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In  this  work,  a novel  sensing  scaffold,  consisting  Au  nanoparticle  (GNP)–dotted  TiO2 nanotubes  (TNTs)
as  the  rigid  material  and  the hydrophobic  ionic  liquid  (HIL),  1-decyl-3-methylimidazolium  tetrafluorob-
orate,  as  the  entrapping  agent,  was  applied  to facilitate  the  electron  transfer  of  horseradish  peroxidase
(HRP)  on  a  glassy  carbon  electrode.  GNPs  were  immobilised  on  the  TNTs  in our  work  using  a one-step
reduction  of HAuCl4·3H2O  by  sodium  borohydride  in the  presence  of sodium  citrate  as  a stabilising
reagent.  The  morphology  and  composition  of  the  as-synthesised  composite  materials  were  characterised
by  transmission  electron  microscopy,  scanning  electron  microscopy,  X-ray  diffraction  and  Fourier-
old nanoparticle–dotted TiO2 nanotubes
iO2–ionic liquid composite materials
lectron transfer of HRP
etection of H2O2

transform  infrared  spectroscopy.  Cyclic  voltammetry  of  HRP  at the  modified  electrode  presented  a pair  of
reproducible,  quasi-reversible  redox  peaks  with  a peak-to-peak  separation  of 69 mV,  indicating  electron
transfer  between  HRP  and  composite  electrode.  The  GNP–TNT|HIL|HRP  electrode  was  then  applied  to  the
detection  of  H2O2 in a pH  7.0  phosphate  buffer  using  chronoamperometry.  The biosensor  exhibited  a
linear  response  in  the  15–750  �M range,  and  a  limit  of  detection  of  2.2  �M.  The  biosensor  also  exhibited

etec
stability  with  90%  of  the d

. Introduction

Since the development of the first enzyme-based electrochem-
cal biosensor, much attention has been focused on improvements
f their response performances (Hooda et al., 2009; Jamal et al.,
009; Kalimuthu et al., 2010; Miao et al., 2011). However, dif-
culty of direct electron transfer between the enzyme and the
lectrode has always been a problem along with the construction
f biosensors. This is because the catalytic centre of many enzymes
s deeply embedded in an insulating protein shell, resulting in
luggish electron-transfer kinetics (Yin et al., 2009). Moreover, an
nzyme generally loses its bioactivity after it is directly adsorbed
n an electrode surface (Hong et al., 2006). Therefore, there are
ontinuing demands for development of materials with improved
nzyme performance on an electrode surface.

Composite materials have hitherto shown promises in achiev-
ng the direct electron transfer of redox enzymes on an electrode
Yu et al., 2011; Zhuo et al., 2011). In assembling such materials, a

igid skeletal component is used to support the entire composite
n an electrode surface. Suitable inorganic rigid materials includ-
ng carbon nanotubes (Arvinte et al., 2010; Bai et al., 2011), ZnO
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tion  signal  retained  over  a two-week  duration.
© 2011 Elsevier B.V. All rights reserved.

nano materials (Kumar et al., 2009), TiO2 nanoparticles (Cheng
et al., 2008; Zhuo et al., 2011) have previously been used to con-
struct electrochemical biosensors. Among them, TiO2 nanoparticles
have received increasing attention due to their strong biocompat-
ibility, anti-oxidising properties, chemical inertness, high specific
surface area and non-toxicity (Milsom et al., 2007; Shen et al., 2008;
Song et al., 2006). In developing TiO2 nanoparticles with improved
electrochemical conductivity and an even higher specific surface
area, TiO2 nanotubes (TNTs) have been prepared by hydrother-
mal  methods (Kasuga et al., 1998), anodic oxidation (Han et al.,
2010) and molecular imprinting methods (Jung et al., 2002). TNTs
have been applied to electrochemical and photoelectrochemical
developments in recent years (Han et al., 2010; He et al., 2007;
Paramasivam et al., 2008). For example, Han et al. constructed
a hybrid system consisting of TNTs and poly(amidoamine) den-
drimers encapsulated platinum nanoparticles (Pt-DENs) to entrap
glucose oxidase (GOx) on a glassy carbon electrode for the elec-
trocatalytic reduction of glucose. An ∼11-fold increase in the
amperometric responses to glucose was obtained at this biosen-
sor compared with electrodes consisting of GOx  in only Pt-DENs.
The authors attributed this to the favourable microenvironment
of GOx within TNTs, where TNT|Pt-DENs provides a biocompati-

ble environment that retains bioactivity of GOx and facilitates the
electron transfer between GOx and electrode.

