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A versatile label-free quadruple signal amplification biosensing platform for p53 gene (target DNA) de-
tection was proposed. The chitosan-graphene (CS-GR) modified electrode with excellent electron
transfer ability could provide a large specific surface for high levels of AuNPs-DNA attachment. The large
amount of AuNPs could immobilize more capture probes and enhance the electrochemical signal with
the excellent electrocatalytic activity. Furthermore, with the assist of N.BstNB I (the nicking en-
donuclease), target DNA could be reused and more G-quadruplex-hemin DNAzyme could be formed,
allowing significant signal amplification in the presence of H,0,. Such strategy can enhance the oxida-
tion-reduction reaction of adsorbed methylene blue (MB) and efficiently improve the sensitivity of the
proposed biosensor. The morphologies of materials and the stepwise biosensor were characterized by
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and cyclic voltammetry
(CV). Differential pulse voltammetry (DPV) signals of MB provided quantitative measures of the con-
centrations of target DNA, with a linear calibration range of 1.0 x 107 °-1.0 x 10"° M and a detection
limit of 3.0 x 10~ ® M. Moreover, the resulting biosensor also exhibited good specificity, acceptable re-
producibility and stability, indicating that the present strategy was promising for broad potential ap-

plication in clinic assay.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The p53 gene, a tumor suppressor, plays critical roles in many
cellular anti-cancer mechanisms and is known as “the guardian of
genome” (Lee et al.,, 2009; Chen et al., 2010). If this gene is mu-
tated, it can speed up tumor growth. The development of a fea-
sible, reliable and sensitive strategy for the detection of p53 gene,
especially at ultra-low physiological concentrations, has been of
great significance. Owing to its inherent advantages such as sim-
plicity, sensitivity, rapidness and low cost, to date, considerable
attentions have been given to the electrochemical technique in
DNA detection (PaleCek and Bartosik, 2012). Furthermore, in order
to realize the ultrasensitive detection, many efforts have been
made for developing novel electrochemical biosensors based on
various target amplification and signal amplification principles.

As for the target amplification, the polymerase chain reaction
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(PCR) method for DNA monitoring exhibits limitations such as
complexity, potential contamination and high cost (Lee et al.,
1993). The rolling circle amplification (RCA) shows some im-
provement, but still encounters problems such as hash reaction
conditions and costly polymerase (Li et al., 2010). On this occasion,
nuclease assisting target recycling was put forward. So far, various
smart nuclease including restriction endonucleases (Chen et al.,
2013; Zhu et al., 2014) and exonucleases (Wang et al., 2014; Liu
et al., 2013a, 2013b) have been applied for bioanalytical applica-
tions. Among them, the nicking endonuclease signal amplification
(NESA) as a newly developed technique attracted researchers’ at-
tention to design sensitive biosensors of target DNA for their au-
tonomous circular amplification and simple operations (Miao
et al, 2013; Zhang et al, 2014b). As one of the nicking en-
donuclease, N.BstNB I enzyme cleaves only one strand of a double
stranded DNA four bases away from the 3’-end of its recognition
sequence (5'-GAGTC-3’), which have been used extensively (Zhou
et al,, 2013).

On the other hand, signal amplification principles often rea-
lized by nanomaterials. One major merit is that one can control
and tailor their properties in a predictable manner to meet the
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needs of specific applications. Furthermore, the integration of
nanomaterials with functional DNA has provided new hybrid
systems (Rosi and Mirkin, 2005). Among various nanomaterials,
gold nanoparticles (AuNPs), with huge reactive surface area,
unusual catalytic property and biocompatibility, were often used
to prepare aptamer-conjugated AuNPs for detection of biomole-
cules (Wu et al.,, 2013; Deng et al., 2013; Jungemann et al., 2013).
And the formed DNA-AuNP conjugates have been utilized as am-
plifying labels for novel biosensing protocols owning to their un-
ique physical and chemical features, such as multivalent binding
capability, enhanced affinity, excellent catalytic properties for
signal amplification (Qiu et al., 2013; Xu et al., 2013).

