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d nanoparticles (Au NPs) and carboxyl group-functionalized CdS Nanoparticles
(CdS NPs) were immobilized on the Au electrode surface to fabricate a novel electrochemical DNA biosensor.
Both Au NPs and CdS NPs, well known to be good biocompatible and conductive materials, could provide
larger surface area and sufficient amount of binding points for DNA immobilization. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) experiments were performed to follow the whole
electrode fabrication process. DNA immobilization and hybridization were characterized with differential
pulse voltammetry (DPV) by using [Co(phen)2(Cl)(H2O)]Cl·2H2O as an electrochemical hybridization
indicator. With this approach, the target DNA could be quantified at a linear range from 2.0×10−10 to
1.0×10−8 M, with a detection limit of 2.0×10−11 M by 3σ. In addition, the biosensor exhibited a good
repeatability and stability for the determination of DNA sequences.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
DNA biosensors for the detection of nucleic acid sequences have
attracted ever increasing interests in connectionwith highly demand-
ing research efforts directed to gene analysis, clinical disease
diagnosis, or even forensic applications [1–5]. Various techniques
including optical, electrochemistry, surface plasmon resonance spec-
troscopy, and quartz crystal microbalance, etc have been well
developed for DNA detection [6–9]. Among them, electrochemistry
offer great advantages such as simple, rapid, low-cost and high
sensitivity [10]. A key issue faced with any DNA hybridization
biosensor is the immobilization amount and accessibility of probe
DNA for hybridization recognition [11–14]. Increasing the immobiliza-
tion amount and controlling over the molecular orientation of probe
DNA would markedly improve the performance properties of DNA
biosensor. In order to achieve this goal, nanomaterials could be used as
an elegant solution for the control of DNA immobilization and
hybridization. For a decade, metal and semiconductor nanoparticles
have shown huge potential in the fields of biosensing, diagnostics and
molecular therapeutics because of its excellent optical and electrical
properties [15–18].

Owing to the large surface area and biocompatibility with
biosystem, gold nanoparticles (Au NPs) have been shown as a good
candidate for enhancement of DNA immobilization and hybridization
and they have been directly linked onto the biosensor surface via
various strategies such as covalent linking, electrodeposition, electro-
l rights reserved.
less deposition, sol–gel, etc [19–22] Semiconductor nanoparticles
conjugated with various biomolecules such as DNA, protein, etc have
been also widely applied to the detection of biosensing event by,
especially optical, electrochemical, electrochemiluminescence, photo-
electrochemical means [23,24]. Wang et al. [25] employed semicon-
ductor nanoparticles to develop an electrochemical coding technology
for simultaneous detection of multiple DNA targets. They also [26]
developed a potentiometric sensor for DNA hybridization detection by
the use of semiconductor nanoparticles label. Willner et al. used
semiconductor nanoparticles to construct a series of new electro-
chemical and photoelectrochemical biosensors for various biosystems
assays [27–30]. Jie et al. [31] adopted CdS nanoparticles to construct a
novel electrochemiluminescence biosensor for the detection of low-
density lipo-protein (LDL). Li et al. [32] developed a label-free DNA
sensor for sequence-specific DNA detection based on silicon nano-
wires. Liang et al. [33] used tin oxide nanoparticle to build up a
photoelectrochemical sensor for DNA oxidation damage. Whereas,
most of these research efforts focused on developing the novel
detection strategy by semiconductor nanoparticles. As for the key
element involved in the biosensor fabrication, the ability of DNA
immobilization and hybridization on semiconductor surface, unfortu-
nately, till now, no much works were reported to concentrate on this
primary and important event.