Another vital component in composite electrode materials
is a polymeric entrapping reagent, such as nafion (Liu et al.,

dx.doi.org/10.1016/j.bios.2011.12.002
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:Danny.Wong@mq.edu.au
dx.doi.org/10.1016/j.bios.2011.12.002
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011) or chitosan (Khan and Dhayal, 2008), used to immobilise
iomolecules, nanoparticles or other materials on an electrode
urface. Similar to nafion and chitosan, room temperature ionic liq-
ids are increasingly used as an entrapping reagent in developing
ifferent sensors owing to their good biocompatibility, excellent
lectrical conductivity (1.08–4.38 mS  cm−1 at 298 K) (Vila et al.,
007; Yu et al., 2009), non-volatility, non-toxicity and a wide
lectrochemical window (between −1.8 V and 2.4 V at glassy car-
on electrodes) (Moganty et al., 2009). For example, Liu et al.
eveloped a GOx biosensor by entrapping GOx and colloidal gold-
odified graphite powder in the room temperature ionic liquid,

-octyl-pyridinium-hexafluorophosphate. This biosensor showed
emarkably strong ability in maintaining the bioactivity and sta-
ility of GOx in strongly acidic conditions (pH 2.0) for over an
our. More recently, a screen-printing ink consisting of graphite,
ellulose acetate and n-octyl-pyridinum-hexafluorophosphate was
eveloped, which was applied to a poly(vinyl chloride) substrate to
onstruct a screen-printed electrode for the detection of dopamine
Ping et al., 2010). The electrode exhibited a linear range between
.0–2500 �M and a limit of detection of 0.5 �M dopamine. In addi-
ion, ionic liquids are also good solvents for nanomaterials by
ispersing the nanomaterials without agglomeration. For exam-
le, reduction of PtO2 by hydrogen was found to produce isolated
latinum nanoparticles without large agglomerates in 1-n-butyl-
-methylimidazolium tetrafluoroborate (Scheeren et al., 2008).

n situ transmission electron microscopic and X-ray diffraction
nalysis of the samples showed that uniform, 3 nm diameter plat-
num nanoparticles were produced, with no evidence of bulk metal
ormation.

In this work, we report the development of a sensing scaf-
old consisting of Au nanoparticle (GNP)–modified TNTs and
he hydrophobic ionic liquid (HIL), 1-decyl-3-methylimidazolium
etrafluoroborate, which was then used to immobilise the enzyme,
orseradish peroxidase (HRP), on a glassy carbon electrode to facil-

tate the electron transfer of HRP. Owing to the similar morphology
nd structure of TNTs to those of carbon nanotubes used in other
omposite material-modified electrodes (Gao and Zheng, 2009),
NTs in the GNP–TNT|HIL scaffold act as the rigid skeletal compo-
ent of a composite material on which the entrapping reagent, HIL,
as immobilised. Here, TNTS are decorated with GNPs to improve

he electrochemical conductivity of TNTs and hence that of the
iosensor. According to Carralero et al. (2006) and Zheng et al.
2011), GNPs would improve the conductivity of TNTs by acting
s a conducting tunnel between the heme centres of an enzyme
nd the electrode surface, which would then aid in enhancing
he catalytic effect of HRP on H2O2 in our work. Moreover, TNTs
ould not only prevent the aggregation of GNPs, but also offer a

iocompatible microenvironment that retains the HRP bioactivity
Han et al., 2010). GNPs were immobilised on the TNTs through

 one-step reduction of HAuCl4·3H2O in a TNT suspension and
his was demonstrated to be a simple, low cost and time saving

ethod for the immobilisation procedure. In addition, we have
lso demonstrated a more efficient treatment for immobilising
he composite on an electrode surface. Electrocatalytic response
o the reduction of H2O2 at the GNP–TNT|HIL|HRP-coated electro-
hemical biosensor was then studied by cyclic voltammetry and
mperometry.

