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A three-step electrodeposition method has been successfully adopted to fabricate morphology-controlled
novel Au microspheres on self-doped polyaniline nanofibers (nanoSPAN) modified glassy carbon elec-
trode. The deposition conditions, such as HAuCl4 concentration and deposition step, have significant
influences on the morphologies and electrochemical properties of the resulted Au microspheres. Well
hierarchical and homogeneously dispersed flower-like Au microspheres (HHFAu) were obtained under
optimal conditions by the three-step electrodeposition strategy in 5.0 mM HAuCl4 solution. HHFAu pos-
hree-step electrodeposition
u microsphere
elf-doped polyaniline nanofiber
NA hybridization recognition
lectrochemical impedance spectroscopy

sess large surface area, excellent electron transfer ability and good biocompatibility. The DNA probe
could be effectively attached to HHFAu and thus a high-performance DNA biosensor was constructed by
using electrochemical impedance spectroscopy as detection method. A gene fragment of the cauliflower
mosaic virus 35S gene, which is related to one of the screening genes for the transgenically modified
plants, has been satisfactorily detected. The linear range was from 1.0 × 10−13 M to 1.0 × 10−6 M and the
detection limit was 1.9 × 10−14 M. This HHFAu/nanoSPAN-based impedance biosensing platform holds
great promise for the detection of other biological and chemical molecules.
. Introduction

Composites based on conducting polymers and metal micro-
nanostructures have attracted considerable attention recently
wing to their great academic and industrial interests (Fu et al.,
009; Pringle et al., 2008; Singh et al., 2008). The composites

ntegrate the advantages of the individuals, and display synergistic
ffects. Therefore, the conductivity and biocompatibility of the
omposites are obviously improved. The improved characteristics
riginate from the strong electronic interactions between the metal
icro-/nanostructure and the conducting polymer, where the con-

ucting polymer virtually acts as a matrix to support and disperse
he metal micro-/nanostructure (Granot et al., 2005; Hatchett and
osowicz, 2008; Crespilhoa et al., 2009; Njagi and Andreescu, 2007).
Au micro-/nanostructure, as one of the most important metal
unctional materials, has received increasing interests due to its
pecific performances of electrical conductivity and biocompati-
ility (Zhao et al., 2008). It is known that its unique properties
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are related to its “size effect” (Lee et al., 2004; Subramanian et al.,
2004). A large number of composites of Au micro-/nanostructures
connected with conducting polymers have been prepared (Njagi
and Andreescu, 2007; Rahman et al., 2008). Among these con-
ducting polymers, polyaniline (PAN) is widely adopted due to its
good electrical conductivity. Furthermore, the abundant amine
and imine groups on the PAN backbone are propitious to adsorb
metal ions (Gao et al., 2008; Guo et al., 2009). However, PAN
is limited redox active only under acidic conditions, normally
at pH < 4 (Tarver et al., 2009). This drawback greatly restricts
its applicability in bioelectrochemistry, which normally requires
a neutral pH environment. Copolymerization of aniline and m-
aminobenzenesulfonic acid in aqueous solution, forming a kind of
“so-called” self-doped polyaniline (SPAN, Zhang et al., 2009a), could
overcome this drawback successfully. This SPAN is electroactive in
neutral pH range through the introduction of –SO3H groups on its
polymer backbone (Zhang et al., 2009c; Hu et al., 2010). In addi-
tion, SPAN has better hydrophilicity than PAN due to doping of

the hydrophilic groups, which is propitious to adsorb metal ions
and biomolecules. At the same time, the sulfonic acid groups and
the imine units in SPAN have been used as nuclei for the reduc-
tion of some metal ions (Reddy et al., 2006). Self-doped polyaniline
nanofibers (nanoSPAN) not only retain the electrochemical prop-
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rties of the bulk SPAN, but also have other advantages, such as
arge specific surface area and excellent electron-transfer ability
Wan, 2008; Shiddiky et al., 2007). NanoSPAN can serve as an
ttractive alternative of traditional PAN to prepare novel Au micro-
nanostructures/conducting polymer composites in biosensing and
iocatalyzing applications.

