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a b s t r a c t

A novel architecture was designed by combining the strong adsorption ability of Fe2O3 microspheres to
the DNA probes and excellent conductivity of self-doped polyaniline (SPAN) nanofibers (copolymer of
aniline and m-aminobenzenesulfonic acid) on carbon ionic liquid electrode (CILE) for electrochemical
impedance sensing of the immobilization and hybridization of DNA. The formed conductive Fe2O3/SPAN
membrane on the CILE was characterized by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) using [Fe(CN)6]3−/4− as the indicator. The immobilization of the probe DNA on the sur-
face of electrode and the sensitivity of DNA hybridization recognition were dramatically enhanced due to
the unique synergistic effect of Fe O microspheres, SPAN nanofibers and ionic liquid. The DNA hybridiza-
PAN nanofibers

arbon ionic liquid electrode
NA electrochemical biosensor
EPCase gene

2 3

tion events were monitored with a label-free EIS strategy. Under optimal conditions, the dynamic range of
this DNA biosensor for detecting the sequence-specific DNA of phosphoenolpyruvate carboxylase (PEP-
Case) gene from transgenically modified rape was from 1.0 × 10−13 to 1.0 × 10−7 mol/L, and the detection
limit was 2.1 × 10−14 mol/L. This work suggested a simple strategy to prepare a conductive interface for
electrochemical detection of DNA hybridization and opened a way for the application of Fe2O3 in DNA

g.
electrochemical biosensin

. Introduction

Nucleic acid hybridization has become one of the most impor-
ant techniques in molecular biology for the detection and analysis
f specific DNA sequences. Determination of nucleic acid sequences
lays an increasingly significant role in many fields, ranging from
linical diagnosis, forensic analysis and drug research to food
afety monitoring (Y.L. Zhang et al., 2009). A variety of approaches
ave been developed for the detection of DNA hybridization,

ncluding fluorescent, electrochemical, piezoelectric, and acoustic
echniques (Teles and Fonseca, 2008). Among these techniques,
lectrochemical methods have attracted significant attention for
heir simplicity, reliability, selectivity, and sensitivity as well as
ompatibility with microfabrication technology. Thus, in recent
ears, there has been considerable interest in developing DNA elec-
rochemical biosensors for the rapid and inexpensive diagnosis of
enetic diseases and other biological analysis (Prabhakar et al.,

008; Chen et al., 2008; Gorodetsky et al., 2008; Li et al., 2008;
ang et al., 2009). Generally, the main target for the fabrication
f DNA biosensors is to prepare well-defined DNA recogni-
ion interface for effective immobilization of probe ssDNA onto

∗ Corresponding author. Tel.: +86 532 84022665; fax: +86 532 84023927.
E-mail address: kjiao@qust.edu.cn (K. Jiao).

956-5663/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2009.07.032
© 2009 Elsevier B.V. All rights reserved.

transducer surface through suitable matrix and immobilization
method.

Due to their special attributes, magnetic particles have been
used in drug delivery, hyperthermia treatment, cell separation, and
immunoassay (Sonti and Bose, 1995; Cheng et al., 2005; Ao et al.,
2006). Recently, magnetic particles as special biomolecular immo-
bilizing carriers are becoming the focus of research, since magnetic
behavior of these bioconjugates is likely to improve delivery and
recovery of biomolecules for desired biosensing applications (S.F.
Wang et al., 2008; Zhuo et al., 2009; Tang et al., 2008; Cheng et
al., 2009). For instance, Wang et al. developed a novel tyrosinase
biosensor based on Fe3O4–chitosan nanocomposite for the detec-
tion of phenolic compounds (S.F. Wang et al., 2008). Zhuo et al.
reported an electrochemical immunosensor of high selectivity and
good reproducibility with the employment of bienzyme function-
alized three-layer composite magnetic particles (Zhuo et al., 2009).
In this context, Fe2O3, as one of the most important magnetic metal
oxides, may act as a promising immobilization carrier for biosens-
ing owing to its unusual properties including high conductivity, low
toxicity, and easy preparation process (Qu et al., 2007).
The choice of a suitable supporting material is an important fac-
tor that may affect the performance of supported analytes owing
to the support–analyte interactions and surface reactivity. Room
temperature ionic liquid (RTIL), comprising of organic cations and
various anions, represents a new kind of nonaqueous but polar

