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In this article, a simple strategy of electroless deposition for gold nanoparticle (Au NP) modification on the
conductive substrate is developed. The morphology of Au NP modified electrode could be controlled to some
extent by choosing different solution concentrations, deposition times, etc. The Au NP modification increased
the electrode surface area largely, and the surface area after Au NP modification on the polyelectrolyte
multilayer (PEM) assembled electrode was about 3.3 times that of the planar gold electrode. The
enhancement of DNA immobilization and hybridization on the Au NP modified electrode were characterized
by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) with the use of Ru(NH3)63+ as an
electrochemical redox indicator. With this approach, the sensitivity of Au NP modified PEM electrode for
target DNA could reach 1×10−11M. Compared with that of planar gold electrode, the detection limit was
increased to be about 3 orders of magnitude.
.
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1. Introduction

Since the concept of DNA biosensor was first introduced [1], the
development of DNA biosensors has attracted substantial attentions
in connection with research efforts directed at gene analysis, the
detection of genetic disorders, tissue matching, forensic applications,
etc. [2–9]. Electrochemical technique could offer great advantages
over the other existing devices because of its simplicity, rapidness,
low-cost and high sensitivity [10–21].

In DNA biosensor fabrication, the immobilization amount of probe
DNA on the biosensor interface and further its recognition capability
toward complementary DNA play a virtually important role in the
DNA biosensor performance [22–26]. In order to upgrade the
immobilization amount of probe DNA and improve its DNA
hybridization efficiency, different kinds of nanomaterials have been
applied for electrode surface modification due to their increased
surface area and also beneficial orientation effect for DNA immobi-
lization and recognition [27–30]. Among all the nanomaterials, gold
nanoparticles (Au NPs) are the most frequently used for electrode
surface modification in the fabrication of biosensor [31,32]. Different
strategies have been developed to construct Au NPmodified electrode
including direct electrochemical deposition, electroless deposition,
and assembly by bifunctional chemical linkers, or sol–gel, polymer,
etc. For example, Cai et al. [33] assembled the Au NPs (16 nm in
diameter) on a cysteamine-modified gold electrode and discovered
that the immobilization quantities of thiolated probe DNA on the
modified electrode were increased largely than that on a bare gold
electrode. Jiang et al.'s group [34,35] also utilized Au NP modified
electrode to enhance DNA immobilization and hybridization ability.

In the present paper, we advised a simple electroless deposition
method to achieve Au NP modification on the electrode surface.
Electroless deposition is a term to describe the spontaneous reduction
of metal ions to metallic particles and film in the absence of an
external source of electric current [36–38]. The galvanic displacement
of electroless deposition occurs by a displacement reaction between
solutions of metal salts and immersed metals. The current Au NP
modification on the electrode surface could be achieved by using a
two-electrode system. One was the Au electrode to be deposited, and
another was a sacrificing electrode, currently, copper wire electrode.
The Au NPs would be uniformly deposited on the electrode surface
with these two electrodes connected by a conductive wire and
immersed into the HAuCl4 solution. Apparently, thismethod for Au NP
modification is a simple operation, cost effective, has high throughput,
and lacks elaborate equipment compared with other methods. Also,
the current method could be used as a general strategy for various
metal nanoparticle (Au, Pt, etc.) modifications on different electrode
surfaces. The DNA immobilization and hybridization on Au NP
modified electrode was detailedly studied with the use of an
electro-active complex, [Ru(NH3)6]3+ (RuHex), which could bind to
anionic phosphate of DNA strands through an electrostatic interaction
in a stoichiometric approach [39,40]. The developed Au NP modified
electrode was convinced to hold a huge potential for further
applications in DNA biosensor, immunosensor, etc.
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2. Experimental

2.1. Reagents

The oligonucleotides were purchased from Shanghai Sangon
Biological Engineering Technology and Services Ltd. (China); their
base sequences are as follows:

Probe DNA: HS-(CH2)6-5′-TTT TTT GGT GAG GAGG-3′;
Target DNA: 5′-CCT CCT CAC CAA AAA A-3′; and
Non-complementary target DNA: 5′-ATG AAC CTG AGG CCCA-3′.

