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Abstract In this paper, zirconia (ZrO,) and graphene (GR)
nanocomposite was electrodeposited on the surface of carbon
ionic liquid electrode (CILE), which was used to construct an
electrochemical DNA biosensor. GR was electroreduced from
graphene oxide by potentiostatic method, and ZrO, nanopar-
ticle was further electrodeposited on GR/CILE by cycling
voltammetric scan in a ZrOCl, solution. The presence of GR
on the electrode surface can provide a highly conductive in-
terface with large surface area for the loading of ZrO, nano-
particles. Single-stranded DNA (ssDNA) probe sequences
with phosphate group at the 5’ end could be easily
immobilized on the surface of ZrO,/GR/CILE due to the
strong affinity between ZrO, and phosphate groups. The
ssDNA/ZrO,/GR/CILE was applied to hybridize with the tar-
get ssDNA sequence, and methylene blue (MB) was used as
the electrochemical indicator. Due to the different binding
models of MB with double-stranded DNA and ssDNA on
the electrode surface, electrochemical response of MB was
decreased after the hybridization reaction. Under the optimal
conditions, the reduction peak current of MB was proportional
to the concentration of Staphylococcus aureus nuc gene se-
quence in the range from 1.0x10 ? t0 1.0x 10 ® mol L' with
the detection limit of 3.23x10™'* mol L' (30). The
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electrochemical DNA sensor exhibited good selectivity to var-
ious mismatched ssDNA sequences, and the polymerase chain
reaction amplification products of S. aureus nuc gene se-
quence were further detected with satisfactory results.
Therefore, this electrochemical DNA sensor with ZrO, nano-
particles and GR nanosheet modified electrode could be used
for the detection of specific sSDNA sequence in real biological
samples.

Keywords Zirconia nanoparticles - Graphene - Carbon ionic
liquid electrode - Staphylococcus aureus nuc gene -
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Introduction

As a new kind of two-dimensional carbon nanomaterials,
graphene (GR) exhibits many advantages such as extremely
high thermal conductivity, good mechanical strength, high
mobility of charge carriers, big specific surface area, and up-
standing electrical properties [1, 2]. Since the discovery of GR
at 2004 [3], great efforts have been made to investigate the
synthesis and application of GR in different fields [4, 5]. Due
to its unique electronic properties, large surface area, and good
electrochemical stability, GR had been intensively studied in
electrochemistry and electrochemical sensors [6, 7]. Because
GR has a large two-dimensional surface, it is often used as the
building unit for the preparation of nanocomposite. Various
nanomaterials with different morphologies can be loaded on
the GR nanosheet. Singh reviewed the synthesis of GR-based
nanocomposite [8], which exhibited the synergistic effects
with the applications in solar cell, biosensor, Li-ion battery.
Bai et al. presented a review about the synthesis and applica-
tion of GR-inorganic nanocomposites [9]. The presence of
various nanomaterials on the surface of GR nanosheets can
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result in a specific hybrid with multi-functions due to the
synergistic properties originated from the individual compo-
nents and their interaction.

Zirconia (ZrO5) is an inorganic oxide with the properties
such as thermal stability, chemical inertness, resistance to poi-
soning, strong affinity for phosphoric group, large surface
area, lack of toxicity and affinity for oxygen-containing
groups [10], which is often used for the immobilization of
biomolecules with oxygenal groups [11]. Electrochemical
sensors with ZrO, nanomaterials have been reported. Liu
et al. used ZrO, nanoparticles as selective sorbents for the
electrochemical detection of organophosphate pesticides and
nerve agents [12]. Du et al. developed a ZrO, nanoparticle-
modified electrode for the sensitive electrochemical stripping
voltammetric detection of organophosphate compounds [13].
Zong et al. prepared a ZrO,-grafted collagen for the immobi-
lization of redox proteins and applied to unmediated biosens-
ing of H,O, [14]. Liu et al. studied the direct electrochemistry
and thermal stability of Hb immobilized on ZrO,
nanoparticle-modified pyrolytic graphite electrode [15].
Yang et al. reported the direct electron transfer of glucose
oxidase on ZrO, nanoparticle-modified electrode [16]. Qiao
et al. investigated the direct electron transfer and
electrocatalysis of myoglobin in poly(ethylene glycol) and
71O, nanoparticle layer-by-layer films [17]. Also, ZrO,-mod-
ified electrode can be used for the fabrication of electrochem-
ical DNA sensors due to the strong affinity with the phosphate
groups present at the 5’ end of single-stranded DNA (ssDNA)
probes. Zhu et al. applied a ZrO,-modified gold electrode for
the electrochemical detection of DNA hybridization [18].
Yang et al. electrodeposited ZrO, on the composite film-
modified electrode and used in electrochemical DNA sensor
for the detection of PAT gene fragment [19].

