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In this paper a new electrochemical DNA biosensor was prepared by using graphene (GR) and nickel oxide (NiO)
nanocomposite modified carbon ionic liquid electrode (CILE) as the substrate electrode. GR and NiO nanoparticles
were electrodeposited on the CILE surface step-by-step to get the nanocomposite. Due to the strong affinity of
NiO with phosphate groups of ssDNA, oligonucleotide probe with a terminal 5′-phosphate group could be attached
on the surface of NiO/GR/CILE,which could further hybridizewith the target ssDNA sequence.Methylene blue (MB)
was used as the electrochemical indicator for monitoring the hybridization reaction. Under the optimal conditions
the reduction peak current of MB was proportional to the concentration of salmonella enteritidis gene sequence
in the range from 1.0 × 10−13 to 1.0 × 10−6 mol L−1 with a detection limit as 3.12 × 10−14 mol L−1. This electro-
chemical DNA sensor exhibited good discrimination ability to one-base and three-base mismatched ssDNA se-
quences, and the polymerase chain reaction amplification product of salmonella enteritidis gene sequences were
further detected with satisfactory results.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Rapid and sensitive determination of specific target ssDNA se-
quences associated with either genetic or pathogenic diseases has
aroused great interests, which can be used not only in molecular diag-
nostics [1–3], but also in pharmaceutical and forensic applications [4,
5]. Due to the higher sensitivity and lower detection limit, electrochem-
ical DNA sensor has been widely reported for the detection of target
ssDNA sequences from different kinds of samples. Electrochemical anal-
ysis is a sensitive detection method with wider linear range and lower
detection limit, which can be used for the detection of various kinds of
electroactive samples [6–8]. Electrochemical detection of DNA hybridi-
zation is commonly based on the measurement of the changes of elec-
trochemical response after the hybridization reaction took place on
the surface of working electrode [9]. Therefore the design and prepara-
tion of probe ssDNA sequence modified electrode are of great impor-
tance in developing the electrochemical DNA sensors [10,11]. Various
kinds of transducer surfaces have been devised for the fixation of
probe ssDNA sequence, which can result in the high immobilization
amounts of ssDNA concentration on the electrode surface with suitable
orientation. Hvastkovs et al. [12] andMao et al. [13] reviewed the devel-
opments in electrochemical DNA sensors. In recent years nanoparticle
ust@126.com (G. Li).
based electrodes have been devised for the immobilization of ssDNA se-
quence, which exhibit the advantages such as larger surface area and
better biocompatibility with increased conductivity [14].

In recent years graphene (GR) has attracted intense research inter-
ests due to its specific characteristics including extremely high thermal
conductivity, goodmechanical strength, fast mobility of charge carriers,
large specific surface area and upstanding electrical properties [15–17].
Various methods have been reported for the synthesis of GR, including
micromechanical cleavage, chemical vapor deposition, solvothermal
synthesis and chemical synthesis [18–20]. Electrochemical methods
have also been reported for the efficient synthesis of GR, which exhibit
the advantages such as green, fast and easy to control without the con-
tamination of the reduced material [21,22]. Due to its excellent electro-
catalytic activity and high adsorption ability, GR is an ideal modifier for
the construction of electrochemical sensors [23–25]. For example, Lim
et al. applied the epitaxial GR as an anodematerial for the simultaneous
detection of all four DNA bases in double stranded DNA (dsDNA) with-
out a prehydrolysis step [26]. Li et al. applied GR modified electrode to-
wards the electrocatalytic oxidation of dopamine and methanol [27].
Our group also fabricated various GR composite modified electrodes
for the electrochemical applications [28,29]. Because GR can provide a
favorable microenvironment with large surface area and excellent elec-
tronic conductivity, GR based electrode has been used in the electro-
chemical DNA sensors. Du et al. constructed an electrochemical DNA
sensor based on a gold nanoparticle/GR composite film [30]. Bo et al.
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developed an electrochemical DNA sensor based on GR and polyaniline
nanowires modified glassy carbon electrode [31]. Sun et al. applied an
electrochemical reduced GR modified electrode for the voltammetric
detection of transgenic maize MON810 sequence [32].

