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We report on the direct electrochemistry of myoglobin (Mb) immobilized on a composite matrix based on
chitosan (CHIT) and titanium carbide nanoparticles (TiC NPs) underlying on glassy carbon electrode (GCE).
The cyclic voltammetry and electrochemical impedance spectroscopy were used to characterize the modified
electrode. In deaerated buffer solutions, the cyclic voltammetry of the composite films of Mb-TiC NPs-CHIT
showed a pair of well-behaved redox peaks that are assigned to the redox reaction of Mb, confirming the ef-
fective immobilization of Mb on the composite film. The electron transfer rate constant was estimated to be
3.8 (±0.2)·s−1, suggested that the interaction between the protein and certain electrode surfaces may
mimic some physiological situations and may elucidate the relationship between the protein structures
and biological functions. The linear dynamic range for the detection of hydrogen peroxide was 0.5–50 μM
with a correlation coefficient of 0.999 and the detection limit was estimated at about 0.2 μM (S/N=3). The
calculated apparent Michaelis–Menten constant was 0.07 (±0.01) mM, which suggested a high affinity of
the redox protein–substrate. The immobilized Mb in the TiC NPs-CHIT composite film retained its bioactivity.
Furthermore, the method presented here can be easily extended to immobilize and obtain the direct electro-
chemistry of other redox enzymes or proteins.

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

In recent years, the direct electron transfer (DET) of biologically
important proteins has become one of the hottest research areas
due to its significance in both theoretical and practical application
[1,2]. Bernhardt [3] et al. have studied the direct electrochemistry of
non-heme diiron enzyme porcine purple acid phosphatase (uterofer-
rin, Uf) and was further used for calculation of acid dissociation con-
stants for Uf and its phosphate and arsenate complexes to understand
the role of these interesting metalloenzymes and their mechanism.
Pulcu [4] et al. have been extensively investigated the direct electro-
chemistry of heme proteins and revealed that the source of the coop-
erativity of cytochrome c554 protein does not appear to be related to
intermolecular interactions, but could be achieved by the relative ki-
netics of interfacial and intramolecular electron transfer events.
Sadeghi [5] et al. described the first direct electrochemistry of
human flavin-containing monooxygenase that catalyzes the oxygena-
tion of a wide range of nitrogen- and sulfur-containing drugs to iden-
tify Benzydamine and Tamoxifen drugs. Periasamy [6] et al. have
fabricated a sensitive glucose biosensor based on the direct electro-
chemistry of glucose oxidase at gelatin-multiwalled carbon nanotube
modified electrode, which showed good anti-interference ability and
+86 29 88303448.
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was successfully applied for glucose detection in human serum sam-
ples. It can provide a good model not only for study of the important
information about the dynamic characteristics in biological systems,
but also for probing the biosensing properties of a combination of bi-
ological macromolecules and designing new kinds of label-free bio-
sensors or biomedical devices [7–12].

Heme-based proteins such as hemoglobin (Hb), myoglobin (Mb),
horseradish peroxidase (HRP), and cytochrome c (Cyt c) have been
investigated. Among those proteins, Mb is generally used as a model
for the direct electron transfer process between redox proteins and
the modified electrode in the biological systems, due to the advan-
tages of commercial availability, well-documented structure and ex-
cellent electrocatalytic abilities. However, the DET between the
redox proteins and the bare solid electrode is usually slow because
the electroactive centers of proteins are deeply buried in its structure
and the proteins are easy to be irreversibly denatured [13–15]. To
solve this problem, several valuable immobilization strategies such
as adsorption [16], cross-linking [17], and layer-by-layer assembly
[18] have been successfully used for the immobilization of proteins
on electrode surfaces. Entrapment or encapsulation of proteins within
a biocompatible material by using simple procedures, especially
physical entrapment of biomolecules without the need of complicat-
ed covalently attachment, is certainly desirable. Among various bio-
compatible materials, chitosan (CHIT), a versatile biopolymer, has
been widely used as an immobilization matrix for biosensors and bio-
catalysis [19,20]. The combination of nanomaterials and CHIT can
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create unique materials that have open up new opportunities for the
study of DET of important redox proteins and the construction of bio-
sensors [21,22].