Mercaptohexanol (MCH), hexaammineruthenium (III) chloride
([Ru(NH3)6]3+, RuHex), mercaptopropionic acid (MPA), poly(allyla-
mine hydrochloride) (Mw~50,000) (PAH), and poly(styrene sulfo-
nate) (Mw~70,000) (PSS), were purchased from Sigma (USA). All
other chemicals such as KNO3, K3Fe(CN)6, NaCl, Cu wire (99.99%
purity), HAuCl4·3H2O, etc., were of analytical reagent grade and
obtained from Beijing Chemical Reagent Company (China). Solutions
were prepared with doubly distilled water.

2.2. Apparatus

Electrochemical experiments were performed with a CHI 832b
electrochemical analyzer (Shanghai CH Instrument Company, China)
using a three-electrode system consisting of a planar gold electrode
with an apparent surface area of 20 mm2 or Au NPmodified electrode,
a Pt wire as counter electrode, and an Ag/AgCl reference electrode. All
experiments were carried out under an inert atmosphere by bubbling
nitrogen gas through the working compartment. The solution pH was
measured with a model PHS-25 digital acidimeter (Shanghai Leici
Factory, China). Scanning electronmicroscopy (SEM) (Hitachi S-4300)
was used to examine the morphology of Au NP modified electrodes.

2.3. Electroless deposition of Au NPs on the planar gold and
polyelectrolyte multilayer (PEM) modified electrode surface

Prior to Au NP modification, the Au electrode was firstly polished
sequentially with 1, 0.3, and 0.05 μm α-Al2O3 paste, and rigorously
rinsed with doubly distilled water following each polish. The polished
electrode was then cleaned ultrasonically sequentially in water and
95% ethanol for 3 min. Then the polished electrode was connected
with a sacrificing electrode (Cu wire) by a conductive wire. Both
electrodes were immersed into the 1 mM HAuCl4 solution for the
achievement of Au NP electroless deposition on the polished
electrode. KNO3 was added into the above HAuCl4 solution as an
electrolyte additive. After a given time, the deposited electrode was
taken out and rinsed completely with doubly distilled water.

The process of polyelectrolyte multilayer (PEM) formation on
electrode was as follows: the pretreated gold electrode was firstly
assembled with a monolayer of mercaptopropionic acid (MPA) by
immersing into a 1 mM MPA aqueous solution for 1 h. Then the
electrodewasalternatelydipped in aqueous solutionsof PAH(1 mg/mL)
and PSS (1 mg/mL) for 15 min, with intermediate water rinsing and N2

drying. The dipping was repeated until the desired number of bilayers
(each bilayer repeat unit consists of one PSS layer and one PAH layer)
was achieved. The outermost layer was always PAH layer. The
electroless deposition of Au NPs onto PEM assembled electrode was
the same procedure with that on the planar gold electrode.

2.4. DNA immobilization and hybridization

The immobilization of probe DNA on the planar or Au NP modified
electrodes was performed by incubation of electrodes into a
phosphate-buffered saline (PBS) solution (pH 6.83, 50 mM NaCl)
containing 0.01 mM of probe DNA for 5 h. Then, the modified
electrodes were rinsed successively with PBS solution and distilled
water, and dried with nitrogen gas. The probe DNA-modified
electrodes were further treated with 1 mM MCH aqueous solution
for 2 h to obtain a well aligned DNA monolayer. The probe DNA and
MCH modified electrodes were then immersed into the PBS solution
containing the target DNA for 1 h at room temperature to form
double-stranded DNA (dsDNA) modified electrodes. After that,
dsDNA-modified electrodes were washed successively with PBS
solution and distilled water, and then dried with nitrogen gas.