. Experimental

.1. Reagents and materials
Hydroquinone (HQ), HRP and HAuCl4·3H2O were purchased
rom Sigma–Aldrich, USA. The titanate nanotube material
Na2Ti2O4(OH)2) was prepared using a procedure reported by Yang
ctronics 32 (2012) 188– 194 189

et al. (2003).  In brief, the hydroxyl functionalised titanate nanotube
was  obtained by reacting polycrystalline TiO2 with concentrated
NaOH solution at 110 ◦C for 20 h. The hydrophobic ionic liquid, 1-
decyl-3-methylimidazolium tetrafluoroborate, was obtained from
Shanghai Chengjie Chemical Co., Ltd., China. All other reagents were
of analytical grade and used without further purification. All solu-
tions were prepared with ultrapure water.

2.2. Apparatus

Electrochemical measurements were performed using a
CHI630 C electrochemical workstation (Shanghai CH Instruments,
China). A conventional three-electrode system consisting of a 3 mm
diameter glassy carbon working electrode, a platinum wire counter
electrode and a Ag|AgCl (3.0 M KCl) reference electrode was  used.
All electrodes were purchased from Gaozhiruilian Co. Ltd., Wuhan,
China. The working solutions were deoxygenated with nitrogen
gas for 15 min  before measurements and a nitrogen atmosphere
was  maintained over the solutions during experiment. The mor-
phological characterisation of Au-TNTs was  investigated by field
emission transmission electron microscopy (FETEM, Tecnai G2 20,
FEI Co. Ltd., USA), X-ray diffraction (XRD, X-PertPro, Netherland)
with Cu K� radiation (� = 1.5406 nm), and transmission-mode FT-
IR (Nicolet 170, USA). The morphological characterisation of the
GNP–TNT|HIL and GNP–TNT|HIL|HRP modified electrodes were car-
ried out using scanning electron microscopy (SEM; JSM-7500F,
JEOL, Japan).

2.3. Preparation of GNP–modified TNTs

We have modified a previously reported (Jana et al., 2001) one-
step reduction of HAuCl4·3H2O precursors to deposit GNPs on the
surface of TNTs. In brief, 15.5 mg  hydroxyl functionalised TNTs were
firstly dispersed in 10 mL  ethanol under ultrasonication for 30 min.
Next, 20 mL  ethanol solution containing 0.63 mM HAuCl4·3H2O
and 1.4 mM sodium citrate was  added to the TNTs suspension
and stirred sufficiently. Then, 2.4 mL  of icy cold, freshly prepared
0.10 M NaBH4 solution (prepared in NaOH solution; pH 12.0) was
rapidly added to the above mixture. The mixture was then stirred
for an additional 20 h at room temperature. Finally, the mixture was
centrifuged, washed with ultrapure water, and dried in a vacuum
drying oven at 40 ◦C.

2.4. Preparation of biosensor

GNP–TNT|HIL layer was applied to the glassy carbon electrode
by adopting a previously reported procedure (Li et al., 2007; Xiao
et al., 2008). Briefly, a glassy carbon electrode was sequentially
polished with 0.3 �m and 0.05 �m alumina slurry and sonicated
in ultrapure water, ethanol and acetone after each polishing step.
An appropriate amount of a ground black paste containing 20 �L
HIL and 100 mg  GNP–TNTs was applied to only the glassy carbon
disc of the electrode. The modified electrode was then immersed
in ultrapure water for 10 min  and dried in a fume hood. After com-
pletely drying, the surface of GNP–TNT|HIL-modified electrode was
smoothened with a piece of weighing paper. Next, 10 �L glutaralde-
hyde was  applied to the modified electrode to form a thin dry
film, followed by 10 �L HRP and the electrode was dried at 4 ◦C.

This electrode was  denoted as a GNP–TNT|HIL|HRP electrode. For
comparison, a TNT|HIL|HRP electrode without any GNPs was  also
fabricated using a similar procedure. The as-prepared electrodes
were kept at 4 ◦C when not in use.
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ig. 1. (A) TEM images of GNP–TNT hybrid structures at different orientations. (B)
lectrodes.

