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a b s t r a c t

In this study, we report on a promising H2O2 biosensor based on the co-immobilization of horseradish
peroxidase (HRP) and chitosan onto Au-modified TiO2 nanotube arrays. The titania nanotube arrays were
directly grown on a Ti substrate using anodic oxidation first; a gold thin film was then uniformly coated
onto the TiO2 nanotube arrays by an argon plasma technique. The morphology and composition of the fab-
ricated Au-modified TiO2 nanotube arrays were characterized by scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). Cyclic voltammetry and chronoamperometry were used to
study and to optimize the performance of the resulting electrochemical biosensor. The effect of pH, applied
RP
iosensors
ydrogen peroxide
ethylene blue

electrode potential, the presence of the electron-mediator methylene blue, and the anodic oxidation time
of the Ti substrate on the electrochemical biosensor has been systemically studied. Our electrochemical
measurements show that the Au-modified TiO2 nanotube arrays provide excellent matrices for the immo-
bilization of HRP and that the optimized electrochemical biosensor exhibits long linearity, a low detection
limit, high stability and very good reproducibility for the detection of H2O2. Under the optimized con-
ditions the linearity of the developed biosensor for the detection of H O is observed from 5 × 10−6 to
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4 × 10−4 mol l−1 with a de

. Introduction

Since Clark and Lyons (1962) first introduced the biosensor con-
eption, in which an enzyme is integrated on an electrode surface
o build up a biosensor, there has been growing interest in this field.
he development of biosensors, particularly in terms of sensitivity,
electivity, stability and simplicity has made significant progress
Kim et al., 2008; Jia et al., 2008). The sensitive and accurate detec-
ion of hydrogen peroxide (H2O2) is of great interest to researchers
ecause of its importance in the pharmaceutical, clinical and indus-
rial settings (Wang and Wang, 2004). Several techniques have been
roposed for the detection of H2O2. Among them, flourometry (Li
nd Dasgupta, 2000), spectrophotometry (Matsubara et al., 1992),
hemiluminescence (Nakashima et al., 1991), titremetry (Hurdis,
954) and electrochemical biosensors (Ferapontova et al., 2001; Sun
t al., 2007; Zhang and Li, 2004; Shumyantseva et al., 2004) have
een widely explored. It is very important to consider both response

ime and cost when fabricating a biosensor. The techniques men-
ioned above, except for the electrochemical biosensor, involve high
ost and are time consuming. Because of their simplicity and high
electivity and sensitivity, electrochemical techniques have been

∗ Corresponding author. Tel.: +1 807 3438318; fax: +1 807 3467775.
E-mail address: aicheng.chen@lakeheadu.ca (A. Chen).
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n limit of 2 × 10−6 mol l−1 (based on the S/N = 3).
© 2008 Elsevier B.V. All rights reserved.

xtensively employed for the design of a H2O2 biosensor (Fan et al.,
001; Liu et al., 2005a,b; Kafi et al., 2007). A number of biosensors
ave been fabricated based on horseradish peroxidase (HRP) using
arious different methods (Zhao et al., 2004; Yu et al., 2005; Sun et
l., 1998; Liu et al., 2005a,b). HRP is a heme enzyme with a molar
eight of ∼44 kDa, which is able to catalyze the oxidation of a wide

ariety of substrates by H2O2. In addition, it has been demonstrated
hat the reduced form of HRP can be reoxidized chemically by H2O2
Liu et al., 2005a,b).

When immobilizing enzymes or proteins on solid substrates, it
s important to keep high electroactivity of the protein or enzyme
mmobilized on the electrode surface as unfavorable orientation
r direct adsorption of biomolecules onto a metal electrode sur-
ace may dramatically lower their catalytic activity (Zhang and Li,
004). The performance of a biosensor mainly depends on the
roperties of the bioactive layer associated with the transducer
Girard-Egrot et al., 2003). In order to retain its high electroactivity,
ifferent matrices have been used for the immobilization of HRP
Chattopadhyay and Mazumdar, 2000; Setti et al., 2007; Yu and Ju,
002; Kong et al., 2003). Among these, inorganic nanostructured