Besides, the acceleration of electron transfer rate is another aspect
to be considered. One of the most exciting recent developments is the
application of nanomaterials because of their excellent conductivity,
biocompatibility and optical-electronic properties [23–28]. Deng
[24] et al. has reported the DET of Superoxide Dismutase based on
ZnO nanodisks and its application in vivo detection of superoxide
anion in bean sprout. Xiao [25] et al. has reported the fabrication of
H2O2 biosensor by immobilizing HRP into a CeO2 nanocubes modified
electrode. Other nanomaterials, such as niobium pentoxide [26],
tungsten oxide [27], mesoporous carbon [28] and lanthanum phos-
phate [29] have been used successfully for immobilization of enzymes
and proteins. Those studies have showed that the new nanomaterials
exhibit high biocompatibility, high adsorption ability and little harm
to the biological activity of redox proteins. Transition metal carbides
have attracted significant interest for a number of applications due
to intrinsic material properties such as excellent thermal and chemi-
cal stability, corrosion resistance, and metal-like conductivity [30].
Being a representative example of these materials, titanium carbides
(TiC) exhibit high electrical conductivity, low density, high surface
area and catalytic activity [31–34], which has been considered as an
electrode material for sensing of Pb2+ ion [35]. Recently, TiC was
explored as a negative electrode for the electro-oxidation of borohy-
dride/ ammonia borane in alkaline media for fuel cell [36]. Moreover,
nanosized TiC shows greater advantages and novel characteristics
than regular sized particles, such as the much larger specific surface
area and high electron transfer rate. Liu [37] et al. have demonstrated
that TiC can be served as a favorable ion-path for electrolyte penetra-
tion and allowing for fast ionic transport and good electronic conduc-
tivity, thus show an excellent capacitance retention at high discharge
rates for pulse power applications. Brama [38] et al. have coated TiC
on titanium substrates to evaluate the biological response both in
vitro and in vivo. They found that the expression of genes central to
osteoblast differentiation, such as alkaline phosphatase and osteocal-
cin, were up-regulated in all cell lines grown on TiC, whilst genes in-
volved in modulation of osteoclastogenesis and osteoclast activity
were unchanged. Similar to TiC, another metal carbide, tungsten car-
bide was found that can accelerate the electron transfer between con-
ductive bacterial and the electrode, which was successfully used for a
high-performance, noble-metal-free microbial fuel cell construction
[39]. These properties may provide favorable conditions for enzyme
or protein immobilization.

Previous studies have shown that the interaction between the
protein and certain electrode surfaces may mimic some physiological
situations and may elucidate the relationship between the protein
structures and biological functions [40,41]. In this work, we describe
the direct electrochemistry of Mb immobilized on TiC NPs-CHIT com-
posite matrix. The electrochemical behaviors of the composite film
are thoroughly investigated by cyclic voltammetry and electrochemi-
cal impedance spectroscopy. The resulting biosensor can catalyze the
reduction of hydrogen peroxide (H2O2) and was used for sensitive
determination of H2O2. Accordingly, the TiC NPs-CHIT composite ma-
trix can be applied as a useful material for the design of enzymatic
biosensors and bioelectronics based on bioelectrochemistry.

2. Experimental

2.1. Reagents

Bovine myoglobin (Mb, MW. 64500) was purchased from Sigma
and used without further purification. TiC powders (>99% purity,
40 nm in diameter) were purchased from Kaier Company (China).
H2O2 (30%, w/v) and potassium hexacyanoferrate were of analytical
grades and used without further purification. CHIT (MW 1×106,
>90% deacetylation) was purchased from Shanghai Xiangsheng Bio-
technology Co., Ltd. (China). All solutions were prepared with ultra-
pure water (>18 MΩ·cm) obtained from a Millipore Milli-Q water
purification system.

