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An  excellent  electrochemical  sensing  platform  has  been  designed  by combining  the huge  specific  sur-
face  area  of  carbon  nanotubes  (CNTs)  and  the  remarkable  conductivity  of  ionic  liquid (IL).  IL  can  easily
untangle  CNTs  bundles  and  disperse  CNTs  by  itself  under  grinding  condition  due  to the  �–�  interaction
between  CNTs  and  IL.  The  resulting  nanocomposites  showed  an  augmentation  on  the voltammetric  and
amperometric  behaviors  of  electrocatalytic  activity  toward  O2 and NADH.  Therefore,  such  an  efficient
platform  was  developed  to fabricate  mediator-free  oxygen  sensor  and  glucose  biosensor  based  on glu-
arbon nanotubes
onic  liquid
lectrochemical sensing
lood  samples

cose  dehydrogenase  (GDH).  O2 could  be determined  in the  range  of  zero  to  one  hundred  percent  of O2

content  with  the  detection  limit  of  126  �g L−1 (S/N  =  3).  The  glucose  biosensor  which  was  constructed  by
entrapping  GDH  into  chitosan  on  the  nanocomposites  modified  glassy  carbon  electrode  surface,  exhib-
ited  good  electrocatalytic  oxidation  toward  glucose  with  a  detection  limit  of  9 �M  in the  linear  range  of
0.02–1  mM.  We  also  applied  the  as-prepared  sensors  to detect  oxygen  and  glucose  in  real  blood  samples

ults.
and  acquired  satisfied  res

. Introduction

Due to their significant electric, thermal and mechanical prop-
rties, carbon nanotubes (CNTs) have obtained great attention in a
ariety of fields, such as electrochemical sensors, tissue engineer-
ng, and energy storage devices [1–5]. In particular, the ability of
NTs modified electrodes to promote electron-transfer reactions
nd resist to surface fouling make them extremely attractive for
abricating electrochemical sensors [6–8]. The unique properties of
NTs can be readily tuned by controllable functionalization using
ovalent and noncovalent procedures, for example, different recog-
ition molecules including glucose, neurotransmitters and cancer
iomarkers have been conjugated to functionalized CNTs for ana-

ytical applications [9–13]. Though covalently functionalized CNTs
an be reliably obtained by chemical treatment [14,15], some of
he important properties are lost due to partial destruction of their
onjugated � system. To preserve the sp2 nanotube structure, non-
ovalent modification of CNTs via �–� interactions is essential.

Ionic  liquid (IL) is a kind of important solvent with unique prop-
rties of good ionic conductivity, high viscosity, negligible vapor

ressure, high chemical and thermal stabilities, and low toxicity.
ence, it has been widely applied in electrochemistry [16–18].
wing to the non-covalent (�–�) interactions between the loop

∗ Corresponding author. Tel.: +86 431 85262101; fax: +86 431 85689711.
E-mail  address: dongsj@ciac.jl.cn (S. Dong).

039-9140/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2012.01.027
© 2012 Elsevier B.V. All rights reserved.

of imidazole IL and the � electronic of CNTs, IL can easily untangle
CNT bundles and disperse CNTs by itself under grinding condition
without destroying the symmetry structure and conjugated � sys-
tem of CNTs [19]. As a result, the combination of IL and CNTs could
provide a striking synergistic augmentation performance like good
electronic and ionic conductivity, high electrochemical stability,
and good biocompatibility. This strategy is also wildly investigated
in electrochemical fields such as biosensors, electric double-layer
capacitors, electrochemical actuators, and biofuel cells [20–23]. Our
group has found that the carbon nanotubes-ionic liquid (CNTs-IL)
gel modified electrode had excellent electrochemical properties
and good biocompatibility, where the immobilized laccase and glu-
cose oxidase exhibited good stability and enhanced electrocatalytic
ability [24,25]. Chitosan (CS), CNTs and IL biocompatible compo-
nents were used to fabricate a composite ionic actuator and the
good compatible of IL with CNTs and CS allows their effective
transportation between electrodes, exhibiting remarkable bending
actuation performance at low applied voltage [21]. Interestingly,
based on the special characteristics of polymeric IL which provides
the possibility of �-stacking interactions with the aromatic side-
walls of the nanotubes, water and organic stable dispersions of
CNTs can be reversibly switched by simply exchanging the counter
anion of the attached polymeric IL [26]. These demonstrations show

that the use of IL paves an efficient way to the functionalization of
CNTs.

