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ABSTRACT

In this study, direct electron transfer between immobilized hemoglobin (Hb) and zinc oxide nanoparticles
modified carbon paste electrode was studied. Direct electrochemical response of Hb on the modified electrode
can be achieved and a couple of well-defined and nearly reversible cyclic voltammetric peaks of Hb can be
observed in a phosphate solution. The Hb immobilized on the Modified electrode with Zno Nps displayed a pair
of redox peaks in 0.1 M pH 7.0 PBS with a formal potential of + (292 + 2) mV (vs. SCE). Hb adsorbed on the
modified electrode surface shows a good activity for the reduction of hydrogen peroxide (H,O,). The reduction
peak currents were proportional linearly to the concentration of hydrogen peroxide. The Hb/ Zno Nps/ CPE had

good repeatability and stability for the determination of H,O,.

Key words: biosensor, hemoglobin, zinc oxide nanoparticles, hydrogen peroxide

Introduction

The Nanotechnology is a technology concerning
processes which are relevant to physics, chemistry
and biology taking place at a length scale of one
divided by 100 million of a meter[1]. Maybe a little
bit more enlightening although equally naive is to
say that nanotechnology is the art of producing little
devices and machines, somewhat at the molecular
scale [2-4]. However, the scientific definition that
may be slightly involved is to say that
nanotechnology is concerned with the grey area
between classical mechanics and quantum mechanics
[5]. Classical mechanics is the mechanics governing
the motion of all the objects we can see with our
naked eye. One of the more advanced areas in this
field currently involves the use of metal and
semiconductor nanoparticles (NPs) in biological
sensing applications [6]. The many techniques of
immobilization of biomolecules on the surface of
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magnetic nanoparticles have enabled the production
of bioconjugates with magnetic properties and these
substances are useful for the delivery and recovery of
biomolecules in biomedical applications [7-9]. A
very important property of this type of nanoparticles
for electrochemical biosensors is their ability to
provide a favorable microenvironment for
biomolecules such as proteins to exchange electrons
directly with an electrode [10-11], thus improving
the sensitivity of electrochemical biosensors. In this
research we used of hemoglobin as protein structure;
the prosthetic group of Hb is heme, which consists of
protoporphyrin IX combined with a Fe** ion. The
iron atom in heme is capable of making six bonds. It
makes four to the pyrrole nitrogens of the porphyrin
ring and another one to one of the histidine side
chain of the protein, called the proximal histidine.
The iron atom makes its sixth bond to O,. Hb can
only carry O, when its iron is in the Fe*" form. If the
iron is oxidised to the Fe*" form the Hb is no longer
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functional and it is then known as
methemoglobin[12].  Since hemoglobin is a
physiological oxygen transport protein and acts as an
important protein in life, it could be utilized as an
ideal model protein to explore the relative biological
process and redox behavior of heme proteins or
enzymes. However, studies on the structure—function
relationship of hemoglobin have intrigued
researchers over the past years [13-15]. It is well
known that the redox centers are deeply immersed in
hemoglobin, so the direct electron transfer between
hemoglobin and the electrode surface is rather
difficult, which could cause the low rate of electron
transfer between hemoglobin and the solid electrode.
Recently, some methods have been explored for
facilitating the relative electron transfer of
hemoglobin through combining with the mediators,
promoters, and some special electrode materials [16-
18]. We used of zinc oxide nanoparticles for
increasing rate of direct electron transfer between
hemoglobin  and  carbon  paste electrode.
Electrochemical  detection is of  particular
significance in the development of aptasensors since
it allows for high sensitivity and selectivity, simple
instrumentation, as well as low endogenetic
background[19]. Zinc oxide (ZnO), a versatile
semiconductor material, has been attracting attention
because of the commercial demand for
optoelectronic  devices operating at blue and
ultraviolet regions [20]. ZnO is a wurtzite-type
semiconductor with band gap energy of 3.37 eV and
it has very large excitation binding energy (60 meV)
at room temperature [21-23]. Recently, special
attention has been devoted to the morphology, as
ZnO can form different nanostructures [24]. In
overall, Electron transfer in biological system is one
of the leading areas in biochemical and biophysical
research fields [25-27]. The redox mechanism of
proteins and the respective metabolic process of
enzymes could be revealed on the basis of the direct
electron transfer of proteins or enzymes, which could
play a fundamental role in the life sciences and
biomedical engineering [28-30]. In this study we
used of direct electron transfer for designing a novel
biosensor that described in flow.

2. Experimental:
2.1. Materials:

Hemoglobin was purchased from Sigma. The
phosphate buffer solution (PBS) consisted of a
potassium phosphate solution (KH,PO, and K,HPO,
from Merck; 0.1 M total phosphate) at pH 7.0. All
other chemicals were of analytical grade and were
used without further purification. All solutions were
made up with doubly distilled water.

