
Analytical Biochemistry 419 (2011) 168–172
Contents lists available at SciVerse ScienceDirect

Analytical Biochemistry

journal homepage: www.elsevier .com/locate /yabio
A new electrochemical biosensor for DNA detection based on molecular
recognition and lead sulfide nanoparticles

Hao Fan a,⇑, Kun Zhao b, Yan Lin a, Xiaoyun Wang a, Bo Wu a, Qianggen Li a, Lin Cheng a

a Department of Pharmacy, JiangXi University of Traditional Chinese Medicine, JiangXi 330004, China
b Department of Pharmacy, ShenYang Pharmaceutical University, ShenYang 110016, China

a r t i c l e i n f o
Article history:
Received 12 May 2011
Received in revised form 23 July 2011
Accepted 2 August 2011
Available online 10 August 2011

Keywords:
DNA
Electrochemical
Cyclodextrins
PdS nanoparticle
Molecular recognition
0003-2697/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.ab.2011.08.005

⇑ Corresponding author. Fax: +86 791 7118919.
E-mail address: fanhao11@yahoo.com.cn (H. Fan).

1 Abbreviations used: a-CD/MCNT/GCE, a -cyclo
nanotube-modified glassy carbon electrode; CDs, cy
pulse voltammetry; EDC, 1-ethyl-(3-dimethylaminopr
labeled DNA probe; GCE, glassy carbon electrode; PCR
a b s t r a c t

In this paper, we constructed a new electrochemical biosensor for DNA detection based on a molecule
recognition technique. In this sensing protocol, a novel dual-labeled DNA probe (DLP) in a stem–loop
structure was employed, which was designed with dabcyl labeled at the 30 end as a guest molecule,
and with a Pb nanoparticle labeled at the 50 end as electrochemical tag to indicate hybridization. One
a-cyclodextrin-modified electrode (a-CD/MCNT/GCE) was used for capturing the DNA hybridization.
Initially, the DLP was in the ‘‘closed’’ state in the absence of the target, which shielded dabcyl from the
bulky a-CD/MCNT/GCE conjugate due to a steric effect. After hybridization, the loop sequence (16 bases)
formed a rigid duplex with the target, breaking the relatively shorter stem duplex (6 bases). Conse-
quently, dabcyl was forced away from the Pb nanoparticle and became accessible by the electrode. There-
fore, the target hybridization event can be sensitively transduced via detecting the electrochemical
reduction current signal of Pb. Using this method, as low as 7.1 � 10�10 M DNA target had been detected
with excellent differentiation ability for even a single mismatch.

� 2011 Elsevier Inc. All rights reserved.
As research has moved into the era of genomics, electrochemi-
cal DNA biosensors have been rapidly developed due to the advan-
tages such as low cost, fast response, small size, good selectivity,
and miniaturization of instruments [1,2]. Most of the electrochem-
ical DNA biosensors are based on a nucleic acid recognition layer,
which is immobilized on different kinds of working electrodes
[3–9]. The hybridization reaction is further transformed into differ-
ent electrochemical responses such as the voltammetric results of
the electrochemical indicators or the intrinsic signals of DNA, or
from other electrochemical parameters such as capacitance or
conductivity.

Electrochemical biosensors need probe DNA preimmobilization
on the electrode surface, which causes lower available
hybridization efficiency when compared with the sensors when
hybridization happens in homogeneous solution, thus difficult for
real-time electrochemical monitoring PCR1 and recognizing specific
sequence DNA in living cells. On the other hand, fluorescent molec-
ular beacons have been widely used for real-time monitoring of DNA
in PCR and in cells with hybridization in homogeneous solution
[10–12]. Therefore, the development of an electrochemical DNA
ll rights reserved.