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:kjiao@qust.edu.cn
dx.doi.org/10.1016/j.bios.2009.07.032
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olvents, which possesses many good characteristics, such as neg-
igible vapor pressure, noninflammability, high ionic conductivity,
ne thermal stability and wide electrochemical window (Welton,
999). Recently, carbon ionic liquid electrode (CILE) has been
roposed and widely applied in the electrochemical community
Maleki et al., 2008; Shangguan et al., 2008; Musameh et al., 2008;
un et al., 2007, 2008; Franzoi et al., 2009). Using ionic liquid as
very efficient pasting binder in place of nonconductive organic

inders in carbon paste electrode (CPE) allows us to construct a
ew generation of carbon composite electrode with advantages
ver traditional CPE’s such as excellent conductivity, renewable
urface, fast electron-transfer rate and high sensitivity for detec-
ion. For example, Maleki et al. explored a palladium nanoparticle
ecorated CILE for highly efficient electrocatalytic oxidation and
etermination of hydrazine (Maleki et al., 2008). Shangguan et al.
tudied the direct electrochemistry of glucose oxidase based on its
irect immobilization on CILE (Shangguan et al., 2008). However, to
he best of our knowledge, the application of CILE as the biosensing
onstruction platform for detection of DNA hybridization has rarely
een reported.

The aim of this work is to develop a simple and effective con-
uction route, which provides a well-defined recognition surface
or hybridization. In this study, a membrane composed of Fe2O3

icrospheres and self-doped polyaniline (SPAN) nanofibers was
onstructed on CILE as the platform for label-free detection of
NA hybridization. In detail, SPAN nanofibers were firstly coated
n the surface of a CILE to form a negatively charged nanostruc-
ured monolayer. Then the positively charged Fe2O3 microspheres
isoelectric point ∼7.0) were adsorbed on the SPAN/CILE surface
y electrostatic attraction with the SO3

2− of SPAN nanofibers
Radeva and Petkanchin, 1997; Gao et al., 2007). The obtained
e2O3/SPAN/CILE integrated the strong adsorption ability of Fe2O3
icrospheres to the DNA probes with the large surface area and

xcellent electron-transfer ability of SPAN nanofibers, and the high
onductivity of CILE. The synergistic effect of this matrix could
reatly enhance the loading of DNA probes, the electron transfer
f [Fe(CN)6]3−/4− (the redox indicator for EIS) and hence markedly
mprove the sensitivity of target DNA detection. The fabricated
iosensor was applied to label-free detection of the DNA specific
equences of phosphoenolpyruvate carboxylase (PEPCase) gene
rom transgenically modified rape with satisfactory results.

. Experimental

.1. Apparatus

All the electrochemical measurements were performed on a CHI
60C electrochemical workstation (Shanghai CH Instrument Com-
any, China). A conventional three-electrode system was used with
modified CILE as working electrode, a saturated calomel electrode

SCE) as reference electrode and a platinum wire as auxiliary elec-
rode. The pH values of all solutions were measured by a model
HS-25 digital acidimeter (Shanghai Leici Factory, China). Scan-
ing electron microscopy (SEM) was carried out using a JSM-6700F
achine (JEOL, Tokyo, Japan).

.2. Chemicals

Ionic liquid 1-butyl-3-methylimidazolium hexafluorophos-
hate (BMIMPF6, Hangzhou Kemer Chemical Limited Company,
hina), graphite powder (average particle size 30 �m, Shang-

ai Colloid Chemical Plant, China), potassium ferricyanide
K3[Fe(CN)6], Shanghai No. 1 Reagent Factory, China) and potas-
ium ferrocyanide (K4[Fe(CN)6], Shanghai Heng Da Chemical
imited Company, China) were used as received. SPAN nanofibers
ere prepared according to the reference (C.Q. Zhang et al., 2009)
lectronics 25 (2009) 428–434 429

and dispersed in ultrapure water to 2.0 mg/mL. Fe2O3 micro-
spheres were synthesized as reported previously (D.B. Wang et al.,
2008) and dispersed in Britton-Robinson (B-R) buffer (pH 3.0) to
2.0 mg/mL. All the chemicals were of analytical grade and ultrapure
water was used in all the experiments.

