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Abstract

Cyclic voltammetry at potential range −1.1 to 0.5 V from aqueous buffer solution (pH 7) containing CoCl2 produced a well defined cobalt
oxide (CoOx) nanoparticles deposited on the surface of glassy carbon electrode. The morphology of the modified surface and cobalt oxide
formation was examined with SEM and cyclic voltammetry techniques. Hemoglobin (Hb) was successfully immobilized in cobalt-oxide
nanoparticles modified glassy carbon electrode. Immobilization of hemoglobin onto cobalt oxide nanoparticles have been investigated by cyclic
voltammetry and UV–visible spectroscopy. The entrapped protein can take direct electron transfer in cobalt-oxide film. A pair of well defined,
quasi-reversible cyclic voltammetric peaks at about −0.08 V vs. SCE (pH 7), characteristic of heme redox couple (Fe(III)/Fe(II)) of hemoglobin,
and the response showed surface controlled electrode process. The dependence of formal potential (E0′) on the solution pH (56 mV pH−1)
indicated that the direct electron transfer reaction of hemoglobin was a one-electron transfer coupled with a one proton transfer reaction process.
The average surface coverage of Hb immobilized on the cobalt oxide nanoparticles was about 5.2536×10−11 mol cm−2

, indicating high loading
ability of nanoparticles for hemoglobin entrapment. The heterogeneous electron transfer rate constant (ks) was 1.43 s−1, indicating great of
facilitation of the electron transfer between Hb and electrodeposited cobalt oxide nanoparticles. Modified electrode exhibits a remarkable
electrocatalytic activity for the reduction of hydrogen peroxide and oxygen. The Michaels–Menten constant Km of 0.38 mM, indicating that the
Hb immobilized onto cobalt oxide film retained its peroxidases activity. The biosensor exhibited a fast amperometric response b5 s, a linear
response over a wide concentration range 5 μM to 700 μM and a low detection limit 0.5 μM. According to the direct electron transfer property and
enhanced activity of Hb in cobalt oxide film, a third generation reagentless biosensor without using any electron transfer mediator or specific
reagent can be constructed for determination of hydrogen peroxide in anaerobic solutions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Recently nanometer scale materials have attracted consider-
able attention due to their superior functional properties for a
wide range of technological applications, including catalysis,
optics, microelectronics, chemical sensors and biological
biosensors. Metal and metal-oxide nanoparticles are capable
of increasing the activities for many chemical reactions due to
the high ratio of surface atoms with free valances to the cluster
of total atoms. Furthermore, due to high surface area to volume
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ratio of nanoparticle derivatives materials, the size controlla-
bility, chemical stability and surface tenability provide an ideal
platform for exploiting such nanostructures in sensing, biosen-
sing and catalytic applications. In addition metal or metal oxide
nanoparticles have been widely used in the field of electro-
chemistry where they have found applications in electroanalysis
[1] and references therein], electrocatalysis [2,3] and biocata-
lysis, especially in sensors and biosensors fabrications [4].

In recent years, direct electrochemistry of proteins [5] and
enzymes [6] is an interest subject because of its potential
application in the study of the redox and electron transfer
properties of biomolecules. Furthermore, reversible direct
electron transfer between redox enzymes/proteins and electrode
surface is important in mechanistic study of biological systems
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[7], biosensing enzyme electrodes, biofuel cells, bioelectronic
systems [8] and constructing the third generation biosen-
sors without using redox mediators [9,10]. It is difficult for
enzymes and proteins to exchange electron with electrodes
surface directly, because they usually have large and complex
structure. In addition, the redox centers deeply immerse in the
bodies and three dimensional structures hinder interaction
with the electrode [11,12]. Therefore, the immobilization of
proteins/enzymes on the electrode surfaces is an approach to
achieving enhanced interfacial electron transfer [13]. Since
the immobilization of enzymes on modified solid surfaces
play a key role in the development of biosensors, bioreactors
and bioelectronics devices, various types of films have been
developed to immobilize different enzymes or proteins on
electrode surfaces [14].