aterials are more promising because of their regular structure,

igh active surface area for protein binding, and good chemical and
hermal stability (Wang et al., 2003). Since the discovery of car-
on nanotubes, increasing attention has been paid to the study
f one-dimensional nanostructures such as nanotubes, nanorods

http://www.sciencedirect.com/science/journal/09565663
mailto:aicheng.chen@lakeheadu.ca
dx.doi.org/10.1016/j.bios.2008.06.004
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nd nanowires. Titanium dioxide (TiO2) can be formed into dif-
erent morphologies such as nanoparticles, nanofibres, nanotubes
nd nanosheets (Peng and Chen, 2006; Ou and Lo, 2007). TiO2
anotubes are very good biocompatible inorganic material, inex-
ensive, environmentally benign, and chemically and thermally
table (Tremel, 1999). TiO2 nanotube arrays have demonstrated
number of important applications including gas sensing, solar

ells, photocatalysts, tissue engineering and biosensors (Liu et al.,
005a,b; Yoriya et al., 2007). Our recent study has shown that
iO2 nanotubes with large surface areas and good uniformity and
onformability over large areas fabricated by the anodic oxida-
ion of Ti substrates are very promising for the immobilization of
iomolecules for electrochemical biosensor design (Liu and Chen,
005).

In this paper, for the first time, we report on a promising H2O2
iosensor based on the co-immobilization of HRP and chitosan
nto Au-modified titanium dioxide nanotube arrays. The TiO2 nan-
tube arrays were synthesized by anodizing Ti substrates in an
lectrolyte of dimethyl sulfoxide (DMSO) containing hydrofluoric
cid (2% HF) first. Then an Au thin film was uniformly coated on
he TiO2 nanotube arrays using a plasma sputtering technique. Our
lectrochemical measurements reveal that the immobilized HRP
xhibits high biological activity and stability. The amperometric
esponse of the developed biosensor to H2O2 concentration has
ong-range linearity. In addition, our study demonstrates that the
resence of methylene blue (MB) further enhances the sensitivity
f the designed H2O2 electrochemical biosensor.

. Experimental

.1. Reagents and materials

HRP (EC1.11.1.7, Type X) was purchased from Sigma, used as
eceived and stored at 4 ◦C. MB was obtained from the British Drug
ouses Ltd., Poole, England; chitosan was from Aldrich. 30% hydro-
en peroxide was bought from Fluka and the stock solution of H2O2
as diluted from this. Hydrofluoric acid (HF, 49%) came from Fisher

hemical and DMSO from Caledon Laboratories Ltd., Canada. All
xperimental solutions were prepared every day by appropriate
ilution of the stock solutions. All other reagents were of analyti-
al grade and used as supplied. The pure water (18 M� cm) used to
repare all solutions in this study was purified with the Nanopure®

ater system. All experiments were performed in 0.1 mol l−1 phos-
hate buffer solutions (PBS) whose pH values were adjusted with
2HPO4 and KH2PO4.

.2. Biosensor fabrication

The TiO2 nanotubes were directly grown on Ti substrates by a
acile anodic oxidation method which has been described previ-
usly (Yoriya et al., 2007; Tian et al., 2008). Briefly, pure titanium
oils were ultrasonically cleaned in acetone and ethanol prior to
nodization. After rinsing with distilled water, a clean titanium foil
0.8 cm × 1.0 cm × 0.05 cm) was first etched in an 18% HCl solution
t 85 ◦C for 10 min. The etched titanium foil was rinsed thoroughly
ith pure water and then anodized in a two-electrode electrochem-

cal cell in an electrolyte containing DMSO and hydrofluoric acid
HF, 2%) at 40 V for 8 h. A platinum coil was used as the counter
lectrode. After the anodization, samples were rinsed thoroughly

ith pure water and then ultrasonicated to remove surface debris.

n order to improve the crystalline properties and remove the rem-
ants, the anodized samples were annealed at 450 ◦C for 1 h under
mbient atmosphere. The Au thin film was then coated onto the
iO2 nanotube arrays by argon plasma sputtering for 30 s. Finally,

a
h
o
o
a

lectronics 24 (2008) 566–571 567

0 �l of 2 mg/ml of HRP and 10 �l of 2 mg/ml of chitosan were co-
mmobilized onto the synthesized Au-coated TiO2 nanotube arrays
Ti/TiO2/Au/HRP). For comparison, a H2O2 biosensor based on the
iO2 nanotube arrays without the Au thin film (Ti/TiO2/HRP) was
lso fabricated in the same way. The resulting electrodes were
tored in 0.1 mol l−1 PBS at pH 7.0 and 4 ◦C when not being in
se.