Materials for detection of PEPCase gene sequences: The 20-base
oligonucleotides probe (ssDNA), its complementary DNA sequence
(cDNA, target DNA, namely a 20-base fragment of PEPCase gene
sequence, which was selected according to the transgenic sequence
of phosphoenolpyruvate carboxylase gene in transgenically mod-
ified rape), single-base mismatched DNA sequence, double-base
mismatched DNA sequence and noncomplementary DNA sequence
(ncDNA) were synthesized by Beijing SBS Gene Technology Limited
Company. Their base sequences are listed below:

probe DNA (ssDNA): 5′-CAG CAC CTA GGC ATA GGT TC-
3′;

target DNA (cDNA): 5′-GAA CCT ATG CCT AGG TGC TG-
3′;

single-base mismatched DNA: 5′-GAA CCT ATG CCT AGG TGG TG-
3′;

double-base mismatched DNA: 5′-GAA CCT CTG CCT AGG TGG TG-
3′;

ncDNA: 5′-TGC GAT AAA GGA AAG GCT AT-
3′.

All oligonucleotides stock solutions of 20-base oligomers
(1.0 × 10−7 mol/L) were prepared with Tris–HCl buffer (5.0 mmol/L
Tris–HCl, 50.0 mmol/L NaCl, pH 7.0), and stored at 4 ◦C. More
diluted solutions were obtained via diluting aliquot of the stock
solution with ultrapure water prior to use. The hybridization
solution was diluted with 2× SSC (pH 7.5), which consisted of
0.30 mol/L NaCl and 0.03 mol/L sodium citrate tribasic dihydrate
(C6H5Na3O7·2H2O).

2.3. Preparation of CILE and Fe2O3/SPAN/CILE

The traditional CPE was prepared by hand-mixing of graphite
powder with solid paraffin at a ratio of 3/1 (w/w) in an agate mortar.
The homogeneous paste was packed firmly into one end of a glass
tube with the diameter of 4 mm. The electrical contact was provided
by inserting a copper wire to the paste in the inner hole of the
tube. The CILE was prepared by the procedure similar to that of
traditional CPE only with changes by mixing ionic liquid BMIMPF6
with graphite powder at a ratio of 1/4 (w/w) in a mortar.

Prior to modification, the surface of the electrode was smoothed
with a weighting paper. 10 �L of 2.0 mg/mL SPAN nanofibers
suspension was spread uniformly onto the surface of the CILE
and air-dried naturally to obtain the SPAN/CILE. Then 10 �L of
2.0 mg/mL Fe2O3 microspheres suspension was placed on the
SPAN/CILE and allowed to dry at room temperature, thus a uniform
membrane coated electrode (Fe2O3/SPAN/CILE) was obtained.

2.4. Immobilization and hybridization of DNA

Immobilization of ssDNA probes was performed by immersing
the Fe2O3/SPAN/CILE into 2.0 mL Tris–HCl buffer solution (pH 7.0)
containing 1.0 × 10−7 mol/L ssDNA probes with a constant poten-
tial at 0.7 V for 600 s, followed by washing the electrode with
0.5% sodium dodecylsulfate (SDS) solution and then rinsing it with
ultrapure water to remove the unimmobilized ssDNA, and this

probe-captured electrode was denoted as ssDNA/Fe2O3/SPAN/CILE.

The ssDNA/Fe2O3/SPAN/CILE was immersed into a hybridiza-
tion solution (2× SSC buffer, pH 7.5) containing the target
DNA and hybridized at 0.4 V for 500 s, followed by washing the
electrode with 0.5% SDS solution to remove the unhybridized



4 d Bioe

D
d
s
n

2

s
1
s
a
1

t
(
a

3

3
m

s
S
t
n
t

T
t
c
s

30 W. Zhang et al. / Biosensors an

NA, and this hybridization modified electrode was denoted as
sDNA/Fe2O3/SPAN/CILE. The hybridizations of probe ssDNA with
ingle-base mismatched DNA, double-base mismatched DNA and
cDNA were carried out through similar procedure.

