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In  this  paper  a  Fe3O4 microsphere,  graphene  (GR)  and  chitosan  (CTS)  nanocomposite  material  modified
carbon  ionic  liquid  electrode  (CILE)  was  used  as  the  platform  for the  construction  of  a  new  electrochem-
ical  DNA  biosensor.  The  single-stranded  DNA (ssDNA)  probe  was  immobilized  directly  on  the  surface
of  the CTS/Fe3O4–GR/CILE,  which  could  hybridize  with  the  target  ssDNA  sequence  at  the  selected  con-
ditions.  By  using  methylene  blue  (MB)  as  the  electrochemical  indicator  the  hybridization  reaction  was
investigated  with  the  reduction  peak  current  measured.  By  combining  the  specific  properties  such  as  the
biocompatibility  and  big  surface  area  of  Fe3O4 microspheres,  the  excellent  electron  transfer  ability  of  GR,
the  good  film-forming  ability  of  CTS  and  the  high  conductivity  of  CILE,  the  synergistic  effects  of  nanocom-
posite  increased  the  amounts  of  ssDNA  adsorbed  on  the  electrode  surface  and  then  resulted  in the  greatly
increase  of  the  electrochemical  responses.  Under  the  optimal  conditions  differential  pulse  voltammetric
arbon ionic liquid electrode
lectrochemical  DNA biosensor

responses  of MB  were  proportional  to the  specific  ssDNA  sequences  concentration  in  the  range  from
1.0  × 10−12 to  1.0  × 10−6 mol/L  with  the  detection  limit  as  3.59 × 10−13 mol/L  (3�).  This DNA  biosen-
sor  showed  good  stability  and  discrimination  ability  to one-base  and  three-base  mismatched  ssDNA
sequences.  The  polymerase  chain  reaction  (PCR)  product  of soybean  Lectin  gene  sequence  was  detected
by  the  proposed  method  with  satisfactory  result,  suggesting  that  the  CTS/Fe3O4–GR/CILE  was  a suitable

ensit
sensing  platform  for the  s

. Introduction

Electrochemical DNA biosensor, which is based on the immo-
ilization of ssDNA on the electrode surface, has been widely

nvestigated and applied in different fields of the gene detection
ith the advantages such as high sensitivity, simplicity, low cost,

mall dimension and cheap instruments [1]. The performances
f the electrochemical DNA sensor can be greatly influenced by
he ssDNA immobilization methods such as covalent binding,
dsorption and polymerization. In recent years, various kinds of
anoparticles have been utilized for the ssDNA probe immobiliza-
ion due to their unique characteristics such as high surface area,
xcellent biocompatibility and strong adsorption ability [2]. For

xample Selvaraju et al. [3] fabricated a sandwich-type electro-
hemical DNA biosensor using streptavidin-coated magnetic beads
nd gold nanoparticles as the response magnifiers. The advances in

∗ Corresponding author. Tel.: +86 532 840223927; fax: +86 532 840223927.
E-mail  address: sunwei@qust.edu.cn (W.  Sun).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.09.047
ive  detection  of  specific  gene  sequence.
© 2011 Elsevier B.V. All rights reserved.

the development of gold nanoparticles based electrochemical DNA
biosensors were described in Pingarrón’s review [4].

Graphene (GR) is a sheet of sp2 bonded two-dimensional car-
bon atoms that are arranged into a honeycomb structure, which
has attracted considerable attentions due to its unique and excel-
lent properties, such as extremely high thermal conductivity, good
mechanical strength, high mobility of charge carriers, high specific
surface area, quantum hall effect and upstanding electric con-
ductivity [5–7]. GR and its based composite materials had been
widely used in the fields of electrochemistry and electroanalyti-
cal chemistry such as photovoltaic devices, lithium-ion batteries,
electrochemical sensors and chemically modified electrodes. Due
to the advantages such as wide potential windows, relatively inert
electrochemistry and excellent electrocatalytic activities, GR based
electrochemical sensors and nano-devices had been applied to the
investigation on the DNA hybridization, protein electrochemistry

and small electroactive molecules detection. GR also can be used
efficiently as a conducting surface with a very high surface area for
the deposition of different nanoparticles and consequent electro-
chemical sensing. For instance, Lim et al. [8] applied the epitaxial
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R as an anode material for the simultaneous detection of all four
NA bases in double-stranded DNA (dsDNA) without a prehydrol-
sis step. Yang et al. [9] fabricated a GR-vaseline film modified
lassy carbon electrode, which exhibited a good electrochemi-
al activity and stability for fundamental studies on carbon-based
lectrochemistry. Li’s group proved that GR possessed excellent
lectrocatalytic property towards the oxidation of dopamine and
ethanol [10,11]. In addition, GR can provide a favorable microen-

ironment for DNA and effectively accelerate the direct electron
ransfer rate of DNA at the electrode surface [12,13], which can be
urther applied to determine DNA with excellent sensitivity.