Hemoglobin (Hb), a heme protein that consists of a four
polypeptide chain, each with one heme group which store and
transport oxygen in the red blood cells, is an deal molecule for
the study of electron transfer reactions of heme proteins and also
for biosensing and electrocatalysis. Furthermore, Hb is known
to have some intrinsic peroxidase activity because it has close
similarity to peroxidase. Due to stability of Hb, the employ-
ment of hemoglobin for electrocatalytic reduction of hydrogen
peroxide might be possible [15]. For the development of
mediator-free Hb sensor, the important step is the realization of
direct voltammetry of Hb. However, unlike some other small
heme proteins, such as cytochromes, in most cases Hb is
difficult to exhibit heterogeneous electron transfer process,
which means that the electron transfer of hemoglobin is very
slow. Therefore, no detectable current appears at conventional
electrodes, even when rather large overvoltages are applied.
However, the surfaces of the unmodified electrodes are incom-
patible materials that, in general, proteins undergo denaturation
upon immobilization on bare or unmodified electrodes and
consequently lose their bioactivities [16]. These inhibitions can
be overcome by modifying electrodes with mediators and pro-
moters [17,18] or incorporating enzymes and proteins into
various films on electrode surfaces [19,20,21]. The incorpora-
tion, direct electrochemistry and electrocatalytic activity of
hemoglobin in different polymer films, membranes or water
soluble surfactants such as poly-3-hydroxyl butyrate membrane
[22], poly amido amine dendrimer [23], triton X-100 [24],
cetylpyridinium bromide [25], didodecyldimethyl ammonium
bromide [26], SP sephadex membrane [27], chitosan biopoly-
mer films [28], poly-vinyl sulfonate [29], poly cationinc
poly (diallyldimethyl ammonium) [30] and silica sol–gel film
[15] have been reported. Although direct electrochemistry
was obtained for more modified electrodes, only few reversible
electrochemical behavior of immobilized hemoglobin was
observed and catalytic activity of the immobilized enzyme
was low.

The combination of biological molecules and novel nano-
materials components is of great importance in the processes
of developing new nanoscale devices for future biological,
medical and electronic applications [31]. A large number of
nanomaterials such as carbon nanotubes [32–34], clay nano-
particles [35] and nanometer-sized gold colloid particles [36]
have been shown to be suitable for the incorporation of enzymes
and proteins. Metal oxide particles and nanoparticles such as
manganeous oxide [37], zirconium oxide [38], titanium oxide
[39,40], tungsten oxide [41], iridium oxide [42], iron oxide [43]
and zinc oxide [44] have been used successfully for
immobilization and direct electrochemistry of enzymes and
proteins and their applications for biosensor fabrication. Due to
structure stability and small size of inorganic nanoparticles, they
provided a favorable microenvironment for redox proteins and
enzymes to transfer electrons with underlying electrodes and
their application for electrochemical catalysis of various
substances. In addition the small pores in metal oxide could
act as substrate-transport channels to decrease the mass transfer
resistance for efficient biocatalytic processes. Electrochemical
co-deposition of enzymes and matrix is a convenient single step,
which is fast and well controlled method [45]. To our best
knowledge, no report has been reported using cobalt-oxide for
immobilization proteins to fabricate biosensor. Following our
previous works for immobilization, direct electrochemistry and
electrocatalytic activity of enzymes and proteins [46–48], in the
present report, first cobalt oxide nanoparticles electrochemically
deposited onto a GC electrode and then their biocompatibility
for immobilization of Hb is investigated. Finally, direct voltam-
metry and bioelectrocatyalytic activity of immobilized protein
on cobalt oxide nanoparticles were investigated by various
spectroscopic and electrochemical techniques. The ability of
biosensor for electrocatalytic reduction of hydrogen peroxide
and oxygen was also evaluated.

