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bstract

Titanium oxide nanotubes (TiO2-NTs) synthesized by the hydrothermal method had been prepared as the co-immobilization matrix to incorporate
emoglobin (Hb) successfully. The nanostructures of TiO2-NTs were investigated by X-ray diffraction and high-resolution electron microscopy.
he Hb immobilized in TiO2-NTs had a similar structure to the native of Hb and retained its near-native conformations as characterized by the
V–vis and FT-IR spectroscopy. A couple of quasi-reversible redox peaks with a formal potential of −0.34 V (vs. SCE) in 0.10 M pH 7.0 phosphate

uffered saline (PBS) were observed. The amperometric response of the immobilized Hb linearly to H2O2 concentration ranged from 4 �M to
4 �M with a detection limit of 4.637 × 10−6 M and the high stability of the immobilized Hb in TiO2-NTs constituted a promising platform for
he development of biosensors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The direct electrochemistry of redox proteins, particularly
nzymes, has received increasing attention in view of its impor-
ance in elucidating the intrinsic thermodynamic and kinetic
roperties of proteins and its potential application in bio-
lectronic devices [1–3]. However, the proteins or enzymes
xhibit a rather slow rate of heterogeneous electron-transfer
t conventional electrodes, because of the deep burying of
he electroactive prosthetic groups, the adsorptive denaturation
f proteins onto electrodes and the unfavorable orientations
t electrodes, although their electron-transfer is quite fast in
iological systems [2]. Therefore, an understanding of the
nteractions between proteins and device/material surfaces is
ritically important in many fields of biomedical science, from

iosensors to biocompatible materials.

Since the discovery of carbon nanotubes [4], much attention
as been given to the study of preparation, structural charac-
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eristics, properties, and applications for their unique physical
nd mechanical properties [5,6]. One-dimensional nanomateri-
ls usually exhibit special properties and potential applications,
herefore, inorganic one-dimensional nanostructured materials
ave attracted considerable research attention in the recent 10
ears [7–9]. The oxide-nanotubes became the research hot spot
ue to their superior performance and extensive applications
n various research and industrial fields [10]. Many oxide one-
imensional nanomaterials have been successfully synthesized,
uch as TiO2, ZnO, ZrO2, Al2O3 and so on [11–14].

Titanium dioxide is a widely used, inorganic material, which
ccurs in various structural types and can be engineered into
any different forms such as nanoparticles, sol–gels, nanofibers,

nd nanotubes [11,15,16]. It shows good biocompatibility,
tability and environmental safety. One-dimensional TiO2 nan-
tubes (TiO2-NTs), owing to their large length–diameter ratio,
ave physical, electronic and chemical properties that are dif-
erent from other forms. Since the first report claiming the

ydrothermal synthesis of TiO2-NTs [17], there have been many
tudies on the growth and structure of this kind of peculiar
anotubes. Recent studies have shown that the structures of
iO2-NTs are diverse, the different synthesis parameters, such

mailto:yfzheng@pku.edu.cn
dx.doi.org/10.1016/j.talanta.2007.09.017
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illustrates that the as-prepared TiO2-NTs have nearly uniform
diameters of around 10 nm and nanotube walls of around 5 nm.
All nanotubes are open at both ends, and their lengths range
from several hundreds of nanometers to several micrometers.
W. Zheng et al. / Tala

s temperature, pH and TiO2 concentration, may result in TiO2-
Ts with different diameters, degrees of porosity and crystalline

tructures [18]. Different crystalline structures of the nanotube
alls have been suggested, e.g., the shell structure models based
n anatase, and protonic titanates [11,19–22]. Due to the unusual
anotubular structure and the interesting physicochemical prop-
rties, TiO2-NTs are used in many applications such as gas
ensor, dye-sensitised solar cells, batteries materials and optical
iosensors [23–26].

In this paper, we studied the direct electron transfer and
lectrocatalysis of Hb in the TiO2-NTs interfaces, which
ere synthesized by hydrothermal method. The Hb embedded

n the TiO2-NTs electrodes had high stability and dis-
layed significant biological activities as characterized by the
V–vis and FT-IR spectroscopy. The amperometric response
f the immobilized Hb linearly to H2O2 concentration con-
tituted a promising platform for the future development of
iosensors.

