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a b s t r a c t

Three CdS materials with different shapes (i.e., irregular, rod-like, and elongated hexagonal-pyramid)
were hydrothermally synthesized through controlling the molar ratio of Cd2þ to thiourea. Electro-
chemical experiments showed that the elongated hexagonal-pyramid CdS (eh-CdS) modified on glassy
carbon electrode (GCE) had the higher electrical conductivity than the other two forms. Then the eh-CdS
modified GCE was further modified with a layer of poly-isonicotinic acid (PIA) through electro-
polymerization in IA solution to enhance the stability and functionality of the interface. The layer-
by-layer modification process was characterized by atomic force microscopy and electrochemistry. Then
50-amino functionalized DNA was immobilized on the electrode surface through coupling with the
carboxylic groups derived from PIA-eh-CdS composite film. The hybridization performance of the
developed biosensor was evaluated using methylene blue as redox indicator, and the results showed that
the peak currents of methylene blue varied with target concentrations in a wide linear range from
1.0�10�14 M to 1.0�10�9 M with a low detection limit of 3.9�10�15 M. The biosensor also showed
high stability and good discrimination ability to the one-base, three-base mismatched and non-
complementary sequence.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Specific DNA detection has become a most important research
field due to its potential application in food safety and quality
monitoring, disease diagnosis, drug screening, epidemic prevention
and environmental protection. Among the various DNA detection
technologies, the electrochemical method attracted considerable
interest in both theoretical and practical aspects because of its
simplicity, rapidness, low-cost and easiness to miniaturize (Wan
et al., 2010; Xuan et al., 2012; Lou et al., 2013). During fabrication of
an electrochemical DNA biosensor, the preparation of an appropriate
interface for the probe DNA immobilization is a critical step, since it
can significantly influence the biosensor's multiple performance
such as accuracy, sensitivity, selectivity and lifetime.

With the development of the nanoscience, various kinds of the
nano-scaled materials have been utilized as a supporting platform for
DNA immobilization due to their unique characteristics such as large
surface area, high electrical conductivity, excellent biocompatibility

and strong adsorption ability (Du et al., 2009; Zhang et al., 2010; Liu
et al., 2013). Cadmium sulfide (CdS), as one of the most important
binary semiconductor, has been extensively studied in the fields of
sensors, solar cells, field-effect transistors, electricity generation and
light-emitting diodes (Miao et al., 2008; Huang et al., 2005; Ameen
et al., 2012). Owing to its excellent electrical conductivity, the nano-
sized CdS has also been frequently used as the electrode materials in
electrochemical sensors. For example, Qian et al. (2012) have immo-
bilized glucose oxidase on a hexangularly faced CdS nanorod array,
which resulted in a glucose biosensor with high enzyme loading and
excellent sensitivity. Ferancová et al. (2010) have prepared a composite
containing pear-like CdS and chitosan for trace determination of
guanine and adenine bases in DNA, through which the DNA damage
could be successfully monitored. The CdS-based electrochemical
sensors for the other analytes such as Hg2þ (Long et al., 2009),
thrombin (Wang et al., 2011a), and nitrate (Fang et al., 2009) have also
been reported.

On the other hand, as an inorganic nanomaterial, the lack of
organic groups on the surface of CdS particles decreases their
stability and affinity with the basal interface, and more impor-
tantly, suppressed their ability to immobilize biological molecules
through the favorable covalent bond. In order to overcome these
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deficiencies, some organic polymers are usually introduced. Elec-
tropolymerization is one of the most popular approaches because
the thickness, permeation, character and functionality of the film
can be well controlled by this method (Peng et al., 2009; Xue et al.,
2005). Isonicotinic acid (IA) is an important pyridine derivative
used in the manufacture of isoniazid (antituberculosatic drug) and
other pharmaceutically important drugs. Recently poly-
isonicotinic acid (PIA) modified electrodes have been utilized in
the electroanalysis of a variety of biomolecules such as dopamine,
norepinephrine, ascorbic acid and glucose (Zhu and Lin, 2009;
Ojani et al., 2011; Zhao et al., 2002). However, the application of
PIA as a platform for DNA immobilization and hybridization
detection has not been reported yet.