Generally, the Au micro-/nanostructures/conducting polymer
omposites are prepared via reduction of AuCl4− ions on the
onducting polymer modified electrodes (Hatchett and Josowicz,
008). The prevalent reduction approaches include chemical
eduction, hydrogen reduction, polymer matrix reduction and elec-
rochemical reduction etc. (Palmero et al., 2009; Guo and Hu,
009; Zhang et al., 2009b; Lu et al., 2007). The fabrication meth-
ds play a key role in controlling of the morphologies, sizes of
u micro-/nanostructures, which can further affect the electro-
hemical characteristics of the Au micro-/nanostructures (Lu et al.,
007; Wang et al., 2008). Among the above reduction approaches,
lectrochemical deposition methods have become popular recently
ecause of their simplicity, low cost and advantages in controlling
he purity, particle size and composition of the resulting composite
Zhang et al., 2008).

Herein, a three-step electrodeposition strategy was adopted
o fabricate Au microspheres on nanoSPAN coated glassy carbon
lectrode (Au/nanoSPAN/GCE). The three-step electrodeposition
trategy has been reported for the fabrication of polyaniline
anomaterials (Liang et al., 2002; Zhang et al., 2006). To the
est of our knowledge, there has been rare report on employ-

ng this method for metal deposition up to now. In our system,
ell hierarchical and homogeneously dispersed flower-like Au
icrospheres (HHFAu) were obtained in a low HAuCl4 concen-

ration (5.0 mM), which is much lower than previously reported
AuCl4 concentration (24.3 mM, Guo et al., 2007). This highly
onductive HHFAu/nanoSPAN membrane was applied to the sen-
itive impedance detection of the DNA specific sequences of the
ransgenic genes (the cauliflower mosaic virus 35S gene) in the
enetically modified crops.

. Experimental

.1. Apparatus and reagents

A CHI 660C electrochemical workstation (Shanghai CH Instru-
ent Company, Shanghai, China) was used for the electrochemical

eposition and the electrochemical measurements. A conventional
hree-electrode system was used with a bare GCE (diame-
er = 2 mm) or modified GCE as working electrode, a saturated
alomel electrode (SCE) as reference electrode and a platinum
ire as auxiliary electrode. Scanning electron microscopy (SEM)
as carried out using a JSM-5900 microscope (JEOL, Tokyo,

apan). HAuCl4·4H2O was purchased from Sigma (St. Louis,
O, USA). All of the chemicals used were of analytical grade.

olutions were prepared with aquapro ultrapure water (Ever
oung Enterprises Development Co. Ltd., Chongqing, China). The
reparations of nanoSPAN see Section 1 of the Supplementary
aterials.
The cauliflower mosaic virus 35S gene (CaMV35S gene)

equences were synthesized by Beijing SBS Gene Technology Co.
td. Their base sequences were as described by Hu (Hu et al., 2010).

All oligonucleotides stock solutions of 18-base oligomers
1.0 × 10−5 M) were prepared with Tris–HCl solution (5.0 mM

ris–HCl, 50.0 mM NaCl, pH 7.0), and stored at 4 ◦C. More diluted
olutions were obtained via diluting aliquot of the stock solution
ith ultrapure water prior to use. The hybridization solution was
iluted with 2× SSC (pH 7.0), which consists of 0.30 M NaCl and
.030 M sodium citrate tribasic dihydrate (C6H5Na3O7·2H2O).
ctronics 26 (2011) 2953–2959

2.2. Preparation of the Au/nanoSPAN/GCE and Au/GCE

The GCE was carefully polished sequentially with 1, 0.3, and
0.05 �m �-Al2O3 pastes on a soft polishing cloth. After being rinsed
with ultrapure water, the electrode was cleaned in an ultrasonic
bath in water and then 95% ethanol, for 3 min each.