.5. Electrochemical measurements

Cyclic voltammetric (CV) and electrochemical impedance
pectroscopic (EIS) measurements of 1.0 mmol/L K3Fe(CN)6 and
.0 mmol/L K4Fe(CN)6 were performed with 0.1 mol/L KCl as the
upporting electrolyte. The CV scan rate was 100 mV/s. The AC volt-
ge amplitude was 5 mV and the voltage frequencies ranged from
0 kHz to 0.01 Hz. The applied potential was 0.172 V.

The differential pulse voltammetric (DPV) cathodic signals of
he accumulated methylene blue (MB) were obtained in B-R buffer
pH 6.0) containing 1.5 × 10−5 mol/L MB. DPV parameters: pulse
mplitude 50 mV, pulse width 60 ms, pulse period 0.2 s.

. Results and discussion

.1. SEM characterization of SPAN nanofibers and Fe2O3
icrospheres

The typical SEM image of the prepared SPAN nanofibers is pre-
ented in Fig. 1A. It is found that large quantities of well-defined
PAN nanofibers are obtained and they are interconnected together
o form netlike nanostructures. The typical length of all the SPAN
anofibers is about several micrometers and their diameters are in
he range of 60–80 nm.
Fig. 1B and C display the SEM images of the synthesized Fe2O3.
he low-magnification SEM image shown in Fig. 1B indicates that
he products consist of large amount of monodisperse microparti-
les, and these microparticles are egglike in shape and uniform in
ize. The diameter of the Fe2O3 microspheres is mainly centered at

Fig. 1. (A) SEM image of SPAN nanofibers, (B) low-magnification an
lectronics 25 (2009) 428–434

500 nm. The high-magnification SEM image in Fig. 1C reveals the
surface configuration of the microspheres. It is evident that the sur-
face of the egglike microspheres is not smooth but rough, implying
that these microspheres may be composed of smaller subunits.

3.2. Cyclic voltammetric behaviors of the modified electrodes

CV can provide useful information on the barrier changes of
the electrode surface during the fabrication process. Therefore,
the CV of 1.0 mmol/L [Fe(CN)6]3−/4− was chosen as a marker
to investigate the changes of the electrode behavior before and
after each assembly step. As shown in Fig. 2A, a couple of well-
defined redox peaks could be observed at the bare CILE (a). After
the electrode was coated with SPAN nanofibers, as illustrated
in curve b, the current response increased obviously ascribed to
the good electron-transfer ability and large electroactive surface
area of SPAN nanofibers. The information of the Fe2O3/SPAN/CILE
was shown in curve c, and there was a further increase of
the current response due to the good electrical conductivity of
Fe2O3 microspheres. For comparison, the current response at the
Fe2O3/CILE was observed in curve d, which was much lower
than that at the Fe2O3/SPAN/CILE (c), indicating the synergistic
amplification effect of SPAN nanofibers and Fe2O3 microspheres
on enhancing the current response was outstanding. The current
response at the ssDNA/Fe2O3/SPAN/CILE (e) decreased dramatically
as compared with that at the Fe2O3/SPAN/CILE (c), demonstrat-
ing that ssDNA probes had been immobilized on the surface of the
Fe2O3/SPAN membrane. The negatively charged phosphate skele-
tons of ssDNA immobilized on the membrane had a repulsive

force to [Fe(CN)6]3−/4− anion, and therefore the current response
of [Fe(CN)6]3−/4− at the ssDNA/Fe2O3/SPAN/CILE decreased signif-
icantly.

