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a  b  s  t  r  a  c  t

Single-walled  carbon  nanotubes  (SWCNT)  were  deposited  onto  indium  tin  oxide  (ITO)-coated  glass  using
an arc-discharge  method.  Titanium  oxide  (TiO2)  was  coated  onto  the  SWCNTs  using  a metal–organic
chemical  vapor  deposition  (MOCVD)  technique.  The  surface  morphology  and  crystal  structure  of a
TiO2–SWCNT  nanowire  structured  composite  was  investigated  using  FESEM,  XRD  and  Raman  spectra.
The  TiO –SWCNT  composite  film  was  used  to immobilize  glucose  oxidase  (GOx).  The immobilization
eywords:
iO2/SWCNTs composite
lucose biosensor
Ox
mperometric response

2

of  GOx  onto  TiO2–SWCNT  composite  film  was  characterized  by FTIR  spectroscopy.  The  glucose-sensing
properties  of a  GOx/TiO2–SWCNT/ITO  electrode  was  studied  at −0.25  V, and  it  showed  a  linear  range  of
detection  from  10 �M  to 1.40  mM  in a response  time  of  9  s  with  a low  detection  limit  of 10  �M  and  a  sen-
sitivity  of 5.32  �A  mM−1 cm−2. The  Michaelis–Menten  constant  was  0.83  mM.  The  effects  of  interfering
species  like  uric acid,  ascorbic  acid  and  sucrose  were  also  studied.
nterference

. Introduction

Glucose biosensors have attracted much attention in recent
ears, due to applications in a variety of fields such as medicine,
ood quality control and environmental monitoring [1–6]. Recently,
orous nanostructured materials have attracted attention in the
eld of enzyme-immobilized biosensors, as they provide a suitable
atrix for enzyme immobilization, and because they prevent the

eaching of enzymes. Some porous materials, such as mesoporous
itanium dioxide (TiO2) films on fluorine-doped tin oxide coated
lass [7],  mesoporous organosilicas [8],  and nanoporous cerium
xide thin film on platinum [9],  are used for the immobilization of
nzymes. TiO2 is a metal oxide-type semiconductor material. The
utile and anatase phases of TiO2 have band gaps of 3.0 and 3.2 eV,
espectively, which allows various applications in the field of pho-
ocatalysis [10]: dye-sensitized solar cells [11], gas sensors [12] and
lectrochromic devices. In recent years, because of its biocompati-
ility, nontoxicity and promising enzyme catalytic properties, TiO2
as been used as an additive in toothpaste and beauty products [13]
s well as in the field of enzymatic glucose biosensors [14,15].

Carbon nanotubes (CNTs) provide a porous structure and
emarkable physical, mechanical and unique electrochemical prop-

rties [16]. CNTs are, therefore, an attractive material for use in Li
on batteries [17], supercapacitors [18], gas sensors [19], humidity
ensors [20], biosensors [21], and solar cells [22].

∗ Corresponding author. Tel.: +82 42 821 6639; fax: +82 42 823 7648.
E-mail address: dojin@cnu.ac.kr (D. Kim).
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TiO2/CNT composites show promise for use as biosensors due
to interesting properties such as a high surface area and elec-
trocatalytic properties that make them a suitable matrix for the
immobilization of biomolecules. TiO2/CNT composites have been
used as cancer cell detection biosensors [23], and few reports have
detailed their use as composites for glucose biosensors. Tasviri et al.
reported the synthesis of MWCNT-coated TiO2 nanoparticles using
a chemical method followed by functionalization treatment using
3-aminopropyl (triethoxysilane) (APTES) at room temperature for
48 h and drying at 100 ◦C. To prepare GOx/NH2–TiO2–MWCNT,
a glucose sensor electrode, NH2–TiO2–MWCNT, was mixed with
GOx in PBS (pH 7.4) and dropped onto a glassy carbon electrode.
The glucose sensing properties of GOx/NH2–TiO2–MWCNT/GCE
were studied at −0.35 V, and showed a linear range of detection
from 1.8 �M to 266 �M,  with a sensitivity of 7 �A mM−1 and a
Michaelis–Menten constant of 8.59 mM [24].

