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We report on a new approach for the electrochemical detection of hydrogen peroxide (H,0,) based on
Cytochrome C (Cyt c) immobilized ionic liquid (IL)-functionalized multi-walled carbon nanotubes
(MWCNTs) modified glass carbon electrode (GCE). Functionalization of multi-walled carbon nanotube
with amine-terminated ionic liquid materials was characterized using fourier transform infrared
spectroscopy (FTIR), UV-vis spectra, and electrochemical impedance spectroscopy (EIS), and the results
showed that the covalent modification of MWCNTs with ILs exhibited a high surface area for enzyme
immobilization and provided a good microenvironment for Cyt c to retain its bioelectrocatalytic activity
toward H,0,. Amperometry was used to evaluate the catalytic activity of the cyt c towards H,0, The
proposed biosensor exhibited a wide linear response range nearly 4 orders of magnitude of H,0,
(4.0 x 1078 M-1.0 x 10~* M) with a good linearity (0.9980) and a low detection limit of 1.3 x 10~8 M
(based on S/N=3). Furthermore, the biosensor also displays some other excellent characteristics such as
high selectivity, good reproducibility and long-term stability. Thus, the biosensor constructed in this
study has great potential for detecting H,O, in the complex biosystems.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen peroxide (H,0,) is a reactive oxygen species (ROS)
and a by-product of several oxidative metabolic pathways [1].
The relationship between H,0, concentration and human health
has attracted great attention [2], and the determination of H,05 is
of practical importance in clinical, environmental, and industrial
research. For this reason there has been an increasing interest in
the design of reliable H,0, sensors. A number of sensors have been
fabricated to determinate H,0O, [3-8]. In particular, as biocatalysts,
enzymes have a high substrate specificity and reactive efficiency
under ambient conditions compared to artificial inorganic catalysts.
Nevertheless, the harsh conditions required for chemical reactions
limit their applicability because it is difficult to maintain their highly
complex molecular configurations [9]. Therefore, a useful strategy to
overcome these limitations is to find conductive materials with good
biocompatibility.

Carbon nanotubes (CNTs) have been considered as an important
class of nanomaterials with outstanding electronic, chemical, and
mechanical properties since its discovery in 1991 by Ilijima [10].
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Recently, a number of research groups have focused on the chemical
modification of CNTs through covalent or noncovalent functionali-
zations [11-16]. These functionalized CNTs modified electrodes
exhibited stable electrocatalytical responses towards many impor-
tant biomolecules such as nicotinamide adenine dinucleotide
(NADH) [17], ascorbic acid (AA), dopamine (DA) [18] and cyto-
chrome C (Cyt c¢) [19]. In addition, many researches focused on
CNTs-enzyme-based biosensor [20-22] because CNTs can maintain
the bioactivity of enzymes and improve the sensitivity of sensors.
However, the major barrier is that coating of the CNTs with an
enzyme layer tends to block the electron transport pathway [23]
and causes poor dispersion on the CNT surfaces [24], which may
greatly limit their application in biosensor systems.

It is widely accepted that the successful synthesis of ILs and
CNTs has been proved to be a recent breakthrough in interdisci-
plinary research because of the unique properties and the striking
applications of both kinds of materials [25]. As we know that
most biomolecules are charged in biological environments, there-
fore, IL functionalization of CNTs would provide an alternative
method to easily immobilize biomolecules for detection. How-
ever, the related studies were few [26,23]. For CNT-based
biosensors, there are still some developmental challenges to be
addressed. Herein we report our finding that the covalent
modification of multiwalled carbon nanotubes (MWCNTs) with
imidazolium salt-based ILs provided a good microenvironment
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for HRP or Cyt c to retain their bioelectrocatalytic activity
toward H,0,.

