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In this study, a kind of nanoporous gold electrode (NPG) prepared with repetitive square-wave oxidation
reduction cycle (SWORC) was reported. The active surface area of the proposed NPG electrode was 9.9
times larger than that of a bare flat one characterized by cyclic voltammetry (CV). An electrochemical
DNA biosensor based on NPG electrode was fabricated for detection of promyelocytic leukemia/retinoic
acid receptor o (PML/RAR) fusion gene in acute promyelocytic leukemia (APL) by using Methylene Blue
(MB) as an electroactive indicator. Differential pulse voltammetry (DPV) was employed to monitor the
hybridization reaction on the probe modified electrode. The decrease of the peak current of MB was
observed upon hybridization of the probe with target DNA. The results indicated that the peak current
was linear with the concentration of complementary strand in the range of 60 pM to 220 pM with a
detection limit of 6.7 pM. This new biosensor exhibited excellent sensitivity and selectivity and had been
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used for an assay of PCR real sample with a satisfactory result.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical DNA biosensor, as a monitoring technique, is
widely considered to be a promising way for diagnosis of genetic
diseases and other biological analysis due to their rapid and sen-
sitive response as well as the simple and convenient operation
(Bagni et al., 2006; Lee et al., 2008; Liu et al., 2008). The introduc-
tion of nanomaterials and nanotechnologies has greatly improved
the sensitivity and selectivity of electrochemical DNA biosen-
sors (Hahm and Lieber, 2004). In recent years, high-surface-area
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nanoporous gold (NPG) has attracted increasing attention due to
its fascinating properties such as superior conductivity, large sur-
face area, high stability and biocompatibility. Several methods such
as electrochemical deposition (Shin et al., 2003; Li et al., 2011), a
liquid-crystal template technique (Luo et al., 2004), organic tem-
plating (Walsh et al., 2003; Zhang et al., 2004), “direct freezing”
(Zhang et al., 2005), a voltage-induced dimension change method
(Weissmuller et al., 2003), “dealloying process” (Jia et al., 2007)
and repetitive square-wave oxidation reduction cycle (SWORC)
(Gamero et al., 2010) were reported to prepare nanoporous
gold. Among these methods, SWORC is very attractive due to its
easy, time-saving and controllable preparation for nanoporous
gold.

SWORC is an important method for the surface pretreatment
which can easily and quickly obtain the roughening surface. Bilmes
et al. (1989) reported the application of SWORC in the formation
of roughened platinum electrode which was used for the enhance-
ment of surface-enhanced Raman scattering (SERS). Cai et al. (1998)
prepared roughened platinum electrode with different roughness
factors by using repetitive SWORC and investigated the influences
of roughening pretreatment on surface Raman signals, enhance-
ment factors and surface homogeneity at roughened Pt electrode.
Recently, Gamero et al. (2010) developed a biosensor for the detec-
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tion of lactate using a nanostructured rough gold surface prepared
with repetitive SWORC as transducer.

Acute promyelocytic leukemia (APL) is a clonal expansion
of hematopoietic precursors blocked at the promyelocytic stage
(Raymond et al., 1993). APL is characterized by a 15;17 chromo-
some translocation with breakpoints within the retinoic acid alpha
receptor o (RARa) gene on chromosome 17 and the promyelo-
cytic leukemia (PML) gene, which encodes a putative transcription
factor, on chromosome 15. The translocation creates a PML/RARa
fusion gene which produces a chimeric protein. This fusion protein
binds with enhanced affinity to sites on the cell’s DNA, blocking
transcription and differentiation of granulocytes (Goddard et al.,
1991; de The et al., 1990; Pandolfi et al, 1991; Wang et al,
2011). Thus, the PML/RAR« fusion gene is a biomarker of APL,
and is also a gold standard in clinical diagnosis. The PML/RARx
fusion gene has become diagnostic for APL, as it is present in
almost 100% of cases (Borrow et al., 1990; Wei et al., 2009). Early
diagnosis of this disease is essential because of the associated life-
threatening coagulopathy and the unique response of the disease
to all-trans retinoic acid (ATRA) therapy. The detection of this
PML/RAR«a fusion gene will afford an early diagnosis and moni-
tor of APL. The reported monitoring methods of clinical diagnosis
and prognosis about PML/RARa fusion gene included chromo-
some analysis (Yoo et al., 2006), fluorescence in situ hybridization
(FISH) (Amare et al., 2001), flow cytometry (FCM) (Tirado et al.,
2003), real-time quantitative reverse transcription polymerase
chain reaction (RT-PCR) (Han et al., 2007), etc. But there were
some limitations in these methods, such as time consuming, poor
precision, and expensiveness. Thus, it was very significant to
develop a new effective method to detect the PML/RAR«a fusion
gene.