2.5. Electrochemical measurement using [Ru(NH3)6]
3+ as the

electrochemical indicator

The cyclic voltammograms of the probe DNA or dsDNA-modified
electrodes were recorded in 50 μM RuHex of Tris–HCl aqueous
solution (0.2 M, pH=7.4) containing 0.1 M KCl as electrolyte. The
DPV experiments were executed in 3.5 μMRuHex of Tris–HCl aqueous
solution with the following parameters: the initial potential was
0.20 V; the high potential was 0.2 V; the low potential was −0.5 V;
the pulse amplitude was 0.05 V; the pulse period was 0.2 s; and the
quiet time was 2 s.

3. Results and discussion

3.1. Electroless deposition of Au NPs on the conductive substrate

Au NP modified electrode could be easily achieved by employing
current strategy of electroless deposition. The nucleation and growth of
Au NPs deposited on the platinum plate have been studied by quartz
crystal microbalance (QCM) method [37]. The size and morphology of
deposited Au NPs could be controlled to some extent by choosing
different solution concentrations, deposition times and stirring or not.
The gradual dissolution of copper from copper sacrificing electrode
should be an impetus for the deposition of Au NPs on the electrode
surface. Thus, the galvanic displacement reaction should firstly occur
onto the surface of sacrificing electrode and then the goal electrode
connected to the copper sacrificing electrode. Followedwith theprocess
of electrolessdeposition, the copper surfacewouldbepartially displaced
by gold and then lose its activity in HAuCl4 solution. Due to the large
surface area of employed copper sacrificing electrode, it was sufficient
for the success of electroless deposition of Au NPs on the goal electrode
surface. The electroless deposition method has been largely used to
deposit noble metal nanoparticles on different conductive or non-
conductive substrates. The electroless deposition occurring on the
conductive substrate usually involves the first deposition of more
reductive metal adlayer and then galvanic displacement with acid
solution of noble metal salt; or is executed by directly immersing the
more reductivemetal substrate into the acid solution of noblemetal salt.
Compared with the reported complicated electroless deposition
method, the current strategy for Au NP modification was easier to
operate and could be used as a general strategy for Au NP modification
on different conductive substrates. It has been previously demonstrated
that the deposition amount of Au NPs was in direct proportion to the
deposition time by the QCM method.

Fig. 1 shows the typical SEM images of Au NPs deposited on the
planar gold electrode (a and b) and PEM electrode (c and d). Both
electrodes were obtained by electroless deposition in 1 mMHAuCl4 for
6 min. The planar gold electrode surfacewas comparably smoothandno
gold nanoparticles could be seen (image not shown). Following
electroless deposition on the planar gold electrode in 1 mM HAuCl4
for 6 min, theAuelectrodewasobserved to beoccupieduniformly byAu
NPs with a diameter of about 30–50 nm. The feasibility of current
strategy for Au NP modification was also evidenced on the PEM
assembled electrode. The gold electrode was layer-by-layer assembled
with three bilayers of PSS and PAH and then underwent electroless
deposition of Au NPs. It was interestingly found that the novel Au NPs



Fig. 1. SEM images of Au NPs obtained by electroless deposition onto planar gold electrode (a, b) and PEM (three bilayers of PSS and PAH)modified electrode (c, d) for 6 min in 1 mM
HAuCl4. (b) and (d) are the corresponding high magnification images of (a) and (c), respectively.