Recently, the nanocomposite based on the integration of
GR and ZrO, has been reported and used for the electrochem-
ical detection, which exhibits the synergistic effects. Pang
et al. synthesized ZrO, nanostructures on graphene oxide
plane and further used for highly selective capture of
phosphopeptides [20]. Du et al. described a one-step electro-
deposition method for GR-ZrO, nanocomposite-modified
glassy carbon electrode and used for the detection of organo-
phosphorus agents [21]. Gong et al. proposed a one-step co-
electrodeposition of ZrO, nanoparticle-decorated GR hybrid
nanosheets for an enzymeless parathion sensor [22]. Sun et al.
also applied a GR-ZrO, nanocomposite-modified electrode
for the simultaneous electrochemical determination of guano-
sine and adenosine [23].

In recent years, electrochemical DNA sensors have been
developed greatly, which exhibits the advantages such as high
sensitivity, rapid speed, wide dynamic range, and low cost
with miniaturized and automated devices [24]. Due to the
specific characteristics of nanomaterials including large sur-
face area, good biocompatibility, and high electrochemical
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conductivity, nanoparticle-based electrochemical interfaces
have been devised for the ssDNA immobilization [25].
Drummond et al. reviewed the development and application
of DNA-based electrochemical sensor [26]. Hvastkovs et al.
summarized the recent advances in electrochemical DNA hy-
bridization detection [27]. Liu et al. reviewed the development
of electrochemical DNA biosensors and the future prospects
[28]. Electrochemical DNA sensors have been used in
food safety monitoring and the detection of pathogen
DNA. Tichoniuk et al. described an electrochemical
DNA biosensor for the detection of Aeromonas
hydrophila with a mixed self-assembled monolayer-mod-
ified electrode [29]. Ligaj et al. presented two kinds of
electrochemical DNA sensor for the detection of patho-
genic bacteria [30]. Fernandes et al. reported the con-
struction of electrochemical genosensor based on multi-
walled carbon nanotube-chitosan-bismuth and lead sul-
fide nanoparticle for the detection of pathogenic
Aeromonas [31]. Our group applied an electrochemical
DNA sensor based on carboxyl-functionalized graphene
oxide and poly-L-lysine-modified electrode for the de-
tection of #/h gene sequences that related to Vibrio
parahaemolyticus [32]. Also, a dendritic nanogold and
electrochemically reduced graphene-modified electrode
were prepared for the detection of specific DNA se-
quence of Listeria monocytogenes [33]. Therefore, elec-
trochemical DNA sensor with nanomaterials has the po-
tential applications for the detection of various
pathogens.