2.2. Apparatus

A Model CHI660D Electrochemistry Workstation (Chenhua Instru-
ments in Shanghai, China) was employed for all the electrochemical
techniques. A three-electrode system, where a standard saturated cal-
omel electrode (SCE) served as reference electrode, a platinum wire
electrode as the auxiliary electrode, and the prepared electrodes as
the working electrode. All the electrochemical experiments were con-
ducted at room temperature. For Fourier-transform infrared (FTIR)
spectral studies, the Mb-TiC NPs film was prepared by dropping
Mb-TiC NPs suspension onto ITO surface and dried at 4 °C in a refrig-
erator to make Mb-TiC NPs/ITO sample. The Mb-TiC NPs film was
scraped carefully, and then the FTIR spectra of Mb and Mb-TiC NPs
were recorded by using KBr pellets of the samples on a Nicolet 380
FTIR Spectrometer (Thermo electron corporation, USA). UV–vis spec-
tra were recorded using a UV-2501PC spectrophotometer (Shimadzu,
Japan). Indium tin oxide (ITO) substrates with sheet resistance ≤10
Ω/cm from CSG Holding Co., LTD., (Shenzhen, China) were used and
cleaned by acetone in an ultrasonic bath for 10 min before use. The
Mb and Mb-TiC NPs-CHIT suspension with concentration of 1 mg/
mL, then 200 μL of this suspension was uniformly dropped onto ITO
with 160 cm2 areas and dried at room temperature to make Mb/ITO
and Mb-TiC NPs-CHIT/ITO sample. With ITO as the reference, the UV–
vis spectra of Mb and Mb-TiC NPs-CHIT were detected using UV–vis
spectrophotometer. Transmission electron microscopic (TEM) images
were acquiredwith a JEOL JEM-3010 high-resolution transmission elec-
tromicroscope using an accelerating voltage of 200 kV. TEM images
were obtained at different parts of the grid and with different magnifi-
cations. X-ray diffraction (XRD) experiment was performed with a Shi-
madzu XD-3A X-ray diffractometer (Japan) using Cu-Ka radiation
(k=0.15418 nm). The scan rate was 4°·min−1. Scanning electron mi-
croscopic (SEM)measurementswere carried out on a scanning electron
microscope (JEOL JSM-6700 F) at 20 kV. Samples were placed in alumi-
numstubs andwere then coatedwith a gold layer by sputtering in order
to enhance their conductivity.

2.3. Electrode preparation

A 1.0 wt.% CHIT solution was prepared by dissolving 1.0 g of CHIT
into a 0.05 M acetic acid (HAc) and diluted with ultrapure water to
form 1.0 wt.% solution, then was filtered using a 0.45 μm syringe filter
unit. Prior to use, a glass carbon disk electrode (GCE, 3 mm in diame-
ter, Model CHI104, CH Instruments, Austin, TX) was polished on a
polishing cloth with alumina of successively smaller particles
(0.3 μm and 0.05 μm diameter, respectively). Then the electrode was
cleaned by ultrasonication in ethanol and ultrapure water, respective-
ly. Typically, 2.0 mg TiC NPs was dispersed in 1.0 mL of CHIT solution
(1.0 wt.%) with the help of ultrasonic agitation. Then, 2 mg of Mb was
added into the above solution. The mixture was hand-mixed
completely and was allowed to be left for overnight at 4 °C in a refrig-
erator. The H2O2 biosensor was constructed by coating a drop of 10 μL
the resulting solution onto the modified electrode. The biosensor was
stored at 4 °C in a refrigerator when not in use. A 0.1 M pH 7.0 sodium
phosphate buffered (PB) solution was used in all electrochemical
studies unless otherwise stated. Electrolyte solutions were purged
with highly purified nitrogen for at least 20 min prior to experiments.
A nitrogen atmosphere was then kept over solutions in the cell.

Electrochemical impedance spectra (EIS) were performed in
5.0 mM K3Fe(CN)6+5.0 mM K4Fe(CN)6 solution containing 0.2 M
KCl. The impedance measurements were recorded at a bias potential
of +205 mV (vs. SCE) within the frequency range of 10 mHz–10 kHz.
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3. Results and discussion

3.1. Characterization of TiC NPs, Mb-TiC NPs-CHIT composite matrix and
electrodes

Fig. 1A shows the XRD data of the TiC NPs. Analysis of the diffrac-
tion patterns reveal the presence of a number of diffraction features
from TiC, corresponding to the (111), (200), and (220) crystal planes
[32,34]. No diffraction features indicative of other forms of impurity
phase were observed for TiC NPs. The shape of the diffraction peaks
suggests that the sample could be well crystallized with small particle
sizes. According to the Debye–Scherrer equation [42], the average
crystallite size of the TiC NPs was calculated to be ca. 40 nm. Fig. 1B,
C and D presents the SEM, TEM and particle distribution images of
nanosized TiC. A histogram was obtained using the Nano Measurer
1.2 program to measure the diameter of each particle. It can be seen
from the images that, sphere shape TiC NPs has uniform distribution
with the size distribution ranging from 14 to 57 nm. The mean size
and the standard deviation of the TiC NPs were 30.2 nm and 9.7 nm,
respectively. The mean size is consisting with the result from XRD
analysis.