As shown in Fig. 2B, the current response of [Fe(CN)6]3−/4− at
the CILE (b) was greater than that at the traditional CPE (a), which

d (C) high-magnification SEM images of Fe2O3 microspheres.
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get DNA (cDNA), the Ret value increased to 3910 � (b). The ratio
of Ret values between dsDNA/Fe2O3/CILE and ssDNA/Fe2O3/CILE
was calculated to be 2.7, which was also lower than that (4.3)
between dsDNA/Fe2O3/SPAN/CILE and ssDNA/Fe2O3/SPAN/CILE,
ig. 2. (A) Cyclic voltammograms of 1.0 mmol/L [Fe(CN)6]3−/4− recorded at (a) bare
B) Cyclic voltammograms of 1.0 mmol/L [Fe(CN)6]3−/4− recorded at (a) bare CPE, (b

ndicated that the presence of ionic liquid BMIMPF6 with high
onic conductivity in the carbon paste could greatly enhance the
onductivity of the electrode. Furthermore, the current response
t the Fe2O3/SPAN/CILE (d) was also much larger than that at
he Fe2O3/SPAN/CPE (c). Above experimental results exhibited the
uperiority of CILE to traditional CPE in terms of improving sensi-
ivity and the potential of CILE as a new generation of biosensing
onstruction platform.

The electroactive surface areas of the electrodes were estimated
ccording to the slope of ipa versus �1/2 plot, based on the Randles-
evcǐk equation (Xiao et al., 2008): ipa = 2.69 × 105AD1/2n3/2�1/2C,
here ipa refers to the anodic peak current, n the electron-transfer
umber, A the surface area of the electrode, D the diffusion coef-
cient, C the concentration of [Fe(CN)6]3−/4− and � the scan rate.
or 1.0 mmol/L [Fe(CN)6]3−/4−, n = 1 and D = 6.70 × 10−6 cm2/s, then
rom the slope of the ipa–�1/2 relation, the active surface areas
average of three measurements) of the bare CILE, SPAN/CILE,
e2O3/CILE and Fe2O3/SPAN/CILE can be calculated to be 0.65, 1.29,
.08 and 2.15 cm2, respectively. Herein, the synergistic effect of
PAN nanofibers and Fe2O3 microspheres on enhancing the elec-
roactive surface area was remarkable.

.3. Electrochemical impedance characterization of the modifying
rocess

EIS with [Fe(CN)6]3−/4− as the indicator has been extensively
sed as an effective tool for electrochemical detection of DNA
ybridization (Park et al., 2008; Yang et al., 2009; Kukol et al.,
008). Fig. 3 showed Nyquist plots of impedance for the stepwise
lectrode modification process. The impedance spectra include a
emicircle portion at higher frequencies relating to the electron-
ransfer-limited process and a linear part at lower frequencies
orresponding to diffusion. The increase in the diameter of the
emicircle reflects the increase in the interfacial electron-transfer
esistance (Ret). For the bare CILE (a), the value of Ret was 527 �.
fter the modification of SPAN nanofibers, the Ret value decreased

o 356 � (b), indicating that the SPAN nanofibers formed high
lectron conduction pathways between the electrode and elec-
rolyte, and improved the diffusion of [Fe(CN)6]3−/4− toward the
lectrode surface. After Fe2O3 microspheres were assembled on
he SPAN/CILE, a further decrease of Ret (262 �) was observed (c),
nd this could be ascribed to the fine conductivity of Fe2O3 micro-

pheres. The Ret value increased to 738 � (d) after ssDNA probes
ere immobilized on the Fe2O3/SPAN membrane, which could be

ttributed to the electrostatic repulsion between the negatively
harged ssDNA probe and [Fe(CN)6]3−/4− anion. After the ssDNA
robes immobilized on the electrode surface were hybridized with
b) SPAN/CILE, (c) Fe2O3/SPAN/CILE, (d) Fe2O3/CILE and (e) ssDNA/Fe2O3/SPAN/CILE.
CILE, (c) Fe2O3/SPAN/CPE and (d) Fe2O3/SPAN/CILE.

the complementary target DNA (cDNA), the Ret value increased
dramatically to 3210 � (e), indicating that the presence of the
formed dsDNA on the electrode. After hybridization, the negative
charges on the electrode surface increased remarkably and the sur-
face membrane became thicker, which might raise the Ret value. In
conclusion, from the changes of the Ret value, the immobilization
and hybridization of DNA on this Fe2O3/SPAN/CILE platform could
be understood clearly.