In this paper, three kinds of CdS nanoparticles with different
shapes were hydrothermally synthesized through tuning the ratio of
Cd2þ to thiourea (TU). Then the elongated hexagonal-pyramid CdS
(eh-CdS) nanoparticle was selected for the modification of glassy
carbon electrode (GCE) because it has the higher electrocatalytic
capacity than the other two forms. Followed by, a layer of organic
PIA film was grown on the eh-CdS modified electrode to improve the
stability and the functionality of the interface. An electrochemical DNA
biosensor was further constructed using the composite film of PIA and
eh-CdS as the supporting platform. Hybridization experiments showed
that the target DNA could be quantified over a wide range from
1.0�10–14 to 1.0�10�9 M with a detection limit of 3.9�10–15 M.

2. Experimental

2.1. Reagents

IA and Tris (hydroxymethyl) aminomethane (Tris) were pro-
vided by Aladdin Reagent Company (China). 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide (EDC) and N-hydrosulfosuccinimide
(NHS) were purchased from Sigma-Aldrich Co., Ltd. (China). MB
was supplied by Shanghai Chemical Reagent Company (China).
Phosphate buffer saline (PBS) was purchased from Shanghai Kang-
Yi Instruments Co., Ltd. (China). Cadmium sulfate octahydrate
(3CdSO4 �8H2O), TU and Ethylenediaminetetraacetic acid (EDTA)
were obtained from Xilong Chemical Co., Ltd. (China). All the other
chemicals were analytical reagent grade and purchased commer-
cially. Doubly distilled water (DDW) was used throughout the
experiments.

The 24-base DNA fragments from colitoxin (Cai et al., 2003)
were synthesized by Shanghai Sangon Bioengineering Co., Ltd.
(China). Their base sequences are as follows:

� Probe sequence (S1): 50-NH2-(CH2)6-GAG CGG CGC AAC ATT
TCA GGT CGA-30.

� Complementary sequence (S2): 50-TCG ACC TGA AAT GTT GCG
CCG CTC-30.

� One-base mismatched sequence (S3): 50-TCG ACC TGA AAT GTT
GCG CCT CTC-30.

� Three-base mismatched sequence (S4): 50-TCG TCC TGA AAC
GTT GCG CCT CTC-30.

� Non-complementary sequence (S5): 50-GCA CGG CGC AAC ATT
TCA GGT CGA-30.

Stoke solutions (10 μM) of all oligonucleotides were prepared
with TE buffer solution (10 μM Tris–HCl, 1.0 mM EDTA, pH 8.0) and
kept frozen.

2.2. Apparatus

The size and morphology of the products were characterized by
Hitachi S-4800 scanning electron microscopy (SEM, Japan). Atomic

force microscope (AFM) images were obtained with a CSPM 5500
scanning probe microscope (China). The cyclic voltammetry (CV),
electrochemical impedance spectra (EIS) and differential pulse
voltammetry (DPV) were carried out on a CHI 650D electroche-
mical station (China) with the conventional three-electrode sys-
tem consisted of bare glassy carbon electrode (GCE, Φ¼2 mm) or
modified GCE as working electrode, Ag/AgCl as reference electrode
and platinum wire as auxiliary electrode.

2.3. Preparation of CdS with different shapes

To 27 mL DDW containing 0.008 g TU, different amounts of
3CdSO4 �8H2O was slowly added under stirring. Then the resulting
homogeneous solution was transferred into a stainless steel
autoclave (30.0 mL) of its 90% capacity of the total volume, sealed
and maintained at 160 1C for 24 h. Afterwards, the autoclave was
allowed to cool at room temperature. The yellow precipitates were
centrifuged and completely washed with absolute ethanol and
DDW in turn to obtain the pure products.

