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Gallium hexacyanoferrate (GaHCFe) and graphite powder were homogeneously dispersed into
n-dodecylpyridinium hexafluorophosphate and paraffin to fabricate GaHCFe modified carbon ionic liquid paste
electrode (CILPE). Mixture experimental design was employed to optimize the fabrication of GaHCFe modified
CILPE (GaHCFe-CILPE). A pair of well-defined redox peaks due to the redox reaction of GaHCFe through one-
electron process was observed for the fabricated electrode. The fabricated GaHCFe-CILPE exhibited good electro-
catalytic activity towards reduction and oxidation of H2O2. The observed sensitivities for the electrocatalytic ox-
idation and reduction of H2O2 at the operating potentials of+0.8 and−0.2 Vwere about 13.8 and 18.3mAM−1,
respectively. The detection limit (S/N = 3) for H2O2 was about 1 μM. Additionally, glucose oxidase (GOx) was
immobilized on GaHCFe-CILPE using two methodology, entrapment into Nafion matrix and cross-linking with
glutaraldehyde and bovine serum albumin, in order to fabricate glucose biosensor. Linear dynamic rage, sensitiv-
ity and detection limit for glucose obtained by the biosensor fabricated using cross-linking methodology were
0.1–6 mM, 0.87 mA M−1 and 30 μM, respectively and better than those obtained (0.2–6 mM, 0.12 mA M−1

and 50 μM) for the biosensor fabricated using entrapment methodology.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Simple and economical fabrication of an easy-to-use sensor with
high electroanalytical performance towards analyte detection is an
attractive area in electroanalysis. Carbon past electrode (CPE) is one of
the oldest carbon composite electrode that more than a half century
passes since its invention in 1958. For the fabrication of a traditional
CPE, graphite powder is handmixedwith a pasting liquid such as paraf-
fin or silicon oils. But, a series of innovations [1] has been applied for the
fabrication of new type CPE with the enhanced electrochemical perfor-
mance. The use of carbon nanotubes (CNTs) instead of graphite powder
[2] or the use of room temperature ionic liquids (RTILs) [3] instead of
paraffin or silicon oils are two examples of such innovations. Attractive
features such as ease of fabrication and regeneration, low background
current, stable response and very low ohmic resistance have been
cited for CPEs. These properties can be combinedwith the distinct prop-
erties of ILs, e.g. high chemical and thermal stability, relatively high ionic
conductivity, negligible vapor pressure and wide electrochemical win-
dow, when ILs are used as the binder for the fabrication of new type
CPE. It has been shown that the electrochemical performance of this
new type carbon paste electrode, so called carbon ionic liquid electrode
98 241 415 3232.
(CILE), has significantly improved compared to CPE [4–6]. Also, it has
been shown that the electrochemical properties of the biomolecules
such as nicotinamide adenine dinucleotide (NADH) enhance on CILE.
So, it seems that CILE is a good candidate for the construction of new
type biosensors [5,7].

Design and fabrication of a sensitive hydrogen peroxide sensor are
attractive perspectives for many researchers. Also, it is a fundamental
part for the construction of a biosensor in which the production or
consumption of hydrogen peroxide is measured. Among the reported
hydrogen peroxide sensors, the most interesting are Prussian blue
(PB)-based sensors in which PB acts as an electron transfer mediator.
Using a PB-based sensor, detection of hydrogen peroxide is performed
through its electrocatalytic reduction at the reduced overpotential e.g.
0.0 vs. Ag|AgCl|KClsat. So, at this reduced overpotential the detection is
selective for hydrogen peroxide even in the presence of oxygen and
many other electroactive compounds which are usually present in real
samples [8]. Prussian blue (ferric hexacyanoferrate, FeHCFe) and its
analogs are the prototype of a number of polynuclear transition metal
hexacyanometalates. Many efforts have been devoted to fabricate
metal hexacyanoferrate (MHCFe) modified electrodes and also to
show their importance and possible applications in electroanalysis [9].
To the best of our knowledge, there is only one report detailing the
electrochemical behavior and performance of gallium hexacyanoferrate
as electrocatalyst for H2O2 [10]. In the mentioned study, gallium
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hexacyanoferrate modified CPE has been used for the detection of H2O2

on the basis of its electrocatalytic activity towards hydrogen peroxide
reduction.

In this study, GaHCFe was incorporated into a carbon ionic
liquid paste electrode (CILPE) composed of n-dodecylpyridinium
hexafluorophosphate ([C12Py][PF6]) and paraffin as the pasting agents.
Mixture experimental design [11] was used to find the optimal weight
ratio of graphite powder, [C12Py][PF6] and paraffin for the sensor fabri-
cation. The electrochemical properties of GaHCFe-CILPE and its electro-
catalytic activity towards hydrogen peroxide were studied and the
analytical features of the sensor for the amperometric determination
of hydrogen peroxide were evaluated. Thereafter, glucose oxidase
(GOx) was immobilized on the surface of GaHCFe-CILPE to fabricate a
glucose biosensor. Two immobilization methodologies, cross-linking
with glutaraldehyde (GLU) and bovine serum albumin (BSA) and en-
trapment into Nafion were applied and the analytical features of the
fabricated biosensors for the amperometric determination of glucose
were evaluated.

2. Experimental

2.1. Chemicals

All chemicals were of analytical reagent grade and usedwithout fur-
ther purification. High purity graphite powder (particle size b0.1 mm),
n-dodecyl iodide, pyridine, ammonium hexafluorophosphate, ascorbic
acid, Ga(NO3)3·9H2O, CH3COONa, H3PO4, KOH, KCl, HCl, K3[Fe(CN)6],
K4[Fe(CN)6] and H2O2 (30%) were purchased from Merck (Darmstadt,
Germany). Nafion perfluorinated ion-exchange (5% solution in 90%
light alcohol), ethanol (97%), glutaraldehyde (GLU, grade I, 25%), bovine
serum albumin (BSA, fraction V, minimum 96%) were obtained from
Fluka (Buchs, Switzerland). Glucose oxidase (GOx, EC 1.1.3.4, type VII
from Aspergillus niger, 221 U mg−1) and D(+)-glucose (97%) were
obtained from Sigma (St. Louis, MO, USA). Double distilled water was
used throughout the experiments.