dextrin/multiwalled carbon
clodextrins; DPV, differential
opyl)carbodiimide; DLP, dual-
, polymerase chain reaction.
sensing technology with hybridization in homogeneous solution is
still a challenge. Herein, a new electrochemical DNA sensing method
with hybridization occurring in a homogeneous system was reported
based on a molecular recognition technique. The molecular recogni-
tion technology, defined as the supramolecular noncovalent interac-
tion between the ‘‘host’’ and the ‘‘guest’’ molecules, has played an
important role in chemical sensing research, involving a supramolec-
ular sensor chip for metal ion detection and fluorescent DNA
detection [13,14]. Cyclodextrins (CDs) are a type of special oligosac-
charide, which consist of six, seven, or eight glucose units (named a,
b or c-CD, respectively), and characterized by a toroidal form with a
hydrophobic inner cavity and a hydrophilic outer side [15]. Their
unique ‘‘cage’’ structure endows CDs and their derivatives with out-
standing recognition and encapsulation abilities to their guest mol-
ecules, and consequently they have been employed as the host
molecule in organic chemistry and in the pharmaceutical field
[16,17]. Recently, CD-modified electrodes have been applied to
encapsulate organic molecules selectively and to detect
electrochemical molecules, such as thioridazine and aminobiphenyl
[18–20].

Here, we utilized molecular recognition between a dual-labeled
DNA probe (DLP) and a a-CD-modified electrode for sequence-spe-
cific DNA detection in homogeneous solutions. As illustrated in
Fig. 1, two key components were employed for this electrochemical
biosensor construction. One component is an a-cyclodextrin/multi-
walled carbon nanotube-modified glassy carbon electrode (a-CD/
MCNT/GCE), which was prepared by a mixture of a-CDs and MCNTs,
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Fig.1. A schematic illustration of electrochemical DNA sensing principle based on the molecular recognition technique.
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and possessed special recognition ability to the dabcyl molecule due
to the presence of a-CD. It was used to capture and detect the DNA
hybridizer of DLP and target DNA. Another one is a novel DLP which
was designed based on a hairpin DNA probe with 16 bases in the loop
structure complementary to target DNA. Its 30 terminal had been
labeled with one dabcyl molecule, which is a-CD’s typical guest,
and thus would be captured by the a-CD-modified electrode during
the DNA sensing procedure. Its 50 terminal was labeled with PbS
nanoparticles via an imido bond and used as the electrochemical sig-
nal producing marker. As shown in Fig. 1, before the hybridization,
the DLP remained in the ‘‘closed’’ state in which the probe DNA
adopted the stem-loop structure, and thus the dabcyl molecule
was forced to be closed to the PbS nanoparticle. Due to the steric
effect of the PbS nanoparticle and the stem-loop structure of probe
DNA, dabcyl was prevented from entering the cavity of the a-CD
on the electrode. Once the DLP was hybridized with the target
DNA in a homogeneous aqueous solution, they formed into a rigid
double-stranded hybridizer structure, and therefore the dabcyl mol-
ecule went away from the PbS nanoparticle. Then, the ‘‘opened’’
DLP-target DNA hybridizer was captured onto the a-CD/MCNT/
GCE through the special interaction between dabcyl and a-CD. After
a thorough washing procedure, the DLP on the electrode was dis-
solved by adding 0.10 M HNO3. Identification and quantification of
the dissolved metals were performed by anodic stripping voltam-
metry [21].
Experimental

Materials

Unless otherwise noted, all chemicals were purchased from
Dingguo Biotchnology Inc. (Shanghai, China) and of analytical
reagent grade. The a-cyclodextrins were purchased from Sigma–
Aldrich Chemical Company. All of the solutions were prepared with
ultrapure water from a Millipore Milli-Q system. The DNA in the
experiment was obtained from Sangon Biotechology Inc.
(Shanghai, China) with HPLC purification.

The dabcyl-labeled hairpin DNA probe consisted of the following:
50-NH2-(CH2)6-GTGAGCCAAGACGGAAAGACCCGCTCAC-(CH2)6-DAB-
CYL-30; target DNA, 50-GGGTCTTTCCGTCTTG-30; 1-base-mismatched
DNA, 50-GGGTCTTACCGTCTTG-30; 3-base-mismatched DNA, 50-GGG
GTCAAGCCACAAG-30; noncomplementary DNA, 50-CAGGAAAC AGC-
TATGA-30.
Fig.2. TEM image of the synthesized PdS nanoparticles.
Electrochemical apparatus

All voltammetric experiments were performed on a CHI 660
electrochemical analyzer (CHI Instrument Inc., USA) in a 5-ml elec-
trochemical cell at room temperature (25 �C) by using three elec-
trode configurations. A platinum wire served as counterelectrode
and an Ag/AgCl with saturated KCl solution served as reference
electrode. A glassy carbon electrode (GCE) with diameter 3 mm
modified with a-CD was used as the DNA capture instrument.
The other one GCE with diameter 1 mm was fabricated with a layer
of mercury film [22] for the Pd2+ electrochemical detection in a
3-ml cell.