In this paper, GR-ZrO, nanocomposite was employed
for the construction of an electrochemical DNA sensor.
By using ionic liquid (IL) as the modifier/binder in the
traditional carbon paste electrode, carbon ionic liquid
electrode (CILE) had been proved to exhibit many ad-
vantages such as high conductivity, wide electrochemi-
cal window, good electrocatalytic activity, low cost,
easy preparation, antifouling effect, and renewable sur-
face [34, 35]. The GR-ZrO, nanoparticle-modified CILE
was fabricated for the DNA immobilization and electro-
chemical detection, which exhibited a synergistic aug-
mentation of the electrochemical response to the indica-
tor. GR can provide a large surface area with high con-
ductivity, which is a benefit for the loading of ZrO,
nanoparticles and the electron transfer between methy-
lene blue (MB) and the electrode. While the presence of
ZrO, nanoparticles has a high affinity to the phosphate
group of ssDNA sequence, which can result in the for-
mation of stable ssDNA-modified electrode. The proce-
dure for the preparation of this electrochemical DNA
sensor was illustrated in Scheme 1. The fabricated elec-
trochemical DNA sensor was used to the detection of
Staphylococcus aureus nuc gene sequence with high
sensitivity and good stability.
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Scheme 1 A schematic
representation of the preparation
procedure of this electrochemical
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Apparatus and reagents

A CHI 750B electrochemical workstation (Shanghai CH
Instrument, China) was used to carry out all the electrochem-
ical experiments such as cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV). A conventional three-
electrode system, which was composed of a saturated calomel
electrode (SCE) as reference electrode, a platinum wire as
auxiliary electrode, and a homemade modified CILE as work-
ing electrode (=4 mm), was employed throughout the ex-
periments. The DNA extraction kit was purchased from
Beijing Tiangen Biotech. Ltd. Co. (China), and the polymer-
ase chain reaction (PCR) was performed on an Eppendorf
Mastercycler Gradient PCR system (Eppendorf, Germany).
Scanning electron microscopy (SEM) was obtained by a
JSM-7100F scanning electron microscope (Japan Electron
Company, Japan).

1-Hexylpyridinium hexafluorophosphate (HPPFg; >99 %,
Lanzhou Greenchem. ILS. LICP. CAS., China), graphite pow-
der (Shanghai Colloid Chemical Plant, particle size<30 pm,
China), graphene oxide (GO; Taiyuan Tanmei Co., China),
ZrOCl,'8H,0 (Tianjin Bodi Chem. Ltd. Co., China), and
methylene blue (MB; Shanghai Chemicals Plant, China) were
used as received. Different kinds of buffers used were
listed as follows: 0.2 mol L™ phosphate-buffered saline
(PBS; pH 8.0), 50.0 mmol L™' PBS (pH 7.0),
50.0 mmol L™" Tris-HCI] buffer solution (pH 7.0), 1x
TAE buffer (40.0 mmol L™' Tris+1.0 mmol L'
EDTA+40.0 mmol L' acetate, pH 8.0). All the solu-
tions were prepared with doubly distilled water, and
other chemicals used were of analytical reagents grade.

All the ssDNA sequences were purchased from Shanghai
Sangon Biological Engineering Tech. Ltd. Co. (China). The
22-base ssDNA sequences that selected from S. aureus nuc
gene sequence were listed as follows:

Probe ssDNA sequence: 5-TGG ACG TGG CTT AGC

GTA TAT T-3'

ZrOv
electrodeposmon probe ssDNA

» MB ' detection I‘[V
% E

zirconia A~ vprobessDNA wMB  vW\vitarget ssDNA

Target ssDNA sequence: 5'-AAT ATA CGC TAA GCC
ACG TCC A-3'

One-base mismatched ssDNA sequence: 5-AAG ATA
CGC TAA GCC ACG TCC A-3'

Three-base mismatched ssDNA sequence: 5-AAG ATA
CGC TAC GCC ACG TCT A-3’

Non-complementary ssDNA sequence: 5-GCG GTT
GAATCG GCG ATG GGT GA-3'

The specific ssDNA sequence from other kinds of patho-
gens such as t/h gene sequence of V. parahaemolyticus (5'-
TCGTCGCATCTGGCAGTGTCATC-3') and hly gene se-
quence of L. monocytogenes (5'-TGCAGTGACAAATGTG
CCGCCA-3') was used in the experiment to testify the
selectivity.