To qualitatively investigate the biological activity of Mb before and
after immobilization on TiC NPs-CHIT composite film, the changes of
the Soret band were observed by monitoring the absorption band in
the prosthetic heme–group region of the composite film [43,44]. As
for Mb, the main characteristic peak located at about 400 nm is just
the characteristic absorption of the porphyrin–Soret band. Curves in
Fig. 2A showed the UV–vis spectra of Mb and Mb-TiC NPs-CHIT, re-
spectively. As can be seen, the position and shape of adsorption
bands (406 nm) for Mb in TiC NPs-CHIT composites (Fig. 2A, curve
b) are almost the same as those for free Mb (406 nm), suggesting
Fig. 1. (A) The X-ray diffraction spectrum of TiC NPs; (B) scanning electron microscopic, (C
histogram of TiC NPs.
that Mb entrapped in the composite films has similar structures to
the native state of Mb in PB solution. Moreover, a close inspection
of the spectrum of free Mb and the Mb-TiC NPs-CHIT at about
503 nm [45], also supporting the conclusion that the Mb immobilized
on TiC NPs-CHIT film indeed maintain its native structure.

It is well known that the amide I (1700~1600 cm−1) and amide II
(1620~1500 cm−1) of heme-proteins can provide detailed informa-
tion on the secondary structure of the polypeptide chain, so the Mb-
TiC NPs/CHIT film is also studied by FTIR. As shown in Fig. 2B, the
amide I and amide II bands of native Mb are located at 1654 and
1543 cm−1 in the FTIR spectrum (curve c), and the FTIR spectrum
of Mb-TiC NPs/CHIT film (curve d) has similar shapes to that of native
Mb, with the amide I and amide II bands only shifted slightly to 1650
and 1542 cm−1, respectively. The results indicate that the secondary
structure of Mb is kept as the native state of Mb and thus TiC NPs/
CHIT composite matrix might provide an excellent platform for the
study of the direct electrochemistry of Mb.

EIS is an effective method of probing the features of surface-
modified electrodes, which provide useful information on the imped-
ance changes of the electrode surface during the fabrication process
[46,47]. Nyquist plot commonly include a semicircle region lying on
the axis followed by a straight line. The semicircular part at higher
frequencies corresponds to the electron-transfer-limited process
and its diameter is equal to the electron transfer resistance (Ret),
which controls the electron transfer kinetics of the redox probe at
the electrode interface. Meanwhile, the linear part at lower frequen-
cies corresponds to the diffusion process. Such spectra can be used
for extracting the electron transfer kinetics and diffusional character-
istics. The respective semicircles diameters at the high frequencies
corresponding to the charge transfer resistance at the electrode sur-
face. Thus, the charge transfer resistance was used as a sensor signal.
) transmission electron microscopic images TiC NPs and (D) particle size distribution