Magnetite (Fe3O4), which has a different valence state, has
merged as a promising supercapacitor material due to its low
ost and environmentally benign nature [14]. Wu et al. [15]
eported on the capacitive characteristics of nanostructured Fe3O4
s an electrode material with a pseudo-capacitance of 27 F/(g-
e3O4). In addition, Fe3O4 magnetic nanoparticles (nano-Fe3O4)
ave also attracted an increasing interest in biotechnology and
edicine [16]. Due to their properties such as good biocom-

atibility, strong superparamagnetic property, low toxicity, easy
reparation and high adsorption ability, nano-Fe3O4 had been
sed as the modified material in biosensors [17]. Wei  et al. [18]
eveloped a dumbbell-like Au-Fe3O4 nanoparticles labeled elec-
rochemical immunosensor for the detection of cancer biomarker
rostate specific antigen. Tran et al. [19] detected the short HIV
equence with a chitosan/Fe3O4 modified screen printed electrode
y using MB  as redox indicator. Yang et al. [20] fabricated a glucose
iosensor by using the intrinsic peroxidase-like activity of Fe3O4
anoparticles in Nafion film with remarkably enhanced sensitivity
nd selectivity.

Ionic liquids (ILs), which are composed of organic cations and
arious anions, have been widely used in the fields of chemistry
ue to the unique advantages such as high chemical and thermal
tability, negligible vapor pressure, high ionic conductivity, wide
lectrochemical windows, low toxicity and the ability to dissolve

 wide range of organic and inorganic compounds [21]. Wei  and
vaska [22] reviewed the application of ILs in the electrochemi-
al sensor. ILs can be used as not only the supporting electrolyte
ut also the modifier in chemically modified electrode. Safavi et al.
23] utilized octylpyridinium hexafluorophosphate as the binder to

ake a carbon ionic liquid electrode (CILE) for the electrochem-
cal detection. CILE had showed the advantages including high
lectronic conductivity, remarkable electrocatalytic activity, inex-
ensive reagents and easily fabrication. Sun et al. applied the CILE
s the basal electrode for the redox protein electrochemistry with
ifferent nanoparticles such as CaCO3 nanoparticles [24] and CdS
anorods [25].

In  this paper, a CILE was fabricated by the addition of 1-
utylpyridinium hexafluorophosphate (BPPF6) in carbon paste as
inder and modifier, and further used as the basal electrode for
he electrochemical DNA biosensor. Then Fe3O4 microspheres and
R were mixed together to form a novel nanocomposite material,
hich was casted on the surface of CILE. Chitosan (CTS) was further
ropped on the electrode surface to form a stable film, which could
x the materials tightly on the electrode surface. To the best of
ur knowledge, the usage of CTS/Fe3O4–GR nanocomposite matrix
s the DNA immobilization platform for the enlargement of the
lectrochemical signal of the DNA indicator has not been reported
reviously. The use of CTS in the composite material can increase
he stability of the modifier on the electrode surface. At the same
ime the Fe3O4–GR nanocomposites in the CTS can form a porous
tructure to provide a specific loading interface for the ssDNA probe

mmobilization. By combining the advantages of the materials used
nd with the fabricated CTS/Fe3O4–GR/CILE as the basal electrode,
sDNA probe was successfully adsorbed on the modified electrode
o get a new electrochemical DNA biosensor, which was applied
 (2011) 106– 112 107

to  the detection of Lectin gene sequence fragment of soybean and
further used to the polymerase chain reaction (PCR) product of soy-
bean endogenous gene. The proposed DNA biosensor showed the
advantages such as the simple preparation procedure, high selec-
tivity and broad linear range.

