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In this article, a simple and effective strategy for DNA immobilization on gold electrode surface is developed.
The amine-modified oligonucleotide was firstly reacted with CS2 and then in situ generated dithiocarbamate
group functionalized probe DNA (DTC–DNA) was directly attached onto the gold surface by bidentate an-
choring points. The DNA biosensor fabrication process was characterized by cyclic voltammetry and electro-
chemical impedance spectroscopy with the use of Fe(CN)63−/4− as a redox indicator. The hybridization of
DTC–DNA with complementary target DNA could be well distinguished with the use of Co(phen)33+ as an
electrochemical indicator. The fabricated electrochemical DNA biosensor could achieve a detection limit of
about 0.1 nM toward complementary target DNA. Also, the current strategy is readily operated with less
time consumed and lower cost compared with those commonly used strategies.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The effective immobilization of probe DNA on electrode surface is
a primary and essential step in DNA biosensor or biochip fabrication
for its amounts of important applications in clinical diagnosis, genet-
ics, pathology, and environmental monitoring [1–6]. Control of the
surface density and orientation of the probe DNA is of substantial im-
portance for the achievement of efficient and specific hybridization
[7–11]. Improvement of immobilization strength of probe DNA on
the substrate would allow us to realize precise and reliable genetic
analysis as well as repeated use of the DNA biosensor or chip. Thus,
the simple and robust immobilization techniques are always pursued
by most researchers working in clinical or laboratory analysis to
achieve optimized performance of biosensor or biochip [12,13]. A
number of strategies have been explored for DNA immobilization in-
cluding adsorption [14–17], copolymerization [18,19], complexation
[20], covalent attachment [21,22], and avidin–biotin linking [23],
etc. Among them, the most widespread immobilization strategy is
via a self-assembled monolayer (SAM) of thiolated ssDNA
chemisorbed on a gold surface [24–30]. The thiolated ssDNA could
be easily oxidized by the oxidizing agents present in solution
[31,32]. Thus, the stability and regeneration of fabricated DNA sensing
interface is often not satisfactory enough. Also, the optimization of
probe DNA immobilization is usually executed with the post-
treatment by a diluent of mercapto-hexanol. Recently, ternary
mixed monolayers are also developed to control the orientation of
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probe DNA and enhance the electrochemical DNA biosensor perfor-
mance [33–35]. Although these strategies are easy to achieve and
often advised by many researchers, a large amount of efforts are nec-
essary for the screening of optimum probe DNA density on the DNA
biosensor interface. Also, a sole anchoring point is not robust enough
for the probe DNA immobilization on metal surface in biosensing
events.

In order to enhance the DNA immobilization stability and improve
the hybridization efficiency of immobilized ssDNA on electrode sur-
face, a number of strategies have been explored [36–39]. It is especial-
ly intriguing for these strategies of DNA immobilization that employ
multiple anchoring points with substrate to enhance the stability of
DNA immobilization. Furthermore, the probe DNA density on the sub-
strate prepared in these manners could be more efficiently adjusted
compared with that by a single-point attachment of thiolated DNA.
The Mirkin group [40–42] has applied steroid cyclic disulfide groups,
multiple thiol-anchors, and triple cyclic disulfide moieties as anchors
to optimize the DNA immobilization on metal surface. Dougan et al.
[43] used thioctic acid modified oligonucleotides to realize the stable
immobilization of ssDNA on the surface of gold nanoparticle. Sakata
et al. [44] achieved a stable immobilization of oligonucleotide probe
on a gold substrate using tripodal thiol derivatives. All these strate-
gies resulted in relatively more stable DNA immobilization but in-
volved complicated synthetic procedures. A strategy that is easy to
perform with, less time consuming and lower cost is highly desirable.

