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a b s t r a c t

We report electrochemical preparation and characterization of a new biosensor made of nanostructured
titanium dioxide (nano-TiO2) particles and deoxyribonucleic acid (DNA). Thionin (TN) redox mediator
was electrochemically deposited onto DNA/nano-TiO2 modified glassy carbon electrode (GCE). The X-
ray diffraction analysis, atomic force microscope (AFM) and scanning electron microscope (SEM) were
used for surface analysis of TN/DNA/nano-TiO2 film. In neutral buffer solution, TN/DNA/nano-TiO2/GCE
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biosensor exhibited excellent electrocatalytic activity towards the reduction of hydrogen peroxide (H2O2)
and oxygen (O2). The biosensor shows excellent analytical performance for amperometric determination
of H2O2, at reduced overpotential (−0.2 V). The detection limit and liner calibration range were found to
be 0.05 mM (S/N = 3) and 0.05–22.3 mM, respectively. In addition, determination of H2O2 in real samples
was carried out using the new biosensor with satisfactory results. The TN/DNA/nano-TiO2/GCE showed
stable and reproducible analytical performance towards the reduction of H2O2. This biosensor can be used
as an amperometric biosensor for the determination of H O in real samples.
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. Introduction

Metal oxides are emerging as important materials because
f their versatile properties such as high-temperature super-
onductivity, ferroelectricity, ferromagnetism, piezoelectricity and
emiconductivity. Recently, nanostructured TiO2 particles prepara-
ion and their applications in photovoltaic studies, photocatalysis
nd environmental studies (water and air purification) have
ttracted much attention among the researchers [1–6]. The
merging sensor technology based on nanoparticles (NPs) and
anocomposites with chemical and biological molecules is much
eneficial for direct and real applications. For example, the
iO2–oligonucleotide nanocomposites not only retain the intrinsic
hotocatalytic capacity of TiO2 and the bioactivity of the oligonu-
leotide DNA, but also possess the chemically and biologically
nique new property of a light-inducible nucleic acid endonucle-
se, which could became a new tool for gene therapy [7]. Recent

www.sp
dvances in hybrid nanotechnology involving nucleic acids are pre-
ominantly linked with sequence-specific nucleic acid interactions,
nd are oriented towards cellular imaging or DNA microarray devel-
pment [8–11].
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Recently, the anti-17�-estradiol antibody was immobilized on
olyelectrolyte polyacrylic acid-modified TiO2 nanoparticles for
ater treatment [12], sonogel carbon electrode modified with
anostructured TiO2 for catechol detection [13], a nano-TiO2
lm/nafion modified on a glassy carbon electrode (GCE) used for

nvestigation of dopamine [14], nano-TiO2 and hemoglobin were
o-modified on pyrolytic graphite electrode to study the photo-
oltaic effect of TiO2 nanoparticles [15,16] and carbon electrode
odified with TiO2/metal nanoparticles for the detection of trini-

rotoluene [17] have been reported.
The DNA has been used for the immobilization of protein

olecules [18–22]. DNA can enhance electron transfer between
lectrode and heme proteins in myoglobin–DNA films [23].
emoglobin on DNA/poly-2,6-pyridinediamine modified Au elec-

rode for detection of H2O2 [24], DNA/poly(p-aminobenzensulfonic
cid) bi-layer modified GCE for detection of dopamine and uric acid
25], electrochemical behavior of neomycin at DNA-modified gold
lectrodes are investigated [26]. An electrochemically deposited
hin film of DNA is suitable platform for fabrication of biosensors
27–29].

In the present work, we report a novel nanocomposite biosen-

or for the detection of H2O2 based on thionin incorporated
i-layer of DNA/nano-TiO2 film modified electrode. X-ray diffrac-
ion pattern, atomic force microscope (AFM) and scanning electron

icroscope (SEM) have been employed for surface character-
zations of TN/DNA/nano-TiO2 films modified electrode. Cyclic

http://www.sciencedirect.com/science/journal/09277765
mailto:sakumar80@gmail.com
mailto:smchen78@ms15.hinet.net
dx.doi.org/10.1016/j.colsurfb.2008.07.003
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oltammetry and amperometry have been used for investiga-
ion of electrochemical properties of nanocomposite modified
lectrode. Using amperometry, linear range and detection limit
f H2O2 were explored. In addition, we report electrocat-
lytic reduction of oxygen (O2) using TN/DNA/nano-TiO2 coated
lectrode.

. Experimental

.1. Materials and apparatus

Deoxyribonucleic acid sodium salt (17.5 A260 units/mg), thionin
ye (dye content >95%) and titanium oxosulfate TiOSO4 were
urchased from Sigma–Aldrich (St. Louis, MO, USA). H2O2 (30%,
/w), potassium ferrocyanide, sulfuric acid (H2SO4, assay 95%),
itric acid (HNO3, assay 60%) and sodium hydroxide (purity 93%)
ere purchased from Wako pure chemicals (Osaka, Japan). Potas-

ium nitrate, sodium acetate and sodium dihydrogen phosphate
ere received from E-Merck (Darmstadt, Germany) and other

hemicals were of analytical grade and used without further
urification. Double-distilled water was used in all experiments.
iluted H2O2 standard solutions were freshly prepared directly
rior to use. The commercial antiseptic and contact lenses clean-

ng H2O2 solutions were purchased from a local drug store in
aipei.

