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a b s t r a c t

A novel and simple strategy for fabricating of DNA electrochemical biosensor was developed based on
covalent coupling of probe NH2–ssDNA (S1) on Au electrode that had been functionalized by diazotization
of assembled 4-aminothiophenol (4-ATP) monolayer. The thiol group of 4-ATP allowed the stable assembly
of 4-ATP monolayer. The following diazotization reaction was directly performed to prepare functional
eywords:
iosensor
NA
ovalent immobilization
elf-assembled monolayers
-Aminothiophenol

diazo–ATP film for covalent coupling of probe S1. Remarkably, it was noting that the diazo–ATP provided
a surface with high conductibility for electron transfer. The complementary ssDNA was determined by
using differential pulse voltammetry. The linear range of the developed biosensor was from 1.57 × 10−9 to
4.52 × 10−7 M with a detection limit of 3.26 × 10−10 M. The fabricated biosensor possessed good selectivity
and could be regenerated. The covalent immobilization of probe S1 by simple diazotization-coupling
on self-assembled 4-ATP monolayer could serve as a versatile platform for DNA immobilization and
biosensors fabricating.
. Introduction

With the development of biotechnology and medicine, sim-
le and sensitive detection of target ssDNA provides potential

n forensic, clinical, and pharmaceutical applications (Wang,
006; Berganza et al., 2007). Various techniques have been
roposed for DNA detection, e.g., fluorescent detection, surface
lasmon resonance spectroscopy, electrochemistry and quartz
rystal microbalance. Electrochemical detection, mainly based on
NA electrochemical biosensors, attracts considerable interest
wning to advantages of simplicity, low-cost and high sen-
itivity (Li et al., 2008a; Piro et al., 2007; Lucarelli et al.,
008). Generally, the main target for the fabrication of DNA
lectrochemical biosensors is to prepare well defined DNA recog-
ition interface by effective immobilization of probe ssDNA onto
ransducer surface through suitable matrix and immobilization

ethod.
As a promising method for interfacial modification, self-

ssembling technique has gained increasing attention within

undamental and applied perspectives because it is allowed to con-
rol the surface coating at molecular scale. Due to the attractive
eatures and inherent versatility, such technique can provide effi-
ient way for creating advanced materials particularly with respect

∗ Corresponding authors. Fax: +86 532 84022750.
E-mail address: shushzhang@qust.edu.cn (S. Zhang).

956-5663/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2008.11.017
© 2008 Elsevier B.V. All rights reserved.

to the development of biosensors (Sánchez-Pomales et al., 2007;
Guidotti et al., 2007; Jiao et al., 2005; Xu et al., 2007). The formation
of self-assembled monolayers (SAMs) with well-organization and
stability on a gold electrode by using compounds containing thiol
group is versatile and efficient (Guidotti et al., 2007; Jiao et al., 2005;
Bharathi et al., 2001). 4-Aminothiophenol (4-ATP) has been widely
used as block for the construction of functionally self-assembled
film. For example, it has been used to prepare analog of azoben-
zene. Some modified films show semiconducting properties and a
phenomenon of phase transition (Jiao et al., 2005; Shaaban et al.,
1993).

The objective of this work was to develop novel DNA
electrochemical biosensor for sensitive detection of ssDNA. A
new and simple strategy for fabricating of DNA electrochemi-
cal biosensor was described based on covalent immobilization
of probe NH2–ssDNA (S1) by diazotization-coupling on self-
assembled 4-ATP monolayer. As thiol groups of 4-ATP allowed
sulfur–Au interaction, 4-ATP could stably assemble on the sur-
face of Au electrode. Through diazotization interaction, diazo–ATP
for covalent immobilization of probe S1 was formed. In addi-
tion, diazo–ATP proved a surface with remarkable conductibil-
ity for electron transfer. Based on ssDNA immobilization by

such diazotization-coupling, the fabricated biosensor showed
promising performances e.g. high sensitivity, good selectivity
and regeneration ability. The preparation methodology, ana-
lytical characteristic features were described and discussed in
detail.

