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In this paper, dendritic gold nanostructure (DenAu) modified electrode was obtained by direct electrode-
position of planar electrode into 2.8 mM HAuCl, and 0.1 M H,SO4 solution under a very negative potential
of —1.5V. Scanning electron microscopy was used to characterize the growth evolution of DenAu with
time. The whole DNA biosensor fabrication process based on the DenAu modified electrode was char-
acterized by cyclic voltammetry and electrochemical impedance spectroscopy methods with the use of

ferricyanide as an electrochemical redox indicator. The probe DNA immobilization and hybridization
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with target DNA on the modified electrode could be well distinguished by using methylene blue as an
electrochemical hybridization indicator. The DenAu modified electrode could realize an ultra sensitivity
of 1fM toward complementary target DNA and a very wide dynamic detection range (from 1fM to 1 nM).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the development of highly sensitive and selec-
tive DNA biosensors has been received ever increasing attentions
in connection with efforts directed at gene analysis, the detection
of genetic disorders, tissue matching, forensic and more medi-
cal applications (Taton et al., 2000; Gunnarsson et al., 2008). In
contrast to many existing techniques for DNA detection such as
fluorescence (Yang et al., 2008; Duan et al., 2007), surface plas-
mon resonance spectroscopy (Kim et al., 2007) and quartz crystal
microbalance (Patolsky et al., 2000; Minunni et al., 2005), electro-
chemical technique affords a lot of advantages such as its simplicity,
rapidness, low-cost and high sensitivity (Drummond et al., 2003;
Liuetal., 2008; Zhangetal.,2009a,b; Li et al.,2010). Different strate-
gies have been devoted for the electrochemical detection of DNA
hybridization. The electroactive indicators are commonly used as
redox labels for electrochemical detection of DNA hybridization
(Munde et al., 2007; Gorodetsky et al., 2008).

In pursuit to achieve DNA electrochemical detection with a high
sensitivity, nanostructures with different morphology have been
advised for the modification of substrate aiming at increasing the
immobilization amount of probe DNA and improving the recog-
nition property of immobilized DNA (Kjdllman et al., 2008; Hill
et al., 2009; Liu et al., 2010a). Over the last several years, very
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high sensitivities have been demonstrated based on nanomaterial-
based electrochemical assays. For example, Kelley research group
fabricated controlled nanowire and Pd nanostructures modified
electrodes and achieved sensitive DNA detection through control-
ling the orientation of probe DNA (Gasparac et al., 2004; Soleymani
etal., 2009a). The detection limit toward target DNA for this nanos-
tructured electrode was estimated to be approximately 1.0 fM.
Chang et al. (2007) fabricated an electrochemical DNA biosensor
based on conducting polyaniline nanotube array and could readily
detect the target DNA at a concentration as low as 1.0 fM. Hu et al.
(2008) prepared a nanoporous electrode by a dealloying strategy
and developed an electrochemical sensitive DNA biosensor with
the combination of a signal amplification technology of DNA-Au
bio bar code. This approach offered a detection limit as low as
28 aM toward target DNA. Liu et al. (2005) prepared the nanogold
aggregates modified electrode and could realize a detection limit
of 10 pM toward target DNA with the use of methylene blue (MB)
as an electrochemical indicator. Chang et al. (2008) developed
an electrochemical DNA biosensor based on palladium nanopar-
ticles combined with carbon nanotubes and the detection limit for
the detection of target DNA was obtained as 0.12 pM. The intro-
duction of nanomaterial could efficiently increase the electrode
surface area and enlarge the DNA immobilization amount. Fur-
thermore, the nanostructure may play an important role in the
orientation and assembly density control of probe DNA for the opti-
mized hybridization recognition ability. Whereas, these reported
nanostructures are usually involved into comparatively complex
preparation procedures or the signal amplification effect for the


dx.doi.org/10.1016/j.bios.2010.11.020
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:lifeng@qust.edu.cn
mailto:sliu@qust.edu.cn
dx.doi.org/10.1016/j.bios.2010.11.020

2620 F. Li et al. / Biosensors and Bioelectronics 26 (2011) 2619-2625

DNA electrochemical detection is limited. Thus, the construction of
nanostructure modified electrode by a simple strategy to achieve
the electrochemical DNA detection with a high sensitivity is highly
desirable.