In this report, a simple and effective strategy for DNA immobiliza-
tion on gold electrode surface is utilized and the development in elec-
trochemical DNA biosensor is investigated in detail. The probe DNA
immobilization was operated with the first generation of a dithiocar-
bamate group functionalized probe DNA (DTC–DNA) by reaction of
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amine-modified oligonucleotides with CS2 in situ and then the direct
attachment of DTC–DNA onto the gold surface by bidentate anchoring
points. Dithiocarbamates (DTC) conjugated with small organic enti-
ties have been previously used to stabilize nanomaterials, including
gold nanoparticles, quantum dots, etc. [45–47]. The DTC ligands
could be easily generated by treating CS2 with primary or secondary
amines in an alkaline media. The small interatomic distance between
two sulfur atoms of the DTC ligand confer a stronger affinity between
ligands and the metal surface.
2. Experimental

2.1. Materials

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

Probe DNA sequence (P-DNA): 5′-NH2-ACGCTACTAATAGTATTTTT-3′;
Complementary target DNA sequence (CT-DNA): 5′-AAAAATACTA-
TTAGTAGCGT-3′;
One-base mismatched DNA sequence (MT-DNA): 5′-AAAAATACTAT-
TACAAGCGT-3′; and
Non‐complementary target DNA (NT-DNA): 5′-CATTAGAGATG-
GGGACGA-3′.

The tris(1,10-phenanthroline) Cobalt(III) perchlorate, Co(phen)3(-
ClO4)3, was synthesized as that reported in the literature [48].
K3Fe(CN)6, K4Fe(CN)6, CS2 were purchased from Tianjin Ruijinte chemi-
cal. Co. Ltd (Tianjin, China). All other chemicals were all of analytical
grade and used without further purification. Doubly distilled water was
used throughout.
2.2. Apparatus

Cyclic voltammetry (CV) and differential Pulse Voltammetry (DPV)
measurements were performed with a CHI832B electrochemical ana-
lyzer (Shanghai CH Instrument Company, China). Electrochemical Im-
pedance spectroscopy (EIS) measurements were carried out on a
CHI660C electrochemical workstation (Shanghai CH Instrument Com-
pany, China). All electrochemical experiments were performed with a
conventional three-electrode system comprising a gold working elec-
trode, a platinum wire auxiliary electrode, and an Ag/AgCl reference
electrode. The EIS measurements were performed in a solution of
1 mM K4Fe(CN)6/K3Fe(CN)6 in phosphate-buffered saline (PBS buffer,
10 mM, pH 7.0, 0.1 M KCl ).
Fig. 1. The schematic illustrations of D
2.3. Preparation of the DNA modified electrode

The functionalization of amine-modified DNA by a dithiocarba-
mate group (DTC–DNA) was accomplished according to the proce-
dures from literature [49]. Briefly, 100 μM amine-modified probe
DNA was reacted with 100 μM CS2 in 10 mM borate buffer (pH 9)
for 1 h under stirring.

The gold working electrode surface was freshly polished prior to
use with 0.05 μm alumina powder and then cleaned ultrasonically se-
quentially in acetone and water for 3 min. The immobilization of
DTC–DNA on cleaned gold electrode was achieved with the immer-
sion of electrode in diluted DTC–DNA (1.78 μM) for 36 h. Then the
electrodes were taken out and rinsed with borate buffer solution
and doubly distilled water.

2.4. The hybridization of DTC–DNA modified electrode with target DNA

The hybridization experiments were carried out by immersing the
DTC–DNA modified electrode into different concentration of target
DNA (complementary or non‐complementary) in 10 mM PBS buffer
solution (pH=7.0) for 40 min at 37 °C. And then, the hybridized elec-
trodes were rinsed with PBS buffer solution (10 mM, pH=7.0) con-
taining 0.1% SDS buffer solution and water and then dried with
nitrogen.

2.5. Electrochemical measurement using Co(phen)3
3+ as the electro-

chemical indicator

The immobilized DTC–DNA or hybridized electrodes were firstly
immersed into 0.1 mM Co(phen)33+ of 0.1 M PBS (pH 7.0) for 30 min,
and then the cyclic voltammograms (CV) and differential pulse
voltammograms (DPV) were recorded in blank 0.1 M PBS (pH 7.0)
solution.