As shown in Fig. S1 (see Supplementary material), the Ret

value was estimated to 580 � (a) after ssDNA probes were immo-
bilized on the Fe2O3/SPAN/CPE. When the probe ssDNA was
hybridized with its complementary target DNA (cDNA), the Ret

value increased to 1270 � (b). The ratio of Ret values between
dsDNA/Fe2O3/SPAN/CPE and ssDNA/Fe2O3/SPAN/CPE was calcu-
lated to be 2.2, which was lower than that (4.3) between
dsDNA/Fe2O3/SPAN/CILE and ssDNA/Fe2O3/SPAN/CILE, indicating
the superiority of CILE to traditional CPE in terms of improv-
ing sensitivity of DNA hybridization detection. As shown in
Fig. S2 (see Supplementary material), the Ret value was estimated to
1450 � (a) after ssDNA probes were immobilized on the Fe2O3/CILE.
When the probe ssDNA was hybridized with its complementary tar-
Fig. 3. Nyquist diagrams of 1.0 mmol/L [Fe(CN)6]3−/4− recorded at (a) bare
CILE, (b) SPAN/CILE, (c) Fe2O3/SPAN/CILE, (d) ssDNA/Fe2O3/SPAN/CILE and (e)
dsDNA/Fe2O3/SPAN/CILE.
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emonstrating that the sensitivity of DNA hybridization detection
ad been improved when using SPAN nanofibers.

.4. Differential pulse voltammetry of MB for DNA
mmobilization and hybridization

MB can be bound specifically to the guanine (G) bases in
NA molecules, and it has been widely used as an electroac-

ive indicator for electrochemical detection of DNA hybridization
Prabhakar et al., 2008; Chen et al., 2008; Zhang et al., 2008a).
ig. S3 (see Supplementary material) displayed the hybridization
etection of DNA by using DPV with MB as the indicator. The curve
was the DPV response of MB at the ssDNA/Fe2O3/SPAN/CILE.

fter hybridization of probe ssDNA with the target DNA, the DPV
ignal of MB decreased remarkably (b), demonstrating that the
resence of the formed dsDNA on the electrode. The G bases were
mbedded in the double helix configuration of the formed dsDNA
n the electrode, which prevented MB from accessing the elec-
rode. These phenomena further proved that the Fe2O3/SPAN/CILE
ould be a fine platform for the immobilization and hybridization
f DNA.

.5. Optimization of experimental conditions

The optimal ratio of graphite powder with ionic liquid BMIMPF6
as investigated with the ratio as 6/1, 5/1, 4/1, 3/1 and 2/1 (w/w),

espectively, which showed obvious influence on the stability and
ensitivity of the CILE. When the amount of BMIMPF6 was too
ower, the graphite powder could not be bound together. When
he amount of BMIMPF6 was too higher, the background current
ncreased remarkably and the current response of [Fe(CN)6]3−/4−

ended to unstable, which may be due to the partial dissolution of
onic liquid from the electrode surface. Finally, a ratio of 4/1 was
elected for the construction of the CILE. As indicated in reference
Maleki et al., 2006), the imidazolium-based ionic liquid showed
strong ‘�–�’ interaction with graphite powder, which improved

he stability of the ionic liquid modified carbon paste.
In the process of electrode modification, the immobilization

f the ssDNA probes on the Fe2O3/SPAN/CILE was a crucial step.
he immobilization potential and time of the probe DNA directly
ffected its immobilization amount on the Fe2O3/SPAN membrane.
he probe DNA was immobilized at different potentials, such as 0.4,
.5, 0.6, 0.7, 0.8 and 0.9 V, and the Nyquist diagrams at the electrode
fter every immobilization of the probe DNA were respectively
ecorded. The results showed that the Ret value at the probe-
odified electrode increased with the positive shift of the potential

rom 0.4 to 0.7 V, and then reached a constant level beyond 0.7 V.
herefore, 0.7 V was selected for the immobilization of probe DNA
n our experiments. The probe DNA was immobilized at 0.7 V for
ifferent time from 100 to 900 s, and the results indicated that the
et value increased with the increase of the time from 100 to 600 s.
ith further increase of the immobilization time, the Ret value

eached a constant level. An optimal immobilization time of 600 s
as used in our experiments.

