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Abstract:

A versatile label-free electrochemical biosensor based on dual enzyme assisted multiple
amplification strategy was developed for ultrasensitive detection of circulating tumor DNA
(ctDNA). The biosensor consists of a triple-helix molecular switch (THMS) as molecular
recognition and signal transduction probe, ribonuclease HIl (RNase HII) and terminal
deoxynucleotidyl transferase (TdT) as dual enzyme assisted multiple amplification accelerator.
The presence of target ctDNA could open THMS and trigger RNase Hll-assisted homogenous
target recycling amplification to produce substantial signal transduction probe (STP). The
released STP hybridized with the capture probe immobilized on a gold electrode, then TdT and
assistant probe were further employed to fulfill TdT-mediated cascade extension and generate
stable DNA dendritic nanostructures. The electroactive methyl blue (MB) was finally used as
the signal reporter to realize the multiple electrochemical amplification ctDNA detection as the
amount of MB is positively correlated with the target ctDNA. Combined with the efficient
recognition capacity of the designed THMS and the excellent multiple amplification ability of
RNase HIl and TdT, the constructed sensing platform could detect KRAS G12DM with a wide
detection range from 0.01 fM to 1 pM, and the limit of detection as low as 2.4 aM. Besides, the
platform is capable of detecting ctDNA in biological fluid such as plasma. More importantly,
by substituting the loop of THMS with different sequences, this strategy could be conveniently
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expanded into the detection of other ctDNA, showing promising potential applications in
clinical cancer screening and prognosis.

Keywords: Electrochemical biosensor; Circulating tumor DNA; Dual enzyme assisted multiple
amplification

1. Introduction

Cancer is one of the leading causes of death worldwide, by 2030, it is projected that the
number of cancer sufferers will increase to 24.6 million and the number of cancer deaths will
up to 13 million (Atun and Cavalli, 2018). Therefore, the early identification and real-time
screen neoplastic changes are of great significance to avoid premature deaths, unnecessary
suffering and achieve the most effective management and the highest survival chance (Cohen
et al., 2017). Liquid biopsy, a simple and non-invasive alternative to surgical biopsies, have
attracted intensive interest as it could prevent notorious pain, lethal complication or infection
and expensive expenses of tissue biopsies and facilitate efficient diagnosis, prognostic analysis,
and patient follow-up (Alix-Panabiéres and Pantel, 2016; Brock et al., 2017; Crowley et al.,
2017; Heitzer et al., 2015). Several promising biomarkers including protein markers (e.g.
prostate specific antigen, carcinoembryonic antigen and alpha fetoprotein, thrombin) (Ju, 2017;
Zong et al., 2015; Gao et al., 2016), intact circulating tumor cells (Cao et al., 2017 Shen et al.,
2016; Sun et al., 2016; Zhai et al., 2017), circulating tumor DNA (ctDNA) (Rodda et al., 2018;
Zhang et al., 2018; Zhou et al., 2016; Zou et al., 2017) and circulating cell fragments such as
exosomes (Haber and Velculescu, 2014; Su, 2015) have been discovered in the blood and
widely applied to diagnose or monitor diseases.

Circulating tumor DNA (ctDNA), is single-stranded or double-stranded tumor-derived

fragmented DNA in the peripheral blood which may associate with tumor burden, intratumoral



heterogeneity and therapeutic effect, has gained traction for its potential clinical early diagnosis
and real-time monitoring (Ignatiadis et al., 2015; Jahr et al., 2001; Lebofsky et al., 2015;
Stroun et al., 2001). Therefore, liquid biopsy based on ctDNA has shed a new light to
accurately determine the tumor progression, prognosis and assist in targeted therapy, because it
would provide a more effective, real-time and patient-friendly method for the diagnose,
monitoring and treatment of cancer (Chi et al., 2016; Jamal-Hanjani et al., 2017; Wan et al.,
2017). To date, several methods involving DNA sequencing (Gale et al., 2016; Stahlberg et
al.,2016), polymerase chain reaction (Freidin et al., 2015; Zhu et al., 2017), surface-enhanced
Raman spectroscopy (Wee et al., 2016; Zhou et al., 2016), and localized surface plasmon
resonance (Nguyen and Sim, 2015) have been reported for analysis of ctDNA. Among them,
electrochemical strategies have attracted considerable attention due to their prominent features
of simple operation, rapid response, low cost, and compatibility with micromanufacturing
technology (Das et al., 2015; Das et al., 2016). Kelley et al. firstly reported an electrochemical
clamp assay that could successfully detect circulating nucleic acids in serum (Das et al., 2015).
However, the research is just in the starting stage and provide a lot of space for follow-up
development, and it is still a persistent challenge to develop a versatile and facile ctDNA
electrochemical detection strategy with easy operation and low consumption in early cancer
screening and evaluation.

