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GRAPHICAL ABSTRACT

e We report control synthesis of gold
nanocrystals via reduction of HAuCl,
with ascorbic acid.

e The gold nanocrystals shows an
urchin-like structure with more
exposed high-index facets.

e Unique structure produces high
chemical activity and catalytic activ-
ity of gold nanocrystals.

e Proposed method has ultrahigh
sensitivity, specificity and stability for
detection of ctDNA.

e The synthesis can use for synthesis of
other metal nanocrystals with high
catalytic activity.
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Detection of circulating tumor DNA (ctDNA) is important approach to risk stratification and treatment
response monitoring of cancer patients, but current method lacks of enough sensitivity and repeatability.
The paper repors shape-controlled synthesis of gold nanocrystals via reduction of HAuCl4 with ascorbic
acid. The synergy of CTAC, KBr, KI and L-glutathione creates urchin-like gold nanocrystals (U—Au) with
more exposed high-index facets. Preparation of electrochemical sensing platform for ctDNA involves
modification of U—Au-multiple graphene aerogel for target DNA-induced recycle amplification. DNA
probe 1 (P1) with methylene blue (MB) hybridizes with DNA probe 2 with ferrocene (Fc) to form duplex
DNA, which was attached to U—Au through Au—S bond. The ctDNA hybridizes with hairpin DNA 1 to
open hairpin structure, triggering target DNA-induced recycle. Utilization of target DNA-induced recy-
cling allows one target DNA to approach many MB probes to electrode surface and to leave many Fc
probes from electrode surface, promoting significant signal amplification. The detection signal is
enhanced by catalyzed redox of Fc and MB. Electrochemical response increases with ctDNA concentration
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from 0.1 to 1 x 108 fM with detection limit of 0.033 fM. The biosensor provides ultrahigh sensitivity,
specificity and stability and was successfully applied in detection of ctDNA in human blood.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Malignant tumor has become the leading cause of death in
contemporary world. According to the statistics presented by the
World Health Organization (WHO), there were 8.8 million cancer
deaths worldwide in 2015 [1]. The number of cancer patients are
expected to exceed 24.6 million by 2030 [2]. The importance of
early diagnosis of cancer become more and more prominent with
increasing attention to health. Circulating tumor DNA (ctDNA), as a
potential tumor biomarker, is released by the tumor or circulating
tumor cells into the patient’s blood in the initial form of cancer
development [3]. Cancer patients have a higher ctDNA level
compared to healthy individual. The mutations in the KRAS gene
are one of the most commonly used molecular mutations in ctDNA
detection, which can be detected in healthy controls within two
years before the tumor diagnosis [4]. The development of rapid and
reliable methods for quantitative detection of ctDNA is of signifi-
cance for clinical diagnosis, prognosis monitoring and drug resis-
tance testing of tumors.

The main analytical techniques for detection of ctDNA are po-
lymerase chain reaction (PCR) [5], DNA sequencing [6], surface
enhanced aman spectroscopy (SERS) [7], localized surface plasmon
resonance (LSPR) [8] and DNA clutch probes (DCPs) [9]. PCR is
tedious in steps and easily disturbed by biological environment,
resulting in false positive/negative signals. DNA sequencing has a
better sensitivity and specificity compared to PCR. Unfortunately, it
requires expensive equipment and long analysis time [10]. This
greatly limits many applications of DNA sequencing in clinical
diagnosis. Recently, electrochemical biosensor attracted more
attention due to its high sensitivity, good specificity and real-time
and economic efficiency operation. To improve the analytical per-
formance, numerous nanomaterials have been investigated as the
electrochemical sensing materials for the construction of electro-
chemical biosensors [11—13], such as Fe3O4/N-trimethyl chitosan/
gold composite [14], doxorubicin@tetrahedron-functionalized gold
nanoparticles [15], graphene-carboxymethylcellulose [16], gold
nanoparticles/polyethylene glycol film [17], Si3sNg4/Au/Pd [9] and
gold nanoparticles/lead phosphate apoferritin [18]. Due to high
biocompatibility, electronic conductivity and catalytic activity, gold
nanomaterials become the most commonly used electrochemical
sensing material.

