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Abstract

This work describes the performance of cytochrome c/nickel oxide nanoparticles/glassy carbon electrode, prepared by the electrochemical
deposition of the nickel oxide nanoparticles (NiO NPs) on the glassy carbon (GC) electrode surface and the cytochrome ¢ immobilization on the
nickel oxide nanoparticle surfaces. An extensive sample examination with the help of the SEM and AFM presented the existence of different
geometrical shapes of the nickel oxide particles. These geometrical structures could lead to the better immobilization of proteins on their surfaces.
The resulting electrode displayed an excellent behavior for the redox of the cytochrome c¢. Also, the resulting heme protein exhibited a direct
electrical contact with the electrode because of the structural alignment of the heme protein on the nanometer-scale nickel oxide surfaces. This
method could be suitable for applications to nanofabricated devices. In the end, it was concluded that the cytochrome ¢ could be tethered to the

nanometer-scale nickel oxide surfaces.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bioelectrochemistry is an interdisciplinary field, which
combines biotechnology with the electrochemical discipline.
This field started to attract the researchers’ attention when the
existing resemblance between the electrochemical and biological
reactions became evident. In fact, it was realized that the oxidation
mechanisms on the electrode and in the body share similar
principles. On the other hand, the appearance of nanotechnology
was opening a new entrance for the performance of this field.
Subsequently, it was obvious that the essential coordination of
these scientific branches could lead to fruitful findings.

As far as nano-materials are concerned, they offer attractive
properties and they have opened a new entrance for new
electrodes in the field of electrochemical applications [1]. The
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nano-scale effects in the catalytic properties of gold particles are
well-known chemically inert. Gold turns catalytically active
when the particle size is below 3—4 nm [2,3]. Electrodes with
nanometer dimensions provide exciting new tools for electro-
chemical studies. The small dimensions lead to a high current
density on the electrode surface, allowing the study of the fast
heterogeneous electron transfer kinetics, the molecular interac-
tions and the mass transport in the nanometer regime [4]. The
existence of nano-size effects offers a new possibility to control
reactivity by controlling the particle size. Exploiting the small
dimensions of nanoelectrodes may allow innovative biological
applications by means of entering local cellular environments
and ultimately measuring the activity of a single redox-enzyme
coupled to a nanoelectrode.

Regarding the fundamental investigations of the biological
redox reaction mechanism and the development of biosensors
and bioelectronic devices, the achievement of an interface
between the prosthetic groups of immobilized proteins/enzymes
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of redox proteins and an electrode surface is presently a research
frontier [5—14]. The redox reaction kinetics of proteins on an
electrode are known to be strongly dependent upon a
combination of interfacial electrostatic and chemical interac-
tions, which are derived from the protein structure and the
nature of the electrode surface. In this way, the biosensors and
the bioelectronic devices can be simplified without the usage of
chemical mediators and a model can be designed for the
electron transfer study between proteins or enzymes in real
living systems.

Many enzymes exchange electrons with small redox proteins,
like cytochrome c. Cytochrome c is a water-soluble heme protein
that exists in the cytosol between the inner and outer membranes
of mitochondria. Its Fe(IIT)/Fe(IT) redox center is located at a heme
unit which is approximately spherical in shape with 34 A, while
its crystallographic dimension is 3.0-4.0-3.0 nm [12]. Addition-
ally, it plays an important role in the biological respiratory chain.
In fact, its function is to receive electrons from the cytochrome ¢
reductase and deliver them to the cytochrome c oxidase. Initially,
redox proteins (e.g. cytochrome ¢) were believed to be incapable
of exhibiting a voltammetric response, because of the extremely
slow electron-transfer kinetics at the electrode/solution interface.
However, in 1977, Yeh and Kuwana reported a direct and rapid
electron transfer between cytochrome ¢ and a tin-doped indium
oxide electrode surface [15]. In the same year, Hill and Eddowes
demonstrated that the voltammetry of cytochrome ¢ was well
defined at a gold electrode modified with 4,40-bipyridil [16].

