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In this paper a platinum (Pt) nanoparticle decorated graphene (GR) nanosheet was synthesized and used for
the investigation on direct electrochemistry of myoglobin (Mb). By integrating GR–Pt nanocomposite with
Mb on the surface of carbon ionic liquid electrode (CILE), a new electrochemical biosensor was fabricated.
UV-Vis absorption and FT-IR spectra indicated that Mb remained its native structure in the nanocomposite
film. Electrochemical behaviors of Nafion/Mb–GR–Pt/CILE were investigated with a pair of well-defined
redox peak appeared, which indicated that direct electron transfer of Mb was realized on the underlying
electrode with the usage of the GR–Pt nanocomposite. The fabricated electrode showed good electrocatalytic
activity to the reduction of trichloroacetic acid in the linear range from 0.9 to 9.0 mmol/L with the detection
limit as 0.32 mmol/L (3σ), which showed potential application for fabricating novel electrochemical biosen-
sors and bioelectronic devices.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

There has been increasing interests in studying the direct electro-
chemistry of redox proteins, which can establish a desirable model for
fundamental studies on the redox mechanism of the proteins in
biological systems [1], and the results may be used to elucidate the re-
lationship between their structures and biological functions. Mean-
while, studies on direct electron exchange between proteins and
underlying electrodes can also provide a platform for fabricating bio-
sensors, enzymatic bioreactors and biomedical devices [2]. Different
kinds of protein film modified electrodes have been devised to
achieve the direct electron transfer of redox proteins with the work-
ing electrodes, and the film can provide a favorable microenviron-
ment for keeping the molecular structure and biocatalytic ability of
the proteins [3,4]. In general proteins can retain their native struc-
tures and remain their biocatalytic ability in the films under the
selected conditions. The immobilized proteins on the modified
electrodes often exhibit fast electron transfer rate with a pair of
well-defined redox peaks from active center of protein appeared.
For example, Ding et al. studied direct electrochemical response of myo-
globin (Mb) on the plane graphite electrode with 1-(2-hydroxyethyl)-
3-methylimidazolium tetrafluoroborate as supporting electrolyte [5].
Ma et al. studied the direct electrochemistry and electrocatalysis of
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hemoglobin (Hb) with hyaluronic acid film on the edge-plane pyrolytic
graphite electrode [6]. Sun et al. studied the electrochemical Mb biosen-
sor on the electrodeposited Co nanoparticles decorated electrode [7].

As a new class of carbon material, graphene (GR) has attracted in-
creasing attentions in different fields such as biosensor and nanodevices
in recent years [8,9]. GR is a monolayer of sp2 hybridized carbon atoms
packed into a dense honeycomb crystal structure [10], which exhibits
many unique characteristics such as high surface area, excellent electri-
cal conductivity and electron mobility at room temperature, robust me-
chanical properties and flexibility [11]. In the meantime, the special
properties of GR may provide insight to fabricate novel biosensors for
virtual applications. The large surface area can increase the surface load-
ing amount of the target enzyme molecules, and the excellent conduc-
tivity and small band gap are favorable for conducting electrons from
the biomolecules [12]. GR-based chemical sensors also exhibit a much
higher sensitivity because of the lowelectronic noise from thermal effect
[13]. It has been reported that the integration of GR with metal
nanoparticles can offer synergistic effects in electrocatalytic application.
TheGR-metal nanocomposites exhibit enhanced electronic and catalytic
activity, which can be used for the construction of the electrochemical
sensors with better performances. By decorating metal nanoparticles
on the surface of GR nanosheets, the nanocomposites show good
biocompatibility with porous nanostructure and prevent the aggrega-
tion of the GR nanosheets. Shan et al. achieved a glucose biosensor
based on immobilization of glucose oxidase in thin films of chitosan
containing GR and gold nanoparticles [14]. Baby et al. fabricated metal
decorated GR nanosheets for amperometric glucose sensor [15]. Guo et
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al. developed a one-pot rapid synthesis method to assemble Pt
nanoparticles on the GR nanosheets for electrochemical sensing [16].
Bong et al. utilized the GR nanosheets as the catalyst support of PtRu
nanoparticles for the electrooxidation of methanol [17].