In order to further push down the detection limit, another
nanomaterial, graphene (GR), with the structure of a single-atom-
thick sheet of sp>-bonded carbon atoms in a closely packed hon-
eycomb two-dimensional lattice, has draw a lot of attention.
Considering its biocompatibility (Chen et al., 2008), GR is an ideal
material utilized for improved performance of biosensors attrib-
uted to synergistic effect of GR and accompanying material in the
nanocomposite (Yao et al., 2012). Furthermore, the high surface
area of GR is helpful in increasing the surface loading of the mo-
lecules. Because of the low electronic noise from thermal effect,
GR-based chemical sensors can also have a much higher sensitivity
(He et al., 2012). Moreover, the excellent conductivity and small
band gap are favorable for conducting electrons from the biomo-
lecules (Brownson et al., 2012). However, GR tends to form ag-
glomerates. Thus, the successful dispersion of GR has enabled the
construction of various potentially useful GR-based biosensors.
Chitosan (CS), a semi-synthetically derived aminopolysaccharide
with many admirable properties (Erdem et al., 2014; Singh et al.,
2013), is commonly used to disperse nanomaterials for con-
structing biosensors (Kang et al., 2009). As it is a polycationic
polymer (Erdem et al., 2014), it can adhere to negatively charged
GR to form a well dispersed and stable CS-GR nanocomposite.
Furthermore, the existence of CS on GR can provide a good bio-
compatible microenvironment (Kang et al., 2009).

More recently, considerable research efforts have been directed
toward the application of DNAzymes, a new effective biocatalyst in
biorecognition and biosensing events as an electrocatalytic label
(Pelossof et al., 2010, 2012; Zhou et al., 2012). As one of the most
classic DNAzyme, G-quadruplex-hemin complex, which is com-
posed of a single-stranded guanine-rich nucleic acid and hemin,
has horseradish peroxidase-like activity and shows great catalytic
activity to H,O, (Deng et al., 2008). Several advantages over nat-
ural peroxidases, such as their small size, high chemical and
thermal stability, low cost and easy synthesis (Breaker, 2000)
makes G-quadruplex-hemin complex a very attractive biocatalysts
for amplified biosensing applications and a novel kind of catalytic
label for the development of DNA biosensors (Liu et al., 2014; Gao
and Li, 2013). Moreover, many researchers have combined me-
thylene blue (Zhang et al., 2014a), alcohol (Zheng et al., 2014),
thionine (Yuan et al.,, 2015) with G-quadruplex-hemin to construct
novel biosensing platform, in which the changes of current are
triggered by the catalysis of G-quadruplex-hemin to H,0, and
NADH.

To significantly improve the detection sensitivity for p53 gene,
herein, a highly sensitive and selective sensing strategy based on
the combination of quadruple signal amplifications, AuNPs, GR,
the N.BstNB I-assisted target recycling and G-quadruplex-hemin
DNAzyme catalyzing was proposed. By the assisting of the ex-
cellent signal generation catalyzed by the G-quadruplex-hemin
DNAzyme, our method is exempt from conventional cumbersome
labeling and is essentially simple and convenient by exploiting the
inherent advantages of electrochemistry as well. The proposed
label-free and quadruple signal amplification approach for DNA
detection showed a high sensitivity, wide detection range and

excellent specificity, and thus possesses promise for sensing
application.