2. Experimental

2.1. Chemicals and apparatus

Human hemoglobin (Hb, MW 66000) was purchased from
Sigma and used without further purification. 5 mg ml−1

hemoglobin solutions (pH 7) were stored at 4 °C. The phosphate
buffer solutions, PBS (0.1 M) were prepared form H3PO4,
KH2PO4 and K2HPO4 and adjusting the pH were regulated
with HCl and KOH solutions. H2O2 (30%w/w) was from
Merck, its diluted solution was prepared daily. CoCl2, and other
reagents used were of analytical reagent grade. All solutions
were prepared with double distillated water. Pure N2 was passed
through the solution to avoid possible oxygen action during the
experiments. Ultraviolet and visible (UV–vis) absorption
spectra were recorded with a Carry 1A UV–vis spectrometer
(Perkin-Elmer instruments) on an ITO glass electrode. The
morphologies of the surface were observed in a Vega-Tesacn
electron microscope. Electrochemical experiments were per-
formed with a computer controlled μ-Autolab modular electro-
chemical system (Eco Chemie Ultecht, The Netherlands),
driven with GPES software (Eco Chemie). A conventional
three-electrode cell was used with a SCE(sat KCl) as reference
electrode, a Pt wire as counter electrode and a glassy carbon
disk as working electrode. Voltammetry on electrodes coated
with Hb–cobalt oxide was done in buffers containing no
hemoglobin. All experiments were carried out at ambient
temperature of 20±1 °C.



Fig. 2. UV–visible spectra of catalase in PBS (pH 7) phosphate buffer solution
(curve A) and Hb-CoOx film on ITO electrode (curve B).
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2.2. Preparation of cobalt oxide modified glassy carbon and
indium tin oxide electrodes

To prepare a cobalt oxide modified electrode a GC electrode
was polished with emery paper followed by alumina (1.0 and
0.05 μm) and then thoroughly washed with twice-distilled water.
To remove adsorbed particles the electrode was placed in a bath
ultrasonic cleaner. Cobalt oxihydroxide film was electrodepos-
ited on the surface of glassy carbon electrode from 1 mM cobalt-
chloride pH 7 phosphate buffer solution, using repetitive
potential cycling (30 cycles at 100 mV s−1) between 0.5 and
−1.1 V [49]. Modified electrode was eventually washed with
double distilled water and stored at ambient temperature (20 °C)
before being used in experiments. The same procedure was used
for electrodeposition of cobalt oxide nanoparticles onto an
indium thin oxide (ITO) glass electrode.

2.3. Immobilization of hemoglobin onto a GC and ITO
electrodes modified with cobalt oxide nanoparticles

Cyclic voltammetry was used for immobilization of
hemoglobin onto cobalt oxide nanoparticles. After the deposi-
tion of cobalt oxihydroxide nanoparticles onto GC electrode,
the electrode was immersed in fresh phosphate solution
containing 5 mg ml−1 hemoglobin and the potential was
repetitively cycled (20 scans) from 1.2 to −0.5 V at scan rate
50 mV s−1 for immobilization of hemoglobin. The effective
area of the electrode modified with cobalt oxide nanoparticles
was determined as 0.15 cm2 from cyclic voltammogram of
1 mM K3[Fe(CN)6] in buffer solution pH 7. This procedure also
was employed for immobilization of hemoglobin and cobalt
oxide nanoparticles on an ITO electrode. Finally, the modified
electrode was removed from hemoglobin solution, washed with
Fig. 1. SEM image of the electrodeposited cobalt oxide on glassy carbon, scale
bare 500 nm. Inset is the SEM image with lower magnification for the same
sample, scale bar is 5.0 micron.
double distilled water and stored at refrigerator temperature
(4 °C) before being used in experiments.