2.  Experimental

2.1. Apparatus and chemicals

All  the voltammetric measurements were performed on a
CHI 1210A electrochemical workstation (Shanghai CH Instrument,
China). Electrochemical impedance spectroscopy (EIS) was per-
formed on a CHI 750B electrochemical workstation (Shanghai CH
Instrument, China). A three-electrode system was employed for
the electrochemical detection, which was  composed of a modified
CILE as working electrode, a Pt wire as auxiliary electrode and a
saturated calomel electrode (SCE) as reference electrode. Scanning
electron microscopy (SEM) was obtained on a JSM-6700F scanning
electron microscope (Japan Electron Company, Japan). Nitrogen
sorption isotherms were measured with a BelSorp-Mini analyzer
(BEL Japan, Inc.) at liquid nitrogen temperature by using a BJH
(Barrett–Joyner–Halenda) models for porosity evaluation. The PCR
amplification experiments were performed on an Eppendorf Mas-
tercycler Gradient PCR system (Eppendorf, Germany).

1-Butylpyridinium hexafluorophosphate (BPPF6, >99%, Lanzhou
Greenchem ILS, LICP, CAS, China), chitosan (CTS, minimum 92%
deacetylated, Dalian Xindie Co. Ltd., China), graphite powder (aver-
age particle size 30 �m,  Shanghai Colloid Chemical Co. Ltd., China),
methylene blue (MB, Shanghai Chemicals Plant, China) were used
as received. Graphene (GR) was synthesized by the modified Hum-
mer’s method [26,27]. Fe3O4 microsphere was synthesized by the
solvothermal reduction method [28]. Different kinds of buffers such
as 10× reaction buffer B (Promega, Wisconsin, USA), Taq DNA poly-
merase (Promega, Wisconsin, USA), 1× TAE buffer (40.0 mmol/L
Tris, 1.0 mmol/L EDTA, 40.0 mmol/L acetate, pH 8.0), 50.0 mmol/L
Tris–HCl buffer solution (pH 7.4), 50.0 mmol/L phosphate buffer
solution (PBS, pH 7.0) were used and all the solutions were prepared
with doubly distilled water.

The  21-base oligonucleotides probe sequences (probe ssDNA),
its target complementary sequence DNA (target ssDNA), one-base
mismatched ssDNA, three-base mismatched ssDNA and noncom-
plementary sequence DNA (ncDNA) were synthesized by Shanghai
Sangon Biological Engineering Technological Co. Ltd. (China), which
were related to the Lectin gene sequence of soybean. Their base
sequences were listed as below:

• probe ssDNA: 5′-GAA GCT GGC AAC GCT ACC GGT-3′;
• target  ssDNA: 5′-ACC GGT AGC GTT GCC AGC TTC-3′;
• one-base mismatched ssDNA: 5′-ACA GGT AGC  GTT GCC AGC  TTC-

3′;
• three-base  mismatched ssDNA: 5′-ACA GGT  AGC ATT GCC ATC

TTC-3′;
• ncDNA: 5′-ACT ACA GCG TTA CGA CTT GTA C-3′.

The DNA samples for PCR amplification were extracted from
soybean oil and arachis oil. The PCR reaction was performed on an
Eppendorf Mastercycler Gradient PCR system using oligonucleotide
primers for Lectin gene of soybean with the following sequences:

• Primer  F: 5′-GCC CTC TAC TCC ACC CCC ATC C-3′;

• Primer R: 5′-GCC CAT CTG CAA GCC TTT TTG TG-3′.

Arabinose operon D gene of arachis was  with the following
sequences:
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Primer  F: 5′-GCA ACA GGA GCA ACA GTT CAA G-3′;
Primer R: 5′-CGC TGT GGT GCC CTA AGG-3′.

.2. Preparation of the modified electrode

Carbon ionic liquid electrode (CILE) was fabricated based on the
eported procedure [29]. 3.0 g of graphite powder and 1.0 g of BPPF6
ere mixed thoroughly in a mortar and further heated at 80 ◦C to

orm a homogeneous carbon paste. A portion of the carbon paste
as filled into one end of a glass tube (Ф = 4 mm)  and a copper wire
as inserted through the opposite end to establish an electrical

ontact. The CILE surface was smoothed on a piece of weighing
aper just before use.

The  mixture solution of 1.0 mg/mL  Fe3O4 microspheres and
.0 mg/mL  GR were prepared in ethanol and sonicated for 0.5 h.
hen 3.0 �L of the prepared solution was casted onto the CILE sur-
ace. After dried in air at room temperature, 5.0 �L of 1.0 mg/mL
TS (in 1.0% HAc solution) was further coated on the electrode sur-

ace and dried to get the modified electrode, which was denoted as
TS/Fe3O4–GR/CILE. CTS has been widely used in the electrochem-

cal DNA biosensor as the matrix for the ssDNA immobilization,
hich can easily interact with DNA and other polyanions through

lectrostatic attraction [30].

