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Abstract This work describes the performance of a

tyrosinase/nickel oxide nanoparticles/glassy carbon (Tyr/NiO

NPs/GC) electrode. This electrode was prepared by first

applying a NiO NPs electrochemical deposition onto the GC

electrode surface and then tyrosinase immobilization was

applied to the surface of electrodeposited NiO NPs. Scanning

electron microscopy (SEM) and atomic force microscopy

(AFM) procedures demonstrated the existence of different

NiO NP geometrical structures. These geometrical structures

could lead to better immobilization of proteins on their sur-

faces. The copper containing enzyme tyrosinase successfully

achieved electrical contact with the electrode because of the

unique structural alignment of tyrosinase enzyme on the

nanometer-scale nickel oxide surfaces. This method could be

suitable for application to nanofabricated devices facilitating

better performance. It was concluded that tyrosinase can be

effectively applied to nanometer-scale nickel oxide surfaces.

Keywords Tyrosinase � Atomic force microscopy �
Bioelectrochemistry � Nanotechnology � Nickel oxide

nanoparticle

1 Introduction

There are many points of intersection between nanoscience,

nanotechnology and the biological sciences. The organization

of metal or semiconductor nanoparticles (NPs) on surfaces has

attracted substantial research efforts, many of which have

been directed toward developing optical or electronic sensor

systems and devices [1]. Because of their high surface-

to-volume ratio and tunable electron transport properties,

which are attributed to the quantum confinement effect,

nanostructures can be used to facilitate both efficient electron

transport and optical excitation. These two factors make them

critical to the effective functioning and integration of nano-

scale devices [2].

Bioelectrochemistry is an interdisciplinary field, which

combines biotechnology with the electrochemical disci-

pline. However, biomolecules display nanoscale dimensions

that are comparable with the dimensions of metal or semi-

conductor nanoparticles (NPs). This size resemblance

enables their unique photonic, catalytic and electronic

properties to be merged. Extensive research efforts have

been made over the past few years to design biomolecule-NP

hybrid assemblies and incorporate them into the construction

of biosensors, nanoscale circuitry or nanodevices [3, 4].

Enzymes are highly specific catalytic units that have

been used in a variety of ways in nanotechnology. Some

examples include the use of enzymes as logic agents [5],

the enzyme-induced generation of NPs [6], the ‘‘cutting

and pasting’’ of DNA [7] and other applications [8]. One

significant enzyme is tyrosinase, which converts tyrosine to

L-DOPA. Tyrosinase is the principal enzyme for biosyn-

thesis of the pigment melanin and exhibits unusual kinetic

behavior. It is considered to be an important biocatalyst in

the neural response system as well as in the progress of

some diseases, such as Parkinson’s disease [9]. Elevated

tyrosinase levels have especially been observed in certain

kinds of melanoma cells and its possible value as a marker

for these melanoma cells has been discussed [10]. The first

publication on direct electron transfer (DET) between
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tyrosinase and graphite appeared in 1996 [11]. Yarpolov

et al. described the electrochemistry of native, holo- and

apoenzyme-modified graphite electrodes using cyclic

voltammetry. Various methods have been described for

tyrosinase immobilization on a range of suitable substrates

using conventional electrode materials as substrates. These

include silver [12], glassy carbon [13, 14], graphite-epoxy

resin [15], gold [16], boron-doped diamond [17], core-shell

magnetic nanoparticles supported on a carbon paste elec-

trode [18], ZnO nanoparticles [19] in addition to other

materials [20–24]. Some reports also relate to the electro-

chemical determination of kinetic parameters of mushroom

tyrosinase [25].

Several studies have been devoted to examining the

potential of nickel electrochemistry for a number of

applications. It has been utilized as the basis for models

studying oxygen-evolution reactions [26] and the oxidation

of organic compounds on passive nickel anodes [27]. It has

also provided the electroanalytical approach on which

sulphide interaction with an electrochemically generated

nickel oxide layer is based [28, 29]. Furthermore, nickel

electrochemistry has been employed in anodic stripping

voltammetry for sub-speciation of Ni3S2, NiS and NiS2 in a

mixture of carbon paste electrodes in acetate buffer [30] as

well as for sulphide detection on a carbon substrate using

electrochemically deposited nickel microparticles [31].