Both oxygen and glucose are involved in the essential cellular
functions, for example, they are consumed in energy production
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here oxygen as an electron acceptor and glucose as an electron
onor [27]. Some pathological events may  be caused when their
ontent is abnormal, so it is of importance to reliable and fast
onitor oxygen and glucose concentration for the treatment and

ontrol of disease. Additionally, NADH is a vital cofactor in over
00 dehydrogenase-based enzymatic reactions [28]. Oxidation of
ADH at electrodes surfaces has attracted great interest due to its

ignificant both a cofactor for dehydrogenase and its role in the bio-
ogical electron transfer chain systems [29]. In the present work,
NTs-IL nanocomposites were formed by simply grinding. It is

ound that the composites showed excellent electrocatalytic activ-
ties toward O2 and NADH and consequently we  exploited their
otential applications as oxygen and glucose sensing. On one hand,
NTs-IL nanocomposites were used to directly detect O2, on the
ther hand, glucose dehydrogenase (GDH) was immobilized on the
NTs-IL nanocomposites surface to fabricate a glucose biosensor.
o further exploit their potential practical application, we applied
hese sensors to detect oxygen and glucose in real blood samples.

.  Experimental

.1. Reagents

Multiwalled carbon nanotubes purchased from Shenzhen Nan-
tech. Port. Co. Ltd. (Shenzhen, China) were used without further
urification. 1-Butyl-3-methylimidazolium hexafluorophosphate
BMIMPF6) IL purchased from J&K Chemical Ltd. was  used with-
ut pretreatment. GDH (E.C. 1.1.1.47, thermoplasma acidophilum,
ecombinant expressed in Escherichia coli) and CS were obtained
rom Sigma Chemical Co. NADH, NAD+ and �-d-(+)-glucose were
urchased from Beijing Chemical Reagent. Glucose stock solution
as kept for 24 h before use. All other chemicals were of analytical

rade and the solutions were prepared with the doubly distilled
ater.

.2. Preparation of modified electrodes

CNTs-IL nanocomposites were prepared by hand-mixing CNTs
nd IL (BMIMPF6). Briefly, 2 mg  CNTs and 20 �L IL were mixed in an
gate mortar and then ground for about 15 min to form a viscous
el. Glassy carbon electrode (GCE, 3 mm in diameter) was polished
ith 1.0 and 0.3 �m alumina slurry sequentially and then washed
ltrasonically in water and ethanol for a few minutes, respectively.

 small quantity of the CNTs-IL gel was immobilized on the GCE sur-
ace and smoothed on a weighing paper to get an even film covering
he electrode surface (noted as CNTs-IL/GCE). GDH was  entrapped
nto CS to develop a glucose biosensor. CS was dissolved in 1% acetic
cid solution. After CNT-IL/GCE was prepared, 8 �L GDH (1 mg  L−1)
nd CS mixture (v:v = 2:1) was dropped on the CNTs-IL/GCE surface
nd dried at 4 ◦C for 12 h. It was noted as GDH-CS/CNTs-IL/GCE.

.3. Instruments

The morphology of CNTs-IL nanocomposites were obtained by
canning electron microscopy (SEM, PHILIPS XL-30), operated at an
ccelerating voltage of 20.0 KV. Electrochemical impedance spec-
roscopy (EIS) was performed with an Autolab/PGSTAT 30 (Eco
hemie B.V. Utrecht, The Netherlands) in a grounded Faraday cage.

n the presence of 5.0 mM Fe(CN)6
3−/4− and 0.02 M KCl, the EIS mea-

urements were carried out at a basis potential of 0.24 V under an
scillation potential of 5 mV  over the frequency range of 1 Hz to
00 kHz. All other electrochemical measurements were performed

ith a CHI 832 C electrochemical workstation (Chenhua Co., Shang-
ai) and carried out in a conventional three-electrode system. The
odified GCEs were used as the working electrode. Platinum foil

nd Ag/AgCl (saturated KCl) were used as the counter electrode
 (2012) 110– 115 111

and  the reference electrode, respectively. An EG & PARC model 636
rotating ring-disk electrode system was  used for rotating disk elec-
trode (RDE) experiments. A rotating glassy carbon disk platinum
ring electrode was  used as the working electrode. YSI-58 dissolved
oxygen meter was  used to detect dissolved oxygen as a standard.
Calibrations are needed before use.

2.4. Measurements

Chronoamperometry was  used to measure the concentration of
O2 on CNTs-IL/GCE with applied potential of −0.2 V. For the extend-
ing liner range of O2 experiment, N2, air and O2 saturated solutions
were set as 0, 20.95% and 100% of O2 content, respectively. The cali-
bration curve for glucose on GDH-CS/CNTs-IL/GCE was obtained by
the peak current of cyclic voltammetry.