Since that time, electrochemical devices have introduced new
possibilities for the study of the redox process of cytochrome ¢
and related heme proteins [17—19]. Many reports have described
the electrochemistry of cytochrome ¢ in terms of modifier
electrode and modifier-protein interactions [20—27]. Many
promoters, such as some small organic compounds [28—31],
amino acids together with some derived molecules [26,27],
small peptides [32] and conductive polymers [33], have been
found to promote the direct electrochemistry of cytochrome ¢ on
the electrode surface. Recently, the matrices used for the
cytochrome ¢ immobilization are a series of inorganic porous
[34-36] and nano-materials [37-42].

Various ionic liquids have been combined with carbon
nanotubes to form a conductive gel, which can be employed to
investigate the cytochrome c¢ electrochemical behavior [43,44].
The mitochondrial cytochrome ¢ has shown to be spontaneously

adsorbed on carbon nanotubes [45-48]. The interaction most
likely occurs via the protein side that is rich in Lys residues,
since the primary amines strongly bind to carboxylate
functionalities [49—52]. Furthermore, amines are also known
to strongly interact with the carbon nanotube sidewall [53—55].
Because the heme group slightly protrudes into the solution on
that side, this orientation is very favorable for fast electron
exchange. Unfortunately, the same Lys-rich side of cytochrome
c is also the docking side for the enzymes [56—61].

A literature survey revealed that several studies [62-93]
have been devoted to the investigation of the nickel electrode
electrochemistry for a number of applications: the nickel-
cadmium batteries [62—84], as a model for studying the oxygen-
evolution reaction [62—65], the oxidation of the organic
compounds at the passivated nickel anodes [66] as well as the
electroanalytical approach based on the interaction of sulphide
with an electrochemically generated nickel oxide layer [67—85].
Moreover, the production of the different phases of the nickel
sulphide nanocrystals from the reaction of the nickel metal
nanoparticles supported on graphitized carbon with hydrogen
sulphide [86], an anodic stripping voltammetric method for the
sub-speciation of Ni3S,, NiS and NiS, in the mixtures of carbon
paste electrodes in an acetate buffer [87] and the electrochem-
ically deposited nickel microparticles onto a carbon substrate
for sulphide detection [88]. Finally, the modification of glassy
carbon electrode by the nickel oxide nanoparticles for the
immobilization of hemoglobin, catalase and glucose oxidase
[89-91] and the use of Ni/NiO for the preparation of silicon
nanotube array/gold electrode for the direct electrochemistry of
cytochrome c are the studies that complete the applications of
this category [92].

In total, this paper introduces an electrochemical investiga-
tion on the redox reaction of the immobilized cytochrome ¢ as
cytochrome c/nickel oxide nanoparticles/glassy carbon elec-
trode (Cyt ¢/NiO NPs/GC electrode).

2. Experimental details
2.1. Chemicals and reagents
Cytochrome ¢ [EEC NO 232-700-9] was purchased from

Sigma. The phosphate buffer solution (PBS) consisted of a
potassium phosphate solution (KH,PO, and K,HPO, from

Fig. 1. (a—c) The SEM images of the electrodeposited (E=-0.80 V, =5 min deposition time) nickel oxide nanoparticles on the GC electrode surface.
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2.06 um

Fig. 2. (a—c) The AFM images of the electrodeposited nickel oxide nanoparticles
on the GC electrode surface.

Merck; 0.05 M total phosphate) at pH 7.0. An acetate buffer
solution (CH;COONa and CH;COOH from Merck; 0.05 M)
was freshly prepared. Ni(NOj3),-6H,0 and the other reagents
were reagent grade materials from Merck. Deionized water was
used to prepare all solutions and to rinse the electrodes.

2.2. Electrochemistry
All electrochemical experiments were performed by the

Autolab potentiostat PGSTAT 30 (Eco Chemie B.V., Nether-
lands), equipped with the GPES 4.9 software. The Q value for

each point of the continuous CVs was obtained from the formula
0= [lidt, 01=i)At, O,=(ir+ir) At, O, = Y 4=" iy At. Then
we created the plots of O vs. E and Q vs. time.

