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a b s t r a c t

In this article, hollow gold nanospheres (HGN) were prepared by using Co nanoparticles as sacrificial
templates and varying the stoichiometric ratio of HAuCl4 over the reductants. The HGN was then mod-
ified on the electrode surface via a 1,6-hexanedithiol linking agent to fabricate a novel electrochemical
DNA biosensor. The whole DNA biosensor fabrication process was characterized by cyclic voltammetry
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(CV) and electrochemical impedance spectroscopy (EIS) methods with the use of ferricyanide as an elec-
trochemical redox indicator. The probe DNA immobilization and hybridization on the modified electrode
was further studied with CV and differential pulse voltammetry (DPV) methods by using Co(phen)3

3+

as an electrochemical hybridization indicator. Results revealed that the HGN modified electrode, espe-
cially for the HGN with the outer surface surrounded by densely spike-like nanocrystallites, could largely
enhance the DNA hybridization ability. The fabricated DNA biosensor was proved to have a low detection

ynam
lectrochemical biosensor limit (1 pM) and a wide d

. Introduction

The development of DNA biosensors has recently attracted sub-
tantial attentions in connection with research efforts directed at
ene analysis, the detection of genetic disorders, tissue match-
ng, and forensic applications (Taton et al., 2000; Gunnarsson et
l., 2008). Many techniques including fluorescence (Yang et al.,
008; Duan et al., 2007), electrochemiluminescence (Zhu et al.,
008; Zhang et al., 2008a,b), electrochemistry (Kara et al., 2002;
rummond et al., 2003), surface plasmon resonance spectroscopy

Kim et al., 2007) and quartz crystal microbalance (Patolsky et
l., 2000; Minunni et al., 2005) have been developed for the DNA
etection. Among them electrochemical techniques offer a lot
f advantages such as simplicity, rapidness, low-cost and high
ensitivity (Zhang et al., 2009a,b; March et al., 2008). Many pro-
ocols have been proposed for electrochemical monitoring of DNA
ybridization (Munde et al., 2007; Gorodetsky et al., 2008).

A key issue with any DNA hybridization biosensor is how to

nhance the probe DNA immobilization amount, and moreover
aintain the accessibility of probe DNA for hybridization detec-

ion (Kjällman et al., 2008; Liu et al., 2005; Cederquist et al., 2008).
n order to enhance the immobilization amount of probe DNA

∗ Corresponding author. Tel.: +86 532 84022681; fax: +86 532 84022681.
E-mail address: shufengliu77@yahoo.com (S. Liu).

956-5663/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2009.11.026
ic range (from 1 pM to 10 nM) with a high stability and reusability.
© 2009 Elsevier B.V. All rights reserved.

and optimize the DNA hybridization efficiency, different kinds of
strategies have been developed (Liu et al., 2008; Gasparac et al.,
2004). Including which, nanomaterials have been paid a great deal
of attention in electrode surface modification for DNA biosensor
fabrication owing to their increased surface area, improved elec-
trochemical properties and possible beneficial orientation effect in
DNA immobilization and hybridization. These nanomaterials used
for electrode surface modification includes metal nanoparticles (Li
et al., 2007; Liu et al., 2005), semiconductor nanoparticles (Du et al.,
2009), nanowires (Zhang et al., 2008a,b), carbon nanotube (Basuray
et al., 2009; Zhang et al., 2009a,b), nanopores (Hu et al., 2008), etc.
Among all the nanomaterials, gold nanoparticles are the most fre-
quently used for electrode surface modification in the fabrication
of biosensor (Yamada et al., 2003; Zhao et al., 2007; Jena and Raj,
2007; Cai et al., 2001; Liu et al., 2002a,b).