2. Experimental section
2.1. Materials and reagents

Methylene blue (MB) was purchased from Aladdin. Tris-(2-
carboxyethyl) phosphine (TCEP), tris(hydroxymethyl) amino-
methane (Tris) and hemin were obtained from Sangon Biotech Co.,
Ltd. Chitosan (CS), acetic acid and glutaraldehyde (GLU) were
purchased from Tianjin reagent chemicals Co., Ltd. Graphite
powder was provided by Qingdao Fujin graphite Co., Ltd. Gra-
phene (GR) was synthesized by the modified Hummers method
(Wang et al., 2012). Gold(Ill) chloride trihydrate (HAuCl,-3H,0)
was purchased from Sinopharm Chemical Reagent Beijing Co., Ltd.
AuNPs (about 13 nm) were prepared by means of citrate reduction
of HAuCl, according to the literature (Liu and Lu, 2006). The
nicking endonuclease (N.BstNB I) and 10 x NEBuffer 3 (50 mM
Tris-HCl, 10 mM MgCl,, 100 mM NaCl, pH 7.9) were obtained from
New England BioLabs (Ipswich, MA, USA). All the other chemicals
were of analytical grade and used as received. The synthesized
oligonucleotides were obtained from Sangon Biotech Co., Ltd.
(Shanghai, China). All the oligonucleotides solutions were heat-
treated in 90 °C for 3 min and then cooled in ice for 10 min prior to
use. The sequences are listed as follows:

S1: 5'-NH,-C6-TTT TTT TCT GAC GCT GCT CAC G-3’

S2: 5-SH-C6-TTT TTC GTG AGC AGC GTC AG-3' (The italic letters
are complementary with the italic letters of S1)

Hairpin capture probe (CP): 5'-SH-C6-AAA GGG TTG GGC GGG
ATG GGT TGA GTC TTC C|AG TGT GAT GAA ACC CAT C-3’ (The italic
letters are the sequence of the stem arms; the underlined letters
are the recognition sequence of N.BstNB I, and the arrow indicates
the nicking position; the bold letters are complementary with the
target DNA)

5’-NH,-C6-AAA GGG TTG GGC GGG ATG GGT TGA GTC TTC C|AG
TGT GAT GAA ACC CAT C-3’ for comparison biosensor fabrication

p53 gene target (TD): 5'-TCA TCA CAC TGG AAG ACT C-3’

Single-base mismatch target (sTD): 5'-TCA TCA CAC TGG AAG
AAT C-3’

Non-complementary target (nTD):5'-GAC GTC AGA CTT CCT
GCG A-3'.

2.2. Apparatus

CV and DPV were performed at room temperature (RT) on a
CHI-660C electrochemical workstation (Chenhua Instrument Co.,
Ltd., Shanghai, China) coupled with a conventional three-electrode
configuration where modified glassy carbon electrode (GCE, 3 mm
in diameter) was used as working electrodes, platinum wire as an
auxiliary electrode and saturated calomel as a reference electrode
(SCE). The morphologies of materials were characterized by SEM
(JSM-6700F) and TEM (JEM-2100). Absorption spectra were mea-
sured on a UV-2800A ultraviolet-visible (UV-vis) spectro-
photometer (Unico Instrument Co., Ltd., Shanghai, China)

2.3. Synthesis of S2 and CP functionalized AuNPs

Initially, a mixture of 0.6 nM S2 and 2.4 nM CP was directly
injected into 1000 uL gold colloids in a NaOH-treated glass vial
(before conjugation, S2 and CP should be pretreated by TCEP to
split the formed disulfide between the thiolated DNA probes).
After gently shaking, the mixture was transferred to the re-
frigerator at 4 °C for further reaction (overnight). Then, added
10 uL 500 mM Tris-HCl (pH 7.4) and 115 uL 1 M NaCl dropwise
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with gentle shaking. Stored the vial at 4 °C for least another day
before use. Following that, the mixture was centrifuged (13,000 g)
for 15 min. The nanoparticles (designed as S2-CP-AuNP) was re-
suspended in 200 pL 100 mM Tris-HCI (pH 7.4, 100 mM Nacl), and
centrifuged again. Finally, the nanoparticles were dispersed in
500 pL 100 mM Tris-HCI (pH 7.4, 300 mM Nacl), and stored at 4 °C
until use.