For the real detection, human blood samples were obtained
from local hospital and centrifuged to separate erythrocytes and
the serum. The supernatant solution was collected to detect blood
glucose without any purification. Then the left erythrocytes were
wash 3 times with a cold isotonic PBS buffer (0.145 M NaCl, 1.9 mM
NaH2PO4, 8.1 mM Na2HPO4, pH 7.4) and suspended in PBS for oxy-
gen detection. Before measurements, the sample was saturated
with N2.

3.  Results and discussion

3.1.  Characterization of CNTs-IL nanocomposites

We first characterized morphology of the formed CNTs-IL
nanocomposites with SEM. Fig. 1A showed the typical SEM image
of the CNTs-IL nanocomposites spread on GCE. It was observed that
the substrate was covered with a great deal of tube-shape nanos-
tructures. IL untangled CNTs to form a gel with uniform surface.
Here, the cation–� and/or �–� interaction between CNTs and IL
played an important role in the formation of the homogeneous
nanotubes structure [19]. Without further purification, CNTs were
well dispread in IL and the nanostructure retained at least one
month in air, so the resulting nanocomposites were highly sta-
ble. Moreover, after 1000 cycles voltammetric potential cycling
(100 mV  s−1) of CNTs-IL/GCE, the current still retained 96.9% of its
initial value, demonstrating good stability of the modified elec-
trode.

The electrochemical properties of CNTs-IL nanocomposites
were further exploited by electrochemical impedance measure-
ments and cyclic voltammetry. EIS is a useful method to probe
the electrical properties of interface between modified electrodes
and electrolyte. Fe(CN)6

3−/4− was  used as the electrochemical
probe  to distinguish impedance characters of the CNTs and CNTs-IL
nanocomposite. The electron transfer resistance (Rct) can be esti-
mated by the semicircle diameter of the impedance spectra at high
frequency range. On the bare GCE, the Rct was  estimated to be
474 � (black line in Fig. 1B). After the CNTs modification of GCE sur-
face, the Rct decreased sharply to 14 � (red line in Fig. 1B). The Rct

decrease of modified electrode could be attributed to the excellent
electronic conductivity of CNTs, and the electron transfer was effec-
tive. When CNTs-IL nanocomposites were modified on GCE surface,
the impedance spectroscopy curve was almost a straight line at
higher frequencies as shown in Fig. 1B, indicating that the combi-
nation of IL and CNTs could provide a considerable electrochemical
augmentation performance.

The  cyclic voltammograms (CVs) of the CNTs-IL nanocompos-

ites modified electrode at different scan rates were displayed in
Fig. 1C. The anodic and cathodic peak currents were directly pro-
portional to the scan rates from 10 to 100 mV  s−1, demonstrating a
surface confined redox process (Fig. 1D). It should be noted that the
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Fig. 1. (A) SEM image of CNTs-IL nanocomposites. (B) EIS of GCE (black), CNTs (red) and CNTs-IL nanocomposites (blue) modified GCEs in 0.02 M KCl solution containing
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.5 mM K3[Fe(CN)6] and 2.5 mM K4[Fe(CN)6]. Frequency range: 105–1 Hz. (C) CVs o
0, 50, 60, 70, 80, 90 and 100 mV s−1. (D) Anodic (black) and cathodic (red) peck cu
eader is referred to the web  version of the article.)

nodic and cathodic waves were symmetrical with small separation
round 0.02 V, which showed a reversible system. The reversible
eaks may  be due to the electroactive groups of CNTs (e.g. carbonyl
roup) which have been reported with the similar peak potential
round 0 V in the literature [30,31], and simultaneously the high
onductivity of IL make them more reversible. The excellent elec-
rochemical behaviors suggest that the CNTs-IL nanocomposites
an be used as an electrochemical platform for the development
f sensors and biosensors.

.2.  Electrocatalytic reduction and detection of O2

The resulting nanocomposites of CNTs-IL exhibited good elec-
rocatalytic activity toward reduction of O2. Curve a in Fig. 2A
howed a pair of reversible redox peaks under N2 saturated PBS. The
oltammetric features of the CNT-IL/GCE changed greatly under the
resence of O2 in solution, being characterized with a large cathodic
eduction peak around −0.28 V (curve b in Fig. 2A). Compared with
ure CNTs (Fig. 2B), CNTs-IL nanocomposites efficiently decreased
he O2 reduction overpotential with the onset potential of 0.08 V
nd enhanced the catalytic current largely.