. Results and discussion

.1. Spectroscopic characterisation of GNP–TNT|HIL|HRP
odified electrodes

Composite materials including carbon nanotubes, ZnO nano-
aterials and TiO2 nanoparticles were previously developed for

pplications such as electrochemical biosensors, modified elec-
rodes and electrochemical immunosensors (Kumar et al., 2009;
u et al., 2011; Zhuo et al., 2011). In exploiting the advantages of
NTs stated in Introduction, we have applied in this work TNTs
s the rigid material and HIL as the entrapping reagent in devel-
ping a novel composite material for immobilisation of enzyme
n a biosensor surface. As demonstrated later, such a biosensor
acilitates the electron transfer of HRP and achieves improved ana-
ytical performance for the determination of H2O2. We  have initially
haracterised GNP–modified TNTs using TEM, XRD, and FT-IR. In
ig. 1(A), the TEM images of the as-prepared GNP–TNTs illustrate
hat the TNTs fabricated in our work have nearly uniform diam-
ters of approximately 100 nm and lengths over 300 nm. On the
ther hand, well-dispersed, spherical gold particles with diame-
ers of 5–7 nm anchored on the external walls of TNTs are clearly
isible in all these images, which demonstrated the feasibility of
he immobilisation method of GNPs on TNTs. The average particle
ize is approximately 5.3 nm and this estimation is consistent with
hose obtained from XRD data presented below.

Next, SEM was conducted to characterise the GNP–TNT|HIL and
NP–TNT|HIL|HRP electrodes. The SEM image (a) in Fig. 1(B) shows

 relatively even and smooth GNP–TNT|HIL layer on the electrode.
owever, both TNTs and GNPs are indiscernible on this sensing

ayer due to a blanketing effect and dispersing ability of the viscous
IL. After immobilising HRP on the GNP–TNT|HIL electrode, the

orresponding SEM image (b) reveals some bright island-like aggre-
ates regularly distributed on the composite sensing layer. These
sland-like aggregates are most likely attributable to the three-
imensional structure of enzyme molecules. Previous work (Yu
mages of the surfaces of the GNP–TNT|HIL (a) and GNP–TNT|HIL|HRP (b) modified

and Ju, 2002; Zhang et al., 2009; Zhou and Zhi, 2006) reported that
such morphology of enzyme-modified electrodes aided in increas-
ing the catalytic effect of enzyme on the substrate, which would be
beneficial to the analytical performance of the enzyme biosensors.

XRD was also used to study the bulk structure of GNP–decorated
TNTs discussed above and the results are shown in Fig. 2(a). As pre-
viously reported (Han et al., 2010), the strong diffraction peaks at
2� angles of 25.0◦, 37.4◦ and 48.5◦ may  be assigned to the spac-
ing of (1 0 1), (0 0 4) and (2 0 0) of the anatase (tetragonal) phase
of the TNTs. Similar to those previously reported (Paramasivam
et al., 2008; Song et al., 2010), major diffraction peaks of GNPs are
also clearly observed at 37.8◦, 45.0◦, 65.0◦ and 78.0◦, which can be
assigned to (1 1 0), (2 0 0), (2 2 0), (3 1 1) reflection of Au, respec-
tively. Based on these XRD results, the average Au particle size (d)
can be estimated using the Scherrer equation (Park et al., 2002;
Yang et al., 2005),

d = 0.9 × �K�

B(2�)cos�max

where �K� is the wavelength of X-rays used (0.154056 nm), B(2�)
is the width of the peak at the half height (with the peak height
evaluated from the baseline), and �max is the Bragg angle at the
peak. In this manner, d was  estimated to be 5.4 nm, which is in
good agreement with the average particle size (5.3 nm)  estimated
from TEM image above.

FT-IR spectra of TNTs and GNP–TNTs are displayed as trace (i)
and (ii), respectively, in Fig. 2(b). In trace (i), the band observed
at 3390 cm−1 is assigned to the stretching of a hydroxyl group
chemisorbed on a surface defect site. The band at 1623 cm−1, per-
taining to H–O–H bending for molecular water, was also observed.
This is a clear indication that molecular water adsorption occurred

on the surface of TNTs and hydroxyl groups were produced by water
dissociation in heating the physisorbed layer as outlined in Section
2.1 (Linsebigler et al., 1995). The absorption band at 1380 cm−1 rep-
resents the symmetric bending of CH3 groups. The band at 500 cm−1
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Fig. 3. (a) Cyclic voltammograms of (i) GNP–TNT|HIL electrode; (ii) TNT|HIL|HRP
electrode; (iii) GNP–TNT|HIL|HRP electrode in 0.05 mol L−1 PBS (pH 7.0) at 50 mV s−1;
(b) cyclic voltammograms of the GNP–TNT|HIL|HRP biosensor in 0.05 mol  L−1 PBS
ig. 2. (a) XRD pattern of the GNP–TNTs; (b) FT-IR spectra of TNTs and the GNP–TNT
omposite.