2.4. Step-by-step modification of GCE with CdS and PIA

Prior to modification, the GCE was polished to a mirror-like surface
with 1.0, 0.3 and 0.05 μm alumina slurry, and then successively
washed with anhydrous ethanol and DDW for 3 min under ultra-
sonication. 1.0 mg of prepared CdS was dispersed in 10 mL of DDW
with the aid of ultrasonic agitation to obtain a yellow suspension.
Followed by, 10 μL of above prepared CdS aqueous solution was
dripped onto the fresh GCE surface and left to dry at room tempera-
ture. After careful washing with water, the CdS modified GCE (CdS/
GCE) was fabricated. The electro-polymerization of IA was achieved by
dipping CdS/GCE into 0.1 M KCl solution containing 0.1 mM IA and
then scanned for 18 cycles in the potential range from 0 to þ2.0 V
with the scan rate of 60 mV s�1. After the scanwas finished, a layer of
uniform and bright-green membrane was observed on the electrode
surface.

2.5. Probe DNA immobilization and hybridization

The amino-functionalized probe DNA was covalently attached
on the surface of PIA/eh-CdS/GCE by the standard EDC/NHS cross-
linking reaction. Briefly, immersing PIA/eh-CdS/GCE into 25 mM
PBS containing 8 mM NHS and 5 mM EDC for 25 min, and then
transferred into 1.0 mL TE buffer solution containing 0.1 μM S1 at
room temperature for 12 h. After sufficient rinsing with TE buffer
and DDW to remove the physically absorbed DNA, the probe DNA
modified electrode (S1/PIA/eh-CdS/GCE) was achieved. The hybri-
dization reaction was performed by incubating S1/PIA/eh-CdS/GCE
in TE buffer solution that contained desired concentration of S2 for
40 min at 42 1C, followed by washing with TE buffer to remove the
unhybridized DNA. The resulted electrode was denoted as S2-S1/
PIA/eh-CdS/GCE. The hybridizations of the probe DNA with the
other control sequences including one-base mismatched DNA (S3),
the three-base mismatched DNA (S4) and the non-complementary
DNA (S5) were performed through the similar procedure, and the
obtained electrodes were termed as S3-S1/PIA/eh-CdS/GCE, S4-S1/
PIA/eh-CdS/GCE and S5-S1/PIA/eh-CdS/GCE, respectively.

2.6. Electrochemical measurements

The DNA immobilization and hybridization were monitored
using MB as the redoxactive probe according to the following
procedures: first, the DNA modified electrode was immersed into
50 μM MB solution for 25 min, and then rinsed with PBS for 5 min
and subsequently electrochemically measured in PBS solution with
CV and differential pulse voltammetry (DPV) in the potential range
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from �0.6 V to 0 V. The fabrication and detection processes of the
biosensor are illustrated in Scheme 1.

3. Results and discussion

3.1. Morphologies of the synthesized CdS

Fig. 1 shows the SEM images of the synthesized products
through reacting TU and Cd2þ with the molar ratios of 4:1 (A),
6:1 (B), and 12:1 (C). As seen, when TU was in a low content in the
reaction solution, the CdS particles were not uniform and regular.
The sizes of the irregular CdS particles (iCdS) showed a wide range
from about 300 nm to 2.0 μm (Fig. 1A). When the mole ratio of TU
and Cd2þ was increased to 6:1, some rod-like CdS (rCdS) particles
with diameter of about 200 nm began to appear, which was
distributed among some aggregated CdS irregular particles
(Fig. 1B). When the ratio of TU to Cd2þ was further increased to
12:1, it was interestingly found the shape of the products became
very uniform and organized, and the irregular and uneven
particles were almost absolutely disappeared (Fig. 1C). From the
locally amplified image (Fig. 1D), it could be seen that CdS
displayed unique elongated hexagonal-pyramid, in which the long
axis perpendicular to the hexagonal plane. The typical structure of
the eh-CdS was in the range from 400 to 700 nm in diameters and
the length was about 2.0 μm. This variation indicated that the
content of the TU played an important role in the transformation
of CdS material from the irregular form to the uniform rod-like
shape and finally to the elongated hexagonal-pyramid shape. The
possible mechanism is proposed as follows: when TU was in a low
content, S2� that slowly generated from the thermal decomposi-
tion of TU at 160 1C was rapidly adsorbed with large amount of
Cd2þ , resulting in the amorphous precipitate of CdS. When S2�

was increased with the increase of TU content, the excessive
amount of S2� was selectively bound to specific crystallographic
facets of preliminarily formed CdS nanocrystals, therefore leading
to the anisotropic growth of the crystals. Fig. 1E shows the XRD
pattern of the as synthesized eh-CdS nanoparticles. The strong and
sharp diffraction peaks indicated that the sample was well crystal-
lized. All the diffraction peaks can be indexed as wurtzite CdS with
lattice constant of a¼b¼4.136 Å and c¼6.713 Å, which are in good
agreement with the literature values (JCPDS Card no. 77-2306)
(Shen et al., 2005). Compared to the standard reflection, the
intensity of the (002) diffraction peak of the sample was compara-
tively strong, which indicated the preferential crystal growth
orientation along the c-axis (Wang et al., 2011b). Also, no peaks

of impurities were detected, revealing high purity of the as-
synthesized products.

3.2. Electro-polymerization of IA on eh-CdS/GCE and the AFM
characterization

Electro-polymerization is facile and economical approach to
introduce the functional film onto the electrode interface. In this
work, the IA was used as the monomer to polymerize on CdS
modified electrode through an electrochemical method. Fig. S1 in
Supplementary material shows the continuously scanned CVs of
1.0�10�4 M IA on eh-CdS/GCE over the range from 0 to þ2.0 V at
60 mV s�1. As seen, increasing oxidation peaks were observed at
þ0.5 V with successional scanning, which reflected the continuous
growth of the film on the electrode surface. When the cyclic sweep
was scanned up to the 18th cycle, the peaks were hardly changed,
suggesting that the polymerized film had been saturated eh-CdS/
GCE. In addition, it was found that after the electro-polymerization
process was ended, a layer of uniform and bright-green film was
observed on the surface of the modified electrode, further indicat-
ing that PIA has been successfully electrodeposited on the surface
of eh-CdS/GCE.

The AFM technique was also employed to confirm the formation
of PIA on the electrode surface. Fig. 2 shows the three dimensional
(a) and cross-sectional (b) images of GCE (A), eh-CdS/GCE (B) and
PIA/eh-CdS/GCE(C). It was observed that the bare GCE is relatively
flat and smooth with the largest peak height of only 8.66 nm
(Fig. 2A). The average roughness (Ra) was determined to be
1.65 nm. After eh-CdS was cast on the bare GCE, many adjacent
broad peaks with the average height of 250.03 nmwere determined
(Fig. 2B) and the Ra value was accordingly increased to 27.81 nm.
This variation suggested that the material of eh-CdS had been
attached on GCE surface. Furthermore, when PIA/eh-CdS/GCE was
measured, it was found that some uniform and order peaks were
appeared, and the average height and Ra value further increased to
344.56 nm and 49.32 nm (Fig. 2C), respectively, testifying that the
PIA had been successfully grown on eh-CdS/GCE.