The present study reports the synthesis of a TiO2–SWCNT com-
posite on ITO for immobilization of GOx using a simple physical
adsorption method for glucose sensing applications. The SWCNTs
were deposited onto ITO using a simple arc discharge method
at room temperature, followed by the deposition of TiO2 via
MOCVD to form TiO2–SWCNT/ITO. We explored the electrochem-
ical properties of a TiO2/SWCNT/ITO electrode in the presence
of H2O2 and interfering species like ascorbic acid (AA), uric acid
(UA), and sucrose. The effects of working potential on responses

of TiO2–SWCNT/ITO and GOx/TiO2–SWCNT/ITO electrodes were
investigated in the presence of H2O2 and glucose, respectively.
The results of the glucose-sensing mechanism and performance of
the GOx/TiO2–SWCNT/ITO biosensor based on working potential,
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http://www.sciencedirect.com/science/journal/09254005
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The tube diameter was calculated using the following formula.

v̄(cm−1) = 223.75
d

nm (1)
04 N.Q. Dung et al. / Sensors and A

inear range of detection, limit of detection, Michaelis–Menten con-
tant, and the response time are presented and discussed.

. Experimental

.1. Materials

Analytical reagent (AR) grade chemicals were used through-
ut the present study. De-ionized water was used throughout the
xperiments. Glucose oxidase (GOx) (EC1.1.3.4, from Aspergillus
iger, 200 units/mg), AA and d-glucose were purchased from Sigma.
i(IV) di-isopropoxidedisiobutrylmethanato [Ti(O-iPr)2(dibm)2]
recursor was purchased from Kojundo Chemical Lab Co. Ltd.,

apan, and was used as the TiO2 source. UA was  obtained from
lfa Aesar. The other chemicals, potassium dihydrogen orthophos-
hate (KH2PO4), dipotassium hydrogen orthophosphate (K2HPO4),
nd sucrose, were obtained from DAE JUNG Reagents Chemicals,
orea. All electrochemical experiments were carried out in a 0.1 M
hosphate buffer saline (PBS) prepared from K2HPO4 (0.075 M)  and
H2PO4 (0.025 M),  and the pH was adjusted to 7.0. ITO-coated glass
ubstrates (size ∼0.5 cm × 2.0 cm)  were cut from an ITO-coated
lass sheet (size – 30 cm × 40 cm and 1.1 mm thick) with a sheet
esistance of ∼6.5 �/�, that was procured from Samsung Corning
o. Ltd., Korea.

.2. Preparation of TiO2–SWCNT/ITO electrodes

SWCNTs were grown onto ITO substrates using an arc-discharge
ethod at an arcing current density of 40 A cm−2 in ambient H2

t 400 Torr for 4 min. A graphite rod containing catalyst metal
ires of Ni, Fe and Mo  was used as a carbon source. The substrate

emperature was kept at room temperature. ITO substrates were
ltrasonically cleaned in methanol, acetone and de-ionized water
or 10 min  each and dried in nitrogen gas flow prior to use. The
eposited SWCNTs were used as a template for the deposition of
iO2 via MOCVD. For deposition of the TiO2 layer, the titanium
ource, Ti(O-iPr)2(dibm)2 (0.075 mol  L−1), precursor was  dissolved
n hexane (0.05 mol  L−1) and passed through carrier argon gas (flow
ate 100 sccm). The O2 reaction gas was supplied at a fixed-flow
ate of 100 sccm. The source vapor temperature was maintained
t 240–300 ◦C, and the substrate temperature was  kept at 400 ◦C.
o prepare the GOx/TiO2/ITO electrode, TiO2 film without SWCNTs
as deposited onto ITO without SWCNTs under the same condi-

ions.

.3. Immobilization of enzyme GOx

To immobilize GOx in the TiO2–SWCNT/ITO film, 0.25 cm2 was
elected as the working area by covering the excess area by
nsulating epoxy. The GOx solution was prepared by dissolving
0 mg  GOx in 1 mL  phosphate buffer solution (0.1 M,  pH 7.0). The
iO2–SWCNT/ITO film was immersed in the GOx solution overnight
t room temperature. The GOx/TiO2–SWCNT/ITO electrode was
hen rinsed with PBS (0.1 M,  pH 7.0) to remove the free enzyme,
nd dried at room temperature for 2 h to evaporate the solvent. The
Ox-immobilized TiO2–SWCNT/ITO electrode was stored at 4 ◦C in

he dark when not in use.

