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A  novel  protocol  for development  of  DNA  electrochemical  biosensor  based  on thionine-graphene
nanocomposite  modified  gold  electrode  was  presented.  The  thionine-graphene  nanocomposite  layer  with
highly  conductive  property  was  characterized  by  scanning  electron  microscopy,  transmission  electron
microscopy,  cyclic  voltammetry  and  electrochemical  impedance  spectroscopy.  An  amino-substituted
oligonucleotide  probe  was  covalently  grafted  onto  the  surface  of the thionine-graphene  nanocomposite
by  the  cross-linker  glutaraldehyde.  The  hybridization  reaction  on  the  modified  electrode  was  monitored
raphene
hionine
NA electrochemical biosensor
aunomycin

by differential  pulse  voltammetry  analysis  using  an  electroactive  intercalator  daunomycin  as  the indica-
tor. Under  optimum  conditions,  the proposed  biosensor  exhibited  high  sensitivity  and  low  detection  limit
for detecting  complementary  oligonucleotide.  The  complementary  oligonucleotide  could  be quantified
in  a wide  range  of  1.0  × 10−12 to  1.0  ×  10−7 M with  a good  linearity  (R2 = 0.9976)  and  a low  detection  limit
of  1.26  × 10−13 M (S/N =  3).  In addition,  the  biosensor  was  highly  selective  to  discriminate  one-base  or
two-base  mismatched  sequences.
. Introduction

The detection of specific DNA sequence is currently an area of
remendous interest since more and more research has proved
hat the mutations of genes are responsible for numerous inher-
ted human disorders (Malley and Hutcheon, 2007; Van Borsel
nd Tetnowski, 2007; Chamcheu et al., 2011). Besides, pathogens
esponsible for disease states, bacteria and viruses, are also
etectable via their unique nucleic acid sequences. Therefore, rapid
nd simple determination of specific sequences of DNA in human,
iral and bacterial nucleic acids at low concentration is currently
n great demand (Lucarelli et al., 2004). Many techniques including
uorescence (Yang et al., 2008; Liu et al., 2010a),  electrochemilu-
inescence (Wei  et al., 2007; Wang et al., 2010), electrochemistry

Chang et al., 2007; Liu et al., 2010b),  surface plasmon resonance
pectroscopy (Kick et al., 2010) and quartz crystal microbalance
Fei et al., 2011; Nie et al., 2007) have been developed for the DNA
etection. In these bioassay systems, DNA electrochemical biosen-
ors have attracted broad attention due to their advantages such as
ow cost, fast response, small size, good selectivity and miniatur-

zation of instruments (Jiang et al., 2008; Riccardi et al., 2006; Peng
t al., 2005; Yan et al., 2001).

∗ Corresponding author. Tel.: +86 21 66134734.
∗∗ Corresponding author. Tel.: +86 431 85262243.

E-mail addresses: luoliqw@yahoo.com.cn (L. Luo), wangzx@ciac.jl.cn (Z. Wang).
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oi:10.1016/j.bios.2012.03.026
© 2012 Elsevier B.V. All rights reserved.

Graphene, a two-dimensional sheet of sp2 conjugated atomic
carbon, has stimulated intense research interest because of its
large specific surface area, high thermal and electrical conductiv-
ities (Novoselov et al., 2004; Kim et al., 2008), great mechanical
strength (Zhao et al., 2010), and potential low manufacturing cost
(Segal, 2009). Due to its excellent conductivity and electrocatalytic
activity, graphene is an ideal material for the preparation of elec-
trochemical sensors and biosensors (Shan et al., 2009; Zhou et al.,
2009; Wang et al., 2009). Bonanni and Pumera (2011) developed
a graphene platform to combine the sensitivity of electrochemical
impedance spectroscopy (EIS) with the high selectivity of hairpin-
shaped DNA probes for the rapid detection of single nucleotide
polymorphism correlated to the development of Alzheimer’s dis-
ease. Hu et al. (2011) constructed a novel gold nanoparticles-ionic
liquid/3,4,9,10-perylene tetracarboxylic acid/graphene sensitive
platform, which was successfully used for label-free impedance
sensing of DNA. The graphene-based chemo/biosensors show
a considerable prospect due to their good biocompatibility for
biomolecules (Chen et al., 2008).

To expand the application of graphene, non-covalent function-
alization between graphene sheets and aromatic organic molecules
based on �-stacking interaction has been carried out (Su et al.,
2009; Xu et al., 2008), which could preserve the intrinsic prop-
erties of graphene and improve its solubility (Ghosh et al., 2010).