.3. Fabrication of electrochemical DNA biosensor

The immobilization of probe ssDNA was performed by drop-
ing 10.0 �L of 1.0 × 10−6 mol/L probe ssDNA (in 50.0 mmol/L PBS,
H 7.0) onto the surface of CTS/Fe3O4–GR/CILE and dried in air at
oom temperature. Then the electrode surface was washed with
.5% sodium dodecyl sulfate (SDS) solution and doubly distilled
ater for 3 times respectively to remove unabsorbed probe ssDNA

n the electrode surface, and the resulted electrode was  denoted
s ssDNA/CTS/Fe3O4–GR/CILE.

The  efficient drop hybridization procedure was  selected for
he DNA hybridization [31,32], which was performed by drop-
ing 5.0 �L target ssDNA (in 50.0 mmol/L PBS) directly onto the
urface of ssDNA/CTS/Fe3O4–GR/CILE. The hybridization between
he target sequence and the probe sequence was allowed to
roceed for 10 min  at room temperature, and then the elec-
rode was washed with 0.5% SDS solution and doubly distilled
ater for 3 times successively, to remove the unhybridized

arget ssDNA. This hybridized electrode was further named as
sDNA/CTS/Fe3O4–GR/CILE.

.4.  Electrochemical detection

After  hybridization the dsDNA/CTS/Fe3O4–GR/CILE was
mmersed into 4.0 × 10−5 mol/L MB  solution for 10 min, then

ashed with 50.0 mmol/L PBS for 3 times. The cathodic response
f the accumulated MB was  measured by differential pulse voltam-
etry (DPV) in a 50.0 mmol/L Tris–HCl buffer solution (containing

0.0 mmol/L NaCl, pH 7.4) with instrumental parameters as: pulse
mplitude 0.008 V, pulse width 0.05 s and pulse period 0.2 s.

Cyclic  voltammetric experiments were performed in a mixture
olution containing 1.0 mmol/L K3[Fe(CN)6] and 0.5 mol/L KCl with
he scan rate as 100 mV/s. Electrochemical impedance spectroscopy
EIS) was carried out in 1.0 mmol/L [Fe(CN)6]3−/4− solution contain-
ng 0.1 mol/L KCl with the frequencies swept from 104 to 1.0 Hz.

.5. Polymerase chain reaction of soybean endogenous genes
equence
The  amplification of Lectin gene fragments was performed
n a final volume of 25 �L in 0.2 mL  tube, which contained
00.0 nmol/L each primer of Lectin primer F and Lectin primer R, 10×
 (2011) 106– 112

reaction  buffer B (Promega, Wisconsin, USA), 2.0 mmol/L MgCl2,
200.0 nmol/L of dATP, dCTP, dGTP and dTTP, 1.5 units of Taq DNA
polymerase (Promega, Wisconsin, USA) and 1.0 �L DNA template
purified from samples.

In  the PCR experiments, DNA was first denatured at 94 ◦C for 30 s.
Then PCR was  carried out with the following experimental condi-
tions: 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 PCR products
were analyzed by electrophoresis separation at 5 V/cm for 40 min
on a 2% agarose gel that contained 0.5 �g/mL ethidium bromide
in 1× TAE buffer (40.0 mmol/L Tris, 1.0 mmol/L EDTA, 40.0 mmol/L
acetate, pH 8.0), and finally visualized with a UV transilluminator.
The PCR products of Lectin gene were kept at 4 ◦C before use. The
amplification of arachis Arabinose operon D gene fragments was  also
performed by the similar procedure.

3. Results and discussion

3.1.  Morphology of the Fe3O4–GR composite

The  SEM images of nanomaterials used were recorded with
the results shown in Fig. 1. In Fig. 1A ball-like nanostructures
Fe3O4 mesoporous sphere appeared with the width in the range
of 100–200 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 electrode since the sheets
cannot readily collapse back to a graphitic structure. The high sur-
face area is helpful in increasing the surface loading of probe ssDNA
on the surface. The excellent conductivity and small band gap of GR
are favorable for conducting electrons from the biomolecules [12].
By mixing Fe3O4 microspheres and GR together in ethanol and soni-
cated for 15 min, the image of Fe3O4–GR nanocomposite was shown
in Fig. 1C. It can be seen that the Fe3O4 microspheres were well-
distributed and surrounded by wrinkled flake-like GR, which could
provide an increased roughness of the electrode surface.