Preparation of nano PdS covered with thioglycollic acid

Pb(NO3)2 and Na2S solutions were filtered through a 22-lm
microporous membrane filter prior to use. PbS nanoparticles were
prepared according to the literature [23] by using mercaptoacetic
acid as the stabilizer. In brief, 9.22 ll mercaptoacetic acid was
added to 50 ml 0.4 mM Pb(NO3)2 solution, and then the pH was
adjusted to 7 with 0.5 M NaOH. The solution was bubbled with
nitrogen for 30 min, followed by the slow addition of 1.34 mM
Na2S to the mixture solution. The molar ratio of Na2S to Pb(NO3)2

was kept at 2.5. The reaction was carried out for 24 h under nitro-
gen protection and then gradually a brown colloid which is the PdS
nanoparticles covered with a carboxyl group was obtained. As TEM
images show, the diameter of PdS nanopatricles was about 7 nm
(Fig. 2).

Preparation of the double-labeled probe DNA

The hairpin DNA probe was bound with PbS nanoparticles cov-
ered with a carboxyl group through imide bonds was prepared
according to the literature [22]. In brief, 200 ll of 0.1 M imidazole
was added to 2 OD hairpin probe DNA. After being stirred for
30 min, 100 ll of 0.1 M 1-ethyl-(3-dimethylaminopropyl)carbodi-
imide (EDC) and 1 ml of PdS nanoparticles were added to the
mixture. The resulting mixture was stirred for 12 h at room tem-
perature and then continued to centrifuge for at least 25 min at
14,000 rpm to remove the excessive hairpin probe DNA. In this



170 molecular-recognition-mode electrochemical biosensor / H. Fan et al. / Anal. Biochem. 419 (2011) 168–172
process, the imide bond is synthesized by the condensation reac-
tion between the acids and the amines in the presence of imidazole
and EDC. The hairpin probe DNA–PdS precipitate was washed with
0.1 mol/L phosphate buffer and redispersed in 0.1 mol/L phosphate
buffer (0.1 M containing 0.3 M NaCl and 1 mM Mg2+, pH 7.0).
Preparation of the a-CD/MCNT/GCE

The a-cyclodextrin/multiwalled carbon nanotube-modified
glassy carbon electrode was prepared according to the reported
processes [20]. First, a glassy carbon electrode (3 mm in diameter)
was carefully polished with emery paper and chamois leather con-
taining Al2O3 slurry (0.05 and 0.3 lm) and then sonicated in dis-
tilled water. One milligram of MCNTs was dispersed into a 10 ml
of 2% a-CD aqueous solution with the aid of ultrasonic agitation
to give a 0.1 mg/ml a-CD/MCNT black solution. In this process, a-
CDs are adsorbed on the surface of CNT. The a-CD/MCNT complex
was precipitated from the solution, washed with distilled water to
remove the residual a-CD molecules, dried under a desiccator, and
mixed with KBr for the IR slice preparation. With the IR spectra test
(Fig. 3), the presence of the functional groups of C–O, C–H, and H–O
indicated the successful adsorption of MWCNTs to a-CD. An a-CD/
MCNT/GCE was prepared by dropping 7 ll of the a-CD/MCNT solu-
tion onto one GCE surface and then drying it under an IR lamp to
form a black uniform film.
DNA sequence sensing performance