In this paper, the DNA biosensor surface was fabricated with the
sequential modification of Au NPs and CdS NPs. Au NPs were firstly
assembled on the electrode surface by its electrostatic interactionwith
cysteamine. The modified Au NPs were used to increase the electrode
surface area for more binding amount of CdS and finally enhance the
electrochemical responses. The further CdS NPs modification was
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carried out by a simple covalent linkingmethod of carboxyl acid group
functionalized CdS NPs with amino group of cysteine. The DNA
immobilization and hybridization on the exterior CdS NPs was
characterized with the use of Co(phen)22+ as an electrochemical
indicator. The developed electrochemical DNA biosensor based upon
the Au NPs and CdS NPs was convinced to hold a potential for the
further application of metal and semiconductor nanoparticles in DNA
detection.
Fig. 1. The SEM image of the Au nanoparticles and CdS nanoparticles.
2. Experimental

2.1. Materials

All of synthetic oligonucleotideswere purchased from SBSGenetech.
Co. Ltd. (China). Their base sequences are as follows:

capture ssDNA sequence: 5′-NH2-CGA-CAG-TGG-TCC-CAA-AGA-3′
target ssDNA sequence: 5′-TCT-TTG-GGA-CCA-CTG-TCG-3′
one-base mismatched sequence: 5′-TCT-TTG-GGA-CCA-GTG-TCG-3′
non-complementary sequence: 5′-CAT-TAG-AGA-TGG-GGA-CGA-3′

All 18-base oligonucleotide stock solutions (1.0 μM) were prepared
using 10 mM pH 7.0 PBS solutions and were stored at 4 °C.

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was pur-
chased from Sigma (USA). Chloroauric acid tetrahydrate were obtained
fromSinopharmChemical Reagent Co., Ltd. (China).Mercaptoacetic acid
was obtained from Yuanhang Chemical Company (China). Cadmium
chloride hemidihydrate and Sodium sulfide nonahydrate were pur-
chased from Bodi Chemical Reagent Co., Ltd. (China).

All the reagents were analytical grade and used without further
purification. Doubly distilled water was used throughout.
2.2. Apparatus

A CHI 832b electrochemical analyzer (Shanghai CH Instrument
Company, China) connected to a modified Au working electrode, an
Ag/AgCl reference electrode, and a platinum-wire auxiliary electrode,
was used for the electrochemical measurement. All potentials are
reported versus Ag/AgCl reference electrode at room temperature. The
solution pH was measured with a model PHS-25 digital acidimeter
(Shanghai Leici Factory, China).
2.3. Au NPs preparation

Gold nanoparticles were prepared according to the reference [34]
reported previously with a slight modification. 3.0 mL of 1% trisodium
citrate was added to 100 mL solution containing 0.01 g HAuCl4∙4H2O
and stirred for 40 min at the boiling point. Then, they were left to cool
to room temperature. The prepared gold nanoparticles have an
average diameter of approximately 24 nm as characterized by TEM
(Fig. 1a).
2.4. Water soluble CdS NPs preparation

Mercaptoacetic acid-capped CdS NPs were prepared according to
the literature [35]. A 2 μL sample of mercaptoacetic acid was added to
100 mL of 11 mM cadmium chloride solution under vigorous stirring,
and the pH was adjusted to 11 with 0.5 M NaOH aqueous solution.
After purging the solution with nitrogen gas for 30 min, 50 mL of
1.34mMNa2S aqueous solutionwas added dropwise. The reactionwas
then kept under bubbling nitrogen for 24 h. The resulting nanopar-
ticles have an average diameter of 20 nm (Fig. 1b).
2.5. Electrode surface modification

The Au electrode surface was freshly polished prior to use
sequentially with 1, 0.3, and 0.05 μm α-Al2O3 paste, and rigorously
rinsed with doubly distilled water following each polish. The polished
electrodewas then cleaned ultrasonically sequentially inwater and 95%
ethanol for 3 min. Before surface modification, the bare electrode was
scanned in 0.5MH2SO4 between 0.3 and 1.5 V until a reproducible cyclic
voltammogram (CV)was obtained. The self-assembly of cysteaminewas
accomplished with the immersion of Au electrode into 0.02 M
deoxygenated cysteamine aqueous solution for 20 h in darkness at
room temperature. Then, the electrode was rinsed thoroughly with
doubly distilled water and dipped into the colloidal gold solution at 4 °C
for 10 h. To assemble the CdS NPs onto the electrode, the gold
nanoparticles modified electrode was firstly immersed in 0.02 M
cysteine solution at 4 °C for 20 h, followed by soaking in 40 μL of
0.05mMCdS NPs containing 20mgmL−1 EDC at 4 °C for 2 h. Schematic
diagram of the biosensor fabrication was shown as Fig. 2.

