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a  b  s  t  r  a  c  t

An  ultrasensitive  electrochemical  DNA  biosensor  was  constructed  by  assembling  probe  labeled  gold
nanoparticles  (ssDNA–AuNP)  on  electrochemically  reduced  graphene  oxide  (ERGO)  modified  electrode
with  thiol  group  tagged  (GT)  DNA  strand  (d(GT)29SH)  and  coupling  with  horseradish  peroxidase  (HRP)
functionalized  carbon  sphere  (CNS)  as  tracer.  The  heteronanostructure  formed  on the  biosensor  surface
appeared  relatively  good  conductor  for  accelerating  the  electron  transfer,  while  the  HRP  tagged  CNS  pro-
vided dual  signal  amplification  for  electrochemical  biosensing.  The  triplex  signal  amplification  strategy
eywords:
NA biosensor
lectrochemical biosensing
equence analysis of DNA
lectrochemically reduced graphene
ignal amplification
arbon sphere

produced  an  ultrasensitive  electrochemical  detection  of  DNA  down  to attomolar  level  (5  aM)  with  a linear
range of  5 orders  of  magnitude  (from  1 ×  10−17 M to  1 ×  10−13 M),  and  appeared  high  selectivity  to differ-
entiate  single-base  mismatched  and  three-base  mismatched  sequences  of  DNA.  The  proposed  approach
provided  a simple  and  reliable  method  for  DNA  detection  with  high  sensitivity  and  specificity,  indicating
promising  application  in bioanalysis  and biomedicine.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The sensitive detection of DNA sequence has emerged as a hot
ubject of research due to its extensive applications in molecular
iagnostics, food, environment, anti-terrorism and forensic sci-
nce (Dong et al., 2008; Sassolas et al., 2008; Bi et al., 2010; Dong
t al., 2010a).  Although various approaches have been employed
or detection of low-abundant DNA, such as polymerase-chain-
eaction (PCR) technique (Ju et al., 2003; Ye et al., 2003), enzymatic
ycles (Munge et al., 2005; Wang et al., 2008), and nanoparticles-
ased signal amplification (Taton et al., 2000; Song et al., 2009),
ovel detection technology or signal amplification strategies are
ontinually needed to meet the increasing demands (Wang et al.,
008). Multiple signal amplification strategy opens new opportuni-
ies for highly sensitive detection of biomolecules (Li et al., 2010).
or example, two dual signal amplification strategies have been
eveloped for detection of DNA hybridization by combining the
fficient carrier-bead amplification platform with sensitive strip-

ing voltammetric measurement (Dong et al., 2010b)  and carbon
anotubes carrier amplification approach with enzymatic cycle
Gao et al., 2011).

∗ Corresponding authors. Tel.: +86 25 83593593, fax: +86 25 83593593.
E-mail addresses: hxju@nju.edu.cn (H. Ju), yanfeng2007@sohu.com (F. Yan).

956-5663/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2012.01.006
In electrochemical biosensing, the electrocatalytic properties
are strongly related to the microstructure and surface chemistry
of biosensors. Recently, graphene has been used for construction
of biosensors due to its unique electronic properties and large
accessible surface area (Stankovich et al., 2006; Li et al., 2008;
Zhou et al., 2009). A novel electrochemical immunosensor with
greatly enhanced sensitivity for detection of �-fetoprotein (AFP)
based on graphene modified electrode has been developed (Du
et al., 2010). Biocompatible graphene not only facilitates bimolec-
ular binding but also accelerates electron transfer, thus amplifies
electrochemical detection signal (Kang et al., 2009; Wang et al.,
2009a). Furthermore, the graphene modified electrode displays a
superior biosensing performance in comparison to carbon nano-
tubes modified electrode (Alwarappan et al., 2009).