The  nitrogen adsorption/desorption isotherms were carried out
to investigate the porosity of Fe3O4 microspheres and Fe3O4–GR
nanocomposite. As shown in Fig. 2A, the nitrogen adsorption and
desorption isotherms of Fe3O4 microspheres exhibited the char-
acteristic of a type III isotherm with a type H3 hysteresis loop,
indicating the presence of mesopores with the size range from 5
to 50 nm (insert of Fig. 2A) [33]. In addition, the observed hystere-
sis loop shifted to a higher relative pressure with the p/p0 value
to 1, indicated that macropores (size >50 nm)  were also present. It
can be observed that the sizes of mesopores centralize on two areas
with the peak values as 10.6 and 29.8 nm,  respectively. The nitrogen
adsorption/desorption of Fe3O4–GR nanocomposite was  also inves-
tigated with the result shown in Fig. 2B. Due to the presence of GR
nanosheet in the composite, a much better porosity appeared with
the size of mesopores centralized at 1.9 nm,  10.6 nm and 25.8 nm,
respectively, which indicated that the interaction of Fe3O4 micro-
sphere and GR nanosheet resulted in the formation of composite
with many micropores. So the roughness of the electrode surface
was increased and more ssDNA could be adsorbed on the pore site
of the composite.

3.2.  Electrochemical characteristics of the modified electrodes

Cyclic  voltammograms of different modified electrodes in a
1.0 mmol/L [Fe(CN)6]3− solution were shown in Fig. 3A. On CILE
a couple of well-defined redox peaks was observed (curve a),

which was due to the high ionic conductivity of IL present in the
carbon paste. On the CTS/Fe3O4/CILE an increased electrochem-
ical response of potassium ferricyanide was observed (curve b),
which could be attributed to the presence of Fe3O4 microspheres
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Fig. 1. SEM images of Fe3O4 microsp

n the electrode surface. On the CTS/GR/CILE the electrochemical
esponse was further increased (curve c), indicating the presence
f GR greatly improved the electrode performance. GR had been
lucidated to have the advantages such as big surface area, small
and gap, excellent electrical conductivity, high electron mobility
nd low electronic noise from thermal effect at room temper-
ture [12]. So the presence of GR on the electrode surface can
ccelerate the electron transfer rate between the redox couple
n bulk solution and the electrode. On the CTS/Fe3O4–GR/CILE

he redox peak currents were further increased (curve d), which
ould be attributed to the synergistic amplification effects of
e3O4 microsphere and GR in the composite film. The Fe3O4–GR
anocomposite can effectively improve the electrochemical

ig. 2. Nitrogen adsorption (ADS)/desorption (DES) isotherms of Fe3O4 microsphere
A)  and Fe3O4–GR mixture (B). Inset is the corresponding pore size distribution.
), GR (B) and Fe3O4–GR mixture (C).

reaction rate of the redox probe. According to the Randles–Sevcik
equation [34]:

Ipc = (2.69 × 105)n3/2 AD1/2C∗v1/2

where Ipc is the reduction peak current (A), n is the electron transfer
number, A is the apparent electrode area (cm2), D is the diffu-
sion coefficient of K3[Fe(CN)6] in the solution (cm2/s), C* is the
concentration of K3[Fe(CN)6] (mol/cm3) and v is the scan rate
(V/s), the apparent electroactive area of different electrodes can
be calculated. By exploring the reduction peak current with scan
rate, the average apparent electrode area of CILE, CTS/Fe3O4/CILE,
CTS/GR/CILE and CTS/Fe3O4–GR/CILE were calculated as 0.170 cm2,
0.426 cm2, 0.538 cm2 and 0.578 cm2, respectively. The results indi-
cated that the presence of Fe3O4 microspheres and GR in the
CTS film could greatly improve the apparent electrode area, so
the electrochemical responses were gradually enhanced on the
modified electrodes. The capacitance of different modified elec-
trodes can be calculated by using the equation of Capp = I/S� [35],
where I is the average of the positive and the negative charg-
ing current obtained from the cyclic voltammetric curves at 0.4 V,
S is the geometric area of the electrode; � is the scan rate.
By measuring the background current of the electrode in the
0.05 mol/L phosphate buffer solution (pH 7.4), the capacitance
value of CILE, CTS/Fe3O4/CILE, CTS/GR/CILE and CTS/Fe3O4–GR/CILE
were calculated as 334.4 �F/cm2, 628.0 �F/cm2, 654.4 �F/cm2,
755.73 �F/cm2, respectively. The capacitance values increased
gradually with the further modification of the composite materi-
als and the results were in good agreement with the increase of
the apparent electrode area, which further proved the presence of
nanocomposite on the electrode.