Thionine has a planar aromatic structure that allows strong inter-
action with the surface of graphene sheets through synergistic
non-covalent charge-transfer and �–� stacking force (Chen et al.,
2011). The positive charges on thionine facilitate the solubility and

dx.doi.org/10.1016/j.bios.2012.03.026
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:luoliqw@yahoo.com.cn
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revent the aggregation of non-covalent functionalized graphene
Li et al., 2004). Moreover, due to a large amount of hydrophilic
mino groups ( NH2), thionine modified graphene sheets can cova-
ently immobilize NH2-substituted oligonucleotide probe by linker.

In this work, a DNA sensing platform based on thionine-
raphene nanocomposite (Th-G) was developed. Using dauno-
ycin as a hybridization indicator, the sensitive detection of

omplementary oligonucleotide was realized by monitoring differ-
ntial pulse voltammetry (DPV) signal of daunomycin intercalated
n double-stranded DNA (dsDNA). This sensing method provides
otential applications for the ultrasensitive detection of different
NA sequences.

. Experimental

.1. Reagents

Graphite oxide (GO) was obtained from Nanjing XFNANO Mate-
ials Tech Co., Ltd., (Nanjing, China). Thionine, l-cysteine (Cys)
nd glutaraldehyde (GA, 25%) were provided by Sigma (USA).
aunomycin was purchased from Melone Pharmaceutical Co., Ltd.,

Dalian, China). Hydrazine hydrate (NH2NH2·H2O, 80%) was pur-
hased from Aladdin (Shanghai, China).

21-base synthetic oligonucleotide sequences related to anthrax
ethal factor were provided by Sangon Biotech Co., Ltd., (Shanghai,
hina):

Probe ssDNA (P1): 5′-(NH2-C6) ATC AAT ATT TAA CAA TAA TCC-3′;
Complementary ssDNA (C1): 5′-GGA TTA TTG TTA AAT ATT GAT-
3′;
One mismatch-containing ssDNA (C2): 5′-GGA TTA TTG TGA AAT
ATT GAT-3′;
Two mismatch-containing ssDNA (C3): 5′-GGA TTA TGG TGA AAT
ATT GAT-3′.

0.1 M phosphate buffer solution with 0.1 M KCl and 0.05 M NaCl
0.1 M PBS, pH 7.4) was used as the supporting electrolyte. All chem-
cals used in the experiments were of analytical grade. Milli-Q water
18.25 M� cm)  was used throughout the experiments.

.2. Instruments

Transmission electron microscopy (TEM) images were obtained
y a Hitachi H-600 (Japan, at an acceleration voltage of 100 kV) and
canning electron microscopy (SEM) images were carried out on
n XL30 ESEM-FEG (Netherlands, FEI Company, at an acceleration
oltage of 15.0 kV).

Electrochemical measurements were performed using a CHI
60D electrochemical workstation (Shanghai CH Instrument Co.,
hina). A conventional three-electrode system was  used with a
aturated calomel electrode (SCE) as the reference electrode, a plat-
num sheet as the counter electrode, and a modified gold electrode
AuE, 1.5 mm in diameter) as the working electrode. EIS measure-

ents were tested by an Autolab PGSTST 30 analyzer (Metrohm
utolab B.V., Switzerland) using [Fe(CN)6]3−/4−as the electrochem-

cal probe. 5 mV  amplitude of sine voltage signal was applied to
he three-electrode system under open circuit potential, and the
requency varied from 0.1 Hz to 100 kHz.

.3. Preparation of graphene and Th-G nanocomposite

Graphene was prepared according to the literature (Hummers

nd Offeman, 1958; Kovtyukhova et al., 1999). Briefly, the proce-
ure was as following: the GO dispersion (5 mg  dispersed in 50 mL
ater) was firstly exfoliated by sonicating under ambient condi-

ions for 40 min. Then, NH2NH2·H2O (1% v/v) was  added into the
ctronics 35 (2012) 507– 511

GO dispersion. The resulting mixture was  heated to 100 ◦C and kept
stirring for 24 h. Subsequently, the solution was filtered, and the fil-
trate was discharged. Finally, black hydrophobic powder graphene
was obtained by drying in vacuum at 60 ◦C, and stored at ambient
conditions.

