Talanta 80 (2010) 1719-1724

journal homepage: www.elsevier.com/locate/talanta

Contents lists available at ScienceDirect

Talanta

Polymerized ionic liquid-wrapped carbon nanotubes: The promising composites
for direct electrochemistry and biosensing of redox protein

Chunhui Xiao, Xiaochen Chu, Bohua Wu, Haili Pang, Xiaohua Zhang, Jinhua Chen*

State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Chemistry and Chemical Engineering, Hunan University, Lushan Road, Changsha 410082, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 16 July 2009

Received in revised form

28 September 2009

Accepted 7 October 2009
Available online 14 October 2009

Polymerized ionic liquid-wrapped carbon nanotubes (PIL-CNTs) were firstly designed for direct electro-
chemistry and biosensing of redox proteins. The CNTs were coated successfully with polymerized ionic
liquid (PIL) layer, as verified by transmission electron microscopy (TEM), thermogravimetric analysis
(TGA) and Fourier transform infrared (FT-IR) spectroscopy. The PIL-CNTs were dispersed better in water
and showed superior electrocatalysis toward O, and H,0, comparing to pristine CNTs and the mixture

of IL monomer and CNTs. With glucose oxidase (GOD) as a protein model, the direct electrochemistry of
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the redox protein was investigated on the PIL-CNTs modified glassy carbon (GC) electrode and excellent
direct electrochemical performance of GOD molecules was observed. The proposed biosensor (GOD/PIL-
CNTs/GC electrode) displayed good analytical performance for glucose with linear response up to 6 mM,
response sensitivity of 0.853 wWAmM-1, good stability and selectivity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The design of new biocompatible materials with good conduc-
tivity [1], large surface area [2], and good biocompatibility [3]
for biosensors has been paid considerate attention over the last
decade. Several classes of materials have been investigated includ-
ing carbon [4-6], polymer [7,8], silicate [9], and metal nanoparticles
[10]. Among these materials, carbon nanotubes (CNTs) are lead-
ing the development of the biosensor materials because of their
outstanding physical and electronic properties (such as high con-
ductivity, specific surface area and electrocatalytic activity) [11,12].
CNTs modified electrodes have been illustrated to improve elec-
trochemical behavior of important biochemical matters such as
hydrogen peroxide [13], NADH [14], catecholamine [15], dopamine,
uric acid [16], 3,4-dihydroxyphenylacetic acid [17], hydrazine [18],
and nucleic acid [19]. On the other hand, many redox proteins such
as hemoglobin [20], myoglobin [21], horseradish peroxide [22],
cytochrome c[23],and GOD [24,25] showed direct electron transfer
in a series of CNTs modified electrodes.

On the other hand, room temperature ionic liquids (ILs), are
composed of two asymmetrical ions with opposite charges that
only loosely fit together with low melting point (<100°C), high
ionic conductivity and a wide electrochemical window. Due to
the excellent physicochemical properties, ionic liquids have been
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extensively used as the modifiers for the CNT-based electrode
to fabricate the biosensors with fast electron transfer rate and
good enzyme stability [26-29]. Although the general method
of physically mixing into composite matrix to immobilize ionic
liquid units on the CNT-based electrode is facilitated, the quan-
tity of IL unit binding on the surface of CNTs is limited and IL
components leak easily from the electrode due to their wide
solubility in the solutions, especially during the electrochemi-
cal measurements. Strategies in which ionic liquid monomer is
directly polymerized on the surface of CNTs to form stable ionic
liquid functionalized composites offer a solution to this problem.
Recently, our group developed an approach to obtain high dis-
persion and narrow size distribution of metal nanoparticles on
the surface of CNTs functionalized by polymerized ionic liquid
(PIL) and the metallic nanoparticles/PIL-CNTs nanohybrids showed
excellent electrocatalytic properties toward methanol oxidation
[30]. However, according to our best knowledge, no works applied
polymerized ionic liquid-wrapped carbon nanotubes (PIL-CNTs) to
construct biosensors.