The gold nanostructures modified electrode could be easily con-
structed by some different strategies including direct electrostatic
assembly, covalent linking, polymer entrapment or co-mixing,
sol-gel, and electrodeposition methods. Among them, electrode-
position method is one of the mostly used approaches with the
advantages of convenience and the wide applications in elec-
trocatalysis and electroanalysis. Till now, different morphologies
of gold nanostructures have been obtained by electrodeposition
including spherical, pinlike, flowerlike, etc. (Li and Shi, 2005; Tian
et al., 2006). For example, Zhang et al. (2004), obtained a den-
dritic gold aggregate by electrodeposition on a polyelectrolyte
multilayer matrix modified ITO electrode. Zhang et al. (2008) fab-
ricated various gold nanostructures on glassy carbon electrodes in
a low concentration of 5 mM HAuCly solution by electrodeposition
method. Wang and co-workers prepared a hierarchical flowerlike
gold microstructure with gold nanoplates or nanopricks as build-
ing blocks by electrochemical deposition in a high concentration of
24.3 mM HAuCl, without introducing any template or surfactant
(Guo et al., 2007). Xu et al. (2010) obtained a dendritic gold nanos-
tructure by a templateless, surfactantless, simple electrochemical
route and studied its application to oxygen reduction. Chen et al.
(2009) fabricated a three-dimensional gold film electrode by direct
electrodeposition method and studied the direct electrochem-
istry and electrocatalysis of hemoglobin onto it. The development
of hierarchical gold nanostructures by simple electrodeposition
method is very attractive for the applications in biosensor, electro-
catalysis, etc. Even though there are a lot of research works involved
in the development of different gold nanostructures for the perfor-
mance improvement of biosensor, the role of nanostructuring in
modulating biodetection sensitivity has been less addressed and
needs further explore in detail (Soleymani et al., 2009b).

In this article, a dendritic gold nanostructure (DenAu) modified
electrode was prepared by a very simple direct electrodeposition
strategy. The electrodeposition of gold nanostructures was oper-
ated by applying a negative potential of —1.5V into 2.8 mM HAuCl4
and 0.1 M H,S04 solution. The hydrogen gas bubble was observed
out across the electrode surface following the whole electrodepo-
sition process. This could be attributed to the formation of DenAu.
The DenAu modified electrode was further used to fabricate DNA
biosensor using methylene blue (MB) as an electrochemical indica-
tor and a very low detection limit of 1 fM toward complementary
target DNA could be achieved (Lin et al.,2007; Jin et al.,2007; Zhang
et al,, 2009a,b). It is also convinced that the current study should
be easily extended to the more applications for example in protein,
enzyme biosensor.

2. Experimental
2.1. Chemicals and materials

Tetrachloroaurate(Ill) tetrahydrate (HAuCly-4H,0, 47.8% Au)
were obtained from National Chemical Reagent Co. Ltd. (Shanghai,
China). 6-Mercaptohexanol, methylene blue (MB) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). K3Fe(CN)g, K4Fe(CN)g
were purchased from Tianjin Ruijinte Chemical. Co. Ltd. (Tianjin,
China). All other chemicals were of analytical grade and used with-
out further purification. Doubly distilled water (18.2 M2) was used
throughout the experiment.

All of synthetic oligonucleotides were purchased from SBS
Genetech. Co. Ltd. (Beijing, China). Their base sequences are listed
as follows:

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'

2.2. Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements were performed with a CHI832B electro-
chemical analyzer (Shanghai, China). Electrochemical impedance
spectroscopy (EIS) measurements were carried out on a CHI660C
electrochemical workstation (Shanghai, China). All electrochemical
experiments were performed with a conventional three-electrode
system comprising a gold working electrode, a platinum wire
auxiliary electrode, and a Ag/AgCl reference electrode. The EIS
measurements were performed in 1.0 mM K3[Fe(CN)g] containing
0.10 M KCI with the frequency range from 10° to 0.1 Hz. The scan-
ning electron microscopy (SEM) measurements of the modified
electrode surfaces were performed on a Hitachi S-4300 scanning
electron microscope (Japan).

