cancer diagnosis.
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ABSTRACT

As an ideal biomarker candidate, circulating tumor DNA (ctDNA) plays a vital role in noninvasive diag-
nosis of cancer. However, most traditional approaches for quantifying ctDNA are cumbersome and
expensive. In the present work, a novel electrochemical biosensor based on nest hybridization chain
reaction was proposed for the sensitive and specific detection of PIK3CA E545K ctDNA with a simple
process. The nest hybridization chain reaction was initiated by the hybridization of two dumbbell-shaped
DNA units which were assembled by two classes of well-designed DNA probes respectively, leading to
the formation of a complex DNA structure. In the presence of target ctDNA, the amplified hybridization
chain reaction products were captured by target ctDNA, resulting in a significant increase of electro-
chemical signal. Under the optimal conditions, the developed biosensor exhibited good analytical per-
formance for the detection of target ctDNA with the linear range from 5 pM to 0.5 nM and the detection
limit of 3 pM. Furthermore, this assay was successfully applied to the detection of ctDNA in spiked-in
samples, pleural effusion and serum samples of malignant tumor patients. This simple and cost-
effective sensing system holds great potentials for ctDNA detection and cancer diagnosis.
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1. Introduction

Circulating tumor DNA (ctDNA) is small DNA fragments in pe-
ripheral blood circulation that is released from solid tumor cells
[1,2]. CtDNA has attracted a lot of attention because it carries
tumor-associated alterations, such as point mutations and copy
number variations (CNV) [3,4]. Importantly, with a short half-life
from 2 h to one day in peripheral blood, ctDNA holds great prom-
ise to be used for real-time monitoring of the chronic changes and
therapeutic response of tumors [2,5]. Furthermore, ctDNA samples
can be easily, repeatedly obtained from circulation of patients with
a nearly noninvasive sampling process [6]. Given that, ctDNA
analysis brings a new insight into liquid biopsy detection of cancer.
However, the detection and characterization of ctDNA in serum of
cancer patients is often challenging and time-consuming, owing to
the low fraction of ctDNA (~1.0%) and the high levels of wide-type
DNAs [7].

Conventional methods for ctDNA detection are mainly divided
into two categories: Polymerase chain reaction (PCR)-based
methods and sequencing-based methods [2,5,8,9]. PCR-based
methods, including real-time PCR and digital PCR, have been sug-
gested as effective methods for quantifying ctDNA [10,11]. However,
these methods are not well suitable for detecting short fragment
ctDNA (less than 100 base pairs) because such methods usually
require a high integrity of the template DNA. In addition, the whole
process of PCR assays, especially ddPCR, is complex and tedious,
which may restrict their further applications. Whole genome
sequencing is comprehensive enough for mutation analysis of
ctDNA and has been applied in a large scale of studies [5,8]. Un-
fortunately, it is costly and also requires cumbersome processes.
Therefore, an easy-to-operate assay with high sensitivity and
specificity is needed for the assessment of ctDNA.

To circumvent these problems, many enzyme-free, isothermal
amplification methods have been developed, such as hybridization
chain reaction (HCR), catalytic hairpin assembly (CHA), rolling-
circle amplification (RCA) and strand-displacement amplification
(SDA) [12—16]. Among them, HCR is attractive because of its several
advantages, such as low cost, easy operation and superior signal
amplification performance [17—19]. Based on these unique prop-
erties, improved HCR strategies have been proposed for the
detection of multiple molecular targets, including cell free DNA,
tumor cells, miRNA and proteins [20—25]. Nevertheless, in those
traditional HCR-based electrochemical systems, the charge transfer
process is largely limited by the long distance between the enzyme
on linear DNA polymer and the electrode surface [26]. Additionally,
the leakage of hairpins in traditional HCR is still not well addressed
[27].