Among the nanomaterials used for electrochemical DNA sensors,
nanosized metal oxides are suitable matrixes for the immobilization of
ssDNA sequence, which exhibit the characteristics including wide elec-
trochemical workingwindow, good biocompatibility, large surface area,
high electrical conductivity, chemical and photochemical stability, ease
of preparation and excellent substrate adhesion. Due to unique proper-
ties of nanostructured nickel oxide (NiO), they can be used for immobi-
lization of differentmolecules and biomolecules to fabricate sensors and
biosensors [33,34]. Also NiO has strong affinity with phosphonates and
5′-terminal phosphate group of ssDNA, which can be used for the im-
mobilization of ssDNA probe in DNA sensors. Noorbakash et al. devel-
oped an electrochemical DNA sensor based on the immobilization of
ssDNA probe on NiO modified GCE [35]. Mohan et al. applied a nano-
structured NiOmodified indium tin oxide electrode based electrochem-
ical DNA sensor for the detection of visceral leishmaniasis [36].
However, there are no reports about the application of NiO/GR compos-
ite for the preparation of DNA sensor to our best knowledge.

In this paper, a NiO and GR nanocomposite was prepared by electro-
deposition directly on the surface of carbon ionic liquid electrode (CILE).
Due to the specific electrochemical properties of ionic liquid (IL), CILE
has been proven to exhibit many advantages including wider electro-
chemicalwindows, better antifouling ability and higher detection sensi-
tivity [37,38]. Therefore CILE has been used as the working electrode in
electroanalysis and electrochemical sensors [39,40]. Based on the strong
affinity of NiO with the 5′-phosphate group of probe ssDNA sequence, a
novel electrochemical DNA sensor was fabricated and used for the de-
tection of target ssDNA sequencewithmethylene blue (MB) as the indi-
cator. This new electrochemical DNAbiosensorwas successfully applied
to the detection of specific ssDNA sequence of salmonella enteritidis
with a dynamic range from 1.0 × 10−13 to 1.0 × 10−6 mol L−1. The po-
lymerase chain reaction (PCR) amplification products of salmonella
enteritidis gene were further detected with satisfactory results.

2. Experimental

2.1. Apparatus and reagents

A CHI 750B electrochemical workstation (Shanghai Chenhua Instru-
ment, China) was used to carry out all the electrochemical experiments
including electrochemical impedance spectroscopy (EIS), cyclic volt-
ammetry and differential pulse voltammetry. A conventional three-
electrode system was composed of a saturated calomel electrode
(SCE) as reference electrode, a platinum wire as auxiliary electrode
and a modified CILE as working electrode. Scanning electron microsco-
py (SEM) was obtained by a JSM-7100F scanning electron microscope
(Japan Electron Company, Japan).

1-Hexylpyridinium hexafluorophosphate (HPPF6, N99%, Lanzhou
Greenchem. ILS. LICP. CAS., China), graphite powder (Shanghai Colloid
Chemical Plant, particle size of 30 μm), graphene oxide (GO, Taiyuan
Tanmei Co., China), Ni(NO3)2·6H2O (Tianjin Kwong Shing Ltd. Co.,
China) and methylene blue (MB, Shanghai Chemical Plant, China)
were used as received. Different kinds of buffers such as 0.2 mol L−1

PBS (pH 8.0), 50.0 mmol L−1 PBS (pH 7.0), acetate buffer solution (pH
4.0), 50.0mmol L−1 Tris–HCl buffer solution (pH7.0) and 1× TAE buffer
(40.0 mmol L−1 Tris + 1.0 mmol L−1 EDTA + 40.0 mmol L−1 acetate,
pH 8.0) were used in the experiment. All the solutions were prepared
with doubly distilled water and other chemicals used were of analytical
reagents grade.

24-Base sequences, whichwere selected from salmonella enteritidis
gene sequence, were purchased from Shanghai Sangon Biological Engi-
neering Tech. Ltd. Co. (China) with the following sequences.