2.3. Preparation of dendritic gold nanostructure (DenAu)
modified electrode

The planar gold electrode surface was freshly polished prior
to use with 0.05 wm alumina powder and then cleaned ultrason-
ically sequentially in acetone and water for 3 min. The electrode
was then subjected to electrochemical pretreatment by consecu-
tive potential cycling in a 0.5 M H;SO,4 solution within a potential
window between —0.2 and +1.5 V at a scan rate of 100 mV s~ ! until
a stable reproducible voltammogram was obtained. The DenAu
electrodeposition on the pretreated planar gold electrode was
conducted at —1.5V in a stationary 2.8 mM HAuCl; and 0.1M
H,S0,4 solution (without stirring or N, bubbling) for different
time.

2.4. DNA biosensor fabrication

The immobilization of thiolated probe DNA on planar or DenAu
modified electrode was performed with the immersion of elec-
trode in 0.1 wM probe DNA solution in PBS (0.1 M, pH 7.4) for
12 h. Then the modified electrode was further immersed into the
blank PBS buffer for 1h at 37 °C with stirring. This operation was
used to eliminate the non-specific adsorbed probe DNA molecule
on the electrode surface. The probe DNA immobilized electrode
was then immersed into 1TmM MCH aqueous solution to fur-
ther eliminate the non-adsorbed DNA molecules and to hold a
good orientation of probe DNA for its good recognition ability.
Then the electrodes were taken out and rinsed with PBS buffer
solution and doubly distilled water and dried with nitrogen. The
hybridization experiments were carried out by immersing the
probe DNA modified electrode into different concentration of tar-
get DNA (complementary or non-complementary) in PBS (0.1 M,
pH 7.4) at 37°C for 1 h. And then, the hybridized electrodes were
rinsed with PBS buffer solution and water and then dried with
nitrogen.

2.5. DNA hybridization detection with an electrochemical
indicator of methylene blue

The probe DNA or hybridized electrodes were firstly immersed
into 1 mM MB in 0.1 M PBS (pH 7.4, 0.1 M KCl) for 20 min, and then
the cyclic voltammograms (CV) and differential pulse voltammo-
grams (DPV) were recorded in blank 0.1 M PBS (pH 7.4) solution.
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Fig. 1. Schematic illustration of the fabrication steps of the electrochemical DNA biosensor.

3. Results and discussions
3.1. Preparation of DenAu modified electrode

Schematic representation of the fabrication procedure of DNA
biosensor is shown in Fig. 1. The DenAu modified electrode was
firstly prepared by an electrochemical deposition strategy and then
used as the substrate for DNA immobilization and hybridization. In
order to obtain a three-dimensional gold film with porous struc-
ture in electrochemical deposition, the deposition potential was
set at —1.5V where a large amount of hydrogen bubbles were
evolved. Fig. 2 shows the SEM images of obtained DenAu elec-
trode at —1.5V for 600s. The lower magnification image (Fig. 2A)
demonstrates that the product consists of a large amount of den-
dritic nanostructures. The width of these dendritic nanostructures
is several hundred nanometers and the length is up to about 3 pm.
There are also some small pieces and rod-like nanostructures. High-
magnification images (Fig. 2B) reveal the detail of this dendritic
gold nanostructure. The nanostructure is symmetrical to the bone-
axis, and composed of small nanoparticles, which is similar to other
reports (Xu et al., 2010). The relative surface area could be eval-
uated from the coulombic integration of the reductive waves of
gold oxide formed in the positive potential scan in 0.5M H;S04
(Fig. 2C) (Trasatti and Petrii, 1992). It could be deduced that the

surface area of DenAu modified electrode is about 8.3 times com-
pared with that of planar gold electrode. Whereas, the surface area
increase for the common gold nanoparticles electrodeposited elec-
trode is only about 2-4 times compared with that of planar gold
electrode (Liu et al., 2010b). This further indicated that the cur-
rent obtained DenAu modified electrode took a three-dimensional
porous nanostructure and largely increased the effective electrode
surface area.