In an effort to address these problems, we proposed a novel HCR
system based on nonlinear amplification by introducing three
different classes of dumbbell-shaped DNA probes. The inter-
reaction of DNA probes could result in the formation of a com-
plex nest DNA structure [28]. The formation of this nest DNA
nanostructure is helpful for reducing the distance between the gold
electrode surface and the reaction substrate in electrochemical
system, thereby promoting charge transfer process. PIK3CA E545K
ctDNA, a remarkable biomarker in breast cancer, was used as a
model [29]. Without target ctDNA, the complex DNA structure
could not attach to the Au-electrode surface and no electrochemical
signal could be detected. In the presence of target ctDNA, HCR
polymer could be captured and an obvious current signal could be
achieved with the help of biotin-avidin system. This new method
combines the nest HCR with electrochemical platform for the first
time. The assay we presented here may emerge as a promising and
convenient platform for ctDNA detection with high sensitivity and
specificity.

2. Experiment section
2.1. Reagents

All oligonucleotides used in our study were synthesized and
purified by Sangon Biotechnology Co. Ltd. (Shanghai, China), and
the sequences are listed in Table 1. 6-mer-capto-1-hexanol (MCH),
bovine serum albumin (BSA), and streptavidin-alkaline phospha-
tase (ST-AP) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). 20 bp DNA Marker was purchased from TakaRa Biotech
(Dalian, China). The saline-sodium citrate (SSC) buffer was pur-
chased from Sangon Biotechnology Co. Ltd. (Shanghai, China) and
polyacrylamide/bis (30% w/v) were from Thermo Fisher Scientific
(MA, USA). All reagents were of analytical reagent grade and all
aqueous solutions used in the whole experimental process were
prepared with Milli-Q water (>18 MQ, Milli-Q, Millipore). Tris-HCI
buffer (20 mM Tris, 0.1 M Nacl, 5.0 mM MgCl, and 0.05% Tween-20,
pH 7.40) and Diethanolamine (DEA) buffer (0.1 M DEA, 1 M MgCl,
and 0.1 M KCl, pH 9.6) were used as washing buffer. 2 x SSC buffer
was employed as hybridization buffer.

2.2. Apparatus

Electrochemical measurements were measured on a CHIG60E
electrochemical workstation (Shanghai Chenhua Instruments Co.
Ltd., China) with a conventional three-electrode system. Electro-
chemical impedance spectroscopy (EIS) and square wave voltam-
metry (SWV) were performed in 3 mL 5.0 mM [Fe(CN)g]>"*
solution. Differential pulse voltammetry (DPV) measurements were
carried out in 3 mL of DEA solution containing 1 mg mL™" of a-NP.
PAGE electrophoresis was performed on an electrophoresis
analyzer (Bio-Rad, USA) and the gel was imaged on Gel Doc
XR + system (Bio-Rad, USA).

2.3. Preparation of probes

The HCR probes were designed based on the principle of hy-
bridization chain reaction and their structures were tested using
the NUPACK design tools (http://www.nupack.org/) [28]. All oli-
gonucleotides were dissolved in TE buffer (10 mM Tris, 1 mM eth-
ylenediaminetetraacetic acid (EDTA), pH = 8.0). The nest HCR
system consisted of four basic DNA probes (U1-1, U1-2, U2-1 and
U2-2), capture probes on the surface of electrodes, and SSC buffer.
First, 10 uM U1-1 and 10 pM U1-2 were mixed in 2 x SSC buffer to
construct DNA unit, U1. The hybridization process was performed in
Mastercycler® X50s thermocycler (Eppendorf, Hamburg, Germany)
as follows: denatured at 95 °C for 5 min, then annealed at 50 °C for
10 min and further annealed at 37 °C for 10 min. Similarly, U2 was
constructed by mixing U2-1 and U2-2 in 1:1 in 2 x SSC buffer. Then,
2 1l U1 and 2 pl U2 were mixed in 16 pl 2 x SSC hybridization buffer.
The mixture was reacted at 42 °C for 30 min and the annealed
U1-U2 products were stored at room temperature until used.