Electrochemical measurements were performed by a CHI750A
lectrochemical Work Station (CH Instrument Inc., USA). Glassy
arbon electrode from BAS (West Lafayette, USA) and indium tin
xide-coated glass (ITO) electrodes were purchased from Merck
isplay Technologies, Ltd. (Darmstadt, Germany). ITO thickness and

esistance were 30 ± 10 nm and 80 �, respectively. Size of the glass:
00 mm × 350 mm × 0.7 mm. ITO or GCE are used as working elec-
rodes. ITO substrates were cleaned by using detergent, diluted
itric acid and then finally rinsed with distilled water. Platinum
ire is used as the counter electrode. All the cell potentials were
easured with respect to an Ag/AgCl [KCl (sat)] reference elec-

rode. Amperometry measurements for H2O2 were performed on a
i-potentiostat Model CHI750A (TX, USA) having an analytical rota-
or model AFMSRK with MSRX speed control (PINE Instruments,
SA). Hitachi scientific instruments (London, UK) model S-3000H

canning electron microscope was used for surface image measure-
ents. The AFM images were recorded with a multimode scanning

robe microscope system operated in tapping mode using Being
ano-Instruments CSPM-4000, Ben Yuan Ltd. (Beijing, China).
lectrochemical impedance measurements were performed using
mpedance measurement unit, IM6ex ZAHNER, Messsysteme
Kroanch, Germany). All experiments were carried out at room
emperature.

.2. Electrochemical synthesis of TiO2

Electrochemical synthesis of TiO2 nanoparticles were carried
ut onto ITO electrode from the bath solution containing 0.02 M
iOSO4, 0.03 M H2O2, 0.05 M HNO3 and 0.05–0.25 M KNO3 (pH
.4). The deposition was performed at room temperature (25 ± 2 ◦C)
nder potentiostatic conditions (−2.0 V vs. Ag/AgCl). This led to the
ormation of a white colored gel film on the electrode surface. Each
eposition has been conducted for 30 min. For the preparation of
ultiple TiO2 layers electrosynthesis was repeated three or four

www.sp
imes, with drying steps at 150 ◦C in between, after which the final
nnealing step takes place at 400 ◦C for 1 h to obtain crystalline
iO2 film. The substrates were weighed prior to coating and after
nnealing to determine the amount of deposited TiO2. Nearly 20%
ass reduction was observed after heat-treatment at 400 ◦C for 1 h,
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ue to water elimination from the film [30]. Thereafter, crystalline
iO2 particles were scratched from the ITO surface and collected
n 10 mL brown colored vial and later used for modification
f GCE.

Cathodic electro-deposition of TiO2 film from
iOSO4 + H2O2 + HNO3 + KNO3 (pH 1.4) solutions involves the
ndirect deposition of a gel of hydrous titanium oxo-hydrides (Eq.
3)), resulting from the reaction of titanium peroxo-sulfate Eq. (2)
ith hydroxide ions produced by nitrate electrochemical reduction

30–32].

O3
− + H2O + 2e− → NO2

− + 2OH− (1)

iOSO4 + H2O2 → Ti(O2)SO4 + H2O (2)

i(O2)SO4 + 2OH− + (x + 1)H2O → TiO(OH)2·xH2O2 + SO4
2− (3)

nnealing of the gel at 400◦C for an hour, results in the formation
f crystalline TiO2.

iO(OH)2·xH2O → TiO2 + (x + 1)H2O. (4)

.3. Preparation of modified electrodes

2.5 mg of synthesized TiO2 NPs was added into 5 mL double-
istilled water and then ultrasonicated for 10 min to create a
uspension with a concentration of 0.5 mg mL−1. After being
iluted five times, the mixture of 10 �L TiO2 NPs suspension was
pread evenly onto the surface of the well cleaned GCE which was
ried for 6 h in the absence of light. Finally, the modified electrode
as thoroughly rinsed with double-distilled water. The deposition
f DNA layer was carried out under constant potential of +1.5 V
or 30 min in 0.1 mg mL−1 DNA solution [25,33]. This electrode was
escribed as DNA/nano-TiO2/GCE. For comparison, the DNA depo-
ition was made on a bare GCE to prepare a DNA modified GCE,
enoted as DNA/GCE.

Consequently, DNA/nano-TiO2/GCE electrode was cycled in
.1 M phosphate buffer solution (PBS) containing 1 × 10−5 M
hionin (between −0.45 and 0.2 V) for 20 cycles. Afterwards, the
lectrode was thoroughly rinsed with double-distilled water and
hen dried at 4 ◦C for an hour in the absences of light. When
ot in use, the electrode was stored in aqueous solution of 0.1 M
BS (pH 7.0) at 4 ◦C. It was named as TN/DNA/nano-TiO2/GCE and
hen used for further studies. For comparison, TN/nano-TiO2/GCE,
N/DNA/GCE and TN/GCE coated electrodes were prepared and
sed for further investigation.