3.3. Electrochemical characteristics of the modified electrodes

The electrochemical property of PIA/eh-CdS film and its application
as a supporting platform for DNA immobilization were probed by CV
(Fig. 3A) and EIS (Fig. 3B) using [Fe(CN)6]3� /4� as the redox probe. In
the CV experiments, it was observed that the bare GCE presented a
pair of well-defined redox peaks in [Fe(CN)6]3� /4� solution (curve a).
When the eh-CdS modified GCE was applied for measurement, it was

Scheme 1. Illustration for the fabrication procedures of the eh-CdS/PIA composite film based DNA biosensor.
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found that the electrochemical response of [Fe(CN)6]3� /4� was
significantly enhanced (curve b), which indicating that the eh-CdS
nanoparticles had remarkable electrocatalysis owing to its semicon-
ductive property. However on GCE directly electropolymerized with
PIA (PIA/GCE), the redox peaks of [Fe(CN)6]3� /4� were almost
disappeared (curve c). This indicated that the single film of PIA had
inferior electrical conductivity. While on PIA/eh-CdS/GCE, it was found
that the electrochemical response of [Fe(CN)6]3� /4� was greatly
enhanced (curve d) in comparison with PIA/GCE. This further

confirmed that the eh-CdS could be acted as an excellent electron
transfer pathway in the composite film. Nevertheless, it was found
that when eh-CdS/GCE was repeatedly scanned in [Fe(CN)6]3� /4�

solution, the obtained electrochemical response decreased gradually
with the increase of the scan time; but the response on PIA/eh-CdS/
GCE was almost constant. This difference indicated that PIA/eh-CdS/
GCE had much higher stability than eh-CdS/GCE during electroche-
mical measurements, which could be explained by the fact that stable
PIA film could effectively prevent the falling away of eh-CdS from GCE
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Fig. 1. SEM images of CdS synthesized with the molar ratio of Cd2þ to TU at 1:4 (A), 1:6 (B) and 1:12 (C), and the partial magnification of image C (D). (E) XRD pattern of the
eh-CdS nanoparticles.
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surface. Therefore it could be concluded that the composite film of
PIA/eh-CdS combined the advantages of each component, i.e., the high
stability of PIA and excellent electrical conductivity of eh-CdS. More-
over, according to the Randles–Sevcik equation (Xiao et al., 2008):

Ipc ¼ ð2:69� 105Þn3=2AD1=2Cv1=2

where Ipc is the reduction peak current (A), n the electron transfer
number, A the accessible active surface area (cm2), D the diffusion
coefficient of [Fe(CN)6]3� in the solution (cm2 s�1), C the concentra-
tion of [Fe(CN)6]3� (M) and v the scan rate (V s�1), the accessible
active surface area (A) of different electrodes can be calculated. From

the CV results displayed in Fig. 3A, the values of A of PIA/GCE and PIA/
eh-CdS/GCE were calculated to be 0.002 and 0.027 cm2, respectively,
which suggested that the presence of eh-CdS nanoparticles increased
the accessible area of the electrode by about 13.5-fold due to the
nanometer size effect of eh-CdS.

In addition, the covalent immobilization of probe DNA on the
nanocomposite modified electrode under the aid of EDC/NHS was
also characterized, and the results were depicted as curve e in
Fig. 3A. As seen, the redox peaks of [Fe(CN)6]3� /4� decreased
obviously as compared to those on PIA/eh-CdS/GCE, suggesting that
probe DNA had been successfully anchored on PIA/eh-CdS/GCE.

Fig. 2. AFM images of three dimensional (a) and cross-sectional (b) graphs of bare GCE (A), eh-CdS/GCE (B) and PIA/eh-CdS/GCE (C).
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This was because the negatively charged of phosphate backbone
on the probe DNA interfered the diffusion of electronegative
[Fe(CN)6]3�/4� to the electrode surface.