Shape-controlled synthesis is an effective way to improve the
catalytic activity of gold nanocrystals [19]. Zhang and co-workers
[20] reported that the precursor formed by mixing urea with
HAuCl, was calcined and reduced to produce porous gold nano-
particles under the aerobic condition. The resulting porous gold
displays more than 6-fold catalytic activity of common gold
nanoparticles. Liu and co-workers synthesized a kind of hollow
Au—Ag nanoalloy by electrochemical method, which shows a high
SERS catalytic activity towards crystal violet [21]. However, small or
hollow gold nanoparticles often offer a relatively low electronic
conductivity. Constructing core-shell structures or nanoclusters can
improve the conductivity of gold nanoparticles. Our group reported
the synthesis of palladium@gold nanoalloy-graphene multiple
aerogels composite [22]. In the composite, palladium nanocube
core enhances the electronic conductivity and gold nanoparticle
shell improves the catalytic activity. Recenly, many researches

demonstrated that the high-index facet of gold nanocrystals has a
better catalytic activity compared to the low-index facet of gold
nanocrystals [23,24]. Unfortunately, the high-index facets are
rapidly closed by the low-index facets due to their low growth rate.
Although a great progress has been made, the shape-controlled
synthesis of gold nanocrystals with more exposed high-index fac-
ets is still a great challenge.

In the study, we report the shape-controlled synthesis of gold
nanocrystals via reduction of HAuCl, with ascorbic acid. The result
shows that the synergy of CTAC, KBr, KI and L-glutathione as the
shape control agents creates urchin-like gold nanocrystals (U—Au)
with multistage spiny structures and more exposed high-index
facets. The electrochemical biosensor based on U—Au-multiple
graphene aerogel and target DNA-induced recycling double
amplification displays the enhanced sensitivity, specificity and
repeativity for detection of ctDNA.

2. Experimental
2.1. Materials and reagents

Multiple graphene aerogel (MGA) was prepared by using the
reported method [25]. All nucleic acids in Table 1 were made and
purified by Sangon Biotech. Co., Ltd (Shanghai, China). The con-
centration of oligonucleotides was determined by measuring ab-
sorption at 260 nm. The DNA stock solution was prepared in the
Tris/Mg/K buffer containing 20 mM Tris-HCI, 1 mM MgCl,, 1 mM
CaCl, and 5 mM KCI at pH 7.4 and stored at —20 °C for further use.

2.2. U—Au synthesis

U—Au was synthesized by reduction of HAuCly with ascorbic
acid. In a typical procedure, an ascorbic acid aqueous solution
(0.45 mL, 100 mM) was rapidly injected into 5 mL of the mixture of
HAuCl4 (0.4 mM), CTAC (0.16 mM), KBr (10.0 uM), KI (1.0 uM) and L-
glutathione (5.0 pM) under stirring. The mixture was incubated at
the ambient temperature for 30 min. It was treated by centrifuga-
tion at 6000 rpm for 2 min and washing with ultrapure water for
three times. The collected U—Au product was dispersed again in
ultrapure water and stored at 4 °C for further use.

2.3. Electrode modification

The U—Au solution (0.5 mL, 1.0 mg mL™!) and MGA dispersion
(0.5 mL, 1.0 mg mL~!) were dispersed in 1 mL of 5% chitosan
aqueous solution with the help of ultrasound. Firstly, its 5 uL was
dropped on the surface of glassy carbon electrode (GCE, 1 mm in
diameter) pre-treated by using a classical procedure [26] and dried
at 4 °C to obtain U—Au-MGA/GCE. Then, the MB-P1 solution
(100 pL, 10 uM) was mixed with an equal volume of TCEP solution
(1 mM) and incubated in air bath shaker for 1 h to activate the —SH
groups. The 10 pL of the mixture of MB-P1 (5 uM) with Fc-P2 (5 pM)
was dropped on the surface of U-Au/MGA/GCE and incubated at
37 °C for 2 h. Finally, 5 puL of the MCH solution (1 mM) was dropped
on the electrode surface and incubated for 60 min to block the
unmodified sites on the U—Au surface. The resulting MCH/MB-P1-
Fc-P2/U—Au-MGA/GCE was rinsed with the PBS buffer for several
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Table 1
The base sequences of oligonucleotides used in the work.