. Results and discussions

.1. Electrochemical deposition of TN

Fig. 1 shows the consecutive cyclic voltammograms (CVs) of
N adsorption onto DNA/nano-TiO2 bi-layer modified electrode
n pH 7.0 PBS containing 1 × 10−5 M TN. The CVs of the electro-
hemical deposition of TN film onto a DNA/nano-TiO2/GCE was
haracterized by the TN redox couple in the scanning poten-
ial region between 0.0 and −0.4 V. The continuous increase
n anodic and cathodic peak currents of the TN redox couple
ndicated the surface deposition of TN molecules (Fig. 1). After
he 20th cycle, TN adsorption reached saturation. According to
he literature reports, DNA is negatively charged [24–26] which

.co
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ould be firmly attached onto biocompatible nano-TiO2 layer [7].
he irreversible doping of TN occurs onto DNA/nano-TiO2 layer
ue to the interaction between negatively charged DNA and the
ositively charged TN from its solution (pKa 7.8) [34]. In this
xperiment, during the electrochemical deposition process, TN

CSPM
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线条



268 P.-H. Lo et al. / Colloids and Surfaces B: B

F
(

m
b

3

D
e
w
T
t
T
c
n
e
r
w

ig. 1. CVs of TN monomers deposition onto DNA/nano-TiO2 modified GCE from PBS
pH 7.0) containing 1 × 10−5 M TN.
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Fig. 2. SEM and AFM images of nano-TiO2 (a and d), DNA/nan
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onomers were adsorbed (not polymerized) onto DNA/nano-TiO2
i-layer.

.2. Surface characterizations

Fig. 2 shows the SEM and AFM images of nano-TiO2 (a and d),
NA/nano-TiO2 (b and e) and TN/DNA/nano-TiO2 (c and f) coated
lectrodes. From AFM image analyzer the size of the TiO2 particles
as found to be 40 ± 20 nm (a and d). Topography of DNA/nano-

iO2 bi-layer films confirmed that nanocomposite evenly covered
he electrode surface, as seen in Fig. 2(b and e). The TN/DNA/nano-
iO2 film layer surface is highly porous and almost uniformly
overed the electrode surface (c and f). The average surface rough-
esses of nano-TiO2, DNA/nano-TiO2 and TN/DNA/nano-TiO2 film
lectrodes are 1.6, 4.4 and 1.7 nm, respectively. Fig. 3 shows the X-
ay diffraction images of TiO2 particles. The experimental spacing
ere compared with those reported for rutile (1 1 0) (2� of 27.45◦)
nd anatase (1 0 1) (25.24◦) to identify the particle structure [32].
RD results revealed that synthesized particles are mainly com-
osed of anatase.

Electrochemical impedance studies: A Nyquist diagram of elec-
rochemical impedance spectrum is an effective way to measure the

o-TiO2 (b and e) and TN/DNA/nano-TiO2 (c and f) films.

.co
m.cn
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Fig. 3. X-ray diffraction image of nano-TiO2 particles.

lectron-transfer resistance. Fig. 4 shows Nyquist plots of bare GCE,
ano-TiO2/GCE, DNA/nano-TiO2/GCE and TN/DNA/nano-TiO2/GCE

n the presence of 1 mM [Fe(CN)6]3−/4− probe in pH 7.0 PBS. As
hown in Fig. 4 each of the impedance spectra includes a semicircle
art and a linear line part, corresponding to the electron-transfer
rocess and the diffusion process, respectively. The diameter of
he semicircle represents the electron-transfer resistance (Ret) at
he electrode surface. As shown in Fig. 4, curve (a) is a Nyquist
lot of a bare GCE in 1 mM [Fe(CN)6]3−/4−. A very small semi-
ircle domain (Ret = 100 �) was found, which implied a very low
lectron-transfer resistance to the redox probe. After a modifica-
ion with nano-TiO2 layer, the electron-transfer resistance reached
higher value (curve b, Ret = 700 �). Further modification of DNA
ith nano-TiO2 film modified electrode reached a higher value

f electron-transfer resistance (curve c, Ret = 1410 �). Electron-
ransfer resistance (curve d, Ret = 810 �) of TN/DNA/nano-TiO2/GCE
ecreased dramatically, which indicated that TN adsorption on bi-

ayer facilitates the electron transfer of the electrochemical probe
n the bilayer modified electrode. The increase of electron-transfersp
inetics on the electrode surface originates from the TN monolayer.
he high conductivity of TN/DNA/nano-TiO2/GCE nanocompos-
te film increases the electrical properties of the redox processes
nd also provides a large surface area available for TN intercala-
ion.

ig. 4. Electrochemical impedance spectra of (a) bare GCE, (b) nano-TiO2/GCE, (c)
NA/nano-TiO2/GCE and (d) TN/DNA/nano-TiO2/GCE in 1 mM [Fe(CN)6]3−/4− + 0.1 M
BS.
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ig. 5. CVs of TN/DNA/nano-TiO2/GCE in pH 7.0 PBS at different scan rates, the scan
ates from inner to outer are 0.01–0.50 V s−1, respectively. Inset figure shows Ipa and
pc vs. scan rate.