[C12Py][PF6] was prepared according to the method reported previ-
ously for the preparation of n-octylpyridinium hexafluorophosphate
[12]. GaHCFe was synthesized using the method reported previously
[10]. In brief, 20 mL solution containing 0.1 M K4[Fe(CN)6] and 1 M
KCl was added dropwise to a 20 mL solution of 0.1 M Ga(NO3)3·9H2O
(pH = 2) during 3 h under rigorous stirring. The precipitate was
then collected by filtration and washed thoroughly with 1 M KCl
(20mL× 3) and double distilled water (20mL × 3). Afterward, the pre-
cipitate was dried by P2O5 in a vacuum desiccator at ambient tempera-
ture for two days.

Nine milligrams of GOx was dissolved in 400 μL of acetate buffer
(0.05 M, pH = 5.5) to prepare a 5 U μL−1 of GOx working solution.
Working solutions of BSA and GLU at the required concentrations
were prepared inwater. 0.05MKH2PO4 and 0.1MKClwere used to pre-
pare phosphate buffer solution (PBS) and its pH was adjusted to 6.4
using KOH solution. Stock solutions of glucose (0.5 M) and H2O2

(0.2 M) were prepared in water and stored at 4 °C when not in use.
The stock solution of glucose was allowed to mutarotate at room tem-
perature overnight before use. Standard working solutions of glucose
and H2O2 were prepared freshly by diluting their stock solutions with
PBS (0.05 M KH2PO4 and 0.1 M KCl (pH = 6.4)).

2.2. Apparatus

Electrochemical measurements were performed using an Autolab
potentiostat-galvanostat model PGSTAT30 (Metrohm-Autolab B.V.,
Utrecht, The Netherlands) with a conventional three-electrode setup.
A GaHCFe-CILPE, an Ag|AgCl|KClsat electrode and a platinum wire were
used as the working, reference and auxiliary electrodes, respectively.
Theworking potential was applied to theworking electrode in the stan-
dard way using the potentiostat and the output signal was acquired
using Autolab NOVA software. A Metrohm 691 pH meter (Metrohm
A.G., Herisau, Switzerland) was used for pH adjustment. Fourier trans-
form infrared (FTIR) spectroscopy was performed on a Bruker vector-
22 spectrophotometer (Bruker Optik GmbH., Germany). Design expert
program (DX8, trail version) was downloaded from the Stat-Ease
software web site (Stat-Ease, Minneapolis, MN, USA) [13]. DX8 was
employed to find the optimal weight ratio of materials used for the
sensor fabrication.

2.3. Fabrication of GaHCFe-CILPE

Appropriate amounts of graphite powder, [C12Py][PF6], paraffin and
GaHCFe were dispersed in acetone. The resulting mixture was then
hand mixed using a mortar and pestle for about 30 min under ambient
conditions. A portion of the resulting paste was packed firmly into a
glass tube (3.2 mm i.d., A = 0.0804 cm−2). The surface of the prepared
GaHCFe-CILPEwaswiped and smoothedwithweighing paper. The elec-
tric contact was established using a copper wire through the back. For
the preliminary electrochemical studies, three GaHCFe modified CPE,
CILE and CILPE were prepared through a similar procedure. GaHCFe-
CPE was prepared using graphite powder, paraffin and GaHCFe with a
weight ratio of 65:25:10 (w%). GaHCFe-CILEwas prepared using graph-
ite powder, [C12Py][PF6] and GaHCFe with a weight ratio of 65:25:10
(w%). GaHCFe-CILPE was prepared using graphite powder, [C12Py]
[PF6], paraffin and GaHCFe with a weight ratio of 60:20:10:10 (w%).
The prepared GaHCFe modified electrodes were activated in PBS by cy-
cling the potential from−0.2 to+0.8 V at a scan rate of 100mV s−1 for
20 times.

2.4. Fabrication of glucose biosensors

Two classic methods of immobilization, A) cross-linking of GOxwith
GLU and BSA and B) entrapment of GOx into Nafion layer, were used to
immobilize GOx on top of the GaHCFe-CILPE.

A) A final volume of 5 μL aqueous solution containing GOx (1.2 U),
GLU (0.5% (v/v)) and BSA (0.8% (w/v)) was placed on top of the
GaHCFe-CILPE. The fabricated biosensor (GaHCFe-CILPE\GOx-BSA-
GLU) was then allowed to dry at room temperature for 30 min.

B) 200 μL Nafion solution (5%) was mixed with 795 μL ethanol
(99.7%) and 5 μL NH4OH aqueous solution (25%) to prepare neutralized
Nafion solution (1%). A final volume of 5 μL aqueous solution containing
GOx (0.4 U) and Nafion (0.7% (v/v)) was placed on top of the GaHCFe-
CILPE. The fabricated biosensor (GaHCFe-CILPE\GOx-Nafion) was then
left to dry at room temperature for 20 min.

3. Results and discussion

Cyclic voltammetry was performed using the prepared GaHCFe
modified CPE, CILE and CILPE as the working electrode in PBS
(pH =6.4) at the scan rate of 100mV s−1. As shown in Fig. 1, the formal
potential (E°′ = 1/2(Epa + Epc), the mean value of the anodic and
cathodic peak potentials) for GaHCFe-CILPE was about +0.216 V vs.
Ag|AgCl|KClsat and less than those observed for GaHCFe-CPE
(+0.247 V) and GaHCFe-CILE (+0.252 V). Also, the value of peak
potential separation (ΔEp = Epa − Epc) for GaHCFe-CILPE was about
+0.072 V and much lower than those observed for GaHCFe-CPE
(+0.293 V) and GaHCFe-CILE (+0.288 V). The ratio of the anodic
peak current (ipa) to its corresponding cathodic peak current (ipc) for
GaHCFe-CILPE and GaHCFe-CPE was about 0.8 and significantly differ-
ent from that observed for GaHCFe-CILE (0.3). The ratio of ipc to its
charging current intensity (ic) i.e. ipc/ic for GaHCFe-CILPE was about 10
and higher than that observed for GaHCFe-CPE (about 5). Therefore,
GaHCFe-CILPE which exhibited improved electrochemical behavior in
terms of E°′, ΔEp and ipc/ic was selected for the fabrication of new type
H2O2 sensor and glucose biosensor. It seems that not only the mixture
of IL and paraffin presents the advantages of both IL and paraffin but
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Fig. 1. Typical cyclic voltammograms obtained for GaHCFe-CPE (a), GaHCFe-CILPE (b) and
GaHCFe-CILE (c) in PBS (pH= 6.4) at the scan rate of 100 mV s−1.
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also the synergistic effect of them in their mixture improves the electro-
chemical behavior of GaHCFe-CILPE.