Recently, hollow metallic particles have received a lot of
attentions because of their use as drug carriers, electrocatalytic
materials, etc. owing to the distinctive advantages of low density,
high specific surface area, and reduction of costs compared with
their solid counterparts (Sun and Xia, 2002a, 2002b; Liang et al.,
2004; Guo et al., 2007). Various templates, including polystyrene

spheres, silica spheres, vesicles, microemulsion and metal nanopar-
ticles, etc., have been used to fabricate hollow spheres (Kim et al.,
2002; Schmidt and Ostafin, 2002; Wong et al., 2002; Sun and Xia,
2002a,b; Lu et al., 2005; Lu et al., 2007). Whereas the application
of hollow metal spheres in biosensor fabrication was still very less

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:shufengliu77@yahoo.com
dx.doi.org/10.1016/j.bios.2009.11.026
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eported to date. In the field of DNA biosensor fabrication, Lu et
l. (2005, 2007) have originally prepared a hollow gold ball with
he use of vesicle as a template and further studied its ability in
nhancing DNA immobilization and hybridization. Usually, these
repared hollow spheres are in the micro or pseudo micro-meter
cale and also not readily operated in the preparation and electrode
urface modification. Therefore, it is of great importance to develop
he simple preparation method of hollow gold nanospheres (HGN)
nd explore this kind of special nanomaterials for the application
n DNA biosensor fabrication.

In this research, the HGN were simply fabricated based on the
isplacement reaction between the Co nanoparticles and HAuCl4.
he prepared HGN showed a rough hollow ball structure sur-
ounded with dense spike-like gold nanocrystallites. It is specially
rofit for DNA immobilization and hybridization. The current
esearch focuses on the DNA immobilization and hybridization
vents on the HGN modified electrode and provides a suitable plat-
orm for the DNA biosensor fabrication.

. Experimental

.1. Chemicals and materials

Cobalt (II) chloride hexahydrate (CoCl2·6H2O, 99.0%), tetra-
hloroaurate(III) tetrahydrate (HAuCl4·4H2O, 47.8% Au) were
btained from National Chemical Reagent Ltd., Shanghai, China.
odium borohydride (NaBH4, 99%) was purchased from Acros
rganics (USA). 1,6-hexanedithiol was purchased from Sigma

USA). The tris(1,10-phenanthroline) Cobalt (III) perchlorate,
o(phen)3(ClO4)3, was synthesized as that reported in the litera-
ure (Gillard et al., 1983). K3Fe(CN)6, K4Fe(CN)6 were purchased
rom Tianjin Ruijinte Chemical Co. Ltd. (China). All other chemicals
ere all of analytical grade and used without further purification.
oubly distilled water was used throughout.

All of synthetic oligonucleotides were purchased from SBS
enetech. Co. Ltd. (China). Their base sequences are listed as fol-

ows:
Probe DNA: 5′-SH-GCG CGA ACC GTA TA-3′

Complementary target DNA: 5′-TAT ACG GTT CGC GC-3′

Non-complementary target DNA: 5′-ACT GAT GCT ACC AT-3′

.2. Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry
DPV) measurements were performed with a CHI832B electro-
hemical analyzer (Shanghai CH Instrument Company, China).
lectrochemical impedance spectroscopy (EIS) measurements
ere carried out on a CHI660C electrochemical workstation

Shanghai CH Instrument Company, China). All electrochemical
xperiments were performed with a conventional three-electrode
ystem comprising a gold working electrode, a platinum wire
uxiliary electrode, and a Ag/AgCl reference electrode. The EIS
easurements were performed in 1.0 mM K3[Fe(CN)6] containing

.10 M KCl with the frequency range from 104 to 0.01 Hz.

.3. Fabrication of hollow gold nanospheres (HGN)

The HGN were prepared according to the reference (Liang et al.,
005) with a slight modification. For the synthesis of HGN, the Co
anoparticles were first prepared. The synthesis of Co nanoparti-
les was carried out based on the reported method (Kobayashi et

l., 2003). The Co nanoparticles could be easily obtained with the
ddition of 0.2 mL of 0.4 M CoCl2 solution into 200 mL of deaer-
ted aqueous solution containing 8 mM NaBH4 and 0.8 mM citric
cid. The nitrogen gas was bubbled before mixing for 20 min and
ontinued during the reaction in order to avoid the oxidation of
Fig. 1. Schematic illustration of the fabrication steps of the electrochemical DNA
biosensor.

obtained Co nanoparticles by existed atmospheric oxygen in the
solution. The hydrogen gas was observed to be evolved during the
reaction and continued for several minutes. Following with the
end of gas evolution, 30 mL of Co nanoparticle colloidal solutions
were extracted and transferred to different volumes (5, 8, 12, 18
and 40 mL, respectively) of stirred 1 mM HAuCl4 aqueous solutions
to achieve the preparation of the HGN. The obtained suspension
solutions were centrifuged at 10,000 rps and the precipitates were
designated as samples A–E.