The DNA assay procedure was initiated in 0.1 M phosphate
buffer (PBS) containing 1.0 mM Mg2+ by adding 10 ll of 3.3 lM
DLP to target DNA and stirring the mixture for 45 min at 37 �C.
During the process, the target DNA hybridized with DLP, and then
one a-CD/MCNT/GCE was immersed in the solution for capturing
DLP-target DNA hybridization onto the signal detecting electrode.
After 3 h, the a-CD/MCNT/GCE was washed with a thorough wash-
ing procedure and the PdS nanoparticles on the electrode were dis-
solved by adding 200 ll of 0.1 M HNO3. Then 1.8 ml of 0.1 M
acetate buffer (pH 5.3) was added into the solution. Electrochemi-
cal detection of the Pd2+ was performed at a mercury-film elec-
trode according to the literature. The differential pulse
voltammetry (DPV) peak height of the oxidation of Pd to Pd2+ at
�0.5 V was used as the DNA sequence detection signal in all of
the measurements.
Fig.3. FTIR spectra of a-CD, MCNTs, and a-CD/MCNTs.
Results and discussion

Electrochemical DNA sensing based on molecular recognition

Contrastive experiments were performed to investigate the
electrochemical DNA sensing based on the host–guest recognition.
First, the a-CD/MCNT/GCE was immersed in 0.33 lM DLP solution
for 3 h, and only a relatively small DPV current signal was ob-
tained, as shown in Fig. 4, curve a. On the contrary, a marked elec-
trochemistry signal was obtained (Fig. 4, curve b) after the a-CD/
MCNT/GCE was immersed for 3 h in the solution containing the
hybridization of 0.33 lM DLP and target DNA. It demonstrated that
before the hybridization, the DLP remained in the closed state in
which the probe DNA adopted a stem-loop structure, and thus
causing the dabcyl molecule to be closed to the PdS nanoparticle.
Due to the steric effect of the PdS nanoparticle and the stem-loop
structure of probe DNA, dabcyl was prevented from entering the
cavity of the a-CD on the electrode. Once the DLP was hybridized
with the target DNA in a homogeneous aqueous solution, it formed
a rigid double-stranded hybridization structure, and therefore the
dabcyl molecule went away from the PdS nanoparticle. Then, the
opened DLP-target DNA hybridization was captured onto the
a-CD/MCNT/GCE through the special interaction between dabcyl
and a-CD.
Effect of the conformation of dabcyl on the DLP

The molecular recognition between dabcyl with a-CD in fact
depended on the dabcyl’s conformation; that is, only the trans type
can enter the cavity of a-CD and then be encapsulated by the
a-CD-modified electrode, not the cis one [24]. The trans one can
reversibly transform to its cis structure upon UV irradiation [25].
To confirm that the capture of DLP-target DNA hybridization onto
the a-CD/MCNT/GCE is mainly due to the molecular recognition
between the dabcyl guest and the a-CD host but not the nonspecial
physical or chemical adsorption, contrastive experiments were car-
ried out as follows. First, the conformation of dabcyl on the original
probe DNA was transformed by UV lighting, and such probe DNA
was employed to synthesize DLP for target DNA detection. As seen
in Fig. 5A, before the UV lighting, the probe DNA displayed a typical
UV–Vis spectrum of the trans formed dabcyl at 480 nm (upper
trace). After the probe DNA solution in a quartz cuvette was placed
40 cm beneath a model mercury vapor UV lamp (220 V, 200 W)
ig.4. The DPV response of the Pd2+ when the a-CD/MCNT/GCE was incubated with
hosphate buffer containing DLP (a) in the absence of target DNA and (b) in the
resence of 4.8 � 10�7 M target DNA.
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Fig.5. The DPV responses of 4.8 � 10�7 M target DNA detection with different
capture times.

Fig.6. (A) UV–Vis spectra of the probe DNA solution before (upper trace) and after
(bottom trace) UV irradiation; (B) target DNA of 2.3 � 10�8 M detection by using (a)
probe DNA before UV irradiation and (b) probe DNA after UV irradiation.
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and irradiated at 365 nm for 30 min, this peak disappeared as a re-
sult (bottom trace), suggesting that the trans dabcyl labeled at the
30 end of probe DNA had transformed to its cis conformation via the
photoisomerization of azobenzenes [26].