3.1. Optimizing the fabrication of GaHCFe-CILPE

Mixture experimental design [11,14] in which each component of a
mixture is considered as a factor was exploited for the optimization of
GaHCFe-CILPE fabrication. In this design the ratio of factors (compo-
nents present in the mixture i.e. controlled variables) must add up to
1 or 100%. It means, the amount of each factor does not matter but its
ratio in total is important.

The weight ratio of GaHCFe for GaHCFe-CILPE fabrication was kept
constant at 0.1 (10%) during the course of optimization. Then, on the
basis of three-factor mixture design the ratios of graphite powder,
[C12Py][PF6] and paraffin (factors) were varied with considering their
experimental constrains to prepare nine GaHCFe-CILPEs. Additionally,
three electrodes were selected randomly among of the prepared 9 elec-
trodes for replication. The prepared 3 replicated electrodes were exam-
ined with the other 9 electrodes to evaluate the experimental random
error and to compare the experimental random error with the lack of
fit of the mathematical models. The compositions of the prepared 12
GaHCFe-CILPEs are listed in Table 1. As seen in Table 1, the appliedmin-
imum and maximum weight ratios (constraints) for graphite powder
are 0.5 (50%) and 0.7 (70%), respectively. The use of graphite powder
less than 0.5 produced a loose composite and more than 0.7 produced
a dry composite which they did not packed firmly into the glass tube.
Table 1
The composition of the prepared 12 GaHCFe-CILPEs using thee-factor mixture design at fixed r

Electrode
(no.)

Graphite
(A)

[C12Py][PF6]
(B)

paraffin
(C)

1 0.7 0.05 0.15
2 0.7 0.05 0.15
3 0.7 0.10 0.10
4 0.7 0.15 0.05
5 0.6 0.05 0.25
6 0.6 0.15 0.15
7 0.6 0.25 0.05
8 0.5 0.05 0.35
9 0.5 0.05 0.35
10 0.5 0.20 0.20
11 0.5 0.35 0.05
12 0.5 0.35 0.05

a Experimental data.
b Calculated data using the proposed regression equation models.
The applied minimum weight ratios for [C12Py][PF6] and paraffin were
selected 0.05 (5%) on the basis of the results obtained in the preliminary
studies.

Thereafter, cyclic voltammetry was carried out using the prepared
12 GaHCFe-CILPEs as the working electrode in PBS (pH = 6.4) at the
scan rate of 100 mV s−1. The results showed that the ratios of ipa to its
corresponding ipc for the studied electrodes were almost constant
(between 0.83 and 0.78). But, the peak current intensity and the peak
potential separation value were dependent on the electrode composi-
tion (factors). So, the values of − log(|ipc|) and ΔEp listed in Table 1
were selected as two analytical response criteria to find the optimal
weight ratios of the components (factors) for GaHCFe-CILPE fabrication.

Two regression equation models were found between the factors
and two analytical response criteria i.e.− log(|ipc|) andΔEp. The obtain-
ed regression equations are presented in Eqs. (1) and (2):

ΔEp ¼ 0:60Aþ 1:28Bþ 1:97C−3:26AB−4:59AB−2:47BC ð1Þ

− log ipc
���

���
� �

¼ 2:98Aþ 6:65Bþ 9:22C ð2Þ

in which A, B, and C (three factors) are the weight ratio of graphite
powder, [C12Py][PF6] and paraffin in the mixture, respectively. The cal-
culated values for − log(|ipc|) and ΔEp using the proposed regression
equation models and their response surface plots are presented in
Table 1 and Fig. 2, respectively. The analysis of variance (ANOVA) was
applied to the experimental and calculated data (Table 1). The results
showed that the effects of factors (weight ratio of components in the
mixture) on two analytical responses were significant and the differ-
ences between the experimental and calculated data were in the
range of experimental randomerror (P-Model b 0.05 and P-LOF N 0.05).

Response trace plot [14] was employed to show the effect of each
factor on two response criteria (Fig. 3). In this methodology by the use
of the proposed regression equation models, change in the calculated
response due to the change of the proportion of a single component as
moving away from a reference mixture (centroid of the experimental
region i.e. A = 0.60 (60%), B = 0.15 (15%) and C = 0.15 (15%)) is
measured while the relative proportions of the other components are
kept constant [15]. As shown in Fig. 3, ΔEp increases with increasing
the proportion of graphite powder but passes over a minimumwith in-
creasing the proportions of [C12Py][PF6] and paraffin. Also, the value of
− log(|ipc|) decreases with increasing the proportion of graphite pow-
der and increases with increasing the proportion of paraffin and slightly
with increasing the proportion of [C12Py][PF6].

As shown in Figs. 2 and 3 the value of− log(|ipc|) is a linear function,
but ΔEp value is a non-linear function of three factors. So, multiple re-
sponse surface methodology [13] and desirability function [16,17]
atio of GaHCFe (0.1) and their experimental and calculated analytical responses.