.4. Preparation of the glucose solution
A glucose stock solution (5 mM,  50 mM,  0.250 M and 0.5 M)  was
repared in 0.1 M phosphate buffer saline (pH 7.0) and left at room
emperature for about 24 h prior to use. This ensured the presence
f �-d-glucose.
ors B 166– 167 (2012) 103– 109

2.5. Electrochemical measurements

The electrochemical measurements were carried out in a
3-electrode setup with GOx/TiO2–SWCNT/ITO as the working elec-
trode, platinum mesh as the counter electrode, and a saturated
calomel electrode (SCE) as the reference electrode. PBS (0.1 M,  pH
7.0) was used as an electrolyte during the electrochemical stud-
ies. Amperometric and cyclic voltammetric measurements were
carried out using a potentiostat/galvanostat (EG and G Princeton
Research Model 263A, USA) controlled by electrochemistry soft-
ware Powersuite 2.55.

2.6. Characterization techniques

The TiO2–SWCNT/ITO film was  characterized by X-ray diffrac-
tion (XRD). The XRD analysis was performed with a Bruker
diffractometer (D8, Advance, Bruker AXS model) with CuK� radia-
tion (� = 1.5406 nm)  operating at 40 kV and 40 mA.  The SWCNTs/ITO
and TiO2–SWCNT/ITO films were characterized by Raman spec-
troscopy. The Raman spectra were obtained using a Hoiba Jobin
Yvon model LabRam (HR) at room temperature with 541.5 nm inci-
dent photons from an Ar ion laser in a back-scattering geometry.
The surface morphology of the TiO2–SWCNT/ITO film was inves-
tigated by field-emission scanning electron microscopy (FESEM).
The FESEM analysis was carried out with a JEOL (JSM-7000F, JEOL,
Japan) microscope. The TiO2–SWCNT/ITO and GOx-immobilized
TiO2–SWCNT/ITO films were characterized by Fourier transform
infrared spectroscopy (FTIR). The FTIR spectroscopy analysis was
performed with a Bio-Rad spectrometer (FTS-7, Bio-Rad Laborato-
ries Inc., USA) in the 4000–500 cm−1 spectral range.

3. Results and discussion

3.1. Characterization of SWCNTs and TiO2–SWCNT/ITO films

The XRD pattern of the TiO2–SWCNT/ITO film [Fig. 1] shows the
diffraction peaks at 2( values of 25.28◦ and 37.80◦, which corre-
sponded to the anatase phase of TiO2 with a tetragonal structure
(JCPDS # 21-1272). The other diffraction peaks appeared at 2( val-
ues of 21.64◦, 30.66◦, 35.56◦, 45.64◦, and 50.96◦ were related to the
substrate ITO [25].

The Raman spectra of SWCNTs [Fig. 2(a)] exhibited a broad peak
at 189 cm−1, which was  associated with the radial breathing mode
(RBM). Its peak position was related to the SWCNT diameter [26].
Fig. 1. X-ray diffraction pattern of a TiO2–SWCNT/ITO electrode.
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ig. 2. Raman spectra of (a) SWCNTs and (b) TiO2–SWCNT. The inset shows an
ESEM image of the TiO2–SWCNT/ITO electrode.

here, v̄ is the wavenumber of the peak position and d is the diam-
ter of SWCNT. The calculated diameter of SWCNT was ∼1.18 nm.
he weak peak appeared at 1337 cm−1 (D band), and can be
ttributed to the defect-induced carbon in SWCNTs. The G band of
WCNTs was split into 2 peaks: a strong peak (G+) at 1595 cm−1

ith a shoulder peak (G−) at 1572 cm−1. The G+ and G− bands
re originated from longitudinal (LO) and tangential (TO) modes
f SWCNT and their relative intensity depended on the chirality of
he SWNTs [27]. The intense G band with respect to the D band
howed the highly crystalline graphitic nature of SWCNTs.