Electrochemical impedance spectroscopy (EIS) has been proved as
a very powerful tool for investigating the interfacial properties of
conductive or semi-conductive surfaces (Gao et al., 2011). In EIS, the
semicircle diameter at the higher frequencies equals to the electron
transfer resistance (Ret) that controls the electron transfer kinetics of
the redox probes. In this work, the modified processes are also
characterized by EIS and the obtained Nyquist plots are presented in
Fig. 3B. It could be found that the Ret value on eh-CdS/GCE (curve b)
was obviously smaller than the bare GCE (curve a), which also
demonstrated that the eh-CdS nanoparticles accelerated the electron
transfer kinetics of the electrode surface. In contrast, the Ret value on
PIA/GCE was significantly increased (curve c) as compared with bare
GCE, suggesting that the electron transfer process of [Fe(CN)6]3� /4�

was inhibited by the single-component film of PIA. However on PIA/
eh-CdS/GCE, the Ret value was decreased again (curve d), further
testifying that the eh-CdS nanoparticles could effectively catalyze the
electron transfer process of the composite film. Upon immobilization
of S1 on PIA/eh-CdS/GCE, the Ret value increased again due to the
electrostatic repulsion of the immobilized DNA to [Fe(CN)6]3�/4� ions
(curve e).

The structure-property (electrocatalysis)-relationship in elec-
trochemistry of the three synthesized CdS with different shapes

was also evaluated by EIS. The Nyquist diagrams of PIA/GCE (a),
PIA/eh-CdS/GCE (b), PIA/rCdS/GCE (c) and PIA/iCdS/GCE (d) in 1.0
mM [Fe(CN)6]3�/4� solution with 0.1 M KCl are shown in Fig. S2 in
Supplementary material. Through comparison, it could be clearly
observed that the Ret value on PIA/GCE (2.0�104 Ω, curve a) was
larger than those on PIA/eh-CdS/GCE (2.0�103 Ω, curve b), PIA/
rCdS/GCE (4.5�103 Ω, curve c) and PIA/iCdS/GCE (6.5�103 Ω,
curve d), suggesting that all the CdS nanoparicles with different
morphologies had the electrocatalysis to the electroactive mole-
cules. Moreover, it could be found that with the particles becom-
ing more irregular in shape, the electrical conductivity becomes
better as judged from the smaller Ret values. This also indicated
that the shape and surface structure could effectively control the
electrochemical property of the materials. Das and Raj (2013) had
reported that the polyhedral nanoparticles had the higher electro-
catalytic activity than the other forms since it possessed much
more electrocatalytic sites. Therefore, we deduced that the poly-
hedral eh-CdS prepared in this work had the similar feature.
Therefore in the following DNA sensing experiments, only PIA/
eh-CdS/GCE was investigated because it had the best electrocata-
lytic property.

3.4. Electrochemical behaviors of MB at modified electrodes

MB is a typical redox-active phenothiazine dye, which has been
frequently used as an electrochemical indicator to probe DNA
immobilization and hybridization based on its specific affinity
with the unpaired guanine bases (Sun et al., 2010; Qi et al., 2012).
In order to investigate the electrochemical sensing property of the
developed biosensor, the electrochemical behaviors of MB on the
biosensor were further investigated. Fig. S3 in Supplementary
material shows the DPVs of MB at S1/PIA/eh-CdS/GCE with
different accumulation time. Obviously, with increase of the
accumulation time, the electrochemical signals of MB increased
gradually, suggesting that increasing amount of MB had been
bound to the electrode surface through interaction with probe
DNA. When the time was up to 25 min, the DPV peaks of MB
became constant, showing the saturation of MB at the electrode
surface. Thus 25 min was chosen as the optimal time for MB
accumulation to achieve the highest sensitivity of biosensor.