2.4. Fabrication of biosensor

The GCE was polished with 0.05 pm and then 0.3 pm alumina
slurries and rinsed thoroughly with double distilled water. After
sonicated in ethanol and deionized water successively, the elec-
trode was rinsed with double distilled water, and finally dried
under an infrared lamp. GR (3 mg) was dispersed in 1.5 mL of
0.2 wt% CS solution (dissolved in 1% acetic acid) with ultra-soni-
cation to form the CS-GR suspension for further characterization
and application. The CS-GR/GCE was prepared by casting 6 uL of
as-prepared suspension onto the surface of GCE and dried in air.

S1 was covalently immobilized on CS-GR/GCE using GLU. CS-
GR/GCE was placed in 2.5% GLU for 2 h and then washed with
0.1 M NaOH and washing buffer (10 mM Tris-HCl, pH 7.4). Acti-
vated electrode was then soaked in 0.5 pM S1 for 1 h. The fabri-
cated S1/CS-GR/GCE was then thoroughly washed with washing
buffer and stored at 4 °C until use.

S2-CP-AuNP was assembled to the surface of modified elec-
trode via immersing the S1/CS-GR/GCE into 30 pL S2-CP-AuNP for
the formation of ds-DNA structures between S1 and S2. The hy-
bridization reaction was carried out for 1 h at 40 °C. Subsequently,
the electrode was thoroughly rinsed with washing buffer. The
obtained electrode was named as S2-CP-AuNP/S1/CS-GR/GCE.

As comparisons, biosensors fabricated without GR or AuNPs,
which named as S2-CP-AuNP/S1/GCE and CP/CS-GR/GCE, were
fabricated as follows: (1) S2-CP-AuNP/S1/GCE. The GCE was oxi-
dized at +1.5V for 30 s in an aqueous solution containing 85 mM
K;CrO; and 1.7 M HNO; to produce more carboxyl group. After
rinsed, the electrode was activated in 20 mM Tris-HCl (pH 7.4)
containing 20 mM EDC and 10 mM NHS at 4 °C for 2 h (Xu et al,,
2006) to activate carboxyl groups. The electrode was rinsed again
and soaked in S1 solution to form the S1/GCE. S2-CP-AuNP was
immobilized on the S1/GCE by hybridization between S1 and S2 as
the S2-CP-AuNP/S1/CS-GR/GCE fabrication. (2) CP/CS-GR/GCE. CS-
GR/GCE was activated with GLU and then treated with NH,-CP to
form the CP/CS-GR/GCE.

To monitor the each step for immobilization, the measure-
ments of CV was performed in 0.1 M of KCl aqueous solution
containing 5 mM of [Fe(CN)s]> /4~ as the probe and recorded
with a step potential of 1 mV in the potential range of —0.3 to
0.6 V at a scan rate of 100 mV/s. And the experimental parameters
mentioned above, including of solution concentrations, tempera-
tures and times, were optimized.

2.5. DNA hybridization and the nicking reaction

The prepared biosensor was reacted with 50 pL of TD with
different concentrations. Upon incubation at 40 °C for 80 min, the
sensor was incubated in a solution of N.BstNB I reaction buffer
(0.5U/pL) in 50 pL NEBuffer 3 at 55 °C for 60 min. Then the so-
lution was heated to 90 °C and kept for 10 min to deactivate the N.
BstNB I enzyme. After cooling down to room temperature, the
biosensor was rinsed with washing buffer and incubated in hemin
solution of 0.2 mM to form G-quadruplex-hemin DNAzyme at
room temperature (RT) for 30 min. The biosensor was further
dipped in 0.5 mM MB aqueous solution for 50 min at RT. The sig-
nal was monitored by DPV in 100 mM Tris-HCI (pH 7.4) containing
0.1 M KCl and 2 mM H,0, from —0.5 to 0 V with the parameters of

increment potential, 0.004V; pulse amplitude, 0.05V; pulse
width, 0.05s; sample width, 0.0167 s; pulse period, 0.2 s; quiet
time, 2 s. After each step, the biosensor was washed with washing
buffer. Analyses are always made in triplicate.