Other reported applications include the modification of

glassy carbon electrodes by nickel oxide nanoparticles for

the immobilization of hemoglobin, catalase and cyto-

chrome c [32–35], together with the use of Ni/NiO in

preparing a silicon nanotube array/gold electrode for the

direct electrochemistry of cytochrome c [36].

This paper describes an electrochemical investigation of

the redox reaction of immobilized mushroom tyrosinase on

the Tyr/NiO NPs/GC electrode. This is the first experi-

mental study concerning tyrosinase immobilization on NiO

NPs surfaces.

2 Experimental sections

2.1 Chemicals and reagents

Tyrosinase (T 7755, from mushroom) [9002-10-2] was

purchased from Sigma. The phosphate buffer solution

(PBS) consisted of a potassium phosphate solution

(KH2PO4 and K2HPO4 from Merck; 0.05 M total phos-

phate) at pH 7.0. An acetate buffer solution (CH3COONa

and CH3COOH from Merck; 0.05 M) was freshly pre-

pared. Ni (NO3)2�6H2O and the other reagents were reagent

grade materials from Merck. Epinephrine was obtained

from Daru Pakhsh Co. (Tehran, Iran). Deionized water was

used to prepare all solutions and to rinse the electrodes.

2.2 Instruments

All electrochemical experiments were performed using an

Autolab Potentiostat PGSTAT 30 (Eco Chemie, Nether-

lands), equipped with GPES 4.9 software. The Q value for

each point of the continuous CVs was obtained from the

equation; Q =
R t

0
idt, Q1 = i1Dt, Q2 = (i1 + i2) Dt, Qn

¼
Pk¼n

k¼1

ik Dt. Then, the plots of E vs. Q were created.

A three-electrode cell was also used, employing a glassy

carbon (GC, 2 mm in diameter) electrode or modified-GC

electrodes, acting as the working electrodes. A macro-

scopic electrode was required to attain a sufficiently large

tyrosinase sample to yield detectable direct oxidation and

reduction currents. A platinum wire was applied as the

counter electrode and an Ag/AgCl/KCl (sat.) was used as

the reference electrode. All potentials were reported with

respect to this reference. The rest of electrochemical

equipment has been described earlier [37–39]. All experi-

ments were performed at 25 ± 1 �C.

Scanning electron microscopy images were recorded

using a ZEISS DSM 960, while atomic force microscopic

studies were performed with the help of a DME (controller,

Dual Scope C-21) and scanner (DS 95-50).

2.3 Passivation of nickel oxide nanoparticles

and tyrosinase immobilization

Prior to tyrosinase immobilization, surface of the GC

electrode was polished by alumina powder (1.0, 0.3 and

0.05 lm in diameter, respectively) on 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.

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 repetitive

cyclic voltammograms (CVs) were obtained. The solution,

in which the nickel deposition was conducted, typically

consisted of a 15 mL acetate buffer (pH 4.0). The nickel

was initially electrodeposited (-0.60 V, 4 min deposition

time) on a GC electrode from a 1 mM nickel nitrate pH 4.0

acetate buffer solution. Afterwards, the Ni-GC electrode

was placed into a fresh PBS (pH 7.0) and was electro-

chemically passivated with the potential cycling method

(protocol for the NiO NPs/GC electrode) [28, 29, 31–35].

It has been previously demonstrated that Ni(OH)2

chemical dissolution and, hence, the amount of formed

passive nickel oxide depends on solution pH. In acidic

solutions, the passive film is a mixed nickel oxide (NiO

(Ni2O3)) [29]. The nickel oxides (NiO and Ni3O4) are

stable species [28]. Stable voltammograms were observed

after continuous CVs. By changing the buffer solution, at a
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pH value of 4.0, from acetate to phosphate, no significant

effects were observed on passivation, thereby showing that

the passivation was anion independent [29].