The modified electrodes were further characterized by electro-
chemical impedance spectroscopy (EIS) and the semicircle portion
observed at high frequencies in the Nyquist diagrams corresponded
to the electron transfer limiting process. The interfacial electron
transfer resistance (Ret) can be calculated from the diameter of
Nyquist diagram, so the Nyquist diagrams of different modified
electrodes were recorded. As illustrated in Fig. 3B, the Ret value
of CILE was  got as 51.6 � (curve a). On the CTS/Fe3O4/CILE and
CTS/GR/CILE the Ret values decreased to 28.4 � (curve b) and 10.1 �
(curve c), respectively, indicating the presence of Fe3O4 micro-
sphere and GR on the electrode surface could obviously increase the
conductivity of the electrode surface and decrease the impedance.
On the CTS/Fe3O4–GR/CILE (curve d) a straight line appeared, indi-
cating the highest conductivity of the electrode interface. So the
synergistic effects of Fe3O4 and GR in the film greatly decreased

the resistance for the electron transfer. The agreement of EIS
with cyclic voltammetric results indicated that the CTS/Fe3O4–GR
composite film was an excellent platform for the electrode
modification.
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Fig. 3. (A) Cyclic voltammograms of different modified electrodes in a 1.0 × 10−3 mol/L K3[Fe(CN)6] and 0.5 mol/L KCl solution with scan rate as 100 mV/s. (B) Electrochemical
i lution
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mpedance spectra of different modified electrodes in 1.0 mmol/L [Fe(CN)6]3−/4− so
TS/Fe3O4–GR/CILE, respectively.

.3. Differential pulse voltammograms of MB

MB is often used as the electrochemical indicator in the elec-
rochemical DNA biosensor, which exhibits excellent distinguish
bility to ssDNA and dsDNA on the electrode surface due to
he different interaction models [36]. Fig. 4 showed the differ-
ntial pulse voltammograms of MB  on dsDNA/CTS/CILE (curve
), dsDNA/CTS/Fe3O4/CILE (curve b), dsDNA/CTS/GR/CILE (curve c)
nd dsDNA/CTS/Fe3O4–GR/CILE (curve d) in 50.0 mmol/L Tris–HCl
uffer solution. The reduction peak current of MB  increased grad-
ally with the step-by-step incorporation of nanomaterials in
he film, indicating more dsDNA molecules was present on the
lectrode surface. The results were attributed to the gradually
ncrease of the apparent electrode area, which could immobi-
ize more dsDNA on the electrode surface. dsDNA can further
nteract with MB  and accumulate more MB  molecules on the
lectrode surface, so the increase of the reduction peak current
ppeared. The largest reduction peak current appeared on the
sDNA/CTS/Fe3O4–GR/CILE, indicating that the biggest adsorption
mounts of MB  molecules that interacted with dsDNA. The above

esults confirmed that the synergetic effects of Fe3O4 microsphere
nd GR in the nanocomposite film could effectively enhance the
urface concentration of dsDNA due to the large surface area and
oughness of the electrode interface.

ig. 4. Differential pulse voltammograms of 4.0 × 10−5 mol/L MB  on (a)
sDNA/CTS/CILE, (b) dsDNA/CTS/Fe3O4/CILE, (c) dsDNA/CTS/GR/CILE and (d)
sDNA/CTS/Fe3O4–GR/CILE in 50 mmol/L Tris–HCl buffer solution contained
0.0  mmol/L NaCl (pH 7.4).
 containing 0.1 mol/L KCl. From a to d were CILE, CTS/Fe3O4/CILE, CTS/GR/CILE and

3.4. Optimization of the electrode preparation

The ratio of Fe3O4 microspheres and GR in the composite on
the electrode surface influenced the electron transfer rate and the
maximum loading amount of ssDNA probe on the electrode surface.
Different mass ratio of Fe3O4 microspheres and GR such as 4:1, 3:2,
1:1, 2:3 and 1:4 was studied with the total mass of Fe3O4 micro-
spheres and GR unchanged. When the proportion of Fe3O4 was too
low (1:4), the immobilization amount of ssDNA probes was  limited.
When the quantity of poor electrical conductive Fe3O4 was too large
(4:1), the conductivity of the nanocomposite membrane modified
electrode decreased obviously. Therefore, the mixture of 1.0 mg
Fe3O4 microspheres and 1.0 mg  GR dispersed in 1.0 mL  ethanol was
chosen in the experiments.