2.4. DNA biosensor fabrication

The gold working electrode surface was freshly polished prior
to use with 0.05 �m alumina powder and then cleaned ultrasoni-
cally sequentially in acetone and water for 3 min. The whole DNA
biosensor fabrication process was schematically demonstrated in
Fig. 1. The detailed procedures for DNA biosensor fabrication are
listed in the AppendixBSupplementary Information.

2.5. DNA hybridization detection with an electrochemical
indicator of Co(phen)3

3+

The probe DNA or hybridized electrodes were first immersed
into 100 �M Co(phen)3

3+ in 0.01 M PBS (pH 7.3) for 20 min, and then
the cyclic voltammograms and differential pulse voltammograms
were recorded in blank PBS solution.

3. Results and discussions

3.1. Characterization of hollow gold nanospheres (HGN)

In current work, the Co nanoparticles were synthesized with the
reduction of Co2+ by NaBH4. After the formation of Co nanoparticles,
the solution was kept for several minutes to allow excessive NaBH4
to react with water completely (Liang et al., 2004). Because the
reduction potential of the AuCl4−/Au redox couple (0.935 V vs SHE)
is much higher than that of the Co2+/Co redox couple (−0.377 V vs
SHE), the galvanic replacement reaction as presented in Eq. (1) will
occur spontaneously as soon as AuCl4− contacts with Co nanoparti-
cles. Fig. 2 shows typical TEM images of samples A–E, where there is
a strong contrast difference in all of the spheres with a bright center
surrounded by a much darker edge, confirming their hollow archi-
tecture. The calculation of the maximum quantities of employed Co
nanoparticles and HAuCl4 in the preparation of sample B (See the
AppendixBSupplementary Information) indicated that the amount
of HAuCl4 in sample B could be just sufficient to react with the

added Co nanoparticles completely according to Eq. (1), while the
ratio of HAuCl4 in sample A and samples C–E is lower and higher
than that in sample B, respectively.

3Co + 2AuCl−4 = 2Au + 3Co2+ + 8Cl− (1)
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ig. 2. TEM images of prepared hollow gold nanospheres. Samples of A–E were obta
olution. (A: 5 mL; B: 8 mL; C: 12 mL; D: 18 mL; E: 40 mL).

The hollow gold nanospheres with different shell thickness in
ample A (Fig. 2A) was observed, which could be attributed to the
act that some Co nanoparticles react with sufficient HAuCl4 to
orm a thick shell, while other particles cannot due to the insuf-
cient supply of HAuCl4, thus forming a thin shell. It could be seen

rom Fig. 2B that the shell of HGN in the sample B became thicker
han that of sample A. From the TEM images of samples C–E in
ig. 2, the gold hollow nanospheres are similar to that of sample
except for additional gold nanocrystallite directly connected to

he outer shell of gold hollow nanospheres. The existence of citrate
olecules was considered to contribute the formation of nanocrys-

allites around the shell surface. During the fabrication process of
GN, the reduction reaction of HAuCl4 by citrate was considered as
relatively slow process compared with the displacement reaction
f Co nanoparticles by HAuCl4. Also, once the Co nanoparticles were
ompletely consumed, the HGN would change from a porous shell
urface to a dense surface structure (Liang et al., 2005; Guo et al.,
007). Thus, the free diffusion of HAuCl4 and citrate molecules into
he cavity of HGN would be largely inhibited. The excess HAuCl4