5 �L of 2.0 g/L nanoSPAN suspension (dispersed in ultrapure
water) was dripped on the fresh surface of GCE and air-dried
naturally to obtain nanoSPAN/GCE. Then, the nanoSPAN/GCE was
immersed in a 0.25 M H2SO4 solution containing 5.0 mM HAuCl4
for the three-step electrodeposition, which was carried out with
three different current densities for fixed periods under the N2
atmosphere, respectively, 0.06 mA/cm2 for 0.5 h, 0.03 mA/cm2 for
2 h and then 0.015 mA/cm2 for 2 h in turn. After electrodeposition,
the obtained electrode was denoted as HHFAu/nanoSPAN/GCE.
The one-step (0.06 mA/cm2 for 0.5 h) and two-step (0.06 mA/cm2

for 0.5 h and 0.03 mA/cm2 for 2 h) electrodepositions were also
conducted for comparing with the three-step electrodeposition.
The fabrication of Au microspheres under other concentrations of
HAuCl4 solutions by the three-step electrodeposition was carried
out with the same steps as above.

In order to investigate the effect of different current densi-
ties, the control experiments were carried out. Three kinds of
Au/nanoSPAN/GCEs were respectively fabricated under three dif-
ferent current densities: grown at 0.06 mA/cm2 for 4.5 h (0.5 h + 2
h + 2 h); grown at 0.03 mA/cm2 for 4.5 h (0.5 h + 2 h + 2 h); grown at
0.015 mA/cm2 for 4.5 h (0.5 h + 2 h + 2 h) in a 0.25 M H2SO4 solution
containing 5.0 mM HAuCl4.

Au/GCE was prepared under the same procedure as illustrated in
HHFAu/nanoSPAN/GCE preparation just without nanoSPAN exist-
ing.

2.3. Probe DNA immobilization and hybridization

See Section 2 of the Supplementary materials.

2.4. Electrochemical measurements

The cyclic voltammetry (CV) and electrochemical impedance
spectroscopic (EIS) measurements were performed with a CHI
660C electrochemical workstation. Cyclic voltammograms were
recorded in a 0.1 M KCl solution containing 20.0 mM K3[Fe(CN)6]
and 20.0 mM K4[Fe(CN)6] (1:1) between +0.6 V and −0.2 V at a scan
rate of 0.1 V/s. For the EIS measurements, the AC voltage amplitude
was +0.005 V, the voltage frequencies ranged from 105 Hz to 1 Hz
and the applied potential was +0.172 V vs. SCE. The above solution
in CV measurements was also used as the supporting electrolyte
solution for the EIS experiments.

3. Results and discussion

3.1. Characterization of nanoSPAN function

Au microspheres were synthesized on the bare GCE and the
nanoSPAN/GCE, respectively, by the three-step electrodeposition
in 5.0 mM HAuCl4 solution. (Note: for comparison, the morpholo-
gies of the bare GCE and nanoSPAN/GCE were shown in the Section
3 of the Supplementary materials, Fig. S1.) After the electrodeposi-
tion, the colour of the bare GCE and the nanoSPAN/GCE surfaces
both changed to shining gold, indicating the successful deposi-
tion of Au. The SEM images of the resulted modified electrodes

are shown in Fig. 1. Low-magnification images (Fig. 1A and 1B)
indicate that the as-prepared products both consist of a large
quantity of Au microspheres with the diameter about 5 �m. How-
ever, the Au microspheres obtained on the nanoSPAN/GCE surface
(Fig. 1B) present higher density and more homogeneously dis-
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electroactive surface areas and better electron-transfer ability of
these modified electrodes, which could accelerate the electron
transfer between [Fe(CN)6]3−/4− and the GCE. After HHFAu being
electrodeposited on the nanoSPAN/GCE (curve d), the redox peak
currents of [Fe(CN)6]3−/4− further increased compared with those
ig. 1. SEM images of the Au/GCE and HHFAu/nanoSPAN/GCE fabricated by the thre
A) and HHFAu/nanoSPAN/GCE (B) at low-magnification; Au/GCE (C) and HHFAu/na