.3. Surface characterization and electrochemical measurements

Electrochemical measurements were carried out with a CHI
630B) workstation. A three-electrode configuration was employed
n this study. The fabricated Ti/TiO2/Au/HRP and Ti/TiO2/HRP
iosensors were employed as the working electrodes. A platinum
oil was used as the counter electrode, and a KCl saturated Ag/AgCl
lectrode was used as the reference electrode. For cyclic voltam-
etry the working electrode was cycled in a 0.1 mol l−1 PB solution

y applying voltage in the range between 0.0 and −0.8 V versus
g/AgCl. Amperometric measurements were carried out in a stirred
ell by applying a potential of −0.6 V to the working electrode. A
agnetic stirrer was used for this experiment. All electrolytes were

eoxygenated by bubbling ultra-pure argon for 30 min prior to the
xperiment and maintained under argon atmosphere during the
ourse of the experiment. All measurements were performed at
oom temperature.

The morphology and composition of the synthesized TiO2 nan-
tube arrays were characterized by scanning electron microscope
SEM) (JEOL JSM 5900 LV) at an acceleration voltage of 13 kV and
n energy-dispersive X-ray (EDX) spectrometer.

. Results and discussion

.1. Surface characterization of the Au-modified TiO2 nanotube
rrays

The morphology and composition of the Ti substrate after the
nodization and the Au coating were examined by SEM observation
nd EDS analysis. Fig. 1a presents the SEM image of the TiO2 nan-
tube arrays directly grown on a Ti substrate by anodizing the Ti
ubstrate in an electrolyte containing DMSO and hydrofluoric acid
HF, 2%) at 40 V for 8 h. All the nanotubes have a unique open-mouth
tructure on the top of the TiO2 layer. The estimated dimensions of
he formed TiO2 nanotubes are ∼100 nm in outer diameter, ∼80 nm
n inner diameter and ∼20 nm of wall-thickness. After coating a
old thin film onto the TiO2 nanotube arrays by argon plasma
puttering for 30 s, as expected, the surface morphology of the Au-
oated TiO2 nanotube arrays is exactly the same as shown in Fig. 1a.
owever, in addition to the O and Ti peaks observed in the EDS spec-

rum of the TiO2 nanotube arrays, a strong Au peak appears in the
DS spectrum of the Au-coated TiO2 nanotube arrays as shown in
ig. 1b. Further quantitative analysis reveals that the ratio of Ti to
is closed to 1:2, confirming that the formed nanotubes are TiO2.

he high adhesion and integrity of the synthesized TiO2 nanotube
ayer are important for the immobilization of biomolecules. The
iO2 layer directly grown on the Ti substrate using the anodiza-
ion method has much better adhesion to the Ti substrate than
thers which are synthesized by other methods first, and then
mmobilized on an electrode surface (Xiao et al., 2007). Since the
iO2 nanotube arrays are directly grown from the Ti substrate,

nd by taking into all other considerations such as non-toxicity,
igh surface area, and the strong thermal and chemical stability
f TiO2 nanotubes, it is expected that the Au-modified TiO2 nan-
tube arrays synthesized in this study are desirable for biosensing
pplications.
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Fig. 1. (a) SEM image of the TiO2 nanotube arrays grown on Ti s

.2. Direct electrochemistry

Fig. 2a compares the cyclic voltammograms (CVs) of the Ti/TiO2
dashed line) and Ti/TiO2/Au (solid line) electrodes recorded in a
.1 mol l−1 KCl + 5.0 × 10−3 mol l−1 Fe(CN)6

3−/4− solution at a sweep
ate of 50 mV/s. TiO2 is a semiconductor and its electrical conductiv-
ty is relatively low. As expected, neither oxidation nor reduction
eak is observed in the CV of the Ti/TiO2 electrode. In contrast,
well-defined and large pair of oxidation peaks located at 0.32 V

nd a reduction peak centered at 0.09 V appear in the CV of the
i/TiO2/Au electrode. The above results show that the presence of
he Au thin film significantly increases the electrical activity of the
iO2 nanotube arrays.