Fig. 4A shows the typical CVs of sufficiently pre-accumulated MB
on PIA/eh-CdS/GCE, S1/PIA/GCE and S1/PIA/eh-CdS/GCE. It was
observed that a pair of tiny redox peaks were appeared on PIA/
eh-CdS/GCE (curve a), suggesting that only small amount of MB was
absorbed on the electrode. However on S1/PIA/eh-CdS/GCE, a pair of
dramatically increased redox peak of MB was observed (curve c),
demonstrating that much more MB molecules had been adsorbed,
which could be ascribed to the specific interaction of MB with the
immobilized DNA (Sun et al., 2010; Qi et al., 2012). As a control, the
electrochemical behavior of MB on S1/PIA/GCE was also investi-
gated, and the result (curve b) revealed that the peak intensity on
this electrode was much smaller than that on S1/PIA/eh-CdS/GCE.
This confirmed that the presence of eh-CdS was more favorable to
enhance the electrochemical sensitivity of the biosensor. Fig. 4B
shows the influence of scan rate (v) on the redox peak current of
MB at S1/PIA/eh-CdS/GCE. With the increase of scan rate, both
reduction peak currents (Ipc) and oxidation peak currents (Ipa)
increased gradually, and showed good linearity with the scan rate
in the range from 60 to 450 mV s�1 with the linear regression
equations of Ipa/10�6 A¼�41.87 v(mV s�1)�0.0718 (r¼�0.999)
and Ipc/10�6 ¼42.24 v(mV/s)þ1.397(r¼0.998) (inset of Fig. 4B),
further suggesting that the redox indicator of MB had been bound
to S1/PIA/eh-CdS/GCE.

In addition, according to the facile method provided by Zhang
et al. (2008), the surface density of probe DNA (Γ) anchored on the
electrode surface was calculated. First, from the CV curve of MB on

Fig. 3. CVs (A) and EIS (B) of bare GCE (a), eh-CdS/GCE (b), PIA/GCE (c), PIA/eh-CdS/
GCE (d) and S1/PIA/eh-CdS/GCE (e) in 1.0 mM [Fe(CN)6]3�/4� containing 0.1 M KCl.
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the biosensor, the charge quantity (Q) of MB was obtained to be
1.8�10�5 C, which corresponded to the molar quantity (N) of 9.4�
10�11 mol as calculated according to the equation of N¼Q/neNA,
where n (¼2) is the number of electrons participating in the
electrode reaction of MB; e (¼1.6�10�19 C) the charge quantity of
one electron; N (¼6.02�1023 mol�1) Avogadro's number. Mean-
while, because MB molecule combined with guanine base via the
stoichiometric ratio of 1:1, and every DNA probe strand contained
eight guanine bases, the immobilized amount of DNA on the elec-
trode surface was determined as 1.2�10�11 mol. When the elec-
trode surface area was further considered, the value of Γ, i.e., the
surface density of probe DNA of the biosensor was estimated to be
4.35�10�10 mol cm�2 (or 2.62�1014 molecules cm�2), which was
larger than the values on bare matrix-based DNA biosensors
(Peterson et al., 2001; Steel et al., 1998) and also on the nonmaterial
based biosensors that fabricated through non-covalently physical
absorption (Zhang et al., 2008; Yang et al., 2011).

3.5. Analytical performance of the biosensor

Fig. 5A shows the DPVs of MB on S1/PIA/eh-CdS/GCE upon
hybridization with different concentrations of fully matched DNA
sequence (S2). As seen, with the increase of the S2 concentration (CS2)

in the hybridization solution, the Ipa values of MB decreased
gradually, suggesting that much more double-helix structured
DNA had been formed on the biosensor. When the difference
(ΔIpa) of Ipa before and after hybridization was utilized as the
sensing signal, it was found thatΔIpa showed a good linearity with
the logarithmic values of CS2 (log CS2) in a wide range from
1.0�10�14 to 1.0�10�9 M (inset of Fig. 5A). The linear regression
equation was ΔIpa/10�5 A¼0.335�0.128 lg(CS2/M) (r2¼0.995).
Based on 3s (where s is the relative standard deviation of the
blank solution, n¼7), a low detection limit of 3.9�10�15 M was
estimated. Table S1 in Supplementary material lists the detection
limits and linear ranges of different DNA biosensors in hybridiza-
tion detection. Through comparison, it could be found that the
DNA biosensor proposed in our work exhibited the comparable or
better analytical performance than the others.