2. Experimental
2.1. Reagents

The multi-walled carbon nanotubes (MWNTs) used (diameter:
20-40 nm, length: 1-2 um, purity: >95%) came from Shenzhen
Nanotech Port Co., Ltd. (Shenzhen, China). HRP ( > 160 IlUmg~ ')
was from Sigma (USA), and Cyt ¢ came from Shanghai Yuanye
biological Co. Ltd (Shanghai, China). Hydrogen peroxide solution
(30 wt%) was purchased from Beijing Chemical Reagent (Beijing,
China). Bromopropylamine and 1-methylimidazole were obtained
from Acros (Beijing, China). And before use, 1-methylimidazole
was distilled. PBS (pH 7.0) was prepared by mixing suitable
amounts of 0.1 M NaH,PO,4/Na,HPO4. Other chemicals were all
of analytical grade, and the solutions were prepared by doubly
distilled water.

2.2. Instruments

Amperometric i-t curve, cyclic voltammetric (CV) measure-
ments were performed in a conventional three electrodes cell with
a platinum wire as the auxiliary electrode and a saturated calomel
electrode (SCE) as the reference electrode with a CHI 660c
Electrochemical Workstation (Shanghai Chenhua Co., China).
UV-vis absorption spectra were taken by absorption mode with a
UV-1102 UV-vis spectrophotometer (Shanghai, China). Electroche-
mical impedance spectroscopy (EIS) experiments were performed
on Multi-potentiostat (VMP2, Princeton Applied Research, USA).
The working electrode was bare or modified glassy carbon elec-
trode (GCE, d=3.5 mm). All potentials given in this paper were

a—» MWNT-COOH,
d —» MWNT -IL/GCE,

b —IL-NH;,
e —® Cytcor HRP,

referred to the SCE. Before using, GCE was polished carefully with
0.3, and 0.05 pm alumina slurry to a mirror finish.

2.3. Preparation of Cyt c-MWNT-IL-modified GCE

IL functionalized MWNT (MWNT-IL-Br) was prepared by pre-
viously reported method [27]. In general, it was based on an
amidation between carboxylic acid functionalized MWNT
(MWNT-COOH) and the amine-terminated IL (1-propyl-amine-
3-methylimidazolium bromide, IL-NH ;). The IL-NH , was pre-
pared by the reaction of 1-methylimidazole (0.02 mol) with 3-
bromo-
propylamine (0.02 mol) in 50 mL ethanol under reflux in N,
atmosphere for 24 h, the ethanol is removed in vacuo and the
solid residue dissolved in a minimal quantity of water that is
brought to pH 8 by the addition, in small portions, of solid KOH.
The product imidazolium bromide is then separated from the KBr
byproduct by evaporation of the water, followed by extraction of
the residue with ethanol-THF, in which the imidazolium salt is
soluble. FTIR verifies the structure and composition of the new IL
[28]. MWNT-COOH was prepared by reflux the as-received MWNT
in 3 M HCl and H,0,. MWNT-IL was prepared by ultrasonicating a
solution of 5 mg of the MWNT-COOH, 10 mg of IL-NH »,, and 10 mg
of dicyclohexylcarbodiimide (DCC) in 10 mL of dimethylformamide
(DMF) for 15 min, and then vigorously stirring at 50 °C for 24 h.
Then, unreacted MWNTs were removed by centrifuging. After that
MWNT-IL-Br was filtered by nylon membrane with 0.22 pm pores,
thoroughly washed with DMF, ethanol and water, separately. Then
18 pL of MWNT-IL-Br aqueous solution (0.05 mg/mL) was dropped
on the surface of a GCE. After being dried in air for 24 h, MWNT-IL-
Br modified GCE (GCE/MWNT-IL-Br) was thus obtained. Moreover,
MWNT-IL-Br modified electrode was immersed in Cyt c solution
(1 mg/ml, pH 7.0 PBS) for 2 h at 4 °C. Then Cyt c was immobilized
onto the surface of IL-nanohybrid film to form Cyt c-MWNTs-IL/GCE.
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Scheme 1. Preparation of Cyt c-MWNT-IL-modified GCE.



X. Liu et al. / Talanta 105 (2013) 63-68 65

The HRP/MWNTs-IL/GCE was prepared via the same method
(Scheme 1).