. Experimental

.1. Materials and chemicals

TiO2-NTs used for the present study were synthesized by the
ydrothermal method. Detailed experimental condition had been
eported in the previous work [11]. Bovine hemoglobin (Hb,

W 67,000) purchased from Sigma Chemical Co. was used
ithout further purification. Carboxymethyl cellulose (CMC)

nd hydrogen peroxide (30%, w/w) were bought from Bei-
ing Chemical Company (Beijing, China). The dilute solution
f H2O2 was prepared daily. Potassium dihydrogen orthophos-
hate (0.10 M) was used to prepare the supporting electrolyte
nd its pH value was adjusted to 7.0 using KOH. Aqueous
olutions were prepared using doubly distilled water. All other
hemicals were of analytical grade and used without further
urification.

.2. Preparation of the modified CMC–TiO2-NTs electrodes

Glassy carbon (GC) electrodes (3 mm in diameter) were
olished first using emery paper (# 2000) and then alumina
lurries with particle sizes of 0.3 �m and 0.05 �m, respec-
ively, on polishing cloths. The electrodes were cleaned by
onication for 10 min and finally rinsed with distilled water.
or the preparation of the Hb/CMC–TiO2-NTs/GC electrodes,
iO2-NTs were dispersed into the aqueous solution of CMC
1 mg mL−1), and the solution was sonicated for 1 h to obtain
white dispersion containing TiO2-NTs (5 mg mL−1). A 5 �L
f the dispersion was dip-coated onto the GC electrodes. Sub-
equently, a small glass bottle was fitted over the electrode,
ollowed by a period of standing in air until dry. CMC, as one of
he hydrogel, could fix TiO2-NTs on the GC electrodes. Then,

MC–TiO2-NTs/GC electrodes were immersed into 0.10 M
hosphate buffer containing 20 mg mL−1 Hb for 24 h. The elec-
rodes were rinsed in distilled water prior to the electrochemical

easurements.
4 (2008) 1414–1419 1415

.3. Apparatus and electrochemical measurements

The electrochemical measurements were carried out using a
omputer-controlled electrochemical analyzer (CHI 650C, CHI,
ustin, TX) with a two-compartment and three-electrode cell.
he CMC–TiO2-NTs/GC electrodes were used as the work-

ng electrode, a platinum spiral wire as the counter electrode,
nd a saturated calomel electrode (SCE) as the reference elec-
rode. A 0.10 M phosphate buffer (pH 7.0) was used as the
upporting electrolyte. For the experiments conducted under
naerobic conditions, the electrolyte was bubbled with pure N2
as for more than 30 min, and N2 gas was kept flowing over the
olution during the electrochemical measurements. All electro-
hemical measurements were performed at ambient temperature
18 ± 2 ◦C).

The structure and morphology of TiO2-NTs were character-
zed by a Philips X-ray diffractometer (X′-Pert Pro Instrument)
ith Cu K� radiation (λ = 0.15418 nm) and a Philips trans-
ission electron microscope (Tecnai G2 S-TWIN) operating at

00 kV. The FT-IR spectra were obtained with a Perkin-Elmer
pectrometer 100 at room temperature. The UV–vis absorp-

ion spectroscopy study was carried out using a UV–vis 2550
pectrophotometer (Shimadzu, Kyoto, Japan).

. Results and discussion

.1. Structural characteristic of TiO2-NTs

Fig. 1 is a typical X-ray diffraction (XRD) data taken from
he TiO2 nanotube samples. The strong diffraction peak at 2θ

ngles of 25.0◦, 27.4◦ and 48.5◦ may correspond to the d-
pacings of (1 0 1), (1 0 2) and (2 0 0) of the anatase (tetragonal)
hase. Because the nanotubes may form by rolling up the two-
imensional sheets of TiO2 structure, some diffraction peaks of
utile phase TiO2 may not appear in the XRD pattern. Fig. 2
Fig. 1. X-ray diffraction patterns of TiO2-NTs.
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Fig. 2. TEM images of TiO2-NTs. Scale bar: 20 nm.