To understand the formation mechanism of dendritic nanos-
tructure, the relationship between the morphology and reaction
time was inspected. Fig. 3 shows the morphology of the dendritic
nanostructure with different reaction time. From Fig. 3A-D, one
can figure out that there is a tendency that the nanostructure grows
more and more complex when reaction time increases. At 20 s reac-
tion time, the electrode surface was observed to be occupied by
densely packed irregular nanoparticles (Fig. 3A). Furthermore, the
nanoparticles on the electrode surface could be simply differenti-
ated with top layer (light dots) and bottom layer (dark dots). The
nanoparticles of top layer seem to always form circle-like struc-
ture with deep observation. This could be attributed to the growth
of gold nanoparticles is templated by formed small hydrogen gas
bubbles at the initial stage. When the reaction time is prolonged to
be 1005, the rod-like nanoparticle with a sharp tip becomes formed
(Fig. 3B). This indicated that the subsequent growth of gold crys-
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Fig. 2. (A) Low and (B) high magnification SEM images of prepared DenAu electrode by electrodeposition in 2.8 mM HAuCl4 and 0.1 M H, SO, solution at —1.5V for 600's; (C)
cyclic voltammogram of the planar gold (a) and obtained DenAu (b) electrodes in 0.5 M H;S04 solution at a scan rate of 100mVs-!.



2622 F. Li et al. / Biosensors and Bioelectronics 26 (2011) 2619-2625

Fig. 3. SEM images of the obtained DenAu electrodes by electrodeposition in 2.8 mM HAuCl, and 0.1 M H,SO4 solution at —1.5V for different times: (A) 20s, (B) 100s, (C)

300s, and (D) 600s.

tals would preferentially occur on the preformed gold nuclei. The
as-prepared nanostructure becomes dendritic at 300 s (Fig. 3C) and
the dendritic structure becomes larger and more symmetrical at
600s (Fig. 3D). The formation of the nanostructure experienced
a growth of the nanoparticle to a 3D dendritic nanostructure.
The hydrogen bubble evolved during the electrodeposition process
acted as a dynamic template to assist the orientation growth of
gold nanocrystal. The electrochemical deposition of gold always
occurred on the existing gold nuclei, which evolved into the final
dendritic nanostructure (Xu et al., 2010).

3.2. Electrochemical behaviors of [Fe(CN)s3~/4~] at the modified
electrode surface

Fig. 4A shows the cyclic voltammograms obtained for differ-
ently modified electrodes in 1 mM [Fe(CN)g3~/4-] and 0.1 M KCl
solution at the scan rate of 100 mV s~!. A pair of well-defined redox
peaks was observed on the bare gold electrode with the anodic (Epa)
and cathodic (Epc) peak potential of 0.23 V and 0.12V, respectively
(curve a). After the electrodeposition of DenAu, the peak current of
[Fe(CN)g3—/4-] increased and the peak to peak potential separation
(AEp) decreased slightly (curve b), indicating a better redox behav-
iors of [Fe(CN)g3~/4~] on the DenAu modified electrode. After probe
DNA and MCH immobilization on the DenAu modified electrode,
the peak current of [Fe(CN)g3~/4~] was largely inhibited and the
AEp was largely increased (curve c). This could be easily explained
by the limited diffusion of [Fe(CN)g3—/4~] toward electrode sur-
face by the negative charged phosphate backbone of probe DNA.
A further decreased peak current and increased AE, was observed
after hybridization of probe DNA with target complementary DNA
(curve d). This could be well assigned that the introduction of com-
plementary DNA increases the negative charge responsible for the
increased repellence of redox species.