.3. Electrochemical properties

Fig. 5 shows the CVs of the TN/DNA/nano-TiO2/GCE in 0.1 M
BS (pH 7.0) at different scan rates. One reversible redox couple
as observed at E0′ −0.19 V vs. Ag/AgCl. Also, the electrochem-

cal responses of the TN/DNA/nano-TiO2/GCE are anticipated for
surface-confined redox couple, because the peak currents were
irectly proportional to the scan rate up to 200 mV s−1 (Fig. 5),
s predicted for a surface-confined electrochemical process [35].
he ratio of cathodic to anodic peak currents at various scan
ates was almost constant. The peak-to-peak potential separation
�Ep = Epa − Epc) is about 30 mV for TN redox peaks at sweep rates
elow 100 mV s−1, suggesting facile charge transfer kinetics over
his range of sweep rate. The surface coverage concentration (� ) of
N was evaluated from the following equation:

= Q

nFA
(5)

here A (=0.0707 cm2) is the area of the GCE, n (=2) the number of
lectrons per reactant molecule, Q the charge obtained by integrat-
ng the anodic peak at low voltage scan rate (10 mV s−1), and F is the
araday constant. We assume that all of the immobilized redox cen-
ers are electroactive on the voltammetry time scale. In the present
ase, the calculated value of � was 4.5584 × 10−10 mol/cm2. The
ormal potential of TN redox peak was pH-dependent (Fig. S1). A
lot of E0′

vs. pH gives a straight line from pH 1 to 7 with a slope of
62 mV/pH which is very close to the anticipated Nernstian value
f −59 mV for a two-electron–two-proton process of TN [34,36]
Scheme 1) and another straight line was obtained from pH 8 to
3 with a slope of −36 mV which is due to the two-electron–one-
roton electron-transfer reaction. Similar observation was reported
or TN on carbon nanotube modified electrodes [34].

.4. Electrocatalytic mediated reduction of H2O2

To investigate electrocatalytic activity of TN/DNA/nano-
iO2/GCE, electrochemical catalytic reduction H2O2 was
nvestigated by cyclic voltammetry (Fig. 6). There was no reduction

.co
m.c
eak observed at bare GCE and nano-TiO2/GCE in the presence
f H2O2 in the potential range of 0.2 to −0.7 V, suggesting that
ano-TiO2/GCE was inactive to the direct reduction of H2O2 (curves
’). However, at TN/DNA/nano-TiO2/GCE, the reduction peak cur-
ent at about −0.20 V was greatly enhanced in the presence of
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Scheme 1. Schematic representation of redox r

2O2 corresponding with the decrease of the oxidation peak
urrent, suggesting a typical excellent electrocatalytic reduction
rocess of H2O2. The reduction peak current increased with the
oncentration of H2O2 in the solutions (curve b–e). In the absence
f H2O2 a reversible redox peak of TN was retained. The above
esults indicated that mediated reduction of H2O2 takes place at
N/DNA/nano-TiO2/GCE. According to the earlier reports [34,37]
nd based on our experimental findings the possible electrochem-
cal reduction mechanism of H2O2 at TN modified electrode was
resented in Eqs. (6) and (7).

hionin (oxidized form) + 2e− + 2H+

↔ Thionin (reduced form) (6)

hionin (reduced form) + H2O2 + 2H+

→ Thionin (oxidized form) + 2H2O (7)p
To ascertain the need of bi-layer films, the electrochemical
epositions of TN onto bare GCE (a), nano-TiO2/GCE (b) and
NA/nano-TiO2/GCE (c) were carried out and the obtained results
re shown in Fig. 7. From the CVs one can understand that the
NA/nano-TiO2 nanocomposite modified electrode is highly suit-

ig. 6. Electrocatalytic reduction of H2O2 in pH 7.0 PBS at TN/DNA/nano-TiO2/GCE.
a) 0.0 M, (b) 2.5 × 10−3 M, (c) 5 × 10−3 M, (d) 7.5 × 10−3 M, (e) 1 × 10-2 M H2O2 and
a’) nano-TiO2/GCE in 1 × 10−2 M H2O2.
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n of TN and electrocatalytic reduction of H2O2.

ble for adsorption of TN molecules. The magnitude of TN peak
urrent on DNA/nano-TiO2/GCE (c) was six times higher than on a
are GCE (a) and nano-TiO2/GCE (b) which indicated the advantages
f bi-layer modified electrode. After the modification, those three
lectrodes are washed thoroughly with pH 7 buffer solution and
hen CVs were recorded in pH 7.0 PBS. In contrast to TN/DNA/nano-
iO2/GCE, redox peak currents of TN/GCE and TN/nano-TiO2/GCE
re continuously decreased and the redox peak disappeared after
0 cycles. This study clearly indicated that there is no strong dye
dsorption on these electrodes which indicated the leaching of
ye molecules from the electrode surface. Indirectly this study

ndicated that, bare GCE and nano-TiO2 modified electrodes are
ot suitable for fabrication of stable amperometric sensor for the
etection of H2O2. Nevertheless, reproducible results could not be
btained for the measurement for H2O2 at TN/DNA/GCE; it may due
o the instability of TN/DNA film on the electrode surface.