This work used electrochemically reduced graphene oxide
(ERGO) modified electrode to assemble probe labeled gold
nanoparticles (ssDNA–AuNP) with thiol group-DNA strand
(d(GT)29SH) and develop a triplex signal amplification strategy
for DNA detection by coupling with streptavidin (SA)–horseradish
peroxidase (HRP) functionalized carbon sphere (CNS) as a signal
tag. The ERGO modified electrode was prepared by electrochem-

ical reduction of graphene oxide (GO) coated on a glassy carbon
electrode (Guo et al., 2009). The d(GT)29SH was  then assembled
on the electrode by the �–� stacking interaction between d(GT)29
and ERGO (Zheng et al., 2003) for anchoring ssDNA–AuNPs to

dx.doi.org/10.1016/j.bios.2012.01.006
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:hxju@nju.edu.cn
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ig. 1. Schematic presence of electrochemical DNA biosensing using probe labeled
uNPs–graphene modified electrode and enzyme functionalized carbon sphere for
PV  tracing.

roduce a DNA biosensor (Fig. 1). The heteronanostructure of
he biosensor surface appeared high conductivity for accelerating
he electron transfer (Liu et al., 2010). After hybridization of the
mmobilized DNA probe with biotinylated target, the signal tag

as bound to the biosensor by the specific recognition of SA to
iotin. An enzymatic reaction of HRP was finally used to produce
etection signal. The proposed strategy showed high sensitivity
nd selectivity toward DNA detection, which provides a useful
latform for bioanalytical and clinic biomedical application.

. Materials and methods

.1. Reagents

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ide (EDC), N-hydroxysuccinimide (NHS), HRP labeled SA,
ris-(2-carboxyethyl) phosphine hydrochloride (TCEP) and
almon DNA were purchased from Sigma–Aldrich, Inc. (USA).
ris(hydroxymethyl)aminomethane (tris)–HCl (10 mM,  pH 8.0)
ontaining 1 mM ethylenediaminetetraacetic acid (EDTA) (10 mM
ris, 1 mM EDTA, 50 mM NaCl, 10 mM MgCl2) was  used as DNA
ybridization buffer. 0.05% Tween-20 was spiked into phosphate
uffered saline (PBS) as wash buffer (PBST) to minimize unspecific
dsorption. DNA was stored in Tris–HCl (10 mM,  pH 8.0) containing

 mM EDTA. All other reagents were of analytical grade. All aqueous
olutions were prepared using ultra-pure water (18 M�, Milli-Q,
illipore). The oligonucleotides were purchased from Sangon

iological Engineering Technology & Co. Ltd. (Shanghai, China) and
urified using high-performance liquid chromatography. Their
equences were:

three-base mismatched oligonucleotide: 5′biotin-CCG ATG AGA
GT TTC CCT TCG AC3′;

single-base mismatched oligonucleotide: 5′biotin-CCG AAG
GA CGT TTC CGT TCG AC3′;

target: 5′biotin-CCG AAG AGA CCT TTC CGT TCG AC3′;
probe: 5′HS-C6GT CGA ACG GAA AGG TCT CTT CGG3′;
d(GT)29SH: 5′HS-C6GTG TG TGT GTG TGT GTG TGT GTG TGT GT

TG TGT GTG TGT GTG TGT GTG TGT GTG TGT3′.

.2. Apparatus
The morphology of CNS was examined with scanning elec-
ron micrograph with a Hitachi S-4800 (Japan). The morphologies
f the ERGO and ssDNA–AuNPs loaded ERGO were recorded
n a JEM 2100 transmission electron microscope (TEM). Fourier
ectronics 33 (2012) 228– 232 229

transform infrared spectra were recorded on a Nicolet 400 Fourier
transform infrared spectrometer (Madison, WI). The dynamic light-
scattering measurement (DLS) was  recorded on 90 Plus/BI-MAS
Brook haven (USA). Electrochemical experiments were performed
on a CHI 630A Electrochemical Workstation (CH Instruments, USA)
with a three-electrode system using Pt as counter electrode and
saturated calomel electrode as reference electrode.