A three-electrode cell was also used, employing a glassy
carbon (GC) electrode or modified-GC electrodes, acting as the
working electrodes. A platinum wire was applied as the counter
electrode and AglAgCIIKCI (sat.) was applied as the reference
electrode. All potentials were reported with respect to this
reference. All experiments were performed at 25+1 °C.

Prior to the cytochrome ¢ immobilization, the glassy carbon
electrode (1 mm in diameter) surface along with the alumina
slurry surfaces of 1.0, 0.3 and 0.05 pm were polished, the
former to a mirror-like one with fine emery papers and the latter
with a polishing cloth, followed by a thorough deionized water
rinsing. The electrode was then successively sonicated in
ethanol and doubly distilled water to remove the adsorbed
particles. Then, cyclic scans were carried out in PBS (0.05 M,
pH 7.0) in the potential range from —0.50 to 1.0 V, until the
repetitive cyclic voltammograms (CVs) were obtained. The
solution, in which the nickel deposition was conducted,
typically consisted of 15 mL acetate buffer (pH 4.0). The
nickel was initially electrodeposited (—0.80 V, 5 min. deposition
time) on a GC electrode from a 1 mM nickel nitrate pH 4.0
acetate buffer solution. The use of more than 5 min deposition
time was due to the growth of the NiO NPs to larger sizes (NiO
microparticles), which are not suitable for the modification of
the GC electrode. Afterwards, the Ni-GC electrode was placed
into a fresh PBS (pH 7.0) and electrochemically passivated with
the potential cycling method (protocol for the NiO NPs/GC
electrode) [84,85,88]. In another protocol, the Ni—-GC electrode
was placed into a fresh PBS including 5 mg mL ™' cytochrome
c¢. Then, the Ni-GC electrode was electrochemically passivated
and the cytochrome ¢ was immobilized with the aid of the
potential cycling method (protocol for the Cyt ¢/NiO NPs/GC
electrode) [84,85,88—90]. The potentials were repetitively
cycled (30 scans) from 1.0 V to —0.50 V at a scan rate of
100 mV s~ '. Finally, the modified electrodes were washed in
deionized water and placed in PBS (PH 7.0) at a refrigerator (3—
5 °C), before being employed in the electrochemical measure-
ments as the working electrode.

3. Results and discussions

3.1. Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM)

As itis well known, the properties of a broad range of materials
and the performance of a large variety of devices depend strongly
on their surface characteristics. For instance, the surface of a
biomaterial/biomedical device meets the physiological environ-
ment, immediately after it is placed in the body or bloodstream
and the initial contact regulates its subsequent performance [94].

Fig. 1 shows the scanning electron microscopic images of the
nanometer-scale nickel oxide particles, generated on the GC
electrode surface in different distances from each other in
various sizes. 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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Fig. 3. (a—c) The AFM images and the obtained image profiles of the electrodeposited nickel oxide nanoparticles on the GC electrode surface.

size of proteins is comparable with the nanometer-scale building
blocks, the smaller nanoparticles can play a very important role
during the immobilization process.

Actually, the SEM technique presents limitations for such
investigations at higher resolutions, to overcome this problem and
because the SEM results suggest only nanoparticle structure
existence (and not a detailed structure of these nanoparticles), it
was useful to inspect this issue by means of another nanotechno-
logical technique. For the structure investigation of these
nanoparticles and, mainly, the smaller ones (which were not
investigated in the SEM studies), the atomic force microscopy
(AFM) provided an excellent opportunity. Figs. 2 and 3 present
the AFM images of the nanometer-scale nickel oxide particles.
Correspondingly, an extensive sample examinations with the help
of the SEM and AFM techniques have exhibited the existence of
different geometrical shapes of nickel oxide particles. Fig. 3a—c
demonstrate both the AFM images and the image profiles of these
particles. These profiles displayed that the nanoparticle diameters
have decreased on the top, contrary to the bottom of the
nanoparticles (similar to a needle). These geometrical structures
can show a significant effect for the better immobilization of
proteins on their surfaces. In line with our investigations after the
SEM and AFM utilization, the diameter of the nanometer-scale
nickel oxide particles was about 80 nm to 900 nm (however, some
of them exhibited a diameter of about 1.0 to 1.2 um).