Then after hybridization with 2.3 � 10�8 M target DNA, a
marked current signal of Pd2+ was obtained for these DLPs without
UV treatment (Fig. 5B, curve a), whereas the signal of Pd2+ could
hardly be observed due to the cis formation of dabcyl after the
UV irradiation process (Fig. 5B, curve b). Therefore, we concluded
that the DLP-target DNA hybridization in aqueous solution that
was captured onto a-CD/MCNT/GCE was mainly due to the molec-
ular recognition between a-CD on the electrode and dabcyl on the
DLP-target DNA hybridization.

Optimization of the capture time of the a-CD/MCNT/GCE to dabcyl-
labeled hybridization

The capture time of the a-CD/MCNT/GCE in DLP-target DNA
hybridization solution was expected to have a direct influence on
the DLP amount captured onto the a-CD/MCNTs. Therefore, exper-
iments were preformed for choosing the appropriate capture time
by, first, preparing a hybridization solution with 0.33 lM DLP and
4.8 � 10�7 M target DNA, and then immersing a series of a-CD/
MCNT/GCEs separately in such solution with different capture
times. The affinity of host–guest interaction between a-CD and
dabcyl is comparatively weak [27]. For this reason, the recognition
process usually need several hours [26]. After electrochemical
measurement, the results showed that the DPV response increased
significantly with the capture time increased from 1 to 5 h, and al-
most reached the platform after 3 h (Fig. 6). It illuminated that
with a capture of 3 h, the majority of the DLP-target DNA hybrid-
ization in solution were captured onto the a-CD/MCNT/GCE, and
therefore was chosen as the capture time in experiments.
Target DNA determination and the DLP specificity study

In the experiments, 0.33 lM DLP was incubated with different
concentrations of target DNA, and then the peak current from the
reduction of Pd2+ was measured as the hybridization signal. As
the concentration of the complementary target DNA sequence con-
tinuously increased, one continuously enhancing DPV signal was
obtained. The DPV signal was logarithmically related to the target
DNA concentration from 8.3 � 10�7 to 8.3 � 10�10 M. The equation
for the resulting calibration plot was y = 0.6312 log x � 1.071 (x is
the concentration of target DNA divide by pM, y is the peak cur-
rent) with a correlation coefficient of 0.9978 and a detection limit
of 7.1 � 10�10 M.

In order to confirm the binding specificity of the DLP to the tar-
get DNA, control experiments were performed by using different
DNA sequences to hybridize with 0.33 lM DLP, including comple-
mentary DNA, 1-base-mismatched DNA, 3-base-mismatched DNA,
and noncomplementary DNA. As shown in Fig. 7, the noncomple-
mentary DNA produced a neglectable DPV signal (signal (d)),
which was similar to that of the background signal (signal (e)),
and when compared to the complementary sequence (signal (a)),
the 3-base-mismatched DNA produced a very low insignificant
DPV signal (signal (c)), and the 1-base-mismatched DNA generated
a one-third signal (signal (b)). The hybridization selectivity of the
DLP is partially due to the intrinsic recognition ability of DNA
bases, and also for the reason that even if the probe is hybridized
with mismatched target, the DLP’s hairpin structure is partially
opened; an obvious steric effect still exists for such ‘‘hybridization’’
to contact the electrode.



Fig.7. Comparison of the DPV signal of Pd2+ intensity for sensor challenged with (a)
4.3 � 10�9 M perfectly matched target DNA sequence; (b) 4.3 � 10�8 M 1-base-
mismatched DNA sequence; (c) 4.3 � 10�8 M 3-base-mismatched sequence; (d)
4.3 � 10�8 M noncomplementary DNA sequence; and (e) without DNA sequences.
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Conclusions

In this paper, a novel double-labeled DNA probe was designed
with PdS nanoparticles and dabcyl-labeled hairpin probe DNA for
electrochemical DNA detection based on molecular recognition.
One a-CD/MCNT/GCE was fabricated for the hybridizer capture.
The method of electrochemical DNA sensing has the advantage
that the hybridization event between DLP and target DNA occurs
in a homogeneous solution. The results illustrate that the DLP
has high hybridization specificity and sensitivity. The proposed
method provides a novel approach for the detection of DNA
species.
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