Probe ssDNA: 5′-TGC AGC GAG CAT GTT CTG GAA AGC-3′;
Target ssDNA: 5′-GCT TTC CAG AAC ATG CTC GCT GCA-3′;
One-base mismatched ssDNA: 5′-GCT TTC CAG AAC ACG CTC GCT

GCA-3′;
Three-base mismatched ssDNA: 5′-ACT TTC CAG AAC ACG CTC GCT

GTA-3′;
Non-complementary ssDNA: 5′-TTC GCT ACC CGT GCT GAT CTA

CGC-3′.
The DNA sample for polymerase chain reaction (PCR) amplification

was extracted from salmonella enteritidis gene. The PCR reaction was
performed on an Eppendorf Mastercycler Gradient PCR system
(Eppendorf, Germany) using oligonucleotide primers for salmonella
enteritidis gene with the following sequences:

Primer F: 5′-TTG ATG TGG TTG GTT CGT CAC T-3′;
Primer R: 5′-TCC CTG AAT CTG AGA AAG AAA AAC TC-3′.
2.2. Fabrication of the modified electrode

CILE was fabricated based on the reported procedure [41]. In brief
1.6 g of graphite powder and 0.8 g of HPPF6 was mixed thoroughly in
a mortar to get the IL modified carbon paste, which was inserted into
a glass tube (Φ = 4 mm) tightly. A copper wire was inserted to one
end to establish an electrical contact and the surface of CILE was
smoothed on a piece of weighing paper just before use. The newly pre-
pared CILE was inserted into a 1.0 mg ml−1 GO solution and
electroreduction was performed at the potential of −1.3 V for 600 s to
get the electroreduced GR modified CILE [42]. According to the proce-
dure reported in reference [43], NiO nanoparticles were further electro-
deposited onto the newly prepared GR/CILE with multi-sweep cyclic
voltammetric method in the potential range from 0.5 V to −1.0 V for
20 scans at a scan rate of 70 mV s−1 in acetate buffer solution
(pH 4.0) containing 1.0 mmol L−1 nickel nitrate. The potential was re-
petitively cycled (30 scans) from −1.0 V to 1.5 V at a scan rate of
100 mV s−1 in fresh phosphate solution for the electrodissolution and
passivation of a nickel oxide layer on GR/CILE. The resulted electrode
was denoted as NiO/GR/CILE and used as the substrate electrode for
the further modification.
2.3. Preparation of electrochemical DNA sensor

By using NiO/GR/CILE as the basal electrode, electrochemical DNA
sensor was fabricated with the following procedure. Firstly a 10.0 μL of
1.0 × 10−6 mol L−1 probe ssDNA solution (in 50.0 mmol L−1 pH 7.0
PBS) was directly dropped onto the surface of NiO/GR/CILE. Due to the
presence of phosphate group in the 5′ end of the ssDNA probe, nano-
NiO can adsorb ssDNA sequence due to its strong affinity to the phos-
phate group. Then the electrode was washed with 0.5% sodium dodecyl
sulfate (SDS) solution and doubly distilled water for 3 times successive-
ly to remove unadsorbed probe ssDNA sequence on the surface. This
probe ssDNA captured modified electrode was denoted as ssDNA/NiO/
GR/CILE.
2.4. Hybridization

The efficient drop hybridization procedure was further used for the
target ssDNA sequence hybridized with the probe ssDNA sequence
modified electrode [45,46], which was performed by dropping 8.0 μL
of target ssDNA sequence (in 50.0mmol L−1 PBS) directly on to the sur-
face of ssDNA/NiO/GR/CILE. The hybridization between the target
ssDNA sequence and the probe ssDNA sequencewas allowed to proceed
for 30 min at room temperature. Then the electrode was washed with
0.5% SDS solution and doubly distilled water for 3 times to remove the
unhybridized target ssDNA sequence. This hybridized electrodewas fur-
ther named as dsDNA/NiO/GR/CILE.
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2.5. Electrochemical detection

Thehybridizedelectrodewasimmersedintoa2.0×10−5molL−1MB
MB solution for 10 min to accumulate MB molecules on the electrode
surface and then it was washed by 50.0 mmol L−1 PBS for 3 times. Elec-
trochemical measurement was performed in a 50.0 mmol L−1 Tris–HCl
buffer solution (pH 7.0) and the electrochemical response ofMBwas re-
corded by differential pulse voltammetric method with the experimen-
tal parameters set as: pulse amplitude 0.008 V, pulse width 0.05 s and
pulse period 0.2 s.