2.2. Apparatus:
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Cyclic  voltammetric  experiments  were
performed with a model EA-201 Electro Analyzer
(chemilink systems), equipped with a personal
computer was used for electrochemical measurement
and treating of data. A conventional three electrode
cell was employed throughout the experiments, with
bare or Zno nanoparticles modified carbon paste
electrode (3.0 mm diameter) as a working electrode,
a saturated calomel electrode (SCE) as a reference
electrode and a platinum electrode as a counter
electrode. The phase characterization was performed
by means of X-ray diffraction (XRD) using a
D/Max-RA diffractometer with CuKoa radiation.
Samples were measured and recorded using a TU-
1901 double-beam UV-visible spectrophotometer
were dispersed in toluene solution. The morphologies
and particle sizes of the samples were characterized
by JEM-200CX transmission electron microscopy
(TEM) working at 200 kV and Scanning electron
microscopy (SEM) images were obtained with a
ZIESS EM 902A scanning electron microscope.

2.3. Procedure:
2.3.1 Synthesis of ZnO NPs:

To prepare of ZnO NPs, in a typical experiment,
a 045 M aqueous solution of zinc nitrate (Zn
(NO3),.4H,0) and 0.9 M aqueous solution of sodium
hydroxide (NaOH) were prepared in distilled water.
Then, the beaker containing NaOH solution was
heated at the temperature of about 55 °C. The Zn
(NO3), solution was added drop wise (slowly for 1h)
to the above heated solution under high speed
stirring. The beaker was sealed at this condition for 2
h. The precipitated ZnO NPs was cleaned with
deionized water and ethanol then dried in air
atmosphere at about 60 °C.

2.3.2. Preparation of Carbon paste electrode:

The carbon powder (particle size 50 mm, density
20-30g/100mL) was mixed with the binder, silicone
oil, in an agate mortar and homogenized using the
pestle. The electrode consisted of a Teflon well,
mounted at the end of a Teflon tube. The prepared
paste was filled into the Teflon well. A copper wire
fixed to a graphite rod and inserted into the Teflon
tube served to establish electrical contact with the
external circuit. The electrode surface of the working
electrode was renewed mechanically by smoothing
some paste off and then polishing on a piece of
transparent paper before conducting each of the
experiments. The experiments were performed in
unstirred solutions.

2.3.3. Preparation of Zno nanoparticles modified
carbon paste electrode:
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The Zno nanoparticles modified carbon paste
electrode was prepared by hand mixing of carbon
powder, binder and 10 mg Zno nanoparticle with
silicon oil in an agate mortar to produce a
homogenous carbon paste. Other steps of produced
modified carbon paste electrode were similar to
preparation of bare carbon paste electrode. A
conventional three electrode cell was employed
throughout the experiments, with bare or ZnO
nanoparticles modified carbon paste electrode (3.0
mm diameter) as a working electrode, a saturated
calomel electrode (SCE) as a reference electrode and
a platinum electrode as a counter electrode.
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3. Results:

3.1. Electron microscopic investigation of Zno
nanoparticles:

Morphology of the sample was investigated
using SEM and TEM. Parts (A) and (B) of Figure 1
show the typical SEM and TEM images of the
sample respectively. The SEM image was captured
in 10-nanometer size of Zno nanoparticles and the
TEM image was captured in 20-nanometer size of
Zno nanoparticles.

Fig. 1: (a) SEM image and (b) TEM image, of ZnO NPs.

3.2. X-Ray diffraction of Zno nanoparticles:

The x-ray diffraction data were recorded by
using Cu Ko radiation (1.5406 A°). The intensity
data were collected over a 20 range of 20-80°. The
average grain size of the samples was estimated with
the help of Scherrer equation using the diffraction
intensity of (101) peak. x-ray diffraction studies
confirmed that the synthesized materials were ZnO
with wurtzite phase and all the diffraction peaks
agreed with the reported JCPDS data and no
characteristic peaks were observed other than ZnO.
The mean grain size (D) of the particles was
determined from the XRD line broadening
measurement using Scherrer equation[31]:

D=0.89 / (BCosH) €))

Where A is the wavelength (Cu Kay), B is the full
width at the half- maximum (FWHM) of the ZnO
(101) line and 0O is the diffraction angle. A definite
line broadening of the diffraction peaks is an
indication that the synthesized materials are in
nanometer range. The lattice parameters calculated
were also in agreement with the reported values. The
reaction temperature greatly influences the particle
morphology of as-prepared ZnO powders. Figure 2
(a &b) shows the XRD patterns of ZnO
nanoparticles.
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Fig. 2: XRD patterns of ZnO nanoparticles.
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3.3.  UV-visible absorption Zn0O

nanopatrticles:

spectra  for

The UV-visible absorption spectra of ZnO
nanoparticles are shown in Fig. 3 although the
wavelength of our spectrometer is limited by the
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light source, the absorption band of the ZnO
nanoparticles have been shows a blue shift due to the
quantum confinement of the excitons present in the
sample compare with bulk ZnO particles. This
optical  phenomenon  indicates that these
nanoparticles show the quantum size effect [32].
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Fig. 3: UV-Vis absorption spectra for ZnO nanoparticles.

