Bioelectrochemistry 88 (2012) 42-47

I
Contents lists available at SciVerse ScienceDirect x

EIOEIECTOCHEMISH Y]

Bioelectrochemistry

journal homepage: www.elsevier.com/locate/bioelechem ==

Electrochemical DNA biosensor with chitosan-Co304 nanorod-graphene composite
for the sensitive detection of staphylococcus aureus nuc gene sequence

Xiaowei Qi P, Hongwei Gao ¢, Yuanyuan Zhang °, Xiuzhen Wang , Ying Chen ¢, Wei Sun *>*

@ College of Chemistry and Chemical Engineering, Hainan Normal University, Haikou, 571158, P. R. China

b College of Chemistry and Molecular Engineering, Qingdao University of Science and Technology, Qingdao, 266042, P. R. China
€ Shandong Entry-Exit Inspection and Quarantine Bureau of the People's Republic of China, Qingdao, 266002, P. R. China

94 Chinese Academy of Inspection and Quarantine, Institute of Food Safety, Beijing, P. R. China

ARTICLE INFO ABSTRACT

Article history:

Received 29 August 2011

Received in revised form 18 April 2012
Accepted 31 May 2012

Available online 11 June 2012

In this paper a novel nanocomposite material prepared by Co;04 nanorods (nano-Cos0,), graphene (GR) and
chitosan (CTS) was fabricated and further modified on carbon ionic liquid electrode (CILE), which was used
as the substrate electrode to construct a new electrochemical DNA biosensor. The single-stranded DNA
(ssDNA) probe was immobilized on the CTS-Co304-GR/CILE surface by electrostatic attraction, which could
hybridize with the target ssDNA sequence under the selected conditions. By using methylene blue (MB) as
the electrochemical indicator, the hybridization reactions were monitored with the reduction peak current.
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C0304 nanorod By combining the biocompatibility of Co304 nanorods, excellent electron transfer ability and big surface of
Graphene GR, good film-forming ability of CTS and the high conductivity of CILE, the amount of ssDNA adsorbed on
Chitosan the electrode surface was increased and the electrochemical response of MB was accelerated. Under the op-

Carbon ionic liquid electrode
Electrochemical DNA biosensor

timal conditions differential pulse voltammetric responses of MB were in linear with the specific target
ssDNA sequence in the concentration range from 1.0x107'2 to 1.0x 10~ ® M with the detection limit as
43x107*M (30). Good discrimination ability to the one-base and three-base mismatched ssDNA se-
quences could be achieved and the polymerase chain reaction (PCR) amplification products of Staphylococcus

aureus nuc gene sequence were detected with satisfactory results.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Molecular diagnostics based on the analysis of special gene se-
quences have offered a highly sensitive and quantitative method for
the detection of pathogenic microorganisms. Traditional DNA detection
methods based on the coupling of electrophoresis separations and radio
isotopic detection are labor intensive and time consuming. Among the
different DNA hybridization assay method, electrochemical DNA bio-
sensors have been greatly developed due to the high sensitivity, small
dimensions, low cost, fast response, miniaturized and automated de-
vices. Various kinds of modified electrodes have been devised for the
ssDNA immobilization [1,2]. Among them, nanomaterials have been
widely used with the advantages such as high surface area, favorable
electronic properties and electrocatalytic activity as well as good bio-
compatibility enabled by their nanometer sizes. Mao et al. [3] reviewed
the advances of different nanomaterials based electrochemical DNA
biosensors. Bonanni et al. [4] reviewed the nanomaterial based DNA
sensors with electrochemical impedance spectroscopy as the transduc-
tion technique.
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Co304 is an important p-type metal oxide semiconductor with its
potential applications in ceramic pigments, chemical sensors, energy
storage, heterogeneous catalysts and electrochromic devices [5].
Dan et al. [6] electrodeposited PbO, and nano-Co304 on Ti substrate
electrode and applied to the study of oxygen evolution reaction.
Ding et al. [7] fabricated Co304 nanofibers by a two-step procedure
consisting of electrospinning with subsequent calcinations and fur-
ther applied it to construct a non-enzymatic sensor for glucose detec-
tion in alkaline solution. Lu et al. [8] synthesized layered Cos04
nanoflakes with spongy nanostructure as an immobilization matrix
to entrap hemoglobin.