Fig. 2b presents the three cyclic voltammograms of the Ti/TiO2
dotted line), Ti/TiO2/HRP (dashed line) and Ti/TiO2/Au/HRP elec-
rode (solid line) recorded in 0.1 mol l−1 PBS (pH 7.0) at the sweep
ate of 50 mV/s. The CVs of both Ti/TiO2/Au and Ti/TiO2/Au/HRP

lectrodes are flat and no obvious corresponding peak is observed.
owever, a pair of small redox peaks appear in the CV of the
i/TiO2/Au/HRP electrode (solid line the anodic and cathodic peak
otentials are located at about −0.39 and −0.47 V, respectively.
he formal potential E0 was calculated to be −0.43 V. We further

r
i
s
p

ig. 2. (a) Cyclic voltammamograms response at Ti/TiO2 (dashed line) and Ti/TiO2/Au (so
yclic voltammamograms of Ti/TiO2/Au/HRP electrode (solid line), Ti/TiO2/HRP (dashed) a
te; (b) EDS spectrum of the Au-modified TiO2 nanotube arrays.

nvestigated the effect of the scanning rates on the response of
he Ti/TiO2/Au/HRP electrode. Our results show (data not shown
ere), with the increase of the scan rates from 50 to 500 mV/s,
he redox peak current increases linearly. The peak-to-peak sep-
ration also increases with the increase of the scan rates. All the
bove experimental results show that: (i) the redox peak arises
rom the electrochemical reaction of the immobilized HRP; (ii) this
edox process is quite quasi-reversible and surface-controlled; (iii)
irect electron transfer occurs between the immobilized HRP and
he Ti/TiO2/Au electrode; (iv) the coated Au thin film plays a key role
n enhancing the electron transfer; (v) the Au-coated TiO2 nanotube
rrays provide a good matrix for HRP immobilization and biosensor
abrication.

.3. Electrochemical response of the Ti/TiO2/Au/HRP biosensor to
2O2
Fig. 3 shows typical CVs of the Ti/TiO2/Au/HRP electrode
ecorded in the absence and presence of 3.0 × 10−3 mol l−1 H2O2
n 0.1 mol l−1 PBS at pH 7.0 with or without the addition of MB at a
can rate of 50 mV/s. In the absence of H2O2, a pair of small redox
eaks due to the direct electron transfer between the immobilized

lid line) electrodes in 5 × 10−3 mol l−1 Fe(CN)6
3−/4− and 0.1 mol l−1 KCl solution; (b)

nd Ti/TiO2 (dotted) in 0.1 mol l−1 PBS at pH 7.0 at a scan rate of 50 mV/s.
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Fig. 3. Cyclic voltammamograms of Ti/TiO2/Au/HRP electrode in the absence and
presence of 3 × 10−3 mol l−1 H2O2 in 0.1 mol l−1 PBS at pH 7.0 at a scan rate of 50 mV/s
(dotted line: blank solution; dashed line: 3 × 10−3 mol l−1 H2O2 with no MB; solid
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ine: 3 × 10−3 mol l−1 H2O2 in the presence of 1.1 × 10−3 mol l−1 of MB). The inset
hows the CVs of Ti/TiO2/HRP in the absence (dashed line) and presence (solid line)
f 3 × 10−3 mol l−1 H2O2 in 0.1 mol l−1 PBS in the absence of MB at pH 7.0 at a scan
ate of 50 mV/s.