.2. Impedance characterization of Hb immobilized onto
MC–TiO2-NTs films

Fig. 3A shows the cyclic voltammetric responses of the
MC–TiO2-NTs film and the Hb/CMC–TiO2-NTs film mod-

fied GC electrodes in the 5.0 mM K3[Fe(CN)6] solution with
.10 M KCl as the supporting electrolyte. A decrease of the peak
urrent and an increase in the peak-to-peak separation between
he cathodic and the anodic waves are clearly visible when the
b is adsorbed on the CMC–TiO2-NTs film. We further study

he surface-modified electrodes by electrochemical impedance
pectroscopy, which is a powerful tool for probing the features
f surface-modified electrodes [27]. Fig. 3B shows the typical
yquist plots (−Z′′ vs. Z′) for the pre- and post-adsorptions of
b on the CMC–TiO2-NTs film modified GC electrode using
.0 mM [Fe(CN)6]4−/3− as the marker ions at their formal poten-
ial in 0.10 M KCl solutions. There are significant differences
etween the two electrodes. The CMC–TiO2-NTs film modified
C electrode exhibits almost a straight line, indicating a very

ow electron-transfer resistance on CMC–TiO2-NTs film to the
edox probe dissolved in the electrolyte solution. However, the
esult from the Hb/CMC–TiO2-NTs film modified GC electrode
hows a clear semicircle domain, indicating an increase of the
lectron-transfer resistance for the redox probe after the adsorp-
ion of Hb on the CMC–TiO2-NTs film. The impedance change
esulted by the electrode modification process implies that Hb
an be easily adsorbed onto the CMC–TiO2-NTs film.

.3. Conformational studies of Hb
UV–vis absorption spectroscopy is a conventional means for
haracterizing the structure of protein. The Soret absorption
and of heme prosthetic group may provide the information on
he tertiary structure of heme proteins, especially that of confor-

t
a
s
b

ig. 3. CVs (A) and impedance spectroscopy (B) obtained at CMC–TiO2-NTs
curve a) and Hb/CMC–TiO2-NTs (curve b) modified GC electrodes in 0.10 M
Cl containing 5 mM K3Fe(CN)6. Scan rate: 100 mV s−1.

ational change around the heme region [28]. As can be seen
rom Fig. 4, Hb incorporated in the CMC–TiO2-NTs film (curve
in Fig. 4) has a characteristic Soret absorption at 415 nm, shift-

ng only 3 nm toward the red with the Soret band of 412 nm for
ative Hb film (curve a in Fig. 4). It is indicated that Hb entrapped
n the CMC–TiO2-NTs film has a similar structure to the native
f Hb, and retains its near-native conformations. The UV–vis
bsorption spectra of CMC–TiO2-NTs is also shown in Fig. 4
curve c), from which no characteristic peak can be observed.

We have employed FT-IR spectroscopy to investigate the
tructural variations of Hb immobilized into the CMC–TiO2-
Ts composite films since this is an effective means to probe
he secondary structure of proteins. The characteristic amide I
nd II bands of proteins provide detailed information on the
econdary structure of polypeptide chain [29]. The amide I
and (1700–1600 cm−1) is caused by C O stretching vibra-
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ig. 4. UV–vis spectra of Hb (curve a), Hb/CMC–TiO2-NTs (curve b) and
MC–TiO2-NTs (curve c) films.

ions of peptide linkages in the backbone of the protein. The
mide II band (1600–1500 cm−1) results from the combination
f N–H bending and C–N stretching of the peptide groups. Fig. 5
hows the FT-IR spectra taken from Hb, CMC–TiO2-NTs and
b/CMC–TiO2-NTs composite films. As shown in Fig. 5, curves
and c, the spectra of amide I and II bands of the Hb/CMC–TiO2-
Ts composite film (1652 and 1544 cm−1) are nearly the same as

hose obtained for the native Hb (1656 and 1546 cm−1). The sim-
larities of the two spectra suggest that Hb retains the essential
eatures of its native secondary structure in the Hb/CMC–TiO2-
Ts composite film. Moreover, the characteristic absorption
ands of the Hb are also observed in curve d, which is obtained
y subtracting CMC–TiO2-NTs spectra from Hb/CMC–TiO2-
Ts spectra. Thus, the CMC–TiO2-NTs composite film may
rovide a promising matrix for the protein immobilization and

iosensor fabrication because of its satisfying biocompatibility.