3. Results and discussions

3.1. Characterization of cobalt oxide nanoparticles

In order to investigate the formation and growth of the cobalt
oxide particles, different parts of the electrode surface were
observed by scanning electron microscope (SEM). Fig. 1 shows
a typical image of an electrodeposited cobalt oxide film on
glassy carbon electrodes. It can be seen that small particles with
average size of less than 100 nm is almost uniformly distributed
on the surface of electrode forming a thin layer. ED's analysis
proves that these particles are cobalt oxide. In addition to well
distributed small particles large agglomerated particles are also
observed on the image. The inset of this figure shows SEM
image of the same sample with lower magnification (the scale
bar is about 5 μM). As we can see, a large agglomerated particle
with the average size varies from under 200 nm to slightly less
than 600 nm also observed on the image. The formation of
cobalt oxide layer on the electrode surface was checked by
recording cyclic voltammograms of the modified electrode in
alkaline solution without cobalt ions (not shown).We observed a
voltammogram same as others reported in the literature [49,50].

3.2. UV–visible spectroscopic analysis

It is well known that the shape and position of the sorbent
absorption bands can provide information about possible
denaturation of heme proteins [51], so UV–visible spectra
was employed to investigate the interaction between hemoglo-
bin and cobalt oxide nanoparticles. Fig. 2 shows the spectra of
Hb in PBS (pH 7) and Hb immobilized onto cobalt-oxide film
electrodeposited on ITO glass electrode. The hemoglobin cobalt
oxide film (Curve B) showed similar soret absorption band at
407 nm to that of hemoglobin in pH 7 phosphate buffer solution
(Curve A).The slight shift in soret band may be due to
interaction between cobalt oxide nanoparticles and protein.
Such interactions neither destroy the protein structure nor



Fig. 3. CVs of glassy carbon electrode modified with cobalt oxide nanoparticles
(a) and Glassy carbon electrode modified with cobalt oxide nanoparticles and
Hb (b), electrolyte is PBS (pH 7), scan rate is 100 mV s−1.
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change the fundamental microenvironment of the biomolecules.
This result indicates no observable denaturation of hemoglobin
happened on cobalt oxide film.

3.3. Direct voltammetry of hemoglobin at cobalt oxide modified
glassy carbon electrode

In order to investigate the electrochemical properties of Hb
adsorbed onto cobalt oxide modified film, cyclic voltammo-
Fig. 4. CVs of Hb/ CoOx modified GC electrode at various scan rate in pH 7 PBS, (a)
are plots of anodic and cathodic peak currents vs. scan rate (A) and square root of s
gram of the modified glassy carbon electrode in 0.1 M phos-
phate buffer solution (pH 7) were recorded. As shown in Fig. 3
no redox peaks can be seen for GC electrode modified with
cobalt oxide nanoparticles at potential range 0.5 to −0.8 V
(voltammogram “a”). However, for GC electrode modified with
CoOx–Hb a pair of reduction–oxidation peaks with formal
potential −0.08 V is clearly observed (voltammogram “b”). The
separation of anodic to cathodic peak potentials is (ΔE=60 mV)
and ratio of anodic to cathodic peak currents is about one. This
result indicates that hemoglobin undergoes a quasi-reversible
redox process at the glassy carbon electrode modified with
cobalt oxide nanoparticles. Thus, cobalt oxide film must have a
great effect on the kinetics of electrode reaction and provide a
suitable environment for the hemoglobin to transfer electron
with underlying GC electrode. It is possible that cobalt oxide
nanoparticles provided a three dimensional stage and some of
the restricted orientations also favored the direct electron
transfer between the protein molecules and the underlying
electrode. Furthermore, the shapes of anodic to cathodic peaks
were nearly symmetric, and the heights of reduction and
oxidation peaks are the same. This behavior suggests that all of
the electroactive HbFe(III) within the film are converted to
HbFe(II) on the forward scan to negative potential and visa
versa. The formal potential (E0′), estimated as midpoint of
cyclic voltammogram reduction and oxidation peak potentials
10 (b) 20 (c) 30 (d) 40 (e) 50 (f) 60 (g) 70 (h) 80 (i) 90 and (k) 100 mV s−1, Insets
can rate (B). (C) Plot of peak potential separations vs. log (scan rates).