2.4. Preparation of electrochemical biosensor

The 2 mm bare gold electrodes (Shanghai Chenhua Instruments
Co. Ltd., China) was polished with 0.05 pm alumina slurries and
ultrasonically cleaned in ultrapure water for 15 min, then treated
with piranha solution (H202:H2S04 = 1:3 v/v) for 10 min to remove
surface contaminants. Afterward, the pretreated gold electrode was
rinsed with Tris-HCI buffer for 3 times and dried at room temper-
ature. 10 pL of thiolated capture probes (0.2 uM) were placed onto
cleaned gold electrode surface for 15 h at 4 °C. The gold electrode
was then rinsed with Tris-HCl washing buffer for 3 times. After
modification, the electrode was treated with 10 pL. MCH (1 mM) for
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Table 1
DNA sequences of used in this assay.

Name Sequence

Capture Probe

5'—SH—(CH)s I TTTAGATCCTCTCTCTA-3'

u1-1 5'-AAATCACTGAGCAGGACTAGCTCATACATCATCCTATCTATCCAGACTCTCACACGTACTC -3/
Ul-1 5'-CTAGCTCATACATCATCCTATCTATCCAGACTCTCACACGTACTC-biotin -3’

u1-2 5'-CTAGCTCATACATCGTCTGGATAGATAGGATTCTCACACGTACTC-3’

U2-1 5'-GATGTATGAGCTAGGAGATGCAATCGACTGTGAGTACGTGTGAGA-biotin -3’

uz2-2 5'-GATGTATGAGCTAGACAGTCGATTGCATCTC GAGTACGTGTGAGA-3'

PIK3CA E542K ctDNA
ctDNA(1)
CtDNA(2)
CtDNA(3)
ctDNA(4)

5'-CTCAGTGATTTTAGAGAGAGGAT-3'
5'-CTCAGTGATTTAAGAGAGAGGAT-3'
5'-CTCAGAGATTTAAGAGAGAGGAT-3'
5'-CTCAGTGATTTAAGAGTGAGGAT-3'
5'-CTCAGAGATTTAAGAGTGAGGAT-3'

1 h to obtain well-aligned DNA monolayer. After rinsing with
washing buffer, the electrode was treated with 2% BSA for 30 min to
block the uncovered region and prevent nonspecific binding of
oligonucleotides. After that, the modified electrode was incubated
with 10 pL of different concentrations of ctDNA for 30 min. The Au/
capture DNA/MCH/BSA/ctDNA electrode was obtained [30].

Subsequently, the Au/capture DNA/MCH/BSA/ctDNA electrode
was incubated with prepared HCR products for 30 min and washed
with DEA buffer containing 0.05% Tween-20 for 3 times. After that,
10 pL of 0.9 g mL~! of ST-AP was added to the electrode surface at
37 °C for 30 min. After washing with DEA buffer containing 0.05%
Tween-20, the resulted Au/capture DNA/MCH/BSA/ctDNA/HCR/ST-
AP was used for the sensing interface. The differential pulse vol-
tammetry (DPV) measurements were carried out in DEA buffer
containing 1 mg mL~! of «-NP. The modulation time of DPV mea-
surements was 0.05 s, interval time was 0.017 s, and step potential
scan was from O to +0.6 V (Scheme 1).

2.5. PAGE electrophoresis

10 pL of HCR products were mixed with 2 uL of 6 x loading
buffer and analyzed by 12% native polyacrylamide gel electropho-
resis (PAGE) in 0.5 x TBE buffer (45 mM tris-boric acid, 1 mM EDTA,
pH 8.3). Gel electrophoresis was run at 130 V constant voltage for
40 min and stained with 1 x 4S red plus nucleic acid stain for
40 min. Finally, the gels were analyzed using Gel Doc XR + system
(Bio-Rad, USA).