In the present work, an electrochemical DNA biosensor
based on the nanoporous gold electrode prepared with repet-
itive SWORC was fabricated for the detection of PML/RAR«
fusion gene existed in APL. The nanoporous gold electrode
was first covalently assembled with the probe DNA, followed
by the hybridization with the PML/RARa fusion gene in APL.
DPV was employed to monitor the variation of pre and post
hybridization by using MB as electroactive indicator. This new
pattern showed excellent sensitivity and specificity and had
been used for assay of the PCR real sample with a satisfactory
result.

2. Materials and methods
2.1. Materials and chemicals

All synthetic oligonucleotides designed according to the
PML/RAR«a fusion gene were purchased from TaKaRa Biotechnol-
ogy (Dalian, China) Co., Ltd. Their base sequences were as follows:
immobilized probe (22-base sequence S1)-5'-SH-GGT CTC AAT GGC
TGC CTC CCC G-3/; target DNA (22-base sequence S2)-5-CGG GGA
GGC AGC CAT TGA GAC C-3’; single-mismatched DNA (22-base
sequence S3)-5-CGG GGA GGC ACC CAT TGA GAC C-3’; partial PML
(22-base sequence S4)-5'-CGG GGA GGC AGA GGA ACG CGT T-3/;
partial RAR« (22-base sequence S5)-5'-ATC CCC AGC CAC CATTGA
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GAC C-3'. Ethylenediamine-tetraacetic acid (EDTA) and mercap-
tohexanol (MCH) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Tris (2-carboxyethyl) phosphine hydrochloride (TCEP)
was purchased from Shanghai Sangon Biological Engineering Tech-
nology Services Reagents Co., Ltd. (China). Methylene Blue (MB)
was purchased from Aldrich. All other chemicals were of analytical
grade.

Stock solutions of MB (1.0 mM) were prepared with deionized
water. The buffers involved in this work were as follows: DNA
immobilization buffer, 10 mM Tris-HCI, 1.0 mM EDTA, 10 mM TCEP
(pH 7.4) and 1.0 M NaCl; hybridization buffer was 1M NaCl and
10mM PBS buffer (pH 7.4); washing buffer was 0.1 M NaCl and
10 mM PBS buffer (pH 7.4). All solutions were prepared with deion-
ized water (18.2 M2 cm resistivity) from a Millipore system.

2.2. Apparatus

Electrochemical measurements were performed on a CHI 760D
Electrochemical Workstation (CH Instrument, USA) using a tra-
ditional three-electrode system. The nanoporous gold electrode
was used as working electrode, a platinum wire and Ag/AgCl elec-
trode were used as counter electrode and reference electrode,
respectively. All potentials herein were referred to this reference
electrode. Differential pulse voltammetry (DPV) was carried out
from —0.40 to 0.00 V with an amplitude of 50 mV. SEM images were
obtained from XL-30E scanning electron microscopy (Philips, The
Netherlands).