3.4. Direct electrochemistry of hemoglobin
immobilized on NaY zeolite modified electrode:

Fig. 4 shows the cyclic voltammograms of
different electrodes in 0.1M pH 7.0 PBS. No obvious
electrochemical response was observed at both CPE
and Zno Nps/ CPE (fig.4, 1). At Hb/ Zno Nps/ CPE
the cyclic voltammogram showed a couple of stable
redox and oxidative peaks at +240 and +342 mV at
50mVs '(fig.4, 2). Obviously, these peaks were
attributed to the redox reaction of the electroactive

center of hemoglobin. Hemoglobin/ CPE also
showed the response of hemoglobin, but the response
was much smaller than that of Hb/ Zno Nps/ CPE
(not shown). Thus, the adsorption of hemoglobin and
zinc oxide nanoparticles on electrode surface played
an important role in facilitating the electron exchange
between the electroactive center of hemoglobin and
CPE. The formal potential (E°) of hemoglobin,
estimated as the midpoint of reduction and oxidation
potentials, was +(292 + 2) mV. You can see
mentioned details in figure 4.
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Fig. 4: Cyclic voltammograms, using (a) the Zno NPs/CPE in 0.1 M phosphate buffer and (b) Hb/ Zno Nps/
CPE in 0.1 M phosphate buffer (scan rate: 100 mV/s).

The collected voltammograms in Fig. 5 a,
substantiated a statement that the nanometer-scale
zinc oxide nanoparticles could play a key role in the

observation of the hemoglobin CV response. On the
grounds that the surface-to-volume ratio increases
with the size decrease and because of the fact that the
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protein size is comparable with the nanometer-scale
building blocks, these nanoparticles displayed a great
effect on the electron exchange assistance between
hemoglobin and carbon paste electrode. For further
investigate the hemoglobin characteristics at the Hb/
Zno Nps/ CPE electrode, the effect of scan rates on
the hemoglobin voltammetric behavior was studied
in detail. The baseline subtraction procedure for the
cyclic voltammograms was obtained in accordance
with the method reported by Bard and Faulkner [33].
The scan rate (v) and the square root scan rate(v'?)
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dependence of the heights and potentials of the peaks
are plotted in Fig. 4b and c. It can be seen that the
redox peak currents increased linearly with the scan
rate, the correlation coefficient was 0.9979 (ipc =
0.3266v +8.156) and 0.9979 (ipa = -0.3961v -
6.0223), respectively. This phenomenon suggested
that the redox process was an adsorption-controlled
and the immobilized hemoglobin was stable. It can
be seen that the redox peak currents increased more

linearly with the v in comparison to that of v'”
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Fig. 5: (a) CVs of Hb/ Zno Nps/ CPE electrode in PBS 0.1M at various scan rates, from inner to outer; 50, 100,
200, 300,400, 500, 600, 700, 800 and 900 mV s, the relationship between the peak currents (ipa, ipc)
vs., (b) the sweep rates and (c) the square root of sweep rates. Blue lines are redox peaks and red lines

are oxidative peaks.
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However, there is clearly a systematic deviation
from linearity in this data, i.e. low scan rates are
always on one side of the line and the high scan rate
points are on the other. The anodic and cathodic peak
potentials are linearly dependent on the logarithm of
the scan rates (v) when v > 1.0 V s”', which was in
agreement with the Laviron theory, with slopes of -
2.3RT/anF and 2.3RT/ (1 -a) nF for the cathodic and
the anodic peak, respectively [34]. So, the charge-
transfer coefficient (o) was estimated as 0.5.
Furthermore, the heterogeneous electron transfer rate
constant (ks) was estimated according to the
following equation [35-36]:

[ log ks = o log( 1-ar) + (1-a) logat - log—R;- -
e
a{1-d)nFAER 1
23 RT ( )

Here, n is the number of transferred electrons at
the rate of determining reaction and R, T and F
symbols having their conventional meanings. AE,, is
the peak potential separation. The AE, was equal to -
26, -94.44, -166.88, -237.33, -307.77, -378.21, -
448.66, -519/05, -589.54 and -660 mV at 50, 100,
200, 300, 400, 500, 600, 700, 800 and 900 mV s,
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respectively, giving an average heterogeneous
transfer rate constant (ks) value of 1.56 s™".

