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Abstract We describe a modification of glassy carbon

(GC) electrode surface with electrodeposited cobalt oxide

nanoparticles (CoOx NPs), and then, this electrode is used to

immobilization of Cytochrome c (Cyt c). The morphology of

electrodeposited CoOx NPs was analyzed by scanning

electron microscopy (SEM) and atomic force microscopy

(AFM). Electrochemical redox property investigation of

immobilized protein (Cyt c) molecules was accomplished by

cyclic voltammetry (CV) technique. Cyt c/CoOx NPs/GC

electrode exhibits electron transfer between the protein

prosthetic groups and electrodeposited nanoparticles on the

electrode surface and displayed a couple of stable redox

peaks with a formal potential (E�
0
) of -89.5 mV (107.5 mV

vs. NHE) with respect to reference electrode in 0.05 M

phosphate buffer solution (pH 7.0). The experimental results

demonstrated that Cyt c/CoOx NPs/GC biosensor exhibited

electrocatalytic activity toward the reduction of hydrogen

peroxide and application to hydrogen peroxide determina-

tion was exemplified.

Keywords Nanoparticle � Biosensor �
Bioelectrochemistry � Electrochemical nanotechnology

1 Introduction

Oxide semiconductor nanoparticles have received consid-

erable attention in many fields [1–3]. They are suitable

substrates for biomolecule immobilization due to their

good biocompatibility and easy preparation. Nanostruc-

tured biointerfaces based on TiO2 nanoneedles [4], TiO2

[5], WO3 [6], ZnO [7], and Fe3O4 [8] nanoparticles have

been reported for sensing applications. Metal oxide

nanomaterials have been extensively studied and used in

many fields. They are emerging as promising candidates

for various applications.

Electrochemical procedures are extensively applied to

electrodepositing of oxide materials. Cobalt oxide-based

films, in particular, have attracted a great interest in view of

their potential applications [9]. Thus, cathodic electrode-

position of cobalt from aqueous solutions is a well-known

process [10–12]. Alternatively, anodic electrodeposition of

insoluble cobalt oxide/hydroxide has been investigated

[13]. Electrodeposition of cobalt hydroxides on an inert

conducting substrate, a neutral medium, seems to provide

the best conditions for success. Electrodeposition of cobalt

oxide/hydroxide film in 0.1 M acetate buffer solution

containing of CoCl2 at pH 7.3 has been reported [14].

Cobalt oxide-based materials are employed for making of

electrochromic thin film [11], heterogeneous catalyst [15],
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and magnetoresistive devices [16]. Choosing an electro-

chemical method for deposition of cobalt oxide film

presents several advantages in comparison to other proce-

dures [17].

The small redox proteins like azurin, ferredoxin, and

cytochromes are natural electron shuttles for redox

enzymes. Cytochrome c is a water-soluble heme protein

that exists in cytosol between the inner and outer mem-

branes of mitochondria. Additionally, it plays an important

role in biological respiratory chain. In fact, its function is to

receive electrons from the cytochrome c reductase and

deliver them to cytochrome c oxidase [18].

Protein electrochemistry has become a powerful tool,

both to study redox enzymes and make sensitive biosen-

sor devices [19]. Because the proteins are huge molecules,

electron transfer (ET) from redox center of a protein to

the surface of an electrode is a problem. For optimal

control of the oxidation state of cofactors and efficient

relay of electrons to active site, fast interfacial ET is a

prerequisite [20]. The modification of electrode surface by

nanostructure materials as a mediator makes advantageous

for the facility of direct ET between active centers of

biomolecule and electrode surface [21]. Many efforts

have been made to improve the ET characteristics of

proteins [22–29].

Herein, we describe an electrochemical investigation of

immobilized cytochrome c redox reaction on electrode-

posited CoOx NPs. This is the first research concerning

cytochrome c immobilization on CoOx NPs surface.

2 Experimental

2.1 Chemicals and reagents

Cytochrome c from horse heart was purchased from Sigma

and used without further purification. KH2PO4, K2HPO4,

CH3COONa, CH3COOH, CoCl2, and the other reagents

were received from Merck. Pure nitrogen gas was passed

through the solution to avoid probable oxidation during the

experiments. All solutions are prepared with distilled

water.