2.6. Clinical samples preparation

Blood samples were collected from 23 breast cancer patients
and 24 healthy controls (Nanfang Hospital, Southern Medical Uni-
versity). Serum was separated by centrifugation at 2200 g for
10 min at 4 °C. Pleural effusion samples were harvested from 25
hepatocellular carcinoma patients. Cell free DNA in serum and
pleural effusion was isolated using the QIAamp Circulating Nucleic
Acid kit (QIAGEN, Germantown, MD) following the manufacturer’s
instructions. The quality of cell free DNA was assessed using a
NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). A total of 100 ng cell free DNA of each sample
was incubated with capture probe on gold electrode surface. The
Au/capture DNA/ctDNA electrode was incubated with HCR products
and used for DPV analysis, as described above.

3. Results and discussion
3.1. Principle of the nest HCR-based electrochemical sensor

The novel HCR sensing system is composed of three dumbbell-
shaped DNA unites (U1, U1 and U2), capture probes and gold

electrodes. The principle of our HCR strategy is illustrated in
Scheme 1. The dumbbell-shaped DNA unites (U1’, U1 and U2) are
formed by three different pairs of starting oligonucleotides,
respectively (U1-1’/U1-2, U1-1/U1-2 and U2-1/U2-2). DNA units U1
and U2 are designed to have two sets of sticky ends that are com-
plementary to each other. To detect the target ctDNA, DNA unit U1’
is designed on the basic of U1 to have one sticky end comple-
mentary to the target ctDNA. With complementary sticky ends,
these DNA unites can bind to each other, resulting in the formation
of a complex nest DNA structure after n cycles of reaction. In the
presence of target ctDNA, capture probes can bind to ctDNA spe-
cifically, and the nest HCR products are then hybridized with a
second part of ctDNA. Finally, these biotinylated HCR products can
react with ST-AP and AP catalyzes the substrate a-NP to electro-
active products. As a result, the electrochemical signal is signifi-
cantly amplified and can be quantified by differential pulse
voltammetry (DPV) in electrochemical system. In contrast, the HCR
products cannot be captured without ctDNA, resulting in a low
electrochemical signal.

3.2. Probe design principle and feasibility of the HCR strategy

The detail structure of starting probes and the reaction principle
of HCR are depicted in Fig. 1A. Each probe is composed of three
parts: middle segment, 5’ ends and 3’ ends. The middle sequences,
1 and 1c (or 4 and 4c), are complementary to each other, and the
sticky ends of U1-1/U2-1 have the same sequence as those in U1-2/
U2-2. The DNA unites (U1 and U2) are designed to have comple-
mentary ends to hybridize with each other (2 and 2c¢, 3 and 3c).
Theoretically, one unit of U1 hybridizes with four units of U2, and
the continued hybridization of U1 and U2 lead to the successful
HCR process. Thus, a large nest DNA structure is assembled by
mixing these two DNA unites (U1 and U2) together. According to
the above principle, U1 (U1-1 and U1-2) and U2 (U2-1 and U2-2)
were designed and their structures are shown in Fig. S1.

To evaluate the feasibility of the proposed electrochemical HCR
system, DPV measurements were investigated with different ratios
of input U1 and U2 units. As shown in Fig. 1C and D, DPV peak
current showed a very weak current signal when U1 and U2 were
absence (curve d). When U1 was modified on the surface of elec-
trode, the current increased a little (curve c). When U1 and U2 units
were both present, a significantly increased current was observed
(curve a and b). It was due to the fact that HCR was triggered by the
hybridization of U1 and U2 and the products were introduced onto
the electrode surface, resulting in the enhanced signal output. It
was noted that the current response of HCR products formed by
mixing U1 and U2 in a ratio of 1:1 (curve a) was much higher than
that of 1:4 (curve b). This was because HCR products were fully
formed in the presence of sufficient U1 and U2, while the yield of
large HCR products was reduced with insufficient U1. The results
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Scheme 1. Schematic illustration of the electrochemical sensor for detecting ctDNA based on nest hybridization chain reaction. Firstly, dumbbells shaped DNA unites (U1’, U1 and
U2) were constructed by annealing of specific oligonucleotides, respectively. Then, the DNA unites were mixed together in a certain proportion to form complex nest-like HCR
products. The thiolated capture probes were immobilized onto gold electrode surface. Target ctDNA could be captured by these capture probes. The sticky end of U1’ in the nest-like
HCR products was also complementary to a second part of ctDNA, enabling HCR products to bind to the gold electrode surface. The biotinylated HCR products can react with ST-AP
and AP catalyzes the substrate a-NP to electroactive products. As a result, an obvious current signal could be detected in the presence of target ctDNA and a low signal in the absence