The hybridization selectivity of the biosensor was also evalu-
ated by hybridization with different sequences including the
complementary DNA sequence, the non-complementary sequence,
single-base mismatched sequence and three-base mismatched
sequence. The DPV results are shown in Fig. 5B. It was observed
that the highest DPV signal of MB was obtained at the S1/PA/
eh-CdS/GCE (curve a), owing to the strong affinity of MB to the free
guanine bases of probe DNA. A significant decrease of DPV signal

Fig. 4. (A) CVs of MB at PIA/eh-CdS/GCE (a), S1/PIA/GCE (b), and S1/PIA/eh-CdS/
GCE (c) in 0.1 M PBS (pH 7.0). (B) Dependence of CVs of MB at S1/PIA/eh-CdS/GCE
on scan rate (v). From inner to outer: 60, 80, 100, 150, 200, 250, 300, 350, 400 and
450 mV s�1. Inset shows the plots of Ipa and Ipc versus v.

Fig. 5. (A) DPVs of MB at S1/PIA/eh-CdS/GCE upon hybridization with increasing
amounts of S2. Inset shows the plot of ΔIpa versus the logarithm values of CS2
(lg CS2). (B) DPVs of MB at the biosensor before (a) and after hybridization with the
complementary (e), the non-complementary (b), single-base mismatched (d) and
three-base mismatched (c) sequences. Inset shows the corresponding histogram.
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was observed after the biosensor was hybridized with the com-
plementary target sequences S2 (curve e). However, the variation
of the DPV curve of MB was negligible after the biosensor was
hybridized with the non-complementary sequences S5 (curve b),
indicating that hybridization reaction did not occurred. Moreover,
when the biosensor was hybridized with the single-base mis-
matched S3 (curve d) and the three-base mismatched S4 (curve c),
the decreases of the oxidative DPV peaks were much smaller than
that obtained on the S2 hybridized electrode, suggesting that only
partial hybridizations occurred for these two DNA sequences. In
addition, the two mismatched sequences could be well recognized
via comparing the decrease degree of the peak current values of
MB on the two hybridized electrodes. All these results demon-
strated that the fabricated DNA biosensor had high selectivity for
the hybridization detection.

4. Reproducibility and stability of the biosensor

The reproducibility and stability are extremely important for a
biosensor in practical applications. The reproducibility of the
developed biosensor was monitored by detecting 1.0�10�9 M
target DNA with six parallel-made S1/PIA/eh-CdS/GCE. The results
showed that a relative standard deviation (R.S.D.) of 3.26% (n¼6)
was estimated, showing a high reproducibility of the constructed
DNA biosensor. The stability experiment showed that store of
S1/PIA/eh-CdS/GCE at 4 1C for two weeks only resulted in a change
of 5.1% in the initial Ret response, suggesting a good stability of the
biosensor.

5. Conclusions

In this work, three CdS materials with different shapes were
facilely synthesized through tuning the molar ratio of Cd2þ to TU.
The electrochemical characterization experiments showed that
CdS with elongated hexagonal-pyramid shape had the highest
electrocatalytic property. Then a novel DNA biosensor was fabri-
cated using eh-CdS with electrosynthesized PIA as the probe
supporting materials. The composite film of eh-CdS/PIA provided
rich functional group with large surface area for probe DNA
immobilization. The high sensitivity of the biosensor for the
detection of target DNA was achieved with a wide dynamic range
from 1.0�10�14 M to 1.0�10�9 M and a low detection limit of
3.9�10�15 M. Moreover, the reported biosensor had impressive
selectivity with successful discrimination of the target DNA from
other sequences. These results demonstrated the potential of the
biosensor to meet the need for the inexpensive, accurate, and
hand-held detection of DNA.
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