Th-G suspension was  prepared as follows: 0.1 mg/mL  of GO dis-
persion (5 mg  of GO nanosheets into 50 mL  water) was obtained
by ultrasonication for 40 min  at room temperature. After cen-
trifugation at 3000 rpm for 5 min, the undissolved substance was
discarded and the brown supernatant was kept for further use.
Then, 10 mL  of 2 mM of thionine aqueous was  added into the above
solution, and stirred vigorously for at least 12 h. After that, 200 �L
NH2NH2·H2O (80%) was  dropped into the resulting dispersion. After
being vigorously shaken for 10 min, the mixture was  heated to
95 ◦C under reflux for 1 h. Finally, the stable dark dispersion was
centrifuged and washed three times. The dark centrifugate was
dissolved in 2 mL  of distilled water.

2.4. Fabrication of DNA biosensors

The preparation of the DNA electrochemical biosensor is illus-
trated in Fig. 1. The bare AuE was  carefully polished with 1.0, 0.3
and 0.05 �m alumina slurries, followed by successive sonication in
Milli-Q water and ethanol for several minutes, respectively. Prior to
use, the AuE was immersed in Piranha’s solution for 10 min (a hot
mixed solution of 30% H2O2 and concentrated H2SO4, volume ratio
3:7. Attention: strong hazardous chemicals), followed by rinsing
with water and absolute ethanol. Then, the AuE was continuously
scanned within a potential range of −0.35 V to +1.70 V in freshly
prepared deoxygenated 0.5 M H2SO4 until a voltammogram char-
acteristic of the cleaned AuE was  established.

The freshly pretreated AuE was rinsed with water, dried with
N2 flow and then immersed in 20 mM Cys solution (0.1 M PBS,
pH 7.4) for 24 h. A Cys-modified gold electrode (Cys/AuE) was
obtained after thoroughly washing with water. The Cys/AuE was
immersed into 0.5% GA solution for 2 h to obtain the GA modi-
fied gold electrode (GA/Cys/AuE). In this procedure, Cys was  firstly
self-assembled on the gold electrode, and then GA was covalently
attached on the Cys/AuE. Then, 5 �L prepared Th-G suspension was
dropped on the surface of the GA/Cys/AuE and dried in air to form
Th-G nanocomposite modified electrode (Th-G/GA/Cys/AuE). The
Th-G/GA/Cys/AuE was then washed with water and immersed into
0.5% GA solution for 2 h to obtain the GA modified electrode (GA/Th-
G/GA/Cys/AuE). Finally, the GA/Th-G/GA/Cys/AuE was incubated in
20 �M P1 for another 2 h to covalently immobilize the probe ssDNA,
and thus the P1/GA/Th-G/GA/Cys/AuE was obtained after washing
with 0.1 M PBS (pH 7.4).

2.5. Hybridization and electrochemical measurements of the
biosensor

The hybridization procedure was performed by immersing
P1/GA/Th-G/GA/Cys/AuE into 100 �L analyte solution (C1, C2 or
C3) with desired concentration for 40 min  at 35 ◦C, and then the
hybridized electrode was  rinsed with 0.1 M PBS (pH 7.4) to remove
the non-specifically adsorbed DNA. The obtained electrodes after
hybridization with above different sequences were denoted as
C1-P1/GA/Th-G/GA/Cys/AuE, C2-P1/GA/Th-G/GA/Cys/AuE and C3-
P1/GA/Th-G/GA/Cys/AuE, respectively.

The hybridized electrode was placed in 10 �M daunomycin

(0.1 M PBS, pH 7.4) for 15 min. The electrode was  rinsed with 0.1 M
PBS (pH 7.4) for several times to remove the physically adsorbed
molecules. Then hybridized electrode was  used for electrochemical
measurements.
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Fig. 1. Schematic diagram of covalent immobilization of NH2-substituted

. Results and discussion

.1. Characterization of the graphene and Th-G nanocomposite

The morphology of the prepared graphene and Th-G nanocom-
osite characterized with SEM and TEM was shown in Fig. S1 (Sup-
lementary information). Fig. S1A reveals the typical crumpled and
rinkled graphene sheet structure on the surface of the glassy

arbon substrate. TEM image of graphene (Fig. S1B, Supplemen-
ary information) shows that graphene sheets were difficult to
e dispersed in aqueous solution and always reunited with high-
ensity large aggregates. As can be seen from the SEM image
f Th-G nanocomposite (Fig. S1C, Supplementary information), a
arge amount of thionine molecules were attached to the graphene
heets. From the TEM image in Fig. S1D, unlike graphene sheets, the
raphene modified by thionine became well-exfoliated and its sol-
bility in water was improved after the interaction with thionine
olecules. The results can be attributed to the thionine molecules

ttached onto the individual graphene sheets making graphene
urface more hydrophilic.