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:shushzhang@qust.edu.cn
dx.doi.org/10.1016/j.bios.2008.11.017
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Au electrode by diazotization-coupling was given in Fig. 1. As seen,
three steps were involved in the covalent immobilization of ssDNA
F. Li et al. / Biosensors and Bi

. Experimental

.1. Reagents

4-ATP (Sigma–Aldrich) was used in this study. Tris(1,10-
henanthroline)cobalt(III) perchlorate, [Co(phen)3(ClO4)3] was
repared as reported (Dollimore and Gillard, 1973). The 21-mer
ynthetic oligonucleotides for the HBV were purchased from SBS
enetech Company (Beijing, China). Their base sequences are as

ollows:

immobilized probe NH2–ssDNA (S1): 5′-NH2-AAT-GTG-CTC-CCC-
CAA-CTC-CTC-3′;
target ssDNA (S2, complementary to S1): 5′-GAG-GAG-TTG-GGG-
GAG-CAC-ATT-3′;
four-base mismatched ssDNA (S3): 5′-GCG-GAG-CTG-AGG-GAG-
CAT-ATT-3′.

S2 and S3 were dissolved in Tris–EDTA buffer (TE, pH 8.0) and S1
ere dissolved in PBS buffer (pH 7.0). The obtained solutions were

ept frozen. All other chemicals were of analytical reagent grade
nd double distilled water (DDW) was used throughout.

.2. Apparatus and instrumentations

Cyclic voltammetric (CV) and differential pulse voltammetric
DPV) measurements were performed with a CHI 832B electro-
hemical analyzer (Shanghai CH Instrument Company, China).
lectrochemical impedance spectroscopy (EIS) was performed on a
HI 660C electrochemical analyzer (Shanghai CH Instrument Com-
any, China). A three-electrode system was employed with Pt wire
s auxiliary electrode, Ag/AgCl (saturated KCl) as reference elec-
rode, and gold (Au) electrode or modified Au electrode as the
orking electrode.

.3. Immobilization of ssDNA on self-assembled 4-ATP monolayer
odified electrode by diazotization-coupling

Prior to modification, the working Au electrode was polished to
mirror-like surface with 1.0, 0.3, 0.05 �m alumina slurry on micro-
loth pads, and sonicated in ethanol and water. The freshly polished
lectrodes were then pretreated by cleaning with piranha solution
7:3 mixture of concentrated sulfuric acid and 30% hydrogen perox-
de). Afterwards, the Au electrode was electrochemically cleaned by
everal potential cycling between −0.2 V and 0.6 V versus Ag/AgCl
n 0.1 M H2SO4.

In present work, the preparing procedure of 4-ATP assembly and
iazotization on a clean Au electrode (Jiao et al., 2005) was copied to
he as-prepared Au electrode. In brief, the assembly of 4-ATP mono-
ayer was performed by direct immersion of the electrode in ethanol
olution containing 0.5 mM 4-ATP for 10 h. Then, the obtained elec-
rode was completely cleaned with ethanol and water to remove
nassembled thiol component. Afterwards, the 4-ATP-modified Au
lectrode was treated using the optimum procedure for diazotiza-
ion (Jiao et al., 2005). Typically, the 4-ATP-modified Au electrode
as transferred into 0.1 M HCl solution at 2–4 ◦C, and 100 mg NaNO2
as slowly added with the total concentration of about 0.05 M,
hich is a little excess to ensure the completeness of the reaction.

he reaction of diazotization was subsequently performed at the
lectrode surface. After 30 min incubation, the Au electrode was
emoved and immediately rinsed with icy water (Jiao et al., 2005).
For the covalent coupling of probe S1, the obtained
iazo–ATP/Au electrode was immersed into 20 mM HAc–NaAc
uffer (pH 5.5) containing 26.43 �M NH2–ssDNA (S1) for 30 min
t 2–4 ◦C. Thus, the obtained electrode was rinsed with the same
Ac–NaAc buffer to eliminate non-specifically adsorbed S1. After
ronics 24 (2009) 2160–2164 2161

the electrode was air-dried, the probe S1 modified electrodes was
thus obtained and denoted as S1/diazo–ATP/Au in the text.