3. Results and discussion
3.1. Sensing mechanism

The principle of the sensing mechanism in this work is illu-
strated in Fig.1. Via electrostatic interaction, GR was noncovalently
functionalized with CS. The fabricated CS-GR/GCE provided a large
specific surface for high levels of DNA S1 loading, with the assist of
GLU. Hemin-based hairpin CP and S2 functionalized AuNPs was
prepared through the classical Au-S bond. With the hybridization
between S1 and S2, the S2-CP-AuNP/S1/CS-GR/GCE was fabri-
cated. Owning to the high specific surface area of AuNPs, many
hemin-binding hairpin CP can be introduced into the biosensor. As
the N.BstNB I is specifically designed to recognize specific nu-
cleotide sequences in double-stranded DNA (ds-DNA) and cleaves
only one of the two strands. In the absence of TD, the N.BstNB I
cannot nick the hairpin CP and a part of the G-rich nucleic acid
sequence yields a stable duplex domain in the stem region of the
hairpin which eliminates the formation of the active G-quad-
ruplex-hemin structure when the hemin and K* are added in the
test system. However, when a perfectly matched TD hybridizes to
the hairpin DNA, the stem of the hairpin CP is opened and a full
recognition site will form for N.BstNB I. Then the N.BstNB I binds
to and nicks the cleavage site. After nicking, the hairpin CP is
cleaved into two fragments, and only the G-rich sequence remains
on the electrode surface. Subsequently, the released target DNAs
again hybridize with other hairpin CP and initiate the target re-
cycling cycles, resulting in the cleavage of many hairpin CP and the
formation of many G-quadruplex-hemin DNAzyme with the help
of the hemin and K™. In this way, a single target can activate many
G-quadruplex-hemin DNAzymes. Meanwhile, MB, as an electro-
chemical indicator, is abundantly adsorbed on the oligonucleotides
via specific interaction of MB with guanine base and served as an
electron mediator. During the electrochemical measurement, each
MB (as a good electron mediator) can produce an electrochemical
signal with the applied potentials. Meanwhile, the formed
G-quadruplex-hemin DNAzyme can further catalyze the reduction
of H,0, with the aim of dramatically improving the oxidation-

GCE -

S ﬁif f;f:’;‘:

Fig.1. Schematic routine of the biosensor fabrication and its signal amplification
strategy for p53 gene detection based on CS-GR, AuNPs, nicking endonuclease and
G-quadruplex-hemin DNAzyme.
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reduction reaction of MB (Yuan et al., 2013; Xu et al., 2013), thus
leading to an amplified electronic signal. By monitoring the change
in the current, we can indirectly determine the concentration of
TD in the sample.

3.2. Material characterizations

Fig. S1A shows the SEM image of CS-GR composite, clearly
clarifying the typical crumpled and wrinkled flake-like sheet
structure. The TEM images of AuNPs and S2 and CP functionalized
AuNPs are shown in Fig. S1B and C, respectively. The border of the
AuNPs was clear while that of the S2-CP-AuNPs was ambiguous,
which was caused by the functionalization of nucleotides on the
surface of AuNPs. The UV-vis absorption spectra showed that the
maximum absorption of the AuNPs was observed at 520 nm and it
was red-shifted to 524 nm for S2-CP-AuNPs, which further con-
firmed that the AuNPs were successfully assembled with S2 and CP
(Fig. S1D).