2.6. PCR amplification of salmonella enteritidis gene

The samples containing salmonella enteritidis were obtained from
the rotten eggs, which were minced into tiny pieces, placed in 10 mL
concentrated digestion solution and incubated for 48 h in water bath
at 25 °C. Then the sample solution was centrifuged at 12000 rpm for
4 min to obtain the precipitate, which was redispersed in 100 μL steril-
ized distilled water. Then the DNA sequence was extracted from the
sample solution by using a DNA extraction kit (Beijing Tiangen Biotech.
Ltd. Co., China) with the recommended procedure.

The amplification of salmonella enteritidis gene fragments was
performed in a final volume of 25 μL containing 200.0 nmol L−1 each
primer of salmonella enteritidis gene sequence (primer F and primer
R), 10× reaction buffer B (Promega, USA), 2.0 mmol L−1 MgCl2,
200.0 nmol L−1 each of dATP, dCTP, dGTP and dTTP, 1.5 units of Taq
DNA polymerase (Promega, USA), and 1.0 μL DNA template sequence
extracted from samples. During the PCR procedure, DNA was initially
denatured at 94 °C for 30 s, and PCR experiment was performed for 35
cycles of amplification (94 °C for 30 s, 56 °C for 30 s, 72 °C for 30 s)
and final extension at 72 °C for 5 min. Then 6 μL of the PCR products
were analyzed by electrophoresis separation at 5 V cm−1 for 40 min
on a 2% agarose gel, which contained 0.5 μg mL−1 of ethidium bromide
in 1 × TAE buffer (pH 8.0). Finally the PCR products of salmonella
enteritidis gene were kept at 4 °C before use.

After the PCR amplification the product was diluted with
20.0 mmol L−1 PBS (pH 7.0), and heated in a boiling water bath for
10 min with the further cooling in an ice water bath for 2 min. By this
procedure the resulted dsDNA was denatured to ssDNA and further
used for the electrochemical detection by the proposed procedure.

3. Results and discussion

3.1. SEM images of the nanomaterials on the electrode surface

Fig. 1 showed the SEM images of different nanomaterials on the elec-
trode surface. After electrodeposition of GO on CILE, the typical lamellar
structure of GR could be observed on the electrode interface (Fig. 1A),
Fig. 1. SEM images of GR/CILE
which was highly beneficial in maintaining a large effective electrode
surface. Electrochemical reduction of GO has been proven to be a facial
and controllable method to synthesize GR nanosheets directly on the
electrode surface [42]. By controlling the electrodeposition conditions,
the oxygenal groups on the GO nanosheets can be reduced with the re-
covery of the GR nanosheets. After the electrodeposition of NiO nano-
particles, it can be seen that many small particles with the average
diameters of 125 nmappeared on the electrode surface, which indicated
the successful formation of nanosized NiO. Electrodeposition is a simple
and effective method for the preparation of NiO nanoparticles directly
on the electrode, which has been reported in the fabrication of themod-
ified electrodes [35,36,43]. Therefore NiO nanoparticles and GR
nanosheets were successfully formed on the electrode surface by
electrodeposition.
3.2. Electrochemical characterization of the modified electrodes

Cyclic voltammetry has been widely used as an effective method to
measure the current change of the modified electrodes. As shown in
Fig. 2A, cyclic voltammograms of different modified electrodes in a
[Fe(CN)6]3−/4− solution were recorded and displayed. On bare CILE
the redox peak currentswere the smallest (curve a).WhenGRwas elec-
trodeposited onto CILE surface, the redox peak currents turned to be the
maximum (curve c), which was ascribed to the presence of GR on the
electrode. GR has large specific surface area, small band gap, excellent
electrical conductivity and high electron transfer capacity. So the elec-
trochemical responses were greatly increased on GR/CILE. After nano-
NiO was further modified on the GR/CILE surface, the redox peak cur-
rents decreased (curve b), which could be due to the presence of
semiconductive NiO nanoparticles on the electrode surface that slowed
down the electron transfer of [Fe(CN)6]3−/4−. The changes of the redox
peak currents proved the successful deposition of nanocomposite on the
electrode surface.