2.4. DNA hybridization on probe S1-modified electrode

The S1/diazo–ATP-modified Au electrode was immersed in
20 mM Tris–HCl buffer (pH 7.0) containing different concentration
of target S2 or mismatched S3 with shaking for 1 h at 37 ◦C. After
hybridization, the obtained electrodes were washed with the same
Tris–HCl buffer and water to remove non-specifically bound DNA.
The electrodes thus obtained were denoted as S1–S2/diazo–ATP/Au
and S1–S3/diazo–ATP/Au, respectively.

2.5. Indicator binding

Co(phen)3
3+ possessed specific affinity for double stranded DNA

(dsDNA). The hybridization between probe S1 and target S2 resulted
in the formation of dsDNA on the electrode. Co(phen)3

3+ was
accumulated onto the dsDNA modified surface by immersing the
electrode into the stirred 0.1 mM Co(phen)3

3+ solution (0.1 M PBS,
pH 6.5) for 10 min at 37 ◦C. The obtained electrodes were then rinsed
with the same PBS for 10 s and denoted as Co–S1–S2/diazo–ATP/Au.

2.6. Electrochemical detection

The modified electrodes obtained during the self-assembled
process were electrochemically characterized by using EIS, CV
and DPV. EIS measurement was performed with the frequencies
ranging from 104 to 1 Hz in 1.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1)
mixture containing 0.1 M KCl. CV and DPV measurements were
performed using 0.1 M PBS (pH 6.5) solution as the supporting
solution.

2.7. Regeneration of the modified electrode

The electrodes obtained after DNA hybridization was regener-
ated by rinsing the hybridized surfaces with hot (95 ◦C) DDW for
5 min, followed by rapid cooling in icy bath. The reusability of the
biosensor was tested by repetitive hybridization with target S2 and
regeneration (Li et al., 2008b).

3. Results and discussion

3.1. Immobilization of probe S1 on self-assembled 4-ATP
monolayer modified electrode by simple diazotization-coupling

Self-assembling technique has been proven as a promising
method for the construction of interface with functionality and con-
trollability (Zhang et al., 2008; Kumar and Chen, 2007; Song et al.,
2008; Shervedani and Bagherzadeh, 2008; Loyprasert et al., 2008).
DNA immobilization based on functionally self-assembled mono-
layer could be constructed as model system for the development
of biosensors. In present investigation, probe S1 was covalently
coupled on Au electrode that had been functionalized by direct
diazotization of self-assembled 4-ATP monolayer. Schematic rep-
resentation of the fabrication of DNA biosensor based on covalent
immobilization of probe S1 on self-assembled diazo–ATP-modified
(Fig. 1A–C). Firstly, thiol group in 4-ATP allowed the assembly on Au
electrode through sulfur–Au interaction (Jiao et al., 2005; Caldwell
et al., 1995; Zhang et al., 2003). Secondly, the assembled 4-ATP
monolayer was azo-derivatized. Thirdly, the probe S1 was cova-
lently coupled on diazo–ATP-modified Au electrode.
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ig. 1. Schematic representation of the fabrication of DNA biosensor based on cova
iazotization-coupling.

.2. Electrochemical characteristics of the developed DNA
iosensor

In the developed DNA biosensor, probe S1 was covalently
mmobilized on self-assembled ATP monolayer modified elec-
rode through diazotization-coupling. The as-prepared biosensor
as evaluated by CV. CVs of bare gold electrode (a), ATP/Au

b), Co–S1/diazo–ATP/Au (c) and Co–S1–S2/diazo–ATP/Au (d) in
0.1 M PBS (pH 6.5) at a scan rate of 50 mV s−1 were given in

ig. 2. It was obvious that the peak currents obtained on ATP/Au
lectrode were significantly lower (Fig. 2b) than those on the
are one (Fig. 2a). The phenomenon could be ascribed to the
odification of Au electrode by forming a ATP monolayer. Com-