−log(|ipc|)a ΔEpa

(V)
−log(|ipc|)b ΔEpb

(V)

3.7144 0.1660 3.8007 0.1669
3.7721 0.1530 3.8007 0.1669
3.5560 0.1960 3.6722 0.1726
3.4510 0.1820 3.5436 0.1907
4.8794 0.1090 4.4252 0.1010
4.5346 0.0770 4.1681 0.0867
3.7375 0.1240 3.9111 0.1222
5.0325 0.1220 5.0496 0.1269
4.6976 0.1300 5.0496 0.1269
4.6737 0.0690 4.6641 0.0673
4.3251 0.1130 4.2785 0.1190
4.2708 0.1250 4.2785 0.1190
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were applied on two analytical responses, simultaneously to find the
optimal weight ratios of the components which provided minimum
− log(|ipc|) (maximum cathodic peak current intensity) and ΔEp values.
As shown in Fig. 2, themaximum desirability for GaHCFe-CILPE fabrica-
tion is achieved at the optimal weight ratio of 0.59 (59%) for graphite
powder, 0.19 (19%) for [C12Py][PF6] and 0.12 (12%) for paraffin. There-
fore, GaHCFe-CILPE was fabricated using graphite powder, [C12Py]
[PF6], paraffin and GaHCFe with a weight ratio of 59:19:12:10 (w%),
respectively for further studies.
3.2. Electrochemical characteristics of GaHCFe-CILPE

Electrochemical behavior of the optimized GaHCFe-CILPE was
explored by cyclic voltammetry in PBS (pH = 6.4) at different scan
rates and in potential range between −0.2 and +0.6 V. A pair of well-
defined redox peaks was observed in the recorded cyclic voltammo-
grams. The observed redox peaks was attributed to the redox reaction
of GaHCFe in the presence of K+ according Eq. (1):

Ga Fe IIIð Þ CNð Þ6
h i

þ e− þ Kþ⇆KGa Fe IIð Þ CNð Þ6
� i

:
h

ð3Þ

The observed values for E°′ andΔEpwere about+0.216 and+0.073V
at the scan rate of 100 mV s−1. The value of ΔEp increased linearly with
increasing the scan rate in the range between 25 and 700 mV s−1.
Based on the Laviron theory [18] and assuming the negligible effect of
orientation and coverage of GaHCFemolecules on electrode surface, elec-
tron transfer rate constant (ks) was determined for GaHCFe-CILPE in PBS
(pH = 6.4) by measuring ΔEp at different scan rates. Laviron provided
several groups of data corresponding to m−1 (m= RTks / nFν, where n,
F, R and T have their usual meanings) and nΔEp for those cases that ΔEp
is smaller than 200/n mV and α ranges from 0.3 to 0.7. He also pointed
out that the relative error on ks is at the most about 6% if a relationship
for α=0.5 is used. The obtained average value for kswas 2.0 s−1, assum-
ing n=1 and α=0.5. Also, the results showed that the redox peak cur-
rent (ip) intensities increased linearly with the scan rate (v) in the range
between 25 and 500 mV s−1, indicating the presence of a surface-
limited redox process. But, at the scan rates in the range between 500
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and 2000 mV s−1 the plot of ip versus v1/2 was linear, indicating the
presences of a diffusion-controlled process which was attributed to the
relatively slow diffusion of K+ into the lattice of GaHCFe.

The effect of pH on the electrochemical behavior of GaHCFe-CILPE
was also studied using cyclic voltammetry at different pH values rang-
ing between 2 and 10 and scan rate of 100 mV s−1. The observed
redox peak potentials were almost constant and didn't change signifi-
cantly with increasing pH. At the same time, the observed redox peak
current intensities were almost constant and didn't change significantly
with increasing pH values up to 6, but then decreased rapidly with fur-
ther increasing of pH. The decrease of redox peak current intensities in
the alkaline solutions is attributed to the slow dissolution of GaHCFe at
the electrode surface. So, phosphate buffer solution (PBS, 0.05 M
KH2PO4 and 0.1 M KCl) with pH of 6.4 was selected as the supporting
electrolyte for the subsequent studies.

3.2.1. Electrocatalytic activity of GaHCFe-CILPE towards H2O2

To examine the electrocatalytic activity of the proposed sensor
towards H2O2, cyclic voltammetry was performed using CILPE and
GaHCFe-CILPE in PBS (pH = 6.4) at the scan rate of 100 mV s−1 in the
absence and presence of various concentrations of hydrogen peroxide.
As shown in the inset of Fig. 4, the electrochemical reduction and oxida-
tion reactions of H2O2 on CILPE are catalyzed at the potentials about
+0.2 and+0.6 V vs. Ag|AgCl|KClsat, respectively similar to that reported
previously [17]. OnGaHCFe-CILPE (Fig. 4) both ipc and its corresponding
ipa increased with increasing the concentration of H2O2. Additionally, in
the presence of H2O2 both ipc and its corresponding ipa increased linear-
ly with v1/2, indicating the presences of a diffusion-controlled process
which was attributed to the diffusion of H2O2. It seems that GaHCFe-
CILPE not only catalyzes the reduction of hydrogen peroxide but also
is able to catalyze its oxidation reaction.

In order to approve the electrocatalytic oxidation and reduction of
H2O2 on GaHCFe-CILPE, hydrodynamic voltammetry (stepwise) was
performed using GaHCFe-CILPE and CILPE in the presence of hydrogen
peroxide (Fig. 5). The anodic current response for H2O2 on GaHCFe-
CILPE (compared to CILPE) increased slightly when the operating
potential was swept from +0.2 to +0.6 V. But, applying potential
more positive than +0.6 V (up to +1.0 V) caused a significant increase
in anodic current response for H2O2 on GaHCFe-CILPE. Also, a significant
increase in cathodic current response for H2O2 on GaHCFe-CILPE (com-
pared to CILPE) was observed when the operating potential was swept
from+0.2 to−0.4 V. The enhancement of anodic and cathodic current
responses for H2O2 on GaHCFe-CILPE (compared to CILPE)was attribut-
ed to the electrocatalytic oxidation and reduction of H2O2 on electrode
surface, respectively. So, the fabricated GaHCFe-CILPE not only can be
used for electrocatalytic reduction of H2O2 similar to that reported
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previously for GaHCFe-CPE [10] but also can be used for electrocatalytic
oxidation of H2O2. The sensitivity of GaHCFe-CILPE for electrocatalytic
oxidation and reduction of H2O2 reached to the plateau at the operating
potentials about +0.8 and −0.2 V, respectively.