ribution than those on the bare GCE surface in Fig. 1A. This is
robably attributed to the existence of nanoSPAN, which acts as
matrix to support and disperse the Au microspheres and effec-

ively prevent agglomeration of them (Fu et al., 2009). Meanwhile,
he sulfonic acid groups and the imine units in nanoSPAN could
ct as the nuclei for the reduction of Au3+ (Reddy et al., 2006),
hich are beneficial to Au deposition and induce a high density of
u microspheres. High-magnification images (Fig. 1C and D) reveal

hat these two kinds of Au microspheres both exhibited flower-like
tructures with flaky outer morphologies. It can be estimated that
he nanoscaled flakes (nanoflakes) are of about 100 nm in thickness.
he above result indicates that the Au microspheres fabricated by
he three-step electrodeposition on these two substrates are similar
n morphologies. However, the Au microspheres, which obtained
n the nanoSPAN modified electrode, adhered more firmly than
he Au microspheres on the bare electrode throughout the pro-
esses of electrodeposition and sample washing. The good stability
f Au microspheres on nanoSPAN modified electrode is helpful
o get a subsequently stable electrochemical signal. This may be
ttributed to the following two reasons: (1) the nanoSPAN mem-
rane on the electrode surface is very stable. The stability of the
anoSPAN modified electrode was tested in 0.1 M H2SO4 solution.
nly 7.38% decrease of reduction currents from 1st to 20th cycle
t the scan rate of 0.05 V/s was observed (shown in Fig. S2); (2)
he presence of the sulfonic acid groups and the imine units in
he matrix structure of nanoSPAN could enhance the connection
etween Au microspheres and the GCE. In short, the well hierar-
hical and homogeneously dispersed flower-like Au microspheres

HHFAu), which were obtained by the three-step electrodeposition

ethod on the nanoSPAN/GCE in 5.0 mM HAuCl4 solution, have
igher density, more homogeneously dispersion and better stabil-

ty than the Au microspheres directly electrodeposited on the bare
CE under the same conditions.
p electrodeposition at different magnifications in 5.0 mM HAuCl4 solution: Au/GCE
N/GCE (D) at high-magnification.

3.2. Electrochemical activity of HHFAu/nanoSPAN/GCE

CVs of the bare GCE, nanoSPAN/GCE, Au/GCE and
HHFAu/nanoSPAN/GCE recorded in 0.1 M KCl containing 20.0 mM
[Fe(CN)6]3−/4− are shown in Fig. 2. The detailed voltammetric
parameters of the CVs and the microscopic electroactive areas of
the electrodes are shown in the Section 5 of the Supplementary
materials, Table S1. As can be seen, compared with the bare GCE
(curve a), nanoSPAN/GCE (curve b) and Au/GCE (curve c) both
exhibit larger current signals. The improved current responses on
the nanoSPAN/GCE and the Au/GCE may be attributed to the larger
Fig. 2. CVs of 0.1 M KCl containing 20.0 mM [Fe(CN)6]3−/4− (1:1) recorded at the bare
GCE (a), nanoSPAN/GCE (b), Au/GCE (c) and HHFAu/nanoSPAN/GCE (d). Scan rate:
0.1 V/s.
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ig. 3. SEM images of the Au/nanoSPAN/GCEs: fabricated by the one-step electrode
nd (F) were the magnified SEM micrographs of (A), (C) and (E), respectively. The co

f curves a, b and c. The reason may be discussed as two aspects:
rstly, the synergistic amplification effect of good conductive
roperties of the nanoSPAN and Au microspheres accelerates
he electron transfer of [Fe(CN)6]3−/4− on the HHFAu/nanoSPAN

embrane; secondly, the better dispersion and higher density of
HFAu on the nanoSPAN modified electrode than the Au micro-

pheres on the GCE, enlarge the microscopic electroactive area
ignificantly (see Section 5 of the Supplementary materials, Table
1) and ensure more efficient charge transport of [Fe(CN)6]3−/4−.