3.3. Electrochemical characterization of the stepwise modified
electrodes

Fig. S2 describes CVs of bare GCE (a), CS-GR/GCE (b), S1/CS-GR/
GCE (c), S2-CP-AuNP/S1/CS-GR/GCE (d) in 0.1 M KCl and 5 mM of
[Fe(CN)g]>~/4~. It is observed that, redox peak currents increases
for CS-GR/GCE as compared to bare GCE. The increase in peak
current for CS-GR/GCE is attributed to uniformly distributed GR in
CS that provides high surface area, excellent electrical conductivity
and electron mobility at RT. On the other hand, peak broadening in
terms of peak separation potential (AE,) from 0.098 V for GCE to
0.213 V of CS-GR indicates that the electron transfer process is not
reversible. Peak current decreases on subsequent functionalization
of the electrode with S1 with the help of GLU is attributed to
masking of electroactive surface by GLU which is insulating in
nature and leads to perturb the electron communication. After
immobilization of S2-CP-AuNP onto GLU functionalized CS-GR/
GCE peak current rises and can be ascribed to increased charge
transfer owing to ionic conductance and -7 interaction of DNA
(Johnson et al., 2008). Besides this, sugar phosphate backbone of
DNA being negatively charged is usually surrounded by positive
“counter ions”. This may form DNA/water/counter ion complex
that will attract more negatively charged [Fe(CN)g]*> /4~ which in
turn will contribute to increase in redox current.

3.4. Signal amplification component

Fig. 2 shows the DPVs of different modified electrodes in a
100 mM Tris-HCl solution containing 0.1 M KCl and 2 mM H,0,. A
small current was obtained for S2-CP-AuNP/S1/CS-GR/GCE (curve
a). In the presence of hemin and N.BstNB I but without TD (curve
b), or in the presence of N.BstNB I and TD but without hemin
(curve ¢), or in the presence of hemin and TD but without N.BstNB
I (curve d), there were no significant changes in the peak currents
compared with curve a, suggesting that G-quadruplex-hemin
DNAzyme was not formed. In the absence of TD, hairpin CP, which
contained a large number of G based in the stem region, could not
become duplex for N.BstNB I nicking which eliminates the for-
mation of the active G-quadruplex-hemin structure when the
hemin and K* are added in the test system. Additionally,
G-quadruplex-hemin DNAzyme cannot form without hemin or N.
BstNB 1. In the absence of G-quadruplex-hemin DNAzyme, H,0,
could not play a role, as a result of which, the electrochemical
responses did not obviously change when using MB as an electron
mediator (Zhang et al., 2013). With hemin, N.BstNB I and TD (curve
e), the peak DPV current increased significantly, indicating that a
large amount of G-quadruplex-hemin DNAzyme formed with the
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Fig. 2. DPVs of S2-CP-AuNP/S1/CS-GR/GCE (a); the electrode (a) in the presence of
hemin and N.BstNB I, but without TD (b); the electrode (a) in the presence of N.
BstNB I and TD, but without hemin (c); the electrode (a) in the presence of hemin
and TD, but without N.BstNB I (d); the electrode (a) in the presence of hemin, N.
BstNB I and TD (e) in a 100 mM Tris-HCl solution containing 0.1 M KCl and 2 mM
H,0,.

help of the nicking endonuclease N.BstNB I. Therefore, N.BstNB [
was adopted in this system for signal amplification.

Another question arises as to whether the formed G-quad-
ruplex-hemin DNAzyme could catalyze the reduction of H,0, in
the solution to amplify the electrochemical signal of the adsorbed
MB. To investigate this issue, we studied the electrochemical be-
havior of S2-CP-AuNP/S1/CS-GR/GCE after interacted with
1 nM TD and N.BstNB I nicking. As can be seen in Fig. 3, no redox
peaks were observed after the resulting biosensor was incubated
with hemin (curve a). When the resulting biosensor was incubated
with hemin and MB, a pair of redox peaks was observed (curve b).
Favorably, upon addition of 2 mM H,0, in Tris—HCI, an obvious
catalytic characteristic appeared with a dramatic increase of peak
current (curve c). The result indicated that the formed G-quad-
ruplex-hemin DNAzyme could exhibit an obvious enzymatic cat-
alytic behavior. The increase of the peak current was mainly de-
rived from the G-quadruplex-hemin DNAzyme toward the cata-
lytic reduction of H,0, with the help of MB electron mediators.
Hence, the G-quadruplex-hemin DNAzyme could be used for the
signal amplification in this biosensing system.