.5. Effect of solution pH and scan rate

.co
m.cn
The effect of pH on the response of the modified electrode was
nvestigated in different pH solutions (1–13). This experimental
esult showed that the TN redox peak currents increased with the
ncreasing pH until it reached 7.0. Thereafter, the redox peak cur-

ig. 7. CVs of TN deposition onto DNA/nano-TiO2/GCE (c), bare GCE (b) and nano-
iO2/GCE (a) from PBS (pH 7.0) containing 1 × 10−5 M TN.
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Table 1
Comparison of the analytical data obtained by some modified electrodes proposed for the determination of H2O2

Electrode material Modifier pH Epc (V) Linear range (M) Detection limit (�M) Reference

Au electrode HRP/DNA/cysteamine 6.9 −0.20 1 × 10−5 to 9.7 × 10−3 0.5 [18]
Au electrode DNA–hemoglobin 5.0 −0.75 2.5 × 10−5 to 1.25 × 10−4 0.4 [22]
Graphite electrode Multiwalled carbon nanotubes/thionine 7.0 −0.20 1.37 × 10−6 to 3.44 × 10−4 – [36]
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CE Thionin–multiwalled carbon nanotubes 7.0
CE Poly(p-aminobenzene sulfonic acid) 7.0
creen printed carbon electrode FAD/TiO2 7.0
CE TN/DNA/nano-TiO2 7.0

ents decreased with increasing pH value. Therefore, pH 7.0 PBS has
een chosen as supporting electrolyte in the following experiments.

To ascertain the effect of scan rate on electrocatalytic reduction
f H2O2 at TN/DNA/nano-TiO2/GCE, CVs were recorded in pH 7.0 PBS
ontaining 2.5 mM H2O2. The relationship between the peak cur-
ent and the scan rate is shown in Fig. S2. It was found that scan rates
rom 10 to 200 mV s−1 show a linear response on the peak current
t the modified electrode in the presence of H2O2. The result indi-
ated that the electron-transfer reaction was controlled by surface
ontrolled process. Based on our experimental results and accord-
ng to literature report [37] electrochemical reduction mechanism
f H2O2 at TN/DNA/nano-TiO2/GCE is described in Scheme 1.

.6. Amperometric determination of H2O2

Next, we attempted to study the amperometric measurement
f H2O2 at TN/DNA/nano-TiO2/GCE. The working potential was
xed at −0.2 V, the response current to the successive addition
f different concentrations of H2O2 at the working electrode was
easured (Fig. 8). The measured current was subtracted from

he background current (1.2 �A) for the preparation of calibration
lot. In the range of 0.05–22.3 mM, the linear regression equation
as Ip(�A) = 6.07e−4 + 1.655e−4CH2O2 (�mol/L) (r2 = 0.9947). The
etection limit (S/N = 3) was 0.05 mM. The inset shown in Fig. 8
emonstrates the linear relationship of the electrocatalytic current
Icat) vs. H2O2 concentration in the wide range of 0.05–22.3 mM.
nalytical data of proposed method such as linear range, detec-

ion limit, applied potential and pH were compared with earliersp
iterature reports (Table 1). From the data shown in Table 1, H2O2
an be determined at lower potential [22,37–39] and wide linear
ange of detection can be achieved using the proposed method
18,22,36–39].

ig. 8. Amperometric current–time curves for H2O2 reduction at TN/DNA/nano-
iO2/GCE. Electrodes were held at an applied potential of −0.2 V (vs. Ag/AgCl) and
otated at 1000 rpm in a 25 mL phosphate buffer solution. Concentrations were used
n the range between 0.05 and 22.3 mM H2O2.
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0.30 2.0 × 10 to 1.60 × 10 0.38 [37]
0.70 5 × 10−5 to 5.5 × 10−4 10 [38]
0.45 0.15 × 10−6 to 3.0 × 10−3 0.1 [39]
0.2 5 × 10−5 to 2.23 × 10−2 50 Proposed method

.7. Analysis of real samples

To investigate the actual applicability of the developed new
iosensor TN/DNA/nano-TiO2/GCE system to practical usage, the
2O2 concentrations of commercial antiseptic solutions and soft-
ontact lenses cleaning solutions (∼3%) were analyzed. The H2O2
ontent in commercial samples has been estimated directly with
he TN/DNA/nano-TiO2/GCE by an amperometric method and the
esults are compared with an alternate standard method [40]. The
mperometric current–time response recorded for the reduction
f H2O2 in commercial samples for sequential additions of 10 �L
f the as-prepared antiseptic agent with 200 times dilution to a
.1 M PBS. Comparing with the linear calibration graph displayed
y the TN/DNA/nano-TiO2/GCE, an average H2O2 concentration was
btained over nine measurements with relative errors −1.993%
nd −2.276% indicating good reproducibility of the electrode
Table 2).