The DNA template was extracted from S. aureus strains by
the DNA extraction kit with the recommended procedure and
purified for the PCR amplification. The oligonucleotide
primers for PCR amplification reaction of S. aureus nuc gene
were selected with the following sequences:

Primer F: 5'-CCT GAA GCA AGT GCATTTACG A-3'
Primer R: 5'-CTT TAG CCA AGC CTT GAC GAA
CT-3'

Fabrication of ZrO,/GR/CILE

CILE was fabricated based on the reported procedure [36]. In
brief, 1.6 g of graphite powder and 0.8 g of HPPF¢ were mixed
thoroughly in a mortar to get the IL-modified carbon paste,
which was inserted into a glass tube (=4 mm) tightly with a
copper wire as an electrical contact. The surface of CILE was
smoothed on a piece of weighing paper just before use for the
further modification. Then the newly prepared CILE was put
into a 1.0 mg mL™" GO solution, and electroreduction was
performed at the potential of —1.3 V for 600 s to get the GR-
modified CILE. ZrO, nanoparticles were further electrodepos-
ited on the surface of GR/CILE by cyclic voltammetry with
the potential range from —1.1 to 0.7 V at the scan rate of
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20 mV s ' ina 5.0 mmol L' ZrOCl, and 0.1 mol L™ KClI
mixture solution. The modified electrode was denoted as
ZrO,/GR/CILE, and other kinds of modified electrodes in-
cluding GR/CILE and ZrO,/CILE were prepared by the sim-
ilar procedure for comparison.

Preparation of electrochemical DNA sensor

A 10.0 pL of 1.0x10°° mol L™' probe ssDNA sequence so-
lution (in 50.0 mmol L' pH 7.0 PBS) was casted directly onto
the surface of ZrO,/GR/CILE. Due to the presence of phos-
phate group in the 5" end of the ssDNA probe sequence and
the strong affinity of ZrO, with the phosphate group, probe
ssDNA sequence can be tightly immobilized on the surface of
Z1rO,/GR/CILE. Then the electrode was washed with 0.5 %
sodium dodecyl sulfate (SDS) solution and doubly distilled
water for three times successively to remove the unabsorbed
probe ssDNA sequence on the electrode surface. This probe
ssDNA-captured electrode was denoted as ssDNA/ZrO,/GR/
CILE.

Hybridization reaction

The efficient drop hybridization procedure was used for the
detection of target ssDNA sequence, which was hybridized
with the probe ssDNA-modified electrode. After dropping
8.0 puL of target ssDNA sequence (in 50.0 mmol L' PBS)
directly onto the surface of ssDNA/ZrO,/GR/CILE, which
was inverted upside down to hold the solution, the hybridiza-
tion reaction between the target ssDNA sequence in the solu-
tion and the probe ssDNA sequence on the electrode surface
was allowed to proceed for 20 min at room temperature. Then
the electrode was washed with 0.5 % SDS solution and doubly
distilled water for three times to remove the unhybridized
target sSDNA sequence. This hybridized electrode was named
as dsDNA/ZrO,/GR/CILE.

Electrochemical detection

The hybridized electrode was immersed into a 2.0 x
107 mol L' MB solution for 10 min to accumulate MB
molecules on the electrode surface and then washed by
50.0 mmol L™ PBS for three times. After that, the electrode
was immersed in a 50.0 mmol L™ Tris-HCI buffer solution
(pH 7.0), and the electrochemical response of MB was mea-
sured by DPV method with the instrumental parameters set as
the following: pulse amplitude 0.008 V, pulse width 0.05 s,
and pulse period 0.2 s.

PCR amplification of Staphylococcus aureus nuc gene

Amplification of nuc gene fragments was carried out in a final
volume of 25 pL in 0.2 mL tube containing 200.0 nmol L™
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each primer of nuc primer F and primer R; 10x reaction buffer
B,2.0mmol L' MgCl,; 200.0 nmol L ! each of dATP, dCTP,
dGTP, and dTTP; 1.5 units of Tag DNA polymerase; and
1.0 uL DNA template purified from samples. During the
PCR procedure, DNA was initially denatured at 94 °C for
30 s. PCR conditions were optimized as follows: 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. The concentration of
PCR product was further detected by agarose gel electropho-
resis separation with UV-Vis spectroscopic determination.
The PCR products without DNA template were used as com-
parison, and all the products were prepared and kept at 4 °C
just before use.