On the basis of previous reports [10,17,19] and the results obtained
in this study, the electrocatalytic cycles shown in Eqs. (3) and (4) and
in Eqs. (5) and (6) are proposed for the oxidation and reduction of
H2O2 on GaHCFe-CILPE, respectively.

KGa Fe IIð Þ CNð Þ6
h i

⇆Ga Fe IIIð Þ CNð Þ6
� i

þ e− þ Kþ ð4Þ

2Ga Fe IIIð Þ CNð Þ6
� i

þH2O2 þ 2Kþ⇆2KGa Fe IIð Þ CNð Þ6
h i

þ O2 þ 2Hþ ð5Þ

Ga FeIII CNð Þ6
h i

þ Kþ þ e−⇆KGa FeII CNð Þ6
h i

ð6Þ

2KGa FeII CNð Þ6
h i

þH2O2⇆Ga FeIII CNð Þ6
h i

þ 2Kþ þ 2OH− ð7Þ

The operating potentials of −0.2 and +0.8 V vs. Ag|AgCl|KClsat,
where the sensitivity of the sensor reached to a plateau, were selected
as the optimumworking potentials for H2O2 detection. Fig. 6 shows hy-
drodynamic amperometric responses of GaHCFe-CILPE and CILPE
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Fig. 6. Hydrodynamic amperometric responses of GaHCFe-CILPE (a) and CILPE (b) in PBS
(pH=6.4) towards successive additions of 40 μMhydrogen peroxide at the operating po-
tential of (A) 0.8 and (B)−0.2 V.
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towards the successive additions of hydrogen peroxide solution
(40 μM) in PBS (pH = 6.4). As shown in Fig. 6, the addition of H2O2

solution causes a sharp increase in the current signal of GaHCFe-CILPE
with a response time of less than 6 s which was better than reported
for GaHCFe-CPE (b10 s) [10].

At the operating potential of +0.8 V (Fig. 6A), the observed sensitiv-
ity for H2O2 detection using GaHCFe-CILPEwas 13.8mAM−1 and it was
14 times higher than that observed for CILPE (0.96 mA M−1). The sen-
sor, GaHCFe-CILPE, exhibited linear response towards H2O2 detection
in the concentration range between 5 and 400 μM (r2 = 0.9922) with
a detection limit (S/N = 3) of 1 μM.

At the operating potential of −0.2 V (Fig. 6B), the response of
GaHCFe-CILPE was linear towards H2O2 in the concentration range
between 5 and 500 μM (r2 = 0.9973). The sensitivity of GaHCFe-CILPE
towards H2O2 was 18.3 mA M−1 and it was 10 times higher than that
observed for CILPE (1.9 mA M−1). The detection limit (S/N = 3) and
the relative standard deviation (RSD) for 5 times determination of
40 μM H2O2 were about 1 μM and 3.9%, respectively. The fabrication
reproducibility for six GaHCFe-CILPEs, prepared and used for determi-
nation of 40 μM H2O2 in different days, was about 9.4%.

It should be noted that working at around 0 mV vs. Ag|AgCl|KClsat is
desirable in practical applications as it decreases non-specific responses
to easily oxidizable/reducible interfering compounds common in real
samples and also the immobilized protein molecules in electrochemical
based biosensors are less susceptible to potential induced degradation.

The effect of pH on sensitivity and operational stability of GaHCFe-
CILPE towards H2O2 was investigated by hydrodynamic amperometry.
Operating potential of −0.2 V vs. Ag|AgCl|KClsat was applied and
amperometric responses of the sensor towards H2O2 (400 μM) were
recorded in PBS at different pH values ranging between 2 and 10. The
sensitivity of the sensor towards hydrogen peroxide was almost con-
stant (about 18mAM−1) in the pH range between 2 and 6, but then de-
creasedwith further increasing of pH values (about 16 and 9mAM−1 at
pH of 8 and 10, respectively). The decrease of sensitivity in the alkaline
solutions is attributed to the slowdissolution of electrocatalyst, GaHCFe,
at the electrode surface. To evaluate the operational stability of the sen-
sor, amperometric responses of the sensor for 10 successive additions of
40 μM H2O2 in PBS (pH = 6.4) were recorded every day during one
month. The sensor was kept at room temperature in air between days.
The response of sensor reduced to 94% of its initial value after 300
(10 × 30 days) assays of 40 μMH2O2. The observed operational stability
for GaHCFe-CILPE was much better than that reported for GaHCFe-CPE
(final peak current reduced to 93% of its initial value after 20 assays of
5 mM H2O2) [10].

3.3. Optimizing the fabrication of glucose biosensor

In the “first generation” electrochemical glucose biosensors, the
consumption of O2 or the production of H2O2 in the course of enzymatic
reaction is electrochemically monitored to determine the concentration
of glucose [8,20–22]. Different methods such as entrapment, cross-
linking and covalent binding have been proposed for the enzyme
immobilization [22–30]. As the surface of the proposed H2O2 sensor,
GaHCFe-CILPE, does not contain any functionality that readily allows
covalent binding of GOx, other strategies must be used for the enzyme
immobilization. In this study, GOx was immobilized on the surface of
GaHCFe-CILPE using cross-linking with BSA and GLU and entrapment
into the Nafion matrix [6].

An aqueous solution containingGOx, GLUandBSAwasprepared and
used to immobilize GOx on the top of GaHCFe-CILPE. Different amounts
of GOx, BSA and GLUwere applied during the course of biosensor fabri-
cation. The effect of the loadings of GOx, BSA and GLU on amperometric
responses of the biosensor (GaHCFe-CILPE\GOx-BSA-GLU) towards
glucose was investigated in PBS (pH = 6.4) at the operating potential
of −0.2 V. As shown in Fig. 7A, the amperometric response of the
biosensor increases with increasing the amount of GOx, reaches to a
maximum at about 1.2 U GOx and then decreases. Clearly, an increase
in the enzyme concentration can enhance the biosensor response but
a thick enzyme layer can act as a diffusion barrier and reduces the signal
intensity. Also, the amperometric response of the biosensor passed over
a maximum with increasing the amounts of BSA and GLU. The maxi-
mum amperometric response was observed at about 0.8% (w/v) BSA
and 0.5% (v/v) GLU. Increasing the amounts of BSA and GLU more
than 0.8 and 0.5%, respectively, resulted in an increase in physical insta-
bility of the enzyme layer. So, a final volume of 5 μL aqueous solution
containing GOx (1.2 U), GLU (0.5% (v/v)) and BSA (0.8 (w/v)) was
used for GaHCFe-CILPE\GOx-BSA-GLU fabrication.