Herein, a versatile label-free electrochemical sensing strategy was firstly developed for
highly sensitive detection of KRAS G12DM single-stranded ctDNA based on terminal
deoxynucleotidyl transferase (TdT) and ribonuclease HIl (RNase HII) dual enzyme assisted
multiple amplification to form a dendritic structure (Scheme 1). The specially designed

triple-helix molecular switch (THMS) was employed as the recognition and signal transduction



element to realize the RNase HIl-assisted homogenous target recycling amplification and
release numerous signal transduction probe (STP). The released STP could be conveniently
introduced to the electrode surface and trigger the first-step TdT-mediated extension to form
the DNA “trunk”. Then, the specially designed assistant probe (AP), which could partially
hybridize with the DNA “trunk™ and partially initiate the second-step TdT-mediated extension,
was introduced to generate a long stable DNA dendritic structure to decorate redox-active MB
and achieve efficient sensitivity. The proposed strategy possesses some remarkable features:
First, the introduction of RNase HII leading to the highly efficient 1:N target-responsive
recycling and numerous STP releases. Second, by separating the molecular recognition element
and signal reporter, the strategy is generalizable and different ctDNAs detection requirement
just need to alter the loop of label-free recognition probe (RP) in THMS. Third, the unique
design by integrating RNase HIl-assisted homogenous target recycling amplification and
TdT-mediated cascade extension to amplify signals could realize the ultrahigh sensitivity.
Therefore, the proposed strategy provides a universal and versatile tool for ctDNA and holds a

great potential for highly sensitive target analysis and clinical noninvasive liquid biopsy.
2. Experimental

2.1. Materials and reagents

All oligonucleotides were synthesized, HPLC-purified and freeze-dried by Sangon Biotech.
Co., Ltd. (Shanghai, China). Their sequences are given in Table S1 (Supporting Information).
Tris (2-carboxyethyl) phosphine hydrochloride (TCEP), tris (hydroxymethyl) aminomethane
(Tris) and 6-Mercapto-1-hexanol (MCH) were obtained from Sigma-Aldrich (USA). Terminal
deoxynucleotidyl transferase (TdT) and ribonuclease HIl (RNase HII) were purchased from

New England Biolabs, Inc. (Beijing, China). Deoxythymine triphosphate (dTTP) and



3-morpholinopropanesulfonic acid (MOPS) were obtained from Sangon Biotech. Co., Ltd.
(Shanghai, China). Methylene blue (MB) were purchased from Shanghai Reagent Co.
(Shanghai, China). All these reagents were used as received without further purification.
Human plasma samples were provided by Liaocheng People’s Hospital and Hospital of
Traditional Chinese Medicine of Liaocheng City. Ultrapure water obtained from a Millipore

water purification system (>18 MQ, Milli-Q, Millipore) was used in all assays.
2.2. Apparatus

The high-resolution transmission electron microscopic (HRTEM) image was observed on a
Talos F200X (FEI, USA) with an accelerating voltage of 200 kV. Atomic force microscopy
(AFM) was performed on a Bruker Multimode 8 atomic force microscope. The electrochemical
measurements were conducted on a CHI 760C electrochemical workstation (CH Instruments
Inc., U.S.A)) with a conventional three-electrode system composed of a platinum wire as
counter, Ag/AgCl as reference and the Au electrode as working electrode, respectively.
Electrochemical impedance spectroscopic measurements were carried out on a Zahner