In another protocol, the Ni-GC electrode was placed into

fresh PBS including 5 mg mL-1 tyrosinase. The potential

was then kept at -0.60 V for 20 min (protocol for the

Tyr/NiO NPs/GC electrode). For excess tyrosinase immo-

bilization and passivation, the potential cycling method

was then applied in this condition (20 scans) from 0.75 to

-0.5 V with the potential scan value of 100 mV s-1.

Finally, the modified electrode was washed in deionized

water and placed in PBS (pH 7.0) in a refrigerator

(4–6 �C), before being employed in electrochemical mea-

surements as the working electrode.

3 Results and discussions

3.1 Scanning electron microscopic and atomic force

microscopic studies of NiO NPs

As is well known, the properties of a broad range of

materials and performance of different devices depend

strongly on their surface characteristics. For instance, the

surface of a biomaterial/biomedical device meets the

physiological environment, immediately after it is placed

in the body or bloodstream. The initial contact regulates its

subsequent performance [40].

Figure 1a shows the SEM image of GC electrode sur-

face before construction of the nickel oxide nanoparticles.

Figure 1b illustrates the SEM image of nanometer-scale

nickel oxide particles, generated on the GC electrode sur-

face in various sizes. Because the surface-to-volume ratio

increases with size decrease, the smaller nanoparticles are

able to play a very important role during the immobiliza-

tion process.

In practice, the SEM technique has some limitations for

experiments at higher resolutions. Also, SEM results only

suggest the existence of nanoparticle structures and cannot

map the structure of these nanoparticles in detail. To

overcome these deficiencies, another nanotechnological

technique was employed. In order to investigate the

structure of these nanoparticles, especially the smaller ones

which the SEM studies could not assess, atomic force

microscopy (AFM) was used and proved to be an excellent

alternative.

Figure 2 shows the AFM images of nanometer-scale

nickel oxide particles. An extensive sample examination

with the help of SEM and AFM techniques revealed the

existence of different geometrical oxide particle shapes.

Figure 2c shows an image profile for the selected direction

corresponding to the arrow from Fig. 2a. These profiles

reveal that diameter of the nanoparticles progressively

narrows from bottom to top (like the shape of a needle).

This geometrical structure demonstrates significant utility

in enhancing the immobilization of proteins on its surface.

According to our results from the SEM and AFM proce-

dures, the diameter of nanometer-scale nickel oxide

particles was about 80–850 nm (however, some of them

had a diameter of about 1.0 lm).

3.2 Direct voltammetric behavior of the Tyr/NiO

NPs/GC electrode

Figure 3a shows the CVs of a Tyr/NiO NPs/GC electrode

in a fresh PBS, containing 5 mg mL-1 tyrosinase. The

anodic and cathodic peak currents remain unchanged with

increased cycling, indicating that tyrosinase completely

covers the NiO NP surfaces during the previous step

(protocol for the Tyr/NiO NPs/GC electrode). This phe-

nomenon became more evident from the plot of E vs. Q for

CVs (Fig. 3b). In this figure, the distances among the rings

remain more or less stable with the charge (Q) increase.

For this reason, no excess immobilization took place during

the potential cycling. Therefore, there was no increase in

the anodic and cathodic peak currents during continuous

CVs. The redox peaks in this figure are related to elec-

trochemical oxidation and reduction of the immobilized

tyrosinase on the NiO NP surfaces. In agreement with the

voltammograms in Fig. 3a, it is concluded that the

Fig. 1 (a) SEM image of the

GC electrode surface before

construction of the nickel oxide

nanoparticles, (b) SEM image

of electrodeposited nickel oxide

nanoparticles on the GC

electrode surface
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nanometer-scale nickel oxide particles may play a key role

in the tyrosinase CV response. These nanoparticles illus-

trated significant influence on the electron exchange

between tyrosinase and the GC electrode. Moreover,

Fig. 3c demonstrates that there are no voltammetric

responses on both the bare GC and NiO NPs/GC elec-

trodes. This shows that the GC and NiO NPs/GC electrodes

are electroinactive.