Nafion is a perfluorinated anionic polyelectrolyte with good film
forming ability, high chemical stability and good biocompatibility,
whichhas beenwidely used for the immobilization of biomacromolecules
[18]. Carbon ionic liquid electrode (CILE), which is prepared by mixing
carbon powder with ionic liquids (ILs), has been widely used in the elec-
trochemical sensor in recent years. CILE has exhibited many advantages
such as high ionic conductivity,wide electrochemicalwindows and excel-
lent antifouling ability, so it can be used as the basal electrode for the fur-
ther modification [19]. Safavi et al. [20] fabricated a glucose sensor based
on nanoscale nickel hydroxidemodified CILE. Sun et al. [21] fabricated an
N-butylpyridinium hexafluorophasphate based CILE for the electrochem-
ical detection of DNA.

In this paper a new protein film based electrochemical biosensor
was prepared with Mb as a model redox protein. Due to the deep
burying of the redox proteins in the protein structures, direct electron
transfer of redox proteins with underlying electrode is different to be
realized. So it is necessary to use different kinds of promoters or me-
diators to enhance the electron transfer rate and shorten the dis-
tances between the redox electroactive centers with the substrate
electrode. Also the biocompatibility of the electrode interface is need-
ed to be remained to retain the biological structure of redox proteins.
Different types of modifiers such as biopolymers, nanoparticles, ILs
and surfactants had been used in the electrode modification. Also
various fabrication processes such as layer-by-layer assemble, cova-
lent binding, direct casting, and adsorption etc. were used. In this
work a GR–Pt nanocomposite was synthesized and used for the elec-
trode modification with a simple direct casting method. GR has been
used in the field of electrochemical sensor with the advantages such
as high conductivity, large surface area and electrocatalytic activity.
Due to poor dispersibility of GR nanosheets in the solvent, GR tends
to be an irreversible agglomerate together with the van der Waals in-
teraction and strong π–π stacking to give multilayer GR sheets or
even restack to graphite, which limits its electrochemical application.
By decorating metal nanoparticles on the surface of GR nanosheets,
the restacking of GR nanosheets could be prevented with the increase
of the surface area. Also noble metal nanoparticles such as gold and
platinum exhibit better electrocatalytic activity in the electrochemical
sensing. So the GR–Pt nanocomposite was introduced in the electrode
modification, which cannot only accelerate the electron transfer rate
but also provide a specific three-dimensional interface for the protein
immobilization. Direct electron transfer of the immobilized Mb was
investigated with Nafion, GR–Pt nanocomposite and CILE. Due to
the specific effects of GR–Pt nanocomposite such as high conductivity
and porous structure, the fabricated bioelectrode showed excellent
electrochemical behavior. Direct electrochemistry between Mb mole-
cules and the substrate electrode was easily achieved. The results
indicated that Nafion/GR–Pt nanocomposite could be a good candi-
date material for immobilizing biomolecules and fabricating the
third-generation biosensors.

2. Experimental

2.1. Reagents and apparatus

1-Butylpyridiniumhexafluorophosphate (BPPF6, LanzhouGreenchem
ILS. LICP. CAS., China), horseheart myoglobin (Mb, MW 17800, Sigma),
Nafion (5% ethanol solution, Sigma), graphite powder (average particle
size 30 μm, Shanghai Colloid Chemical Company, China) and trichloro-
acetic acid (TCA, Tianjin Kemiou Chemical Limited Company) were used
as received. 0.1 mol/L phosphate buffer solutions (PBS) with pH 7.0
were used as the supporting electrolyte. The GR–Pt nanocomposites
were prepared according to the reference [22]. All the other chemicals
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used were of analytical reagent grade and the deionized water was
used for all aqueous solutions.

A CHI 750B electrochemical workstation (Shanghai CH Instru-
ment, China) was used for the electrochemical measurements. A con-
ventional three-electrode system was used with a composite film
modified electrode as working electrode, a platinum wire as auxiliary
electrode and a saturated calomel electrode (SCE) as reference elec-
trode. Ultraviolet-visible (UV-Vis) absorption spectra and Fourier
transform infrared (FT-IR) spectra were recorded on a Cary 50
probe spectrophotometer (Varian Company, Australia) and a Tensor
27 FT-IR spectrophotometer (Bruker Company, Germany), respec-
tively. Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) were performed on JSM-6700F scanning
electron microscope (Japan Electron Company, Japan) and JEOL
JEM-2010HT transmission electron microscope (Japan Electron Com-
pany, Japan), respectively. Atomic force microscope (AFM) images
were recorded on Benyuan CSPM-5000 scanning probe microscope
(Benyuan Co., China) with a tapping mode. X-ray powder diffraction
(XRD) pattern was operated on a Japan RigakuD/Maxr-A X-ray dif-
fractometer equipped with graphite monochromatized high-intensity
Cu·Kα radiation (λ=1.54178 Å).