Zennium pro (Zahner, Germany).
2.3. Fabrication of the sensing platform

Gold electrode (~2 mm diameter, CH Instrument Inc.) was polished carefully to a mirror
surface with aqueous slurry of 0.3 pm diameter alumina particles and then successively washed
in an ultrasonic cleaner with water and ethanol. The electrode was then cleaned by immersing
into the fresh piranha solution (H,SO4:H,0,=3:1, v/v) for 10 min, flushed with water, and dried
under a nitrogen stream. Finally, the gold electrodes were electrochemically polished in 0.5 M
H,SO, by scanning the potential from -0.2 to +1.6 V at scan rate of 0.1 V/s for 40 cycles. Then,

the obtained gold electrode was washed with ultrapure water thoroughly and dried under



flowing nitrogen.

CP (10 uM) was firstly incubated with equal volume of freshly prepared TCEP (1 mM) for 1
h to cleave the disulfide bonds. The reduced CP was subsequently diluted with 25 mM
Tris-HCI buffer (pH 7.4, 100 mM NaCl and 5 mM MgCl,, the same below) to obtain a final
concentration of 0.5 pM reduced CP. Then 6 uL of the above solution was dropped on the
pretreated electrode to incubate at RT for 2 h, rinsed thoroughly with 25 mM Tris-HCI buffer
to remove unbounded CP and dried with nitrogen. The electrode was then incubated with 6 uL
of 1 mM MCH for 1 h to block the unmodified sites. After another washing and drying
operation, the CP-modified electrochemical sensing platform was obtained and stored at 4 °C

in the Tris-HCI buffer before use.
2.4. Procedure for ctDNA assay

Before target ctDNA (T1) recognition, the THMS was formed by adding 3 uL of 5 uM RP to
3.3 uL of 5 uM STP in 10 mM MOPS buffer (pH 5.0, 150 mM NaCl) and incubating at 23 °C
for 1 h. The RNase Hll-assisted homogeneous target recycling amplification was fulfilled by
incubating the obtained THMS, 6 U RNase HIl and T1 with different concentrations (T1 was
firstly dissolved in ultrapure water to obtain the 100 uM storage solution. Then, a series of
different concentration dilutions was obtained by ten-fold serial dilution.) in 1xNEBuffer 1 at
37°C for 1 h. Then 6 pL of the obtained solution was incubated with the CP-modified electrode
at 37 °C for 1 h to allow the released signal transduction probes (STP) hybridize with CP,
followed by washing and drying operation, 6 pL of reaction mixture (Solution I) containing 10
mM dTTP, 2 U of TdT, 1xTdT Reaction Buffer (pH 7.9, 50 mM potassium acetate, 20 mM
Tris-acetate, 10 mM magnesium acetate), 0.25 mM CoCl, (The addition of Co®" in the reaction

makes tailing more efficient.) was dropped onto the electrode and incubated at 37 °C for 1 h to



realize the first-step TdT-mediated extension and obtain the DNA “trunk”. After washing with
Tris-HCI buffer and drying with nitrogen, 6 puL of 10 uM AP was dropped and incubated for 1
h at 37 °C, after another washing and drying, 6 pL of Solution I was dropped again and
incubated for 1 h at 37 °C to fulfill the second-step TdT-mediated extension and obtain the
DNA dendritic structure. Furthermore, it was incubated in 1 mM MB at 37 °C for 30 min to
ensure the combination between MB and the dendritic DNA. After every step above mentioned,
these modified electrodes were extensively rinsed with ultrapure water and dried under a
stream of nitrogen prior to electrochemical characterization. The whole procedure was shown
in Scheme 1. The differential pulse voltammogram (DPV) was recorded with a step potential of
4 mV, a frequency of 25 Hz, and an amplitude of 25 mV by scanning the potential window
from 0.2 V to -0.6 V in 25 mM Tris-HCI buffer. Electrochemical impedance spectroscopic
measurements were carried out in 5 mM [Fe(CN)s]* ">~ (1:1) solution containing 0.1 M KCI.