Fig. 5. Recorded cyclic voltammograms of Hb/CoOx modified GC electrode in different pH solutions, from right to left 5 to 12, scan rate 100 mV s−1. Inset plot of
formal potential vs. pH values.

126 A. Salimi et al. / Biophysical Chemistry 130 (2007) 122–131
(−0.08 V), about 100–200 mV is more positive than the
hemoglobin formal potential at the surface of other modified
electrodes presented in the recent works, such as; carbon paste
silica sol–gel film [15] poly acryl amide hydrogel film [21],
poly-3-hydroxybutyrate [22], polyamidoamine dendrimer [23],
triton X-100 [24], cetylpyridinium bromide [25], didodecyldi-
methyl ammonium bromide [26], SP sephadex [27], nanometer-
sized gold colloid particles [36], tungsten oxide [41], iron oxide
Fig. 6. (A) The 1st (a) and 100th (b) recorded cyclic voltammograms of GC electrode
fresh modified electrode (a) and after it kept at refrigerator for 3 days (b), electrolyt
multilayer film [43], chitosan and calcium carbonate nanopar-
ticles [52] and compared with dissolved hemoglobin in an
aqueous solution [53]. The high surface activation of the
modified electrode decreases the formal potential of hemoglo-
bin at cobalt oxide film in compared above mentioned films
presented in the literature. To obtain the kinetic parameters of
hemoglobin at cobalt oxide film the scan rate effect was
investigated. Fig. 4 shows recorded cyclic voltammograms at
modified with Hb and cobalt oxide. (B) Recorded cyclic voltammograms of the
e was PBS with pH 7 and scan rate was 100 mV s−1.



Fig. 7. Recorded cyclic voltammograms for (a) GC–CoOx film in buffer
containing no H2O2 (b) as (a) in the presence 15 mM of H2O2, (c) and (d) as
(a) and (b) for Hb/CoOx modified glassy carbon electrode, scan rate 20 mV s−1

and electrolyte was PBS (pH 7).
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different scan rates. As shown in inset (A) of Fig. 4 the plots of
peak currents vs. scan rates exhibits a linear relationship
(R2 =0.9957), as expected for surface confined redox process.
The peak to peak separation is about 60 mVat scan rates below
Fig. 8. (A) cyclic voltammetry response of Hb/CoOx modified GC electrode in the p
(a) 0.0 (b) 3 (c) 6 (d) 9 (e) 12 (f) 15 (g) 18 and (i) 21 mM. (B) The catalytic response vs
CoOx modified GC electrode for different bubbling time of oxygen (a) 0.0 (b) 6 (c) 1
oxygen.
100 mV s−1, suggesting facile charge transfer kinetics over this
range of sweep rates. On the other hand it is found that at the
scan rate of above 2.5 V s−1, ΔEp increases by increasing the
scan rate. The values of peak-to peak potential separations are
proportional to logarithm of the scan rate for scan rate higher
than 2000 mV s−1 (inset C of Fig. 4). According to the Laviron
theory the transfer coefficient (α) and electron transfer rate
constant (ks) can be estimated by measuring the variation of
peak potential with scan rate [54]. The transfer coefficient (α)
and heterogeneous electron transfer rate constant of hemoglobin
are about 0.45 and 1.4±1 s−1, respectively. This value for
electron transfer rate constant is comparable or higher than
apparent heterogeneous electron transfer rate constant of
hemoglobin at nanometer-sized gold colloid particles 0.49 s−1