The Raman spectra of TiO2-deposited SWCNTs [Fig. 2(b)]
howed characteristic bands at 185, 1334, 1572 and 1594 cm−1,
hich were similar to those of the SWCNTs. The spectrum also indi-

ated the presence of a band at 144 cm−1 which corresponded with
he anatase phase of TiO2 [28]. A more intense D band was  observed
n TiO2-deposited SWCNTs than in pure SWCNTs, which may  have
orresponded with the functionalization of SWCNTs and the coat-
ng of TiO2 particles at a higher substrate temperature. The shoulder
eak at 1530 cm−1 may  have corresponded with a structural disor-
er in nanotubes due to the deposition of TiO2. The inset in Fig. 2
hows the FESEM image of the TiO2–SWCNT/ITO film with a highly
orous nanowire structure. These results reveal that the deposi-
ion of anatase-phase TiO2 on SWCNTs forms a porous nanowire
omposite.

.2. Characterization of TiO2–SWCNT/ITO and
Ox/TiO2–SWCNT/ITO electrodes

The FTIR spectra of TiO2–SWCNT/ITO and GOx-immobilized
iO2–SWCNT/ITO films are shown in Fig. 3. The FTIR spectrum
f TiO2–SWCNT/ITO film [Fig. 3(a)] exhibited a band around
227 cm−1 attributed to the stretching vibrational mode of the O H
roup bonded to TiO2. The weak band at 1653 cm−1 and 1541 cm−1

orresponded to the bending vibration band of the surface attach-
ent of an OH group to TiO2 and to the carbon skeleton stretching

ibrations of SWCNTs [29]. The broad band at ∼722 cm−1 was
ssigned to the characteristic vibrational modes of TiO2. The bands
hat appeared at 2359 and 2360 cm−1 in the TiO2–SWCNT/ITO and
Ox-immobilized TiO2–SWCNT/ITO spectra, respectively, corre-
ponded to the presence of CO2 due to contamination from the
tmosphere.

The FTIR spectrum of GOx-immobilized TiO2–SWCNT/ITO
Fig. 3(b)] showed a shift in the characteristic bands to lower wave

umbers, due to the incorporation of GOx. The bands at ∼2923
nd 667 cm−1, corresponded to the stretching vibrational mode
f the O H group bonded to TiO2 and to the characteristic vibra-
ional mode of TiO2, respectively. The bands present at around 1652
Fig. 3. FTIR spectra of (a) TiO2–SWCNT/ITO and (b) GOx/TiO2–SWCNT/ITO elec-
trodes.

and 1540 cm−1 became more intense, and this corresponded to
the C O stretching vibration of amide I and the C N stretching
and N H plane bending of the amide II groups present in the GOx
enzyme, respectively. Thus, the FTIR spectroscopy results indicated
an immobilization of GOx in the TiO2–SWCNT/ITO film.

3.3. Electrochemical studies

The cyclic voltammetric measurements of TiO2–SWCNT/ITO,
SWCNT/ITO and GOx/TiO2–SWCNT/ITO electrodes were recorded
in 0.1 M PBS (pH 7.0) by continuously cycling the electrode poten-
tial between −0.5 V and 0.8 V versus SCE at a potential scan rate of
0.05 V s−1, and are shown in Fig. 4. Fig. 4A shows the cyclic voltam-
mogram of a TiO2–SWCNT/ITO electrode recorded in PBS (curve a),
AA 0.2 mM (curve b), UA 0.2 mM (curve c), H2O2 1 mM (curve d),
and oxygen (curve e). The inset of Fig. 4A shows a cyclic voltam-
mogram of SWCNT/ITO in PBS (curve f) and in 1 mM H2O2 (curve
g). The cyclic voltammogram of the TiO2–SWCNT/ITO electrode in
the presence of interfering species AA (curve b), and UA (curve c),
showed oxidation peaks at 0.2 V and 0.3 V, respectively [30]. The
oxidation current density started to increase from 0 V to 0.2 V in
the presence of AA and UA, respectively. The presence of AA and
UA shows no change in current density between the potential from
0 to −0.5 V by comparison with the cyclic voltammogram recorded
in PBS (curve a).