.8. Reproducibility and stability of the modified electrode

The reproducibility of the current response of the biosensor was
xamined at fixed concentration of H2O2 (1.5 mM) and the relative
tandard deviation (RSD) was 2.3 (n = 9). This RSD value is better
nd well comparable with the existing methods [24,36–39]. It indi-
ated that the sensor possessed good reproducibility. In addition,
atalytic current response for reduction of H2O2 at TN/DNA/nano-
iO2/GCE was tested in the solution containing 1.5 mM H2O2 before
nd after continuous stirring of the buffer solution for 30 min. The
esponse of the electrode had no significant change before and after
tirring the solution, this test indicated that reproducible results
ould be obtained at TN/DNA/nano-TiO2/GCE. After those exper-
ments, the biosensor was kept in 0.1 M PBS at 4 ◦C in order to
eep the activity of TN. We used the biosensor to detect H2O2
hree times every day and the results showed that the catalytic
urrent decreased only about 2.0% after a month. This study indi-
ated that TN/DNA/nano-TiO2/GCE has good stability and it can be
sed repeatedly. To ascertain the reproducibility and reliability of
he fabrication procedure, seven times GCE electrode was modi-
ed with TN/DNA/nano-TiO2 films and CVs of the biosensors were
ecorded in 0.1 M PBS. The RSD value of measured anodic peak cur-
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ents was 2.86%. The positively charged TN (pKa 7.8) [34] monomers
hat were firmly attached onto negatively charged DNA/nano-TiO2
i-layer film may attribute to higher stability and good analytical
erformance of the new biosensor.

able 2
etermination of H2O2 in commercial samples

ample H2O2 labeled
value (%)

Proposed method
% ± RSD (%)a

Standard
methodb (%)

Relative
error (%)

3 2.8345 ± 1.25 (n = 9) 2.891 −1.993
3 2.7641 ± 1.84 (n = 9) 2.827 −2.276

a Relative standard deviation.
b Average value of three measurements.
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Fig. 9. Electrocatalytic reduction of O2 in pH 7.0 PBS using TN/DNA/nano-TiO2/GCE.
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a) N2-saturated solution, (b) O2-saturated solution, (c) nano-TiO2/GCE in O2-
aturated solution and (d) bare GCE in O2-saturated solution.

.9. Electrocatalysis of oxygen

Electrocatalytic reduction of O2 was studied using
N/DNA/nano-TiO2/GCE. Fig. 9 shows the CVs of TN/DNA/nano-
iO2/GCE in 0.1 M PBS (pH 7.0) with O2-saturated solution. An
ncrease in the cathodic peak at about −0.20 V is observed in the
resence of O2 and the increase in the cathodic peak is accompa-
ied by a decrease of anodic peak, suggesting that TN has mediated
he electrocatalytic reduction of O2 (curve b). Nano-TiO2/GCE
curve c) and bare GCE (curve d) did not shown significant increase
n peak current and failed to reduce the overpotential required for

2 reduction reaction. Indeed, TN/DNA/nano-TiO2/GCE reduced
he overpotential about 430 mV. In nitrogen saturated solution a
N redox peak re-appeared (curve a). The mechanism of catalytic
eduction of O2 at TN/DNA/nano-TiO2/GCE can be elucidated by
he pathway suggested in Eq. (8). Electrochemical reduced form
f TN on DNA/nano-TiO2/GCE gets converted to oxidized form at
he electrode surface followed by a fast reaction of TN(red) with
2. The product of TN(red)−O2 could then undergo electrochemical

eduction at the potential of TN(oxid) reduction producing H2O2
nd TN(red) again [37].

N(reduced form) + O2 + 2H+ → TN(oxidized form) + H2O2 (8)

. Conclusions

The electrochemical preparation of nano-TiO2 particles and
heir use in the preparation of amperometric biosensor for the
etection of H2O2 was demonstrated. The TN/DNA/nano-TiO2/GCE
howed excellent stability and electrocatalytic activity towards the
eduction of H2O2 and O2 in physiological condition. AFM, SEM and
-ray diffraction images revealed that nano-TiO2 particles cover the
lectrode surface and lead to the adsorption of DNA and TN films.
he electrocatalytic properties of modified electrode were studied
y using cyclic voltammetry and amperometry. The TN/DNA/nano-
iO2/GCE has been employed as a biosensor for determination of
2O2 in the range from 0.05 to 22.3 mM with a detection limit of

www.sp
.05 mM (S/N = 3). We also demonstrated the real application of our
roposed method for the determination of H2O2 in commercially
vailable peroxide solutions with satisfactory results.

[

iointerfaces 66 (2008) 266–273

cknowledgements

This project work was financially supported by the Ministry of
ducation and the National Science Council of Taiwan, ROC.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.colsurfb.2008.07.003.

eferences

[1] X.-Q. Gong, A. Selloni, M. Batzill, U. Diebold, Steps on anatase TiO2(1 0 1), Nat.
Mater. 5 (2006) 665–670.