As a new form of carbon, graphene (GR) is a single-atom thick,
two dimensional sheet of sp? bonded carbon [9]. Due to its high mo-
bility of charge carriers, high specific surface area, quantum hall effect
and upstanding electric conductivity, GR is an ideal material for the
construction of electrochemical sensors and biosensors [10-12],
which exhibits excellent electrocatalytic activity and high adsorption
ability [13]. For instance, Lim et al. [14] applied the epitaxial GR as an
anode material for the simultaneous detection of all four DNA bases in
double stranded DNA (dsDNA) without a prehydrolysis step. Li ap-
plied GR modified electrode towards the electrocatalytic oxidation
of dopamine and methanol [15,16]. In addition GR can provide a fa-
vorable microenvironment for DNA and effectively accelerate the
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direct electron transfer rate from DNA to the electrode surface, which
can be further applied to determine DNA with excellent sensitivity
and long-term stability [17,18].

Carbon ionic liquid electrode (CILE) is a new kind of working elec-
trode prepared with ionic liquid (IL) as a binder and a modifier. CILE
has been exhibited many advantages such as wide electrochemical
windows, inherent electrocatalytic ability and anti-fouling ability
due to the addition of ILs, which has the specific properties such as
high chemical and thermal stability, negligible vapor pressure, high
ionic conductivity, wide electrochemical windows [19]. Different
kinds of CILE had been fabricated and applied to the electrochemical
detection of electroactive molecules. Shiddiky and Torriero [20]
reviewed electrochemical biosensors based on CILEs or IL/composite
modified electrodes. Safavi et al. [21] utilized octylpyridinium
hexafluorophosphate as the binder to make a CILE for the electro-
chemical detection. Sun et al. applied the CILEs as the basal electrode
for the redox protein electrochemistry with different nanoparticles
such as ZnO nanoparticles [22] and CdS nanorods [23].

In this paper a CILE was fabricated by using 1-butylpyridinium
hexafluorophosphate (BPPFg) as binder and modifier, which was fur-
ther used as the basal electrode for the fabrication of electrochemical
DNA biosensor. Then Co304 nanorods (nano-Cos04), graphene (GR)
and chitosan (CTS) were mixed together to form a novel
nanocomposite material and casted on the surface of CILE. To the
best of our knowledge, the usage of CTS-Co504,~GR nanocomposite
matrix as the DNA immobilization platform for the enlargement of
the electrochemical signal and the increase of the sensitivity for
DNA detection has not been reported previously. The nanocomposite
film has a very large surface area, good conductivity and excellent po-
rous structure, which lead to the measurable currents even for low
concentrations of ssDNA sequence. The proposed electrochemical
DNA sensor was applied to the detection of nuc gene sequence frag-
ment from the Staphylococcus aureus and further used to the PCR
product of Staphylococcus aureus endogenous gene, which exhibited
the advantages such as the simple preparation procedure, high selec-
tivity and broad linear range.

2. Experimental
2.1. Apparatus and chemicals

All the electrochemical experiments were performed on a CHI
750B electrochemical workstation (Shanghai CH Instruments,
China). A three-electrode system was employed for the electrochem-
ical investigation, which was composed of a nanocomposite modified
CILE as working electrode, a Pt wire as auxiliary electrode and a satu-
rated calomel electrode (SCE) as reference electrode. Scanning elec-
tron microscope (SEM) images were obtained by a JSM-6700F
scanning electron microscope (Japan Electron Company, Japan). The
PCR amplification was performed on an Eppendorf Mastercycler Gra-
dient PCR system (Eppendorf, Germany).