3. Results and discussion

3.1. The fabrication principle of DNA biosensor

The whole fabrication process of DNA biosensor is schematically
illustrated in Fig. 1. The amine-modified probe DNA is firstly activated
with CS2 to generate the dithiocarbamate–DNA conjugate (DTC–
DNA), which is then directly attached onto the gold electrode surface
by bidentate anchoring points. The immobilized DNA could be further
hybridized with target DNA. It has been well known that the most
commonly employed strategy for the immobilization of amine-
modified DNA is via EDC/NHS activation method. Also, the carboxyl
acid group should be firstly introduced onto the electrode surface.
NA biosensor fabrication process.
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Fig. 3. Ac impedance responses in 10 mM PBS buffer (pH 7.0, 0.1 M KCl) containing
1.0 mM Fe(CN)63−/4− for bare gold electrode (a), DTC–DNA modified (b), hybridized
electrodes with non-complementary target (c), one-base mismatched DNA (d) and
complementary target DNA (e), respectively.
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Compared with it, the current strategy by only one-step direct immo-
bilization avoids the use of expensive reagents of EDC/NHS and is eas-
ier to operate. Also, the DNA immobilization via bidentate anchoring
points is considered to confer a more strong adhesion on electrode
surface compared with that of the immobilized probe DNA by a sole
anchoring point.

3.2. Electrochemical behaviors of [Fe(CN)6
3−/4−] on the DTC–DNA modi-

fied electrode surface

The DNA biosensor fabrication process could be monitored based
on the electron transfer of ferricyanide through the modified elec-
trode. Fig. 2 shows the cyclic voltammograms obtained for differently
modified electrodes in 1 mM Fe(CN)63−/Fe(CN)64− of 10 mM PBS solu-
tion (pH 7.0, 0.1 M KCl) at the scan rate of 100 mV s−1. A pair of well-
defined redox peaks could be observed at the bare gold electrode
with the anodic (Epa) and cathodic (Epc) peak potential of 0.23 V
and 0.16 V, respectively, and a peak to peak potential separation of
about 70 mV (Curve a). These peaks could be definitely attributed to
the redox behaviors of [Fe(CN)63−/4−]. The direct immobilization of
dithiocarbamate–DNA conjugate on electrode surface induced a big
decrease of peak current and an increase of peak to peak potential
separation (Curve b), indicating that the probe DNA has been success-
fully immobilized on the electrode surface and the peak current de-
crease could be well assigned to the repellence of [Fe(CN)63−/4−] by
the negatively charged phosphate backbone of probe DNA. When
the hybridization of DTC–DNA modified electrode with target com-
plementary DNA was proceeded, the peak current of [Fe(CN)63−/4−]
was observed with a further large decrease (Curve c). The introduc-
tion of complementary DNA increases the negative charge responsi-
ble for the increased repellence toward redox species.

The cyclic voltammograms for DTC–DNA modified electrode in
10 mM PBS solution containing 1.0 mM [Fe(CN)63−/4−] and 0.1 M
KCl with the scan rates varied from 0.03 to 0.3 V s−1 were investigat-
ed. It could be obtained that the peak current were proportional to
the square roots of the scan rates (data not shown), which was char-
acteristic for a typical diffusion-controlled electrochemical behavior.