2.2. Synthesis of the GR–Pt nanocomposite

Graphite oxide (GO) was synthesized by the modified Hummer's
method [23]. To obtain the Pt nanoparticles decorated GR nanosheets
(GR–Pt), 51.0 mg GO was dissolved in 240 mL water by ultrasonic
treatment for 1 h to form a homogenous suspension, and 10.0 mL
0.02 mol/L H2PtCl6 was added under stirring. The pH value of this
mixture was adjusted to 11.86 by 1.0 mol/L NaOH. Then 2.0 g
NaBH4 was slowly added to the mixture with stirring for 26 h under
room temperature. Finally, the solid sample with about 50% (wt.) Pt
loading was collected after thorough washing with ethanol and de-
ionized water, and vacuum-dried at 40 °C. Based on these procedures
the pure GR–Pt nanocomposites could be prepared.

2.3. Fabrication of the Nafion/Mb–GR–Pt/CILE

CILE was fabricated by hand-mixing 0.50 g of BPPF6 and 1.5 g of
graphite powder in a mortar thoroughly. A portion of resulting homo-
geneous paste was packed firmly into a glass tube (Φ=4 mm) and
the electrical contact was established through a copper wire to the
end of the paste in the inner hole of the tube. Prior to use a
mirror-like surface was obtained by polishing the CILE surface on a
weighing paper.

The modifier was prepared by mixing 10.0 mg Mb and 9.0 μL
1.0 mg/mL GR–Pt dispersion solution into 1.0 mL 0.1 mol/L PBS
(pH=7.0) with oscillating for 1 min. Then 8.0 μL of the prepared
mixture was dropped on the surface of CILE and left it to dry at
room temperature. Finally, 8.0 μL of 0.5% Nafion was cast on electrode
surface to form a stable film. The resulted electrode was denoted as
Nafion/Mb–GR–Pt/CILE. Other modified electrode such as Nafion/
Mb/CILE was prepared by similar procedure and used for comparison.
All the electrodes were stored at 4 °C in a refrigerator under dry con-
ditions when not in use.

2.4. Procedure

Electrochemical experiments were carried out in a 10 mL electro-
chemical cell containing 0.1 mol/L PBS, which was purged with highly
purified nitrogen for 30 min prior to the experiments and a nitrogen
environment was kept during the electrochemical measurements.
The Nafion/Mb–GR–Pt film assembled on a glass slide was used for
FT–IRmeasurements. UV-Vis spectroscopic experimentswere performed
with a mixture solution of Mb, Nafion, GR–Pt with pH 7.0 PBS and
scanned in the wavelength range from 320 to 550 nm.
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3. Results and discussion

3.1. Characterization of nanocomposite

The synthesized nanomaterials were first characterized by SEM.
As shown in Fig. 1A, the morphology of GO exhibited a typical irregu-
lar sheet shape with a three-dimensional structure, which was suit-
able for the further decoration with metal nanoparticles. The SEM
morphology of as-synthesized GR–Pt material was shown in Fig. 1B
with the enlarged image exhibited as the inset of Fig. 1B. It was obvi-
ous that the individual Pt nanoparticles were well-separated from
each other and well-spread out on the surface of GR sheets with an
average diameter of 60 nm. The morphology of GR–Pt nanocomposite
was further characterized by TEM with the results shown in Fig. 1C. It
can be seen that the individual Pt nanoparticles were well-spread and
decorated on the GR sheets, which appeared as many dark dots dis-
persed uniformly on the lighter GR sheets. The results can be further
proved by the enlarged TEM image (inset of Fig. 1C) with many small
nanoparticles formed on the GR surface with better homogeneous
distribution. The appearances of some large particles may be attribut-
ed to the fold of GR nanosheets with the overlapped of the small par-
ticles to large ones. Typical AFM image of GR–Pt nanocomposite was
further recorded with the results shown in Fig. S1A. It can be seen
that Pt nanoparticles were decorated on the surface of GR sheets
and the average thickness of GR sheets was calculated as 4.5 nm by
the cross section analysis (as shown in Fig. S1B). However, single-
sheet GR is typically found to be in the order of 0.9–1.3 nm when
analyzed by AFM. The results indicated that a multilayer of GR was
formed due to the fluctuated and bended appearance of single layer
of GR. Fig. 1D showed the X-ray powder diffraction (XRD) pattern of
Fig. 1. SEM images of GO sheet (A) and GR–Pt nanocomposite (B) with inset as the enlarged o
(D) XRD result of GR–Pt nanocomposite.
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the final product. The obvious peaks appeared on the XRD results with
the (111), (200) and (220) diffraction peaks of Pt (JCPDS card, no.
87-0647), indicating that Pt nanoparticles were present in a crystalline
state. All the above results indicated that a GR–Pt nanocomposite was
successfully synthesized.