1-Butylpyridinium hexafluorophosphate (BPPFs, >99%, Lanzhou
Greenchem and Catalysis, ILS., LICP., CAS., China), chitosan (CTS, mini-
mum 92% deacetylated, Dalian Xindie Co. Ltd., China), graphite powder
(average particle size 30 um, Shanghai Colloid Chemical Co. Ltd., China)
and methylene blue (MB, Shanghai Chemicals Plant, China) were used
as received. Graphene (GR) and Co3;04 nanorods were synthesized by
the modified Hummer's method [24,25] and hydrothermal method
[26], respectively. Solutions for PCR experiments, such as 10 x reaction
buffer B (Promega, Wisconsin, USA), Taq DNA polymerase (Promega,
Wisconsin USA), 1x TAE buffer (40.0 mM Tris, 1.0 mM EDTA, 40.0 mM
acetate, pH 8.0), 50.0 mM Tris-HCl buffer solution (pH 7.0), 50.0 mM
phosphate-buffered solution (PBS, pH="7.0), were prepared as usual.
All the solutions were prepared with doubly distilled water and all the
experiments were achieved at room temperature unless special
indicated.

The 22-base oligonucleotides probe (probe ssDNA), target com-
plementary sequence DNA (target ssDNA), one-base mismatched
ssDNA, three-base mismatched ssDNA and noncomplementary se-
quence DNA (ncDNA) were synthesized by Shanghai Sangon Biologi-
cal Engineering Technological Co. Ltd. (China), which were related to
the nuc gene sequence of Staphylococcus aureus. Their base sequences
were list as below:

probe ssDNA: 5'-TGG ACG TGG CTT AGC GTA TAT T-3;

target ssDNA: 5'-AAT ATA CGC TAA GCC ACG TCC A-3';

one-base mismatched ssDNA: 5'-AAG ATA CGC TAA GCC ACG TCC
A-3’;

three-base mismatched ssDNA: 5-AAG ATA CGC TAC GCC ACG
TCT A-37;

noncomplementary ssDNA (ncDNA):5-ACC GGT AGC GTT GCC
AGC TTC G-3".

The DNA sample for PCR amplification was extracted from staphylo-
coccus aureus strains. The PCR reaction was performed on an Eppendorf
Mastercycler Gradient PCR system using oligonucleotide primers for
nuc gene of staphylococcus aureus with the following sequences:

Primer F: 5'-CCT GAA GCA AGT GCA TTT ACG A-3’;
Primer R: 5’-CTT TAG CCA AGC CTT GAC GAA CT-3'.

2.2. Preparation of the modified electrode

Carbon ionic liquid electrode (CILE) was fabricated based on the
reference [27]. 3.0 g of graphite powder and 1.0 g of BPPFs were
mixed thoroughly in a mortar and further heated at 80 °C to form a
homogeneous carbon paste. A portion of the carbon paste was filled
into one end of a glass tube (®=4 mm) and a copper wire was
inserted to establish an electrical contact. The surface of CILE was
smoothed on a piece of weighing paper just before use.

The nanocomposite was prepared by dispersing 0.2 mg/mL of
Co304 nanorods and 0.8 mg/mL of GR in 1.0 mg/mL CTS (in 1.0%
HAc solution) and sonicated for 30 min to get a homogeneous solu-
tion. Then, 7.0 pL of the prepared CTS-Co304-GR suspension solution
was dropped onto the fresh prepared surface of the CILE and naturally
dried in the air to form the modified electrode, which was denoted as
CTS-Co0304-GR/CILE. Other electrodes were prepared by the same
procedure as the comparative experiments.

2.3. Fabrication of electrochemical DNA biosensor

Immobilization of ssDNA probes was performed by dropping 10.0
uL of 1.0x10~%M probe ssDNA (in 50.0 mM pH 7.0 PBS) directly
onto the surface of CTS-Co304-GR/CILE. The oligonucleotide probe
was immobilized by the electrostatic adsorption of negative charged
ssDNA molecules on the positive charged CTS film [28]. At the same
time, the presence of Co304-GR nanocomposite material can provide
more adsorption sites and biocompatible microenvironment for the
probe ssDNA with the increase of the surface area. Then the electrode
was washed with 0.5% sodium dodecyl sulfate (SDS) solution and
doubly distilled water for 3 times successively to remove unabsorbed
probe ssDNA on the surface of electrode. This probe-captured elec-
trode was denoted as ssDNA/CTS-Co304-GR/CILE.