2.6. The immobilization of the ssDNA on the modified electrode surface

The probe DNA immobilization was performed with the modified
electrode incubated into 1.0×10−5Mprobe DNA in 10mMPBS solution
containing0.1MEDC for 2h at room temperatureunder gently stirring.
Finally, the immobilized electrode was rinsed with PBS buffer solution
(pH=7.0) containing 0.1% SDS and stored at 4 °C for the hybridization.

2.7. The hybridization of probe DNA modified electrode with target DNA

The hybridization experiments were carried out by immersing the
probe DNA immobilized electrode into different concentrations of
target DNA sequence in 10 mM PBS buffer solution (pH=7.0) for
40 min at 40 °C. And then, the hybridized electrodes were rinsed with
PBS buffer solution (pH=7.0) containing 0.1% SDS buffer solution.

2.8. Electrochemical measurement using Co(phen)2
2+ as the

electrochemical indicator

The DNAmodified electrodeswere firstly incubated into 0.1mMCo
(phen)22+ in 0.2 M Tris–HCl aqueous solution (pH=6.8) for 30 min.
Then, the electrodes were taken out and rinsed with water, and
subjected to electrochemical experiments in a 0.2 M Tris–HCl aqueous
solution (pH=6.8) containing no indicator. The DPV experiments were
executed with the following parameters: the initial potential was
−0.20 V; the high potential was 0.60 V; the low potential was −0.20 V;
the pulse amplitude was 0.05 V; the pulse period was 0.2 s; and the



Fig. 3. Cyclic voltammograms of the bare electrode (a), and different modified
electrodes with the sequential assembly of gold nanoparticles (b), cysteamine
monolayer (c), CdS nanoparticles (d), ssDNA immobilization (e), and hybridization
with target DNA (f), in 2.5 mM [Fe(CN)63−/4−] aqueous solution containing 0.1 M KCl.

Fig. 2. Schematic diagram of the DNA biosensor fabrication.
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quiet time was 2 s. In this paper, all the reported results for every
electrode were the mean value from three parallel measurements.

3. Results and discussion

3.1. The fabrication principles of Au NPs and CdS NPs layers modified
electrode

Fig. 2 shows the schematic diagram of the fabricated DNA
biosensor. The cysteamine monolayer on gold electrode was easily
obtained by a direct formation of thiol–Au bond. The prepared gold
nanoparticles were negative charged due to the adsorption of
protective agent of trisodium citrate on the surface and could be
directly adsorbed onto the cysteamine monolayer by an electrostatic
interaction with positively charged amine group of cysteamine. The
cysteine monolayer assembly on gold nanoparticles surface was the
same principle with that of cysteamine on gold electrode. Then, the
assembly of carboxyl acid group functionalized CdS NPs on cysteine
monolayer was accomplished by a protocol of EDC/NHS. In general,
the carboxyl acid of CdS NPs was activated by EDC to permit coupling
to available primary amines of cysteine. The immobilization of probe
DNA carrying amine group onto the surface of carboxylic acid
functionalized CdS NPs was further realized by the same EDC/NHS
activation method.

3.2. Cyclic voltammetry of [Fe(CN)6
3−/4−] at the modified electrode surface

The electron transfer of ferricyanide through the modified electrode
could be used as a valuable tool to monitor the whole electrode
fabrication process. Fig. 3 shows the cyclic voltammograms obtained for
differentlymodified electrodes in 2.5mM[Fe(CN)63−/4−] aqueous solution
containing 0.1M KCl at the scan rate of 50mV s−1. The bare Au electrode
witnessed a pair of well-defined redox peaks with the anodic (Epa) and
cathodic (Epc) peak potential of 0.342 V and 0.253 V, respectively, and a
peak potential difference of 89 mV (Curve a). These peaks could be