Oligonucleotides

Base sequences (5'-3')

Target DNA (ctDNA)

Hairpin DNA 1 (H1)

DNA probe 1 modified with ferrocene (Fc-P1)

DNA probe 2 modified with Methylene blue and thiol (MB-P2)
Wide type

TTGTGGTAGTTGGAGCTGATGGCGTAGGCAA
AGCTCCAACTACCACAAGCAGACGTACCGTGGTAGTT
AACTACCACGGTACGTCTGCTTGTGGTAGTT-Fc
SH-(CH;)s-TGGCAGACGGGACGACCCCCCTCGTCCGGTGGTAGTG-MB
TTGTGGTAGTTGGAGCTGGTGGCGTAGGCAA

times, dried at room temperature and stored at 4 °C for further use.

2.4. Electrochemical detection of ctDNA

The target DNA (ctDNA) solution with different concentration or
sampe solution (10 pL) was mixed with the annealed H1 (10 pL,
5 uM). Its 10 pL was dropped onto the surface of MCH/MB-P1-Fc-
P2/U—Au-MGA/GCE, incubated at room temperature for 1 h and
washed with the PBS (pH 7.4) in sequence. The electrode was
immersed in the PBS buffer for the DPV measurement.

2.5. Extraction of ctDNA

All participants provided the written informed consent for the
collection of samples for the research study protocol, which was
approved by the Research Ethics Committee of Jiangnan University.
The blood samples used in this work were provided by the Affili-
ated Hospital of Jiangnan University. The sample was centrifuged to
obtain plasma, which was used for the extraction of ctDNA by using
the QlAamp DNA Blood Mini Kit(Qiagen, Germany). In a typical
procedure, 200 pL of the plasma was added to a microcentrifuge
tube containing 20 pL of QIAGEN protease, mixed with 200 pL of
lysis buffer by pulsed vortex for 15 s to obtain a homogeneous
solution, followed by incubation at 56 °C for 10 min, and the
microcentrifuge tube was briefly centrifuged to remove the inner
droplets. Subsequently, 200 uL of the ethanol (96—100%) was
added, mixed by vortex for 15 s, and then centrifuged at 8000 rpm
for 1 min using a rotating column for DNA extraction, followed by
500 pL of two types of the washing buffer for centrifugation for
1 min to enrich the required DNA. Finally, 200 pL distilled water
was added, incubated at room temperature for 1 min, and centri-
fuged at 8000 rpm for 5 min to obtain enriched DNA, which was
stored at —20 °C.

3. Results and discussion
3.1. U—Au synthesis

U—Au was synthesized by reduction of HAuCly with ascorbic
acid. In the synthesis, CTAC, KBr, KI and L-glutathione were used as
the shape control agents for the construction of gold nanocrystals
with more exposed high-index facets. CTAC, a classical cationic
surfactant, was designed as a soft template. The template provides a
micron-sized space for the reduction of Au®>* into Au® and the
crystal growth. The space alows the formation of large gold nan-
crystals [27]. Furthermore, CTA™ and CI~ in the CTAC can be effec-
tively adsorbed on the crystal faces of gold nanocrystals. Because
the adsorption capacity of CTA™ and Cl~ on the different crystal face
results in a different growth rate for different crystal face, CTAC has
been widely applied in the synthesis of gold nanocrystals with
different morphologies [28]. KBr and KI were used for improving
morphology uniformity of gold nanocrystals. Different halogen ion
has a different adsorption behavior and chemical properties. This
difference directly reflects in the regulation of morphology of gold