The cyclic voltammogram of the TiO2–SWCNT/ITO electrode
recorded in the presence of H2O2 (curve d), showed considerable
electrocatalytic behavior. The TiO2–SWCNTs/ITO electrode showed
increased current density after the addition of 1 mM H2O2 by com-
parison with the SWCNT/ITO electrode, which revealed that the
TiO2–SWCNT/ITO composite electrodes enhanced the H2O2 cat-
alytic properties to a greater degree compared with the SWCNT/ITO
electrodes. The electrocatalytic behavior of TiO2–SWCNTs toward
H2O2 at a positive potential can be explained by reaction (2) and at
a negative potential by reaction (3):

H2O2 → 2H+ + 2e− + O2 (2)

H2O2 → 2H+ + 2e− + 2H2O (3)

The effect of oxygen on the TiO2–SWCNT/ITO electrode was
also investigated [curve (e)]. The reduction of oxygen species
by TiO2–SWCNTs resulted in a decrease in current density at
a potential of less than −0.3 V. The TiO2–SWCNTs/ITO electrode

showed poorer catalytic activity to oxygen than to H2O2. The
obvious electrocatalytic behavior of TiO2–SWCNT/ITO film toward
H2O2 showed that TiO2–SWCNT can detect enzymatically gen-
erated H2O2. Therefore, the glucose biosensor was developed
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Fig. 4. (A) Cyclic voltammograms of the TiO2–SWCNT/ITO electrode recorded in (a)
PBS and in the presence of (b) AA (0.2 mM),  (c) UA (0.2 mM),  (d) H2O2 (1 mM)  and (e)
oxygen. Inset shows cyclic voltammograms of the SWCNT/ITO electrode recorded
in  (f) PBS and (g) in the presence of H2O2 (1 mM)  in PBS. (B) Cyclic voltammograms
of  the GOx/TiO2–SWCNT/ITO electrode recorded in (a) PBS and (b) in the presence
of  2 mM glucose.

b
c
G
a
F
g
t
a
t
G

was higher than 0.75 V. Therefore, to investigate further biosensing

F
−

y the immobilization of GOx into a TiO2–SWCNT/ITO film. To
onfirm the adsorption of GOx, the cyclic voltammograms of a
Ox/TiO2–SWCNT/ITO electrode were recorded in PBS (curve a)
nd in the presence of 2 mM of glucose (curve b), as shown in
ig. 4B. In a comparison, the cyclic voltammogram recorded in
lucose showed a decrease in current density between the poten-
ials of −0.15 V and −0.45 V during negative applied potential,
nd the current density increased from 0.45 V during posi-

ive applied potential. The glucose sensing mechanism of the
Ox/TiO2–SWCNT/ITO electrode can be explained by the electron

ig. 6. Specificity of the GOx/TiO2–SWCNT/ITO electrode to AA (0.2 mM), UA (0.2 mM),  a
0.25  V.
Fig. 5. Hydrodynamic voltammogram of (a) a TiO2–SWCNT/ITO electrode to 1 mM
H2O2 and (b) a GOx/TiO2–SWCNT/ITO electrode to 1 mM glucose in PBS.

transfer between enzymatically generated H2O2 (reaction (4)) and
a TiO2–SWCNT composite.

Glucose + O2
GOx−→Glucanolactone + H2O2 (4)