2.3. Fabrication of nanoporous gold electrode

A schematic representation of the novel sensor fabrication pro-
cedure was illustrated in Scheme 1. A gold electrode (2 mm in
diameter) was polished before each experiment with 1.0, 0.3 and
0.05 wm alumina powder, respectively, and sonicated in ethanol
and deionized water thoroughly. After electrochemically cleaning
in fresh 0.5 M H,S0O4 solution to remove any possible impurities on
the surface (Fan et al., 2003), the gold electrode was then subjected
to a repetitive SWORC procedure for its surface to be roughened.
The procedure was carried out in two consecutive stages as follows:
Firstly, a relatively thick hydrous gold oxide layer was accumulated
on the gold electrode immersed in 0.5M sulphuric acid by using
repetitive square wave potential between —0.8 V and 2.5V (versus
Ag/AgCl electrode) at 2000 Hz for a time of 5 min. Subsequently,
the potential was held at —0.8 V until the complete electroreduc-
tion of the hydrous gold oxide layer was accomplished (Bilmes et al.,
1989), then the resulting nanoporous gold electrode was sonicated
in deionized water for 1 min and cycled at 0.1V/s between —0.35
and 1.5V in 0.5M H,S04 solution to clean the surface of the elec-
trode, and check variations in the electroadsorption charge of the
O adatoms between the rough Au electrode and flat Au electrode.

2.4. Preparation of DNA biosensor based on NPG electrode

The cleaned NPG electrode was used for the preparation of the
DNA biosensor by incubation in an immobilization buffer contain-
ing 10 M capture probe modified with thiolate for 2 h at room
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Scheme 1. Schematic representation of the fabrication procedure of DNA biosensor based on NPG-electrode.
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temperature. The single-stranded DNA (ssDNA) modified electrode
was then treated with 1.0mM MCH for 1h to obtain a well-
aligned ssDNA/MCH modified electrode, followed by thoroughly
washing with deionized water to remove unspecific adsorbed DNA
probe. For the hybridization reaction, the ssDNA/NPG electrode was
immersed in PBS solution containing synthetic targets or PCR real
samples for 30 min at 45 °C (Lin et al., 2007). The PCR real samples
should be heated at 95 °C for 10 min and cooled in ice bath before
use. After that, the hybrid-modified NPG electrode was washed
with deionized water and immersed in 0.1% SDS phosphate buffer
(pH 7.40) to remove unbound oligonucleotides before MB accumu-
lation.

2.5. MB accumulation and voltammetric transduction

MB is an organic dye and an electron transfer mediator which
interacts in different ways with ssDNA and double-stranded DNA
(dsDNA) (Kerman et al., 2002). The voltammetric reduction signals
of MB reflect the extent of the hybrid formation. MB was accu-
mulated onto hybrid-modified NPG electrode by immersing the
electrode into the stirring 10 mM PBS buffer solution (pH 7.4) con-
taining 20 .M MB for 10 min without applying any potential (Lin et
al., 2007). After accumulation of MB, the electrode was rinsed with
watching buffer in an ultrasonic bath for 10 s to remove the non-
specifically bound MB. MB was intercalated into the DNA to form
a DNA/MB system on the probe modified electrode. Subsequently,
the electrode was transferred into the 10 mM PBS buffer solution
and scanned from —0.40 to 0.00V with an amplitude of 50 mV by
using DPV.

3. Results and discussion
3.1. Characterization of the nanoporous gold electrode

Fig. 1A showed the SEM images of the gold surface morphol-
ogy before and after the pretreatment of repetitive SWORC. SEM
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images of the rough gold electrode revealed the presence of small
grains and channels of about 120 nm in width. The brain-like aspect
showed in SEM images had been reported previously as character-
istic of the gold overlayers resulting from electroreduction process
(Vazquez et al., 1989). In fact, the more important characteristic
features were the voids not the grains. Since the roughness was
determined by the average area of three dimensional electrodeposit
formed by a rectangular array of columns of average height h and
average radii r terminated with a hemispherical dome of the same
radius, of C4, symmetry, it was possible to estimate these parame-
ters from electrochemical data (Gamero et al., 2010; Vazquez et al.,
1989).

The NPG electrode was electrochemically characterized in a
solution of 0.5 M H,SO,4 ata scanrate of 100 mV/s (Fig. 1B, curve (b)).
For comparison, the cyclic voltammogram (CV) of a bare flat gold
electrode with the same geometric surface area under the same
condition was also presented in Fig. 1B, curve (a). The CV curve of
nanoporous gold electrode appeared three oxidation current peaks
for the formation of gold oxide at potentials positive to 1.05V and
areduction peak in the reversed potential sweep due to the reduc-
tion of gold oxides. By integrating the charge required for reducing
the gold oxide formed in the positive sweep, the real surface of
NPG electrode was determined to be 1.01 cm?2 by assuming that the
reduction of monolayer of gold oxide requires 386 .Ccm—2 (Gao
et al., 2007), and the roughness factor was about 32, which was
approximately 9.9 times larger than that of a flat gold electrode
with the same geometric area. Obviously, the NPG electrode had a
much larger real surface area than that of a flat electrode with the
same geometric area.