2.2 Apparatus and procedure

Electrochemical experiments were performed using an

electrochemical analyzer (lAUTOLAB TYPE III) con-

nected to a personal computer with GPES software.

Measurements were carried out at ambient temperature

(25 ± 2 �C) in a conventional electrochemical cell con-

sisting of a glassy carbon (GC) working electrode (disk,

1 mm in diameter), a platinum wire as counter electrode

and Ag/AgCl/KCl as reference electrode (KCl-saturated,

0.197 V vs. a normal hydrogen electrode, NHE). All

potentials are reported with respect to this reference elec-

trode. Potassium phosphate buffer (KH2PO4 and K2HPO4;

50 mM total phosphate) at pH 7.0 was used as a back-

ground electrolyte.

AFM measurements were performed using a DME

atomic force microscope with a Dual Scope C-21 controller

and DS 95-50 scanner. Furthermore, SEM images were

recorded using a ZEISS DSM 960 instrument.

2.3 Preparation of CoOx NPs/GC electrode

At first, GC surface was mechanically polished with 0.3

and 0.05 lm a-alumina powders on a polishing cloth and

washed with distilled water. The electrode was then ultr-

asonicated in ethanol. Continuous voltammograms were

recorded in 0.5 M H2SO4 between -0.5 and 1.1 V versus

reference electrode at 200 mV s-1 until the repetitive

voltammograms were obtained. The electrochemical

deposition of cobalt oxide nanoparticles were performed

from the phosphate buffer solution (PBS pH 7.0) contain-

ing of 1 mM CoCl2 by consecutive CV (30 cycles) over a

potential region of 0.5 to -1.0 V at 100 mV s-1 [9, 13, 17,

30]. As is well known, the surface-to-volume ratio of

particles increases with the size reduction and due to the

similar dimensions of biomolecules and nanostructures,

the smaller nanoparticles play an important role during the

immobilization process. Consequently, more voltammo-

grams applied through the deposition process cause the

growth of CoOx NPs into larger sizes (CoOx microparti-

cles), which are not suitable for modification.

3 Results and discussions

3.1 Scanning electron microscopy (SEM) and atomic

force microscopy (AFM)

In order to examine the formation of nanoparticles, sur-

face analysis of electrodeposited CoOx NPs on the GC

was examined by SEM and AFM techniques. Figure 1a

shows the SEM image of GC surface previous to con-

struction of CoOx NPs, while Fig. 1b of this figure shows

the SEM image of CoOx NPs, electrodeposited on the

electrode surface. An inset of Fig. 1b on the lower left

corner demonstrates the SEM image of CoOx NPs in

higher magnification. As can be seen, the nanoscale par-

ticles are grown by electrodeposition on the GC surface.

The same modified electrode has been used to obtain

AFM images. In order to three-dimensional (3D) image of

the surface topography in Fig. 2, as well as small nano-

particles distributed on the surface, larger agglomerated

particles are also observed on it.
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Figure 3b shows a profile for selected direction corre-

sponding to arrow from the AFM image of Fig. 3a. It

shows CoOx NPs diameter for selected points of profile

with 255 nm. Figure 3c shows an image height distribution

from Fig. 3a. These images indicate that the CoOx NPs

size varies from under 50 nm to slightly less than 300 nm.

3.2 Redox behavior of cytochrome c

after immobilization on the surface

of CoOx NPs/GC electrode

The CoOx NPs/GC electrode was immersed in fresh

phosphate solution containing 5 mg mL-1 cytochrome c,

and the immobilization of protein molecules was performed

by consecutive CV (30 cycles) over a suitable potential

region of 0.70 to -0.60 V at 100 mV s-1. Afterward, the

Cyt c/CoOx NPs/GC electrode was washed with distilled

water to perform other studies. The ability of immobilized

cytochrome c to exchange electrons with CoOx NP surfaces

at various scan rates was investigated using voltammetry.

Figure 4 shows the comparative CVs of three electrodes in

PBS at 40 mV s-1. Figure 4a shows the CVs of pure GC

electrode, while Fig. 4b related to the voltammogram of

CoOx NPs/GC electrode before the immobilization of

protein on their surface. The augmentation of base line

current in this voltammogram in comparison with Fig. 4a is

attributed to the increase of the active surface area of

electrode due to the presence of CoOx NPs on its surface.