nanocrystals. Hence, the cooperation of CI~, Br~ and I~ may achieve
an effective control of morphology of gold nanocrystals [29,30]. In
addition, the introduction of KBr and KI was also used to accelerate
the reduction of Au* in the synthesis. Br~ and I~ can react with
Au>t to form stable AuBrz and Aulz. The formation of these com-
plexes reduces the reduction potential of Au**, which results in an
accelerated reduction of Au* and crystal growth rates. L-gluta-
thione was used to improve the exposure of high-index crystal
facets of gold nanocrystals. L-glutathione is a chiral molecule with
sulfhydryl group. The enantioselective interaction on the interfaces
caused by L-glutathione leads to an asymmetric crystal growth,
which improves the exposure of high-index facets [31].

In the synthesis of U—Au, the dosage of KBr, KI and L-glutathione
is very small but the effects are very great. To simplify the operation
and improve the repeatability of batch production, HAuCly4, CTAC,
KBr, KI and L-glutathione were firstly dissolved in ultrapure water
at a predetermined molar ratio to form a stocking solution. Then,
U—Au was prepared by one-step simaple injection of the ascorbic
acid solution into the above stocking solution. Such a synthesis
strategy displays simple operation, high efficiency and good
repeatability of batch production.

The as-synthesized U—Au was characterized by SEM, TEM and
XRD. Fig. 1 shows the U—Au processes urchin-like nanostructures
with multilevel spiny structures, large size of about 400 nm and
more exposed high-index facets, which is mainly due to the syn-
ergy of CTAC, KBr, KI and L-glutathione as the shape control agents.
Small and dense secondary spikes make the U—Au has large specific
surface area and more exposed high-index facets. The former
contributes to increase the contact area between electrolyte and
redox. The latter brings a better catalytic activity. The integration of
primary and secondary spikes achieves to high catalytic acitivity of
U—Au [32]. There is one crystal plane spacing of 0.235 nm on the
high-resolution TEM (HRTEM) image, corresponding to the (200)
crystal plane of gold nanocrystals. There are eight XRD character-
istic diffraction peaks at 38.17°,44.47°, 64.65°, 77.64°, 81.80°, 98.13°,
110.91° and 115.33° on the XRD pattern. These peaks are corre-
spond to the (111), (200), (200), (220), (311), (222), (400), (311) and
(420) crystal facets of gold nanocrystals. The XRD pattern are
exactly matched with that of FCC gold (JCPDS 4—0784), indicating
that our synthesis achieves the synthesis of FCC gold nanocrystals.
Relative to the Au-0 prepared by using the sample procedure but no
addition of CTAC and L-glutathione (Fig. s1), the U—Au displays an
enhanced XRD diffraction intensity of high-index facets such as the
(331) and (420) facets. This proves that the introduction of CTAC
and glutathione can improve the exposure of high-index facets of
gold nanocrystals, leading to an improved catalytic activity. To
verify the suggest, the SERS performance of rhodamine 6G on the
U—Au and Au-0 substrates were investigated. Fig. 1F shows that
different substrate material produces different SERS performance.
The intensity on the U—Au at 809 cm™! is more than 24 fold than
that on the Au-0, representing ultra strong surface plasmon reso-
nance. This is attributed to the multilevel spiny urchin-like nano-
structures of U—Au. This brings an improved catalytic activity and
results in more sensitive electrochemical response towards ctDNA.
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Fig. 1. The SEM (A), TEM (B), enlarged TEM (C), HRTEM images (D), XRD patterns (E) and Raman spectrum (F) of U—Au.