4-/3—

The formal potential of the redox probe [Fe(CN)g] is 220 mV. Unless specifically noted,

the experiments were carried out at the room temperature.
2.5. Extraction of ctDNA from plasma

The freshly collected blood samples supplied by healthy donor (HD) and colorectal cancer
patient (CRCP) were immediately extracted in anticoagulant tubes and centrifuged to obtain
plasma. DNA was isolated using QlAamp DNA Blood Mini Kit (Qiagen, Germany) following
the manufacturer’s handbook. The procedure was described tersely as follows: First, 200 uL
plasma was mixed and incubated with 20 pL protease and 200 uL Lysis buffer at 56 °C for 10
min to obtain a homogeneous lysate, centrifuged and added 200 pL ethanol, then centrifuged
again to remove drops. Second, spin column was used for extraction, centrifuged at 8000 rpm

for 1 min, then 200 uL two types of washing buffers were successively used to improve the



purity of the extracted DNA. Finally, 200 uL Elution buffer was added and incubated at room
temperature for 5 min, and centrifuged at 8000 rpm for 1 min to obtain the enriched DNA and

stored at -20 °C.

3. Results and discussion

3.1. Principle of the proposed biosensor

The principle of the proposed dual enzyme assisted multiple amplification biosensor is
schematically illustrated in Scheme 1. The whole design consisted of three key elements: (1)
The triple-helix molecular switch (THMS), which served as both molecular recognition
element and signal transduction unit, was tactfully constructed by signal transduction probe
(STP) and recognition probe via Watson-Crick (-) and Hoogsteen () base pairings in a
particular situation (Salunkhe et al., 1992; Zheng et al., 2011; lacovelli et al., 2017). With the
aid of RNase HIl, the homogeneous target ctDNA recognition disassembles the THMS and
releases numerous STP, which could fulfill target recycling amplification and signal
transduction. (2) The released STP could be captured by the capture probe attached electrode
and trigger the first-step TdT-mediated DNA polymerase to form a long single stranded DNA
resembling “trunk” as TdT can catalyzes the addition of dNTP at the 3°-OH terminus of DNA
molecules (Hu et al., 2015). (3) The specially designed assistant probe (AP) was further
introduced to initiate the second-step TdT mediated extension and form branch-like DNA to
decorate redox-active MB. Thus, the total amount of target is proportional to the amount of
redox mediators of MB and the accordingly electrochemical signal. This approach can achieve
multiple amplification since one copy of the target can yield a MB-decorated DNA tree via
strong electrostatic interaction. Most important, this strategy is convenient and generalizable as

the platform can be readily extended to detect a wide range of ctDNA only by changing the



loop sequence of RP, and thus possesses great potential for universal gene-related molecular

diagnostics.
3.2. Characterization of the biosensor

Polyacrylamide gel electrophoresis (PAGE), HRTEM, AFM and electrochemical
impedance spectroscopy (EIS) were firstly performed to characterize the biosensor
construction. As proof-of-principle, the TdT-mediated cascade extension was firstly examined.
As shown in Figure 1A, CP and STP exhibited individual clear band, respectively (lanes 1 and
2). A new band which moved obviously slower than both STP and CP was appeared, indicating
that STP and CP could hybridize to form a cooperative complex (lane 3). After the CP/STP
complex was firstly incubated with TdT and dTTP, an obvious change in the band shift was
appeared (lane 4), indicating the first-step TdT-mediated extension occurred. Furthermore, the
second-step TdT-mediated extension is further confirmed by the large increase molecular
weight of product (lane 5). These results effectively confirmed that the designed TdT-mediated
extension can be successfully realized.

Direct imaging of the assembled products by HRTEM and AFM further confirmed the
PAGE results. The HRTEM image in Figure 1B shows that large-scale dendric nanostructures
with different size were formed. The observed dendritic structure of the assembled products is
evidently visual evidence that the TdT-mediate DNA extension indeed occurred as designed. A
positive AFM image also present the expected dendritic morphology of the assembled products
(Figure 1C), which further confirmed the successful TdT-mediate DNA amplification. Notably,
the sizes and the morphologies were polydispersity as a result of the random multi-dimension
assembly of substrates. By extensively analysis of the HRTEM and AFM, it could undoubtedly

confirm the proposed TdT-mediate DNA amplification took place as anticipated.