of ctDNA.

indicated that the novel nest HCR system could amplify the signal
significantly and is feasible for downstream applications.

The products and the sequences of the HCR system were also
investigated by PAGE. As shown in Fig. 1B, lane 1 to lane 4 with two
classes of starting probes showed one band. As expected, two DNA
unites (U1 and U2) were formed by mixing the starting probes at a
ratio of 1:1 (lane 5 and lane 6). When U1 and U2 were mixed, a
band above U1 and U2 was generated (lane 7 to lane 9), indicating
the formation of U1—U2 complexes. Particularly, a ratio of 1:1 (land
7) for U1 and U2 showed a brighter band than that of 1:4 (land 8)
and 1:10 (land 9). The excessive amount of U2 resulted in a 80 bp
band in lane 8 and lane 9, while this band was not detectable in
land 7. These results were in good agreement with the DPV results.
All these findings demonstrated the successful and accurate as-
sembly of the established nest HCR system.

3.3. Characterization of the modified electrode

In order to investigate the DNA assembly on gold electrode,
electrochemical impedance spectroscopy (EIS) and square wave
voltammetry (SWV) were measured. The EIS measurements were
performed in the 0.5 mM Ks[Fe(CN)g] solution containing 0.4 M KCl
and the electron-transfer resistance (Ret) was calculated by the
Nyquist plots [25,30]. As depicted in Fig. 2A, points represented
individual EIS measurements and the curves showed the simulated
results. A low Ret signal was observed for bare Au electrode (Fig. 2A,
curve a), indicating a fast electron transfer process. A good

electrochemical conductivity of the bare electrode was observed in
SWV (Fig. 2B, curve a). After the electrode was modified by capture
probe, the Ret increased slightly (Fig. 2A, curve b). This was because
the negatively charged DNA probes on the electrode surface led to
electrostatic repulsion of K3[Fe(CN)g] [31,32]. Compared with bare
electrode, the conductivity of the capture DNA modified electrode
was reduced in SWV (Fig. 2B, curve b). After modification of MCH
and BSA, the Ret continually increased (Fig. 2A, curve c¢) and the
conductivity kept decreased (Fig. 2B, curve c¢) because the biological
molecules hindered the electron-transfer. The Ret continued to
increase with the immobilization of the target ctDNA (Fig. 2A, curve
d). As the target ctDNA combined with the capture probe, the
electron-transfer efficiency decreased with the introducing of
negatively charged DNA (Fig. 2B, curve d). Especially, a remarkable
increase in the Ret signal was observed after incubating with
U1-U2 complexes (Fig. 2A, curve e), owing to the fact that the large
DNA structures led the impedance increased significantly. As a
result, the conductivity was decreased (Fig. 2B, curve e), suggesting
the successful assembly and amplification of our HCR biosensor.