Fig. 2. Cyclic voltammogram for three different electrodes in aqueous 1 M H2SO4 solution.
(a) Planar gold electrode; (b) Au NP modified planar electrode; (c) Au NP modified PEM
electrode (3bilayersof PSSandPAH). TheelectrolessdepositionofAuNPsonplanarandPEM
electrodes were both conducted for 6 min in 1 mM HAuCl4. Scan rates were all 100 mV/s.
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distributed with a size of about 100–200 nm were obtained onto the
PEM electrode. From high magnification SEM image (see Fig. S1 in
Appendix A), it was further observed that the Au NPs actually consisted
of many small gold nanoparticles. The PEM bilayer number had an
important impact on themorphology of deposited AuNPs (See Fig. S2 in
AppendixA). Zhang et al. [41,42] haveobtained thenovel gold and silver
nanostructures onto the PEM matrix modified electrode by electrode-
position. Qian et al. [43,44] also achieved the novel Pt and Pt–Au
bimetallic nanostructures onto the polyamidoamine dendrimersmatrix
modified electrodeby electrodeposition. The PEMhas beenproved to be
able to affect the morphology of deposited metal nanoparticles. During
current electroless deposition process, the growth of Au NPs was
considered to take a progressive nucleation process onto the PEM
modified electrode. The PEM could be in favor of the adsorption of
anions and play a significant role in thenucleation and growth rate of Au
NPs. During the process, seed nucleation was slow and new nuclei
continuously formed,which resulted in the formation of nanostructures
consisting ofmany small nanoparticles. This gold nanostructurewas not
observed by direct electroless deposition onto the planar gold electrode.
In particular, the PEM could improve the adhesion stability of deposited
Au NPs on the electrode surface. But, the detailed mechanism was not
clear and needed further study.

Fig. 2 shows the CV responses of the planar gold electrode, Au NP
modified planar electrode, and Au NP modified PEM electrode in N2-
saturated 1 M H2SO4 solution. The relative surface area could be
evaluated from the coulombic integration of the reductive waves of
gold oxide [45]. It could be deduced from Fig. 2 that the ratio of
relative surface area of the Au NP modified PEM electrode:Au NP
modified planar electrode:planar gold electrode is about 3.3:2.3:1.

3.2. DNA immobilization and hybridization on Au NP modified electrode

The electron transfer of ferricyanide through the modified electrode
could be used as a valuable tool to provide some important information
about probe DNA immobilization. Fig. 3 shows the cyclic voltammograms
obtained for probe DNA modified electrodes in 1 mM [Fe(CN)63−/4−]
aqueous solution containing 0.1 M KCl at the scan rate of 100mVs−1.
The bare Au electrode witnessed a pair of well-defined redox peaks
with the anodic (Epa) and cathodic (Epc) peak potential of 0.28 V
and 0.13 V, respectively, and a peak potential difference of 150 mV
(curve a). These peaks could be definitely attributed to the redox
behaviors of [Fe(CN)63−/4−]. The electron transfer ability of [Fe(CN)63−/4−]
could be improved by Au NP modification, which was evidenced by an
increase of the voltammetric responses of [Fe(CN)63−/4−] on Au NP
modified electrode than that of bare electrode (curve b). The



Fig. 3. Cyclic voltammogram obtained in 1 mM K3Fe(CN)6+0.1 M KCl solution for probe
DNA immobilized (c and d) and not (a and b) on the planar gold (b and d) and Au NP
modified planar electrode (a and c). The Au NP modified planar electrode was obtained
with the electroless deposition in 1 mM HAuCl4 for 6 min. Scan rates were all 100 mV/s.

Fig. 4. Cyclic voltammogram of 50 µM RuHex in 0.2 M Tris–HCl solution (pH 7.4) for
probe DNA immobilized (curve a) and DNA hybridized (curve b) onto the planar gold
(bottom) and Au NP modified planar (middle) and PEM electrodes (top). Scan rates
were all 100 mV/s. 1×10−5M target DNA in PBS buffer (pH 6.83, 50 mM NaCl) was
used for DNA hybridization. The Au NP modified planar and PEM electrodes were
obtained by electroless deposition in 1 mM HAuCl4 for 6 min.
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immobilization of probe DNA on electrode surface induced a large
decrease of peak current and an increase of peak to peak potential
separation, indicating that probe DNA has been successfully immobilized
on the electrode surface. Thepeak current decrease couldbewell assigned
to the repellence of [Fe(CN)63−/4−] by the negatively charged phosphate
backbone of probe DNA. Furthermore, it was interestingly found that the
extent of peak currentdecrease after probeDNA immobilizationoccurring
on theplanar gold electrodewasmorepronounced than that on theAuNP
modified electrode. This could be explained by the fact that probe DNA
assembled on the Au NP modified electrode took a different orientation
due to the small curvature radius effect of gold nanoparticle.Whereas, on
the planar gold electrode, the self-assemblymonolayer of probe DNAwas
considered to pack more densely and could block the diffusion of
ferricyanide toward the electrode surface to a large extent.