3.4. The effect of potential on glucose sensing for a
GOx/TiO2–SWCNT/ITO electrode

The hydrodynamic voltammogram of TiO2–SWCNT/ITO (a) and
GOx/TiO2–SWCNT/ITO electrodes (b) in the presence of 1 mM
H2O2 and glucose, respectively, was  obtained by applying different
potentials from −0.45 to 0.85 V in increments of 0.1 V versus SCE,
shown in Fig. 5. For amperometric measurement at each potential,
fresh PBS and electrodes were employed. The TiO2–SWCNT/ITO and
GOx/TiO2–SWCNT/ITO electrode showed a response to H2O2 and
glucose at an applied potential of less than −0.15 V during a neg-
ative applied potential and at more than 0.55 V during a positive
applied potential. The GOx/TiO2–SWCNT/ITO electrode showed
maximum change in response to a current density of 1 mM glucose
at −0.25 and 0.75 V. During negative applied potential the response
current density became negligible at −0.45 V, which may have cor-
responded to a decreased sensitivity toward glucose, which was
probably due to the interference of oxygen and/or the reduction
in water, as suggested by the cyclic voltammogram recorded in
oxygen and in PBS [Fig. 4A(e and a)]. During a positive applied
potential, the response current density plateaued at a potential that
properties, the potentials of −0.25 and 0.75 V can be applied to a
GOx/TiO2–SWCNT/ITO electrode.

nd Sucrose (0.5 mM)  in the presence of 1 mM glucose in PBS at (A) 0.75 V and (B)
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Fig. 7. Amperometric responses of (A) GOx/TiO2/ITO (a) and SWCNT/ITO (b) elec-
trodes, and (B) GOx/TiO2–SWCNT/ITO electrodes measured at −0.25 V (versus SCE)
with successive additions of glucose aliquots in PBS. Inset of (B) shows the ampero-

relatively improved characteristics in terms of applied potential,
Km and limits of detection.
N.Q. Dung et al. / Sensors and A

.5. Specificity of the GOx/TiO2–SWCNT/ITO electrode

The effect of potential revealed 2 optimal potentials that
ould be used to investigate the biosensing properties of a
Ox/TiO2–SWCNT/ITO electrode, but a cyclic voltammetric study
f a TiO2–SWCNT/ITO electrode [Fig. 4(b and c)] showed the oxi-
ation of interfering species AA and UA at positive potentials of
.2 and 0.3 V and a reduction in oxygen below −0.3 V. There-
ore, to observe the effect of AA, UA and sucrose, the specificity
f the GOx/TiO2–SWCNT/ITO electrode was evaluated at −0.25
nd 0.75 V, as shown in Fig. 6. For amperometric measurement,
he interfering species AA (0.2 mM),  UA (0.2 mM)  and sucrose
0.5 mM)  were added in the presence of 1 mM glucose at intervals
etween 50 and 100 s. At an applied potential of 0.75 V [Fig. 6A], the
Ox/TiO2–SWCNT/ITO electrode showed a large change in current
ensity after the addition of AA and UA, and almost no change in
urrent density due to sucrose in the presence of 1 mM glucose. The
mperometric response of the GOx/TiO2–SWCNT/ITO electrode at
0.25 V [Fig. 6B] showed no change in current density after the
ddition of AA, UA and sucrose in the presence of 1 mM glucose,
hich showed a high selectivity for a glucose substrate. Therefore, a
otential of −0.25 V can be used as a suitable potential for the detec-
ion of glucose with high specificity for the GOx/TiO2–SWCNT/ITO
lectrode.

.6. Amperometric response of the GOx/TiO2–SWCNT/ITO
lectrode

The steady-state amperometric responses of the GOx/TiO2/ITO,
Ox/SWCNT/ITO, and GOx/TiO2–SWCNT/ITO electrodes, recorded
t a potential of −0.25 V (versus SCE) in PBS after succes-
ive additions of different concentrations of glucose aliquots are
hown in Fig. 7. Fig. 7A shows the response current density
f a GOx/SWCNT/ITO electrode to be higher than that of the
Ox/TiO2/ITO electrode. Fig. 7B, however, shows that the response
f the GOx/TiO2–SWCNT/ITO electrode was much higher than that
f either of the electrodes in Fig. 7A. This visible enhancement can
e attributed to the large surface area of the GOx/TiO2–SWCNT/ITO
lectrode. The response of the GOx/TiO2–SWCNT/ITO electrode
o 1 mM of glucose was 685 times higher than that of the
Ox/TiO2/ITO electrode. As shown in the inset of Fig. 7B, the
inimum glucose concentration that the GOx/TiO2–SWCNT/ITO

lectrode could detect was 10 �M.  The electrode also achieved a
0% steady-state current within 9 s, which indicated a fast electron
ransfer between enzymatically generated H2O2 and TiO2/SWCNTs.