After amplification, the PCR product was diluted with
20.0 mmol L™" PBS (pH 7.0), denatured in a boiling water
bath for 10 min, and then immediately cooled in an ice water
bath for 2 min. According to the previous procedure of hy-
bridization and electrochemical detection, the S. aureus nuc
gene PCR amplification product was detected by differential
pulse voltammetry.

Results and discussion
SEM of the modified electrode

Figure 1 showed the SEM images of GR/CILE and ZrO,/GR/
CILE. After electrodeposition of GR on CILE, the typical
lamellar structure of GR could be observed (Fig. 1a), which
was highly beneficial in maintaining a large electrode surface.
Electrochemical reduction of GO has been proved to be a
facial and controllable method to synthesize GR nanosheets
directly on the electrode surface, and the GR-modified elec-
trode exhibits enhanced electrochemical performances with
increased surface area [37]. While on ZrO,/GR/CILE,
(Fig. 1b) ZrO, nanoparticles could be observed on the surface
of electrode with the average diameters of 100 nm.
Electrodeposition has been proved to be an effective method
for the synthesis of ZrO, nanoparticles with high stability
[18], and the presence of ZrO, nanoparticles can provide more
attachment sites for the adsorption of probe ssDNA sequence.

A

N 100 1m e 200 SN 0 nm B
Fig. 1 SEM images of GR/CILE (a) and ZrO,/GR/CILE (b)
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Electrochemical characterization of the modified
electrodes

Cyclic voltammetric technique has been widely used as an
effective tool to measure the current changes of the working
electrode during the modified procedure. Cyclic voltammetric
behaviors of different modified electrodes were recorded in a
1.0 mmol L™ [Fe(CN)¢]*"*" solution with the voltammo-
grams shown in Fig. 2. On bare CILE, the redox peak current
was the smallest (curve a). When GR was electroreduced and
present on the CILE surface, the redox peak current turned to
maximum value (curve c¢), which could be ascribed to the
formation of highly conductive GR on the electrode surface.
Electroreduction is an efficient and green procedure for the
synthesis of GR nanosheets directly on the electrode surface
without the usage of hazardous reagents [37]. Due to the spe-
cific characteristics of GR such as large surface area, small
bandgap, excellent electrical conductivity, high electron trans-
fer capacity and low electrochemical noise, the presence of
GR on the electrode can accelerate electrochemical reaction
rate, increase the effective area of electrode, and accelerate the
diffusional rate of [Fe(CN)]* 4 to the electrode. Therefore, a
good response of [Fe(CN)e]* " appeared on GR-modified
electrode. After ZrO, nanoparticles were further decorated
on the surface of GR/CILE, the redox peak current decreased
(curve b) and was smaller than that of GR/CILE, which may
be ascribed to the formation of semiconductive ZrO, nanopar-
ticles on the electrode surface. Electrodeposition is a common-
ly adopted way to fabricate the nanomaterial, and ZrO, nano-
particles can be directly formed on the electrode surface [18].
The presence of semiconductive ZrO, nanoparticles on the
electrode can hinder the electron transfer of [Fe(CN)s]> 7
and result in the decrease of the redox peak currents corre-
spondingly. The effective electrode surface area can be calcu-
lated by the Randles-Servick equation: 7,=(2.69 %
10%)*24D,"*v'"*C,, where I, is the redox peak current (4),

200 L : L L

-120

-200 T T T
0.70 0.50 0.30 0.10

E/V
Fig.2 Cyclic voltammograms of CILE (a), ZrO,/GR/CILE (b), and GR/
CILE (c) ina 1.0 mmol L' [Fe(CN)s]> " and 0.5 mol L™ KCl solution
with the scan rate of 100 mV s !