ared with Co–S1/diazo–ATP/Au (c) and Co–S1–S2/diazo–ATP/Au
d), a significant peak corresponded to [Co(phen)3]3+ appeared on
o–S1–S2/diazo–ATP/Au electrode (Fig. 2d). The results showed
hat the electrochemical indicator [Co(phen)3]3+ binds to dsDNA

ore efficiently than to ssDNA. The phenomenon further proved
he formation of dsDNA on S1–S2/diazo–ATP/Au electrode and the
ncorporation of [Co(phen)3]3+ on the electrode surface.

CV of S1–S2/diazo–ATP/Au electrode in 0.1 M phosphate buffer
olution (pH 6.5) containing 0.1 mM [Co(phen)3]3+ at different scan
ates was also investigated. It was revealed that the peak-to-peak
otential difference was almost independent of the scan rate over
he entire range of scan rates. Such characteristic was similar with

he result reported by Jiao et al. (2005). It should be mainly ascribed
o the fact that the redox moiety, diazo, was coupled with a con-
ugated underlayer, 4-ATP layer, where can undergo an excellent
lectron transfer (Jiao et al., 2005).

ig. 2. CVs of bare gold electrode (a), ATP/Au (b), Co–S1/diazo–ATP/Au (c) and
o–S1–S2/diazo–ATP/Au (d) in a 0.1 M PBS (pH 6.5) at a scan rate of 50 mV s−1.
mmobilization of probe S1 on self-assembled diazo–ATP-modified Au electrode by

EIS analysis was performed to provide further evidence
for surface assembly on electrode and to study the inter-
face properties of the developed biosensor. Fig. 3 showed
the Nyquist plots obtained on gold electrode (a), ATP/Au (b),
diazo–ATP/Au (c), S1/diazo–ATP/Au (d), S1–S2/diazo–ATP/Au (e)
and Co–S1–S2/diazo–ATP/Au (f) in a solution of 0.1 M KCl containing
1 mM Fe(CN)6

3− and 1 mM Fe(CN)6
4−. As seen, significant differ-

ences in the electron transfer resistances (Ret) were observed upon
the stepwise modification of the electrode. For the bare gold elec-
trode (Fig. 3a), the value of Ret was found to be 516.4 �. After
4-ATP assembly on the surface of Au electrode, the value of Ret
increased to 1455 �, implying remarkable increase of the resis-
tance to electron transfer of the electrochemical probe (Fig. 3b).
When diazotization was performed, it was surprised to find that
the diazo–ATP/Au electrode possessed a remarkably low Ret of
0.01 � (Fig. 3c). The electron transfer between the electrochem-
ical probe and electrode surface was highly strengthened. Such
significant decrease might be ascribed to the excellent conduc-
tivity of the diazo–ATP (Jiao et al., 2005). It has been reported
that diazoaminobenzene based on diazo–ATP showed semicon-
ducting properties and phase transition and can chelate transition
metals into metal complexes which show electrical and magnetic
performances (Jiao et al., 2005). After probe S1 was covalently cou-
pled to diazo–ATP, the value of Ret slightly increased to 0.05 �
(Fig. 3d). After S –S hybridization, the S –S /diazo–ATP/Au elec-

trode exhibited a Ret of 0.11 � (Fig. 3e). When the electrochemical
indicator [Co(phen)3]3+ intercalated into the dsDNA, the Ret of
Co–S1–S2/diazo–ATP/Au significantly decreased and a 0.01 � was
evaluated (Fig. 3f). On the basis of the EIS results, the assembly of

Fig. 3. EIS for bare gold electrode (a), ATP/Au (b), diazo–ATP/Au (c), S1/diazo–ATP/Au
(d), S1–S2/diazo–ATP/Au (e) and Co–S1–S2/diazo–ATP/Au (f) in a solution of 0.1 M KCl
containing 1 mM Fe(CN)6

3− and 1 mM Fe(CN)6
4− .
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ig. 4. DPVs of [Co(phen)3]3+ on S1/diazo–ATP/Au (a), S1–S3/diazo–ATP/Au (b),
1–S2/diazo–ATP/Au (c) in 0.1 M PBS (pH 6.5). The concentration of S2 and S3 was
.511 × 10−7 and 2.533 × 10−7 M, respectively.