EIS could provide further information on the impedance changes of
the electrode surface during the modification process. In EIS, the semi-
circle diameter could represent the electron transfer resistance, Ret,
which dominate the electron transfer kinetics of the redox probe at
the electrode interface. Fig. 3 shows the Nyquist plot of the differently
modified electrodes in 10 mM PBS solution containing 1.0 mM
K3Fe(CN)6/K4Fe(CN)6 (1:1) and 0.1 M KCl at open circuit potential
with the frequency varied from 0.1 Hz to 10 kHz. An almost straight
line was observed for the bare gold electrode (Curve a), which was
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Fig. 2. Cyclic voltammograms in 1 mM Fe(CN)63−/4− of 10 mM PBS buffer (pH 7.0, 0.1 M
KCl) for bare (a), DTC–DNA modified (b) and hybridized with complementary target
DNA (c) at a scan rate of 100 mV s−1.
typical characteristics of a mass diffusion‐controlled electron transfer
process. The immobilization of DTC–DNA monolayer on electrode sur-
face makes an increase of Ret from 10−12 Ω for the bare gold electrode
to 2532Ω (Curve b), which could be ascribed to the repellence of redox
probe from approaching electrode surface by negative-charged phos-
phate skeletons of DNA. A further increase of Ret to be 4259Ω could
be obtained after the hybridization of the immobilized DTC–DNA with
the complementary target DNA (Curve e). Also, it was observed that
the hybridization with non-complementary target DNA yielded almost
no resistance change compared with that of the DTC–DNA modified
electrode (Curve c). The hybridization with one-base mismatched tar-
get DNA induced a Ret value of about 3545Ω (Curve d). The as-
observed results fully indicated that the EIS could be used as a feasible
tool to monitor DNA hybridization.
3.3. The selectivity of electrochemical DNA biosensor

Fig. 4 shows the cyclic voltammograms of the differently modified
electrodes in blank PBS buffer solution after immersion in 0.1 mM
Co(phen)33+ of 0.1 M PBS (pH 7.0 ) for 30 min. DTC–DNA immobiliza-
tion on electrode surface induced a small pair of peaks of Co(phen)33+

with the anodic and cathodic potential of 0.18 and 0.11 V, respective-
ly (Curve a). This could be ascribed to the non-specific adsorption of
Co(phen)33+ on the DTC–DNA chain by an electrostatic interaction
mode. After hybridization with complementary target DNA, the
peaks were found to be largely increased from about 1.5 μA to
3.9 μA (Curve d). The binding mode between Co(phen)33+ and
dsDNA could be simply considered as the main intercalated interac-
tion according to Bard [50] and Pang [51]. The recognition of DTC–
DNA modified electrode with non-complementary DNA and one-
base mismatched DNA has also been characterized. The peak current
of Co(phen)33+ for the hybrid of DTC–DNAwith one-base mismatched
DNA was found to be about 2.5 μA (Curve c). Whereas the hybridiza-
tion of DTC–DNA with non-complementary target DNA invoked al-
most no peak current change of Co(phen)33+ (Curve b) compared
with that of only DTC–DNA modified electrode, indicating that
Co(phen)33+ could be used as a good indicator to selectively detect
the target DNA [52].

Fig. 5 shows the responses of different scan rates on the redox
peaks of Co(phen)33+ bound into dsDNA modified electrode in 0.1 M
PBS (pH 7.0 ). It was obvious that the peak current increased with
scan rates and was in direct proportion with the scan rates in the test-
ed range from 30 to 300 mV s−1 (Inset in Fig. 5), while the peak po-
tential was almost insensitive to the change in scan rate and the

image of Fig.�2
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Fig. 4. Cyclic voltammograms of different modified electrodes in blank PBS buffer solu-
tion after immersion in Co(phen)33+ for 30 min. Curves a, b, c, and d were DTC–DNA
modified, hybridized with non-complementary target DNA, one-base mismatched
DNA, and complementary target DNA, respectively. The scan rates were all
100 mV s−1.
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Fig. 6. Differential pulse voltammograms of different modified electrodes in blank PBS
buffer solution after immersion in Co(phen)33+ for 30 min. Curves a, b, c, and d were
DTC–DNA modified, hybridized with non-complementary target DNA, one-base mis-
matched DNA, and complementary target DNA, respectively.
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peak potential separation (ΔEp) was nearly 70 mV. This strongly indi-
cated a surface-controlled electrochemical process.