010 -0.30

n is the electron transfer number, A4 is the effective surface area
(ecm?), D, is the diffusional coefficient of K5[Fe(CN)s] in the
solution (cm? s "), Cj is the concentration of K5[Fe(CN)s]
(mol L ™), and v is the scan rate (V s ). Cyclic voltammo-
grams of different electrodes in a 1.0 mmol L™" K;5[Fe(CN),]?
4 solution at different scan rates were recorded. Based on
the above equation, the effective surface area of CILE, GR/
CILE, and ZrO,/GR/CILE could be calculated as 0.164,
0.278, and 0.181 cm? respectively. Therefore, the presence
of GR nanosheets on the electrode surface can greatly increase
the surface area, and the further decoration of semiconductive
ZrO, nanoparticles decreases the effective surface.

Electrochemical behaviors of MB on different
ssDNA-modified electrodes

MB is a phenothiazine dye that has been widely used as elec-
trochemical indicator in DNA biosensor, which can interact
with ssDNA or dsDNA by different binding models. MB can
interact with phosphate framework of ssDNA by electrostatic
binding, or intercalate with major or minor helix grooves of
dsDNA, or bind specifically to the guanine bases on DNA
molecules. And the binding model is greatly influenced by
the experimental conditions. Figure 3 showed differential
pulse voltammograms of MB on different ssDNA-modified
electrodes. The reduction peak current of MB on ssDNA/GR/
CILE (curve b) was larger than that of ssDNA/CILE (curve a),
indicating that the highly conductive GR on the electrode
surface was benefit for the electron transfer of MB. The re-
duction peak current of MB on ssDNA/ZrO,/CILE (curve c)
was also larger than that of ssDNA/CILE (curve a), indicating
that the presence of ZrO, nanoparticles on the electrode sur-
face could absorb more ssDNA molecules due to its strong
affinity with the phosphoric groups in ssDNA structure. The
biggest reduction peak current of MB appeared on ssDNA/
ZrO,/GR/CILE, indicating the synergistic effects of GR and

it 30.0 1 1 1 1 1 1 1 L
-35.0 1
-40.0

-45.0 1
-50.0
-55.0 1

I'nA

-60.0
-65.0 1

-70.0 T T
0.20 0.1 0

-0.10 -0.20 -0.30 -0.40 -0.50 -0.60 -0.70
EIV

Fig. 3 Differential pulse voltammograms of ssDNA/CILE (a), ssDNA/
GR/CILE (b), ssDNA/ZrO,/CILE (c), and ssDNA/ZrO,/GR/CILE (d)
using MB as the indicator in 50.0 mmol L™ pH 7.0 Tris-HCI buffer
solution
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ZrO, nanoparticles on the electrode. GR exhibits high con-
ductivity with large surface area, which can facilitate the elec-
tron transfer and provide more sites for the deposition of ZrO,
nanoparticles. More ZrO, nanoparticles that formed on the
electrode surface can adsorb more ssDNA sequences on the
electrode. Then the concentration of MB molecules was fur-
ther increased due to the interaction with guanine bases on the
ssDNA structure. Therefore, the electrochemical responses of
MB were enhanced on ssDNA/ZrO,/GR/CILE with the big-
gest reduction peak current appearance.

Optimization of hybridization time

The hybridization time of probe ssDNA on the electrode sur-
face with the target ssDNA in the solution was investigated by
recording the reduction peak current of MB after different
hybridization time. The result indicated that the current value
increased from 0 to 20 min and then changed slowly, which
exhibited the completely hybridization. Therefore, 20 min was
selected through the experiment.