s associated with the Ti–O–Ti stretching mode of TiO2 (Lu and Yang,
009). The FT-IR spectrum of GNP|TNTs shown in trace (ii) is similar
o that of pure TNTs in trace (i), except that that the OH stretching
and of GNP|TNTs in trace (ii) has increased by 30 cm−1 compared
ith that in trace (i). This shift is most likely caused by the strong

nteraction between GNPs and the OH groups of TNTs (Xu et al.,
005).

The TEM, XRD and FT-IR results above provided evidence for
he successful immobilisation of GNPs on the TNT surface. Notably,
he results shown in Figs. 1(A) and 2 were obtained after the
NP–immobilised TNTs were subjected to washing, purification
nd drying, indicating the high stability of the composite even after
ll the treatments. In immobilisation methods reported so far (Kiss
t al., 2011; Mendez-Cruz et al., 2011), GNP–modified TNTs must
rst be obtained by deposition–precipitation with urea, followed by
everal additional steps including heating to 80 ◦C for 16 h, stirring
n 50 mL  of distilled water at 50 ◦C, centrifuging at 50 ◦C, and dry-
ng under vacuum at 80 ◦C for 2 h and storing away from light in a
esiccator under vacuum. Moreover, these treatment steps must be
epeated four times before the GNP–modified TNTs were ready for
se. In contrast, preparation of GNP–modified TNTs was  achieved

n a relatively simple and mild condition in this work. Our results
hus demonstrated the one-step reduction method as an effective,
imple, low cost and time saving immobilisation strategy.
.2. Electrochemistry of HRP at GNP–TNT|HIL modified electrode

Fig. 3(a) shows the cyclic voltammograms obtained at differ-
nt modified electrodes: (i) the GNP–TNT|HIL electrode; (ii) the
(pH 7.0) containing (i) 0.1 mmol L−1, (ii) 0.3 mmol L−1, (iii) 3.0 mmol  L−1 and (iv)
3.0  mmol  L−1 H2O2 and 0.5 mmol L−1 HQ at 50 mV s−1.

TNT|HIL|HRP electrode; (iii) the GNP–TNT|HIL|HRP electrode in
0.05 mol  L−1 phosphate-buffered saline (PBS) at pH 7.0 at a scan
rate of 50 mV  s−1. There are no observable redox peaks in the cyclic
voltammogram obtained at the GNP–TNT|HIL electrode (trace (i)),
indicating neither GNP–TNTs nor HIL was  electrochemically active
between −0.15 V and −0.65 V. This composite scaffold was there-
fore not expected to interfere with subsequent electrochemical
detection. On the other hand, a pair of redox peaks at approximately
−0.35 V and −0.43 V was observed in the cyclic voltammogram
obtained at the TNT|HIL|HRP-modified electrode (trace (ii)). Similar
cyclic voltammetric peaks were previously observed when cyclic
voltammetry of HRP was  conducted at gold nano-seed–dotted
TiO2nanoparticles modified glassy carbon electrode (Wang et al.,
2010; Yin et al., 2009) and the peaks were attributed to the
Fe(III)/Fe(II) redox couple of the heme protein of HRP. Based on the
average of these two peaks, the formal potential was determined
to be −0.39 V. In our work, the application of a TNT-HIL com-
posite enhanced the biocompatibility and provided a favourable
microenvironment for HRP, which aided in retaining the bioactivity
of HRP and facilitating the direct electron transfer between HRP and

electrode. Furthermore, the HIL increased (by approximately 200%
compared with modified electrodes without HIL) the electrical con-
ductivity of the modified electrode, which is also beneficial to the
direct electrochemistry of HRP. We  speculate that the amphiphlic
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Fig. 4. (a) Typical amperometric response of the GNP–TNT|HIL|HRP biosensor in (i)
the absence and (ii) presence of 0.1 mmol  L−1 HQ with additions H2O2 in 0.05 mol  L−1