The steady-state amperometric responses were used to con-
truct a calibration curve of the GOx/TiO2–SWCNT/ITO electrode,
hich is presented in Fig. 8(a). The error bar indicates the stan-
ard error in the responses measured for 3 different electrodes,
nd shows that the GOx/TiO2–SWCNT/ITO electrode exhibited good
inearity for glucose sensing from 10 �M to 1.42 mM with a correla-
ion coefficient of 0.99. The sensitivity of the GOx/TiO2–SWCNT/ITO
lectrode calculated from the slope of the calibration curve was
.32 �A mM−1 cm−2. The experimentally measured limit of detec-
ion for glucose was 10 �M for the GOx/TiO2–SWCNT/ITO electrode.

The apparent Michaelis–Menten constant (Km) and maximum
esponse current density were calculated for the immobilized GOx
sing an Eadie–Hofstee plot [31], and the ratio of the response cur-
ent density to glucose concentration was obtained using the data
resented in Fig. 8(a) for the GOx/TiO2–SWCNT/ITO electrode that

s shown in Fig. 8(b). The Km values and the maximum response
urrent density were calculated from the linear region of this plot.

he values of the maximum response current density and Km cal-
ulated from the Eadie–Hofstee plot for the GOx/TiO2–SWCNT/ITO
lectrode were 20.03 �A cm−2 and Km = 0.83 mM,  respectively,
hich were nearly similar to the values calculated using a
metric response of the GOx/TiO2–SWCNT/ITO electrode after the addition of 10 �M
glucose aliquots in PBS.

Lineweaver–Burk plot at 19.23 �A cm−2 and 0.71 mM,  respectively.
The low Km value can be attributed to the great affinity between
the enzyme and the electrode. Comparisons of our results based on
the applied potential, Km, Linear range of detection, and limits of
detection with other glucose biosensors are shown in Table 1. These
results show that the GOx/TiO2–SWCNT/ITO electrode exhibited
Fig. 8. (a) Calibration curve of the GOx/TiO2–SWCNT/ITO electrode and (b) the
Eadie–Hofstee plot for the GOx/TiO2–SWCNT/ITO electrode.
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Table 1
Performance comparison of the GOx/TiO2–SWCNT/ITO electrode with published glucose sensing electrodes.

Immobilization matrix Applied potential (V) Km (mM)  Linear range (mM)  Limit of detection (�M) Reference

TiO2 −0.45 – 0.15–1.2 0.15 [13]
Pt  –CNT/TiO2 0.4 – 0.010–1.5 5.7 [34]
AuNPs–TiO2NT 0.25 7.2 0.40–8 310 [33]
NH2–TiO2–CNTs −0.35 8.59 0.0018–0.266 0.44 [24]
TiO2 on FTO 0.55 3.76 0.153–1.30 51 [14]
ZnO  nanorods 0.8 1.95 0.01–0.25 and 0.3–0.7 10 [32]
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. Conclusions

A highly porous TiO2–SWCNT/ITO electrode was successfully
abricated by the deposition of SWCNTs on ITO using a simple arc
ischarge followed by TiO2 coating via MOCVD. The highly selective
nd sensitive electrocatalytic activity of TiO2–SWCNT/ITO elec-
rodes facilitates the sensitive detection of enzymatically generated
2O2. The electrocatalytic behavior of the TiO2–SWCNT/ITO and
Ox/TiO2–SWCNT/ITO electrode toward H2O2 and glucose shows

hat −0.25 V is a suitable potential to investigate interference-
ree biosensing properties. The GOx/TiO2–SWCNT/ITO electrode
emonstrated relatively better glucose-sensing properties such as

 linear range of detection from 10 �M to 1.42 mM with lower lim-
ts of detection at 10 �M and a sensitivity of 5.32 �A mM−1 cm−2.
his electrode showed a lower Michaelis–Menten constant of
.83 mM.  The present study showed that the nanowire-structured
iO2–SWCNT composite is a high porosity material that shows
reat promise for use as a glucose biosensor.
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