EIS could provide further information on the impedance changes
of the electrode surface during the modification process. In EIS,
the semicircle diameter could represent the electron-transfer
resistance, Ret, which dominate the electron transfer kinetics
of the redox probe at the electrode interface. Fig. 4B shows
the Nyquist plot of the differently modified electrodes in 1 mM
Fe(CN)g3~/Fe(CN)g*~ and 0.1 M KCl at open circuit potential with

the frequency varied from 0.1 Hz to 100 kHz. The planar gold elec-
trode witnessed a small Re; value of about 1200 €2 (curve a). After
DenAu modification, an almost straight line was observed, indicat-
ing an improvement of electron transfer ability of [Fe(CN)g3—/4~] by
the modified DenAu. The Rer was increased to be about 1.5 x 104 Q
with the self-assembly of probe DNA and MCH on the electrode
surface (curve c). The Re; value was further increased to be about
2.5 x 10* Q after hybridized with complementary target DNA. 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 results of impedance experiments were in
good agreement with that of cyclic voltammetry experiments.

3.3. The selectivity of electrochemical DNA biosensor

Fig. 5A shows the cyclic voltammograms of the DNA modi-
fied DenAu electrodes measured in blank PBS buffer solution after
immersion in 1 mM MB of 0.1 M PBS (pH 7.4, 0.1 M KCl) for 20 min.
A pair of well-defined redox peaks of MB could be observed with
the formal potential at —0.21V and a very small AEp, value of about
10mV (curve a). This could be attributed to the redox reaction of MB
confined at the ssDNA chains by an electrostatic interaction mode.
A good linear relationship of peak current with scan rates ranged
from 30 mV to 300 mV could be obtained, indicating a very well
surface controlled redox behaviors of MB at the probe DNA immo-
bilized electrode (data not shown for brief). A significant increase
of MB peak current was observed after hybridization with comple-
mentary target DNA (curve c). The control experiments performed
with the hybridization of probe DNA with non-complementary
target DNA showed almost the same response with that of only
ssDNA modified electrode (curve b), indicating that MB could be
used as a good indicator to selectively detect the target DNA (Kara
et al., 2002; Li et al., 2007; Zhang et al., 2009a,b). The intercalation
interaction of MB with dsDNA is considered to play a major role
for the increased current responses of dsDNA than that of ssSDNA
(Kelley et al., 1997; Li et al., 2007; Taft et al., 2006). Also, more
binding amount of MB by an electrostatic interaction at the dsDNA
chain than that at ssDNA may contribute to the increased current
responses of dsDNA.
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Fig. 4. (A) Cyclic voltammograms and (B) the Nyquist plots obtained for bare
(a), DenAu modified (b), thiolated ssDNA and MCH immobilized (c), and hybrized
with complementary target DNA modified (d) electrodes at 100mVs~! in 1mM
[Fe(CN)s>~/4-] and 0.1 M KCl solution. The concentration of complementary target
DNA were 1nM in PBS (0.1 M, pH 7.4).

The DPV experiments using MB as an electrochemical hybridiza-
tion label for detection of DNA sequences were further advised
and the results were shown in Fig. 5B. A peak current of MB of
0.9 A was obtained at the ssDNA modified DenAu electrode (curve
a). An increase of about 1.84 p.A in the DPV signal was observed
after hybridization with fully complementary target DNA (curve
c). Whereas, almost the same peak current with the solely probe
DNA immobilized electrode was obtained when recognition with
non-complementary target DNA (curve b). The DPV experiments
showed a high selectivity of the constructed DNA biosensor for
hybridization detection and the MB could be used as a good electro-
chemical indicator to properly discriminate the ssDNA and dsDNA
by our fabricated strategy, which was in good accordance with that
of cyclic voltammetry experiments. The DPV peak current increase
of MB (Alp) before and after hybridization with target DNA (1 nM)
could be simply used to characterize the hybridization amount with
target DNA. The Al,, value of MB on the different DenAu electrodes
obtained at deposition time of 20, 1005, 300s, 600 s were about
0.23+0.04, 0.42+0.07, 0.82+0.12, 1.84+0.11 pA, respectively.
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Fig. 5. (A) Cyclic voltammograms and (B) differential pulse voltammograms 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 1mM MB of 0.1 M PBS (pH 7.4, 0.1 M KCl) for 20 min. The concentrations of com-
plementary and non-complementary target DNA were both 1 nM in PBS (0.1 M, pH
7.4). The scan rates were all 100mVs~"'.