3.2. Characterization of the biosensor based on nanoporous gold
electrode

In order to confirm the preparing process of NPG-based biosen-
sor, electrochemical impedance spectroscopy (EIS) was employed
to monitor the changes of each step in the construction of
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Fig. 1. (A) SEM images of the same gold electrode before and after the pretreatment of SWORC. (B) Cyclic voltammograms (CV) of a nanoporous gold electrode (curve (b))
and a flat gold electrode (curve (a)) with the same geometric area in a solution of 0.5 M H,SO4 at a scan rate of 100 mV/s.
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biosensor. The EIS experiments were performed in a solution
of 0.1 M KCl containing 10mM K3;Fe(CN)g+10mM K4Fe(CN)g at
a potential of 0.2V(versus Ag/AgCl) in the frequency range of
0.05-10° Hz. The impedance spectra included a semicircle portion
at higher frequencies corresponding to the electro-transfer-limited
process and a linear portion at lower frequencies representing
the diffusion-limited process. The semicircle diameter equalled
the electro-transfer resistance, Rer. Fig. 2 showed the Faradaic
impedance spectra observed upon the stepwise modification pro-
cess with the NPG electrode (Fig. 2A) and bare flat gold electrode
(Fig. 2B). The inset was the electrical equivalent circuit. The circuit,
which is often used to model interfacial phenomenon, includes the
following elements: (i) Rs, the ohmic resistance of electrolyte solu-
tion. (ii) Ret, the electro transfer resistance, which exists if redox
probe is present in the electrolyte solution. (iii) CPE, a constant
phase element simulating a non-ideal behaviour capacitor. (iv) Zw,
the Warburg impedance, resulting from the diffusion of ions from
the bulk electrolyte to the electrode interface. Ideally, Zw and Rs
represent the bulk properties of the electrolyte solution and dif-
fusion features of the redox probe in solution and, thus, are not
affected by modifications on the electrode surface. As can be seen
in Fig. 2A, the changes in Re; were much larger than those in other
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Fig. 2. Impedance spectra (Nyquist plots) corresponding to NPG electrode (A) and
flat gold electrode (B). (a) The bare electrode, (b) after immobilization of capture
probe, and (c) hybridization with target DNA. The data were recorded in the pres-
ence of 10mM [Fe(CN)g]*~/3~ as redox label. The biased potential was 0.08 V (versus
Ag/AgCl) in the frequency range of 0.05-10° Hz and the amplitude was 5.0 mV.

impedance components. Thus, Rer was a suitable signal for sensing
the interfacial properties of the prepared biosensor during all these
assembly procedures.

For the bare flat gold electrode, the value of Rer was 57.7 €2,
revealing a very small semicircle domain. When the probe was self-
assembled onto the electrode surface, the value of Re; increased
from 57.7 2 to 5370 2 due to the electrostatic repulsion between
the negatively charged probe and the negatively charged redox
probe [Fe(CN)g]3~/4~ (Cho et al., 2006). Subsequently, the target
DNA was hybridized with probe to form the dsDNA, and the value of
Ret increased to 8527 €2 due to large amount of negatively charged
DNA linked on the electrode surface. For the NPG electrode, the
value of Re¢ in each modification step decreased sharply compared
with corresponding step for flat gold electrode, which indicated
that the NPG electrode possessed high conductivity due to its
nanoporous architecture.