Different combinations of GOx and Nafion solutions were also used
in order to optimize the immobilization of GOx on top of GaHCFe-
CILPE. The effect of the loadings of GOx andNafion on amperometric re-
sponses of the fabricated biosensor was investigated in PBS (pH= 6.4)
at the operating potential of −0.2 V. As shown in Fig. 7B, the ampero-
metric responses of the biosensor (GaHCFe-CILPE\GOx-Nafion) passed
over a maximum with increasing the amounts of GOx and Nafion. The
maximum amperometric response was observed at about 0.4 U GOx
and 0.7% (v/v) Nafion. So, a final volume of 5 μL aqueous solution
containing GOx (0.4 U) and Nafion (0.7% (v/v)) was used for GaHCFe-
CILPE\GOx-Nafion fabrication.
3.3.1. Electroanalytical characteristics of the fabricated glucose biosensors
towards glucose

Hydrodynamic amperometric responses of the fabricated glucose
biosensors were recorded for a series of standard glucose solutions in
PBS (pH = 6.4) at the operating potential of −0.2 V. The response of
GaHCFe-CILPE\GOx-BSA-GLU for glucose was linear in the concentra-
tion range between 0.1 and 6 mM with a correlation coefficient of
0.9980. The sensitivity and detection limit (S/N=3)of the biosensor to-
wards glucose were 0.87 mAM−1 and 30 μM, respectively. The relative
standard deviation (RSD) for repetitive measurements (n = 6) of
1.6 mM glucose was 5.0%. Also, the response of GaHCFe-CILPE\GOx-
Nafion for glucose was linear in the concentration range between 0.2
and 6 mM with a correlation coefficient of 0.9987. The sensitivity and
the detection limit (S/N = 3) of the biosensor towards glucose were
0.12 mA M−1 and 50 μM, respectively. The relative standard deviation
(RSD) for repetitive measurements (n = 6) of 1.6 mM glucose was
6.3%. The fabrication reproducibility for six GaHCFe-CILPE\GOx-BSA-
GLU and six GaHCFe-CILPE\GOx-Nafion, prepared and used for determi-
nation of 1.6 mM glucose in different days was about 6.1 and 7.0%,
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respectively. Fig. 8 shows typical calibration traces recorded for glucose
using the fabricated biosensors.

Electroanalytical characteristics of some reported H2O2 sensors and
glucose biosensors using CuHCFe (copper hexacyanoferrate) and PB
modified carbon based electrodes with more or less similar modifica-
tion strategies are summarized in Table 2 and compared with those ob-
tained in this study using GaHCFe-CILPE, GaHCFe-CILPE\GOx-BSA-GLU
and GaHCFe-CILPE\GOx-Nafion and that reported by Yu et al. [10].

Amperometric responses of the fabricated biosensors for 5 succes-
sive additions of 1.6 mM glucose were recorded every day during two
weeks at the operating potential of−0.2 V to evaluate their operational
stabilities. The biosensors were kept at 4 °C in refrigerator between
days. It was found that the responses of both biosensors gradually
decreased to almost 60% of their initial values after two weeks.

The effect of the presence of potent interfering compounds (12mM)
such as uric acid, ascorbic acid, acetaminophen and dopamine on the
amperometric response of both biosensors towards glucose (0.6 mM)
was investigated at the operating potential of −0.2 V. The results
showed that the additions of acetaminophen, uric acid, dopamine and
ascorbic acid, altered the responses of both biosensors for about +5,
Table 2
Electroanalytical characteristics of some reported H2O2 sensors and glucose biosensors using C

Electrode Analyte Eapp
(mV)

PBads-CPE H2O2 0.00b

PBelect-CPE H2O2 0.00b

GCE/[Bmim][Cl]/PB H2O2 0.00b

ePB/CILE H2O2 −100a

cPB-CILE H2O2 −50b

cPB-CILE/GOx-BSA-GLU Glucose −50b

cPB-CILE/GOx-Nafion Glucose −50b

CuHCFe-CILPE H2O2 +800b

CuHCFe-CILPE/GOx-Nafion Glucose +800b

CuHCFe-CILPE H2O2 −50b

CuHCFe-CILPE/GOx-Nafion Glucose −50b

GaHCF/CPE H2O2 +150a

GaHCFe-CILPE H2O2 +800b

GaHCFe-CILPE H2O2 −200b

GaHCFe-CILPE\GOx-BSA-GLU Glucose −200b

GaHCFe-CILPE\GOx-Nafion Glucose −200b

LDR, linear dynamic range; DL, detection limit; n.r., not reported; Eapp., applied potential; GCE
CILPE, carbon ionic liquid paste electrode; PB, Prussian blue; PBads-CPE, PB adsorbed CPE; PBel
GCE by imidazolium based ionic liquid; ePB/CILE, electropolymerized PB on CILE; cPB-CILE, c
crosslinking with bovine serum albumin (BSA) and glutaraldehyde (GLU); cPB-CILE/GOx-Nafi
CuHCFe modified CILPE; CuHCFe-CILPE/GOx-Nafion, CuHCFe modified with GOx using entrapm

a vs. SCE.
b vs. Ag|AgCl|KClsat.
+7, +9 and −13%, respectively. Direct redox reaction of interfering
compounds on biosensor at the applied potential was the main reason
for the observed errors.
4. Conclusions