ig. 5. FT-IR spectra of CMC–TiO2-NTs (curve a), Hb/CMC–TiO2-NTs (curve
) and Hb (curve c) films. The curve (d) is obtained by the spectra subtracting
MC–TiO2-NTs from Hb/CMC–TiO2-NTs.
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ig. 6. CVs obtained at Hb/CMC–TiO2-NTs/GC (solid line) and CMC–TiO2-
Ts/GC (dashed line) electrodes in 0.10 M N2-saturated phosphate buffer. Scan

ate: 100 mV s−1.

.4. Electrochemistry and electrocatalysis of Hb in
MC–TiO2-NTs film

Fig. 6 depicts the typical cyclic voltammogram (CVs) of
he CMC–TiO2-NTs/GC and the Hb/CMC–TiO2-NTs/GC elec-
rodes in 0.10 M phosphate buffer of pH 7.0 at 100 mV s−1,
espectively. No redox peaks can be observed for the
MC–TiO2-NTs/GC electrode (dashed curve in Fig. 6),
ut a pair of well-defined redox peaks are visible for the
b/CMC–TiO2-NTs/GC electrode (solid curve in Fig. 6). The

ormal potential E0′
(defined as the average of anodic peak

otential, Epa and cathodic peak potential, Epc) is −0.34 V (vs.
CE) with a peak-to-peak separation of ca. 100 mV, which is
onsistent with the reported values for the Fe(III)/Fe(II) redox
enter of the heme group in Hb [30–32]. This formal potential
s more negative than that in our previous reports [33] due to
he different interface components which may interact with the
rotein or affect the electrode double layer [30]. These results
ndicate that in CMC–TiO2-NTs films, the direct electron trans-
er between Hb and GC electrodes is greatly enhanced. The
MC–TiO2-NTs film can provide a favorable microenvironment

or Hb to exchange electrons with the electrode and facilitate the
ate of electron transportation.

The dependence of the peak currents on the scan rate is
howed in Fig. 7A. It can be observed that the cathodic and
nodic peak currents (Ip) of the Hb increase with the increase
f the scan rate, at the same time, the cathodic and anodic
eak potentials exhibit a small shift and the peak-to-peak sep-
ration also increases. As shown in Fig. 7B, the cathodic and
nodic peak currents increase linearly with the scan rate from
00 to 900 mV s−1. Thus, it is clear that the Hb adsorbed onto

he surface undergoes a reversible and surface-confined electron
ransfer.

The detection of hydrogen peroxide (H2O2) is of great
mportance in environmental, industrial, chemical, food, phar-
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Fig. 7. (A) CVs obtained at the Hb/CMC–TiO -NTs/GC electrode in 0.10 M
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the peroxide compounds. Moreover, the electrocatalytic current
of the Hb/CMC–TiO2-NTs modified GC electrode increases
clearly with each addition of H2O2 to the solution. The cur-
rent reaches its maximum value within 10 s after each addition

Fig. 9. Amperometric responses of CMC–TiO2-NTs (curve a) and
2

2-saturated phosphate buffer. Scan rate (from inner to outer): 100, 200, 300,
00, 500, 600, 700, 800 and 900 mV s−1. (B) A plot of the cathodic and anodic
eak currents against the potential scan rate.

aceutical and biological fields. The main methods traditionally
sed for determining H2O2 include titrimetry, spectrometry,
hemiluminescence and electrochemical methods. The electro-
hemical technique for determination of H2O2 coupled with
he intrinsic selectivity and sensitivity of enzymatic reactions
s promising for the fabrication of simple and low-cost enzyme
ensors [34,35]. Hb has close structural similarity to the per-
xidase with an intrinsic catalytic activity toward peroxide
ompounds [36]. Fig. 8 shows catalytic reduction of H2O2 at
he CMC–TiO2-NTs modified GC electrode. It can be seen that,
hen H2O2 was added to the buffers, the reduction peak on