Electrochemical impedance spectroscopy (EIS) was employed to characterize the
electrochemical fabrication and amplification process as it has been proven to be one of the
most powerful tools to investigate the interfacial reaction mechanism of electrode surface
(Figure 1D). The impedance data were fitted to an equivalent electronic circuit, shown as the
inset in Figure 1D, which includes the electrolyte solution resistance Rs, the surface electron
transfer resistance R that reflects the surface property of the electrode surface, the Warburg
impedance Z,, resulting from diffusion of the redox probe; and the constant phase element
related to double layer capacitance Cq (Gao, 2015). Compared with bare Au electrode (curve a),
the CP modified Au electrode exhibited increased electron-transfer resistance R (curve b)
because the repelling force of the introduced negatively charged phosphate backbone of DNA
toward [Fe(CN)s]*"*, which reflected the successful immobilization of CP. Subsequently,
surface blocking with MCH led to a further increase in R¢ due to the insulativity of MCH
(curve c). Subsequent STP hybridization and first extension by TdT led to further increase in
Rt (curve d and e), suggesting the successful TdT-assisted first-step amplification. After the
AP was captured and second extension by TdT, the R were further enhanced (curve f and g),
which can be attributed to the repulsive force between DNA dendric structure and the
negatively charged redox couple. All these experimental results indicate that the modification
and subsequent TdT-mediate DNA extension has been successfully accomplished according to

Scheme 1.
3.3. Feasibility of the biosensing method

To demonstrate the feasibility of the designed dual enzyme assisted multiple amplification
strategy for ctDNA detection, DPV obtained upon analyzing the target ctDNA (T1) in the

presence of dual enzyme (RNase HII+TdT) and those obtained in a series of control
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experiments are depicted in Figure 2. Either THMS (curve b) or the mixture of THMS+RNase
HIl (curve c) incubate with the sensing platform shows almost similar weak Iyg as the
MCH/CP/Au electrode (curve a), which indicates that THMS are hardly open and release STP
to trigger the following TdT meidiated extension without T1. However, as hypothesized, the
presence of T1+THMS+RNase HII (curve d), or TdT extension/T1+THMS(curve e) could
induce the different levels of lyg increase, as a result of the different controlling condition
would trigger a proportionately electrochemical signal amplification. A further increase of lyg
was observed when the presence of TdT extension/T1+THMS+RNase HIl (curve f), implying
that the dendritic structure has been successfully obtained and the multiple amplification is
more efficient for the signal enhancement. These results clearly confirm that the sequential
amplification of RNase HII followed by TdT extension is the preferred strategy for the

detection of ctDNA.
3.4. Optimization of experimental conditions

The optimization of CP concentration and homogenous reaction time was conducted to
achieve excellent analytical performance. The packing density of CP immobilized on the gold
electrode could drastically affect the analytical performance of proposed biosensor and was
controlled by varying the concentration of thiolated CP during sensor fabrication. Higher
density would induce electrostatic repulsion and steric hindrance, which increased the painful
interaction between neighbouring CP and hindered the hybridization between CP and STP.
While the lower packing density may decrease the detection efficiency. As shown in Figure 3A,
the lyg increased correspondingly with increasing the CP concentration up to 0.5 uM, and then
gradually declined with further increase of the CP concentration. Therefore, 6 uL of 0.5 uM CP

was selected for the next experiments. The MB incubation time was another considerable
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parameter affected the performance of the proposed biosensor. It could be seen that the lyg
increased continuously with the incubation time and almost reached the saturation value at a
short incubation time of about 30 min (Figure 3B), indicating that 30 min was sufficient for

MB incubation to fulfill the decorate of DNA dendric structure.
3.5. Analytical performance