The DPV experiments using Co(phen)33+ as an electrochemical hy-
bridization indicator for detection of different DNA sequences were
further advised and the results were shown in Fig. 6. DPV was com-
monly used because it could alleviate the background current effect
to a large extent. Curves a, b, c, and d were the representative DPV
curves obtained for DTC–DNA modified electrode, the hybrids of
DTC–DNA with non-complementary target DNA, one-base mis-
matched DNA, complementary target DNA sequence, respectively.
Each measure was performed in blank PBS buffer solution after im-
mersing in Co(phen)33+ for 30 min. It could be seen that a small
DPV peak current of about 1.9 μA for DTC–DNA modified electrode,
demonstrating that Co(phen)33+ has a little affinity for ssDNA on the
modified electrode surface (Curve a). A significant increase of about
2 μA in the DPV signal was observed after hybridization of DTC–
DNA modified electrode with fully complementary target DNA
(Curve d). An obviously decreased peak current was obtained when
the DTC–DNA was exposed to one-base mismatched ssDNA sequence
compared with that for the complementary target DNA (Curve c).
When the non-complementary target DNA was used for a control ex-
periment, almost the same peak current with the solely probe DNA
immobilized electrode was obtained (Curve b). The DPV experiments
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Fig. 5. The responses of cyclic voltammograms of Co(phen)33+ for double-stranded DNA
modified electrode with different scan rates from 30 mV/s to 300 mV s−1. Inset: the
linear plot of peak current of Co(phen)33+ with scan rates.
showed a high selectivity of the constructed DNA biosensor for hy-
bridization detection, which were in good accordance with that of cy-
clic voltammetry experiments.

3.4. The sensitivity of fabricated DNA biosensor

The sensitivity of the electrochemical hybridization assay was per-
formed by varying the complementary target DNA concentration by
DPV experiments with the use of Co(phen)33+ as an indicator. The re-
sponse of DPV peak current increase (ΔI) of Co(phen)33+ with de-
creasing the concentration of target DNA on DTC–DNA modified
electrode is displayed in Fig. 7. Three repetitive experiments were
conducted for each concentration of target DNA. It could be found
that the target DNA could still be detected by current fabricated strat-
egy at a low concentration of 0.1 nM.

3.5. Regeneration and stability of the fabricated DNA biosensor

The reproducibility and stability of fabricated DNA biosensor is
also a very important feature for biosensor. It was found that the fab-
ricated DNA biosensor could be conveniently regenerated by incuba-
tion of dsDNA modified electrodes in hot water (80 °C) for 10 min,
which could completely remove the hybridized DNA via thermal de-
naturation. The DPV experiments by [Co(phen)3]3+ indicator showed
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Fig. 7. Relation of the DPV peak current increase (ΔI) of Co(phen)33+ before and after
DNA hybridization with the concentration of target DNA varied from 0.1 nM to
100 nM. Each point was obtained with three repetitive experiments.
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almost the original performance after 11 regeneration cycles, with
only about 8% loss of the original signal. Compared with it, the hybrid-
ization signal for the thiolated probe DNA occurred with 15% loss
after only 6 generation cycles. In addition, the DTC–DNA is also fairly
robust at normal storage in the refrigerator with minimal loss of DTC–
DNA SAMs for at least 1 month. It could be well understood that the
DTC–DNA assembled by two anchoring points enhanced the adhesion
ability compared with that of the thiolated probe DNA.

4. Conclusions

The current article provides a simple strategy for DNA immobilization
on the gold electrode surface. The amine-functionalized probe DNA was
firstly activated by CS2 and then directly immobilized on the gold surface
via bidentate anchoring points.With the use of Co(phen)33+ as an indica-
tor, the fabricated electrochemical DNA biosensor could achieve a low
detection limit of 0.1 nM toward the complementary target DNA. Also,
the DNA biosensor shows a superior reproducibility and stability. The
relatively good selectivity of Co(phen)33+ toward ssDNA and dsDNA
with current fabricated DNA biosensor should be able to satisfy some
applications in real samples for example toward the detection of PCR
amplified target DNA. The current immobilization method for DNA is
also expected to receive further applications in protein, enzyme biosen-
sor fabrication.
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