Mixture experimental design and response surface methodology
were successfully applied to find the optimal weight ratio of compo-
nents used for the fabrication of GaHCFe-CILPE. The effect of weight
ratios of each component, graphite powder, [C12Py][PF6] and paraffin,
on electrode response was clearly shown using mathematical equation
models and response trace plot. A pair of well-defined redox peaks due
to the redox reaction of GaHCFe with the formal potential and peak
potential separation value of +0.216 and +0.073 V was observed for
the fabricated electrode. The electron transfer rate constant (ks) was
calculated to be 2.0 s−1, assuming α = 0.5. The fabricated electrode
exhibited good electrocatalytic activity towards H2O2 reduction and ox-
idation. The proposed sensor was applied for the detection of H2O2 at
the operating potential of−0.2 V and+0.8 vs. Ag|AgCl|KClsat. The sen-
sor exhibited high operational stability at pH of 6.4, fast response time
(about 6 s), wide linear range, low detection limit and good reproduc-
ibility. Additionally, two types of glucose biosensor were fabricated
with satisfactory results by the immobilization of glucose oxidase on
top of GaHCFe-CILPE using entrapment in Nafion matrix and cross-
linking with glutaraldehyde and bovine serum albumin.
Acknowledgments

The authors acknowledge the Institute for Advanced Studies in Basic
Science (IASBS, grant number G2013IASBS119) for financial support.
References

[1] I. Svancara, A. Walcarius, K. Kalcher, K. Vytras, Carbon paste electrodes in the new
millennium, Cent. Eur. J. Chem. 7 (2009) 598–656.

[2] F. Ricci, A. Amine, D. Moscone, G. Palleschi, Prussian blue modified carbon nanotube
paste electrodes: a comparative study and a biochemical application, Anal. Lett. 36
(2003) 1921–1938.

[3] H.T. Liu, P. He, Z.Y. Li, C.Y. Sun, L.H. Shi, Y. Liu, G.Y. Zhu, J.H. Li, An ionic liquid-type
carbon paste polyoxometalate-modified electrode and its properties, Electrochem.
Commun. 7 (2005) 1357–1363.
uHCFe, GaHCFe and PB modified carbon based electrodes.

Sensitivity
(mA M−1)

LDR DL
(μM)

Reference

30.2 0.5–5000 μM 0.5 [31]
1.24 0.25–200 μM 0.25 [31]

15.9 5.0–30 mM n.r. [32]
11.96 50–6000 μM 1 [33]
86.6 0.01–1 μM 0.01 [6]
1.9 0.004–2 mM 3 [6]
0.9 0.001–2 mM 1 [6]

300 0.2–1000 μM 0.02 [17]
100 0.1–1 mM 100 [17]
12.8 1–1000 μM 0.9 [17]
5.6 0.3–2 mM 40 [17]

27.9 4.9–400 μM 1 [10]
13.8 5–400 μM 1 This work
18.3 5–500 μM 1 This work

0.87 0.1–6 mM 30 This work
0.12 0.2–6 mM 50 This work

, glassy carbon electrode; CPE, carbon paste electrode; CILE, carbon ionic liquid electrode;
ect-CPE, electrodeposited PB on CPE; GCE/[Bmim][Cl]/PB, PB modified with functionalized
hemically PB modified CILE; cPB-CILE/GOx-BSA-GLU, cPB-CILE modified with GOx using
on, cPB-CILE modified with GOx using entrapment into the Nafion matrix; CuHCFe-CILPE,
ent into the Nafion matrix; GaHCF/CPE, GaHCFe modified CPE.

http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0005
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0005
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0010
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0010
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0010
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0015
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0015
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0015


211B. Haghighi et al. / Materials Science and Engineering C 40 (2014) 204–211
[4] B. Haghighi, H. Hamidi, Electrochemical characterization and application of carbon
ionic liquid electrodes containing 1:12 phosphomolybdic acid, Electroanalysis 21
(2009) 1057–1065.

[5] N. Maleki, A. Safavi, F. Tajabadi, High-performance carbon composite electrode
based on an ionic liquid as a binder, Anal. Chem. 78 (2006) 3820–3826.

[6] B. Haghighi, R. Nikzad, Prussian blue modified carbon ionic liquid electrode: electro-
chemical characterization and its application for hydrogen peroxide and glucose
measurements, Electroanalysis 21 (2009) 1862–1868.

[7] M.M. Musameh, R.T. Kachoosangi, L. Xiao, A. Russell, R.G. Compton, Ionic liquid–
carbon composite glucose biosensor, Biosens. Bioelectron. 24 (2008) 87–92.

[8] A.A. Karyakin, E.E. Karyakina, Prussian blue-based ‘artificial peroxidase’ as a trans-
ducer for hydrogen peroxide detection. Application to biosensors, Sensors Actuators
B Chem. 57 (1999) 268–273.

[9] N.R. de Tacconi, K. Rajeshwar, R.O. Lezna, Metal hexacyanoferrates: electrosynthesis,
in situ characterization, and applications, Chem. Mater. 15 (2003) 3046–3062.

[10] H. Yu, Q.L. Sheng, J. Bin Zheng, Preparation, electrochemical behavior and perfor-
mance of gallium hexacyanoferrate as electrocatalyst of H2O2, Electrochim. Acta
52 (2007) 4403–4410.

[11] L. Eriksson, E. Johansson, C. Wikström, Mixture design–design generation, PLS
analysis, and model usage, Intell. Lab. Syst. 43 (1998) 1–24.

[12] J.G. Huddleston, H.D. Willauer, R.P. Swatloski, A.E. Visser, R.D. Rogers, Room temper-
ature ionic liquids as novel media for ‘clean’ liquid–liquid extraction, Chem.
Commun. (1998) 1765–1766.

[13] Design-Expert 8.0 Trial Program, http://www.statease.com/dx8trial.html 2012.
[14] J.A. Cornell, Experiments with Mixtures: Designs, Models, and the Analysis of Mix-

ture Data, J. Wiley, New York, 1990.
[15] A.I. Khuri, J.Y. Lee, A graphical approach for evaluating and comparing designs for

nonlinear models, Comput. Stat. Data Anal. 27 (1998) 433–443.
[16] G. Derringer, R. Suich, Simultaneous optimization of several response variables, J.