[33], nanocrystaline titanium oxide film 0.137 s−1 [36],
tungsten oxide 0.97±06 s−1 [38] chitosan and calcium car-
bonate nanoparticles 1.8 s−1 [52] mesoporous silica modified
glassy carbon electrode 0.92±18 s−1 [55] and carbon nanotubes
0.062 s−1 [56]. This value shows that the electron transfer of
hemoglobin on cobalt oxide nanoparticles is facile. It is
assumed that the nanoparticles increase the surface area, active
point for adsorbing hemoglobin and also make the film more
porous for facilitating electron transfer. In addition, special
nanostructure of cobalt oxide may act as molecular wire
enhances the direct electron transfer of hemoglobin. The surface
concentration of electroactive species Γc can be approximately
resence different concentration of H2O2 in PBS (pH 7) at scan rate 20 mV s−1,
. hydrogen peroxide concentrations. (C) Recorded cyclic voltammograms of Hb/
2 (d) 18 (e) 24 (f) 30 and (g) 36 s. (D) Plot of peak current vs. bubbling times of



Fig. 9. Amperometric response of rotating Hb/CoOx modified GC electrode to H2O2, conditions −0.45 V constant potential, pH 7.0 and rotation speed is 2000 rpm,
(A) successive addition of 20 μM and (B) 5 μM of hydrogen peroxide. (C and D) Plots of chronoamperometric current vs. H2O2 concentration. (E) Recorded plot for
determination of KM.
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calculated from the slope of peak currents vs. scan rate. For a
reversible surface reaction, the peak current has been given by
the following equation [57]:

Ip ¼ n2F2vACc=4RT ð1Þ
Where v is the sweep rate, A is the effective surface area

(0.15 cm2) of the modified electrode and the other symbols have
their usual meaning. From the slope of cathodic peak currents
vs. scan rate the calculated surface concentration of hemoglobin
is 5.25×10−11 mol cm−2, indicating a sub-monolayer of Hb
immobilized onto cobalt oxide film.
3.4. pH effect, stability and reproducibility of Hb–cobalt oxide
modified electrode

Cyclic voltammograms of modified electrode were recorded
at different buffer solutions (pH 2–10) in the absence of oxygen
(Fig. 5). A pair of well defined and stable redox peaks obtained
for adsorbed Hb in different pH values. Both reduction and
oxidation peak potentials of the Fe(III)/Fe(II) redox couple of
hemoglobin at cobalt oxide nanoparticles modified GC
electrode are negatively shifted by increasing pH values. The
pH dependences of the peak potentials from pH 5 to 12 can be
expressed as follows:

E0¼� 55:4 pHþ0:3354 R2¼ 0:9916
� � ð2Þ

This slope is reasonably close to the theoretical value of
−58.6 mV pH−1 at 25 °C for a reversible one proton coupled
with one electron redox reaction process [58].

HbFeðIIIÞ þ Hþ þ e−→HbFeðIIÞ ð3Þ
Furthermore, the same voltammogram can be obtained if the

electrode is transferred from a solution with a different pH value
back to its original buffer solution (pH 7). Long term stability is
one of the most important properties for sensors, biosensors
and bioreactors. The stability of Hb–cobalt oxide film electrodes
was investigated by cyclic voltammetry. The working stability of
the modified electrode was verified by monitoring the remaining
amount of active Hb after successive sweeps of cyclic voltam-
mograms, 100 cycles with scan rate of 100 mV s−1 in potential
range 0.5 to −0.55 V (Fig. 6A). The peak height and peak
potential of the immobilized enzyme remained nearly unchanged
and amount of Hb remaining on the electrode surface were almost
97% of its initial value after 100 cycles. In addition no significant
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decrease can be seen after replacing the electrolyte that has been
used for 100 repetitive cycles with fresh buffer solution. The
stability of the modified filmwas investigated by recording cyclic
voltammogram of GC–Hb–CoOx electrode in buffer solution
(pH 7), after storing it in refrigerator (4 °C) for 3 days (Fig. 6B).
The enzyme electrode retained 96% of its initial current response
after intermitted use over 3 days. High stability of modified
electrode is related to the chemical stability of cobalt oxide film,
the interaction betweenHb and cobalt oxide and strong adsorption
of Hb on cobalt oxide nanoparticles. Therefore, the Hb–cobalt
oxide modified glassy carbon electrode, can be used as a bio-
sensor due to its long term stability and excellent electron transfer
rate constant.