Fig. 5. Cyclic voltammograms of different modified electrodes with the exterior layer of
CdS nanoparticles (a), of immobilized ssDNA (b), and hybridized dsDNA (c) in 0.2 M
Tris–HCl aqueous solution (pH=6.8 ) after incubation in 4.0×10−3 M Co(phen)22+ for
30 min. The initial potential was −0.20 V; the high potential was 0.60 V; the low
potential was −0.20 V; the scan rate was 0.1 V s−1.
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definitely attributed to the redox behaviors of [Fe(CN)63−/4−]. The self-
assembly of cysteaminemonolayer on electrode surface induced a small
decrease of peak current, which was invoked by the diffusion inhibition
of [Fe(CN)63−/4−] to theelectrode surface (Curve c) . The gold nanoparticles
modification was convinced to enable increase the effective elec-
trode surface area and enhance the rate of electron transfer, which
was evidenced by a slight increase in the voltammetric responses of [Fe
(CN)63−/4−] than that of bare electrode (Curve b). However, the further
assembly of CdS NPs on the cysteine/Au NPs/Au modified electrode
decreased obviously the peak current of [Fe(CN)63−/4−] as observed in
curve d, which could be reasonable considering that the electron
transfer of [Fe(CN)63−/4−] to the underlying electrode surfacewas partially
blocked due to the repellence of redox species by the negative carboxyl
acid group capped on CdS NPs. Curve e shows the electrochemical
behavior of [Fe(CN)63−/4−] at the further probe DNA modified electrode.
The peak current is much lower than that of curve d, indicating that the
probe DNA has been successfully immobilized on the surface of the
modifiedelectrodeand thepeakcurrentdecrease couldbewell assigned
to the repellence of [Fe(CN)63−/4−] by the negatively charged phosphate
backbone of probe DNA. When the hybridization of modified electrode
with target complementary DNAwas proceeded, the peak current of [Fe
(CN)63−/4−] was observed with a further decrease (Curve f). The
introduction of complementary DNA increases the negative charge
responsible for the increased repellence of redox species. On the other
side, it has been revealed that theDNA immobilization andhybridization
could be effectively operated on current fabricated electrode surface.

The cyclic voltammograms for probe DNA modified electrode in
10 mM PBS solution containing 2.5 mM [Fe(CN)64−/3−] and 0.1 M KCl
with the scan rates varied from 0.05 to 0.35 V s−1 were investigated. It
could be obtained that the peak current were proportional to the
square roots of the scan rates (data not shown), which was
characteristic for a typical diffusion-controlled electrochemical beha-
vior [36].

3.3. Electrochemical impedance spectroscopy of [Fe(CN)6
3−/4−] at the

modified electrode surface

EIS can also give 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. 4 shows the Nyquist plot of the
differently modified electrodes in 0.1 M KCl solution containing
Fig. 4. EIS of the bare electrode (a), and different modified electrodes with the
sequential assembly of gold nanoparticles (b), cysteamine monolayer (c), CdS
nanoparticles (d), ssDNA immobilization (e), and hybridization with target DNA (f), in
2.5 mM [Fe(CN)63−/4−] aqueous solution containing 0.1 M KCl.
2.5 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) at open circuit potential with the
frequency varied from 0.01 Hz to 100 kHz. An almost straight line was
observed for the bare Au electrode, which was typical characteristic of
a mass diffusion controlled electron transfer process. The assembly of
cysteamine monolayer on electrode surface induced a larger inter-
facial electron transfer resistance (Cuve c) as compared with that of
bare Au electrode. For the Au NPs modified electrode, the Ret was
found to be lower than that of cysteamine/Au electrode. The results
could be rationalized by improved electron transfer kinetics of redox
probe on nanoparticles modified electrode, the Ret is increased to be
2.374×102 Ω cm2 with the further assembly of CdS NPs (Curve d),
indicating the blocking of carboxyl acid functionalized CdS NPs to the
approach of redox probe. The probe DNA immobilization on the CdS
NPs/Au modified electrode make an increase of Ret from 4.672×102 to
8.199×102 Ω cm2 (Curve e), which could be ascribed to the repellence
of redox probe from approaching electrode surface by negative-
charged phosphate skeletons of DNA. After hybridization of the ssDNA
probe with the complementary ssDNA, a Ret increase of 1.75 times was
obtained than that of the ssDNA/Au modified electrode (Curve f). This
impedance change could be also used for the characterization of DNA
hybridization. The impedance experiments for differently modified
electrodes were in good agreement with the results by cyclic
voltammetric experiments.