To verify the signal amplification role of CS-GR and AuNP in
this as-prepared S2-CP-AuNP/S1/CS-GR/GCE, we prepared another
two types of secondary biosensors, i.e., S2-CP-AuNP/S1/GCE (A),
CP/CS-GR/GCE (B) under the same experimental conditions. The
DPVs of different modified electrodes are displayed in Fig. 4. Curve
a in Fig. 4A-C shows the DPVs of different biosensors in the pre-
sence of hemin and N.BstNB I but without TD. Curve b in Fig. 4A-C
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Fig. 3. CVs of as prepared S2-CP-AuNP/S1/CS-GR/GCE after interacted with
1 nM TD and N.BstNB I nicking: incubated with hemin (a); incubated with hemin
and MB (b and c) in the absence (b) or in the presence of (a and c¢) 2 mM H,0, in
Tris-HCI (100 mM, pH 7.4, containing 0.1 M KCI).
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Fig. 4. DPVs of S2-CP-AuNP/S1/GCE (A), CP/CS-GR/GCE (B) and S2-CP-AuNP/S1/CS-GR/GCE (C) towards detecting of TD (in the absence of TD (curve a) and in the presence of

TD (curve b)) in Tris—-HCI (100 mM, pH 7.4, containing 0.1 M KCI and 2 mM H,0,).

shows the DPVs of these three electrodes in the presence of
hemin, N.BstNB I and TD. It was obvious that the difference be-
tween the peak currents of curve a and curve b in Fig. 4C was the
largest, which may attribute to the following reasons: Firstly, the
employment of CS-GR with excellent conductivity can provide a
large surface for the immobilization of probe DNA and enhance
the electrocatalytic efficiency of AuNPs and G-quadruplex-hemin
DNAzyme. Secondly, the as-prepared AuNPs with large surface
area not only act as a biomaterial to immobilize large amount of
CP, G-quadruplex-hemin DNAzyme and MB, but also show re-
markable catalytic activity toward H,0, reduction. Furthermore,
the synergetic catalysis of AuNPs and G-quadruplex-hemin DNA-
zyme finally resulted in the greatly amplified detection signal and
prominent sensitivity of the proposed biosensor.

On the basis of these above results, we might clearly observe
that the quadruple siganl amplification of the electrochemical
biosensor could be implemented by using N.BstNB I, G-quad-
ruplex-hemin DNAzyme, CS-GR and AuNPs.

3.5. Optimization of experimental conditions

To achieve superior sensitivity, assay parameters such as the
time of TD interaction, the pH of the detection buffer, the con-
centration of H,O, and hemin were investigated in this work. As
shown in Fig. S3(A), the biosensor was incubated with TD (1 nM)
for a certain period of time ranging from 20 to 120 min. After that,
the biosensor was treated with N.BstNB I and hemin. The DPV
response signal increased with increased incubation time and then
reached equilibrium after about 80 min. Taking account of effi-
ciency, 80 min was chosen as the optimal incubation time. Fig. S3
(B) shows the effects of pH of the detection buffer on the DPV
response. Optimal response for TD detections is obtained at pH 7.4,

which is selected for the following experiments. For H>O,, DPV
response signal is increased with increasing H,O, concentration,
and reaches the highest at 2 mM, and then decreases (Fig. S3(C)).
For hemin, DPV response signal is also increased with hemin
concentration increasing, and reaches equilibrium after about
0.2 mM (Fig. S3 (D)). To guarantee the maximal formation of the
G-quadruplex-hemin DNAzyme, the amount of hemin was settled
at 0.2 mM.