Since Tarlov et al. firstly reported an effective way to quantitatively
measure DNA surface density by using RuHex as a redox probe [39,40],
this method has been widely used to characterize DNA immobilization
and hybridization on the electrode surface. Cyclic voltammetry was
firstly employed to characterize the electrochemistry of RuHex at probe
DNAor dsDNAmodified planar or AuNP electrode. At 50 μMRuHex, two
pairs of well-defined peaks were observed for the probe DNA and MCH
mixed monolayer modified planar gold electrode (Fig. 4, bottom). One
peak occurring at the formal potential of about−0.12 Vwas ascribed to
the diffusion of RuHex toward the electrode surface, while another peak
at about −0.28 V arose due to the redox reaction of RuHex electrostat-
ically bound to the phosphate backbone of DNA, which therefore could
reflect the amount of DNA strands localized at the electrode surface.
The peak currents for the pair of peaks at ~−0.28 V are linearly
proportional to scan rates (data not shown), suggesting the character-
istic of a surface-confined redox process. Also, the CV in blank Tris–HCl
buffer solution after being immersed in 50 μM RuHex showed only one
pair of peaks at ~−0.28 V (data not shown).While, only apair of peaks at
~−0.12 V could be observed for MCH-only modified gold electrode.

The peak current at ~−0.28 V was found to be increased for the
dsDNA assembled planar gold electrode than that of probe DNA only
modified electrode. DNA hybridization introduces more negative
charges of electrode surface which could trap more amount of RuHex
for the electrochemical responses. Therefore, this peak current
difference before and after DNA hybridization could reflect the DNA
hybridization efficiency. The peak current at ~−0.28 V was found to
be largely increased onto Au NP modified planar and PEM electrode
(Fig. 4, middle and top). This could be attributed to the Au NP
modification largely increasing the electrode surface area and then
the immobilized and hybridized DNA amount.
To further demonstrate the DNA immobilization and hybridization
onto different modified electrode surfaces, the differential pulse
voltammetry (DPV) experiments were carried out with the RuHex as
a redox label. DPV was commonly used because it could alleviate the
background current effect to a large extent. The DPV results obtained
in 3.5 μMRuHexwere shown in Fig. 5. Due to the low concentration of
RuHex advised, there was only a peak at about −0.28 V, which was
the same as observed with CV experiment for the surface-confined
redox process. The probe DNA modification on the planar gold
electrode induced the peak current of about 0.34 μA when the



Fig. 5. Differential pulse voltammogram of 3.5 µM RuHex in 0.2 M Tris–HCl solution
(pH 7.4) for probe DNA immobilized (curve a) and hybridized with complementary
target DNA (curve b) and non-complementary target DNA (curve c) onto the planar
gold (bottom) and Au NP modified planar (middle) and PEM electrodes (top). Scan
rates were all 100 mV/s. The complementary and non-complementary target DNAs
used for DNA hybridization were both 1×10−5M in PBS buffer (pH 6.83, 50 mM NaCl).
The Au NP modified planar and PEM electrodes were obtained by electroless deposition
in 1 mM HAuCl4 for 6 min.