This strongly indicated that the amount and morphology of DenAu
has a major effect on the amount of immobilized probe DNA and
thus DNA detected. The increase of hybridization amount was more
evident than the increase of electrode surface area. The selective
determination of current fabricated DNA biosensor toward one-
base mismatched and two-base mismatched target DNA was also
studied (see Fig.S2 in the Supplementary Information). It strongly
indicated a good selectivity of current fabricated DNA biosensor
toward complementary, non-complementary and mismatched tar-
get DNA sequences.

3.4. The sensitivity of fabricated DNA biosensor

The DPV peak current increase before and after hybridization of
probe DNA with complementary target DNA was further used to
evaluate the performance of current DNA biosensor fabricated on
the DenAu modified electrode. It could be seen from Fig. 6A that the
DPV peak current of MB on the DenAu electrode increases with the
increasing target DNA concentration ranged from 1fM to 1 nM. In
Fig. 6B, the peak current change of fabricated DNA sensor exhibited
a linear correlation to the logarithm of the target DNA concentra-
tion ranged from 1 fM to 1 nM with a linear regression coefficient of
0.998. The low detection limit was obtained as 1 fM (S/N = 3), which
are much higher or comparable with that of current many nano-
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Fig. 6. (A) The DPV responses of MB for different DNA hybrids. Concentration of
target DNA: (a)OM, (b) 1 x 1015 M, (c) 1 x 10~ M, (d) 1 x 10-13 M, () 1 x 1012 M,
(f)1x10711 M, (g) 1 x 1071 M, and (h) 1 x 102 M. (B) Linear relationship between
the DPV peak current change and the logarithm of the target DNA concentration.

materials modified electrodes (see Tab.S1 in the Supplementary
Information). Four independent electrodes were used simultane-
ously for the acquisition of each point in the calibration curve. The
DenAu with a huge surface area was considered to supply numer-
ous attaching points for probe DNA immobilization. And also, the
immobilization orientation and assembly density of probe DNA
may be well controlled by three-dimensional dendritic structure
of DenAu for optimized hybridization efficiency. On the other side,
the hierarchical three-dimensional dendritic structure in present
case may diminish the repelling behavior when approaching of the
target DNA toward the immobilized probe DNA and enhance the
hybridization efficiency. But the role of DenAu in the sensitivity
improvement is not still very clear and needs further study in detail
in the future.

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 6 times with about 18% 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 thiolated
probes on the DenAu electrode surface. At the same time, the sta-
bility of the fabricated DNA biosensor was investigated. The probe
DNA modified electrode was firstly 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 91% of its initial response.

4. Conclusions

An electrochemical DNA biosensor based on the DenAu modi-
fied electrode was constructed for the sensitive detection of a short
DNA sequence. The developed electrode largely increases the elec-
trode surface area, which is about 8.3 times compared with that
of planar gold electrode. The special three-dimensional dendritic
nanostructure of DenAu is likely beneficial to increase the immo-
bilization amount of probe DNA and further hybridization amount
with target DNA. With the use of MB as an indicator, the optimized
DNA biosensor could achieve a wide linear range from 1 fM to 1 nM
for the target DNA detection and a low detection limit of 1 fM. The
current fabricated DNA biosensor should be also suitable for the
detection of target DNA in real samples, for example clinical ana-
lytes. Moreover, this electrode modification strategy was expected
for further extensive applications in protein, enzyme biosensors.
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