Fig. 2. (A) The UV–vis absorption spectra of Mb (curve a) and Mb-TiC NPs-CHIT (curve
b); (B) Fourier-transform infrared spectra of Mb (curve c) and Mb-TiC NPs-CHI (curve
d) composite film.
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Fig. 3 displays the EIS of the GCE (a), CHIT/GCE (b), TiC NPs-CHIT/GCE
(c) and Mb-TiC NPs-CHIT/GCE (d) in 5.0 mM 5.0 mM K3Fe(CN)6+
5.0 mM K4Fe(CN)6 solution containing 0.2 M KCl. For bare GCE, a
small semicircle of impedance plot is observed (curve a). After the
GCE surface being modified by a CHIT layer, the EIS of the resulting
electrode layer shows higher interfacial electron transfer resistance
(curve b), indicating that the CHIT film obstruct the electron transfer
of the redox probe. Decreased electron transfer resistance is observed
when TiC NPs-CHIT is modified onto the GCE surface (curve c) com-
pared with that of CHIT modified GCE, suggesting that the presence
of TiC NPs enhances the conductivity of the modified film. When
the Mb is immobilized on TiC NPs/CHIT/GCE (curves d), the semicircle
of impedance plot is increased significantly, which further indicates
Fig. 3. Electrochemical impedance spectra of GCE (■), CHIT/GCE (●), TiC NPs-CHIT/
GCE (▲) and Mb-TiC NPs-CHIT/GCE (▼) in 5.0 mM 5.0 mM K3Fe(CN)6+5.0 mM
K4Fe(CN)6 solution containing 0.2 M KCl. Applied potential: +0.205 V (vs. SCE). Fre-
quency range: 10 mHz–10 kHz.
that Mb is effectively immobilized in the composite film and further
increase of the thickness of the composite film.

3.2. Direct electrochemistry of Mb-TiC NPs-CHIT/GCE

The electrochemical behaviors of the Mb-TiC NPs-CHIT/GCE are
examined by CV in 0.05 M pH 7.0 PB solution and the results are
shown in Fig. 4. Bare GCE (curve a) does not show any peaks in the
working potential range. As for the CHIT/GCE, also no peaks are ob-
served (curve b). While at the Mb-CHIT/GCE, only very small redox
peaks appeared in the voltammogram (curve c), this is possibly due
to the unfavorable orientation of Mb molecules on the electrode sur-
face. Only when TiC NPs was employed to immobilize Mb, there
appeared a couple of quasi-reversible redox peaks of Mb correspond-
ing to the active center of Mb Fe(III)/Fe(II) redox couple (curve d),
suggesting that the presence of TiC NPs facilitate the electron transfer
of Mb with the substrate electrode, and the direct electron transfer of
Mb was achieved in the TiC NPs-CHIT composite film. The formal po-
tential of Mb-TiC NPs-CHIT/GCE was −0.240 (±0.02) V (vs. SCE) and
the peak to peak separation was 51 (±1) mV.

Fig. 5 is the CVs of the Mb-TiC NPs-CHIT/GCE obtained in
0.05 M PB solution (pH 7.0) solution at various scan rates. The values
of ΔEp are almost independent on the scan rates in the range of 100 to
1000 mV·s−1. Inset of Fig. 6A showed that the cathodic and anodic peaks
current increases linearly with the increase of scan rates, suggesting the
electrochemical reaction of the composite film modified electrode is a
surface-controlled process. According to the equation Ip=n2F2vAГ/4RT
[48], the surface coverage (Г) of Mb on the electrode surface is estimated
to be 5.86 (±0.32)×10−10 mol·cm−2 from the slope of the Ip–v curve.
This value is larger than or similar to previously reported values for
Mb immobilized in other materials: collagen (1.1×10−10 mol·cm−2)
[49], Fe3O4@Au composite (9.18×10−10 mol·cm−2) [50], TiO2/
MWCNT (8.35×10−11 mol·cm−2) [51] and {PEG/ZrO2}6 (2.5×10−10

mol·cm−2) [52] films, suggesting that the nanostructured TiC NPs pro-
vide a large surface area and a higher capability of composite TiC NPs-
CHIT matrix for protein immobilization.

At higher scan rates, the plot of peak currents vs. scan rate deviat-
ed from linearity and the peak currents became proportional to the
square root of the scan rates. On the other hand, the oxidation peak
shifts to more positive potentials and the reduction peak shifts to
more negative potentials (Fig. 5B). When v≥2000 mV·s−1, the
values of cathodic and anodic peak potentials were proportional to
the logarithm of the scan rate with slopes of −2.3RT/αnF and 2.3RT/
(1−α)nF, respectively. The intrinsic mechanisms of electron transfer
reactions, and the detailed role of the protein in aiding the electron
transfer between redox centres, have become foci for extensive phys-
ical and biochemical investigations [53]. For example, the cell respira-
tion involves the stepwise oxidation of organic substrates via a
cascade of redox reactions. Thus measuring heterogeneous electron-
transfer rates for Mb, it is possible to predict the magnitude of the
Fig. 4. Cyclic voltammograms of GCE (a), CHIT/GCE (b), Mb-CHIT/GCE (c), and Mb-TiC
NPs-CHIT/GCE (d) in 0.05 M PB solution (pH 7.0) solution at a scan rate of 100 mV·s−1.
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image of Fig.�4