olecules in samples C–E would be only reduced at the surface
f HGN by citrate molecules. The HAuCl4 has been proved to be
educed by citrate in boiling solution conditions (Frens, 1973). The
urrent reduction of HAuCl4 by citrate at room temperature could
e explained according to the mechanism that the HGN was used
s the crystal seed and accelerated the autocatalytic growth of gold
anocrystallites at the surface of HGN. With the employed different
olumes of HAuCl4 in samples C–E, the different surface morphol-
gy around the HGN could be achieved. The samples A and B were

bserved to have a comparably smooth outer surface and the sam-
les C–E owned the rough surface surrounded with the spike-like
anocrystallites. This structure of spike-like nanocrystallites was
specially obvious in sample D (Fig. 2D). With the further increase
f HAuCl4 concentration (sample E), the spike-like nanocrystallites
with the addition of different volumes of 1 mM HAuCl4 into 30 mL Co nanoparticles

tend to aggregate and a sponge-like hollow gold nanosphere starts
to form (Fig. 2E). The current prepared hollow gold nanospheres,
especially these ones with the outer shell surrounded by spike-
like nanocrystallites, should be very favorable for the application
in DNA biosensor fabrication due to its large surface area.

3.2. Electrochemical behaviors of [Fe(CN)6
3−/4−] at the modified

electrode surface

Fig. 3 shows the cyclic voltammograms obtained for differ-
ently modified electrodes in 1 mM Fe(CN)6

3−/Fe(CN)6
4− of 0.1 M

KCl at the scan rate of 100 mV s−1. There was a pair of well-
defined redox peaks observed on the bare gold electrode with the
anodic (Epa) and cathodic (Epc) peak potential of 0.26 and 0.17 V,
respectively, and a peak to peak potential separation of about
90 mV (Curve a). These peaks could be definitely attributed to
the redox behaviors of [Fe(CN)6

3−/4−]. The self-assembly mono-
layer of 1,6-hexanedithiol on electrode surface largely inhibited
the peak current of [Fe(CN)6

3−/4−]. This could be easily understood
that a relatively compact monolayer of 1,6-hexanedithiol formed
on the electrode surface prevents the diffusion of [Fe(CN)6

3−/4−]
toward the electrode surface (Curve b). The next modification
of HGN on the electrode surface induced a further decrease of
peak current (Curve c). The HGN was negative-charged due to the
adsorption of citric acid stabilizer and could prevent the diffusion
of [Fe(CN)6

3−/4−] toward the electrode surface for the decrease
of peak current. It could be observed that the redox peaks of
[Fe(CN)6

3−/4−] disappeared in the studied potential range after

probe DNA immobilization (Curve d), indicating that the probe
DNA has been successfully immobilized on the electrode surface
and the diffusion of [Fe(CN)6

3−/4−] toward electrode surface was
largely repelled by the negative charged phosphate backbone of
probe DNA. The charging current in the studied potential range was
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Fig. 3. Cyclic voltammograms obtained for bare (a), 1,6-hexanedithiol modi-
fied (b), HGN modified (c), thiolated ssDNA immobilized (d) and hybridized
w
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ith complementary target DNA modified (e) gold electrodes at 100 mV s−1 in
e(CN)6

3−/Fe(CN)6
4− containing 0.10 M KCl. The concentration of complementary

arget DNA were 0.01 �M in PBS (0.01 M, pH 7.3). Inset shows the enlarged plot for
he curves c–e.

urther decreased after hybridization of probe DNA modified elec-
rode with target complementary DNA. This could be well assigned
hat the introduction of complementary DNA increases the negative
harge responsible for the increased repellence of redox species.

Fig. 4 shows the Nyquist plot of the differently modified elec-
rodes in 1 mM Fe(CN)6

3−/Fe(CN)6
4− of 0.1 M KCl at open circuit

otential with the frequency varied from 0.01 Hz to 10 kHz. An
lmost straight line was observed for the bare Au electrode, which
as the typical characteristic of a mass diffusion controlled elec-
ron transfer process. The Ret was increased to be about 2.4 × 106 �
ith the self-assembly of 1,6-hexanedithiol on the electrode sur-

ace. The compact monolayer of 1,6-hexanedithiol on the electrode
urface was considered to inhibit the diffusion of [Fe(CN)6