PBS (pH 7.0) at the operating potential of −0.4 V; (b) corresponding calibration plots
f
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HRP(Fe ) + HQ(red) → HRP(Fe ) + HQ(ox) (4)
or  the GNP–TNT|HIL|HRP biosensor (same experimental conditions as Fig. 4(a)); (c)
wenty times repetitive cyclic voltametric scans of the GNP–TNT|HIL|HRP biosensor
n  0.05 mol  L− PBS (pH 7.0) at a scan rate of 50 mV  s−1.

haracter of HIL would have also improved the functionality of HRP
n the system, because there was no diminished catalytic activity
r denature of HRP observed even in the hydrophobic environment
f HIL used in our work (Yan et al., 2007; Zhou et al., 2008).

Next, cyclic voltammetry was carried out at a
NP–TNT|HIL|HRP-modified electrode and the result is shown
n trace (iii). An approximately 22% larger redox peak current
as obtained compared with that on a TNT|HIL|HRP-modified

lectrode. In addition, the peak separation between anodic and
athodic peak decreased by 10 mV  compared to that displayed in
ctronics 32 (2012) 188– 194

the cyclic voltammogram obtained at the TNT|HIL|HRP-modified
electrode. Clearly, the synergistic effects of the GNP, HIL and TNT
composite have yielded improved voltammetric response of HRP
at the GNP–TNT|HIL film over that of TNT|HIL by enhancing the
biocompatibility of the composite and the electrical conductivity
of the modified electrodes.

The effect of potential scanning rate on the response of
GNP–TNT|HIL|HRP electrodes was also investigated. Our results
(data not included) showed that the redox peak currents increased
linearly with scan rate from 50 to 500 mV  s−1. The peak-to-peak
separation also increased with the increase of the scan rates. These
results support a quasi-reversible redox reaction with a surface-
controlled process.

3.3. Electrochemical response of the GNP–TNT|HIL|HRP biosensor
to H2O2

The catalytic reduction of 0.1, 0.3 and 3.0 mmol  L−1 H2O2 at a
GNP–TNT|HIL|HRP-modified electrode was initially studied and the
results are shown in trace (i), (ii) and (iii), respectively, in Fig. 3(b).
As expected, the reduction peak current at approximately −0.41 V
in these traces increased at the GNP–TNT|HIL|HRP electrode with
increasing H2O2concentration, accompanied by a decrease of the
oxidation peak current at approximately −0.32 V. This result can
be explained by the catalytic mechanism of the immobilised HRP
for H2O2 reduction, which is represented by the following scheme
proposed by Yi et al. (2000):

HRP(Fe3+) + H2O2 → Compound I (Fe4+ O) + H2O (1)

Compound I (Fe4+ O) + e− + H+ → Compound II (2)

Compound II + e− + H+ → HRP(Fe3+) + H2O (3)

where “Fe4+ O” denotes oxyferrite. In this scheme, HRP is oxidised
by H2O2 to form an intermediate (Compound I), which consists of
oxyferrylheme and a porphyrincation radical. The porphyrin rad-
ical of Compound I accepts one electron from the electrode and
is reduced to a second intermediate (Compound II), which is sub-
sequently reduced back to the native HRP by accepting another
electron from the electrode. Notably, in the absence of H2O2, the
redox reaction of heme in HRP is that between HRP(Fe3+) and
HRP(Fe2+):

HRP(Fe3+) + e � HRP(Fe2+)

In the presence of H2O2, HRP(Fe3+) reacts to form Compound I
and Compound II. Therefore, the electrochemical reduction of both
Compound I and Compound II would produce a larger current than
the reduction of HRP(Fe3+) alone. However, as there is no direct
involvement of HRP(Fe2+) in reactions (1)–(3) above, a diminishing
oxidation current of HRP(Fe2+) was  observed.