3.4. The selectivity of electrochemical DNA biosensor

Fig. 5 shows the cyclic voltammograms of the CdS NPs modified Au
electrode (a), ssDNA modified Au electrode (b), dsDNA modified Au
electrode (c) in 0.2 M Tris–HCl aqueous solution (pH=6.8 ) after
immersed in 0.1 mM Co(phen)22+ for 30 min. It could be seen that no
peaks of Co(phen)22+ were observed on the CdS NPs modified Au
electrode. Probe DNA immobilization on electrode surface could
induce a small pair of peaks of Co(phen)22+ with the anodic and
cathodic potential of 0.22 and 0.15 V, respectively. This redox peaks
could be attributed to the non-specific adsorption of Co(phen)22+ on
ssDNA by electrostatic interaction. After hybridization with target
DNA, the peaks were found to be largely increased from 1.13 to 1.80 μA.
The binding mode between Co(phen)22+ and dsDNA could be simply
considered as the intercalated interaction according to Bard [37,38]
and Pang [39]. The optimum probe DNA density on the electrode
surface could be obtained when at applied probe DNA concentration
of 8×10−6 M (see Fig. S1 in the supplementary information).



Fig. 6. DPV curves obtained in Tris–HCl aqueous solution using Co(phen)22+ as an
electrochemical hybridization label for detection of different DNA sequences.
(a) 6.018×10−10 M complementary ssDNA; (b) 6.018×10−8 M one mismatched ssDNA;
(c) capture ssDNA; (d) bare modified electrode .

Fig. 8. The DPV signals obtained for different concentrations of target DNA: The
concentration of target DNA: (a) 6.018×10−10 M, (b) 4.012×10−10 M, (c) 2.006×10−10 M,
(d) 8.024×10−11 M, (e) 6.018×10−11 M, (f) 0.
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The DPV experiments using Co(phen)22+ as an electrochemical
hybridization label for detection of different DNA sequence was also
studied as shown in Fig. 6. Curve a, b, c, d, e were the representative
DPV curves obtained in Tris–HCl aqueous solution for hybridized
electrode with complementary ssDNA, one-base mismatched ssDNA,
and non-complementary ssDNA sequence, probe DNA immobilized,
and bare modified electrode, respectively. Each measure was
performed after immersing in Co(phen)22+ for 30 min. A small DPV
peak current for probe DNA modified electrode indicated that Co
(phen)22+ has a little affinity for ssDNA on the modified electrode
surface (Curve d), which was consistent with the CV results.
Significant increases in the DPV signal were observed after hybridiza-
tion of probe ssDNA modified electrode with the complementary
ssDNA (Curve a). An obviously decreased peak current was obtained
when the capture probe ssDNAwas exposed to one-base mismatched
ssDNA sequence in the control experiment (Curve b), and almost the
same peak current for non-complementary target DNAwith the solely
probe DNA immobilized electrode (Curve c) showed a high selectivity
of the constructed DNA biosensor for hybridization detection.

The relationship of DNA hybridization with different hybridization
time was also investigated and shown in Fig. 7. It is well known that
the peak current of DPV depends greatly on the hybridization time.
The DPV peak current of Co(phen)22+ was found to increase with the
Fig. 7. Effect of hybridization time on the DPV responses of the fabricated DNA
biosensor. The concentration of complementary target DNA is 2.006×10−9 M.
hybridization time and a maximum current response could be
obtained at about 40 min.