CTS  is a natural cationic biopolymer with excellent film-forming
ability and biocompatibility [37,38], which has been widely used in
the electrochemical DNA biosensor for the ssDNA immobilization
through electrostatic attraction between the polycationic chitosan
oligomer and the polyanionic DNA backbone [30]. Based on the ref-
erence [38], a 1.0 mg/mL  CTS solution was commonly used for the
electrode modification, which was dissolved in a 1.0% HAc solution
in this experiment.

According to the reported result [39], the maximum
coverage density of ssDNA on the electrode surface was
2.7 × 1012 molecules/cm2, which was  about 4.6 × 10−12 mol/cm2.
Since appropriate surface probe concentration can form a probe
monolayer that is benefit to the further hybridization. So 10 �L
of the 1.0 × 10−6 mol/L ssDNA probe sequence was dropped on
the surface of the modified electrode, which gave a surface con-
centration of 1.7 × 10−11 mol/cm2. The excess amount of ssDNA
probe sequence on the electrode surface can result in the satu-
rated adsorption of probe, which was beneficial to the following
hybridization reaction with the target ssDNA sequence.

3.5.  Selectivity of the electrochemical DNA biosensor

The selectivity of this electrochemical DNA biosensor was inves-
tigated by using the probe ssDNA modified electrode to hybridize
with different ssDNA sequences related to target ssDNA sequence.
Fig. 5 showed the DPV reductive responses of MB  at the ssDNA
probe-modified electrode (curve a) and after hybridization with
different kinds of ssDNA sequence. After hybridized with the tar-

get ssDNA, the biggest reduction signal was obtained (curve e),
indicating the formation of hybridized dsDNA on the electrode sur-
face could accumulate the most amounts of MB  molecules. The
hybridization with the noncomplementary sequence (curve b) gave
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Fig. 5. Differential pulse voltammograms of MB  at the ssDNA probe-modified
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lectrode  (a) and after hybridization with the noncomplementary sequence (b),
hree-base mismatched sequence (c), one-base mismatched sequence (d), the com-
lementary DNA sequence (e).

 small increase of the electrochemical response. MB can inter-
ct with phosphate framework of ssDNA by electrostatic binding,
hile the electrostatic effect and intercalation with the major or
inor grooves of dsDNA helix are coexisted [36]. The little increase

f the peak current can be attributed to the electrostatic interac-
ion of MB  with non-specific adsorbed noncomplementary ssDNA
n the electrode surface. After the ssDNA probe was  hybridized
ith three-base mismatched sequence (curve c) and one-base
ismatched sequence (curve d), the increases of the reductive

eak current were much smaller than that obtained from the
omplementary ssDNA sequence. At the same time the one-base
ismatched sequence gave a bigger response than that of the

hree-base mismatched sequence, which demonstrated that the
abricated DNA biosensor exhibited the high selectivity and good
istinguish ability for the hybridization detection.

.6. Sensitivity of the electrochemical DNA sensor

The sensitivity of this electrochemical DNA biosensor was
xplored by hybridizing the probe ssDNA modified electrode with
he different concentrations of Lectin gene sequence of soybean.

ith the increase of the target ssDNA concentration in the solu-
ion the reduction peak current of MB  also increased gradually and
eached its maximum level at a concentration of 1.0 × 10−6 mol/L.
hus, at this concentration of target ssDNA the maximum capac-
ty of the probe ssDNA available on the electrode surface is
nvolved in the hybridization event. The calibration curve for Lectin
ene sequence of soybean is linear between 1.0 × 10−12 mol/L and
.0 × 10−6 mol/L with a correlation coefficient of 0.998 and the lin-

ar regression equation of �I (�A) = 2.508 log[c/(mol/L)] + 53.014
where c is the concentration of soybean Lectin gene sequence; �I
s the difference of MB  peak current before and after hybridiza-
ion). The relative standard deviation (RSD) of six independently

able 1
omparison of the analytical parameters with other modified electrodes.