EIS is further used to explore the interfacial information after the
modification on the electrode, which is commonly used for the evalua-
tion of the electrochemical information such as electrolyte resistance,
electron transfer resistance (Ret) and faradaic capacitance of a given
system. The diameter of the semicircle usually equals to the Ret,
which controls the electron transfer kinetics of the redox probe at the
electrode interface [44]. The EIS experiments were perform in a
10.0 mmol L−1 [Fe(CN)6]3−/4− and 0.1 mol L−1 KCl solution with the
frequency swept from 104 to 1.0 Hz and the results were shown in
Fig. 2B. On CILE the Ret value was gotten as 196.3 Ω (curve a) and that
of GR/CILE was close to zero with a straight line appeared (curve c),
which indicated the formation of high conductive GR on the electrode.
With the further deposition of NiO on GR/CILE surface, the Ret value in-
creased to 75.1Ω (curve b), which could be attributed to the formation
of semiconductive NiO nanoparticles on the electrode that further
(A) and NiO/GR/CILE (B).



Fig. 2. (A) Cyclic voltammograms of (a) CILE, (b) NiO/GR/CILE and (c) GR/CILE in a 1.0 mmol L−1 [Fe(CN)6]3−/4− and 0.5mol L−1 KCl solution with the scan rate of 100mV s−1. (B) EIS of
(a) CILE, (b) NiO/GR/CILE and (c) GR/CILE in a 10.0 mmol L−1 [Fe(CN)6]3−/4− and 0.1 mol L−1 KCl solution.
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hinder the electron transfer. The EIS results were in good accordance
with CV data, indicating the successful preparation of the nanocompos-
ite modified electrode.
3.3. Electrochemical behaviors of MB on different modified electrodes

Differential pulse voltammetric responses of MB on different ssDNA
modified electrodes were recorded in a 50.0 mmol L−1 Tris–HCl
(pH 7.0) solution with the results shown in Fig. 3. On ssDNA/CILE
(curve a) MB exhibited a well-defined reduction peak at −0.28 V,
which was due to the electrochemical reduction of phenothiazine
group in MB structure. MB can interact with the guanine base of
ssDNA sequence and be accumulated on the electrode surface, so the
electrochemical response of Mb can be observed. On ssDNA/GR/CILE
(curve b) the reduction peak current increased greatly, indicating that
the presence of GR with large surface area on the electrode increased
the adsorption amounts of ssDNA sequence. Also the high conductive
GR is beneficial for the electrochemical reaction of MB. On ssDNA/NiO/
CILE (curve c) the electrochemical response also increased greatly,
which could be attributed to the specific affinity of NiO with 5′-phos-
phate group on ssDNA sequence that could adsorb more ssDNA
sequence, and the further accumulation of MB molecules on the elec-
trode surface. On ssDNA/NiO/GR/CILE (curve d) the biggest reduction
peak of MB appeared, which could be attributed to the synergistic ef-
fects of NiO nanoparticles andGR on the electrode surface. The presence
of GR nanosheets on CILE surface increases the effective surface area
with more NiO nanoparticles deposited on its surface, which adsorbs
more ssDNA sequence on the electrode surface, and thenmore guanines
are exposed and can further accumulate more MB molecules by the in-
teraction. Also the high conductivity of GR on the electrode is helpful to
increase the electron transfer rate of MB with electrode, so the biggest
response of MB could be achieved on ssDNA/NiO/GR/CILE.
Fig. 3. Differential pulse voltammograms of (a) ssDNA/CILE, (b) ssDNA/GR/CILE,
(c) ssDNA/NiO/CILE and (d) ssDNA/NiO/GR/CILE in a 50.0mmol L−1 pH 7.0 Tris–HCl buff-
er containing 2.0 × 10−5 mol L−1 MB.
3.4. Selectivity of the electrochemical DNA biosensor