In order to study the reproducibility of the biosensor and
reliability of fabrication procedure, five glassy carbon electrodes
modified with cobalt-oxide nanoparticles and Hb were prepared
independently. Cyclic voltammograms of biosensors were
recorded in buffer solution. The relative standard deviation
(RSD) value of measured cathodic peak currents was 6%. Fur-
thermore, the five electrodes showed acceptable reproducibility
based on the current determination of 10 mM hydrogen peroxide
(RSD 3%). For Hb–CoOx nanoparticles modified glassy carbon
electrode, the relative standard deviation (RSD) determined by 6
successive assays of a 10 mM hydrogen peroxide sample was
2.5%. Good reproducibility and stability of the biosensor can be
attributed to the natural features of cobalt oxide nanoparticles and
the strong interaction between CoOx and Hb. Furthermore, high
degree of biocompatibility of cobalt oxide provide good matrix to
adsorb Hb and keep its native structure. A conclusion can be
drawn from the above results that our immobilization procedure is
efficient for retaining the electrocatalytic activity of Hb and
preventing it from leaking out of the electrode.

3.5. Electrocatalytic reduction of hydrogen peroxide and
oxygen at GC electrode modified with Hb and cobalt oxide

Hemoglobin such as other proteins and enzymes containing the
heme group, have ability to reduceH2O2 andO2 electrocatalytically
based on the following equations:

HbFeðIIIÞ þ Hþ þ e−→HbHFeðIIÞ ð4Þ

2HbHFeðIIÞ þ H2O2→HbFeðIIIÞ þ 2H2O ð5Þ
Electrocatalytic reduction of hydrogen peroxide and oxygen

using Hb–CoOx nanoparticles modified GC electrode was
investigated by recording cyclic voltammograms in the absence
and presence hydrogen peroxide and oxygen. Fig. 7 shows cyclic
voltammograms of cobalt oxide modified GC electrode and
CoOx/Hb modified GC electrode in the absence and presence of
H2O2. As shown when H2O2 was added to buffer solution
reduction response was started at −0.05 V and an obvious
catalytic reduction peak appears at the potential of −0.4 V
(voltammogram “d”). For CoOx modified glassy carbon
electrode, no redox response of H2O2 can be seen in the potential
range from 0.5 to −0.8 V (voltammogram “b”). The reduction of
overvoltage and increasing the peak current of hydrogen peroxide
reduction confirm that Hb have high catalytic ability for H2O2

reduction. Therefore, Hb/CoOx nanoparticles are very suitable for
fabrication third generation of mediatorless biosensors for
determination of hydrogen peroxide. Cyclic voltammogram of
the modified electrode in the presence different concentration of
hydrogen peroxide was recorded (Fig. 8A). As shown in inset
Fig. 8A peak currents linearly increased with increasing hydrogen
peroxide concentration. The calibration plot is linear (correlation
coefficient, 0.991) for a wide range of concentration (1–21 mM).
The sensitivity and the detection limit (3σ) of the biosensor
towards hydrogen peroxide were found to be 0.0952 μA/mM and
90 μM, respectively. When the biosensor immersed in buffer
solution saturated with O2, a large reduction peak could be
observed while oxidation peak almost disappeared. In addition
with increasing bubbling time of oxygen to buffer solution
(increasing oxygen concentration) cathodic peak currents in-
creased (Fig. 8B). The results indicate high electrocatalytic
activity of Hb immobilized on cobalt oxide nanoparticles for
oxygen reduction.