Selectivity of the electrochemical DNA biosensor

Figure 4 showed the reduction peak currents of MB on differ-
ent electrodes that hybridized with various target sSDNA se-
quences. The biggest value appeared at the probe ssDNA/
ZrO,/GR/CILE without hybridization (signal a), which was
due to the interaction of MB with guanine groups of ssDNA
on the electrode. While the similar values appeared on the
hybridized electrodes with non-complementary ssDNA se-
quence (signal b), t/h gene sequence of V. parahaemolyticus
(signal ¢), and Aly gene sequence of L. monocytogenes (signal
d), which indicated that no hybridization reaction took place
and the amount of ssDNA sequence on the electrode surface
remained almost constant. Therefore, the electrochemical

W
=3
L

Peak current/pA
L Pt [ 5] [ 5]
b D P

o
1

0-

a b ¢ d e §f g

Fig. 4 Comparison of the current value of 2.0x107> mol L™' MB on
ssDNA/ZrO,/GR/CILE (a), after electrodes hybridized with non-
complementary (b), t/h gene sequence of Vibrio parahaemolyticus (c),
hly gene sequence of Listeria monocytogenes (d), three-base mismatched
ssDNA sequence (e), one-base mismatched ssDNA sequence ( /), and
complementary sSDNA sequence (g)
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responses remained unchanged. As for the three-base mis-
matched ssDNA sequence (signal e) and one-base mis-
matched ssDNA sequence (signal f), the peak currents de-
creased to 36.6 and 54.9 % as compared with that of back-
ground response, indicating the partly formation of dsDNA
structure on the electrode surface after hybridization, while the
smallest value appeared at the electrode that hybridized with
the complementary ssDNA sequence (signal g). The presence
of duplex structure on the electrode surface after hybridization
prevented the interaction of MB with the guanine residues of
the probe ssDNA sequence. And less MB molecules existed
on the electrode surface with the decrease of reduction peak
current appearance. It is worthy to note that the reduction peak
current after hybridization with three-base mismatched
ssDNA sequence was higher than that with one-base mis-
matched ssDNA sequence, which demonstrated this DNA
biosensor exhibited high selectivity and good distinguish abil-
ity for the hybridization detection of different ssDNA
sequences.

Sensitivity of the electrochemical DNA biosensor

The sensitivity of this electrochemical DNA sensor was inves-
tigated by using the probe ssDNA sequence-modified elec-
trode to hybridize with different concentrations of the comple-
mentary target sSSDNA sequence and the typical differential
pulse voltammograms were shown in Fig. 5. The more the
hybridization of probe ssDNA sequence with target ssDNA
sequence, the large amounts of dsDNA formed on the elec-
trode surface, the less MB molecules interacted with guanine
groups, and the smaller electrochemical response of MB could
be observed under the optimal conditions. The reduction peak
current of MB decreased with the concentration of

_10.0 A A A A A A A A
-20.0
-30.0
‘:L -40.0
S F
E
50043 =
50.0 S
-60.0
WIS 8
-70.0 B E—
0.20 0.10 0 -0.10-0.20 -0.30 -0.40 -0.50 -0.60 -0.70

EA?
Fig. 5 Differential pulse voltammograms of MB on ssDNA/ZrO,/GR/
CILE after hybridization with different concentrations of target ssDNA
sequence (from a to i were 0, 1.0x107'3, 1.0x107"%, 1.0x107"", 1.0x
1071° 1.0x107°, 1.0x10°%, 1.0x1077, and 1.0x10°® mol L},
respectively). Inset: plots of I, versus logarithm of target ssSDNA
sequence concentration
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complementary target ssDNA sequence in the range from
1.0x10"% to 1.0x 10~ mol L™". The relationship of reduction
peak currents with the logarithmic value of the target sSSDNA
sequence concentration could be plotted with the linear regres-
sion equation as I(uA4)=2.98log[¢/(mol L™')]-27.58 (n=8,
4=0.998). The detection limit was calculated as 3.23x107'*
(30) (where o is the standard deviation of the blank solution,
n=11), which was lower than some previous reported values
such as chitosan/Fe;0,4 microsphere-GR composite-modified
CILE (3.59x 103 mol L") [38], ZrO, nanoparticle-modified
gold electrode (1.0% 10" mol L™ ") [18], multi-walled carbon
nanotubes/ZrO,/chitosan-modified glassy carbon electrode
(7.5%x10 " mol L™") [39], and multi-walled carbon nanotubes
and gold nanoparticle-modified gold electrode (7.5 x
102 mol L") [40]. The relative standard deviation (RSD)
of the reduction peak current for the six repeated detections of
1.0x1077 mol L™" target ssDNA sequence was calculated as
4.1 %, indicating the good reproducibility of this proposed
method. The stability of ssDNA/ZrO,/GR/CILE was investi-
gated after 10 days storage at 4 °C and further used to hybrid-
ize with the target ssDNA sequence; 95.8 % of the initial
current responses remained, indicating this modified electrode
exhibited good stability as electrochemical DNA biosensor for
the ssDNA detection.