UV–vis absorption spectrum was performed to study the �–�
nteraction between thionine and graphene. Fig. S2 (See Supple-

entary information) illustrates the absorption spectra of thionine
olution, graphene oxide, graphene and Th-G suspension. The
pectrum obtained from the graphene oxide dispersion (curve b)
xhibits a strong absorption band at 230 nm attributing to �–�*
ransitions of aromatic C C bonds. The absorption band red-shifted
o 275 nm,  when graphene oxide was reduced to graphene (curve
), indicating the restoration of a �-conjugation network. The spec-
rum of thionine appears two characteristic adsorption peaks. One
s located in near-ultraviolet region around 283 nm, while the other
s located in visible region around 600 nm,  which correspond to

he �–�* transitions of aromatic rings and the n–�* transitions of

N bond, respectively. The two corresponding absorption peaks
an also be observed from the spectrum of Th-G, indicating the
resence of thionine molecules on graphene. The red-shift for the
e ssDNA on Th-G nanocomposite using glutaraldehyde as an arm linker.

absorption peak at 630 nm and blue-shift for the other absorp-
tion peak at 280 nm provide further evidence on the interaction
between graphene and thionine molecules (Li et al., 2004; Chen
et al., 2011; Wei  et al., 2010).

3.2. Electrochemical characterization of different electrodes

The properties of different electrodes were examined by EIS
exploiting the solution-based redox probe [Fe(CN)6]3−/4−, and the
results were shown in Fig. S3 (See Supplementary information).
In EIS, the semicircle portion observed at high frequencies corre-
sponds to the electron transfer limiting process. When Cys was
assembled onto AuE surface, the Rct value (48 �, curve b) decreased
compared with that of the bare AuE (351 �,  curve a), suggesting
that positive charges of the amino groups electrostatically favored
the diffusion of negatively charged ferrocyanide molecules to the
electrode surface and Cys acted as a so-called promoter in the
electron transfer procedure (Tian et al., 2002; Liu et al., 2006).
However, the Rct value of GA/Cys/AuE (1063 �, curve c) is greatly
increased, indicating that GA acted as an insulating layer which
made the interfacial electron transfer difficult. After Th-G and GA
being modified on AuE (curve d and curve e), the AC impedance
spectra of the Th-G/GA/Cys/AuE and GA/Th-G/GA/Cys/AuE showed
lower interfacial Rct (20 � and 41 �,  respectively), indicating that
the Th-G layer improved the electron transfer process on the elec-
trode surface. This is because that many small band gaps on Th-G
are favorable for conducting electrons (Stankovich et al., 2006;
Noll et al., 1998). After being treated with P1 and C1, P1/GA/Th-
G/GA/Cys/AuE and C1-P1/GA/Th-G/GA/Cys/AuE showed obviously
different impedance curves f and g from the curves a–e (the cor-
responding Rct increased to 349 � and 660 �, respectively). The

increased Rct can be ascribed to negative charges of DNA immobi-
lized on the electrodes which are against the diffusion of negatively
charged ferrocyanide molecules to the electrode surface. In order
to verify EIS results, cyclic voltammograms (CVs) of different
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BS  (pH 7.4), intercalating with 10 �M daunomycin for 15 min; inset: the calibration
urve of the biosensor.

odified electrodes in 5 mM [Fe(CN)6]3−/4− solution are presented
n Fig. S4 (See Supplementary information).

CVs of different modified electrodes after Th-G immobilization
ere recorded from −0.70 V to 0.20 V in 0.1 M PBS (pH 7.4), as

hown in Fig. S5 (See Supplementary information). When Th-G
as immobilized onto the surface of modified electrode, a couple

f well-defined and diffusion-limited redox peaks were obtained.
his is in accordance with literature (Tang et al., 2006), reveal-
ng that the thionine attached on graphene retained the redox
roperties. When P1 was covalently attached onto the electrode
hrough cross-linker, an obvious decrease of the redox peak cur-
ent of thionine is observed. Under this immobilized conditions,
e found that the surface loading of ssDNA is approximately

.5 × 1013 molecules cm−2, which is higher than that of literature
eported (Ricci et al., 2007). After 1.0 × 10−8 M C1 was captured,
urther current decrease appears, indicating that dsDNA formed an
lectron-transfer and mass-transfer blocking layer, which greatly
nhibited the reaction on the electrode surface. The graphene mod-
fied surface also reveals high hybridization capacity; for instance,
he hybridization efficiency of immobilized P1 can reach 50%,
hen the hybridization is performed with a solution containing

.0 × 10−8 M C1.