he Hb/CMC–TiO2-NTs film electrodes increased in height at
pproximately −0.43 V, accompanied by a decrease and disap-
earance of the oxidation peak. Moreover, the reduction peak
urrent increased with an increase of H2O2 in PBS. The mech-
nisms can be expressed as the following [37]:

b(Fe3+) + H2O2 → Compound I (Fe4+ O) + H2O
ompound I (Fe4+ O) + e + H+ → Compound II

ompound II + e + H+ → Hb(Fe3+) + H2O

H
t
p
i
H

hosphate buffer in the absence (dotted line) and presence of 10 �M H2O2

solid line a), 20 �M H2O2 (solid line b) and 30 �M H2O2 (solid line c). Scan
ate: 100 mV s−1.

he amperometric responses of the Hb/CMC–TiO2-NTs and
MC–TiO2-NTs films modified GC electrode upon the succes-

ive additions of H2O2 to 0.10 M pH 7.0 PBS at an applied
otential of −0.30 V are shown in Fig. 9. The CMC–TiO2-
Ts films modified GC electrode (curve a) show a much

maller response to H2O2 than that of the Hb/CMC–TiO2-NTs
odified GC electrode (curve b) at the same H2O2 concen-

ration. This indicates that Hb has close structural similarity
o the peroxidase with an intrinsic catalytic activity toward
b/CMC–TiO2-NTs (curve b) modified GC electrodes in stirred solu-
ions to the successive additions of H2O2 (each increment, 4 �M). Applied
otential, −0.30 V vs. SCE; supporting electrolyte, 0.10 M pH 7.0 PBS. The
nset is the calibration curve of steady-state currents vs. concentrations of

2O2.
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ig. 10. Amperometric responses of Hb/CMC–TiO2-NTs modified GC elec-
rodes in stirred solutions to the successive additions of diluted real samples.

f H2O2, which suggests that the Hb/CMC–TiO2-NTs mod-
fied GC electrode can respond rapidly to the change of the
oncentration of H2O2. Thus, the Hb/CMC–TiO2-NTs modi-
ed GC electrode shows an excellent electrocatalytic response

o the reduction of H2O2. The inset of Fig. 9 is the typical
alibration curve of the steady-state current vs. H2O2 concentra-
ion. Obviously, the steady-state response current increases with
ncreasing H2O2 concentration. The linear range of this biosen-
or to H2O2 concentration is 4–64 �M which can be described
y a linear regression equation of I(�A) = 0.3195 + 0.00328C
�M) (R = 0.997). The detection limit of the biosensor is
.637 × 10−6 M at a signal-to-noise ratio of 3, which is simi-
ar to others’ reports [38,39]. These results indicate that the Hb
ntrapped in the composite film possesses electrocatalytic activ-
ty to H2O2. The stability of the biosensor is further studied in the
inear range of H2O2. When the H2O2 biosensor has been stored
n a 0.10 M PBS for 3 weeks at 4 ◦C, the biosensor retains over
0% response of its initial sensitivity to the reduction of H2O2,
emonstrating its good long-term stability.

In addition, we also investigated the concentration of H2O2
n eyedrop as real world example using the proposed method,
s shown in Fig. 10. The sample was diluted with PBS (pH
.0) before the detection, in order to make the concentration
f H2O2 locating in the detection limit range. The concentra-
ion of H2O2 was calculated to be about 0.238 mM by linear
quation and dilution ratio. This value obtained by the proposed
ethod was consistent with that obtained by the conventional

ermanganate index method (0.241 mM), which indicated that
his method might be reliable and effective in future applications.

. Conclusions

We demonstrate that Hb immobilized in the CMC–TiO2-NTs
omposite films retains its original conformation by UV–vis
nd FT-IR spectra, and the direct electron transfer between

he redox proteins and the electrode are easily performed at
he CMC–TiO2-NTs interface. The biosensors based on the
b/CMC–TiO2-NTs are stable and response linearly to H2O2

oncentrations in the range from 4 �M to 64 �M with a detec-
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ion limit of 4.637 × 10−6 M. The properties of the immobilized
b in the TiO2-NTs composites provide a promising platform

or the future development of biosensors.
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