3.3. Electrochemical response of MB-bound probe

The detection of hybridization was accomplished by using MB
(Erdem et al., 2000), where reversible electroactivity and strong
association with the immobilized probe led to significant enhanced
voltammetric signals. It should be pointed out that MB interacted in
two kinds of ways with ssDNA and dsDNA. According to the report
by Kerman et al. (2002), the binding of MB with ssDNA and dsDNA
resulted in variation in electrochemical response of MB on DNA
modified electrode. The reduction signal of MB increased in the
presence of probe at the NPG electrode surface due to the specific
binding of MB with guanine bases. After hybridization with target
DNA, the reduction signal decreased because the steric structure of
dsDNA blocked the interaction of MB with guanine bases. Thus, the
decrease in the magnitude of the voltammetric reduction signals
of MB reflected the extent of hybrid formation. As shown in Fig. 3,
curve (b) was the DPV of MB bound to ssDNA at flat gold electrode
surface, curve (a) was the DPV of MB intercalated into correspond-
ing dsDNA at flat gold surface. The peak current difference of these
two curves was 1.046 A, indicating that MB desorbed from dsDNA.
Curve (d) corresponded to the reduction signal of ssDNA at NPG
electrode surface, while curve (c) related to the reduction signal
of corresponding dsDNA at NPG electrode surface, the difference
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Fig. 3. Differential pulse voltammetry for 20 wM MB as redox indicator at a probe
modified flat gold electrode (b) and after hybridization with the complementary tar-
get DNA (a), a probe modified nanoporous gold electrode (d) and after hybridization
with the complementary DNA (c). The initial potential was 0.4 V; the final potential
was —0.5V, the amplitude was 0.05V, the pulse width was 0.05s; the pulse cycle
was 0.2 s; the sample interval was 0.0167 V; and the standing time was 2 s. Buffer
solution: 10 mM PBS (pH 7.4) containing 1 M NaCl.
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Fig. 4. (A) Differential pulse voltammetry using 20 wM MB as redox indicator for a
probe modified flat gold electrode (e) and after hybridization with the complemen-
tary target sequence (a), one-base-mismatch sequence (b), PML sequence (c) and
RARa sequence (d). The experimental conditions are as in this figure. (B) Response
of the probe with increasing concentration of target oligonucleotides. The concen-
tration of target DNA was observed in a range from 1 pM to 10 nM. Inset shows the
plot of the peak current of MB as a function of the target concentration. The con-
centration of target DNA was 60 pM, 100 pM, 140 pM, 180 pM, 220 pM. Error bars,
relative standard deviation of three independent experiments. Other experimental
conditions are as in this figure.

of these two peak currents was 25.16 pA. Compared with flat gold
electrode, the peak current difference of NPG electrode was about
25 times higher, which demonstrated that the NPG-based biosensor
greatly increased the efficiency of hybridization.

3.4. Selectivity of the NPG-based biosensor

Detection of target DNA was also monitored by measuring
the peak current of MB absorbed on the NPG electrode with
DPV. The selectivity of this assay in discriminating complemen-
tary DNA (S2) from one base mismatched DNA (S3), partial PML
(S4) and partial RARa (S5) was investigated as shown in Fig. 4A.
It was clear that the highest peak current signal of MB was
obtained on the ssDNA modified NPG electrode (Fig. 4A curve
(e)). After hybridization with complementary DNA, the peak cur-
rent of MB was decreased dramatically (Fig. 4A curve (a)), which
indicated that probe had completely hybridized with comple-
mentary DNA. In the presence of single base mismatched DNA,
the signal of MB (Fig. 4A curve (b)) was significantly increased
compared with complementary DNA, demonstrating that the

complete hybridization was not accomplished due to the base
mismatch. Moreover, no significant difference of peak current
could be observed for ssDNA and its hybridization with partial
PML and partial RARa as expected. Fig. 4A curves (c and d),
since no successful hybridization occurred due to the sequence
mismatch between the probe and those partial complementary
sequences.

3.5. Sensitivity of the NPG-based biosensor

The sensitivity of the NPG-based biosensor for complementary
target DNA at different concentration was investigated according
to the protocol mentioned in Section 2. The different peak current
values of MB were collected by three repetitive measurements of
hybridization of the probe with target DNA. The current response
at about —0.19V decreased in proportion to the amount of the tar-
get DNA used. Electrochemical responses of the target DNA with
different concentration could also be quantitatively analyzed. The
responses of the probe for increasing concentration levels of the
target DNA were displayed in Fig. 4B. The peak current values
decreased with the increase of the concentration of target DNA,
ranging from 1.0 pM to 10 nM, and then the values tended to remain
constant, indicating that all the available immobilized probe on the
NPG electrode surface had involved in hybridization. The decrease
of the reduction signal of MB was due to the formation of duplex
which blocked the interaction of MB with guanine base. Inset
showed that the linear range was from 60 pM to 220 pM, with the
regression equation being I (LA)=—41.0885C4spna (NM) +76.6675,
R=-0.9966. A detection limit of 6.7 pM target DNA could be esti-
mated using 30 (where o is the standard deviation of the blank
solution, n=8). The reproducibility of the biosensor for detection
of 0.12 nM target DNA was 7.26% (n=3).