.3. Effect of the deposition steps on the characters of the
u/nanoSPAN/GCE (discussion for the possible nucleation and
rowth mechanism of HHFAu)
In order to further study the nucleation and growth pro-
ess of HHFAu on the nanoSPAN/GCE, the SEM images of the
u/nanoSPAN/GCEs obtained at different deposition steps were
hown in Fig. 3. Fig. 3A is the low-magnification image of
on (A); two-step electrodeposition (C) and three-step electrodeposition (E). (B), (D)
tration of HAuCl4 was 5.0 mM.

Au/nanoSPAN composite fabricated by the one-step electrodeposi-
tion. It can be seen that the fabricated Au/nanoSPAN/GCE consisted
of nanoparticles and microspheres (the Au nanoparticles being typ-
ically pointed by red arrows in Fig. 3A and C). These inhomogeneous
Au particles locate sparsely on the nanoSPAN/GCE surface with the
diameter ranges from several nanometers to approximately 5 �m.
The number and the density of the Au microspheres increased
after the two-step electrodeposition (Fig. 3C). At the same time,
the number and the density of the Au nanoparticles decreased.
Compared with the one-step electrodeposition and two-step elec-
trodeposition, the Au microspheres fabricated by the three-step
electrodeposition present the largest number and the most homo-
geneous size dispersion (with a uniform diameter about 5 �m).

According to the literatures (Liang et al., 2002; Zhang et al., 2006),
the large current density in the first deposition step was mainly
applied to create the nucleation sites on the substrate, and the
following two reduced current densities were used for the con-
tinued nucleation and growth. Hence, it can be estimated that the
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Fig. 4. (A) CVs of 0.1 M KCl containing 20.0 mM [Fe(CN)6]3−/4− (1:1) recorded at
Au/nanoSPAN/GCEs fabricated by the one-step (a); two-step (b) and three-step (c)
X. Wang et al. / Biosensors and

ucleation sites were mainly produced in the first deposition step
ith the large current density. Along with time increasing, some
u nuclei on the substrate underwent crystal growth to small Au
anoparticles or further grew to microspheres. The Au nanoparti-
les (formed in the first deposition step) and new nuclei (formed
n the following deposition steps), can be used as new nucleation
ites to grow to extended microspheres accompanying the follow-
ng second and third deposition steps with lower current densities
0.03 mA/cm2 and 0.015 mA/cm2). That is to say, the nucleation

ainly took place in the first deposition step and the continued
ucleation and growth of the individual Au particle were performed

n the second and third deposition steps. However, the nucleation
ate of these two steps was much lower than that of the first depo-
ition step. Therefore, after the three-step electrodeposition, the
btained Au microspheres have the highest density and the most
niform size dispersion and Au nanoparticles seem nearly disap-
eared.

Fig. 3B and D shows the high-magnification SEM images of Au
icrospheres which were obtained from the one-step and two-

tep electrodeposition, respectively. As shown in Fig. 3B, the Au
icrosphere also presents a flower-like structure, but displays an

uter morphology consisted of nanoscaled spikes (nanospikes) and
anoflakes, which was different from HHFAu fabricated by the
hree-step electrodeposition. The nanospikes and nanoflakes are
he refined structures of an individual Au microsphere. It seems as if
ig nanoflakes stacked layer upon layer composed the bottom of the
ower-like Au microsphere, and nanospikes and small nanoflakes
uilt up its top. Then, with the increase of deposition steps, the
anospikes gradually grew to the nanoflakes (Fig. 3D). After the
hree-step electrodeposition, the obtained HHFAu showed flaky
uter morphologies without nanospikes nearly (Fig. 3F). It is worth
oticing that the growth trend of the nanospikes to nanoflakes