MB is a kind of phenothiazine dye that is commonly used as the elec-
trochemical indicator in DNA biosensor [47], which can interact with
ssDNA or dsDNA by different interaction models and result in the
changes of the electrochemical response. MB can interact with negative
charged phosphate framework of ssDNA by electrostatic binding, or
intercalate into the major or minor helix grooves of dsDNA structure,
or bind between MB and guanine base [48]. The binding model often
changes and depends on the experimental conditions used for the inter-
action [49]. The selectivity of this electrochemical DNA biosensor to
different mismatched ssDNA sequences was investigated by using
probe ssDNA/NiO/GR/CILE to hybridize with 1.0 × 10−6 mol L−1 differ-
ent ssDNA sequences and the results were shown in Fig. 4. The biggest
reduction peak of MB appeared on ssDNA/NiO/GR/CILE (curve a),
which was attributed to the electrochemical reaction of MB that
interacted with the guanine bases of ssDNA on the electrode surface.
After hybridized with complementary ssDNA sequence, the electro-
chemical response decreased greatly with the smallest reduction peak
current appeared (curve e). The result indicated the successful hybridi-
zation of probe ssDNA sequence with target ssDNA sequence to form a
dsDNA structure on the electrode surface. Because ssDNA sequence
was adsorbed on the surface of NiO/GR/CILE, MB could interact with
the guanine groups of ssDNA and accumulate on the electrode surface.
After hybridization dsDNA was formed on the electrode interface with
guanine groups wrapped up in the duplex structure, so the specific in-
teraction of MB with guanine residues was prevented after hybrid
formed on the surface. Therefore the smallest electrochemical response
Fig. 4.Differential pulse voltammograms of 2.0 × 10−5mol L−1MB at ssDNA/NiO/GR/CILE
(a) and after hybridization with 1.0 × 10−6 mol L−1 of noncomplementary ssDNA se-
quence (b), three-basemismatched ssDNA sequence (c), one-basemismatched ssDNA se-
quence (d) and complementary ssDNA sequence (e).
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appeared. After hybridization with the noncomplementary ssDNA se-
quence (curve b), the electrochemical response of MBwas a little small-
er than that of the probe ssDNA modified electrode (curve a), which
indicated that some noncomplementary ssDNA sequence may be
adsorbed on the electrode surface and blocked the guanine residues of
the probe ssDNA sequence. After ssDNA/NiO/GR/CILE was hybridized
with three-base mismatched sequence (curve c) and one-base mis-
matched sequence (curve d), the reduction peak currents decrease in
turn. The results indicated that the partially formation of dsDNA duplex
structure with the mismatched sequence took place on the electrode
and the amount of guanine residues exposed toMBwasdecreased grad-
ually, then the electrochemical response decreased. It is worth to note
that the reduction peak current of three-base mismatched ssDNA
sequence was obviously higher than that of one-base mismatched
ssDNA sequence, which demonstrated that this DNA biosensor exhibit-
ed high selectivity and good distinguish ability for the hybridization
detection.

3.5. Sensitivity of the electrochemical DNA biosensor

The sensitivity of this electrochemical DNA sensor was investigated
by using the probe ssDNAmodified electrode to hybridizewith different
concentrations of the complementary target ssDNA sequence. As shown
in Fig. 5, the reduction current of MB decreased with the concentration
of complementary target ssDNA sequence in the range from1.0 × 10−13

to 1.0 ×10−6mol L−1 and then tended to remain constant, indicating all
the available probe ssDNA sequence on the electrode surface had been
involved in the hybridization reaction. Due to the formation of duplex
of hybrid dsDNA on the electrode, the interaction of guanine residues
with MB was prevented with less MB molecules adsorbed on the elec-
trode, so the electrochemical signals of MBwere decreased correspond-
ingly.When the concentrationwas lower than 1.0 × 10−13 mol L−1, the
reduction peak current of MB was almost the same as that without hy-
bridization. The relationship of the reduction peak currents ofMB before
and after hybridizationwith logarithmic value of target ssDNA sequence
could be plotted with the linear regression equation as ΔI(μA) = 4.11
log[c/(mol L−1)] + 58.02 (n = 8, γ = 0.998), where ΔI is the change
of reduction peak current before and after the hybridization reaction,
and c is the concentration of the target ssDNA sequences. The detection
limit was calculated as 3.12 × 10−14 mol L−1, which was deduced from
3 S0/S, here 3 is the factor at the 99% confidential level, S0 is the standard
deviation of the blank solution measurements and S is the slope of the
calibration curve. This detection limit was lower than the previous re-
ported values such as Fe3O4 microsphere-GR composite modified CILE
(3.59 × 10−13 mol L−1) [50], multi-walled carbon nanotubes and gold
Fig. 5.Differential pulse voltammograms ofMB on ssDNA/NiO/GR/CILE after hybridization
with different concentrations of target ssDNA sequence (from a to i were 0, 1.0 ×
10−13 mol L−1, 1.0 × 10−12 mol L−1, 1.0 × 10−11 mol L−1, 1.0 × 10−10 mol L−1, 1.0 ×
10−9 mol L−1, 1.0 × 10−8 mol L−1, 1.0 × 10−7 mol L−1 and 1.0 × 10−6 mol L−1, respec-
tively). Inset: plots of the changes of the reduction peak current before and after hybridi-
zation versus logarithm of target ssDNA concentration.
nanoparticles modified gold electrode (7.5 × 10−12 mol L−1) [51],
gold nanoparticle and GR modified electrode (2.9 × 10−13 mol L−1)
[52].