Fig. 1A shows UV-vis spectroscopic analysis of MWNTSs-IL, and
the position of the absorption band may provide information
about possible denaturation of MWNTs-IL. Compared to curve b
where IL shows a maximum absorption at 230 nm, the MWNTSs-IL
(curve a) has an obvious blue shift (206 nm) of the soret absorp-
tion band and the absorbance of the peak decreased a lot.
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3. Results and discussion
3.1. Characterization of MWNTs-IL materials

The method for IL functionalized MWCNTs is depicted in
Scheme 1, and the reaction is shown in the following:

First, UV-vis spectroscopic analysis, Fourier transform infrared
spectroscopy (FTIR) analysis were used to confirm the reaction
occurrence between MWNT and amine-terminated IL, as well as
the presence of acid amide groups.
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Fig. 1. (A) UV-vis spectral characterizations of (a) MWNTs-IL, (b) IL and
(c) MWNTs in 0.1 M PBS (pH 7.0). (B) FT-IR spectra of MWNTs-IL.

The results indicated that the interaction between MWCNT-
COOH and IL-NH; had taken place and formed O=C-NH [29].

The acid amide groups were further characterized by Fourier
transform infrared spectroscopy (FTIR) analysis as shown in Fig. 1B.
The C=0 band, which should appear at 1709 cm~! according to
Ref. [30], shifted to 1646 cm~! due to the involvement of imidazole
and carboxylic groups in the hydrogen bond [31], indicating the
formation of the amide bond. In addition, the appearance of a peak
at 1456 cm~! provides strong evidence of forming the amide
linkage between MWNT-COOH and IL-NH , [32]. This result was
in accordance with the above result of the UV-vis analysis.

In addition, the electrochemical behaviors of different electro-
des were studied with KszFe(CN)g as electroactive probe by cyclic
voltammetry as shown in Fig. 2. At bare GCE (curve a), a reversible
electrochemical response was observed at a potential of about
0.26 V with a peak-to-peak separation (AE,) of 69 mV. After
accumulation of MWNTSs on the bare GCE (curve b), the peak
current decreased deeply, which means the MWNTSs would hinder
the electron transfer from KsFe(CN)g to the electrode surface. In
contrast, both the cathodic and anodic peak currents increased
obviously as MWNTs-IL immobilized on the electrode surface
(curve c). The oxidation current of MWNTSs-IL (i,q=99.38 pA) on
the electrode is two times higher than that on the MWNTs/GCE
(ipa=46.47 pA). It revealed that the IL could detach the MWNTs
from the bundles, and the synergistic effect of MWNTs and IL
enhanced the conductivity effectively [33].

3.2. Characterization of immobilized Cyt c on MWNT-IL/GCE

It is well known that electrochemical impedance spectroscopy
is an effective method to study the interface properties of surface-
modified electrodes. The typical impedance spectrum includes a
semicircle portion at higher frequencies corresponding to the
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Fig. 2. Cyclic voltammograms of (a) bare GCE, (b) MWNTs/GCE, (c) MWNTs-IL/
GCE in 5.0 mM KsFe(CN)g and 0.1 M KCI at a scan rate of 0.05V s~
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Fig. 3. EIS of (a) bare GCE, (b) MWNTs-IL/GCE, (c) Cyt ¢/MWNTs-IL/GCE, (d) Cyt
¢/GC in 5.0 mM KsFe(CN)g and 0.1 M KCl.

electron transfer-limited process and a linear part at lower
frequency range representing the diffusion limited process. The
semicircle diameter in the impedance spectrum equals the
electron-transfer resistance, Re;. This resistance controls the
electron-transfer kinetics of the redox probe at the electrode
interface. Therefore, R, can be used to describe the interface
properties of the modified electrode. Its value varies when
different substances are adsorbed on the electrode surface.

Using [Fe(CN)g]>~/*~ redox couples as the electrochemical
probe, the EIS plots of different modified electrodes are shown in
Fig. 3, and the inset shows the fits of equivalent circuit. When the
GCE electrode surface was coated by Cyt c film, the R value of
curve d increased to about 835 (2, which manifested that Cyt c
was adsorbed on the electrode surface, and the Cyt c film
generated an obstruction to the electron transfer of the electro-
chemical probe at the electrode surface. However, when the
MWNTs-IL modified the surface of GCE electrode, the diameter
of the high frequency semicircle was significantly reduced to an
almost straight tail line with a R, value of 20 Q as shown in Fig. 3
curve b. After that, with the Cyt c adsorbed on MWNTSs-IL/GCE
(curve c), Re; increased a little bit, and it might be caused by the
hindrance of the macromolecular structure of Cyt c to the electron
transfer. Thus, above results could clearly confirm that the IL
functionalized MWNT effectively enhanced the conductivity of
the modified electrode, and Cyt c was successfully immobilized
on its surface.