Qual. Technol. 12 (1980) 214–219.
[17] B. Haghighi, L. Nazari, S.M. Sajjadi, Fabrication and application of a sensitive and

highly stable copper hexacyanoferrate modified carbon ionic liquid paste electrode
for hydrogen peroxide and glucose detection, Electroanalysis 24 (2012) 2165–2175.

[18] E. Laviron, General expression of the linear potential sweep voltammogram in the
case of diffusionless electrochemical systems, J. Electroanal. Chem. 101 (1979) 19.

[19] A.A. Karyakin, E.E. Karyakina, L. Gorton, On the mechanism of H2O2 reduction at
Prussian blue modified electrodes, Electrochem. Commun. 1 (1999) 78–82.

[20] A.A. Karyakin, O.V. Gitelmacher, E.E. Karyakina, A high-sensitive glucose ampero-
metric biosensor based on Prussian-blue modified electrodes, Anal. Lett. 27 (1994)
2861–2869.
[21] A.A. Karyakin, O.V. Gitelmacher, E.E. Karyakina, Prussian blue based first-generation
biosensor — a sensitive amperometric electrode for glucose, Anal. Chem. 67 (1995)
2419–2423.

[22] M. Ferreira, P.A. Fiorito, O.N. Oliveira, S.I.C. de Torresi, Enzyme-mediated ampero-
metric biosensors prepared with the layer-by-layer (LbL) adsorption technique,
Biosens. Bioelectron. 19 (2004) 1611–1615.

[23] G.K. Ahirwal, C.K. Mitra, Gold nanoparticles based sandwich electrochemical
immunosensor, Biosens. Bioelectron. 25 (2010) 2016–2020.

[24] R.S.J. Alkasir, M. Ganesana, Y.H. Won, L. Stanciu, S. Andreescu, Enzyme functional-
ized nanoparticles for electrochemical biosensors: a comparative study with appli-
cations for the detection of bisphenol A, Biosens. Bioelectron. 26 (2010) 43–49.

[25] E. Asav, E. Akyilmaz, Preparation and optimization of a bienzymic biosensor based
on self-assembledmonolayer modified gold electrode for alcohol and glucose detec-
tion, Biosens. Bioelectron. 25 (2010) 1014–1018.

[26] F.N. Comba, M.D. Rubianes, P. Herrasti, G.A. Rivas, Glucose biosensing at carbon
paste electrodes containing iron nanoparticles, Sensors Actuators B Chem. 149
(2010) 306–309.

[27] F.N. Comba, M.D. Rubianes, L. Cabrera, S. Gutierrez, P. Herrasti, G.A. Rivas, Highly
sensitive and selective glucose biosensing at carbon paste electrodes modified
with electrogenerated magnetite nanoparticles and glucose oxidase, Electroanalysis
22 (2010) 1566–1572.

[28] I.A. Ges, F. Baudenbacher, Enzyme electrodes to monitor glucose consumption of
single cardiac myocytes in sub-nanoliter volumes, Biosens. Bioelectron. 25 (2010)
1019–1024.

[29] H.R. Luckarift, D. Ivnitski, R. Rincon, P. Atanassov, G.R. Johnson, Glucose oxidase
catalyzed self-assembly of bioelectroactive gold nanostructures, Electroanalysis 22
(2010) 784–792.

[30] R. Nenkova, D. Ivanova, J. Vladimirova, T. Godjevargova, New amperometric glucose
biosensor based on cross-linking of glucose oxidase on silica gel/multiwalled carbon
nanotubes/polyacrylonitrile nanocomposite film, Sensors Actuators B Chem. 148
(2010) 59–65.

[31] D. Moscone, D. D'Ottavi, D. Compagnone, G. Palleschi, A. Amine, Construction and
analytical characterization of Prussian blue-based carbon paste electrodes and
their assembly as oxidase enzyme sensors, Anal. Chem. 73 (2001) 2529–2535.

[32] L. Zhang, Z. Song, Q. Zhang, X. Jia, H. Zhang, S. Xin, Enhancement of the electrochem-
ical performance of Prussian blue modified electrode via ionic liquid treatment,
Electroanalysis 21 (2009) 1835–1841.

[33] Y. Li, X. Liu, X. Zeng, Y. Liu, X. Liu, W. Wei, S. Luo, Nonenzymatic hydrogen peroxide
sensor based on a Prussian blue-modified carbon ionic liquid electrode, Microchim.
Acta 165 (2009) 393–398.

http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0020
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0020
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0020
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0025
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0025
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0030
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0030
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0030
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0035
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0035
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0155
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0155
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0155
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0040
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0040
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0045
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0045
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0045
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0045
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0045
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0050
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0050
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0160
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0160
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0160
http://www.statease.com/dx8trial.html
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0055
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0055
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0060
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0060
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0065
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0065
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0070
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0070
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0070
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0075
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0075
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0080
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0080
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0080
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0080
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0085
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0085
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0085
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0090
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0090
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0090
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0095
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0095
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0095
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0100
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0100
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0105
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0105
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0105
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0110
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0110
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0110
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0115
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0115
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0115
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0120
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0120
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0120
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0120
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0125
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0125
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0125
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0130
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0130
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0130
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0135
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0135
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0135
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0135
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0140
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0140
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0140
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0145
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0145
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0145
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0150
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0150
http://refhub.elsevier.com/S0928-4931(14)00184-2/rf0150

	Fabrication of gallium hexacyanoferrate modified carbon ionic liquid paste electrode for sensitive determination of hydrogen peroxide and glucose
	1. Introduction
	2. Experimental
	2.1. Chemicals
	2.2. Apparatus
	2.3. Fabrication of GaHCFe-CILPE
	2.4. Fabrication of glucose biosensors

	3. Results and discussion
	3.1. Optimizing the fabrication of GaHCFe-CILPE
	3.2. Electrochemical characteristics of GaHCFe-CILPE
	3.2.1. Electrocatalytic activity of GaHCFe-CILPE towards H2O2

	3.3. Optimizing the fabrication of glucose biosensor
	3.3.1. Electroanalytical characteristics of the fabricated glucose biosensors towards glucose


	4. Conclusions
	Acknowledgments
	References