n an individual Au microsphere is “bottom to top” and “outside
o inside”. It is attributed to that the edges and corners of the
uclei grew faster than its other regions and ahead grew to gold
anoflakes (Li and Shi, 2005). According to the literature (Guo
t al., 2007), the small nanoparticles which were deposited on
he modified electrode at the beginning of the electrodeposition
ould act as nanoelectrode ensembles, and a diffusion shielding
ffect between the nanoelectrodes would be produced when the
istance between nanoelectrodes was close. The diffusion shield-

ng effect led to an inhomogeneous distribution of AuCl4− around
he small gold nanoparticle surfaces in subsequent electrochem-
cal reactions, which is an important factor for the fabrication of
ower-like Au microspheres. The transformation from nanospikes
o nanoflakes in the three-step electrodeposition process may be
elated to the changes of the current densities, because the current
ensity has important effect on crystal orientation of the electrode-
osited metal (Nakano et al., 2002). When other conditions keep no
hange, adjusting of the current density will lead to a preferred ori-
ntation of the crystal growth, which will result in a faster growth
long a certain specific orientation. The diffusion shielding effect
ogether with the preferred crystal orientation played important
oles in the formation of HHFAu.

The voltage–time curve of the first deposition step
Supplementary materials, Fig. S3) and the control experiment
esults indicated by SEM (Supplementary materials, Fig. S4) and
RD (Supplementary materials, Fig. S5) could also be helpful to

llustrate the above mechanism.
From the voltage–time curve of the first deposition step (Fig. S3),

sharp decrease of voltage appears during the initial few seconds of

he electrodeposition, which corresponds to the process of double-
ayer charging. Accompanying with the electrodeposition going on,
he voltage increased until reached a stabilization state due to the
ormation of nucleation sites and the free growth of independent
uclei for deposition (Ye et al., 2008).
electrodeposition, respectively. The concentration of HAuCl4 is 5.0 mM. (B) CVs of
0.1 M KCl containing 20.0 mM [Fe(CN)6]3−/4− (1:1) recorded at Au/nanoSPAN/GCEs
fabricated by the three-step electrodeposition in 1.0 mM (a); 5.0 mM (b); 10.0 mM
(c) and 20.0 mM (d) HAuCl4 solutions. Scan rate: 0.1 V/s.

The control experiment results shown by SEM (Fig. S4) and XRD
(Fig. S5) indicated that the nucleation mainly took place in the first
deposition step and the continued nucleation and growth of the
individual Au microsphere were performed in the second and third
deposition steps, but the nucleation rate of these two steps was
much lower than that of the first deposition step. Moreover, the
preferred crystal orientation was different among the one-step,
two-step and three-step electrodeposition. These results are all
consistent with the growth mechanism of HHFAu illustrated above.

3.4. Optimization of other electrodeposition conditions

The deposition conditions have significant effect on the mor-
phologies and the electrochemical behaviors of the resulted metal
products. The influence of the deposition steps on the morpholo-
gies of the as-prepared Au has been discussed in Fig. 3. Not only
the deposition steps but also the HAuCl4 concentration has influ-
ence on the morphologies of the resulted Au microspheres, which
is shown in the Section 9 of the Supplementary materials, Figs. S6
and S7. The results demonstrate that the morphology of Au can also
be easily controlled by changing the HAuCl4 concentration.