3.2. Sensing principle

The intergation of U—Au and MGA further improves the electron
transfer and electrolyte transport between electrode and electro-
lyte. Herein, the U-Au-MGA composite was used for the con-
struction of electrochemical sensing platform for ctDNA coupled
with target DNA-induced recycling ampilification (Fig. 2). Firstly,
the U—Au-MGA was modified on the surface of GCE. The composite
greatly improves the electron transfer and eletrolyte transport
during the electrode reaction. More importantly, the composite acts
as the catalyst, which accelerates the redox of Fc and MB on the
electrode surface. Next, the MB-P1 hybridizes with Fc-P2 to form
deplex DNA. At the same time, the MB-P1 was immobilized on the
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surface of U—Au via Au—S bond. At this state, the MB is far away
from the electrode interface, resulting in a weak DPV current of MB
(ImB)- The Fc is close to the electrode interface, leading to a strong
DPV current of Fc (Ig). In the presence of target DNA, ctDNA is
complementary paired with H1 on the electrode surface through
base pairing to open hairpin structure of H1. The opened H1 and Fc-
P1 in the deplex DNA continue to complement each other, releasing
one target DNA and starting next DNA recycle. In the process, the
MB-P1 is dissociated from the deplex DNA and folds into the
hairpin structure. At this state, the Fc probe was released from the
electrode surface and the MB probe was close to the electrode
interface, causing a decrease in Igc and an increase in Iyg. Through
the target DNA-induced recycling reaction, one target DNA

Fig. 2. The scheme for construction of electrochemical sensing platform for ctDNA.
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Fig. 3. A: The EIS curves in a 5.0 mM Fe(CN)&~ solution of the bare GCE (a), U-~Au-MGA/GCE (b), MB-P1-Fc-P2/U—Au-MGA/GCE (c), MCH/MB-P1-Fc-P2/U—Au-MGA/GCE before (d)
and after incubated in the H1 solution for 1 h in the absence (e) and the presence of target DNA (f). B: The DPV curves in the PBS of pH 7.4 of MCH/MB-P1-Fc-P2/U—Au-MGA/GCE
before (a) and after incubated in the H1 solution in the absence (b) and the presence (c) of target DNA for 1 h.

molecule can cause many MB probes to approach the electrode
surface and many Fc probes to stay away from the electrode surface.
This produces a significant signal amplification. The detection
signal will be further enhanced by the in stiu catalysis of U—Au-
MGA to Fc and MB, due to excellent catalytic activity of U—Au.
Therefore, the as-proposed sensing platform can be used for the
electrochemical detection of ctDNA with high sensitively and
specifity by analyzing the ratio of peak current signals of two redox
probes before and after adding target ctDNA.

To test the feasibility of the detecting ctDNA, the EIS behavior of
different electrodes was studied in 1 mM Fe (CN) ¢~. Fig. 3A shows
the U—Au-MGA/GCE has a lower charge transfer impedance (R¢t)
compared to the bare GCE. This is due to high electron/ion con-
ductivity and catalytic activity of U-Au-MGA. The R value in-
creases after the MB-P1 hybridizes with Fc-P2 on the electrode
surface. The hybridization produces the deplex DNA with poor
electronic conductivity, which partially block the channels for
electron transfer/elelctrolyte between electrode and electrolyte.
Fourthermore, there is strong repulsion force between negatively
charged Fe(CN)¢~ and DNA phosphate skeleton. The fators leads to
an increased R¢ value. The R¢ value further increases after MCH
was immoblized on the electrode surface, owing to more blocking
of the channels for the electron transfer between electrode and
electrolyte. The R¢ value remains stable before and after incubated
in a H1 solution without the target DNA. In the absence of target
DNA, the incubation cannot trigger the target DNA-induced recy-
cling. As the structure of Fc-P1-MB-P2 was not changed, no obvious
change in the R value occurs in the incubation process. However,
the incubation in the presence of target DNA causes a significant
reduce in R¢ value. In the presence of target DNA, the hybridization
of target DNA hybridizes with H1 opens the hairpin structure of H1.
The opened H1 binds with the Fc-P1-MB-P2 to trigger the target
DNA-induced recycle. Through the target ctDNA-induced DNA
cycling reaction, one target DNA can cause many Fc probes to leave
the electrode and many MB probes to approach the electrode sur-
face, decreasing the R¢; value. The R value is further reduced by the
in situ catalysis of U—Au-MGA towards the redox of MB. This im-
proves the sensitivity for electrochemical detection of ctDNA.