In this paper, with GOD as a protein model, we have developed
a new biosensor based on the PIL-CNTs for the first time, which
combined the excellent physicochemical properties of CNTs with
the good biocompatibility and unique ionic properties of ILs. The
immobilized GOD on the PIL-CNTs modified electrode shows excel-
lent direct electrochemical response. This new bionanocomposite
may offer an efficient strategy and a promising platform for the fur-
ther study of direct electron transfer of the redox proteins and the
development of biosensors.
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2. Experimental
2.1. Reagents and apparatus

Multi-walled carbon nanotubes (CNTs, >95%, diameter
20-60 nm, length 5-15 wm) prepared by chemical vapor deposi-
tion (CVD) were purchased from Shenzhen Nanotech Port Ltd., and
used without any purification. 1-Vinylimidazole was purchased
from Alfa Aesar. Glucose oxidase (E.C. 1.1.3.4, Type X-S, 136100 U/G
from Aspergillus niger), 5wt.% Nafion 117 solution was purchased
from Sigma-Aldrich (USA). Glucose stock solution was stored
overnight at room temperature before use. All other chemicals
were of analytical grade. Aqueous solutions used throughout were
prepared with double-distilled water obtained from a Millipore
system (>18 MS2 cm).

Micrographs of transmission electron microscopy (TEM) were
obtained on a JEOL 3010 transmission electron microscope oper-
ating at 200kV. The characterization of PIL-CNTs analyzed by
the thermogravimetric analysis (TGA) was measured by Luxx STA
409 PC with 10°C/min heating rate in the nitrogen flow and the
FT-IR spectroscopy was carried on Nicolet 6700. All electrochem-
ical measurements were performed on a IM6ex Electrochemical
Workstation (Zahner-elektrik Gmbh & Co. KG, Germany) with a
conventional three-electrode cell. A platinum wire was used as
the counter electrode and a saturated calomel electrode (SCE) as
the reference electrode. Except the specific statement, the electro-
chemical measurements were carried out in a phosphate buffer
solution (PBS, 0.1 M, pH 7.0) at room temperature (2542°C). All
the potentials in this paper were referred to SCE.

2.2. Preparation of the PIL-CNTs

1-Vinyl-3-ethyl imidazolium bromide ([VEIM|Br) was synthe-
sized according to the literature [31]. In brief, the mixture of
6.54 g bromoethane and 5.00 g 1-vinylimidazole was refluxed for
3 h at 70°C under vigorous stirring. Then the excess bromoethane
was removed on a Rotavapor for 2h at 60°C to obtain ILs. The
PIL-CNTs were fabricated by the thermal initiation free radical
polymerization of IL monomer ([VEIM|Br) to form ionic liquid poly-
mer (PIL) on the CNT surface: a mixture of [VEIM|Br (1.56 g) and
CNT powder (200 mg) was mixed and ground in an agate mor-
tar for 30 min, subsequently mixed with 2,2’-azobisisobutyronitrile
(AIBN 76 mg) as an initiator. The mixture was then placed in
a flask and heated at 80°C under nitrogen protection for 12h.
The formed black polymeric gel was then washed by ethanol to
remove AIBN and unreacted monomer of [VEIM]Br. Finally the
polymeric bucky gel was dried in vacuum at 60°C for 12 h after
centrifugation.

2.3. Preparation of PIL-CNTs modified electrode

Prior to use, glassy carbon electrodes (GC, 3 mm in diameter)
were carefully polished to a mirror-like plane with 0.5- and 0.05-
pm alumina slurries successively, followed by rinsing thoroughly
with double-distilled water and dried in nitrogen atmosphere.

The PIL-CNTs modified electrode was prepared by casting 8 pL
of uniform PIL-CNTs suspension (1.5 mg/mL) on the GC surface and
dried under an infrared lamp. In control experiments, the CNTs (or
ILs-CNTs) modified GC electrode was prepared by casting pristine
CNTs (or ILs-CNTs) on the GC electrode according to the above pro-
cedure. Pristine CNTs was dispersed in DMF for better solubility
and ILs-CNTs sample was prepared by dispersing ILs monomer and
pristine CNTs (w/w=35:65) in water.

For fabricating GOD biosensor, a 5uL of GOD solution
(10mgmL-! GOD in PBS, pH 7.0) was dropped on the PIL-CNTs
modified GC electrode and dried at less than 4°C, the obtained

GOD/PIL-CNTs modified electrode was then washed carefully with
double-distilled water and dried, followed by coating 1.5 nL of
Nafion ethanol solution (1wt.%) onto the electrode surface to
avoid the leak of the GOD. The Nafion/GOD/PIL-CNTs electrode was
washed thoroughly with double-distilled water. For comparison,
CNTs modified electrode was also used to immobilize GOD via same
procedure.

3. Results and discussion
3.1. Characterization of the PIL-CNTs nanocomposite

During the polymerization process, oligomeric 1-vinyl-3-ethyl
imidazolium ion-base ionic liquid radicals, because of the strong
-t stacking interaction between the imidazolium ion moieties
and CNTs, would attach to the surface of nanotubes, leading to the
formation of PIL layer on the CNT surface [32,33]. Fig. 1A and B
shows the TEM images of the PIL-CNTs. It can be observed that a
PIL layer with the thickness of 7-8 nm presents on the outside wall
of CNTs. Noteworthy is that the PIL layer is distributed uniformly
along the whole tubes, which would create a uniform distribution
of ionic species with positive charge that prevents aggregation of
CNTs and induces stable nanotube suspensions in water.