Fig. 6. Relation of the DPV peak current increase (ΔI) of 3.5 µM RuHex onto Au NP
modified PEM electrode before and after DNA hybridization with target DNA
concentration from 1×10−5M to 1×10−11M. Each point was obtained with three
repetitive experiments. The Au NP modified PEM electrodes were obtained with the
electroless deposition in 1 mM HAuCl4 for 6 min.
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background current was subtracted. The peak current increase of
about 0.18 μA was observed when the hybridization of probe DNA
modified electrode with target DNA. The hybridization efficiency on
the planar gold electrode could be speculated to be about 53%. The
peak current for the probe DNA immobilized onto Au NP modified
planar electrode was about 0.85 μA. The peak current increase after
DNA hybridization was about 0.58 μA, indicating a hybridization
efficiency of about 68%. The peak current produced with the
immobilization of probe DNA on the Au NP modified PEM electrode
was about 1.47 μA and the peak current increase after DNA
hybridization was about 1.11 μA. Thus, the hybridization efficiency
was upgraded to be about 75% on the Au NP modified PEM electrode.
It could be easily obtained that the immobilization amount of probe
DNA on the Au NP modified PEM electrode or Au NP modified planar
electrode was about 4.3 or 2.5 times of that on the planar gold
electrode, respectively. Comparing the surface area increase for the Au
NPmodified electrodes and planar electrode, the increase of the probe
DNA immobilization amount on Au NP modified electrodes was more
prominent. The hybridization efficiency on the Au NP modified
electrodes was also found to be evidently increased compared with
that of planar gold electrode. This could be attributed that the small
curvature radius of Au NPs offered a beneficial three dimensional
environment for DNA immobilization and hybridization. Mirkin et al.
have recently pointed out the influence of curvature radius of gold
nanoparticles on DNA immobilization and hybridization [46]. This
was also in good agreement with the observation for the electron
transfer of ferricyanide through probe DNA immobilized on the planar
and Au NP modified electrode. The control experiments for DNA
hybridization were performed using a non-complementary target
DNA sequence. No or negligible DPV peak current response was
observed on the planar and Au NP modified electrode, indicating a
good selectivity of current DNA biosensor. The relationship of DNA
biosensor performance with different DNA hybridization times was
also investigated on the Au NP modified PEM electrode (see Fig. S3 in
the Appendix A). The DPV peak current of RuHex was found to
increase with the hybridization time and a maximum current
response could be obtained at about 1 h. Thus, the optimized DNA
hybridization time was chosen as 1 h.

3.3. Detection limit for target DNA on Au NP modified electrode

The sensitivity of the electrochemical hybridization assay was
further investigated by varying the target DNA concentration by DPV
experiments with the use of RuHex as an indicator. The relation of
DPV peak current increase (ΔI) of 3.5 µM RuHex with decrease in the
concentration of target DNA on Au NP modified PEM electrode is
displayed in Fig. 6. The sensitivity of Au NPmodified PEM electrode for
complementary target DNA could reach 10−11mol/L. Three indepen-
dent electrodes were used simultaneously for the acquisition of each
point in the calibration curve. But on the planar gold electrode, the
detection limit for target DNA could only be obtained as 10−8mol/L.
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Thus, the sensitivity for the detection of target DNA was increased
about 3 orders of magnitude with the advisement of Au NPs by
electroless deposition on the planar gold electrode. The regeneration
for the DNA hybridized electrode was also investigated. It was found
that the fabricated DNA biosensor could be conveniently regenerated
by incubation of modified electrodes in hot water (80 °C) for 10 min,
which completely removed hybridized DNA via thermal denaturation.
The DNA biosensor almost retained its original performance after
three regeneration cycles, with negligible loss of probes and without
sacrificing hybridization efficiency (data not shown).

4. Conclusion

The current article provides a simple strategy for AuNPmodification
onto different conductive substrates and the Au NPs deposited could be
easily controlled to some extent by choosing different solution
concentrations, deposition times, etc. Furthermore, the sensitivity of
fabricated electrochemical DNA biosensor toward target DNA could
reach 1×10−11M. Such a low detection limit makes it to be a good
candidate for the application in clinical analysis, etc. Also, the current
electrodemodificationmethod shows agoodprospect in theapplication
of immunosensor, enzyme biosensor and etc.
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