.3. Oligonucleotides detection with the proposed sensor

DPV, a highly sensitive electrochemical technique, was  used for
he detection of oligonucleotides. DPV measurements were con-
ucted from +0.10 V to +0.50 V with the pulse amplitude 50 mV  in
.1 M PBS (pH 7.4). Under this condition, a peak related to the oxi-
ation of daunomycin was  obtained at around +0.31 V and taken as
he electrochemical measurement signal.

Factors affecting the hybridization were optimized. The exper-
mental results show that the best hybridized temperature,
ybridized time and intercalation time of daunomycin were
5 ◦C, 40 min  and 15 min  for this system, respectively (See
ig. S7 in the Supplementary information).

Under optimal conditions, the analytical performance of the
NA biosensor was tested using the P1/GA/Th-G/GA/Cys/AuE to
ybridize with C1 of different concentrations. Fig. 2 shows rep-

esentative DPV curves of the oxidation of daunomycin at the
1-P1/GA/Th-G/GA/Cys/AuE. It can be observed that the peak cur-
ent of daunomycin increased with the C1 concentration increasing.
he increase of peak current is linear with the C1 concentration
intercalating with 10 �M daunomycin for 15 min; DPV of P1/GA/Th-G/GA/Cys/AuE
(d) and C1-P1/GA/Th-G/GA/Cys/AuE (f) in 0.1 M PBS (pH 7.4), without intercalating
with 10 �M daunomycin. The concentration of C1–C3 was  1.0 × 10−8 M.

in the range from 1.0 × 10−12 M to 1.0 × 10−7 M (see the inset of
Fig. 2). The regression equation is I (�A) = 26.71 + 2.07 log C (M)  and
the correlation coefficient is R2 = 0.9976. The limit of detection is
1.26 × 10−13 M (S/N = 3). The performance of the proposed sensor
was better than or comparable to that of other nanomaterials mod-
ified electrodes (See Table S1 in the Supplementary information).

3.4. The selectivity of the DNA sensor

Selectivity is a crucial factor to evaluate the performance
of a DNA biosensor. In this work, the selectivity was explored
using the P1/GA/Th-G/GA/Cys/AuE to hybridize with different sorts
of DNA sequences. Fig. 3 displays the comparison of DPV sig-
nals obtained from P1/GA/Th-G/GA/Cys/AuE hybridized with C1,
C2 and C3, respectively. As can be seen from Fig. 3, no cur-
rent response can be observed at the C1-P1/GA/Th-G/GA/Cys/AuE
without intercalating with daunomycin (column f). However,
after intercalating with 10 �M daunomycin, the response current
at C1-P1/GA/Th-G/GA/Cys/AuE was greatly enhanced, demon-
strating a sensitive detection of C1 (column a). For one and
two-base mismatched ssDNA, the C2-P1/GA/Th-G/GA/Cys/AuE and
C3-P1/GA/Th-G/GA/Cys/AuE show smaller responses, respectively
(column b and c). It can be seen that very small current responses
appear at the P1/GA/Th-G/GA/Cys/AuE with or without intercalat-
ing with daunomycin (column e and d), indicating that the presence
of non-specific adsorption of daunomycin will not influence the
response of the electrode. These results show that the DNA sensor
performed good selectivity.

3.5. Reproducibility and stability of the DNA sensor

To characterize the reproducibility, the DNA sensor was
tested in 0.1 M PBS (pH 7.4). Five parallelly prepared P1/GA/Th-
G/GA/Cys/AuEs were performed and then hybridized with
1.0 × 10−8 M C1, respectively. An acceptable relative standard devi-
ation (R.S.D.) of 8.3% (n = 5) for the current value of DPV was
estimated, which shows the high reproducibility of the DNA detec-
tion. When stored in 0.1 M PBS (pH 7.4) at 4 ◦C for more than
two weeks, the current response for the sensor decreased quickly

(about 71% of its initial value) in the first five days, and then main-
tained stable from 5 to 14 days, demonstrating that the proposed
DNA biosensor has good stability. (See Fig. S8 in the Supplemen-
tary information).
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. Conclusion

The successful preparation of the DNA electrochemical biosen-
or demonstrated the strong covalent immobilization of probe
sDNA to the surface of Th-G/GA/Cys/AuE via GA linker.
ue to the large specific area and good conductivity of the
raphene, thionine modified graphene provide a promising plat-
orm with high sensitivity and advantageous detection limit of
NA analysis. In a word, this work establishes a methodol-
gy for the developing of DNA biosensors with good analytical
roperties.
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