3.4. Optimization of assay conditions

The reaction time and temperature are important factors for the
HCR system. To obtain the best sensing performance, these
important analytical parameters were optimized with 10 nM target
ctDNA. The DPV current signal was detected with different hy-
bridization time of U1 and U2 in the range from 10 min to 50 min
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the incubation time was 30 min. (C) Typical DPV responses and (D) DPV peak currents under different conditions of (a) U1:U2 = 1:1 (50 nM U1 and 50 nM U2), (b) U1:U2 = 1:4
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Fig. 2. EIS (A) and SWV (B) responses in 0.5 mM K3[Fe(CN)g] solution containing 0.4 M KClI at different modification processes: (a) bare electrode, (b) electrode modified by 10 uL of
0.2 uM capture probes, (c) 10 uL of 1 mM MCH and 2% BSA modified electrode, (d) 10 pL of 50 nM ctDNA hybridized with capture probes, (e) ctDNA hybridized with 10 pL of

50 nM U1-U2 complexes.

with 10 min interval. As presented in Fig. S2, the current signal
increased with time and reached the plateau stage at 30 min,
indicating that 30 min was the optimal hybridization time. There-
fore, 30 min was selected as the optimum reaction time for HCR.

Additionally, the reaction temperature also had significant in-
fluence on the HCR process. The current signal of this HCR system
was investigated from 4 °C to 56 °C, and the best signal was ob-
tained at 42 °C (Fig. S3). At low temperature, the formation of
U1-U2 complexes is significantly reduced because of the insuffi-
cient energy. At high temperature, the U1-U2 complexes may
become unstable. Thus, the optimal temperature of 42 °C was
applied in this experiment.

3.5. Analytical capability of the electrochemical biosensor

To assess the sensitivity of the electrochemical biosensor,
PIK3CA E545K ctDNA at different concentrations was investigated
under the optimal conditions. As indicated in Fig. 3A, the DPV
current signal gradually increased along with the increase of ctDNA
concentration and reached a maximum at the concentration of
5 nM. As shown in the inset plot in Fig. 3B, a good linear relation-
ship between DPV current and the concentration of ctDNA was
observed in the range of 5 pM—0.5 nM; the linear regression
equation was D = 2.2338 + 0.9125logoC with a linear correlation
coefficient of 0.9973, where D was the DPV current and C was the
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concentration of ctDNA. The detection limit of ctDNA was estimated
to be 3 pM based on the signal of blank tests and the standard
deviation. Such low detection limit was in comparable range with
previous assays for ctDNA detection [14,29,33]. These results sug-
gested that the highly sensitive electrochemical biosensor for
ctDNA detection can be realized.

Furthermore, in order to estimate the specificity of the proposed
electrochemical biosensor, four kinds of mismatched DNA (shown in
Table 1), namely ctDNA(1), ctDNA(2), ctDNA(3), ctDNA(4), were
designed to compare with ctDNA at a concentration of 10 nM. As
demonstrated in Fig. 3C and D, the DPV signal was decreased clearly
in mismatched DNAs compared with ctDNA, and the shifts in the
peak current were 3.22 pA (ctDNA versus ctDNA (1)), 3.80 pA (ctDNA
versus ctDNA (2)), 4.31 pA (ctDNA versus ctDNA (3)), 4.47 pA (ctDNA
versus ctDNA (4)) and 4.49 pA (ctDNA versus blank), respectively. It
was easy to distinguish ctDNA from the one-base mismatched
ctDNA(1) and two-base mismatched ctDNA(2), ctDNA(3). In addi-
tion, the current signal was very weak in DNA sequences with three
or more mismatched bases, which was comparable to that in the
blank solution. These results indicated that the current signal was
specifically amplified by the target ctDNA, suggesting that the HCR
electrochemical biosensor exhibited good performance for discrim-
inating ctDNA from other nucleotides.

3.6. Detection in clinical samples

To further evaluate the clinical application potentiality of our
electrochemical biosensor, serum samples from healthy people
spiked with different concentrations of PIK3CA E545K ctDNA were
analyzed. The DPV current detection was performed under the
optimal experimental conditions described above. As the results
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shown in Fig. 4A and B, an exponential trend curve between DPV
current and the concentration of ctDNA in spiked-in samples was
observed, which was similar to that in TE buffer. The DPV current
enhancement was observed when PIK3CA E545K ctDNA was pre-
sent and the detectable concentration was as low as 0.5 nM. As
shown in the inset plot in Fig. 4B, a linear relationship was observed
in the range of 0.5 nM—50 nM; the equation of regression line was
D = 0.0579C-0.082, with a linear correlation coefficient of 0.9463,
where D was the DPV current and C was the concentration of
ctDNA. In addition, as the enrichment of ctDNA also plays an
important role in improving the detection limit of the biosensor, a
more powerful enrichment method is needed to improve the
sensitivity of the biosensor in further studies.