3.2. Passivation of the nickel oxide nanoparticles and the
cytochrome ¢ immobilization

The dissolution and passivation of the deposited nickel on the
GC electrode in PBS (PH 7.0) were first investigated with the
help of the potential cycling method, 10 cycles, being depicted in
Fig. 4. The observed oxidative wave at the first CV corresponded

to the active anodic dissolution of nickel and the anodic current
was probably due to the existence of a protective film formed by
the oxide species [67,70—75,85], known as an active-passive
transition state. The second CV revealed a negligible anodic
current occurring. This indicated that the complete nickel
passivation could be achieved within 2 cycles and, consequently,
stable voltammetric responses were observed. There were no
reduction waves, indicating that the passive nickel oxide
nanoparticles were retained. Afterwards, the next CVs (third to
tenth) were placed under the first two CVs, illustrating that no
further nickel dissolution had taken place. Therefore, the formed
passive nickel oxide nanoparticles were stable within the studied
potential window.

In the electrochemical investigations of the cytochrome ¢
immobilization on the nickel oxide nanometer-scale surfaces, a
potential cycling (30 cycles) was applied to the electrodeposited
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Fig. 4. The first 10 CVs of the deposited nickel on the GC electrode after being
placed in PBS (pH=7.0), scan rate; 100 mV s .
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and (c) the potentials (E) vs. the charge passed through the electrochemical cell for the simultaneous passivation of the deposited metallic nickel and the cytochrome ¢
immobilization in PBS. The data were obtained for 30 cycles (CVs presented in Fig. 5b).

(—0.80 V, 5 min. deposition time) metallic nickel in the absence
and presence of cytochrome c, between 1.0 to —0.50 V in PBS
(pH 7.0) at the scan rate of 100 mV s '. Fig. 5a demonstrates
the acquired CVs in PBS (pH 7.0) for the deposited metallic
nickel on the GC electrode, where no electrochemical activities
occured. Fig. 5b shows the generated CVs under the same
conditions in the fresh PBS, including 5 mg mL ™' cytochrome c.
It is clear from Fig. 5b that the anodic and cathodic peak current
increased with the increase of the cycles, being related to the
electrochemical oxidation and reduction of the immobilized
cytochrome ¢ on the nickel oxide nanometer-scale surfaces. The
immobilized cytochrome ¢ has increased with the increasing of
the cycles and the increase in the anodic and cathodic peak
currents, related to this phenomenon. The result from this
procedure was the simultaneous formation of the nanometer-
scale nickel oxide surfaces and the cytochrome ¢ immobilization
on these surfaces. Afterwards, the cytochrome ¢ covered the
nanometer-scale nickel surfaces and the stable CVs were
observed. With the cycle number increase, the increase in the
anodic and cathodic peak currents diminished. This phenome-
non has become more evident from the plot of £ vs. Q in Fig. 5c.
In this figure, the distances among the rings have decreased with
the consumed charges (Q) increase, in accordance with
the increase of the immobilized cytochrome ¢ and the decrease of

the bare nanometer-scale nickel oxide surfaces. Furthermore, the
charge passed through the electrochemical cell (Q, consumed
charge) has been compared with the time for the passivation of
the deposited metallic nickel (Fig. 6a, data obtained from the
CVs of Fig. 5a), as well as the passivation of the deposited
metallic nickel and the cytochrome ¢ immobilization on the
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Fig. 6. The charge passed through the electrochemical cell vs. time for (a) the
passivation of the deposited metallic nickel in PBS (CVs presented in Fig. 5a), (b) the
passivation of the deposited metallic nickel and the cytochrome ¢ immobilization in
PBS (CVs presented in Fig. 5b).
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nickel oxide nanometer-scale surfaces simultancously (Fig. 6b,
data obtained from the CVs of Fig. 5b). In accordance with
Fig. 6, the consumed charge (Q) presented slight changes during
the cycles, being attributed to the passivation of the deposited
metallic nickel on the GC electrode. Nonetheless, it illustrated
considerable changes during the simultaneous passivation and
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immobilization. The amount of O for the simultaneous
passivation and immobilization procedure was more than the
respective one for only the passivation procedure in each cycle.
However, the amount of Q was rinsed to steady state after about
30 cycles, because the nanometer-scale nickel oxide surfaces
were covered by the cytochrome c.