3.2. Spectroscopic result

UV-Vis absorption spectroscopy is a useful conformational probe
to investigate the second structure of redox proteins. In UV-Vis ab-
sorption spectrum the Soret band from the four iron heme groups
of heme proteins may provide the information on the conformational
integrity of the proteins and the possible denaturation or the confor-
mational change about the heme region [3]. As shown in Fig. 2 A, the
Soret band of Mb appeared at 407.0 nm in 0.1 mol/L pH 7.0 PBS
(curve a). While the mixture of Mb with Nafion and GR–Pt in PBS
exhibited the same Soret band with that of Mb solution, which indi-
cated that Mb in the composite matrix retained its native structure.

FT-IR spectroscopy is also used to check the conformational integ-
rity of the heme proteins. The shape and position of the amide I and II
infrared absorbance bands of proteins can provide information on the
secondary structure of the polypeptide chain. The amide I band
(1700–1600 cm−1) is attributed to the C_O stretching vibration of
the peptide linkage in the backbone of protein. The amide II band
(1600–1500 cm−1) is caused by the combination of N\H inplane
bending and C\N stretching vibration of the peptide groups [24]. If
the protein molecule is denatured, the intensities and shape of the
amide I and II bands will diminish or even disappear [25,26]. As
shown in Fig. 2 B, the amide I and II bands of Mb in Nafion–GR–Pt
composite film appeared at 1642 cm−1 and 1537 cm−1 (Fig. 2B b),
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Fig. 2. (A) UV-Vis absorption spectra of Mb (a) and Nafion–GR–Pt–Mb mixture (b) with pH 7.0 PBS, (B) FT-IR spectra of (a) Mb and (b) Nafion/GR–Pt–Mb film.
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which had the similar position to the native state of Mb at 1647 cm−1

and 1539 cm−1 (Fig. 2B a). The results also indicated that the native
structure of Mb was not changed in the Nafion–GR–Pt film.

3.3. Electrochemical impedance spectroscopy of the modified electrode

Electrochemical impedance spectroscopy (EIS) can give informa-
tion on the impedance changes of the interface during the modifica-
tion process. The semicircular portion at high frequencies in the
Nyquist diagrams corresponds to the electron-transfer-limited pro-
cess and its diameter is equal to the electron-transfer resistance
(Ret), which controls the electron-transfer kinetics of the redox
probe at the electrode. Meanwhile, the linear part at lower frequencies
corresponds to the diffusion process. Fig. 3 exhibited the EIS results of
different modified electrodes in the presence of 5.0 mmol/L K3

[Fe(CN)6]/K4[Fe(CN)6] and 0.1 mol/L KCl mixture solution with the fre-
quency swept from 104 to 0.1 Hz. The AC voltage amplitude was set as
5 mV and the applied potential was 202 mV. The Ret value of bare
CILE was got as 89 Ω (curve a), indicating that the charge transfer at
bare electrode was relatively facile. When Nafion and Mb were coated
on the electrode, a substantial increase in the diameter of the semicircle
was observedwith the Ret value as 167 Ω (curve b). The reasonwas due
to the presence of Nafion and Mb molecules on the electrode surface
could act as the inert electron and mass transfer blocking layer, and
hinder the diffusion of ferricyanide toward the electrode surface.
WhenGR–Pt nanocompositewas added on the electrode surface, the di-
ameter of Nyquist circle decreased dramatically with the Ret value as

w.sp
Fig. 3. Electrochemical impedance spectroscopy of (a) CILE, (b) Nafion/Mb/CILE, and
(c) Nafion/Mb–GR–Pt/CILE in the presence of a solution of 5.0 mmol/L [Fe(CN)6]3−/4− and
0.1 mol/L KCl with the frequencies from 104 to 0.1 Hz.
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34 Ω (curve c). Because GR–Pt nanocomposite has good conductivity
with large surface area, the presence of GR–Pt nanocomposite on the
electrode surface can act as a good electron–transfer media between
the probe and the electrode, which accelerate the electron transfer
rate of the [Fe(CN)6]3−/4− redox probe.