The efficient drop hybridization procedure was further used for
the target ssDNA sequence hybridized with the probe ssDNA modi-
fied electrode [29,30], which was performed by dropping 5.0 pL target
ssDNA sequence (in 50.0 mM PBS) directly onto the ssDNA/CTS-
Co304-GR/CILE surface, which was inverted upside down to hold
the solution. The hybridization between the target sequence and the
probe sequence was allowed to proceed for 20 min at room tempera-
ture. During this procedure a small beaker was fit tightly over the
electrode to prevent the quickly evaporation of the ssDNA solution
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with the completely hybridization. Then the electrode was washed
with 0.5% SDS solution and doubly distilled water for 3 times to re-
move the unhybridized target ssDNA sequence. This hybridized elec-
trode was further named as dsDNA/CTS-Co304-GR/CILE.

2.4. Electrochemical detection

The dsDNA/CTS-Co504-GR/CILE was immersed into 2.0x 10> M MB
solution for 10 min to accumulate the electrochemical indicator (MB) and
then washed with 50.0 mM PBS for 3 times. The cathodic response of the
accumulated MB on the electrode surface was measured by the sensitive
differential pulse voltammetry (DPV) in a 50.0 mM Tris-HCl buffer solu-
tion (pH 7.0) with instrumental parameters as: pulse amplitude
0.008 V, pulse width 0.05 s and pulse period 0.2 s.

Electrochemical impedance spectroscopy (EIS) was carried out in
a 1.0 mM [Fe(CN)g]> /4~ solution containing 0.1 M KCl with the fre-
quencies swept from 104 to 0.1 Hz.

2.5. Polymerase chain reaction of staphylococcus aureus nuc gene sequence

Amplification of nuc gene fragments was carried out in a final vol-
ume of 25 pL in 0.2 mL tube containing 200.0 nM each primer of nuc
primer F and nuc primer R, 10x reaction buffer B, 2.0 mM MgCls,
200.0 nM each of dATP, dCTP, dGTP and dTTP; 1.5 units of Taqg DNA
polymerase, 1.0 uL DNA template purified from samples. During the
PCR procedure, DNA was initial denatured at 94 °C for 30 s. PCR con-
ditions were optimized as follows: 35 cycles of amplification (94 °C
for 30s, 56 °C for 30s, 72 °C for 30s) and final extension at 72 °C
for 5min. The PCR products without DNA template were used as
comparison and the PCR products were kept at 4 °C before use.

3. Results and discussion
3.1. Scanning electron microscopic images of the nanomaterials

The scanning electron microscopic (SEM) images of the synthe-
sized nanomaterials were recorded with the results shown in Fig. 1.
As shown in Fig. 1A, rod-like nanostructures of Co30,4 appeared with
the length of 500 nm and the diameter of 70 nm. Fig. 1B showed the
typical ultrathin sheets and wrinkles of GR. This wrinkled nature of
GR is highly beneficial in maintaining a high surface area on the elec-
trode since the sheets cannot readily collapse back to a graphitic
structure. By mixing Cos04 nanorods with GR together and sonicating
for 20 min, the image of Co304-GR nanocomposite was shown in
Fig. 1C. It can be seen that Co304 nanorods were inserted into the
layer of GR nanosheet and enlarged its layer distances, which could
provide an increased roughness of the electrode surface with better
biocompatibility. The high surface area is helpful in the loading of
probe ssDNA on the surface. The excellent conductivity and small
band gap of GR are favorable for conducting electrons from the bio-
molecules [14]. GR-based electrochemical sensors can also exhibit a

10.0kV x100,000 100 nm WDB84mm | 10.0kV =100,000

100 nm

much higher sensitivity because of the low electronic noise from ther-
mal effect.