The relative standard deviation (RSD) of the reduction peak current
for the six repeated detections of 1.0 × 10−7 mol L−1 target ssDNA se-
quence was calculated as 3.7%, indicating the good reproducibility of
this method. The stability of ssDNA/NiO/GR/CILE was investigated
after 10 day storage at 4 °C and further used to hybridizewith the target
ssDNA sequence, 96.3% of the initial sensitivity remained, indicating
that this modified electrode was a stable platform as electrochemical
DNA biosensor.

3.6. Detection of PCR products of salmonella enteritidis gene sequence

The PCR products of salmonella enteritidis gene sequence were de-
natured by heating the solution in a boiling water bath for 10 min and
then frozen in an ice water bath for 2 min to obtain the sample solution
containing ssDNA sequence. By dropping 6.0 μL of ssDNA sample solu-
tion on the surface of ssDNA/NiO/GR/CILEwith the following hybridiza-
tion and electrochemical detection performed under the experimental
procedures, differential pulse voltammetric curves were recorded and
shown in Fig. 6. On ssDNA/NiO/GR/CILE the biggest electrochemical re-
sponse of MB appeared (curve a), which was due to the interaction of
MB with guanine groups of ssDNA sequence on the electrode. After hy-
bridization with the sample solution the electrochemical signal of MB
decreased (curve b), which indicated the successful formation of
dsDNA structure on the electrode, the guanine groupswerewrapped in-
side the duplex structure of dsDNA and could not interact withMB. This
significant difference of the MB signals between ssDNA/NiO/GR/CILE
(curve a) and the hybridized electrode (curve b) proved that this elec-
trochemical DNA biosensor could effectively detect the PCR product of
salmonella enteritidis gene sample. While the smallest responses ap-
peared at NiO/GR/CILE (curve c), indicating that the presence of
ssDNA sequence on the electrode surface played important roles in
the accumulation of MB on the electrode.

4. Conclusions

By using electrochemical reduction method GR nanosheets and NiO
nanoparticles were deposited on the surface of CILE step-by-step to get
a NiO/GR/CILE, which was further used for the immobilization of probe
ssDNA sequence. The presence of GR and NiO nanocomposite gives a
biocompatible platform with large surface area and the strong ability
to bind the phosphate groups of probe ssDNA sequence. After hybridiza-
tion with the target salmonella enteritidis ssDNA sequence, the
decrease of the reduction peak current of MB was proportional to the
Fig. 6. Differential pulse voltammograms of MB at ssDNA/NiO/GR/CILE (a), hybridized
with PCR product of salmonella enteritidis (b) and NiO/GR/CILE (c).



39W. Sun et al. / Materials Science and Engineering C 49 (2015) 34–39
concentration of target ssDNA sequence in the range from 1.0 × 10−13

to 1.0 × 10−6 mol L−1 with a detection limit of 3.12 × 10−14 mol L−1

(3σ). The electrochemical DNA sensor showed excellent discrimination
ability to the detection of different ssDNA sequence andwas further ap-
plied to the PCR product of salmonella enteritidis gene with satisfactory
results.
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