Substrate electrode Modifier Detection method Indicator 

SPEa CTS/Fe3O4 SWV  MB  

GEb CTS/MWCNTs DPV MB  

GCEc MWCNTs/ZrO2 DPV Daunomycin 

CILE CTS/Fe3O4–GR DPV MB  

a SPE, screen printed electrode.
b GE, graphite electrode.
c GCE, glassy carbon electrode.
Fig. 6. Differential pulse voltammograms of MB  on (a) CTS/Fe3O4–GR/CILE,
probe/CTS/Fe3O4–GR/CILE (b) and hybridization with PCR products of arachis (c)
and soybean (d) endogenous genes.

probe-modified electrodes measured for target ssDNA sequence
was 4.3%, indicating the good reproducibility of the detection. A
detection limit of the soybean Lectin gene sequence was estimated
to be 3.59 × 10−13 mol/L (3�) (where � is the RSD of the blank
solution, n = 11). The performance of the proposed biosensor was
compared with that of other electrochemical DNA biosensors based
on different nanoparticles with the results shown in Table 1. It
can be seen that the proposed DNA biosensor had a lower detec-
tion limit and wider detection range for the target ssDNA sequence
assay.

The stability of ssDNA/CTS/Fe3O4–GR/CILE was further inves-
tigated by hybridizing with the target sequence after different
storage time at 4 ◦C refrigerator. After 10 days storage of the mod-
ified electrode, 97.5% of the initial sensitivity remained. After
20 days storage 95.2% of the initial sensitivity still remained. The
results indicated this modified electrode was  a stable platform as
electrochemical DNA biosensor.

3.7. Detection of PCR product of soybean endogenous genes

The  hybridization detection of the PCR amplified real samples
of soybean (Lectin gene) and arachis (Arabinose operon D gene)
endogenous gene were further conducted by this electrochemical
DNA biosensor under the selected conditions. The PCR amplified
samples were diluted with 50.0 mmol/L PBS (pH 7.0) and dena-
tured by heating it in boiling water bath for 10 min, and further
frozen in an ice bath for 2 min. Then the denatured PCR amplifica-
tion product of soybean and arachis endogenous gene samples was
dropped directly onto ssDNA/CTS/Fe3O4–GR/CILE for hybridiza-
tion. After the hybridization reaction the electrode was immersed

into MB  solution for detection with the results shown in Fig. 6.
The MB  signal at the probe ssDNA modified electrode (curve b)
was bigger than that of the CTS/Fe3O4–GR/CILE (curve a), indi-
cating that the presence of ssDNA on the electrode surface could

Linear range (mol/L) Detection limit (mol/L) References

5.0 × 10−11 to 3.0 × 10−10 5.0 × 10−11 [19]
5.0 × 10−9 to 2.0 × 10−8 2.52 × 10−10 [40]
1.49 × 10−10 to 9.32 × 10−8 7.5 × 10−11 [41]
1.0 × 10−12 to 1.0 × 10−6 3.59 × 10−13 This work
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dsorb MB  molecules. An increase of the MB  reduction peak current
ppeared after the hybridization with the denatured PCR ampli-
ed real sample of Arabinose operon D gene (curve c), which was
uch smaller than hybridized with the denatured PCR amplified

eal sample of Lectin gene (curve d), indicating the good selec-
ivity of this constructed electrochemical DNA biosensor, and the
ncrease on the curve c may  be caused by the non-specific adsorp-
ion of sample ssDNA. The obvious increase on curve d indicated
he successful accomplishment of the hybridization reaction on the
lectrode surface, which resulted in the formation of dsDNA with
ore MB  accumulated. This significant difference of the MB  sig-

als between the probe modified electrode and at the hybridized
lectrode confirmed that this electrochemical DNA biosensor
ould effectively detect the PCR product of soybean Lectin gene
ample.

. Conclusions

A  sensitive electrochemical DNA sensor based on the
TS/Fe3O4–GR/CILE was developed and further applied to the
etection of the PCR product from soybean Lectin gene. The surface
f the modified electrodes was characterized by different methods
ncluding SEM, cyclic voltammetry and electrochemical impedance
pectroscopy. Due to the synergistic effects of Fe3O4 microspheres
nd GR on the electrode surface, the apparent electrode area was
ncreased, which further enhanced the loading amount of the probe
sDNA sequence and improved the detection sensitivity for target
sDNA sequence. This electrochemical DNA sensor exhibited the
dvantages such as simple preparation procedure, low cost, fast
esponse, good selectivity, wide linear range and high sensitivity.
he detection of the soybean Lectin gene sequence can be achieved
n the concentration range from 1.0 × 10−12 to 1.0 × 10−6 mol/L

ith the detection limit of 3.59 × 10−13 mol/L (3�). The PCR prod-
ct of soybean Lectin gene sample was also detected satisfactorily
nd the method exhibited a well-distinguished ability with that of
rachis.
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