3.5. Effect of Solution pH on Direct Electron
Transfer of Immobilized Hb:

In most cases, protein redox behavior is often
significantly dependent on the solution pH. Cyclic
voltammograms of Hb-Zno Nps-CPE in PBS also
showed a strong dependence on solution pH (Fig. 5
a,b). All changes in CV peak potentials and currents
with pH were reversible in the pH range of 2 to 8.3,
that is, the same CV could be obtained if the
electrode was transferred from a solution with a
different pH value to its original solution. An
increase in solution pH caused negative shift in both
cathodic and anodic peak potentials. In fig. 5 a, the
calibration of response of biosensor to pH changes
can be observed. In fig. 5 b, the response of
biosensor to pH changes with other kind of diagram
can be observed. As a result, in PH section we can
say that maximum response of biosensor was at pH.
7. The electrochemical behavior in this study is also
very stable against pH changes.
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Fig. 6: (a) the calibration of response of biosensor to pH changes, and (b) show a typical diagram of response of
biosensor to pH changes. The maximum of response observed at pH.7.
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3.6. Electrocatalysis of Hb Immobilized in Zno
nanoparticles-CPE to Reduction of H,0,

Reduction of H,O, Upon addition of H,O, to
PBS, the shape of cyclic voltammogram of Hb/ Zno
Nps/ CPE for the direct electron transfer of Hb
changed dramatically with an increase of reduction
current (Fig. 7 a), while no obvious change was
observed at CPE and Zno Nps-CPE(not shown). The
increase in reduction peak and the decrease in
oxidation peak current of Hb at Hb/ Zno Nps/ CPE
displayed an obvious electrocatalytic behavior of
immobilized Hb to the reduction of H,0,.
Furthermore, the reduction peak current increased
with an increasing H,0O, concentration. The
electrocatalytic process can be expressed as follows

[6]:
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H,0,+2HbHFe (II) «>2HbFe (11I) +2H,0 1)
In the presence of H,0, HbHFe(Il) was
efficiently converted to its oxidized form, HbFe(III).
Consequently, HbFe(III) was reduced at the electrode
surface by the direct electron transfer. With
increasing H,O, concentration the current response
for HbFe(IlI) reduction increased (Fig. 7 a). In
addition, Figure (7a) indicate that the electrocatalytic
current increases with successive addition of H,O..
The calibration range of H,0, showed in (Fig. 7 b),
and it shows the sensor response. The sensor was
found to have sensitivity in the range of 13 to 180
UM based upon the mean of the slope found from the
points on the response curve. As can be observed, the
sensor response shows good linearity in this range.
The correlation factor, R* was found to be 0.9875.
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Fig. 7: (a) Cyclic voltammograms obtained at an Hb/ Zno Nps/ CPE electrode in 0.1M phosphate buffer
solution (pH 7.0) for different concentrations of hydrogen peroxide and (b) the relationship between
cathodic peak current of Hb and different concentrations of hydrogen peroxide (scan rate: 50 mVs™).

3.7. Effect of temperature on the H,O, sensor:

Temperature is an important parameter affecting
the electrocatalytic activity of enzyme or protein.
Fig. 7 shows the effect of temperature on sensor
response. With an increasing temperature from 10 to

45°C the response and the electrocatalytic activity of
the immobilized hemoglobin increased. The
immobilized hemoglobin had activity even at 45°C. It
was evident that the immobilized hemoglobin had
good thermal stability because of the unchanged
ability of microenvironment and its native structure
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upon temperature change. These results indicated
that this sensor could handle in a wide range of
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temperature, but this novel sensor has maximum of
response only at 35°C.
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Fig. 8: Effect of temperature on biosensor at pH 7.0.

3.8. Repeatability and stability of the hydrogen
peroxide biosensor:

The relative standard deviation (R.S.D.) is 2.7%
for ten successive measurements at 30uM hydrogen
peroxide, showing the proposed biosensor possesses
a good reproducibility.

4, Conclusion:

In this work, zinc oxide nanoparticles have been
synthesized and successfully used to enhance the
response of a biosensor based on hemoglobin and
carbon paste electrode. At Hb/Zno Nps/CPE the
cyclic voltammogram exhibits a good pair of redox
peaks corresponding to a surface-controlled electrode
process with proton transfer. The immobilized
hemoglobin displays a high affinity and sensitivity to
H,0,. The sensor shows a good reproducibility and
stability.The = experiments  showed  excellent
electrocatalytical activity of this biosensor for H,O,.
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