Under the optimal conditions, the analytical performance of the proposed biosensor was
investigated by varying the target T1 concentration. As shown in Figure 4A, the lyg increase
obviously with the increase of target T1 concentrations, demonstrating that the increasing
concentration of released STP and TdT-mediated generated dendritic structure bring a great
amount of MB adsorbed on the electrode and produce a remarkable amplified electrochemical
signal. Figure 4B shows that the Iyg exhibited a good linear relationship with the logarithm
value of target T1 concentration within the concentration range of 5 orders of magnitude from
0.01 fM to 1 pM. The correlation equation was | (pA) = 3.853 + 0.6374lg [Crarger/pM]
(R=0.9995) with a limit of detection down to 2.4 aM (S/N = 3). The analytical characteristics
of the present biosensor was also compared with some previous detection strategies, and the
results were given in Table S2 (Supporting Information). Apparently, the proposed dual
enzyme assisted multiple amplification mechanism has higher efficiency with lower detection
limitation and relatively wide detection range.

In order to substantiate the excellent analytical performance of the dual enzyme assisted
multiple amplification strategy, control experiments in the absence of RNase HII were carried
out. As shown in Figure 4C and D, the intensity of the lyg increased in proportion to the T1
concentration from 1 fM to 0.01 nM with the detection limit of 0.05 fM. Obviously, the dual

enzyme assisted multiple amplification extends the linear range for 1 order of magnitude and
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decreases the LOD for 1 order, which gaves an immediate evidence for the feasibility of our
amplification strategy by combined the RNase HII amplification with the extension reaction of
TdT. The DPV responses of the same concentration were also compared between dual enzyme
and single enzyme assisted amplification (Figure S1, Supporting Information). And the result
shows that the proposed dual enzyme assisted amplification exhibited higher Iyg than that of
the single enzyme assisted amplification at the same concentration, which further confirmed

the superiority of the proposed strategy.
3.6. Specificity, reproducibility and stability of the biosensor

The specificity of the proposed strategy was based on the accuracy of RNase HIl, which can
only recognize and act on the perfectly matched DNA/RNA hybridization. In light of the
unique characters of RNase HlII, the specificity of this assay toward mutated target T1 was
examined by mixing T1 and wild-type T2 together in different molar ratios (T2:T1 = control,
1000:1, 500:1, 200:1, 50:1, 10:1, which control group only had T2) with a total concentration
of 10 fM. The detailed results are illustrated in Figure S2 (Supporting Information). As
expected, the proposed strategy shows the satisfactory capability of capturing and recognizing
low abundance of mutations from abundant wild-type sequences. The excellent selectivity of
the proposed sensing strategy was due to the high specificity of RNase HII to special perfectly
matched RNA/DNA as well as the ingenious design to perform the recognition-amplification
event.

To investigate the reproducibility of the biosensing system, three different concentrations of
T1 were repeatedly measured by identical batches of modified electrodes (Table S3,
Supporting Information). The relative standard deviations (RSD) for three paralleled detection

of 0.01 fM, 0.01 pM and 0.1 pM were 5.49%, 5.98% and 7.43%, respectively, indicating
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acceptable precision and satisfactory reproducibility of the biosensor. Additionally, the
proposed biosensor exhibited satisfactory stability. After long-term storage (4 °C in the
Tris-HCI buffer) bioactive assay, as much as 93% (two weeks) of the initial response was
preserved, demonstrating the proposed biosensor could be used for ctDNA analysis with

acceptable stability.
3.7. Real sample analysis of ctDNA

Encouraged by the unprecedented sensitivity and wide linear detection range of the proposed
biosensor, plasma samples collected from 5 CRCPs and 5 HDs were employed to evaluate the
capability in the real world. The point mutations of single stranded KRAS G12DM were
usually chosen as the diagnostic biomarker because the activating mutations of the KRAS gene
usually occurred in CRCPs. Figure 5 shows the result of direct detection single stranded KRAS
G12DM in plasma, the electrochemical peak currents of all 5 CRCPs is significantly higher
than that for the HDs, indicating that KRAS G12DM has a high expression level in the
colorectal cancer patient blood and the constructed platform provides outstanding sensitivity
and specificity. The concentrations of single-stranded KRAS G12DM in plasma were further
calculated according to the calibration curve in the inset of Figure 4B. As shown in Table S4
(Supporting Information), the median concentration of KRAS G12DM from 5 CRCP plasma
samples (0.19 fM) is distinctly higher than that of the HDs (11.59 aM). These results
demonstrated that the expression levels of KRAS G12DM can provide a new diagnostic
biomarker for liquid biopsy and thus the proposed strategy possesses a huge potential for

applications in the clinical diagnosis.