3.3. Direct voltammetric behavior of the Cyt ¢/NiO NPs/GC
electrode

The integrity of the immobilized cytochrome ¢ construction
and its ability to exchange electrons with the nanometer-scale
nickel oxide particle surfaces have been assessed by voltam-
metry. A macroscopic electrode was required to attain a large
enough cytochrome ¢ sample to yield detectable direct
oxidation and reduction currents. The comparative CVs for
the GC, NiO NPs/GC (the GC electrode was modified with the
nanometer-scale nickel oxide particles) and Cyt ¢/NiO NPs/GC
electrodes in 0.05 M PBS (pH 7.0) was obtained. These
voltammograms are demonstrated in Fig. 7. From this Figure, it
has been noticed that there were no voltammetric responses at
both bare GC and GC—NiO electrodes, indicating that the GC
and NiO NPs/GC electrodes were electroinactive in the studied
potential window. However, Fig. 7 depicts a well-defined pair
of oxidation-reduction (redox) peaks, observed at the Cyt ¢/NiO
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Fig. 8. CVs of Cyt ¢/NiO NPs/GC electrode in PBS (pH 7.0, 0.05 M) at various scan rates, from inner to outer; (a) 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, (b) 100,

120, 140, 160, 180, 200, 250, 300, 350, 400, 450, and 500 mV s '
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1

and reserved electrode for the 2 weeks, scan rate: 100 mV s~ °, other conditions as in Fig. 8.

NPs/GC electrode at the scan rate value of 100 mV s~ . The Cyt
¢/NiO NPs/GC electrode presented the reductive peak potential
at —0.202 V, the corresponding oxidative peak potential at
0.058 V, revealing the adsorbed cytochrome ¢ on the
nanometer-scale nickel oxide particle surfaces. The difference
of anodic and cathodic peak potential values was AE=0.261 V.
These redox peaks were attributed to the redox reaction of the
cytochrome c electroactive center. The formal potential (E° ) for
the cytochrome ¢ redox reaction on the Cyt ¢/NiO NPs/GC
electrode was —0.072 V with respect to the reference electrode.
“The formal potential values for horse cytochrome ¢ and yeast
cytochrome ¢ on the indium/tin oxide (ITO) were —0.028 Vand —
0.048 V, respectively [95]. This value was —0.16 V for the gold
nanoparticles-chitosan-carbon nanotubes [96]”. In agreement
with the collected voltammograms in Fig. 7, it was concluded
that the nanometer-scale nickel oxide particles could play a key
role in the observation of cytochrome ¢ CV response. These
nanoparticles have displayed a great effect on the electron
exchange assistance between cytochrome ¢ and the GC electrode.

To further investigate the cytochrome ¢ characteristics at the Cyt
¢/NiO NPs/GC electrode, the effect of scan rates on the cytochrome
¢ voltammetric behavior have been studied in detail and the kinetic
parameters have been acquired. Fig. 8 (a and b) depicts the CVs for
the immobilized cytochrome ¢ at various scan rates. The scan rate
(v) and the square root scan rate 0" dependence of the heights and
potentials of the peaks are plotted in Fig. 8 (c and d). It can be seen
that the redox peak currents have increased linearly with the scan
rate, the correlation coefficient was 0.98 (7,.=—158.72 v—6.49) and
0.99 (7,,=59.69 v+6.98), respectively. This phenomenon implied
that the redox process is an adsorption-controlled and the
immobilized cytochrome ¢ has been stable.