3.5. Sensitivity of the probe DNA/CdS/Au modified electrode

The sensitivity of the electrochemical hybridization assay was
further investigated by varying the target oligonucleotide concentra-
tion by differential pulse voltammetry (DPV) with the use of Co
(phen)22+ as an indicator. It could be seen from Fig. 8 that the DPV peak
current obtained at about −0.125 V was in direct proportion to the
amount of the complementary oligonucleotides varied from 1.0×10−8

to 2.0×10−10 M. The regression equation as shown in Fig. 9 was
obtained as y=1.1417 x+0.9058 (x was the concentration of the target
ssDNA, M; y was ΔIp, μA; n=7), and the regression coefficient of the
linear curve was 0.9765. A detection limit of 2.0×10−11 M of the
complementary oligonucleotides could be estimated using 3σ (where
σ is the standard deviation of the blank solution, n=10). The Au
nanoparticles were used to increase the assembly amount of the CdS
nanoparticles and further amplify the immobilization amount of the
probe DNA and enhance the performance of fabricated DNA biosensor.
As comparedwith the results obtained by only CdS nanoparticles layer
while no Au nanoparticles modified electrode (see Fig. S2 in the
Fig. 9. The calibration curve of DPV peak current increase (ΔIp) with different
concentrations of target DNA (Ctarget DNA).



Table 1
The performance comparison of current fabricated DNA biosensor with reported in the
literatures

Reference Layers for DNA immobilization Detection limit (mol L−1)

This method Au and CdS NPs 2.0×10−11

Ref. [40] LBL Au NPs and MWCNTs 7.5×10−12

Ref. [41] CNTs 1.4×10−10

Ref. [42] Pt NPs and CNTs 1.0×10−11

Ref. [43] ZrO2/SWNTs/PDC/GCE 1.38 × 10−12

Ref. [44] Multilayer gold nanoparticles 1×10−11

Ref. [45] Conducting polyaniline nanotube 3.759×10−14

Ref. [46] CdS nanoparticles and polypyrrole 1×10−9
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supplementary information), the sensitivity for detection of target
DNA with the amplification of CdS and Au nanoparticles layers was
increased to be about 7 times. The performance of current fabricated
DNA biosensor has also been carefully compared with those reported
in the literatures that used similar nanostructured materials for DNA
immobilization layer and shown in Table 1. Even though the current
strategy is a little bit complicated, it offered a sensitive detection of
target DNA higher or comparable with those reported used different
nanostructured materials including noble metal, semiconductor
nanoparticles, CNTs and complex materials. Compared with some
special instrumental methods like PCR, etc, it is still less sensitive,
while the current electrochemical detection is of relative simplicity,
low cost and satisfied sensitivity. Also, the current fabrication
provided a platform to study the DNA immobilization and hybridiza-
tion ability on the semiconductor nanoparticles, which was especially
important for the widely application of semiconductor nanomaterials
in biomolecules analysis.

3.6. Reproducibility and stability of the DNA sensor

Reproducibility of the DNA sensor was investigated with the
measurement of probeDNAmodified electrode in 8.024×10−11M target
DNA solution. Three DNA sensors, made independently, showed the
response current values of 5.00×10−7 A, 4.95×10−7 A and 5.32×10−7 A
withanacceptable variation coefficientof 3.93% (n=3). It indicated that a
satisfactory reproducibility could be obtained by this system.

The stability of the modified electrode was also tested. No
significant changes in cathodic and anodic peak currentwere observed
for more than 10 complete CV cycles. When a modified electrode was
stored in the 10 mM PBS buffer solution (pH 7.0) for at least 1 week at
4 °C, the electrode retained about 95% of its initial response.

4. Conclusion

We constructed a DNA electrochemical biosensor by immobiliza-
tion Au and CdS nanoparticles on the surface of Au electrode. The Au
NPs and CdS NPs could enhance the DNA immobilization and
hybridization. The biosensor fabrication process were thoroughly
investigated with cyclic voltammetry and EIS using [Fe(CN)63−/4−] as a
electrochemical redox probe. Based on the significant difference
between the voltammetric signals of Co(phen)22+ obtained with ssDNA
and dsDNA, the modified electrode has been applied for the detection
of target DNA with Co(phen)22+ as a hybridization indicator. The target
DNA sequence could be quantified over the range from 2.0×10−10 to
1.0×10−8 Mwith a linear correlation of r=0.9758 and a detection limit
of 2.0×10−11 M was achieved. The constructed DNA biosensor was
established with a robust stability and good reproducibility.
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