Fig. 5. Cyclic voltammograms of Mb-TiC NPs-CHIT/GCE in 0.05 M PB solution (pH 7.0)
solution at various scan rates (from inner to outer curve): 100, 200, 300, 400, 500, 600,
700, 800, 900 and 1000 mV·s−1. Insert graph: A) Ip/(μA) is presented as a function of v/
(mV·s−1) (v≤1000 mV·s−1); B) Ep/(V) is presented as a function of log v/(V·s−1) for
the higher scan rates (v>1000 mV·s−1). Error bars represent the standard deviation
for three independent measurements.
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homogeneous electron-transfer rate from Mb to electrode surface.
Based on the following Laviron equation, the electron transfer rate
constant ks as well as the transfer coefficient (α) was calculated.

logks ¼ αlog 1–αð Þ
þ 1–αð Þlogα–log RT=nFvð Þ– 1–αð ÞαFΔEp= 2:3RTð Þ ð1Þ

Where α is electron transfer coefficient. n is the number of elec-
tron transfer. ΔEp is the peak to peak potential separation. R, T and F
symbols have their conventional meanings. The calculated value of
ks and α was about 3.8 (±0.2)·s−1 and 0.45, respectively. The value
of ks is much larger than the value obtained for Nafion/MWCNTs/
CILE 0.332 s−1 [54], silk fibroin 1.34 s−1 [55], DNA/CILE 1.02 s−1

[56], and comparable for Fe3O4@Au 3.2 s−1 [50] and TiO2/MWCNT
3.08 s−1 [51]. Therefore, TiC NPs can provide a good environment
for Mb and facilitate the electron transfer of Mb, which may pave
the way for elucidating the relationship between the heme-protein
structures and biological functions.

3.3. Effect of pH values on the DET

The effect of pH values of the solution on the DET of the Mb-TiC
NPs-CHIT/GCE was studied. Results show that an increase of pH
value of the solution from pH 4.0 to 10.0 led to a negative shift of
both reduction and oxidation peak potentials of the Mb-TiC NPs-
CHIT/GCE. In general, all changes in the peak potentials and currents
Fig. 6. Cyclic voltammograms of Mb-TiC NPs-CHIT/GCE before (curve a) and after
(curve b) addition of 0.1 mL 0.1 M H2O2 to a 10.0 mL deoxygenated 0.05 M PB solution
(pH 7.0).
with the solution pH value were reversible in the pH value range
from 4.0 to 10.0. That is, the same CVs could be obtained if the elec-
trode was transferred from a solution with a different pH value to
its original solution. The formal potential E0' has a linear relationship
with pH values. The linear regression equation was obtained as E0'/
mV=160.4 (±2.6)–57.2 (±1.2) pH (n=7, r=0.9982). The shift of
E0' depending on pH value suggests that the redox reaction takes
place accompanied by the transfer of proton. The slope (−57.2
(±1.2) mV∙pH−1) is close to that expected theoretically −
59 mV∙pH−1 for a one-electron one-proton reaction [57], indicating
that a single proton transfer accompanied in the electrochemical pro-
cess of Mb. The electrochemical reduction of Mb can be simply
expressed as follows:

Mb½FeIII� þ e
− þ H

þ↔Mb½Hþ
–Fe

II� ð1Þ
3.4. Electrocatalytic ability of the Mb-TiC NPs-CHIT/GCE

It is well-known that proteins containing heme-groups, such as Hb,
Mb, and HRP is able to reduce H2O2 electrocatalytically [15,49–52]. As
shown in Fig. 6, when 0.1 mL 0.1 M H2O2 was added to a 10.0 mL deox-
ygenated pH 7.0 PB solution, the reduction peak of Mb-TiC NPs-CHIT/
GCE increased dramatically at about−0.3 V. At the same time, the oxi-
dation peak decreased (Fig. 6, curve b), demonstrating the typical elec-
trocatalytic reduction process of H2O2. The catalytic procedures can be
expressed as follows (compound I, denoted Mb[FeIVO•+]):