3.3. Electrochemical response

To examine the electrochemical response towards ctDNA, the
DPV behavior of MCH/MB-P1-Fc-P2/U—Au-MGA/GCE incubated in
the H1 solution in the presence of target DNA was investigated in
the PBS at pH 7.4. Fig. 3B shows that after incubated in the H1

without target DNA the DPV peak current in the negative potential
region, correspinding to the Fc probe, is weak and while the peak
current in the positive potential region, corresponding to the MB
probe, is strong. The DPV curve is approximately the same as the
DPV curve before incubated. As the target DNA-induced recycling
can not be triggered in the absence of target DNA, no change in the
structure of MB-P1-Fc-P2/U—Au-MGA occurs in the incubation
process. Thus, its DPV response remains stable. However, in the
presence of target DNA, the incubation results in an increased DPV
response of Fc probe and a decreased DPV response of MB probe.
This is because the presence of target DNA brings many MB probes
to approach the electrode surface, indicating an increased peak
current of MB, and many Fc probes to lease from the electrode
surface, indicating decreased peak current of Fc. The above results
confirm that only ctDNA can cause a sensitive DPV response.

3.4. Condition optimization

To optimize the detection conditions, the effect of H1 concen-
tration and incubation time on the DPV response (Ipp/Irc) were
investigated in the PBS. Fig. 4A presents the relationship cure of the
Inmg/Igc value with the H1 concentration. When the H1 concentra-
tion is less than 5 pM, the Iyp/Igc value increases with increasing H1
concentration. The value reaches the maximum when the H1
concentration is at 5 uM H1 and then tends to be stable with
increasing H1 concentration. In a low H1 conentration, the MB-P1-
Fc-P2 structures cannot be completely decomposed to release free
MB-P1 due to a low target DNA-induced recycling reaction rate. The
number of hairpin MB-P1 probes increases with increasing H1
concentration, leading to an increased peak current of MB and a
reduced peak current of the Fc probe. Hence, a bigger H1 concen-
tration results in a higher Iyp/Igc value. In the presence of 5 uM H1,
all MB-P1-Fc-P2 structures can be decomposed by the target DNA-
induced recycling reaction to produce the hairpin MB-P1 on the
electrode surface, due to a fast reaction rate. This brings the
maximum peak current of MB probe and the minimum peak cur-
rent of Fc probe, indicating the maximum Iyp/Ig. value. However,
the number of hairpin MB-P1 probes no longer increases signifi-
cantly with increasing H1 concentration. As a result, there is no
obvious change in the Iyp/Irc value. Fig. 4B presents the relationship
curve of the Iyp/Igc value with the incubation time. When the time
was less than 60 min, the peak current increases with the prolon-
gation of incubation time. This is because the number of target-
induced DNA cycles increases with increasing the incubation
time. This results in more MB probes to approach the electrode
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Fig. 4. The effects of H1 concentration (A) and incubation time (B) on the Iy/Ig. value caused by target DNA.

surface and more Fc probes to remove from the electrode surface,
producing a higher Iyp/lgc value. When the incubation time was
fixed for 60 min, the targe DNA-induced recycling reaction is close
to the equilibrium. The number of harpin MB-P1 probes reach the
maximum, leading to the maximum the Iyg/Ig. value. Continue to
increase the incubation time, this number will not increase
significantly. Thus, the Iyg/Igc value remains stable with increasing
the incubation time. To obtain high sensitivity and save analysis
time, the H1 concentration of 5 pM and incubation time of 60 min
were adopted for the electrochemical detection of ctDNA.