The modification of CNTs by PIL has also been characterized by
TGA and FT-IR. Fig. 1C shows the TGA spectra of the CNTs and PIL-
CNTs. Comparing to the CNTs sample, the PIL-CNTs sample shows
a significant weight loss in the range of 500-700 K, which confirms
the PIL functionalization of CNTs. A ratio of PIL:CNTs in the as-
prepared PIL-CNTs sample is also obtained to be about 35:65 (w/w).
In addition, both of the PIL-CNTs and CNTs have been character-
ized by FT-IR spectroscopy (Fig. 1D), which shows a C=N stretch
at 1500-1600 cm~!. The peak of 1200 and 1258 cm™! is strength-
ened by the modification of PIL, which may be due to increased C-N
functional group from PIL.

3.2. Electrocatalysis of O, and H,0, at the PIL-CNTs modified GC
electrode

Fig. 2A shows the cyclic voltammograms (CVs) of bare GC,
CNTs/GC, ILs-CNTs/GC and PIL-CNTs/GC electrodes in 0.1 M PBS
(pH=7.0)saturated with O, (or degassed with N, ). For the CNTs/GC,
ILs-CNTs/GC and PIL-CNTs/GC electrodes, an obvious reduction
wave of O, starts at about —0.16V. However, for the bare GC elec-
trode, the onset potential for O, reduction is about —0.32V. It is
further noted that the reduction current of O, on the PIL-CNTs/GC
is obviously higher than that on the ILs-CNTs/GC, CNTs/GC, and
bare GC electrodes and the following order can be obtained: PIL-
CNTs/GC > CNTs/GC = ILs-CNTs/GC »> bare GC. This implies that the
PIL-CNTs/GC electrode has the highest electrocatalytic activity for
0O, reduction, which should be beneficial to the third generation
enzyme biosensors. In addition, H,O, is an intermediate in most
oxidase-based enzymatic reaction. Therefore, the electrocatalytic
properties of the PIL-CNTs composite for the redox of HO0, have
also been investigated. Fig. 2B shows the background-subtracted
CVs of the bare GC, CNTs/GC, ILs-CNTs/GC and PIL-CNTs/GC elec-
trodes in 0.1 M PBS with 5mM H,0,. The following order of the
oxidation (or reduction) current of H,0, at different electrodes can
be observed: PIL-CNTs/GC > ILs-CNTs/GC = CNTs/GC > bare GC. It
is also noted that the PIL-CNTs/GC electrode has the highest elec-
trocatalytic activity for H,O, oxidation and reduction. The superior
electrocatalytic activity toward O, reduction and H,0, oxidation
(reduction) of the PIL-CNTs/GC electrode might originate from
the synergistic effect between the CNTs and PIL. Such excellent
electrocatalytic activities for O, reduction and H,0, oxidation
(reduction) should lead to good properties of the PIL-CNT-based
biosensors.
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Fig. 1. TEM images of the PIL-CNTs at different magnifications (A and B) and TGA (C), FT-IR (D) spectra of PIL-CNTs and CNTs.

3.3. Direct electrochemistry of the Nafion/GOD/PIL-CNTs/GC
electrode

In order to explore the application of PIL-CNTs composite in
biosensors, GOD was selected as the model and the direct electro-
chemistry of the immobilized GOD on the PIL-CNTs/GC electrode
has been investigated. Fig. 3 shows the cyclic voltammograms of
the different electrodes in 0.1 M nitrogen-saturated PBS (pH 7.0)
at 50mVs~!. A pair of well-defined and nearly symmetric redox
peaks is observed on both of CNTs (solid) and PIL-CNTs modified
electrodes (dashed) with immobilized GOD, while the related elec-
trodes without GOD do not show such redox waves in the control
experiments. This indicates that the redox waves are ascribed only