The hybridization potential and time had important effect on
he hybridization reaction. The probe ssDNA/Fe2O3/SPAN/CILE was
ybridized by immersing it into a hybridization solution containing
.0 × 10−7 mol/L target DNA at different potentials, such as 0.2, 0.3,
.4, 0.5 and 0.6 V, for different times (100–700 s), and the Nyquist
iagrams at the electrode before and after hybridization of the
robe DNA were respectively recorded. The Ret difference value

fter and before hybridization of the probe DNA (�Ret) was eval-
ated. The larger the �Ret value, the better the hybridization. The

argest �Ret value was obtained when the hybridization was con-
ucted at 0.4 V for 500 s. Thus, the optimal hybridization potential
as selected as 0.4 V and the optimal hybridization time as 500 s.
Fig. 4. Nyquist diagrams of 1.0 mmol/L [Fe(CN)6]3−/4− recorded at (a) ssDNA/Fe2O3/
SPAN/CILE, (b) dsDNA/Fe2O3/SPAN/CILE (hybridization with cDNA), (c) the electrode
hybridized with ncDNA, (d) the electrode hybridized with single-base mismatched
DNA and (e) the electrode hybridized with double-base mismatched DNA.

3.6. Analytical performance of the DNA biosensor

The selectivity of this DNA biosensor was investigated by using
the DNA probe to hybridize with different DNA sequences related to
PEPCase gene in transgenically modified rape. After hybridization
of the DNA probe, the changes of the Nyquist diagram of 1.0 mmol/L
[Fe(CN)6]3−/4− in 0.1 mol/L KCl were shown in Fig. 4. The curve a was
the Nyquist diagram at the probe ssDNA/Fe2O3/SPAN/CILE. After
hybridization of the DNA probe with the cDNA, the change of the
Nyquist diagram was shown in curve b. The Ret value increased
obviously, suggesting that hybrids (dsDNA) were formed at the
electrode. The increase of the Ret value was negligible after the
DNA probe was hybridized with the ncDNA (c), indicating that
the hybridization reaction was not achieved. After the DNA probe
was hybridized with the single-base mismatched DNA sequence
(d) or double-base mismatched DNA sequence (e), the increase
of the Ret value was much smaller than that obtained from the
hybridization with the cDNA (b). And the single-base mismatched
and double-base mismatched DNA sequence could also be rec-
ognized via comparing the increase of the Ret value. The results
demonstrated that this DNA biosensor displayed very high selec-
tivity for the hybridization detection.

The stability of the probe ssDNA/Fe2O3/SPAN/CILE was exam-
ined by repetitive scanning in 1.0 mmol/L [Fe(CN)6]3−/4− solution.
97.2% of the initial Ret response remained after continuous scan-
ning for 50 cycles. The ssDNA/Fe2O3/SPAN/CILE could be stored
at 4 ◦C for about 2 weeks and the decrease of the Ret response
was got as 3.75%. The results demonstrated that the prepared DNA
biosensor had good stability and could be applied for further quan-
titative analysis. Six parallel-made DNA biosensors were used to
detect 1.0 × 10−10 mol/L target DNA and a relative standard devi-
ation (R.S.D.) of 3.58% (n = 6) was estimated, showing the high
reproducibility of this DNA biosensor.

The regeneration ability of this impedance-based DNA biosen-
sor was also evaluated. The dsDNA on the hybridized electrode was
hot denatured by immersing the electrode into boiling water for
10 min, and then cooled down rapidly with an ice salt bath, fol-
lowed by rinsing the electrode with ultrapure water. The Nyquist

3−/4−
diagrams of [Fe(CN)6] at the regenerated probe-modified elec-
trode and its hybridized electrode were recorded. The results
indicated that the two Ret values at the two electrodes and their
�Ret value were, respectively, almost the same as those obtained
in the first experiment. Repetitive experiments showed that the
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Table 1
Comparison of the proposed biosensor with other metal oxide-based electrochemical DNA hybridization biosensors.