The effect of the deposition steps and HAuCl4 concentration on
the electrochemical behaviors of the resulted Au/nanoSPAN/GCE
has also been studied, as shown in Fig. 4. Fig. 4A shows the
CVs of 0.1 M KCl containing 20.0 mM [Fe(CN)6]3−/4− recorded at
Au/nanoSPAN/GCEs prepared in 5.0 mM HAuCl4 by the one-step
(curve a), two-step (curve b) and three-step (curve c) elec-
trodeposition, respectively. The biggest peak current appeared at
HHFAu/nanoSPAN/GCE which was fabricated by the three-step

electrodeposition. It was attributed to the highest density of the
Au microspheres and the largest electroactive surface area of the
HHFAu/nanoSPAN/GCE.

CVs recorded for Au/nanoSPAN/GCEs electrodeposited in dif-
ferent concentrations of HAuCl4 solutions through the three-step
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Table 1
Comparison of the proposed biosensor with the previously reported DNA sensors based on Au nanocomposites with EIS measurements.

Electrode Detection range (M) Detection range (M) References

−8 −5 5.0 × 10−9 Fu et al. (2005)
2.4 × 10−11 Yang et al. (2007)
3.1 × 10−13 Feng et al. (2008)
1.9 × 10−14 This work
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Fig. 5. (A) Bode plots recorded at the HHFAu/nanoSPAN/GCE (a);
ssDNA/HHFAu/nanoSPAN/GCE (b); dsDNA/HHFAu/nanoSPAN/GCE (hybridized with
cDNA) (c); the probe electrode hybridized with double-base mismatched DNA (d)
and the probe electrode hybridized with ncDNA (e) in 0.1 M KCl containing 20.0 mM
[Fe(CN)6]3−/4− (1:1); (B) Bode plots recorded at the ssDNA/HHFAu/nanoSPAN/GCE
Au-Bd2MPTS 1.0 × 10 to 1.0 × 10
Au/PDC/GCE 1.0 × 10−10 to 1.0 × 10−5

Au/nanoPAN/GCE 1.0 × 10−12 to 1.0 × 10−6

HHFAu/nanoSPAN/GCE 1.0 × 10−13 to 1.0 × 10−6

lectrodeposition are shown in Fig. 4B. Accompanying with the
ncrease of the HAuCl4 concentration from 1.0 mM to 5.0 mM,
he obtained HHFAu/nanoSPAN/GCE presents an obviously ele-
ated activity for [Fe(CN)6]3−/4− redox behavior. However, further
ncrease in the HAuCl4 concentration induces a decrease tend
f CV signals of [Fe(CN)6]3−/4−. These results indicate that the
HFAu/nanoSPAN/GCE electrodeposited in 5.0 mM HAuCl4 solu-

ion by the three-step electrodeposition shows the highest
lectrochemical activity towards the electron transfer of the redox
robe ([Fe(CN)6]3−/4−).

.5. DNA biosensor based on HHFAu/nanoSPAN/GCE

Since the HHFAu/nanoSPAN/GCE fabricated by the three-step
lectrodeposition in 5.0 mM HAuCl4 exhibits large electroactive
urface area, excellent electron transfer ability and good biocom-
atibility, it can serve as a DNA biosensing platform for DNA
ybridization detection. The DNA immobilization and hybridiza-
ion were verified by EIS using 20.0 mM [Fe(CN)6]3−/4− as an
lectroactive probe. EIS analysis was employed to study the
mpedance changes of the electrode surface and provide further
vidence for interface assembly on the electrode including immobi-
ization and hybridization reaction of DNA (Daniels and Pourmand,
007). The Bode plots of the EIS measurement are shown in Fig. 5A.
he impedance value (log Z) at 104 Hz in the corresponding Bode
lot was selected for comparison. Curve a is the Bode plot of the
HFAu/nanoSPAN/GCE. When the probe DNA (pDNA) was bound
nto the modified electrode surface, the log Z increased (curve b).
he increment of impedance indicates that the pDNA was suc-
essfully immobilized on the electrode surface. The reason was
hat the negatively charged phosphate backbone of the pDNA pre-
ents [Fe(CN)6]3−/4− from reaching the electrode surface and leads
o a much larger impedance value (Tian et al., 2004; Yang et al.,
009). A maximal impedance value is observed after hybridiza-
ion of the pDNA with its complementary sequence DNA (cDNA)
curve c). This may be attributed to more negative charges and
hicker DNA modified layer of the dsDNA/HHFAu/nanoSPAN/GCE.
his result demonstrates that the HHFAu/nanoSPAN/GCE could
e used for electrochemical DNA hybridization detection. The