04  -02

E (V)

to GOD redox. These features are the characteristics of the nearly
reversible electron transfer process of the redox active centre
(flavin adenine dinucleotide, FAD) in GOD biomolecules, suggest-
ing that the direct electron transfer of GOD can be achieved on
both CNTs and PIL-CNTs modified electrodes. From the integration
of the reduction peak of GOD, the surface coverage of GOD on the
Nafion/GOD/CNTs/GC and Nafion/GOD/PIL-CNTs/GC electrodes can
be calculated to be 1.84 and 4.30 x 10~2 mol cm~2, respectively. Itis
noted that GOD immobilized on the PIL-CNTs/GC electrode is much
larger than that on the CNTs/GC electrode, demonstrating that the
PIL-CNTs modified electrode is more beneficial to the immobi-
lization of GOD than the CNTs modified electrode. All those may
ascribe to the uniform distribution of ionic species with positive
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Fig. 2. (A) Cyclic voltammograms of the GC (black), CNTs/GC (red), ILs-CNTs/GC (blue) and PILs-CNTs/GC (green) electrodes in 0.1 M PBS solution saturated with O, (solid)
or degassed with pure N; (dotted). Scan rate: 50mV s~'. (B) Background-subtracted CVs for 5mM H,0; at GC (black), CNTs/GC (red), ILs-CNTs/GC (blue) and PILs-CNTs/GC
(green) electrodes in 0.1 M PBS solution. Scan rate: 50mVs~'. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

the article.)
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Fig. 3. Cyclic voltammograms of the Nafion/GOD/PIL-CNTs (solid), PIL-CNTs (dot-
ted), Nafion/GOD/CNTs (dashed), CNTs (dashed-dotted) modified GCE in 0.1M
deoxygenated PBS (pH 7.0) at the scan rate of 50mVs~'.

charge present on the PIL-CNTs, resulting in more GOD molecules
to be immobilized on the PIL-CNTs through electrostatic interaction
between GOD (net negatively charged in the pH 7.0 PBS solution)
and PIL-CNTs (positively charged). The more GOD molecules immo-
bilized on the electrode imply that the Nafion/GOD/PIL-CNTs/GC
electrode should have better analytical performance. On the other
hand, for the Nafion/GOD/PIL-CNTs/GC electrode, the formal poten-
tial (E9) was calculated by averaging the cathodic and anodic peak
potentials and is ca. —0.471V, which is close to the values reported
previously [34,35]. The related anodic peak potential (Epa) and
cathodic peak potential (Epc) are —0.455 and —0.487V, respec-
tively and the peak-to-peak potential separation is about 32 mV.
The small peak-to-peak potential separation value indicates that
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GOD immobilized on the PIL-CNTs/GC electrode has a fast electron
transfer rate, due to the strong interaction of GOD with the PIL-CNTs
and the high conductivity of the PIL-CNTs [35].

The effect of the scan rate on the cyclic voltammetric response of
the Nafion/GOD/PIL-CNTs/GC is shown in Fig. 4A and B. The anodic
and cathodic peak currents increase linearly with the increase
of the scan rate from 25 to 225mV s~!, indicating that the GOD
immobilized on the PIL-CNTs/GC electrode demonstrates a surface-
controlled process, not a diffusion-controlled process. It is well
known that the direct electrochemistry of GOD is a two-electron
coupled with two-proton reaction, which undergoes a redox reac-
tion as follows [36]:

GOD-FAD + 2e~ + 2H" <> GOD-FADH, (1)

Based on Eq. (1), the direct electron transfer process of GOD
will be affected by the solution pH value. Fig. 4C shows the cyclic
voltammograms of the Nafion/GOD/PIL-CNTs/GC electrode in the
PBS with different pH values. From Fig. 4C, stable and well-defined
cyclic voltammograms can be observed in the pH range of 5.0-8.0.
The increase of the solution pH value causes a negative shift
of both cathodic and anodic peak potentials. Fig. 4D shows the
effect of the solution pH value on the formal potential (E?) of the
Nafion/GOD/PIL-CNTs/GC electrode. It can be seen that the formal
potential depends linearly on the pH value in the range of 5.0-8.0
with a slop of —52.7 mV/pH (r=0.9971), which is close to the the-
oretical value of —58.6 mV/pH according to the reaction shown in

Eq. (1).

3.4. Biosensing application of the Nafion/GOD/PIL-CNTs modified
GC electrode

On the basis of the high electrocatalytic activity of the PIL-CNTs
nanocomposite toward O, reduction and good direct electro-
chemical behavior of GOD on the PIL-CNTs/GC electrode, a third
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Fig. 4. (A) Cyclic voltammograms of the Nafion/GOD/PIL-CNTs modified GC electrode in 0.1 M deoxygenated PBS (pH 7.0) at scan rates of 25, 50, 75, 100, 125, 150, 175,
200, 225 mV's~! (from inner to outer). (B) The dependence of the anodic and cathodic peak currents versus the scan rate. (C) Cyclic voltammograms of the Nafion/GOD/PIL-
CNTs modified GC electrode in 0.1 M deoxygenated PBS with pH values of 5.0, 6.0, 7.0, and 8.0. Scan rate, 50mVs~'. (D) The dependence of the formal potential of the