Fig. 2 (a, b) The AFM images

of the electrodeposited nickel

oxide nanoparticles on the GC

electrode surface, (c) obtained

image profile for selected

direction by arrow from Fig. 2a
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Fig. 3 (a) The continuous CVs

of the Tyr/NiO NPs/GC

electrode into a fresh PBS

(pH 7.0, 0.05 M) including

5 mg mL-1 tyrosinase, for the

excess immobilization of

tyrosinase and passivation, scan

rate; 100 mV s-1, (b) the

potentials (E) versus the charge

passed through the

electrochemical cell (Q) during

the CVs of Fig. 3a, (c) CVs in

PBS (pH 7.0, 0.05 M) at the GC

electrode and the NiO NPs/GC

electrode, scan rate; 50 mV s-1
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The ability of the immobilized tyrosinase to exchange

electrons with the NiO NP surfaces was assessed by

voltammetry in a fresh PBS (pH 7.0, 0.05 M).

In the voltammograms (Fig. 4), tyrosinase on the

Tyr/NiO NPs/GC electrode shows a reductive peak (C1) at

-275 mV and a corresponding oxidative peak (A1) at

67 mV (at 10 mV s-1). The difference between the anodic

and cathodic peak values was DE = 342 mV. These redox

peaks are attributable to the redox reaction of tyrosinase

electroactive centers. The formal potential (E�) for the

tyrosinase redox reaction on the Tyr/NiO NPs/GC elec-

trode was -104 mV with respect to the reference electrode

(95 mV versus NHE). The formal potential value for

tyrosinase on the graphite electrode was 550 mV versus

SCE (794 mV versus NHE) [11]. The formal potential of

tyrosinase, determined through the redox titration, was

about 600 mV [41]. This value was 415 mV versus NHE

for the adsorbed tyrosinase on silver [12].

Chemical and spectroscopic studies of tyrosinase have

indicated that its binuclear copper active site can be pre-

pared in several forms: met-tyrosinase, oxy-tyrosinase and

deoxy-tyrosinase. Most of the enzymes in a freshly pre-

pared sample (resting tyrosinase) are in the met-tyrosinase

form, unable to bind O2. Only a small fraction is present in

the sample as oxy-tyrosinase [42].

To further investigate tyrosinase characteristics on the

Tyr/NiO NPs/GC electrode, the scan rate effect on the

tyrosinase voltammetric behavior was carefully studied.

Figure 4b and c show that the redox peak currents increase

linearly with scan rate between 200 and 3,500 mV s-1. The

correlation coefficient was 0.997 (ipc = -55.74v - 0.590)

and 0.996 (ipa = 59.15v + 4.799), respectively. This phe-

nomenon suggests that the redox process is adsorption-

controlled and the immobilized tyrosinase was stable.

However, there is clearly a systematic deviation from line-

arity in this data set (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 scan rate (v), when v [ 1.0 V s-1, which

is in agreement with the Laviron theory, with slopes of

-2.3RT/anF and 2.3RT/(1 - a)nF for the cathodic and

anodic peak, respectively. Subsequently, the charge-transfer

coefficient (a) was estimated as 0.41.

The heterogeneous electron transfer rate constant (ks)

was estimated according to the following equation [43]:

log ks ¼ a logð1� aÞ þ ð1� aÞ log a� log
RT

nFv

� a 1� að ÞnFDEp

2:303 RT
ð1Þ

Here, n is the number of transferred electrons of the rate

determining reaction and R, T and F possess their con-

ventional meanings. DEp is the peak potential separation.

The heterogeneous electron transfer rate constant (ks) can

be calculated as 1.15 ± 0.04 s-1.

The stability of immobilized tyrosinase on the nano-

meter-scale nickel oxide surfaces has been evaluated by

voltammetry in Fig. 5. The peak potential of the Tyr/NiO

NPs/GC electrode remains approximately unchanged dur-

ing the continuous cyclic voltammograms between 0.5 and

-0.6 V. The surface area under the 50th voltammogram

was almost 1.8% smaller than that under the first

-6.E-06

-5.E-06

-4.E-06

-3.E-06

-2.E-06

-5.E-07

5.E-07

2.E-06

3.E-06

-0.6

(a)

C1

A1

I/
A

E/V

-250

-150

-50

50

150

250

0 1 2 3 4

ipa = 59.15 v + 4.799 
R2 = 0.996 
ipc = -55.74 v – 0.590 
R2 = 0.997 

(b)