To further investigate the electrocatalytic mechanism of the
NTs-IL nanocomposites for O2 reduction, we carried out the linear
weep voltammetry (LSV) on a rotating disk electrode with differ-
nt rotating rates (Fig. 2C). When the mass transport process in the
olution and the catalytic reaction become dominant, the Levich
quation reduces to the Koutecky–Levich equation [32]:
1
il

= 1
nFAc0k�

+ 1
0.62nFAc0D2/3v−1/6ω1/2

ik = nFAc0k�

(1)
s-IL/GCE in PBS (pH 7.4) with different scan rates. From inner to outer: 10, 20, 30,
vs. scan rate. (For interpretation of the references to color in this figure legend, the

where  n, A, co, k, � , D, �, ω represent the number of electrons
transferred, the electrode area, the bulk concentration of O2 in the
solution, the reaction rate constant, the surface concentration of
the catalyst, the O2 diffusion coefficient, the kinematics viscosity,
and the rotation rate, respectively. The other symbols have their
usual meanings. As shown in Fig. 2D, the Koutecky–Levich plot for
CNTs-IL nanocomposites is linear with a slope close to the dashed
line calculated from the four-electron reduction of O2 while the
rotating disk area A = 0.152 cm2, the concentration of O2 in air sat-
urated buffer solution c0 = 2.9 × 10−4 M,  the O2 diffusion coefficient
D = 1.7 × 10−5 cm2 s−1, and the kinematic viscosity � = 0.01 cm2 s−1.
It was  found that the calculated number of electrons involved in the
reduction of O2 process was  about 3.75, indicating that the reduc-
tion of O2 at the CNTs-IL/GCE mainly supported the four-electron
pathway. However, in the case of the majority carbon-based mate-
rials, the electron transfer number of oxygen reduction is close
to two  [33,34]. The effective O2 reduction process of the CNTs-IL
nanocomposites could be mainly attributed to reasons as follow: (1)
the high catalytic active sites at CNTs; (2) through intermolecular
charge transfer the positively charged nitrogen containing imida-
zolium loop of IL could generate positive charge on carbon atoms
of CNTs plane and make O2 absorption favorable in CNTs [2,33];
(3) the high conductivity of CNTs-IL nanocomposites; (4) heavily
entangled CNTs bundles could be untangled to form much finer
bundles through the cation–� and/or �–� interaction [19].

Based on the excellent electrochemical reduction activity
toward O2, CNTs-IL nanocomposites system was a promising plat-

form to construct O2 sensors. YSI-58 dissolved oxygen meter was
used to detect O2 as the standard. Steady-state current responses
of CNTs-IL/GCE were obtained at the applied potential of −0.2 V. As
shown in Fig. 3A, the CNTs-IL/GCE linearly responded to dissolved
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ig. 2. CVs of (A) CNTs-IL/GCE, (B) CNT/GCE in (a) N2 saturated and (b) O2 saturat
ifferent rotating rates. (D) Koutecky–Levich plots of oxygen reduction on CNTs-IL
down) electrons reduction of oxygen, respectively.

2 concentration below 20 mg  L−1 of the dissolved oxygen meter
easurement range with the detection limit of 126 �g L−1 (S/N = 3).

ive repeats had been done and the relative standard deviation
R.S.D.) of the sensors was 5.6%. Moreover, to extend the liner
ange of oxygen detection, N2, air and O2 saturated PBS were used
s the concentration standard. The calibration curve corresponding
o steady-state current responses was linear against the percent

f oxygen content from N2 saturated to O2 saturated (Fig. 3B),
herefore a nanocomposites sensing for O2 was  developed in the
ide range of zero to one hundred percent of oxygen content.

ig. 3. (A) Calibration curve for dissolved oxygen of CNTs-IL/GCE in PBS (pH 7.4). (B) The
pH  7.4).
S (pH 7.4). (C) RDE voltammetry curves of oxygen reduction on CNTs-IL/GCE with
(solid line). The dashed lines are from the calculated data of two (upper) and four

Since the prominent sensing performance in O2 detection, the
CNTs-IL nanocomposites based sensor was also applied to detect O2
released from erythrocytes. NaNO2 could react with heme in ery-
throcytes to form methemoglobin so it was used to release oxygen.
No response was observed on CNTs-IL/GCE after injecting NaNO2
into PBS, so the interference of NaNO2 was  negligible. When 2 mM
NaNO2 was  injected into PBS containing erythrocytes, a reduction

current of 0.394 �A was observed and the corresponding calcu-
lated data is 1.85 mg  L−1 which was in good agreement with the
concentration of 1.91 mg  L−1 obtained by dissolved oxygen meter.

 dependence of the reduction current on percent of oxygen of CNTs-IL/GCE in PBS
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F . (B) CVs of GDH-CS/CNTs-IL/GCE in PBS (pH 7.4) with 10 mM NAD+ containing 0.02, 0.08,
0 ncentration of glucose.
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Table 1
Determination of glucose concentration in serum which was  diluted to 20 times
with PBS.