3−/4−]

ig. 4. The Nyquist plots obtained for bare (a), 1,6-hexanedithiol modified (b), HGN
odified (c), thiolated ssDNA immobilized (d) and hybridized with complementary

arget DNA modified (e) gold electrodes in 1 mM Fe(CN)6
3−/Fe(CN)6

4− of 0.1 M KCl
t open circuit potential with the frequency varied from 0.01 Hz to 10 kHz. The con-
entration of complementary target DNA were 0.01 �M in PBS (0.01 M, pH 7.3). Inset
hows the enlarged plot for the curve a and c.

Fig. 5. Cyclic voltammograms (A) and differential pulse voltammograms (B) of
ssDNA immobilized (a), hybrids with target DNA (c) and non-complementary

target DNA sequence (b) modified electrodes in blank PBS buffer solution after
immersion in Co(phen)3

3+ for 20 min. The concentration of complementary and
non-complementary target DNA were both 0.01 �M in PBS (0.01 M, pH 7.3). The
scan rates were all 100 mV s−1.

toward electrode surface and furthermore its electron transfer abil-
ity. The Ret value was largely decreased to be about 1.2 × 105 �
after HGN modification, indicating that the electron transfer ability
of [Fe(CN)6

3−/4−] was largely improved by the modified HGN. The
Ret values were obtained as about 0.9 × 106 and 1.7 × 106 � for the
DNA immobilized and hybridized electrodes, respectively. The Ret
increase after probe DNA immobilization and hybridization could
be well ascribed to the repellence of redox probe from approaching
electrode surface by negative charged phosphate skeletons of DNA.
The impedance experiments could be well corroborated together
with cyclic voltammetry experiments for the characterization of
electrode fabrication process.

3.3. The selectivity of electrochemical DNA biosensor

Fig. 5A shows the cyclic voltammograms of the differently mod-
ified electrode in blank PBS buffer solution after immersion in

3+
0.1 mM Co(phen)3 of 0.01 M PBS (pH 7.3) for 20 min. It could be
seen that probe DNA immobilization on electrode surface induced
no peaks of Co(phen)3

3+, indicating that almost no Co(phen)3
3+

was adsorbed on the ssDNA chain by the electrostatic interaction
mode (Curve a). After hybridization with target DNA, a pair of well-



1 ioelectronics 25 (2010) 1640–1645

d
o
n
t
e
n
r
i
s

c
w
v
p
c
e
a
n
t
w
w
(
b
F
s
h
g
a
d

o
t
o
t
1
m
0
0
w
e
m
s
m
c
r
m
o
b
n
a
n
e

3

C
w
t
e
c
c
(
o
p

644 S. Liu et al. / Biosensors and B

efined peaks was observed with the anodic and cathodic potential
f 0.24 V and 0.12 V, respectively (Curve c). This could be defi-
itely attributed to the redox reaction of Co(phen)3

3+ adsorbed into
he hybridized duplex DNA by an intercalation mode. The control
xperiments performed with the hybridization of probe DNA with
on-complementary target DNA demonstrated almost the same
esponse with that of only ssDNA modified electrode (Curve b),
ndicating that Co(phen)3

3+ could be used as a good indicator to
electively detect the target DNA.

The DPV experiments using Co(phen)3
3+ as an electrochemi-

al hybridization label for detection of different DNA sequences
ere further advised and the results were shown in Fig. 5B. Only a

ery small DPV peak current for Co(phen)3
3+ was observed at the

otential of 0.21 V for the ssDNA immobilized electrode. This indi-
ated that Co(phen)3

3+ has a very weak affinity for probe DNA by
lectrostatic interaction on the modified electrode surface (Curve
). A significant increase of about 0.72 × 10−7 A in the DPV sig-
al was observed after hybridization with fully complementary
arget DNA (Curve c). When the non-complementary target DNA
as used for a control experiment, almost the same peak current
ith the solely probe DNA immobilized electrode was obtained

Curve b). The selective determination of current fabricated DNA
iosensor toward mismatched target DNA was also studied (See
igure S2 in the Supplementary Information). The DPV experiments
howed a high selectivity of the constructed DNA biosensor for
ybridization detection and the Co(phen)3

3+ could be used as a
ood electrochemical indicator to properly discriminate the ssDNA
nd dsDNA by our fabricated strategy, which were in good accor-
ance with that of cyclic voltammetry experiments.