-ATP and the following diazo-derivatization were further proved.
n addition, the successful immobilization of NH2–ssDNA was con-
luded.

.3. The selectivity of the developed biosensor and the
etermination of target S2

The selectivity of the developed DNA electrochemical biosen-
or was investigated by using the S1/diazo–ATP/Au electrode to
ybridize with different kinds of DNA sequences including com-
lementary ssDNA sequence (S2) and non-complementary ssDNA
equence (S3). Fig. 4 showed the DPV signals of [Co(phen)3]3+

n S1/diazo–ATP/Au electrode (Fig. 4a) and after hybridization
ith complementary S2 (Fig. 4c) and non-complementary DNA

equence S3 (Fig. 4b). As seen, high signal was obtained with
he S1–S2/diazo–ATP/Au electrode. Only very slight change in sig-
al was observed after S1/diazo–ATP/Au electrode hybridized with
on-complementary S3 sequence. The phenomenon showed high
electivity of the developed biosensor.

The sensitivity of the developed biosensor was investigated
y varying the concentration of target S2. The current obtained
n DPV response of [Co(phen)3]3+ after S1–S2 hybridization was
ecorded with three repetitive measurements. The average peak
urrent has a good linear relation versus concentration of S2 in the
ange of 1.57 × 10−9 to 4.52 × 10−7 M, with a correlation coefficient
f 0.9981. The regression equation is �ip = 4.532C + 1.016 × 10−8 (C,
; �ip, A). A detection limit of 3.26 × 10−10 M of the target S2 can

e estimated using 3� (where � is the standard deviation of the
lank solution, n = 11). Compared with our previous work on the
etection of HBV DNA, the linear range was wider and the detection

imit was lower (Zhang et al., 2006, 2008; Li et al., 2007b, 2008b,c).
t might be ascribed to the covalent immobilization of the probe
sDNA by diazotization-coupling on self-assembled ATP and the
xcellent conductivity of the Co–S1–S2/diazo–ATP/Au.

.4. Regeneration of the developed biosensor

The S1–S2/diazo–ATP/Au electrodes were regenerated to inves-
igate their reusability. Regeneration was accomplished by rinsing
he hybridized surfaces with hot DDW for 5 min, followed by

apid cooling in icy bath. The reusability of the biosensor was
ested by repetitive hybridization with complementary ssDNA
nd regeneration. DPVs of [Co(phen)3]3+ on DNA probe regener-
tion/hybridization cycle were given in Fig. 5. After 12 regeneration
nd hybridization, the electrode possessed 91.9% of its original cur-
Fig. 5. DPVs of [Co(phen)3] on a probe DNA regeneration/hybridization
cycle in 0.1 M PBS (pH 6.5) including the original S1/diazo–ATP/Au (a),
Co–S1–S2/diazo–ATP/Au obtained after 12th regeneration/hybridization (b) and the
original Co–S1–S2/diazo–ATP/Au (c).

rent response (Fig. 5b and c). Therefore, the regeneration of the
S1/diazo–ATP/Au possessed potential for continuous monitoring of
target DNA in the future.

4. Conclusion

The successful preparation of the DNA electrochemical biosen-
sor demonstrated the efficiency for covalent immobilization of
probe ssDNA via direct diazotization-coupling on assembled 4-ATP
monolayer. The fabrication process offered simple and conve-
nient methodology for functionality of self-assembly monolayer
and covalent immobilization of NH2–ssDNA. The developed DNA
electrochemical biosensor possessed high sensitivity and regener-
ation ability. The promising performance of the developed DNA
electrochemical biosensor makes this methodological study and
application attractive in DNA analysis.
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