Previous report has pointed out that Cyt c could physically
absorb on the surface of MWNT weakly [28] because MWNT-
COOH was negatively charged, and the electrostatic repulsion was
against the physical absorption of Cyt c. But in this work, the
IL-NH, (imidazolium cation) was positively charged, and was in
favor of conjugation of negatively charged Cyt c. Moreover, Br~
anion in MWNT-IL-Br was ready to be exchanged by Cyt ¢ when
the MWNT-IL-Br modified electrode was immersed in Cyt c
solution [25]. Therefore, IL functionalized MWNT material might
provide an extra ionic affinity between MWNT and Cyt ¢, which is
helpful for enzyme loading on the modified electrode.

It is very important to keep the bioactivity of Cyt c in MWNT-
IL experimental system. The shape and position of the soret
absorption band of Cyt c can provide the structural information
about Cyt c, especially about heme groups. Fig. S-1 showed
UV-vis absorption spectra of Cyt c aqueous solution in the
absence and presence of MWNTSs-IL. One can see that no obvious
peak shift at 409 nm (a heme band) in Fig. S-1a and b, indicating
that Cyt c could keep its natural structure and bioactivity in PBS
(pH 7.0).
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Fig. 4. (A) The chronoamperometry current-time curve of Cyt c-MWNT-IL/GCE
with successive addition of 0.04, 0.1, 1, 15, 35, 50, 90 and 100 pm H,0, to 0.10 M
pH 7.0 PBS containing 1 mg/ml Cyt c at 0.8 V. Inset: calibration plots illustrating
the linear electrode response to H,O, addition. (B). The chronoamperometry
current-time curve of HRP/MWNT-IL electrode with successive addition of 0.06,
0.2,05,08,1,3,5,7,9, 10, 15 and 20 pm H,0, to 0.10 M pH 7.0 PBS containing
2 mg/ml HRP at 0.8 V. Inset: calibration plots illustrating the linear electrode
response to H,0, addition.

3.3. Detecting H202 using Cyt c-MWNT-IL-GCE

Generally, the amperometric detection of H,0, could be
undertaken either by reduction or by oxidation. However, it is
hard to remove oxygen completely from the buffer solution and
every drop of H,0, into the solution so that the reduction peak
current could be attributed to the reduction of both H,0, and
oxygen. Therefore, we choose the oxidation potential for the
detection of H,0, in this paper.

Fig. 4A displayed the typical amperometric response for the
fabricated Cyt c-MWNT-IL/GCE at an applied potential +0.8 V vs.
SCE. A 0.1 M phosphate buffer at pH 7.0 has been used as the
supporting electrolyte, and the amperometric response of the fabri-
cated bioelectrode toward the detection of H,O, has been carefully
investigated by successive addition of H,O, in PBS solution. Upon a
potential step to the sensor in an unstirred system, the current-time
behavior of an electrochemical system can be described by the
Cottrell equation, and the faradaic current is expected to decay very
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Scheme 2. Mechanism analysis to Cyt ¢ or HRP in the presence of H,0,.

slowly for long time. As shown in Fig. 4A, an increase in current with
the concentration increase of H,O, has been observed, and the
calibration curve of the peak current versus the concentrations of
H,0, has been drawn as shown in the inset of Fig. 4A. It exhibits a
linear range from 0.04 to 100 pm, and the linear regression equation
was i, (LA)=0.9521+0.5712c (uM) with a correlation coefficient of
0.9980 (n=5). From the slope of 0.5712, the detection limit was
estimated to be 0.013 pm at a signal-to-noise ratio of 3.