Neither the bare GC electrode nor CoOx NPs/GC electrode

shows any electrochemical response. In accordance to

Fig. 4c, Cyt c/CoOx NPs/GC electrode has one pair of

redox waves corresponds to conversion between Cyt

c-Fe(III) and Cyt c-Fe(II). In agreement with data in Fig. 4,

it is revealed that CoOx NPs have an important role in direct

ET reactivity of immobilized protein molecules.

At the scan rate of 100 mV s-1, reductive and oxidative

peaks are located at -264 and 85 mV, respectively, with

DE, an indication of ET rate, of 349 mV. The large peak

separation may be related to the immobilization of protein

molecules in an abnormal orientation [31]. Its formal

potential, E�
0

(defined as the average of reductive and

oxidative peaks), is calculated to be -89.5 mV with

respect to the reference electrode (107.5 mV vs. NHE).

The formal potential is more positive than that of cyto-

chrome c on gold nanoparticles–chitosan–carbon nano-

tubes (37 mV vs. NHE) [32]. Possibly, the presence of

special interaction between cytochrome c and CoOx NPs

can affect the microenvironment of prosthetic group and

Fig. 1 SEM image of glassy carbon surface a before construction of CoOx NPs, b after electrodeposition of CoOx NPs. Inset is the SEM image

with higher magnification

Fig. 2 Three-dimensional (3D) AFM image of the electrodeposited

CoOx NPs on glassy carbon surface
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make E�
0

of cytochrome c shifting [33, 34]. Formal

potentials for horse cytochrome c and yeast cytochrome

c on the indium/tin oxide (ITO) were -28 mV (169 mV

vs. NHE) and -48 mV (149 mV vs. NHE), respectively

[35]. This value for yeast iso-1 cytochrome c on bare gold

with 4,4
0
-dipyridyl as a facilitator was 290 mV versus NHE

[20], it was 108 mV (305 mV vs. NHE) for cytochrome

c on TiO2 nanoneedles [4], and it was 194 mV (391 mV vs.

NHE) for cytochrome c on L-cysteine modified electrode

[36]. Figure 5a shows the recorded cyclic voltammograms

of Cyt c/CoOx NPs/GC electrode at different scan

rates from 10 to 90 mV s-1. With scan rate augmentation,

the redox peak currents of immobilized cytochrome

c increased, accompanied a little enlarged peak-to-peak

separation (DE). Scan rate dependence of peaks is plotted

in Fig. 5b. At scan rates from 40 to 1100 mV s-1, redox

peak currents showed linear response to scan rate, which

is characteristic of a thin layer electrochemical behavior
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Fig. 3 a AFM image of

electrodeposited CoOx NPs on

glassy carbon surface,

b obtained image profile for

selected direction by arrow
from a, c Image height

distribution from a
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[37]. The linear regression equations were ipc = -0.0356

v -0.989 (correlation coefficient was 0.995) and ipa =

0.0366 v ? 1.107 (correlation coefficient was 0.996).

Thus, electrochemical reaction corresponds to a surface-

controlled process and immobilized cytochrome c was

stable. To obtain the kinetic parameters of immobilized

cytochrome c, scan rates were increased. Through scan

rate increase, peak separation between oxidative and

reductive peak potentials was increased. At higher scan

rates (v [1.2 V s-1), peak potentials versus the logarithm

of scan rates are linear. It is in agreement with Laviron

theory, with slopes of -2.3RT/anF and 2.3RT/(1 - a)nF

for reductive and oxidative peaks, respectively [38]. R, T,

and F possess their conventional meanings. Subsequently,

an is calculated to be 0.42. Given 0.3 \ a\ 0.7, in general

[39], it could be concluded that n = 1 and a = 0.42.
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Fig. 5 a CVs of Cyt c/CoOx

NPs/GC electrode in PBS at

different scan rates, from inner

to outer; 10, 15, 20, 30, 40, 50,

60, 70, 80, and 90 mV s-1,

b relationship between peak

currents (ipa, ipc) versus scan

rates

Fig. 6 Continuous CVs at

100 mV s-1 of Cyt c/CoOx

NPs/GC electrode in PBS
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Therefore, the charge-transfer coefficient (a) was estimated

as 0.42. Figure 6 shows the continuous CVs of Cyt c/CoOx

NPs/GC. The oxidative and reductive peak currents remain

more or less stable with cycling and there are no changes in

redox potentials. This voltammograms indicate the stability

of immobilized protein on Cyt c/CoOx NPs/GC.