3.6. Target DNA sensing

Under the optimal conditions, the sensitivity of the assay based
on CS-GR, AuNPs, G-quadruplex-hemin DNAzyme and the N.
BstNB I-assisted target recycling was investigated by varying the
target concentration. As displayed in Fig. 5A, the electrochemical
response was very sensitive to the change in the TD concentration
and increased with the increase in the concentration of TD, and
the peak currents was found to be logarithmically related to the
concentration of TD in the range from 1.0 x 10~ °-1.02 x 10~°M
(I=81.76+4.417log C R =0.9930, Fig. 5B). The detection limit
(LOD) estimated to be 3.0 x 10~ M (3o, o is the relation standard
deviation of a blank solution). A comparison has been made be-
tween the proposed assay and other reported electrochemical
signal amplification methods (Table S1). The above results showed
that the integration of CS-GR, AuNPs, N.BstNB I and G-quadruplex-
hemin DNAzyme could provide a possible enhancement of elec-
trochemical signals and improvement of sensitivity, as expected.
As compared to other methods, this method possessed good
sensitivity, though it is lower than several methods. In addition,
the innovative advantage of this method is the exploration for
quadruple signal amplification strategy. Moreover, the GR used in
this method, which have the property of large surface area and
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Fig. 5. (A) DPVs for S2-CP-AuNP/S1/CS-GR/GCE detection of different concentrations (a-g: 10~ > M, 10~ M, 10> M, 10~ 2 M, 10~ " M, 10~ M, 10~° M) of TD; (B) Linear

relationship between the peak currents and the logarithm of TD concentration.

easy-modified, can be further functinalized to improve the ana-
lytical performances of the biosensor.

3.7. Specificity, reproducibility and stability

The specificity of the proposed assay was investigated by ex-
posing the sensor to the same concentration of three different
kinds of DNA sequences, the perfect complementary sequences
(TD), signal-base mismatch sequence (sTD) and non-com-
plementary sequence (nTD), respectively (Fig. S4). As anticipated,
the highest peak current increment (AI) was observed after hy-
bridization with TD. However, when hybridized with sTD and the
nTD, the AI changes slightly compared to the blank. These results
indicate the advantageous selectivity of our proposed protocol.

The reproducibility of this biosensor was evaluated by the re-
lative standard deviation (RSD, n=5) of the signal for 1 nM TD.
RSD of 4.14% was obtained using the same electrode to detect TD.
RSD of 5.61% was obtained using five different biosensors prepared
under the same conditions. These results indicated the good and
acceptable reproducibility of the proposed sensor.

The stability of the successive assays was also investigated by
carrying out five cycles of DPV measurements with 1 nM TD. The
results suggest that peak current decreased by 5.23%. In addition,
the long-term storage stability of the proposed protocol was also
studied over a three-week period. The DPV peak current retained
95.2% of its initial current after the first week storage and 91.7%
after three weeks of storage, respectively, which indicated that the
biosensor had a sufficient stability for the detection of TD.

4. Conclusions

In summary, a label-free, ultrasensitive and selective p53 bio-
sensor with quadruple signal amplification strategy resulting from
CS-GR, AuNPs, the N.BstNB I-assisted target recycling and
G-quadruplex-hemin DNAzyme catalyzing has been developed.
The CS-GR with increased surface area and improved electron
transfer ability served as an ideal nano-carrier led to the attach-
ment of large amounts of AuNPs-DNA on the electrode surface,
paving the way for the amplified electrochemical detection. With
the N.BstNB I-assisted target recycling, more G-quadruplex-hemin
DNAzymes intercalated with electron mediator MB which exempts
the assay from conventional cumbersome labeling could be
formed and the co-electrocatalytic behavior of AuNPs with
G-quadruplex-hemin DNAzyme greatly amplified the detection
signal, achieving high sensitivity of the biosensor. With advantages
such as wide linear range, high sensitivity and good selectivity,

this strategy has the potential to be integrated in portable for di-
agnostic applications.
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