½MbðFeIIIÞ� þ H2O2→CompoundI þ H2O ð2Þ

CompoundI þ H2O2→½MbðFeIIIÞ� þ H2O þ O2 ð3Þ

½MbðFeIIIÞ� þ H
þ þ e

–→½MbðFeIIÞ�atelectrode ð4Þ

½MbðFeIIÞ� þ O2→½MbðFeIIÞ�–O2fast ð5Þ

½MbðFeIIÞ�–O2 þ H
þ þ e

–→½MbðFeIIIÞ� þ H2O2atelectrode ð6Þ

The overall reaction of Eqs. (2)–(6) would be:

H2O2 þ 2H
þ þ 2e

–→2H2O ð7Þ

The current–time amperometric curve is recorded under the con-
ditions of continuous stirring of the solution and successive step
changes of H2O2 concentration at −300 mV (vs. SCE) (as shown in
Fig. 7A). When an aliquot of H2O2 is added into 0.05 M PB solution,
the reductive current rises steeply to reach a stable value. The time
to reach 90% of the maximum current is within 3 s, which indicates
a fast response process. The H2O2 biosensor displays increasing am-
perometric responses to H2O2 with good linear range from 0.5 to
50.0 μM (Fig. 7B). The linear regression equation is Iss/μA=4.57
(±0.19)+0.29 (±0.02)·C(H2O2)/μM with the correlation coefficient
of 0.999. The linear response obtained with the biosensor covers the
physiological concentration range of H2O2, such as in the plasma ran-
ged from 13 to 57 μM [58] or the body fluid ranged from 25 to 60 μM
[59], indicating that the biosensor can be possibly used in the analysis
of human blood or body fluid samples. The detection limit was esti-
mated at about 0.2 μM (S/N=3). The linear range and detection
limit obtained with the biosensor based on the Mb-TiC NPs-CHIT
composite film are comparable with that of at Chit-MWNTs/Mb/
AgNPs [60], Mb-MCFs [61], and {collagen/Mb}n [49] composite films.
The sensitivity of Mb-TiC NPs-CHIT/GCE to H2O2 was found to be
4.08 (±0.03)μA·μM−1·cm−2. This value is higher than that of
0.59 μA·mM−1·cm−2 at Chit-MWNTs/Mb/AgNPs/GCE (applied po-
tential: −0.3 V (vs. Ag/AgCl)) [60], 0.43 μA·mM−1·cm−2 at Mb-
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Fig. 7. (A) Amperometric responses of the Mb-TiC NPs-CHIT/GCE at−300 mV (vs. SCE)
upon successive addition of H2O2 into a deoxygenated 0.05 M PB solution (pH 7.0); (B)
Iss/(μA) is presented as a function of [H2O2]/(μM). Error bars represent the standard de-
viation for three independent measurements.
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MCFs/GCE (applied potential: −0.4 V (vs. Ag/AgCl)) [61], 0.25
μA·mM−1·cm−2 at Mb–TiO2/MWCNTs/GCE (applied potential: −
0.4 V (vs. SCE)) [51] and 1.62 μA·mM−1·cm−2 at Mb-HSG-SN-
CNTs/GCE (applied potential: −0.45 V (vs. Ag/AgCl)) [62].

When the concentration of H2O2 was higher than 50.0 mM, the re-
sponse curve tended to level off, demonstrating typical Michaelis–
Menten kinetic characteristic of protein–based electrodes. The use
of the Eadie–Hofstee form of the Michaelis–Menten equation is
quite efficient in the kinetic analysis of the enzymatic reaction. For
amperometric biosensors the reaction rates are substituted with
steady-state current,

Iss ¼ Imax
ss –Kapp

m ðIss=CssÞ ð8Þ
Here Iss is the steady-state current, Css the concentration of sub-

strate, Km
app is the apparent Michaelis–Menten constant, and Iss

max is
the intercept on the current axis [63]. The corresponding plot yielded
an “apparent” Km of 0.07 (±0.01) mM. The value is smaller or compa-
rable than those reported for electrodes prepared by immobilizing
Mb on Fe3O4@Au, 0.15 mM [50], TiO2/MWCNTs, 0.08 mM [51], Fe3-
O4@Al2O3, 0.12 mM [64], DNA/CILE, 0.42 mM [56], and CILE,
0.14 mM [65], suggesting that Mb retained higher activity in the TiC
NPs-CHIT film on the surface of GCE. The good microenvironment
due to the synergistic effect of the hybrid composites might contrib-
ute to the improvement of the affinity and good performances of
the biosensor.