3.2. Electrochemical impedance spectra of the modified electrodes

Electrochemical impedance spectroscopy (EIS) is a powerful
method to analyze the complex electrical resistance of a system and
is sensitive to surface phenomena and changes of bulk properties. Dif-
ferent nanomaterials modified electrodes were characterized by EIS
and the semicircle portion observed at high frequencies in the
Nyquist diagrams corresponded to the electron transfer limiting pro-
cess. The interfacial electron transfer resistance (Ret) can be calculat-
ed from the diameter of Nyquist diagram, which was performed in
1.0mM [Fe(CN)g]>~/#~ solution with the frequencies swept from
10* to 0.1 Hz. As illustrated in Fig. 2, the Ret value of CILE was got
as 163.7 Q (curve a). On the CTS-Co304/CILE and CTS-GR/CILE the
Ret values decreased to 96.4 Q (curve b) and 64.6 Q (curve c) respec-
tively, indicating the presence of Cos04 nanorods or GR nanosheets
on the electrode surface could obviously improve the electron trans-
fer rate of ferricyanide. Also the conductivity of GR was higher than
that of Co304 nanorods, which resulted in the smaller Ret value on
the GR modified electrode. On CTS-Co304-GR/CILE (curve d) the Ret
value was further decreased to 27.4 (), indicating the highest conduc-
tivity of the electrode interface with the composite material. So the
synergistic effects of Co304-GR nanomaterial in the film greatly en-
hanced the electron transfer rate of [Fe(CN)g]> /4~ and decreased
the interface resistance, which could act as an excellent platform for
electrode modification.

3.3. Differential pulse voltammogram of MB at different modified electrodes

MB is a commonly used electrochemical indicator in the DNA bio-
sensor, which can distinguish the ssDNA and dsDNA sequences [31].
MB can exhibit different interaction models with ssDNA and dsDNA
such as electrostatic binding and intercalation with the major or
minor grooves of dsDNA helix. Yang et al. reported the specific interac-
tion of MB with guanine bases in DNA sequence [32]. The interaction
may be related to different experimental conditions such as the DNA se-
quences, ion strength, MB concentration and buffer pH, which results in
the higher affinity of dsDNA with MB and can be used to distinguish the
dsDNA and ssDNA [33,34]. Fig. 3 showed the differential pulse
voltammograms of 2.0x 10~> M MB on CTS-Co504~GR/CILE (curve a),
sSDNA/CTS-Co304-GR/CILE (curve b), dsDNA/CTS/CILE (curve c),
dsDNA/CTS-Co030,4/CILE (curve d), dsDNA/CTS-GR/CILE (curve e) and
dsDNA/CTS-Co304~GR/CILE (curve f) in 50.0 mM Tris-HCl buffer solu-
tion. On the CTS-Co304-GR/CILE (curve a) the smallest peak current
of MB appeared. With the immobilization of ssDNA on the modified
electrode, the reduction peak current increased a little (curve b), indi-
cating that the small amount of MB was adsorbed on the electrode sur-
face due to its interaction with ssDNA by electrostatic attraction. While
on the dsDNA modified electrode the reduction peak current increased

N
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Fig. 1. SEM images of the Cos0,4 nanorods (A), GR (B) and Co304~GR composite (C).
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Fig. 2. Electrochemical impedance spectra of different modified electrodes in 1.0 mM
[Fe(CN)g]> =4~ containing 0.1 M KCl (from a to d were CILE, CTS-C030,/CILE, CTS-GR/
CILE and CTS-Co304-GR/CILE, respectively) with the frequency swept from 10* to 0.1 Hz.

greatly, which can be attributed to the strong intercalation between MB
and dsDNA (curves c to f). Also the reduction peak current of MB in-
creased gradually with the step-by-step incorporation of nanomaterials
in the film, indicating the amount of dsDNA on the electrode surface
was increased. The results were attributed to the gradually increase of
the electrode effective area, which could provide more sites for the im-
mobilization of dsDNA on the electrode surface, and further accumulate
more MB molecules on the electrode surface, then the reduction peak
current of MB was increased. The largest reduction peak current
appeared on the dsDNA/CTS-Cos04-GR/CILE, indicating that the big-
gest amounts of dsDNA present on the electrode surface could interact
with more MB molecules. The above results confirmed that the syner-
getic effects of Cos04 nanorods and GR in the nanocomposite film
could effectively enhance the surface concentrations of dsDNA due to
the large surface area and roughness of the electrode interface.