I/
µ

A

v/V s-1

-250

-150

-50

50

150

250

0.2

I/
µA

1/2/V1/2 s-1/v 2

ipa

ipc

(c)-0.4

0.7 1.2 1.7 2.2

-0.2 0 0.2 0.4

Fig. 4 The CVs of Tyr/NiO

NPs/GC electrode in PBS (pH

7.0, 0.05 M) at various scan

rates, from inner to outer; (a)

10, 20, 30, 40 and 50 mV s-1,

the relationship between the

peak currents (ipa, ipc) versus (b)

the scan rates and (c) the square

root of scan rates

J Appl Electrochem (2008) 38:1233–1239 1237

123



voltammogram. This difference reduced to 0.7% for the

50th and 100th voltammograms at a scan rate of

120 mV s-1. This is likely due to the surface area under

the voltammogram (indicating the consumed charge/Q)

being related to the amount of tyrosinase enzyme in elec-

trical contact with the NiO NP surfaces. Therefore, amount

of the enzyme in electrical contact, after the 50th cycle,

was about 98.2% of the initial value at first cycle, equiv-

alent to 99.3% for the 50th to 100th cycles.

Figure 6 demonstrates voltammograms for the fresh

Tyr/NiO NPs/GC electrode (CV a) and Tyr/NiO NPs/GC

retained electrode (CV b) in PBS (4–6 �C) for 18 h. The

height of the C1 reductive peak is increased (Fig. 6, CV b).

In addition, the DE value diminishes in the case of the

retained electrode (CV b). This may be caused by either or

both; (i) An increase in the amount of tyrosinase in elec-

trical contact with the NiO NP surfaces (the connectivity of

protein prosthetic groups with the NiO NPs could be

affected by enzyme rearrangements on the NiO NP

surfaces); and/or, (ii) Structural changes at the electrode/

solution interface, e.g. changes to the nickel oxide structure

during the continuous voltammograms and over the time

period (18 h).

Figure 7 shows the continuous CVs of the Tyr/NiO NPs/

GC retained electrode. The anodic and cathodic peak cur-

rents remain stable with cycling. The voltammograms in

Fig. 7 indicate the stability of immobilized tyrosinase on

the Tyr/NiO NPs/GC retained electrode.

It is known that tyrosinase is a bifunctional enzyme,

which catalysis o-diphenols to corresponding quinones [44]

also referred to as diphenolase activity. Thus, this experi-

ment examined the process of epinephrine catalysis to its

corresponding quinone using immobilized tyrosinase on

the Tyr/NiO NPs/GC electrode.

The ability of the Tyr/NiO NPs/GC electrode for epi-

nephrine catalysis has been assessed by differential pulse

voltammetry (DPV).

Figure 8 shows DPVs of the Tyr/NiO NPs/GC electrode

in the absence and presence of epinephrine. As is observed

in Fig. 8, the oxidation current of the electrode was greatly

increased due to catalytic oxidation of epinephrine by the

immobilized tyrosinase on Tyr/NiO NPs/GC electrode.

Clearly, when epinephrine was added to the buffer solution,

the DPV behavior of the electrode changed considerably.

The oxidation peak current increased with epinephrine

concentration increase in the solution. The increases in

oxidative peak current confirmed that the tyrosinase

enzyme on the Tyr/NiO NPs/GC electrode illustrated a

catalytic ability to accomplish epinephrine oxidation.

4 Conclusions

Nickel oxide nanoparticles (NiO NPs) were electrodepos-

ited onto the surface of GC electrode and assessed using
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Fig. 7 The continuous CVs of the Tyr/NiO NPs/GC retained

electrode in PBS (pH 7.0, 0.05 M), scan rate; 50 mV s-1
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SEM and AFM procedures. We have demonstrated that the

tyrosinase was immobilized onto the surface of NiO NPs

and the resulting Tyr/NiO NPs were successfully applied to

a glassy carbon substrate. The direct electrochemistry of

tyrosinase in the form of a Tyr/NiO NPs/GC electrode was

assessed by cyclic voltammetry.
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