It was found that with the scan rate increase, the oxidation
peak shifted to more positive potentials, while the reduction
peak shifted to potentials that were more negative. The anodic
and cathodic peak potentials are linearly dependent on the
logarithm of 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—o)nF for the cathodic and the anodic peak,
respectively [97]. As a result, the charge-transfer coefficient (o)

can be estimated as 0.64 from the slope of the straight lines
based on the equation:

log(va/ve) = loglo/ (1 — a)] or (va/ve) = [2/(1 —e)] (1)

The heterogeneous electron transfer rate constant (k) can be
estimated according to the following equation [97,98]:

RT

log ky = o log(1 — o) + (1 — ar)log o — log%
ol —a)nFAE, 2)

2.303RT (
Here n is the number of electrons transferred in the rate
determining reaction, R, 7 and F symbols have their
conventional meanings and A E,, is the peak potential separation.
The AE, values were 0.269, 0.276 and 0.282 Vat 0.15, 0.20, and
025 V s ' respectively, giving an average heterogeneous
transfer rate constant (k) value of 0.29 s~ '. It was less than that
of cytochrome ¢ adsorbed on colloidal Au (1.21+0.08 s~ ') [41],
the NaY zeolite (0.78+0.04 s~ ') [35] and very near to that of
ordered mesoporous niobium oxide film (0.28 s~ ) [34].

3.4. Stability of the immobilized cytochrome ¢ on the nanometer-
scale nickel oxide surfaces

Stability is a very significant characteristic in biodiagnostics.
The stability of the immobilized cytochrome ¢ on the
nanometer-scale nickel oxide surfaces on the Cyt ¢/NiO NPs/
GC electrode has been evaluated by voltammetry. The peak
height and the peak potential of the Cyt ¢/NiO NPs/GC
electrode remained approximately unchanged during the long
duration of the continuous cyclic voltammograms between 0.50
to —0.50 V. The surface area under the 50th voltammogram was
almost 4.5% smaller than the surface area under the first
voltammogram. This difference reduced to 0.5% for the same
comparison for the 50th and 100th voltammograms. There were
no differences between the 100th and 250th voltammograms at
the scan rate value of 100 mV s ', because the surface area
under the CV indicated the consumed charge (Q), related to the
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amount of the immobilized cytochrome c¢. Therefore, the
amount of the immobilized cytochrome ¢ on the nanometer-
scale nickel oxide surfaces, after the 50th cycle, was about
96.5% of the initial value at the first cycle, equivalent to 96% for
the 100th to 250th cycles.

In another procedure, the Cyt ¢/NiO NPs/GC electrode was
placed in 0.05 M PBS (pH 7.0, 3—5 °C) for 2 weeks. In the end of
this period, the voltammograms at 100 mV s~ ' in fresh 0.05 M
PBS (pH 7.0) were recorded. Fig. 9 (II) demonstrates these
voltammograms. Specifically, Fig. 9 (II)b presented that there
were no changes in the reduction potential and the reduction peak
height. Regarding the oxidation peak, the oxidation peak height
diminished. Additionally, it was noticed that the oxidation process
occured at a lower potential value after the 2 week period. In other
words, the oxidation process took place with greater convenience.
Owing to the decrease in the AE,, (E,.— E,,,), the reversibility was
better than before. Subsequently, the electrical contact was better
after 2 weeks. This observation could be attributed to some
cytochrome ¢ rearrangements on the nanometer-scale nickel
oxide surfaces, based on the better electrical contact of the
cytochrome ¢ prosthetic groups with the nanometer-scale nickel
oxide surfaces.

4. Conclusions

It was presented that the nanometer-scale nickel oxide surfaces
were useful for the cytochrome ¢ stable entrapment. After the
demonstration of an excellent behavior towards the cytochrome ¢
redox by the recommended electrode, the direct electron transfer
of cytochrome ¢ on Cyt ¢/NiO NPs/GC was achieved.

Undoubtedly, nanotechnology in combination with bioelec-
trochemistry can extremely influence the development rate of
these scientific fields. However, a number of challenges remain
to be faced, which are related to the processing of the electrode
modifications in a more controlled method. We are still at an
carly stage of understanding the fundamental theories of the
bioelectrochemical systems. The charge transport mechanism in
nanostructured biointerfaces remains a fascinating subject and
needs to be additionally explored.

Nevertheless, the recent advances have been important for the
comprehension of the nanostructured biointerfaces. As a result, it
will be possible to more effectively reach the frontiers of the
modern material science, including bioelectronics, biocatalysis
and biosensing.
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