Electrodes Methods Detection range (mol/L) Detection limit (mol/L) References

ZrO2/Au DPV
(MB)

2.25 × 10−10 to 2.25 × 10−8 1.0 × 10−10 Zhu et al. (2004)

CeO2/CHIT/GCE DPV
(MB)

1.59 × 10−11 to 1.16 × 10−7 1.0 × 10−11 Feng et al. (2006)

MWNTs/ZrO2/CHIT/GCE DPV
(daunomycin)

1.49 × 10−10 to 9.32 × 10−8 7.5 × 10−11 Y.H. Yang et al. (2007)

ZrO2/SWNTs/PDC/GCE EIS 1.0 × 10−11 to 1.0 × 10−6 1.38 × 10−12 J. Yang et al. (2007)
ZrO2/NG/GCE DPV

(MB)
1.0 × 10−10 to 1.0 × 10−6 3.1 × 10−11 Zhang et al. (2008b)

−11 to 1.0 −6 −12

to 1.0
to 1.0
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ZnO/MWNTs/CHIT/GCE DPV
(MB)

1.0 × 10

CeO2-SWNTs-BMIMPF6/GCE EIS 1.0 × 10−12

Fe2O3/SPAN/CILE EIS 1.0 × 10−13

NA biosensor could be reproduced for five times without losing
ts sensitivity, exhibiting the fine regeneration ability of this DNA
iosensor.

.7. Quantitative analysis of PEPCase gene target sequence

The difference between the Ret values (namely �Ret) of
.0 mmol/L [Fe(CN)6]3−/4− containing 0.1 mol/L KCl at the probe
sDNA/Fe2O3/SPAN/CILE and that at the hybridization modified
lectrode (dsDNA/Fe2O3/SPAN/CILE) was used to be the measure-
ent signal for quantitative analysis of the PEPCase gene target

equence. The concentration of the PEPCase gene target sequence
n the hybridization solution was changed from 1.0 × 10−7 to
.0 × 10−13 mol/L, and the results were shown in Fig. 5. The
Ret value between before and after hybridization was linear
ith the logarithm of the PEPCase gene target sequence concen-

rations in the range of 1.0 × 10−13 to 1.0 × 10−7 mol/L with a
orrelation coefficient (R) of 0.9960. The regression equation was
Ret = 3.162 lg C + 30.737 (C, mol/L; �Ret, �), and a detection limit

f 2.1 × 10−14 mol/L could be estimated using 3� (where � was the
.S.D. of the blank solution, n = 11). The results demonstrated that

he sensitivity of this impedance-based DNA biosensor was good
nough for the PEPCase gene sequence detection.

The comparison of the proposed biosensor with other elec-
rochemical biosensors for DNA hybridization detection based on

ig. 5. Nyquist diagrams of 1.0 mmol/L [Fe(CN)6]3−/4− recorded at (a) ssDNA/
e2O3/SPAN/CILE and after hybridization reaction with different concentrations
f PEPCase gene target sequence: (b) 1.0 × 10−13 mol/L, (c) 1.0 × 10−12 mol/L, (d)
.0 × 10−11 mol/L, (e) 1.0 × 10−10 mol/L, (f) 1.0 × 10−9 mol/L, (g) 1.0 × 10−8 mol/L and
h) 1.0 × 10−7 mol/L.
× 10 2.8 × 10 Zhang et al. (2008a)

× 10−7 2.3 × 10−13 W. Zhang et al. (2009)
× 10−7 2.1 × 10−14 This work

metal oxide was listed in Table 1. From the results it can be seen that
this DNA hybridization biosensor displayed a much lower detection
limit and wider detection range for the target DNA assay.

4. Conclusions

A conductive Fe2O3/SPAN membrane was developed on CILE
for the simple, rapid, specific electrochemical impedance detec-
tion of DNA hybridization. The combination CILE with conductive
materials provided a promising functional interface for the immo-
bilization of DNA probe. It was demonstrated that the proposed
approach had a wide detection range with a low detection limit.
Moreover, the reported biosensor achieved impressive selectivity
with successful discrimination of the target DNA from mismatch
sequences. This novel DNA sensing architecture may have the
potential for the detection of target DNA in complex samples, even
clinical analytes, and the simple strategy described here may be
facile to apply in DNA damage analysis and diagnostics.
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