Detection of PCR products of S. aureus nuc gene sequence

The PCR products were pretreated by heating denaturation to
obtain the ssDNA solution, which were further analyzed by
the proposed method. The concentration of PCR product was
estimated by UV-Vis absorption spectrophotometry with the
value of 391.0 ng uL ™", which was further treated by heating
to get the denatured ssDNA sequences. Then the ssDNA so-
lution was detected by the proposed method. By dropping
6.0 uL sample of ssDNA solution on the surface of ssDNA/
Z1rO,/GR/CILE with the following hybridization and electro-
chemical detection performed under the optimal conditions,
the reduction peak current was recorded and shown in Fig. 6.
The smallest reduction peak current appeared on ZrO,/GR/
CILE (curve a), which was ascribed to the electrochemical
reaction of MB on the modified electrode. While on ssDNA/
ZrO,/GR/CILE (curve c), the biggest electrochemical re-
sponses of MB could be observed, which could be attributed
to the interaction of MB with guanine groups of ssDNA on the
electrode surface that could accumulate more MB. After the
hybridization with the PCR-amplified sample, the reduction
peak current decreased greatly (curve b), which indicated that
more dsDNA molecules were formed on the electrode surface
and decreased the amounts of MB on the electrode surface.
Therefore, the corresponding decrease of the reduction peak
current of MB appeared. This significant difference of the
reduction peak current of MB between the probe ssDNA-
modified electrode (curve c¢) and hybridized dsDNA electrode

-30.0 . d d . . . . .
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-45.0
2. -50.0
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C
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Fig. 6 Differential pulse voltammograms of MB at ZrO,/GR/CILE (a),

ssDNA/ZrO,/GR/CILE hybridized with PCR product of Staphylococcus
aureus (b), and ssDNA/ZrO,/GR/CILE (c)

(curve b) also confirmed that this electrochemical DNA bio-
sensor could be effectively applied to detect the PCR product
of S. aureus nuc gene.

Conclusions

In this work, GR nanosheets and ZrO, nanoparticles were
electrodeposited on the surface of CILE to get the modified
electrode (ZrO,/GR/CILE). Due to the strong affinity of ZrO,
nanoparticles to the phosphate group of ssDNA sequences,
probe ssDNA sequence related to nuc gene was immobilized
on the surface of ZrO,/GR/CILE. The presence of
electroreduced GR can provide large surface area with higher
conductive interface, and electrodeposited ZrO, nanoparticles
can form a suitable platform for the high loading of probe
ssDNA sequence. The presence of GR and ZrO, nanoparticles
exhibits synergistic effects with high efficiency for the DNA
immobilization and electron transfer. The presence of duplex
structure on the electrode surface after hybridization prevented
the interaction of MB with the guanine residues of the probe
ssDNA sequence. And less MB molecules existed on the elec-
trode surface with the decrease of reduction peak current ap-
peared. The S. aureus nuc gene sequence was successfully
detected by this electrochemical DNA sensor. By using
electroactive MB as the hybridization indicator, the target
ssDNA sequence can be detected in the concentration range
from 1.0x107"° to 1.0x 10~® mol L™ with a detection limit as
3.23x10 " mol L™! (30). Therefore, the method can be used
for the detection of specific DNA sequences with the advan-
tages including better selectivity and higher sensitivity.
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