Nafion/GOD/PIL-CNTs modified GC electrode on the pH value.
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Fig.5. Cyclic voltammograms of the Nafion/GOD/PIL-CNTs modified GC electrode in
0.1 M air-saturated PBS (pH 7.0) containing 0, 1, 2, 3, 4, 5 and 6 mM of glucose (from
bottom to top) at the scan rate of 50mVs~'. The insert plot shows the dependence
of the decreased reduction peak current of the Nafion/GOD/PIL-CNTs modified GC
electrode (a) and Nafion/GOD/CNTs modified GC electrode (b) on the concentration
of glucose in 0.1 M air-saturated PBS (pH 7.0).

generation glucose biosensor was developed further. Fig. 5 shows
cyclic voltammograms of the Nafion/GOD/PIL-CNTs/GC electrode
in 0.1 M air-saturated PBS (pH 7.0) with different concentrations of
glucose (0.05-6 mM). The reduction current becomes smaller and
smaller with the increase of the glucose concentration because of
the consumption of dissolved oxygen. The insert plot in Fig. 5 shows
the relationship between the decrease of the reduction peak cur-
rent and the glucose concentration at the Nafion/GOD/PIL-CNTs/GC
(a) and Nafion/GOD/CNTs/GC (b) electrodes. The linear response
ranges for the Nafion/GOD/PIL-CNTs/GC and Nafion/GOD/CNTs/GC
electrodes are 0.05-6 mM (R=0.9946) and 0.05-4 mM (R =0.9955),
respectively. It is noted that the Nafion/GOD/PIL-CNTs/GC elec-
trode has wider linear range than Nafion/GOD/CNTs/GC electrode.
Furthermore, the sensitivity of the Nafion/GOD/PIL-CNTs/GC elec-
trode is calculated to be 0.853 nAmM~1, which is higher than
that of Nafion/GOD/CNTs/GC electrode (0.676 pAmM~1) and
other third generation glucose biosensors reported in literatures
[37-39].

To evaluate the stability of the electrode, the cyclic voltam-
metry measurements were carried out continuously in a 0.1 M
PBS (pH 7.0). The decrease in the peak currents can be observed
on both Nafion/GOD/PIL-CNTs and Nafion/GOD/CNTs electrodes.
However, after 40 cycles, the decrease in the peak currents is less
than 6% for the Nafion/GOD/PIL-CNTs/GC electrode and more than
20% for the Nafion/GOD/CNTs/GC electrode. It is noted further that
more than 90% of peak current on Nafion/GOD/PIL-CNTs/GC elec-
trode is retained even after 100 cycles successively scan in 0.1 PBS
(pH 7.0). This implies that the Nafion/GOD/PIL-CNTs/GC electrode
has better stability than the Nafion/GOD/CNTs/GC electrode, which
may result from the additional electrostatic interaction between
the positive sites on the PIL and negative charges in the GOD
(FAD). Additionally, when the Nafion/GOD/PIL-CNTs/GC electrode
was stored in 0.1 M PBS at 4°C, it retains 94% of its initial cur-
rent response toward glucose after intermittent use over a 2-week
period, further corroborating the good stability of the biosensor
and high efficiency of PIL-CNTs for retaining the activity of the
enzyme.

Because of the low detection potential, the biosensor also shows
good selectivity for glucose. In an air-saturated and stirred 0.1 M
PBS solution (pH 7.0) containing 0.5 mM glucose, the response aris-
ing from 0.01 mM uric acid (UA) and 0.01 M ascorbic acid (AA) is

negligible. The reproducibility of the glucose biosensor was also
investigated by detecting the current response at —0.49V to 2 mM
glucose in the PBS for six successive times, the relative standard
deviation (RSD) is 3.3%, demonstrating a good reproducibility of
the biosensor.

4. Conclusion

In this work, we demonstrated the PIL-CNTs bionanocompos-
ite for direct electrochemistry and biosensing application of redox
protein. Due to the uniform distribution of ionic species layer and
good stability of IL units, the PIL-CNTs show superior electrocat-
alytic activity for O, reduction and H,0, oxidation (reduction)
and provide a promising platform for direct electrochemistry of
GOD. The immobilized GOD on the PIL-CNTs modified GC electrode
shows good direct electrochemical response and biosensing perfor-
mance for glucose. All these characteristics suggest that PIL-CNTs
nanocomposite provides a potential material for direct electro-
chemistry and biosensing of redox proteins.
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