RP and the Ti/TiO2/Au electrode appears in the CV (dotted line),
imilar to the observation in Fig. 2b. When 3.0 × 10−3 mol l−1 H2O2
as added to the electrolyte (dashed line), the reduction peak cur-

ent on the Ti/TiO2/Au/HRP electrode increased, accompanied by a
ecrease of the oxidation peak current. However, no similar phe-
omenon was found at the Ti/TiO2 electrode (data not shown here),
howing that the catalytic reduction of H2O2 indeed originates from
he immobilized HRP. For comparison, we also recorded two CVs of
he Ti/TiO2/HRP electrode in the absence of (dashed line) and in the
resence of 3.0 × 10−3 mol l−1 H2O2 (solid line) in 0.1 mol l−1 PBS at
H 7.0 at a scan rate of 50 mV/s as shown in the inset of Fig. 3. The
atalytic reduction current of H2O2 at the Ti/TiO2/HRP electrode is
uch smaller than that at the Ti/TiO2/Au/HRP electrode, indicating

hat the coated Au thin film greatly enhances the catalytic activity
f the immobilized HRP and that the HRP immobilized onto TiO2
anotube arrays retains its bioactivity. The catalytic mechanism of

he immobilized HRP to H2O2 reduction can be explained by the
ollowing scheme (Yi et al., 2000):

RP(Fe3+) + H2O2 → CompoundI(Fe4+ = O) + H2O (1)

ompoundI(Fe4+ = O) + e− + H+ → CompoundII (2)

i
i
f
a
f

ig. 4. (a) Dependence of catalytic current of the biosensor at different applied potentials
B; (b) effect of the MB concentration on the amperometric response of the Ti/TiO2/Au/H

c) influence of pH on the catalytic current of the biosensor in the presence of 3 × 10−5 mo
lectronics 24 (2008) 566–571 569

ompoundII + e− + H+ → HRP(Fe3+) + H2O (3)

HRP reacts with H2O2 to form the intermediate (Compound I),
hich is a two-equivalent oxidized form containing oxyferryl heme

nd a porphyrin � cation radical. Compound I has catalytic activity
nd its porphyrin radical gains one electron from the electrode to
orm another intermediate (Compound II), which is subsequently
educed back to the native HRP by accepting another electron from
he electrode.

To further improve the sensitivity of the proposed H2O2 biosen-
or, MB was added and used as an electron mediator. In Fig. 3,
he solid line represents the CV of the Ti/TiO2/Au/HRP electrode
ecorded in 0.1 mol l−1 PBS at pH 7.0 containing 1.1 × 10−3 mol l−1

B and 3.0 × 10−3 mol l−1 H2O2 at a scan rate of 50 mV/s. The
atalytic peak current for H2O2 reduction at the Ti/TiO2/Au/HRP
lectrode in the presence of MB in the electrolyte is over 120%
igher than that in the absence of MB (dashed line), showing that
B plays an important role as an electron mediator and that the

resence of MB greatly improves the sensitivity of the proposed
iosensor. The significant increase of the sensitivity by MB can be

llustrated by the following possible reaction mechanism (Chen et
l., 2006):

RP(red) + H2O2 → HRP(ox) + H2O (4)

RP(ox) + MB(red) → HRP(red) + MB(ox) (5)

B(ox) + e− → MB(red) (6)

Firstly, hydrogen peroxide in the electrolyte is reduced by the
RP (red), forming HRP (ox). Secondly, HRP (red) can be regen-
rated with the help of the mediator MB, while the MB (red) is
xidized in the enzymatic reaction. Finally, the MB (ox) is elec-
rochemically reduced on the electrode surface. MB is an electron

ediator and it accelerates electron transfer, leading to the great
ncrease of the reduction current.

.4. Optimization of experimental parameters

It is well known that the applied potential strongly affects
he amperometric response of a biosensor. We have systemically
nvestigated the impact of applied potentials on the amperometric
esponse of the Ti/TiO2/Au/HRP electrode to H2O2. Fig. 4a shows
he current response at different applied potentials in the presence
f 3.0 × 10−5 mol l−1 H2O2 in a 0.1 mol l−1 PBS (pH 7.0) contain-

ng 1.1 × 10−3 mol l−1 of MB. The steady-state reduction current
ncreases gradually as the applied electrode potential decreases
rom −0.1 to −0.6 V. The maximum reduction current was achieved
t around −0.6 V. At more negative potentials, there may be inter-
ering reactions from other electroactive species in the solution.