To further improve the analytical performance of the proposed
H2O2 biosensor, HQ was  added as an electron mediator. Trace (iv) in
Fig. 3(b) depicts the cyclic voltammogram of a GNP–TNT|HIL|HRP-
modified electrode in a pH 7.0 PBS (0.05 mol L−1) containing
0.5 mmol  L−1 HQ and 3.0 mmol  L−1 H2O2. The catalytic peak cur-
rent for H2O2 reduction was found to be over 160% higher than that
in the absence of HQ (trace (iii) in Fig. 3(b)), indicating improved
sensitivity of the proposed biosensor in the presence of HQ. The
sensitivity enhancement by HQ can be explained by the following
reaction mechanism (Chen et al., 2006):

3+ 2+
HRP(Fe2+) + H2O2 → HRP(Fe3+) + H2O (5)

HQ(ox) + e− → HQ(red) (6)
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Table 1
Analytical performance of different H2O2 biosensors.

HRP biosensors Dynamic range
(�mol  L−1)

Limit of detection
(�mol  L−1)

Response time (s) References

GNP–TNT|HIL|HRP biosensor 15–750 2.2 3 This work
Nafion|HRP–gold

nanoseeds–TiO2|glassy carbon
electrode

41–630 5.9 3 Wang et al. (2010)

Haemoglobin|carboxymethyl
cellulose–TiO2–NTs|glassy carbon

4–64 4.6 10 Zheng et al. (2008)
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evaluated by quantitatively determining H2O2 in some local disin-
fectant samples. These disinfectant samples were diluted 100 times
before detection and the analytical results are displayed in Table 2b.
The recoveries for spiked real-life samples at three different levels

Table 2a
Effects of possible interferents on the biosensor response.

Interferents % Response Relative standard
deviation (n = 4)

Uric acid 93.6 1.61%
electrode
HRP|Au|TiO2|Ti 5–400 

HRP–TiO2|pyrolytic graphite electrode 7.5–123 

Firstly, HRP(Fe3+) is reduced by HQ(red) to produce HRP(Fe2+).
hen, as shown in reaction (5),  HRP(Fe3+) is regenerated with the
elp of H2O2. Finally, HQ(ox) is electrochemically reduced on the
lectrode surface to produce an electrochemical signal. Therefore,
he presence of mediator HQ has further enhanced the reduction
urrent of HRP(Fe3+).

The amperometric response of GNP–TNT|HIL|HRP-modified
lectrodes at an applied potential of −0.4 V with successive
dditions of H2O2 to PBS (pH 7.0) is shown in Fig. 4. For com-
arison, Fig. 4(a) presents the typical amperometric response of
he GNP–TNT|HIL|HRP biosensor in the absence of HQ (i) and
n the presence of 1.0 mmol  L−1 HQ (ii). The corresponding cal-
bration plots for the two amperometric systems are shown in
ig. 4(b). In the presence of HQ, the calibration plot between 15
nd 750 �mol  L−1 H2O2 can be represented by the linear relation-
hip (with a statistical significant correlation coefficient of 0.994 at
he 95% confidence level):

eak current (�A)

= (16.1 ± 0.26) × 10−3(�A �M−1)[H2O2] + 2.26 ± 0.14

here the errors denote 95% confidence intervals. Similarly, the
orresponding calibration plot (with a correlation coefficient of
.996) obtained in the absence of HQ is represented by

eak current (�A)

= (2.35 ± 0.062) × 10−3(�A �M−1)[H2O2] + 1.15 ± 0.09

Clearly, the presence of HQ significantly increases the ampero-
etric response of the GNP–TNT|HIL|HRP biosensor (the slopes of

lots (i) and (ii) are 2.35 × 10−3 and 16.1 × 10−3 �A �M−1, respec-
ively). As shown in (ii) of Fig. 4(a), over 95% of the steady-state
urrent at the GNP–TNT|HIL|HRP biosensor was achieved within

 s in the presence of HQ. Based on a signal-to-noise ratio of
, the limit of detection was estimated to be 2.2 �mol  L−1. The
NP–TNT|HIL|HRP biosensor developed in this study shows supe-

iority over other H2O2 biosensors (Yu and Ju, 2002; Wang et al.,
010; Zhang et al., 2004; Zheng et al., 2008) in terms of dynamic
ange, limit of detection and response time, as tabulated in Table 1.