3.4. Optimization of the electrode preparation

The ratio of Co304 nanorods and GR in the nanocomposite
influenced the electron transfer rate of MB and the maximum loading
amount of ssSDNA probe on the electrode surface. Different mass ratios
of Co304 nanorods and GR such as 9:1, 8:2, 7:3, 6:4, 1:1, 4:6, 3:7, 2:8
and 1:9 were studied. When the proportion of Cos04 nanorods was
too small, the immobilization amount of ssDNA probes was limited.
When the quantity of Co30,4 nanorods was too large, the conductivity
of the nanocomposite membrane modified electrode decreased obvi-
ously due to the semiconductivity of Cos0, nanomaterials. Therefore,
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Fig. 3. Differential pulse voltammograms of (a) CTS-Co304-GR/CILE, (b) ssSDNA/CTS-C0304—
GR/CILE, (c) dsDNA/CTS/CILE, (d) dsDNA/CTS-Cos04/CILE, (e) dsDNA/CTS-GR/CILE and (f)
dsDNA/CTS-C030,4~GR/CILE with a 2.0x10~>M MB in 50.0 mM Tris-HCI buffer solution
(pH 7.0).

the mixture of 0.2 mg Cos04 nanorods and 0.8 mg GR dispersed in
1.0 mL of 1.0 mg/mL CTS (in 1.0% HAc solution) was chosen in
experiments.

3.5. Effect of concentration and accumulation time of MB

The concentration and accumulation time of hybridization indicator
can influence the performance of the prepared DNA biosensor. In order
to maximize the efficiency and sensitivity of the DNA biosensor, the ex-
perimental conditions were optimized with the results shown in Fig. 4.
The current response increased with the MB concentration from
2.0x107%t06.0x 107> M and intended to be stable at the concentra-
tion of 2.0x 107> M or above (Fig. 4A). Therefore, 2.0x 10~> M of MB
was employed as the indicator. Accumulation time of MB on the elec-
trode surface was further investigated. The highest current signal of
MB was obtained after 10 min accumulation and a signal plateau
appeared when the accumulation time exceeded 10 min (Fig. 4B). So
10 min was chosen as the optimal accumulation time.

3.6. Selectivity of the electrochemical DNA biosensor

The selectivity was investigated by using sSDNA/CTS-Co304-GR/
CILE to hybridize with different ssDNA sequences related to nuc
gene of staphylococcus aureus. Fig. 5 showed the reductive peak of
MB on different DNA modified electrodes such as the probe ssDNA
modified electrode (curve a) and after hybridization with the non-
complementary ssDNA sequence (curve b), three-base mismatched
ssDNA sequence (curve c), one-base mismatched ssDNA sequence
(curve d) and the complementary ssDNA sequence (curve e). The big-
gest reduction peak current (55.2 pA) was obtained after hybridized
with the complementary ssDNA sequence (curve e), indicating the
formation of hybridized dsDNA molecules on the electrode surface
could accumulate the biggest amounts of MB molecules. The reduc-
tion peak current of MB was got as 10.1 pA after hybridized with
the noncomplementary ssDNA (curve b), which may be attributed
to the non-specific adsorption of ssDNA on the electrode surface.
After the probe ssDNA was hybridized with the three-base mis-
matched ssDNA (curve c) and one-base mismatched ssDNA (curve
d), the reductive peak currents increased to 25.7 and 41.9 pA, respec-
tively. Also the bigger response appeared on the one-base mis-
matched ssDNA than that of the three-base mismatched ssDNA. The
results demonstrated that the fabricated DNA biosensor exhibited
high selectivity and good distinguish ability for the hybridization de-
tection of different ssDNA sequences.

3.7. Calibration curve

Under the optimal conditions this electrochemical DNA biosensor
was hybridized with different concentrations of target ssDNA sequence
related to nuc gene sequence by the experimental procedure and the re-
ductive peak current of MB was measured. The peak current of MB in-
creased gradually with the increase of the target sSDNA concentration
and the typical differential pulse voltammograms were shown in
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Fig. 4. Optimization of concentration (A) and accumulation time (b) of MB.
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Fig. 5. Differential pulse voltammograms of 2.0 x 10~> M MB at the probe ssDNA mod-
ified electrode (a) and after hybridization with the noncomplementary ssDNA se-
quence (b), three-base mismatched ssDNA sequence (c), one-base mismatched
ssDNA sequence (d) and the complementary ssDNA sequence (e).