[2] A. Mills, S.L. Hunte, An overview of semiconductor photocatalysis, J. Photochem.
Photobiol. A: Chem. 108 (1997) 1–35.

[3] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Environmental applica-
tion of semiconductor photocatalysis, Chem. Rev. 95 (1995) 69–96.

[4] T. Matsunaga, R. Tomoda, T. Nakajima, N. Nakamura, T. Komine, Continuous-
sterilization system that uses photosemiconductor powders, Appl. Environ.
Microbiol. 54 (1988) 1330–1333.

[5] Q.X. Jiai, T.M. Mccleskey, A.K. Burrell, Y. Lin, G.E. Collis, H. Wang, A.D.Q. Li, S.R.
Foltyn, Polymer-assisted deposition of metal-oxide films, Nat. Mater. 3 (2004)
529–532.

[6] E. Hosono, S. Fujihara, H. Imai, I. Honma, I. Masaki, H. Zhou, One-step syn-
thesis of nano–micro chestnut TiO2 with rutile nanopins on the microanatase
octahedron, ACS Nano 1 (2007) 273–278.

[7] T. Paunesku, T. Rajh, G. Wiederrecht, J. Maser, S. Vogt, N.A. Stojicevic, M. Protic,
B. Lai, J. Oryhon, M. Thurnauer, G. Woloschak, Biology of TiO2–oligonucleotide
nanocomposites, Nat. Mater. 2 (2003) 343–346.

[8] W.C.-W. Chan, S.M. Nie, Quantum dot bioconjugates for ultrasensitive noniso-
topic detection, Science 281 (1998) 2016–2018.

[9] T.A. Taton, C.A. Mirkin, R.L. Letsinger, Scanometric, DNA array detection with
nanoparticle probes, Science 289 (2000) 1757–1760.

10] S.-J. Park, T.A. Taton, C.A. Mirkin, Array-based electrical detection of DNA with
nanoparticle probes, Science 295 (2002) 1503–1506.

11] Y. Wei, C. Cao, R. Jin, C.A. Mirkin, Nanoparticles with Raman spectroscopic
fingerprints for DNA and RNA detection, Science 297 (2002) 1536–1540.

12] C. Ogino, K. Kanehira, R. Sasai, S. Sonezaki, N. Shimizu, Recognition and effec-
tive degradation of 17�-estradiol by anti-estradiol-antibody-immobilized TiO2

nanoparticles, J. Biosci. Bioeng. 104 (2007) 339–342.
13] S.K. Lunsford, H. Choi, J. Stinson, A. Yeary, D.D. Dionysiou, Voltammetric

determination of catechol using a sonogel carbon electrode modified with
nanostructured titanium dioxide, Talanta 73 (2007) 172–177.

14] S. Yuan, S. Hu, Characterization and electrochemical studies of Nafion/nano-
TiO2 film modified electrodes, Electrochim. Acta 49 (2004) 4287–4293.

15] H. Zhou, X. Gan, T. Liu, Q. Yang, G. Li, Electrochemical study of photovoltaic
effect of nano titanium dioxide on hemoglobin, Bioelectrochemistry 69 (2006)
34–40.

16] H. Zhou, X. Gan, J. Wang, X. Zhu, G. Li, Hemoglobin-based hydrogen perox-
ide biosensor tuned by the photovoltaic effect of nano titanium dioxide, Anal.
Chem. 77 (2005) 6102–6104.

17] B. Filanovsky, B. Markovsky, T. Bourenko, N. Perkas, R. Persky, A. Gedanken, D.
Aurbach, Carbon electrodes modified with TiO2/metal nanoparticles and their
application to the detection of trinitrotoluene, Adv. Funct. Mater. 17 (2007)
1487–1492.

18] Y.H. Song, L. Wang, C.B. Ren, G.Y. Zhu, Z. Li, A novel hydrogen peroxide sensor
based on horseradish peroxidase immobilized in DNA films on a gold electrode,
Sens. Actuators B: Chem. 114 (2006) 1001–1006.

19] X.H. Chen, C.M. Ruan, J.L. Kong, J.Q. Deng, Characterization of the direct elec-
tron transfer and bioelectrocatalysis of horseradish peroxidase in DNA film at
pyrolytic graphite electrode, Anal. Chim. Acta 412 (2000) 89–98.

20] C. Fan, G. Li, J. Zhu, D. Zhu, A reagentless nitric oxide biosensor based on
hemoglobin–DNA films, Anal. Chim. Acta 423 (2000) 95–100.

21] H.H. Landin, D. Segerback, C. Damberg, S.O. Golkar, Adducts with haemoglobin
and with DNA in epichlorohydrin-exposed rats, Chem. Biol. Interact. 117 (1999)
49–64.

22] A.K.M. Kafi, F. Yin, H.K. Shin, Y.S. Kwon, Hydrogen peroxide biosensor based on
DNA–Hb modified gold electrode, Thin Solid Films 499 (2006) 420–424.

23] A.E.F. Nassar, J.F. Rusling, Electron transfer between electrodes and heme pro-
teins in protein-DNA films, J. Am. Chem. Soc. 118 (1996) 3043–3044.