3.6. Detection of PCR products

All the PCR samples were obtained from Fujian Institute of
Hematology. The positive real sample contained a PCR product that
had a sequence complementary to the specific PML/RAR« probe,
while the PCR product from a negative real sample contained a
sequence noncomplementary to the specific PML/RARa probe. As
the blank background, the PCR buffer system, which did not contain
any DNA templates, was also studied.

Fig. 5A represented the DPV signals of MB obtained when the
probe for PML/RARa was immobilized and different real samples
were used in the hybridization step. The DPV signals of MB obtained
from the probe-modified NPG-based biosensor gave a mean aver-
age of 75.9 wA with a RSD of 6.16%. The blank background was
measured and the signals gave a mean average of 64.8 pA with a
RSD of 6.89%. DPV signals of MB obtained from the hybridization
of the probe with the positive and negative real samples gave a
mean average of 57.6 WA with a RSD of 7.69% and 73.8 wA with a
RSD of 8.35%, respectively. The MB signal from the probe modified
NPG electrode (Fig. 5A curve (a)) was much higher than that of the
probe modified NPG electrode after hybridization with a positive
real sample (Fig. 5A curve (d)). The obvious decrease in the mag-
nitude of the MB signal obtained with positive real samples was
observed. The decrease of DPV signals showed that hybridization
at NPG electrode surface was occurred and MB could not inter-
act with the bound guanine bases of the hybrid. The decrease in
the reduction of MB was attributed to the steric inhibition of the
reducible groups of the intercalated MB because of the formation
of hybrid at the NPG electrode surface. If the blood sample was a
negative real sample, the amplified PCR product would not contain
a target sequence complementary to the specific probe. Thus, the
interaction between these negative real samples and the immobi-
lized probes did not lead to hybridization and the magnitude of the
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Fig. 5. (A) Differential pulse voltammetry using 20 wM MB as redox indicator for a
probe modified flat gold electrode (a), the blank background (c), after hybridization
with the positive sample (d) and negative sample (b). Error bars, relative standard
deviation of three independent experiments. The experimental conditions are as in
Fig. 4. (B) The electropherogram of PCR products. The lanes from left to right: (1)
negative real sample, (2) positive real sample and (3) blank background.

MB signal was nearly as high as the probe signal (Fig. 5A curves
(a and b)). Additionally, the PCR real samples were also character-
ized with 1.5% agarose gel electrophoresis as described by literature
methods (Akarca et al., 1994). Fig. 5B showed the electropherogram
of PCR products. The PCR amplification products from positive real
samples (Fig. 5B, lane 2) showed the light brands in the 1.5% agarose
gel. However, the PCR products from negative real samples (Fig. 5B,
lane 1) and blank background (Fig. 5B, lane 3) did not present any
light brands in the gel. The results obtained from the electrochemi-
cal DNA biosensor were in good agreement with the ones obtained
from gel electrophoresis.

4. Conclusion

An electrochemical biosensor based on NPG electrode was
fabricated and exhibited excellent sensitivity and selectivity for
detection of PML/RAR«a fusion gene. The fabrication of NPG elec-
trode was quite simple, economical and controllable, which were
main advantages of the present biosensor. The relatively high selec-
tivity and sensitivity could be attributed to the NPG electrode
with superior conductivity, high surface area and biocompatibility.

This new biosensor had been used for assay of the complemen-
tary sequence in the PCR amplified real samples with satisfactory
results. While the concept in this study has been demonstrated in
connection with PCR real samples for the detection of APL, fur-
ther improvements may be achieved to detect quantitative target
sequences from real samples directly, and solve the actual prob-
lem of the early diagnosis and prognosis monitor of APL and other
diseases.
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