measured in a pH 7.0 PBS containing 3 × 10−5 mol l−1 H2O2 and 1.1 × 10−3 mol l−1 of
RP electrode to 3 × 10−5 mol l−1 of H2O2 in PBS (pH 7.0) at the potential of −0.6 V;
l l−1 H2O2 in PBS containing 1.2 × 10−3 mol l−1 of MB at the potential of −0.6 V.
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ig. 5. (a) Typical amperometric response of the Ti/TiO2/HRP electrode without th
resence of 1.2 × 10−3 mol l−1 MB (iii) with total additions of 3.9 × 10−4 mol l−1 H2O
he Ti/TiO2/HRP electrode and the proposed Ti/TiO2/Au/HRP biosensor (the same ex

herefore, we chose the applied potential of −0.6 V as the working
otential for this proposed biosensor, where the background cur-
ent is minimized and unexpected interfering reactions of the other
lectroactive species can be avoided effectively.

As shown in Fig. 3, the presence of MB greatly increases the
2O2 reduction current. To optimize the amount of the medi-
tor, we further studied the influence of MB concentration on
he Ti/TiO2/Au/HRP electrode for H2O2 detection. Fig. 4b shows
he amperometric response of the Ti/TiO2/Au/HRP electrode to
× 10−5 mol l−1 of H2O2 in 0.1 mol l−1 PBS (pH 7.0) at the potential
f −0.6 V versus the MB concentration, where the concentration
f MB varies from 4.0 × 10−4 to 1.3 × 10−3 mol l−1. It is noteworthy
hat when the concentration of MB is higher than 1.2 × 10−3 mol l−1,
nstead of increasing, the current response slightly decreases.
he maximum current response was achieved in the presence of
.2 × 10−3 mol l−1 MB. At the low or very high concentration of MB,
he amperometric response could be limited by enzyme-mediator
inetics (Xiao et al., 1999). At the high concentration of MB, an
nexpected background current could also be produced or MB can
e adsorbed on the electrode surface, which may result in the
ecrease of the sensitivity of the biosensor (Lei et al., 2004). To
chieve the highest sensitivity and to avoid the extra background
urrent, 1.2 × 10−3 mol l−1 of MB was thus chosen for the following
xperiments.

The performance of a biosensor also strongly depends on the pH

alue of electrolytes. Fig. 4c presents the amperometric response
f the Ti/TiO2/Au/HRP electrode at different pH in the presence of
× 10−5 mol l−1 of H2O2 and 1.2 × 10−3 mol l−1 of MB. The steady-

tate current is increased with the increasing of the pH from
.0 to 6.0; however, the amperometric response decreases when

c
o
T
e
T

able 1
omparison of the performance of different H2O2 biosensors (HRP = horseradish peroxida

lectrode LOD (�M)

b in TiO2 nanotube 4.6
b in Au-nanoparticle 4.5
b in carbon nanotube 9.0
RP in nano-Au on Pt electrode 0.17
RP in nano-Au with sol–gel 6.1
RP in nano-Au on GC electrode 0.64
RP in nano-Au with sol–gel 6.1
RP in SAM-nano-Au 0.5
RP in carbon nanotube 12.89
roposed biosensor 2
ition of MB (i), the Ti/TiO2/Au/HRP biosensor in the absence of MB (ii) and in the
1 mol l−1 PBS (pH 6.0) at the operating potential of −0.6 V. (b) Calibration plots for
ental conditions as Fig. 5a).

he pH further increases from 7.0 to 9.0. At the lower pH val-
es (<4.0), the current response is very low, which might be due
o the denaturation of biomolecules (Chen et al., 1999). The pH
ange of 6.0–7.5 reflects the optimum conditions for enzymatic
ediated electrochemical reactions (Santos et al., 2007). As the
aximum amperometric response is achieved at pH 6.0, this pH is

onsidered as the optimized pH for the proposed Ti/TiO2/Au/HRP
iosensor.