Fig. 6. The differences of MB reductive peak current before and after the
hybridization was linear with the logarithmic value of the nuc gene
ssDNA sequence concentration in the range from 1.0x107'?>M to
1.0x 10~ ® M with a correlation coefficient of 0.998 and the linear re-
gression equation of AI(pA) =6.96log[c/(M)]+97.7 (n=7, y=0.994)
(where c is the concentration of staphylococcus aureus nuc gene se-
quence; Al is the difference of MB peak current before and after hybrid-
ization). A detection limit of the staphylococcus aureus nuc gene
sequence was estimated to be 4.3 x 10~ > M (30) (where o is the rela-
tive standard deviation of the blank solution, n=11). The relation
standard deviation (RSD) for the detection of 1.0x10~’M target
ssDNA sequence was 3.7%, indicating the good reproducibility of this
measurement.

3.8. Detection of PCR product of staphylococcus aureus nuc gene

The PCR amplified product of staphylococcus aureus nuc gene was
further detected by this electrochemical DNA biosensor under the se-
lected conditions. The template DNA for PCR amplification was
extracted from staphylococcus aureus strains and amplified based on
the previous mentioned PCR conditions. The PCR amplified samples
were analyzed by agarose gel electrophoresis separation with
ethidium bromide for DNA staining and visualized with UV transillu-
minator, which gave a final gene fragment length of 166 bp. The
obtained product was diluted with 50.0 mM PBS buffer solution (pH
7.0), denatured by heating it in boiling water bath for 10 min and
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Fig. 6. Differential pulse voltammograms of MB on ssDNA/CTS-Cos04-GR/CILE after
hybridization with target ssDNA sequences (from a to h were 1.0x 1076, 1.0x1077,
1.0x1078,1.0x107%,1.0x107 1% 1.0x 107!, 1.0x 10~ '? and 0 M). Insert: plots of I
versus logarithm of target ssDNA concentration.

frozen in an ice bath for 2 min. Then 5.0 pL of the denatured PCR am-
plification product was dropped directly onto ssSDNA/CTS-Co304-GR/
CILE for hybridization. After hybridization, the electrode was im-
mersed into MB solution for the detection based on the experimental
procedure with the results shown in Fig. 7. An increase of the reduc-
tion peak current appeared after hybridized with the denatured PCR
amplified sample of nuc gene (curve c), which was much larger
than hybridized with that of PCR solution without DNA template
(curve b), indicating the PCR experiment was proceeded smoothly
and target ssDNA sequences were successfully amplified. The increase
of the reduction peak current on the curve b compared with the MB
signal at the ssSDNA/CTS-Co304-GR/CILE (curve a) may be caused by
the non-specific adsorption effect. The obvious increase of the reduc-
tion peak current on curve c indicated the successful accomplishment
of the hybridization reaction on the electrode surface, which resulted
in the formation of dsDNA with more MB molecules accumulated.
This significant differences of the MB signals between the probe
ssDNA modified electrode and the hybridized dsDNA modified elec-
trode confirmed the good selectivity of this constructed DNA biosen-
sor, which could be further applied to the effectively detection of the
staphylococcus aureus nuc gene sequence in PCR amplified samples.

4. Conclusions

A CTS-Co304-GR nanocomposite film modified CILE was fabricat-
ed and further characterized by scanning electron microscope and
electrochemical impedance spectroscopy. Due to the presence of
Co304 nanorods and GR nanosheets on the electrode surface, effective
surface area and electron conductivity were greatly increased. Based
on the nanocomposite modified electrode, ssDNA was further
immobilized on the electrode surface to get a new electrochemical
DNA sensor, which was further applied to the detection of staphylo-
coccus aureus nuc gene and its PCR products. The loading amount of
probe ssDNA sequences were improved by synergistic effects of
nanomaterials, which further improved the detection sensitivity for
target ssDNA hybridization. The detection of the nuc gene sequence
can be achieved in the concentration range from 1.0x107'? to
1.0x 10~ % M with the detection limit of 4.3 x 10~ '3 M (30). The elec-
trochemical DNA sensor exhibited the advantages such as simple
preparation procedure, low cost, fast response, good selectivity,
wide linear and high sensitivity, which provided a potential platform
for the construction of other electrochemical sensors.
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