The DPV peak current increase before and after hybridization
f probe DNA with complementary target DNA was further used
o evaluate the performance of current DNA biosensor fabricated
n the bare gold electrode and five kinds of HGN (from samples A
o E) modified electrodes. The target DNA concentration used was
× 10−8 M. The DPV peak current increase for the bare gold and
odified electrodes with samples A-E were 0.34 ± 0.02 × 10−7 A,

.51 ± 0.02 × 10−7 A, 0.59 ± 0.03 × 10−7 A, 0.66 ± 0.04 × 10−7 A,

.72 ± 0.03 × 10−7 A, 0.68 ± 0.04 × 10−7 A, respectively. Each result
as obtained based on three repetitive experiments. The repetitive

xperiments were performed with three separate bare or HGN
odified electrodes. Three gold electrodes were pretreated and

imultaneously conducted for dithiol monolayer assembly, HGN
odification, DNA immobilization and hybridization, and electro-

hemical detection according to the same procedures. Thus, a best
ecognition signal for target DNA could be achieved on the HGN
odified electrode with sample D owing to the increased amount

f immobilized probe DNA, which was about twice than that of
are gold electrode. This could be explained that the spike-like
anocrystallites around HGN in sample D have an increased surface
rea for more DNA immobilization and appropriate distribution of
anocrystallites on the HGN surface for optimized hybridization
fficiency.

.4. The sensitivity of fabricated DNA biosensor

It could be seen from Fig. 6A that the peak current change of
o(phen)3

3+ on the HGN modified electrode (sample D) increases
ith the increasing target DNA concentration ranged from 1 pM

o 10 nM. In Fig. 6B, the peak current change of fabricated sensor
xhibited a linear correlation to the logarithm of the target DNA

oncentration ranged from 1 pM to 10 nM with a linear regression
oefficient of 0.998. The low detection limit was obtained as 1 pM
S/N = 3), which was much better than or comparable to that of
ther nanomaterials modified electrodes (see Table S1 in the Sup-
lementary Information).
Fig. 6. (A) The plots of DPV peak current change vs the target DNA concentrations.
Error bars are the standard deviation of three repetitive experiments. (B) Linear
relationship between the DPV peak current change and the logarithm of the target
DNA concentration.

3.5. Regeneration and stability of the fabricated DNA biosensor

Regeneration is useful for continuous monitoring of the tar-
get DNA in future research. It was found that the fabricated DNA
biosensor could be regenerated eight times with about 20% loss of
the original signal by dipping the electrode in hot water (80 ◦C) for
10 min, followed by a rapid cooling in an ice bath for 10 min. The
signal attenuation seemed to be attributed to the loss of immo-
bilized HGN and thiolated probes on the electrode surface. At the
same time, the stability of the fabricated DNA biosensor was inves-
tigated. The probe DNA modified electrode was first stored in the
refrigerator at 4 ◦C over 2 weeks and then examined via DPV after
its hybridization with complementary target DNA. Experiments
demonstrated that the DNA biosensor retained about 95% of its
initial response.

4. Conclusions
An electrochemical DNA biosensor based on the HGN modified
electrode was constructed for the enhanced detection of a short
DNA sequence. The prepared HGN shows a spike-like morphology
of the outer surface, which could upgrade the DNA immobiliza-
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ion and hybridization ability. With the use of Co(phen)3
3+ as an

ndicator, the optimized DNA biosensor could achieve a wide lin-
ar range from 1 pM to 10 nM for the target DNA detection and a
ow detection limit of 1 pM. The current fabricated DNA biosen-
or architecture should be also suitable for the detection of target
NA in real samples, for example clinical analytes. Moreover, this
lectrode modification strategy was expected for further extensive
pplications in protein, enzyme biosensors.
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