We further investigated the effect of the anodization time of
he Ti substrate on the sensitivity of the biosensor. The ampero-

etric response increases with the increment of the anodization
ime from 0 to 8 h (data not shown here). This is consistent with
he increase of the length of the formed TiO2 nanotubes and the
ctive surface area of the formed TiO2 nanotube arrays when the
nodic oxidation time increases from 2 h, when the tubes begin to
ppear, to 8 h. However, when we further increase the anodiza-
ion time, the amperometric response of the biosensor slightly
ecreases. 8 h is thus considered as the optimized anodization
ime.

.5. Amperometric response and stability of the biosensor

The amperometric response of the Ti/TiO2/Au/HRP biosensor
as tested in a stirred cell containing 0.1 mol l−1 PBS (pH 6.0)
nder the optimized operating electrode potential of −0.6 V. For

omparison, Fig. 5a presents the typical amperometric response
f the Ti/TiO2/HRP electrode without the addition of MB (i); the
i/TiO2/Au/HRP biosensor in the absence of MB (ii); in the pres-
nce of 1.2 × 10−3 mol l−1 MB (iii), for successive additions of H2O2.
he corresponding calibration plots for the three amperometric

se; Hb = hemoglobin; LOD = limit of detection)

Stability Reference

90% (21 days) Zheng et al. (2008)
95% (40 days) Zhang and Oyama (2004)
Not reported Zhao et al. (2005)
84.2% (30 days) Cao et al. (2007)
75% (35 days) Lei et al. (2004)
70% (30 days) Gao et al. (2007)
75% (35 days) Lei et al. (2004)
97.4% (7 days) Xu et al. (2007)
Not reported Chen and Dong (2007)
95% (21 days)
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esponse curves are shown in Fig. 5b. The amperometric response
f the Ti/TiO2/Au/HRP hydrogen peroxide biosensor is much higher
han that of the Ti/TiO2/HRP electrode. The presence of MB fur-
her increases the response of the Ti/TiO2/Au/HRP biosensor. As
een in curve (iii), in the presence of MB, the response of the
i/TiO2/Au/HRP biosensor is very quick; over 95% of the steady-state
urrent is achieved within 5 s. Under the optimized experimen-
al parameters, the developed Ti/TiO2/Au/HRP biosensor shows a
inear response within the range of 5 × 10−6 to 4 × 10−4 mol l−1

oncentrations of H2O2 with a correlation coefficient of 0.996. The
etection limit was determined to be 2 × 10−6 mol l−1 (based on the
/N = 3).

The long-term stability of this biosensor was also investigated.
he Ti/TiO2/Au/HRP electrode was stored in PBS (pH 7.0) at 4 ◦C
hen not being in use. It retained 95% of its initial current response

fter 21 days. The repeatability of the sensor for current response
as also examined. It was found that the relative standard devi-

tion (R.S.D.) was 3.75% for 10 successive measurements at a
2O2 concentration of 3 × 10−5 mol l−1. The performance of the
i/TiO2/Au/HRP biosensor developed in this study was compared
ith other biosensors as shown in Table 1, showing that our pro-
osed biosensor shows excellent performance in terms of low
etection limit and high stability.

. Conclusions

In this paper, we have demonstrated a promising H2O2 biosen-
or based on the co-immobilization of HRP and chitosan onto
u-modified titanium dioxide nanotube arrays. The titania nan-
tube arrays were directly grown on a titanium substrate by
imple anodic oxidation. These titania nanotube arrays possess
arge surface area and good uniformity, providing an excellent

atrix for the co-immobilization of HRP and chitosan. The pres-
nce of the Au thin film greatly increases the electrical activity of
he formed TiO2 nanotube arrays. Our electrochemical measure-

ents reveal that the immobilized HRP exhibits high biological
ctivity and stability. The amperometric response of the devel-
ped biosensor to H2O2 concentration has long-range linearity.
n addition, our study demonstrates that the presence of MB
urther enhances the sensitivity of the designed H2O2 electrochem-
cal biosensor. Under optimal conditions, the designed biosensor
xhibits fast amperometric response, excellent linear relation-
hips, and a low detection limit. In addition, it shows very high
ensitivity, good reproducibility and long-time stability. In sum-
ary, ease of fabrication, a low cost, fast response and high

ensitivity make the biosensor proposed in this study very promis-
ng in the pharmaceutical, clinical and industrial detection of
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