2.3. Electrochemical reduction of GO and preparation of DNA
biosensor

The GO coated GCE was prepared by firstly polishing a GCE
with alumina powders, then rinsing thoroughly and drying it with
blowing N2, and finally spreading 5 �L exfoliated GO suspension
(6 mg/mL) on the GCE. The film was dried in a vacuum desiccator.
The electrochemical reduction of the exfoliated GO film on GCE was
carried out with cyclic voltammetric sweep between −1.5 and 0.1 V
at 100 mV/s in 10 mM pH 5.0 PBS (K2HPO4/KH2PO4).

4.4 �L d(GT)29SH (2 �M)  was  dropped on the ERGO modified
GCE, and reacted at room temperature for 3 h. After the GCE  was
washed thrice with PBST, 5 �L ssDNA–AuNPs (9.2 nM)  was added
to the GCE surface and incubated at room temperature for 12 h. It
was  then rinsed with PBST to remove the unbound ssDNA–AuNPs
and blocked with 5 �L 1 mg/mL  salmon DNA to reduce nonspecific
adsorption for obtaining the DNA biosensor.

2.4. Preparation of ssDNA–AuNPs

The preparation of ssDNA–AuNPs was  according to a previous
report (Liu and Lu, 2006). Briefly, a disposable vial used for syn-
thesis (20 mL volume) was dipped in 12 M NaOH for 1 h at room
temperature and rinsed with copious amounts of deionized water.
9 �L of 0.1 mM thiol-modified DNA, 1 �L of 500 mM acetate buffer
(pH 5.2) and 1.5 �L of 10 mM TCEP were mixed and incubated at
room temperature for 1 h to activate the thiol-modified DNA. Then
the activated DNA was added to vial containing 1.56 mL  AuNPs
(2.6 nM,  diameter 13 nm)  and reacted for 16 h at room temperature.
15.6 �L of 500 mM tris acetate (pH 8.2) buffer was  then added to vial
with gentle hand shaking. The resulting ssDNA–AuNPs was stored
at 4 ◦C.

2.5. Assembly of SA–HRP tagged CNS

Colloidal CNS was  synthesized from fructose in closed systems
under hydrothermal conditions (Shin et al., 2008). The CNS was
functionalized with hydrophilic carboxylate groups by sonication
in 6:1 concentrated H2SO4/HNO3 for 1 h (Sun and Li, 2004). The
resulting CNS (0.5 mL) was  mixed with 0.5 mL SA–HRP (3 mg/L) in
the presence of EDC (20 mg/mL) and NHS (30 mg/mL), and incu-
bated for 1 h at room temperature to obtain the SA–HRP tagged
CNS.

2.6. DNA detection

The hybridization reaction was  carried out by dropping 5 �L of
the target solution to the biosensor and incubation at room tem-
perature for 1 h. After the biosensor was  washed thoroughly with
PBST, 5 �L SA–HRP tagged CNS (0.5 mg/mL) was dropped on its sur-
face, which was left for 30 min  and washed PBST to remove the
unbound SA–HRP tagged CNS. The different pulse voltammetric

(DPV) measurements were performed from −300 to −850 mV  with
pulse amplitude of 50 mV  and width of 50 ms. The data for con-
dition optimization and the calibration curve were the average of
three measurements.
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Fig. 2. (A) SEM of as-prepared CNS and (B) FT-IR spectra o

. Results and discussion
.1. Characterization of CNS and SA–HRP tagged CNS

The CNS was obtained by a “green” synthetic approach, and
unctionalized with hydrophilic carboxylate groups by sonication

ig. 3. (A) CV of GO modified GCE in nitrogen-saturated PBS (pH 5.2) at 50 mV/s, (B) TEM im
mpedance spectra of (a) GO and (b) ssDNA–AuNPs assembled ERGO modified GCEs in 0.1
 (a) and CNS–SA/HRP (b). Inset in A: DLS of prepared CNS.