3.6. Amperometric detection of H2O2 at Hb/CoOx nanoparticles
modified glassy carbon electrode

Fig. 9 shows the steady-state current response of hydrogen
peroxide for the modified electrode with constant potential of
−0.4 V. As shown, during the successive addition of 20 μM
(chronoamperogram A) and 5 μM (chronoamperogram B) of
H2O2, a well defined response is observed. The plot of response
current vs. hydrogen peroxide concentration is linear over the
wide concentration range of 5 μM to 0.7 mM. The calibration
plot over the concentration range of 5–80 μM (16 points) has a
slope of 1.2 nA/μM (sensitivity), correlation coefficient of
0.9981 and the detection limit of 0.6 μM at signal to noise ratio
of 3. For hydrogen peroxide concentration higher than 600 μM,
a response plateau was observed, showing the characteristics of
the Michaelis–Menten kinetic mechanism. The Michaelis–
Menten constant (KM) gives an indication of the enzyme-
substrate kinetics. The apparent (KM) constant, can be obtained
from the Lineweaver–Burk equation [59].

1=Iss¼1=Imax þ KM=Imax � 1=C ð6Þ

Here, Iss is the steady-state current after the addition of
substrate, C is the bulk concentration of substrate and Imax is the
maximum current measured under saturated substrate solution.
The Michaelis–Menten constant of the system (KM) in this
work is found to be 0.385 mM, implying that the Hb/CoOx
modified glassy carbon electrode exhibits a higher affinity for
hydrogen peroxide. The value of KM for Hb in this work is
smaller than that obtained at electrodes modified with
immobilization of other enzymes and proteins such as; Hb
sol–gel film carbon paste electrode,0.898 mM [15], Hb in poly-
3-hydroxybutyrate membrane, 1.3 mM [22], Hb in triton X-100,
4.27 mM [24], Hb in a SP sephadex membrane, 1.9 mM [27],
Hb immobilized onto ZrO2, 1.77 mM [38], Hb immobilized
onto mesoporous tungsten oxide, 1.84 mM [41], and Hb
entrapped into nickel oxide film, 1.37 mM [46], Hb entrapped
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in chitosan and CaCO3 nanoparticles, 0.75[52], horseradish
peroxidase(HRP)-based H2O2 sensor [59] and Hb immobilized
in mesoporous silicas, 2.87 mM [60]. Therefore it clearly shows
that the peroxidase activity of entrapped Hb in cobalt oxide
nanoparticles is greatly enhanced, which is comparable to Hb
immobilized onto different surfaces and modified layers. The
smaller value of KM validates that the immobilized Hb on cobalt
oxide nanoparticles possesses higher enzymatic activity and the
proposed electrode exhibits a higher affinity for hydrogen
peroxide than other H2O2 biosensors.

4. Conclusion

Hemoglobin was successfully immobilized at GC electrode
modified with electrodeposited cobalt oxide nanoparticles. The
CoOx nanoparticles showed strong adsorption to Hb, leading to
great enhancement of enzyme loading and improvement of its
behavior due to their excellent biocompatibility. This method is
advantageous when compared to other immobilization proce-
dures because of the short immobilization time and no need for
an electron transfer mediator or specific reagent. The biosensor
exhibited good performance for electrocatalytic reduction of
H2O2. Cobalt oxide nanoparticles in the biosensing interface not
only could offer a friendly environment to immobilize Hb but
also efficiently improved the electron transfer between Hb
and electrode surface. Moreover, due to good biocompatibility,
high adsorption ability and little harm to the biological activity
of cobalt oxide nanomaterials, they have potential applications
in the field of bioelectrochemistry, biosensors, bioelectronics
and biofuel. The good performance of Hb/CoOx/GC electrode
indicates these nanoparticles provided a suitable matrix for
protein immobilization and well kept the bioactivities of
protein. Finally the new matrix is strongly recommended for
immobilization of many other enzymes or proteins for
fabricating of third generation biosensors and bioelectronics
devices.
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