4. Conclusions
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In summary, a versatile label-free electrochemical biosensor based on RNase HIl and TdT
dual enzyme assisted multiple amplification strategy was developed for ultrasensitive detection
ctDNA. A powerful integration of THMS and double enzyme assisted multiple amplification
made it possible to directly detect ctDNA such as KRAS G12DM as low as aM level with a
linear range of 5 orders of magnitude, which could rival or even exceed that of the reported
excellent electrochemical biosensors. Moreover, it exhibited satisfactory specificity and
acceptable accuracy and can be readily extended to detect a wide range of ctDNA with just
change the loop sequence of the recognition probe. Thus, this work opens a promising avenue
to develop the label-free biosensing system and has great potential for versatile application in

noninvasive liquid biopsy.
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Fig. 5
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Highlights

e A versatile label-free electrochemical biosensor is developed by integrating RNase

HIl-assisted homogeneous target recycling amplification and TdT-mediated cascade
extension.

e The biosensor can detect target ctDNA down to aM level with a dynamic range
spanning 5 orders of magnitude.
e The biosensor can directly detect target ctDNA in biological fluid such as plasma.

e The detection platform can be readily extended to detect a wide range of ctDNA by
substituting the loop of THMS with different sequences.
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Figure captions:

Scheme 1 Schematic illustration of the dual enzyme assisted multiple amplification
electrochemical biosensor.

Fig. 1. (A) PAGE analysis of TdT mediated extension. Lanes 1-5 represent STP, CP, CP/STP,
the first-step TdT-mediated extension product and the second-step TdT-mediated extension
product, respectively; (B) HRTEM image of the assembled dendritic DNA; (C) AFM image of
the assembled dendritic DNA; (D) EIS of (a): Bare Au electrode, (b): CP/Au electrode, (c):
MCH/CP/Au electrode, (d): (c) was incubated with T1+THMS+RNase HIl, (e): the first-step
TdT-mediated extension of (d), (f): (¢) was incubated with AP and (g): the second-step

TdT-mediated extension of ().

Fig. 2. DPV responses of MB adsorbed at the biosensor surface under different conditions: (a)
MCH/CP/Au electrode, (b) (a) was incubated with THMS, (c) (a) was incubated with
THMS+RNase HII, (d) (a) was incubated with T1+THMS+RNase HII, (e) (a) was incubated
with T1+THMS and extension by TdT and (f) (a) was incubated with TI+THMS+RNase HlI

and extension by TdT.

Fig. 3. Effects of (A) CP concentrations, and (B) the MB incubation time. The error bars

represented the standard deviation of three measurements.

Fig. 4. (A) DPV responses for the detection of target ctDNA at concentrations of 0, 0.01 fM,
0.1 fM, 1 fM, 0.01 pM, 0.1 pM, and 1 pM (from a to g) with dual enzyme assisted multiple
amplification, (B) Linear relationship between Iyg and logarithm of target ctDNA with dual
enzyme assisted multiple amplification, (C) DPV curves for the detection of ctDNA at
concentrations of 0, 1 fM, 0.01 pM, 0.1 pM, 1 pM, and 0.01 nM (from a to f) without RNase

HIl-assisted target recycling amplification, (D) Linear relationship between lygand logarithm
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of target ctDNA without RNase Hll-assisted target recycling amplification. Error bars

represent standard deviations of three parallel experiments.

Fig. 5. (A) Histogram of detection of KRAS G12DM in clinical plasma using the proposed
dual enzyme assisted multiple amplification electrochemical biosensor. Clinical samples were
collected from 5 CRCP and 5 HD (control). The dashed line represents the minimum mean
concentration of KRAS G12DM in CRCP plasma. (B) DPV responses for corresponding
detection of KRAS G12DM of (A) in the same color. Error bars show the standard deviations

of three independent measurements.
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