3.5. Influences of pH and applied potential to the H2O2 determination

The pH influence on the electrocatalytic reduction of H2O2 at the
Mb-TiC NPs-CHIT/GCE was investigated by measuring the current
response of 5.0 μM H2O2 in the pH range from 4.0 to 10.0. Results
showed that with solution pH increasing from 4.0 to 10.0, the cur-
rent response of the Mb-TiC NPs-CHIT/GCE increased and reached
a maximum value at pH 7.0. When the pH value is higher than
7.0, the slight decrease of amperometric response is observed,
which may due to the denaturing of the immobilized Mb. Previous
studies have demonstrated that the environmental electric field
could lead to the changes of energy status of proteins and subse-
quently the forces, in particular the electrostatic interaction, to
maintain the tertiary structure of proteins [66]. In pH 7.0 PBS solu-
tion, the Mb (pI=7.2) slightly positively charged. Thus, even after
considering the pI effect, the electrostatic interaction is expected
to be weak and the electrostatic interaction while have little effect
on the microenvironment around the heme site. So, pH 7.0 has
been used throughout the experiments.

The effect of applied potential on the steady state current of the Mb-
TiC NPs-CHIT/GCE showed that the electrocatalytic reduction of H2O2

could be observed at around−0.30 V.With applied potential decreasing
from−0.1 V to−0.5 V, the steady state current increased due to the in-
creaseddriving force for the fast reduction ofH2O2 at the lower potentials
and approached amaximumvalue at−0.3 V. Thus,−0.3 Vwas selected
as the working potential for amperometric H2O2 determination.

3.6. Stability and reproducibility of the composite film modified electrode

The stability of the Mb-TiC NPs-CHIT composite film modified
electrode is first evaluated by examining the cyclic voltammetric
peak currents of Mb after continuously scanning for 50 cycles. No de-
crease of the voltammetric response is observed, indicating that the
Mb-TiC NPs-CHIT composite film modified electrode is stable in buff-
er solution. The stability of the composite film modified electrode is
also checked by measuring the current response of the Mb-TiC NPs-
CHIT composite film modified electrode daily over a period of
30 days. When not in use, the electrode is stored dry at 4 °C in a re-
frigerator. It is found that the composite film modified electrode
maintain its 92% initial activity after 30 days. Conversely, without
the presence of TiC NPs, the current response of the Mb-CHIT modified
electrode decreased dramatically and maintains its 65% initial activity
after 7 days, after which, the composite film was easily collapsed and
falls off from electrode surface. The above results indicated that the
TiC NPs could greatly improve the composite film stably attached on
the GCE surface. The repeatability and reproducibility of the biosensor
were determined. The repeatability of one electrode was conducted
by adding 10 μL of 1.0 mM H2O2 into a 20 mL 0.05 M PB solution. The
relative standard deviation was 3.6% for 8 successive assays. Five Mb-
TiC NPs-CHIT/GCEs prepared by following identical steps was used to
estimate the reproducibility of the biosensor by measuring the current
responses of the Mb-TiC NPs-CHIT/GCEs to 5.0 μM H2O2. The relative
standard deviation was 5.7%.

4. Conclusions

In the present work, the direct electrochemistry of Mb fabricated
by using a composite matrix based on CHIT and TiC NPs was achieved.
Compared with the absence of TiC NPs used for fabricate the biosen-
sor, the presence of TiC NPs accelerated the DET rate between Mb and
the substrate electrode significantly. The resulting biosensor showed
excellent electrocatalytic activity towards the reduction of H2O2

with a wider linearity range and a lower detection limits. The excel-
lent performances of the resulting biosensor maybe that the combin-
ing of CHIT and TiC NPs substantially improve the protein stability.
The promising feature of the biocompatible hybrid materials could
serve as a versatile platform for the fabrication of electrochemical
biosensors.
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