3.5. Analytical characteristics

Fig. 5A shows the DPV curves of MCH/MB-P1-Fc-P2/U—Au-
MGA/GCE in the PBS buffer of pH 7.4 after incubated in the H1
solution containing different concentration of ctDNA for 60 min.
Under the optimized conditions, the DPV current of MB increases
with increasing the ctDNA concentration. This is because the target
DNA-induced recycling has a faster speed in the presence of a
higher ctDNA concentration compared to that in a lower ctDNA
concentration. When the incubation time is fixed at 60 min, more
MB probes are close to the electrode surface and many Fc probes
was released from the electrode surface with increasing ctDNA
concentration, causing an enhanced Iyg value and a decreased Ig.
value, indicating increased Iypg/Igc value. Further, the relationship
curve of the logarithm of Iyg/Ig. with the logarithm of ctDNA con-
centration. There is a good linear relationship between the loga-
rithm of Iyp/lIgc and the logarithm of ctDNA concentration in the
range of 0.1-1.0 x 10° fM. The linear regression equation is: Log(-
ImB/lgc) = 0.242 x Log(Cepna, fM)+0.268, with the correlation

coefficient (R?) of 0.998. The detection limit (LOD) is 0.033 fM for
the detection of ctDNA (N/S = 3). The result shows that the as-
proposed biosensor has a better sensitivity compared to other
methods for electrochemical detection of ctDNA in Table 2. Sixty
duplicate measurements show a relative standard deviation of 2.5%,
verifying high repeatability. The stability of MCH/MB-P1-Fc-P2/
U—Au-MGA/GCE was examined by storing it at 4 °C for 30 days.
Then, the Iyp/Igc value caused by 10 fM ctDNA was measured. The
result shows that the Iyp/Ig. value remains at about 99.6% after this
time, indicating good stability.

To evaluate the effect of U—Au on the sensitivity in the as-
proposed electrochemical sensing platform, another gold nano-
material (Au-0) was prepared by the same procedure as the syn-
thesis of U—Au without CTAC and L-glutathione and used for the
biosensor preparation for detection of ctDNA. As shown in Fig. 5C
and D, the biosensor with U—Au or Au-0 can produce a high DPV
current response towards ctDNA. However, the sensitivity of
biosensor with U—Au is better than that of the biosensor with Au-
0 for the same ctDNA concentration. The change in the Iyg/Ig. vaue
of biosensor with U—Au is more than that of biosensor with Au-0,
verifying that the use of U—Au as the sensing material causes a
significant enhancement of the detection signal. This enhancement
is mainly attributed to high catalytic activity of U—Au. Different
from spherical Au-0, U—Au has an urchin-like architecture with
multilevel spiny structures and more exposed high-index facets.
The unique structure chieves to high catalytic activity. As a result, in
situ catalysis of U—Au towards redox of MB and Fc on the electrode
surface causes sensitive DPV response. This further enhances the
sensitivity for detection of ctDNA.

To examine the specificity of as-proposed biosensor for the

Table 2
Comparison of analytical characteristics of different electrochemical biosensors for detection of ctDNA.
Sensing material Detection technique Target Linear range Detection Ref.
specie limit
DNA clutch probes (DCPs)/nanostructured microelectrodes equipped with PNA probe Differential pulse ctDNA 1fguL! [9]
clamps voltammetry
AuNP/PNA probes LSPR spectra PIK3CA 50 fM [8]
Doxorubicin@tetrahedron-Au Differential pulse KRAS 1fM-10nM 029 fM [15]
voltammetry
DNA three-way junction Square wave voltammetry  ctDNA 101> 4.1 x 107'6M [33]
-107'""M
Nickel(II) phenanthroline complex Differential pulse ctDNA 1 0.18 pg mL~' [34]
voltammetric —15 pg mL™!
Urchins-like gold nanocrystal/GO Differential pulse KRAS 0.1-10%fM  0.031 fM This
voltammetric work
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Fig. 5. The DPV curves (A) of MCH/MB-P1/Fc-P2/U—Au-MGA/GCE in the PBS of pH 7.4 after incubated in the H1 solution containing 0.0, 0.1, 1.0, 10.0, 100.0, 1000.0, 10000.0, 100000.0
and 1000000 fM ctDNA (from a to i), the relationship curve (B) of the logarithm of DPV peak current ratio (Iyp/Irc) with the logarithm of ctDNA concentration, the DPV curves (C)
and the Iyp/Irc values (D) of MCH/MB-P1/Fc-P2/Au-0-MGA/GCE in the PBS of pH 7.4 before (a) and after incubated in the H1 solution containing 10.0 fM ctDNA (b) and MCH/MB-P1/
Fc-P2/U—Au-MGA/GCE in the PBS of pH 7.4 before (c) and after incubated in the H1 solution containing 10.0 fM ctDNA (d) and the corresponding relationship curves of the