in 6:1 concentrated H2SO4/HNO3 for 1 h. The carboxylated CNS
showed a homogeneous and smooth surface and good dispersion

with a narrow size distribution (Fig. 2A). Their mean size was
about 120 nm.  The DLS further confirmed the narrow size distribu-
tion of the obtained CNS (inset in Fig. 2A). The hydrophilic surface
could be easily functionalized with SA–HRP by covalent linking. In

age of ERGO, (C) TEM image of ssDNA–AuNPs loaded ERGO, and (D) electrochemical
 M KCl containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6].
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(LOD) was  calculated to be 5 aM.  Compared to other enzyme-based
electrochemical DNA sensors (Munge et al., 2005; Wang et al.,
2008), the proposed biosensor showed a much lower limit of detec-
tion. The limit of detection was  also competitive with other highly
Fig. 4. (A) Electrochemical impedance at different concentrations o

omparison with the CNS (Fig. 2B, curve a), the Fourier transform
nfrared spectrum of the SA–HRP tagged CNS displayed obvious
bsorption peaks corresponding to the amide bands I (1683 cm−1)
nd II (1569 cm−1) of SA–HRP(Fig. 2B, curve b), respectively, indi-
ating that the SA–HRP molecules were successfully loaded on the
arboxylated CNS.

.2. Characterization of electrode assembly process

The cyclic voltammogram (CV) of GO modified GCE showed
 large reduction peak around −1.1 V, which was related to the
eduction of the surface oxygen groups. The reduction current
ecreased considerably at the second cycle and disappeared after
everal potential scans (Fig. 3A). This phenomenon indicated that
he reduction of surface-oxygenated groups on GO was quick
nd irreversible (Guo et al., 2009; Wang et al., 2009b; Shao
t al., 2010). Transmission electron microscopic images showed
ew-layer flexible wrinkled sheet of ERGO (Fig. 3B). Benefiting
rom the strong �–� stacking between d(GT)29SH and ERGO, the
sDNA–AuNPs could be efficiently loaded on the surface of ERGO
ia Au S bond (Fig. 3C). Furthermore, the colloidal AuNPs were
istributed on the whole surface of ERGO sheets. It is worthy to
ention that the direct assembly of DNA on heteronanostructure

id not alter the structures and properties of both AuNPs and
RGO, including their high conductivity for accelerating the elec-
ron transfer. As shown in Fig. 3D, the GO modified GCE showed an
lectron-transfer resistance of about 2400 �,  while ssDNA–AuNPs
ssembled ERGO modified GCE displayed a resistance of only about
00 � in spite of the presence of high content of ssDNA with
egative charge of phospholipids, which would block the elec-
ron transfer of negatively charged Fe(CN)3−/4−. The low resistance
ndicated the good conductivity of the ssDNA–AuNPs assembled
RGO.

.3. Optimization of biosensing condition

The amount of ssDNA–AuNPs attached on the ERGO sheet
nd the concentration of the tracer affected intensely the elec-
rochemical performance of the proposed sensor for detection
NA target (Fig. 4). The electron-transfer resistance decreased
long with the increase of the Au–ssDNA concentration with the
owest value observed at 9.2 nM (Fig. 4A). The further increase
f Au–ssDNA caused the increasing electron-transfer resistance,
hich might result from the citrate moieties on AuNPs (Gao

t al., 2011). The electrochemical response was intensified in a

racer concentration-dependent manner, and tended to a sta-
le value at 0.5 mg/mL  (Fig. 4B). Thus, 9.2 nM ssDNA–AuNPs and
.5 mg/mL  SA–HRP–CNSs were used in all subsequent works,
espectively.
A–AuNPs and (B) plot of peak current vs HRP–CNS concentration.