In accordance to Fig. 7, the surface area, under 50th

voltammogram, was almost 3.2% smaller than first vol-

tammogram. This differentiation reduced to 0.7% for same

comparison about 50th and 100th voltammograms. There

were no differences between 100th and 150th voltammo-

grams at 100 mV s-1, because the surface area of vol-

tammogram indicates the consumed charge (Q), related to

amount of immobilized protein. Therefore, this figure

confirms that the immobilized protein molecules have good

stability.

3.3 Application of Cyt c/CoOx NPs/GC electrode

for electrocatalytic reduction of H2O2

It has been reported that proteins containing heme pros-

thetic groups, like HRP, myoglobin, cytochrome c, hemo-

globin, and catalase could be used as biocatalyzers to

catalyze the reduction of H2O2 [40, 41]. In this research,

electrochemical catalytic reduction of H2O2 with cyto-

chrome c was assessed by cyclic voltammetry (CV) at scan

rate of 100 mV s-1. Figure 8 exhibits a redox couple of

Cyt c (FeIII/II) in the absence of analyte. Upon the addition

of analyte, a growth in the reduction peak of H2O2

appeared. It shows that electrocatalytic reduction of H2O2

took place at Cyt c (FeII).

Further experimental results showed that the catalytic

currents increased linearly with H2O2 concentration

increase in solution (Fig. 8, inset). It is importance to

mention that the oxidative peak did not disappear after

onset reductive catalysis. It could be attributed that the

some of adsorbed protein is probably not catalytically

active. The catalytic peak currents were proportional to the

concentration of H2O2 with a linear range from 0.3 to

12.0 mM. It can be seen from the inset of Fig. 8 that the

response of biosensor is nonlinear for the concentrations

greater than 12 mM of hydrogen peroxide. The linear

ranges for catalytic reduction of H2O2 are 0.1–5.0 mM

(cyclic voltammetric analysis) and 0.85–24000 lM

(amperometric analysis) for catalase/NiO nanoparticles

[42] and cytochrome c/TiO2 nanoneedles [4], respectively.

Also, linear range values of 0.2–7 mM [43], 0.01–3 mM

[44], 0.01–1.1 mM [45], 0.005–2 mM [46], 0.05–0.4 mM

[47], and 0.1–5 mM [48] for H2O2 determination with

various modified electrodes have been reported.

The linear regression equation was Ip = 0.370 [H2O2] ?

0.179 with a correlation coefficient of 0.996 (12 points).

Calibration plot is linear for a wide range of H2O2 con-

centration. Relative standard deviation (%RSD) is 2.3% for

six successive determinations at 10 mM H2O2. Sensitivity

and detection limit (3r) of the biosensor toward H2O2 were

found to be 0.370 lA mM-1 and 80 lM, respectively.

4 Conclusions

Cobalt oxide nanoparticles (CoOx NPs) were electrode-

posited on the surface of GC electrode and assessed using

SEM and AFM procedures. The CoOx NPs showed strong
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adsorption to cytochrome c, leading to great enhancement

of enzyme loading and improvement of its behavior due to

their excellent biocompatibility. Therefore, they have

potential applications in bioelectrochemistry, biosensors,

and bioelectronics. The resulting biosensor exhibited good

performance for electrocatalytic reduction of H2O2. The

direct electrochemistry of cytochrome c in the form of Cyt

c/CoOx NPs/GC was assessed by CV. The proportionality

of peak currents to scan rate and constancy of integration of

reduction peaks at different scan rates represent the char-

acteristics of diffusion less and thin layer electrochemical

behavior. Cyt c/CoOx NPs/GC showed a satisfactory sen-

sitivity and reproducibility for H2O2.
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