24] Z. Tong, R. Yuan, Y. Chai, S. Chen, Y. Xie, Amperometric biosensor for hydrogen
peroxide based on hemoglobin/DNA/poly-2,6-pyridinediamine modified gold
electrode, Thin Solid Films 515 (2007) 8054–8058.

.co
m.cn
uric acid under coexistence of ascorbic acid, Bioelectrochemistry 70 (2007)
235–244.

26] X. Li, Y. Chen, X. Huang, Electrochemical behavior of neomycin at DNA-modified
gold electrodes, J. Inorg. Biochem. 101 (2007) 918–924.

http://dx.doi.org/10.1016/j.colsurfb.2008.07.003


es B: B

[

[

[

[

[

[

[

[

[

[

[

[

[39] S.A. Kumar, P.-H. Lo, S.-M. Chen, Electrochemical synthesis and characteri-
P.-H. Lo et al. / Colloids and Surfac

27] X.H. Jiang, X.Q. Lin, Atomic force microscopy of DNA self-assembled on a highly
oriented pyrolytic graphite electrode surface, Electrochem. Commun. 6 (2004)
873–879.

28] X.Q. Lin, X.H. Jiang, L.P. Lu, DNA nano-netting intertexture on carbon electrodes,
Chin. Chem. Lett. 5 (2004) 997–1000.

29] X.Q. Lin, X.H. Jiang, L.P. Lu, DNA deposition on carbon electrodes under con-
trolled DC potentials, Biosens. Bioelectron. 20 (2005) 1709–1717.

30] J. Georgieva, S. Armyanov, E. Valova, I. Poulios, S. Sotiropoulos, Preparation and
photoelectrochemical characterisation of electrosynthesised titanium dioxide
deposits on stainless steel substrates, Electrochim. Acta 51 (2006)2076–2087.

31] S. Karuppuchamy, D.P. Amalnerkar, K. Yamaguchi, T. Yoshida, T. Sugiura, H.
Minoura, Cathodic electrodeposition of TiO2 thin films for dye-sensitized pho-
toelectrochemical applications, Chem. Lett. 143 (2001)78–79.

32] S. Karuppuchamy, K. Nonomura, T. Yoshida, T. Sugiura, H. Minoura, Cathodic
electrodeposition of oxide semiconductor thin films and their application to

dye-sensitized solar cells, Solid State Ion 151 (2002) 19–27.

33] L.P. Lu, X.Q. Lin, Glassy carbon electrode modified with gold nanoparticles and
DNA for the simultaneous determination of uric acid and norepinephrine under
coexistence of ascorbic acid, Anal. Sci. 20 (2004) 527–530.

34] A. Salimi, A. Noorbakhsh, S. Soltanianb, Electroless deposition of thionin
onto glassy carbon electrode modified with single wall and multiwall car-

[

www.sp
m

iointerfaces 66 (2008) 266–273 273

bon nanotubes: improvement of the electrochemical reversibility and stability,
Electroanalysis 18 (2006) 703–711.

35] A.J. Bard, L.R. Faulkner, Electrochemical Methods Fundamentals and Applica-
tions, Wiley, New York, 1980, pp. 521–525.

36] D.R. Shobha Jeykumari, S. Ramaprabhu, S. Sriman Narayanan, A thionine
functionalized multiwalled carbon nanotube modified electrode for the deter-
mination of hydrogen peroxide, Carbon 45 (2007) 1340–1353.

37] A. Salimi, A. Noorbakhsh, H. Mamkhezri, R. Ghavamia, Electrocatalytic reduc-
tion of H2O2 and oxygen on the surface of thionin incorporated onto MWCNTs
modified glassy carbon electrode: application to glucose detection, Electro-
analysis 19 (2007) 1100–1108.

38] S.A. Kumar, S.-M. Chen, Electrocatalytic reduction of oxygen and hydrogen
peroxide at poly(p-aminobenzene sulfonic acid)-modified glassy carbon elec-
trodes, J. Mol. Catal. A: Chem. 278 (2007) 244–250.
zation of TiO2 nanoparticles and their use as a platform for flavin adenine
dinucleotide immobilization and efficient electrocatalysis, Nanotechnology 19
(2008) 255501.

40] E. Graf, J.T. Penniston, Method for determination of hydrogen peroxide, with its
application illustrated by glucose assay, Clin. Chem. 26 (1980) 658–660.

.co
m.cn


	Amperometric determination of H2O2 at nano-TiO2/DNA/thionin nanocomposite modified electrode
	Introduction
	Experimental
	Materials and apparatus
	Electrochemical synthesis of TiO2
	Preparation of modified electrodes

	Results and discussions
	Electrochemical deposition of TN
	Surface characterizations
	Electrochemical properties
	Electrocatalytic mediated reduction of H2O2
	Effect of solution pH and scan rate
	Amperometric determination of H2O2
	Analysis of real samples
	Reproducibility and stability of the modified electrode
	Electrocatalysis of oxygen

	Conclusions
	Acknowledgements
	Supplementary data
	References