3.4. Signal amplification

After the proposed biosensor hybridized with the biotinylated
target and incubated with SA–HRP tagged CNS solution for 30 min,
respectively, it exhibited a stable DPV peak at −0.564 V in PBS
containing o-phenylenediamine and hydrogen peroxide, which
corresponded to the reduction of 2,2′-diaminoazobenzene, the
enzymatic product (Cheng et al., 2008). The tracer made each tar-
get hybridization event relate to numerous enzyme reaction, thus
greatly amplify the detection signal. As a comparison, SA–HRP was
used as the tracer instead of SA–HRP–CNS. As shown in Fig. 5, the
signal originated from SA–HRP–CNS tracer (curve a) was 3.6-fold
larger than that from SA–HRP (curve b) at 0.1 fM target DNA, and
6.8-fold larger than the background (curve c), which was detected
in absence of target and came from the nonspecific adsorption
of SA–HRP–CNS. This result demonstrated that the SA–HRP–CNS
tracer greatly amplified the detection signal.

3.5. Voltammetric analysis of target DNA

Under optimal conditions, the DPV peak current increased with
the increasing concentration of target DNA (Fig. 6A). The plot of the
response vs the logarithm of target concentration showed a linear
relationship in the detected range from 1 × 10−17 M to 1 × 10−13 M
(inset in Fig. 6A). At the current signal of 3 times standard devi-
ation (SD) measured at free of target DNA, the limit of detection
Fig. 5. DPV curves of (a) 0.1 fM target with SA–HRP–CNS tracer, (b) 0.1 fM target with
SA–HRP tracer and (c) blank with SA–HRP–CNS tracer. Inset: the corresponding peak
currents.
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Fig. 6. (A) DPV curves at target DNA concentrations of 0.1, 0.01 pmol/L, 0.1, 0.01 fmol/L from (a) to (e) and (B) DPV curves at 0.01 pM complement sequence (a), single-base
mismatched sequence (b) and three-base mismatched sequence (c). Inset in A: linear relationship between peak current and logarithm of target concentration (n = 3). Inset
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n  B: the corresponding current values.

ensitive detection approaches such as molecular biological tech-
ique (Saghatelian et al., 2003; Tan et al., 2005; Mahmoudian et al.,
008), and nanoparticle-based signal amplification strategy (Liu
t al., 2008; Pinijsuwan et al., 2008; Rijiravanich et al., 2008). The
igh sensitivity emphasized the importance of the proposed triplex
ignal amplification strategy to the improved analytical perfor-
ance of the biosensor.
The specificity of the proposed DNA biosensor was  investi-

ated by exposing it to three kinds of DNA sequences, including
erfect complementary target, single-base mismatched oligonu-
leotide and three-base of mismatched oligonucleotide at the
ame concentration (0.01 pM). The biosensor exhibited good per-
ormance to discriminate perfect complementary target and the
ase mismatched targets (Fig. 6B). The perfect complementary
arget showed a signal of 3.4-fold and 6.6-fold of those single-
ase mismatched oligonucleotide and three-base mismatched
ligonucleotide, respectively, indicating good selectivity and great
otential for single nucleotide polymorphism analysis.

. Conclusions

This work has demonstrated a highly sensitive electrochemi-
al DNA detection platform based on a triplex signal amplification
trategy using probe labeled gold nanoparticles–graphene modi-
ed electrode and enzyme functionalized carbon sphere as tracer.
he DNA mediated noncovalent assembly of AuNPs–graphene het-
ronanostructure does not alter the structures and properties of
uNPs and ERGO, which makes the ssDNA–AuNPs–ERGO maintain
elatively good conductivity. The SA–HRP–CNS tracer enables the
ybridization event relating to numerous enzyme reactions, pro-
iding dual signal amplification for ultrasensitive detection of DNA.
his novel triplex signal amplification strategy can detect target
NA down to attomolar level with high selectivity to differentiate

ingle-base mismatched and three-base mismatched sequences of
NA. The proposed approach would be attractive for genetic target
nalysis in bioanalytical and clinic biomedical application.
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