logarithm of Iyp/Ig. value with the logarithm of ctDNA concentration.

detection of ctDNA (kras mutation), several DNA species were
designed to simulate main interferences, including blank group,
mutant gene sequences, wild type sequences and random se-
quences. Fig. s2 shows that the blank control group, wild type and
random sequence only cause a minor change in the DPV peak
current of MB and Fc as well as the Iyg/lf values, which fluctuate
slightly compared to the blank control group. Correspondingly,
target mutant gene kras (G12A) causes the lowest Ig. and highest
Ivg. Its the Iy/lfe value is much higher than that caused by the
interference source signal, indicating that the as-proposed
biosensor has good specificity for ctDNA. Therefore, the as-
proposed biosensor can effectively detect mutated genes in clin-
ical samples.

Table 3

3.6. Sample analysis

The proposed biosensor was used to detect of the ctDNA of the
KRAS gene associated with colorectal cancer in diluted serum
samples. Recovery experiments were carried out by adding target
DNA of known concentration into blood samples of healthy vol-
unteers. Table 3 shows that the recovery rate is in the range of
95.8—104.8%, which proves that the biosensor has excellent preci-
sion and accuracy. In addition, we also used ctDNA isolated from
patients with Kras mutation-positive lung cancer to verify the
practicality of the constructed electrochemical sensor. The results
showed that the results of proposed method are consistent with
those obtained by the fluorescence-based method, sufficiently

The results for electrochemical detection of ctDNA gene fragments in the PCR products from human blood (N = 5).

Samples

Targent DNA KRAS (G12A) gene ragments found by the KRAS (G12A) gene ragments found by the fluorescence-  Recovery
added (fM) proposed method (fM) based method (fM) [35] (%)
Human blood of healthy 0.0 No found 95.8
volunteer 1# 5.0 4.79 + 0.32
Human blood of healthy 0.0 No found 102.2
volunteer 2# 10.0 10.22 + 0.64
Human blood of healthy 0.0 No found 104.8
volunteer 3# 50.0 52.4 +0.88
Human blood of cancer 0.0 5.72 + 043 5.66 + 0.54
patient 1#
Human blood of cancer 0.0 14.86 + 0.75 13.1 + 091
patient 2#
Human blood of cancer 0.0 12.48 + 1.62 10.75 + 2.83

patient 3#
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demonstrating that the proportional electrochemical biosensor has
a useful value in identifying ctDNA, a clinical isolate product.

4. Conclusions

This study has demonstrated the sphape-controlled synthesis of
gold nanocrystals via the reduction of HAuCl, with ascorbic acid in
the presence of CTAC, KBr, KI and L-glutathione. Due to a significant
synergy of shape induction of CTAC, KBr and KI and enantiose-
lective induced growth of L-glutathione, the as-synthesized gold
nanocrystals display an urchin-like gold nanostructure with
multilevel spikes and more exposed high-index facets. The unique
structure achieves to an excellent catalytic activity. The integration
of gold nanocrystals and multiple graphene aerogel was used for
the construction of electrochemical sensing platform for the
detection of circulating tumor DNA coupled with the target DNA-
induced recycling amplification. The analytical method provides
ultrahigh sensitivity, specificity and repeatability for detection of
circulating tumor DNA in human blood.
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