To further illustrate the universal appeal of this operation of
oxidase-based amperometric biosensors, a similar procedure was
employed for H,O, detection as immobilized HRP on MWNT-IL/
GCE. Fig. 4B reveals that the sensor response was linear between
0.06 and 20 pm with a correlation coefficient of 0.9976 (n=5).

For comparison, the analytical performances of the determi-
nation of H,0, using different electrodes in this paper are listed
in Fig. S-2. One can see that the linear response range with Cyt c
or HRP immobilized on MWNT/IL electrode dramatically
enhanced nearly 2 orders compared with bare GCE and MWNT-
IL/GCE (data from Fig. S-3). The attractive advantage for Cyt c-
MWNT-IL-GCE is attributed to the two points: (1) IL could detach
the MWNTSs from the bundles, accelerating the rate of electron
transfer. (2) IL functionalization of CNTs provided an extra ionic
affinity between MWNT and Cyt c, resulting in more electroactive
sites of enzymes exposed on MWNTs-IL modified film. Thus, we
proposed the mechanisms for H,O, oxidation at the enzymes
immobilized on MWNT/IL materials electrode in Scheme 2.
Initially, Cyt ¢ was immobilized onto the surface of MWNTSs-IL/
GCE, and IL functionalized CNTs make more electroactive sites of
enzymes to be exposed on MWNT/IL materials. The synergic
effect of MWNTSs-IL might accelerate the electron transfer from
the electroactive site of Cyt c, Fe''', to the electrode. As Fe'l is
electrochemically oxidized at MWNTs-IL electrode surface to
produce an intermediate compound I (Fe!¥=0), the latter reacts
with H;0, in the solution, producing O,. Finally, compound I
(FeV=0) is reduced to form native Cyt c (Fe'!) again on the
electrode surface.

3.4. Selectivity, reproducibility and stability of the H>0, biosensor

One of the major challenges for the H,0, biosensor is to
eliminate the electrochemical response generated by some easily
oxidizable endogenous interfering compounds such as ascorbic
acid and dopamine. We have studied the selectivity of the present
H,0, biosensor against these possible interfering species through
measuring the amperometric response to successive addition of
physiological levels of various interfering species (40 M AA(a),
40 uM DA(b), and 40 uM H,0,(c)) at an applied potential of
+0.8 V. As shown in Fig. S-4, the two interfering species (AA, DA)
generated completely negligible current responses as compared
to the current response of the same concentration for H,O,,
indicating a high selectivity for the as-prepared H,0, biosensor.
Furthermore, no significant interference can be observed for those
general ions such as K*, Na™*, Ca®?*, NH*4,S03~, C0%~,NO3, Cl -,
PO3 -, at concentration 10-fold as high as that of H,0,.

A relative standard deviation (RSD) of 2.8% was acquired when
the present biosensor was repeated for ten successive measure-
ments at a 5 pm H,0, solution. RSD was 3.9% for five electrodes
prepared in the same conditions. The stability of the biosensor
was investigated by amperometric measurements in the presence
of 50 um H,0, periodically. When not in use, it was stored under
dry conditions at 4 °C in a refrigerator. The biosensor lost only
4.5% of the initial response after 1 week and maintained more
than about 75% of the initial values after storage for more than
1 month. In addition, almost no decrease in the voltammetric
response was observed when the biosensor was performed a 50
segments continuous scanning, implying that the enzyme elec-
trode is stable in buffer solution.

4. Conclusion

In summary, a novel H,O, biosensor based on IL-functionalized
MWCNTs modified electrode has been fabricated successfully in
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this paper. Investigation shows that the synergistic effect of IL and
MWNTs not only provides a perfect microenvironment for Cyt ¢ or
HRP to retain its bioactivity but also exhibits a high surface area for
enzyme immobilization. The as-prepared sensor displayed a series
of excellent features such as good sensitivity and reproducibility,
wide linear range, and low detection limit. Thus, it is also envisaged
that the unique IL-functionalized MWNTSs materials could provide a
good biosensing platform. Moreover, combining the environment-
friendly and designable ionic liquid with carbon nanotubes having
excellent electrochemical characteristics may be a new idea for
developing some novel and powerful biosensors.
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