3.4. Electrochemical characteristics of Nafion/Mb–GR–Pt/CILE

Direct electrochemical behaviors of different modified electrodes
were carefully investigated in pH 7.0 PBS by cyclic voltammetry
with the results showed in Fig. 4. No electrochemical responses
were observed at Nafion/CILE (curve a), indicating no electroactive
substances existed on the electrode surface. After the addition of
Mb on the electrode surface, a pair of small and unsymmetric redox
peaks appeared (curve b), indicating that direct electron transfer be-
tween Mb and CILE was partly realized. Mb is a heme protein with
electroactive center, which can exchange the electron with the sub-
strate electrode under certain condition. CILE is a kind of modified
electrode with high conductivity and biocompatible interface, which
is suitable for the protein immobilization [27]. The small redox
peaks of Nafion/Mb/CILE indicated that the electron transfer rate
was slow. After the addition of GR–Pt nanocomposite in the Mb mod-
ified electrode, the redox peak currents increased gradually than that
of Nafion/Mb/CILE with the peak shape more symmetry (curve c).
Also the redox peaks almost unchanged after continuous potential cy-
cling. The results indicated that direct electron transfer rate of Mb
was enhanced on GR–Pt modified electrode with good stability. So
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Fig. 4. Cyclic voltammograms of (a) CILE, (b) Nafion/Mb/CILE and (c) Nafion/Mb–GR–
Pt/CILE in pH 7.0 PBS at the scan rate of 100 mV/s.
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the presence of high conductive GR–Pt nanocomposite played an im-
portant role in establishing a fast electron transfer path to facilitate
the direct electrochemistry of Mb with the underlying electrode.
When Pt nanoparticles were decorated on the GR nanosheets, an in-
crease of the surface area and surface roughness could be resulted.
Also the GR–Pt nanocomposite combined the good conductivity and
electrocatalytic ability of GR and Pt together, which was a benefit
for the acceleration of electron transfer between the Mb active cen-
ters with electrode. From curve c the values of anodic peak potential
(Epa) and cathodic peak potential (Epc) were derived at−0.311 V and
−0.394 V, respectively. The formal peak potential (E0′), which is cal-
culated from the midpoint of Epa and Epc, was estimated as –0.352 V
(vs. SCE). The result was the typical characteristic of electroactive
heme Fe(III)/Fe(II) redox couples. So the direct electron transfer of
Mb was successfully realized on the GR–Pt nanocomposite film mod-
ified electrode.

The influence of scan rate on the electrochemical responses of Nafion/
Mb–GR–Pt/ CILEwas further investigated by cyclic voltammetrywith the
results shown in Fig. 5. It can be seen that a pair of symmetric redox
peaks appeared in the scan rate range from 50 to 600 mV s−1. The
redox peak currents increased gradually with the increase of scan rate
and the relationships were established with two linear regression equa-
tions as Ipc(μA)=56.64 υ (V/s)–1.60 (γ=0.997) and Ipa(μA)=−52.78 υ
(V/s)–4.02 (γ=0.998), respectively. The results indicated that the elec-
trochemical behavior of Mb immobilized on the modified electrode
was a surface-controlled thin-layer process, in which the electroactive
Mb·Fe(III) in the film were reduced to Mb·Fe(II) on the forward cyclic
voltammetric scan and then fully reoxidized to Fe(III) on the reversed
scan.