mpedance value obtained from the hybridization of the probe
lectrode with double-base mismatched DNA (curve d) decreases
ompared with that of the curve c. When the pDNA hybridized
ith non-complementary sequence DNA (ncDNA) (curve e), little

mpedance value change is detected compared with that of curve b.
his fact indicates that the pDNA modified electrode could also dis-
inguish the mismatched DNA and ncDNA. The above results show
he good selectivity of this biosensor.

The probe electrode was used to detect the CaMV35S gene tar-
et sequences from transgenically modified plants and the Bode
lots were obtained after hybridization with different concentra-
ions of the complementary target sequences, as shown in Fig. 5B.
he difference (namely �log Z) between the log Z value of the

robe-captured electrode and that after hybridization with cDNA
t 104 Hz was adopted as the measurement signal. The �log Z
alue is linear with the logarithm of the CaMV35S gene tar-
et sequence concentrations (Supplementary materials, Fig. S8,
he calibration curve was obtained by 6 parallel measurements
(a) and after hybridization reaction with its complementary CaMV35S gene
sequences of different concentrations: 1.0 × 10−13 M (b); 1.0 × 10−12 M (c);
1.0 × 10−11 M (d); 1.0 × 10−10 M (e); 1.0 × 10−9 M (f); 1.0 × 10−8 M (g); 1.0 × 10−7 M
(h) and 1.0 × 10−6 M (i). The AC voltage amplitude was 0.005 V.

at each concentration with regeneration sensor). The dynamic
detection range for the sequence-specific DNA of CaMV35S gene
is from 1.0 × 10−13 M to 1.0 × 10−6 M with the regression equa-
tion �log Z = 0.0116 log C + 0.1520 and the regression coefficient (�)
0.9985. The detection limit of this impedance detection assay is
1.9 × 10−14 M using 3� (where � was the relative standard devia-
tion of 11 parallel measurements of the blank solution).

The DNA biosensor had good stability, high reproducibility and
fine regeneration ability (see Section 11 of the Supplementary
materials).

The comparison of the proposed biosensor with other biosen-
sors based on Au nanocomposites with EIS measurements was
listed in Table 1. It can be seen that this DNA sensor had broader
dynamic detection range and lower detection limit for the target
DNA assay.

4. Conclusions
A novel three-step electrodeposition for the preparation of
well hierarchical and homogeneously dispersed flower-like Au
microspheres from HAuCl4 electrolytes was demonstrated in
this paper. The relationship between electrodeposition condi-
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ions (such as deposition step and HAuCl4 concentration) and the
esulted Au morphologies was investigated in detail. The nucle-
tion mainly takes place in the first deposition step and the
ontinued nucleation and growth of the individual Au micro-
phere are performed in the second and third deposition steps.
he growth trend of the nanospikes to nanoflakes in an indi-
idual Au microsphere is “bottom to top” and “outside to
nside”. The resulting HHFAu/nanoSPAN/GCE brings new capabil-
ties for electrochemical devices by utilizing synergistic action of
HFAu and nanoSPAN to facilitate electron-transfer process and

mprove electroactive surface area of electrode. Due to the unique
hemical and structural properties of HHFAu/nanoSPAN and the
igh sensitivity of EIS technique, a novel impedance biosens-

ng platform for DNA hybridization recognition was successfully
eveloped, which owns high sensitivity, good stability, fine repro-
ucibility and nice regeneration ability. The fragment related to
aMV35S gene is satisfactorily detected with a low detection limit
1.9 × 10−14 M).
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