Furthermore, the biosensor was also used to detect ctDNA in 72
clinical samples, including 25 pleural effusion samples from he-
patocellular carcinoma patients, 23 serum samples from breast
cancer patients and 24 serum samples from healthy individuals. As
shown in Fig. 4C, a low current signal (<0.21 pA) was detected in all
healthy individuals, whereas the DPV responses increased signifi-
cantly in 6 samples from breast cancer patients and 2 pleural
effusion samples from hepatocellular carcinoma patients. The
range of current in these samples was from 0.38 pA to 1.15 pA. The
concentration of ctDNA in clinical samples could be calculated by
using the regression equation of spiked-in samples (Table S1). The
DPV signal enhancement may be attributed to the presence of
PIK3CA E545K ctDNA in these malignant samples. This result of
high PIK3CA E545K frequency in breast cancer samples is consis-
tent with previous studies [34]. Therefore, the above results
demonstrated that this novel HCR electrochemical biosensor ex-
hibits good performance and may be applied to ctDNA analysis in
serum samples and pleural effusion samples.
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Fig. 3. (A) DPV responses and (B) The calibration curve of the electrochemical biosensor to different concentrations of target ctDNA. From a to i: 5 nM, 2 nM, 1 nM, 0.5 nM, 0.1 nM,
0.05 nM, 0.01 nM, 0.005 nM and 0 nM. (C) Typical DPV responses and (D) DPV peak currents of 10 nM of different target DNA: (a) PIK3CA E542K ctDNA, (b) ctDNA (1) with single-
base mismatch, (c) ctDNA (2) with two-bases mismatch, (d) ctDNA (3) with two-bases mismatch, (e) ctDNA (4) with three-bases mismatch, and (f) blank control. The concentration
of U1 and U2 for HCR was 50 nM, the reaction temperature was 42 °C and the incubation time was 30 min.
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Fig. 4. (A) DPV responses and (B) The calibration curve of different concentrations of target ctDNA spiked in blood samples of healthy donors. From a to k: 100 nM, 50 nM, 40 nM,
30 nM, 25 nM, 20 nM, 12.5 nM, 5 nM, 1 nM, 0.5 nM, and 0 nM. The concentration of U1 and U2 for HCR was 50 nM, the reaction temperature was 42 °C and the incubation time was
30 min. (C) DPV peak currents of the sensor to 100 ng cell free DNA extracted from 25 pleural effusion samples from hepatocellular carcinoma patients, 23 serum samples from
breast cancer patients and 24 serum samples from healthy individuals. The concentration of U1 and U2 for HCR was 50 nM, the reaction temperature was 42 °C and the incubation

time was 30 min.

4. Conclusion

In conclusion, a rapid and simple electrochemical biosensor
based on nest HCR signal amplification strategy has been devel-
oped for sensitive detection of ctDNA. The novel method takes full
advantages of nest HCR, which exhibited excellent analytical per-
formance. The nest HCR products allowed a lot of AP enzymes to be
captured, which led to significant enhancement of the final elec-
trochemical signal. The biosensor exhibits high sensitivity and
specificity with the low detection limit of 3 pM. More importantly,
the successful implementation of this biosensor for detecting
ctDNA in spiked-in serum samples, clinical pleural effusion and
serum samples suggested that it is a reliable method for ctDNA
detection. Furthermore, this is a convenient and cost-effective
system that does not require thermal cycling procedures and
complicated preparations. Above all, the developed assay may
provide a useful platform for clinical detection of many kinds of
meaningful ctDNA.
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