With the increase of scan rate, the peak-to-peak separation (ΔEp)
also increased gradually, which indicated a quasi-reversible electro-
chemical process. Then the electrochemical parameters were calcu-
lated according to the model of Laviron's equations [28]:

Epc ¼ E0
′

−2:3RT
αnF

log υ ð1Þ

Epa ¼ E0
′

þ 2:3RT
1−αð ÞnF log υ ð2Þ

log ks ¼ α log 1−αð Þ þ 1−αð Þlogα− log
RT
nFv

− 1−αð ÞαFnΔEp
2:3RT

ð3Þ

where α is the electron transfer coefficient, ks is the apparent hetero-
geneous electron transfer rate constant, R is the gas constant and T is
the absolute temperature. Two straight lines were derived from the
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Fig. 5. Cyclic voltammograms of Nafion/Mb–GR–Pt/CILE in pH 7.0 PBS with different scan
rates (from a to i are 50, 100, 150, 200, 300, 400, 500, 550, and 600 mV/s, respectively).
Inset A: Linear relationship of cathodic and anodic peak current (Ip) versus scan rate (υ);
Inset B: Linear relationship of the redox peak potential Epa and Epc versus lnυ.
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equations as Epa(V)=0.0108 lnν–0.308 (γ=0.996) and Epc(V)=
−0.0311 lnν–0.391 (γ=0.997). Then the values of α and ks were
calculated as 0.472 and 0.584 s−1, respectively. It is well-known
that ks reflects the local microenvironment of the protein immobilized
on the electrode and the value obtained here is in the range of ks for typ-
ical surface-controlled quasi-reversible electron transfer processes. This
ks value is higher than that of Mb immobilized on Ag-CNTs/GCE
(0.41 s−1) [29] and Nafion/MWCNTs/CILE (0.33 s−1) [30], so the elec-
tron transfer of Mbwas facile due to the specific microenvironment pro-
vided by Nafion/GR–Pt composite film.

From the integration of the cyclic voltammetric reduction peaks, the
surface concentration (Γ*) of electroactive Mb in the composite can be
calculated from the equation: Q=nFAΓ* [31], where Q is the charge
passing through the electrode with full reduction of electroactive Mb,
n is the number of electron transferred, F is the Faraday's constant, A
is the area of electrode. The value of Γ* was 4.43×10−8 mol/cm2,
which was much greater than the theoretical monolayer coverage of
1.89×10−11 mol/cm2 [32]. The total amount of Mb cast on the elec-
trode surface was calculated as 7.65×10−8 mol/cm2, so 57.9% of the
immobilized Mb took part in the electrochemical reaction. The result
also demonstrated that the composite film provided a specific three-
dimensional porous microstructure with higher conductivity, which
was a benefit for multilayers of Mb on the electrode to exchange elec-
trons with the basal electrode.

.cn

3.5. Effect of pH

The solution pH can strongly affect the electrochemical behaviors
of redox protein on the electrode surface. So the influence of buffer
pH on the electrochemical responses of Nafion/Mb–GR–Pt/CILE was
investigated with the results shown in Fig. 6. In each pH solution a
pair of stable and well-defined reversible redox peaks of Mb was
observed. Furthermore both anodic and cathodic peak potentials
were shifted to the negative direction with the increase of pH value
from 4.0 to 10.0, and the maximum current response was occurred
at pH 7.0. In addition the formal peak potential (E0′) had a lin-
ear relationship with pH from 5.0 to 8.5 with a slope value of
−44.6 mV/pH (shown as inset of Fig. 6), which was reasonably
close to the theoretical value of −59 mV/pH. This may be owing to the
effects of the protonation states of transligands to the heme iron and
amino acids around the heme to the protonation of water molecules
coordinated to the center, which may exist in different states under
different pH values [33]. Thus, the electron-transfer between Mb and
the electrode can be presented by the following equation: Mb
Fe(III)+H++e−⇌Mb Fe(II).

.co
m

Fig. 6. Cyclic voltammograms of Nafion/Mb–GR–Pt/CILE in 0.1 mol/L PBS at different
pH values (from a to f: 5.0, 5.5, 6.0, 7.0, 7.5, 8.5) with the scan rate as 100 mV/s.
Inset: relationship of the formal peak potential (E0′) with pH.
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3.6. Electrocatalytic activity

TCA is an analog of acetic acid in which three hydrogen atoms of
the methyl group have all been replaced by chlorine atoms. It is wide-
ly used in biochemistry for the precipitation of macromolecules such
as proteins, DNA and RNA, and cosmetic treatments such as chemical
peels and tattoo removal. The bioelectrocatalytic behavior of the Mb
modified electrode towards TCA was further explored by cyclic
voltammetry with the results shown in Fig. 7. Upon the addition of
TCA to 0.1 mol/L PBS (pH 7.0), cyclic voltammograms of Nafion/
Mb–GR–Pt/CILE changed dramatically with an increase of reduction
peak current at −0.526 V and a decrease of oxidation peak current
(curves c–o), demonstrating a typical electrocatalytic reduction.
While no redox peak was observed at Nafion/GR–Pt/CILE under the
same conditions without Mb in the composite film (curves a and b).
According to the reference [34], the reaction processes were proposed
as follows:

MbFe IIIð Þ þ e⇌MbFe IIð Þ at electrode

Cl3CCOOH⇌Cl3CCOO
− þHþ pKa ¼ 0:89

2Mb FeðIIÞ þ Cl3CCOOHþ H
þ→2Mb FeðIIIÞ þ Cl2HCCOOHþ Cl

−
:

The catalytic reduction peak currents increased with the TCA con-
centration in the range from 0.9 to 9.0 mmol/L with the linear regres-
sion equation as Ipc (μA)=30.08 C (mmol/L)–36.34 (γ=0.997) and
the detection limit as 0.32 mmol/L (3σ). The detection limit for TCA
detection was smaller than that of the {PDDA/Hb}8 films modified py-
rolytic graphite electrode (PGE) (1.98 mmol/L) [35], {(PS–Hb)/PSS}6
modified PGE (3.0 mmol/L) [36] and Nafion/nano-CdS/Hb/CILE
(10.0 mmol/L) [37], indicating the better performance of the GR–Pt
nanocomposite modified electrode. When the TCA concentration
was more than 9.0 mmol/L, the reduction peak current turned to
level off, indicating a typical Michaelis–Menten kinetic process. So
the apparent Michaelis–Menten constant (KM

app) was calculated to be
0.126 mmol/L according to the Lineweaver–Burk equation [38]. Com-
pared with other kinds of Mb modified electrodes, this KM

app value is
lower than the report values such as that of Nafion/Mb/MWCNTs/
CILE (1.227 mmol/L) [30] and Mb-DNA-CILE (0.820 mmol/L) [39],
which indicated that Mb immobilized in Nafion/GR–Pt/CILE retained
its bioactivity and had a high biological affinity to TCA.

.sp
Fig. 7. Cyclic voltammograms ofNafion/GR–Pt/CILE in thepresence of (a) 0, (b) 10.0 mmol/L
TCA in 0.1 mol/L pH 7.0 PBS andNafion/Mb–GR–Pt/CILE in the presence of 0, 2.0, 2.5, 3.5, 4.5,
5.0, 5.5, 6.0, 7.0, 8.0, 8.5, 10.0, and 12.0 mmol/L TCA (curves c to o) with the scan rate as
100 mV/s. Inset was the linear relationship of catalytic reduction peak currents and the
TCA concentration.
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3.7. Stability and reproducibility of Nafion/Mb–GR–Pt/CILE

The storage stability of Nafion/Mb–GR–Pt/CILE was investigated by
storing it at 4 °C and measured intermittently. Ten days later the re-
sponse of the modified electrode retained 94.3% of its initial value. After
1 month of testing, the peak current response decreased about 9.5%.
The reproducibility of the current response for Nafion/Mb–GR–Pt/CILE
was examined with a 3.0 mmol/L TCA solution and the relative standard
deviation (RSD) was calculated as 3.5% for 10 independent determina-
tions. The above results indicated the good stability and reproducibility
of the modified electrode. Ten Mb modified electrodes were prepared
by the same procedure independently and the RSD value for the determi-
nation of 3.0 mmol/L TCA was calculated as 4.5%, which indicated the
modified electrode had good repeatability.

4. Conclusions

In this paper a GR–Pt nanocomposite was synthesized and further
employed for the immobilization of Mb molecules on CILE surface
with a Nafion film. UV-Vis absorption and FT-IR spectra indicated that
Mb retained its native structure in the Nafion–GR–Pt nanocomposite.
The utility of high conductive GR–Pt nanocomposite with big surface
area can endow the immobilized Mb molecules with well-maintained
bioactivity and enhanced transfer rate. A pair of well-defined redox
peaks appeared on the cyclic voltammograms, which indicated that
the direct electrochemistry of Mb was realized. The prepared biosensor
exhibited excellent electrochemical response to the reduction of TCA
without the addition of the electronmediators. So the strategy indicated
that GR–Pt nanocomposite modified electrode could serve as a good
electrochemical sensing platform for other bioactive molecules in
various biosensor designs.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.msec.2012.12.077.
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