Number Found in solution (mM) Glucose in blood (mM) Recovery (%)

1 0.244 4.88 101.8
ig. 4. (A) CVs of CNTs-IL/GCE (a) without and (b) with 1 mM NADH in PBS (pH 7.4)
.2,  0.5, 1 mM glucose (from inner to outer). Inset: Calibration curve for different co

herefore, CNTs-IL nanocomposites could be potentially useful for
he O2 detection in real samples.

.3.  Electrocatalytic oxidation of NADH and detection of glucose

For  developing dehydrogenase-based bioelectrochemical
evices,  the electrocatalytic oxidation of NADH has gained great
ttention [35]. However, oxidation of NADH at ordinary electrode
s highly irreversible and requires large overpotential [36]. Various
anomaterials have been immobilized on these electrodes to
vercome this issue, resulting in a good elcctrocatalytic system
36,37]. In this study, we combined the huge specific surface area
f CNTs and the excellent conductivity of IL to facilitate electrical
ommunication between NADH and the modified electrode sur-
ace. As shown in Fig. 4A, CNTs-IL nanocomposites modified GCE
howed an augmentation on the voltammetric and amperometric
ehaviors of electrocatalytic activity toward NADH. The addition
f NADH resulted in a significant increase in the anodic current
ith a single oxidation peak at 0.06 V which is negative than lots

f the carbon materials [36,37]. In conjunction with the good bio-
ompatible of CNTs-IL [25], GDH was immobilized on the CNTs-IL
anocomposites electrode to construct a glucose biosensor.

Owing  to the excellent film-forming ability, CS was used
o entrap GDH on the CNTs-IL/GCD surface to fabricate
anocomposites-based biosensor. Fig. 4B showed CVs of the GDH-
S/CNT-IL/GCE with glucose concentrations from 0.02 mM to 1 mM.
he oxidation peak current increased linearly within the glucose
oncentration up to 1 mM (as inset in Fig. 4B) with a detection limit
f 9 �M (S/N = 3) and sensitivity of 5.3 �A mM−1. According to the
ineweaver–Burk plot, Michaelis–Menten constant (Km) of GDH
ntrapped by CS on CNTs-IL/GCE toward glucose was estimated
o be 1.767 mM and smaller than reported ones of immobilized
DH [38], indicating that the CS is an excellent immobilizing matrix
nd the GDH entrapped by CS on CNTs-IL/GCE had high affinity to
lucose.

The reproducibility of the resulting biosensor was investigated
y five independently prepared electrodes with R.S.D. of 3.89% for
.2 mM of glucose, suggesting a good reproducibility. The stabil-

ty of the biosensor was evaluated by amperometric measurement
fter stored in 4 ◦C for 20 days and the current retained about 89%
f its initial value, demonstrating the acceptable durability of the

iosensor.

The biosensor was further applied to detect glucose in human
erum for real application. Only a dilution of the serum with PBS
as needed before detection. As shown in Table 1, three parallel
2  0.243 4.86 103.3
3  0.233 4.66 98.8

measurement results were very close and the average concentra-
tion was  4.80 mM.  The good recovery values range from 98.8% to
103.3% indicated good accuracy of the GDH-CS/CNTs-IL/GCE. These
demonstrated that the proposed CNTs-IL nanocomposites-based
biosensor was  reliable and effective.

4. Conclusion

In summary, a high-performance electrocatalytic platform
based on CNTs integrated with environmentally friendly IL was con-
structed through �–� interaction between � electronic of CNT and
the loop of imidazole IL. The hybrid nanocomposites showed a sta-
ble redox system with high electron transfer rate and performed
good electrocatalytic activity toward O2 and NADH at lower over-
potential. Therefore an O2 sensor and a glucose biosensor based
on GDH were developed. The as prepared CNTs-IL nanocomposites
electrodes showed good analytical performance and were applied
to detect O2 and glucose in real blood samples. These demon-
strations pave an avenue for multiple functional electrochemical
sensors.
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