.4. Stability and precision of the biosensor

In constructing most ionic liquid-modified electrodes, the
onic liquid was initially mixed with carbon nanotubes by son-
cation. The dispersion was then applied to an electrode, before
he electrode was air-dried (Pauliukaite et al., 2011; Zhu et al.,
011). Such a preparation method requires a substantial drying
ime and also often results in loss of modified materials during

he subsequent tests. In contrast, the procedure in our work
nvolves applying a fixed amount of HIL–GNPs–TNTs on a glassy
arbon electrode and then immersing the modified electrode in
ltrapure water for 10 min  before being dried. This immersion
5 Kafi et al. (2008)
Not reported Zhang et al. (2004)

treatment was  demonstrated to be a rapid, effective step for
immobilising GNPs–TNTs on the electrode surface. The stability of
the GNP–TNT|HIL|HRP biosensor was next investigated. As shown
in Fig. 4(c), no significant change (<5%) in the cyclic voltammetric
responses was  observed even after repeating 20 continuous
scans between −0.15 V and −0.65 V at 50 mV  s−1. In studying the
long-term stability of this biosensor, GNP–TNT|HIL|HRP modified
electrodes were stored in small vials and kept at 4 ◦C when not
in use. In this way, the electrodes still yielded 90% of the initial
current response after two weeks, compared to a corresponding
65% without adopting our immersion treatment. The reason for
the better stability can be attributed to the fast and more complete
gelation of the GNP–TNT|HIL composite on the electrode after
a 10 min  immersion in ultrapure water. We  are unclear of the
mechanism for the above result, but some specific interaction
between water molecules and HIL might be responsible for the fast
and complete gelation of HIL. Of course, subsequent evaporation of
water during drying in fume hood would have also accelerated the
formation of the HIL composite. In terms of repeatability, a relative
standard deviation of 3.7% was  estimated after 10 successive
measurements at a H2O2 concentration of 0.1 mmol L−1. Precision
was  also studied based on results obtained at six HRP biosensors
(fabricated in a single batch) in 0.1 mmol L−1 H2O2. A relative
standard deviation of 4.6% was  obtained, indicating a high degree
of fabrication reproducibility of the biosensor.

3.5. Interference study and real-life sample analysis

The selectivity of the biosensor was  investigated by detecting
H2O2 (0.1 mmol  L−1) in the presence of several possible coexisting
interferences such as uric acid, ascorbic acid, dopamine, cysteine
and glucose at a concentration level of 0.2 mmol L−1. As shown
in Table 2a,  the amperometric response change was found to be
less than 10%, after spiking 0.2 mM interferences motioned above,
respectively, into 0.1 mM H2O2 in 0.05 mol  L−1 PBS (pH 7.0). This
result demonstrated high selectivity and anti-interference ability
at the biosensor consisting of a GNP–TNT|HIL|HRP scaffold. Next,
the analytical performance of the GNP–TNT|HIL|HRP biosensor was
Ascorbic acid 95.3 1.95%
Dopamine 107.4 1.84%
Cysteine 96.5 1.69%
Glucose 101 1.88%
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Table 2b
Detection of H2O2 in disinfectant samples.

Sample Added (mM)  Found (mM) Recovery Relative
standard
deviation

a
f
s

4

s
1
t
G
i
t
G
a
g
r
a

A

n
D
a
D

R

A

B

C

C

C

G
H
H
H

2008. Colloids Surf. B 66, 146–149.
Zhou, Y., Zhi, J., 2006. Electrochem. Commun. 8, 1811–1816.
1 0.100 0.106 106% 2.1%
2 0.150 0.143 95.3% 2.9%
3  0.200 0.204 102% 3.7%

re all found to lie in the range of 95.3–106%, demonstrating the
easibility of the biosensor for the detection of H2O2 in real-life
amples.

. Conclusions

In the present work, we have developed a composite film con-
isting of GNP–modified TNTs and the hydrophobic ionic liquid,
-decyl-3-methylimidazolium tetrafluoroborate, which facilitates
he electrochemistry of HRP at a glassy carbon electrode. The
NP–TNTs exhibit a large surface area and good biocompatibil-

ty, providing microenvironment with improved conductivity for
he redox activity of HRP. In summary, the biosensor based on the
NP–TNT|HIL|HRP biocomposite film shows such characteristics
s ease of fabrication, low cost, fast response, high sensitivity and
ood stability. The GNP–TNT|HIL|HRP biosensor exhibits a dynamic
ange between 15 �M and 750 �M,  with a 2.2 �M limit of detection
nd a 3 s response time for the detection of H2O2.
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