Int. J. Mol. Sci. 2007, 8, 723-735

International Journal of

Molecular Sciences
ISSN 1422-0067
© 2007 by MDPI
www.mdpi.org/ijms/
Full Research Paper

Electrochemical Recognition of Metalloproteins by
Bromide-modified Silver Electrode - A New Method
Saeed Rezaei-Zarchi 1, Ali Akbar Saboury 1,*, Parviz Norouzi 2, Jun Hong 1, Abolfazl Barzegar 1,
Mohammad Reza Ganjali 2, Hedayatollah Ghourchian 1, Ali Akbar Moosavi-Movahedi 1,
Aisha Javed 3 and Abbas Ali Rostami 4
1 Institute of Biochemistry and Biophysics, University of Tehran, Tehran, Iran
2 Department of Chemistry, Faculty of Science, University of Tehran, Tehran, Iran
3 Department of Chemistry, University of Agriculture, Faisalabad, Pakistan
4 Department of Chemistry, Faculty of Science, University of Mazandaran, Babolsar, Iran
∗ Author to whom correspondence should be addressed; Email: saboury@ut.ac.ir

Received: 8 May 2007; in revised form: 9 July 2007 / Accepted: 19 July 2007 /
Published: 25 July 2007

Abstract: A bromide–modified silver electrode is reported, in the present study, to catalyze
the redox reactions of metalloproteins. This study describes that the bromide ions show
very good redox behavior with silver electrode. The cathodic and anodic peak potentials
were related to the concentration of bromide ions involved in making bromide-modified
silver electrode. The electrode reaction in the bromine solution was a diffusion-controlled
process. Positive potential shift of the bromide ions was seen when different proteins were
added to the solution using a silver electrode. New cathodic and anodic peaks were
observed at different potential ranges for myoglobin, cytochrome c and catalase. A linearly
increasing cathodic peak current of bromide ions was seen when the concentration of
superoxide dismutase was increased in the test solution. However, no change for albumin
was observed when its concentration was increased in the test solution. Present data proves
our methodology as an easy-to-use analysis for comparing the redox potentials of different
metalloproteins and differentiating the metallo- from non-metalloproteins. In this study, we
introduced an interesting method for bio-electrochemical analyses.
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1. Introduction
Recently, electrochemical methods are being used for improving the investigation of
metalloproteins (redox proteins) [1]. The redox behavior of a protein can be used to design a biosensor
[2,3], which can measure the protein concentration [4] and to investigate the structure of this protein
after ligand binding or changes in the environment [5-8]. It is well known that the biological
macromolecules exhibit a rather slow rate of heterogeneous electron transfer at conventional
electrodes, which is ascribed to the macromolecule’s extended three-dimensional structure, the
resulting inaccessibility of their electro-active centers or to their adsorption onto and subsequent
passivity of the electrode surface [1,9]. Chemically modified electrodes have been prepared in order to
overcome these problems [1,9]. Two kinds of modified electrodes have been applied; one is a
mediator-modified electrode, while the other is a promoter electrode. The difference is due to the
electro-activity of the modifiers. The mediator-modified electrode has a component that takes part in
electron transfer in the potential range of interest, while the promoter electrode does not. Therefore, the
materials that serve as a mediator can yield redox waves [1,9].
The potential range of a protein depends on many factors, which can be used to determine the
intrinsic redox potential of heme proteins including the axial ligation pattern, orientation of the ligands,
porphyrin conformation, solvent exposure of the heme and thus the polarity and hydrophobicity of the
heme pocket, interactions of heme and its ligands with the protein environment [10-15]. Shifman et al
(2000) have demonstrated the reduction potential modulation of heme proteins in a single four-helix
bundle. They showed that the redox potential of heme depends on heme-charged amino acids [16],
heme-hydrophobic amino acids [18-20], the burial of heme in the hydrophobic core [16] and heme
peripheral substituents and the kind of metal ions [16-17].
Some challenges encountered during the use of chemically modified electrodes are: 1) most of the
methods used to this time, cannot show redox behavior of all the redox proteins [21], 2) such methods
cannot differentiate metallo- from non-metalloproteins and 3) these methods need fixing of mediators
and proteins onto the surface of electrode [1,4,22].In this study, a novel method was devised for the
redox behavior determination of the proteins in a solution. Present method does not need the fixing of
mediator, uses bromide ions as promoters and the proteins, having redox species, can easily be
detected.
2. Results and Discussion
2.1 Redox behavior and concentration effect of bromide ions on silver electrode
When a halide ion such as; chloride or bromide in a solution of KNO3, reacts with the Ag electrode
surface, a silver halide precipitate is formed on the surface, consequently producing an oxidation wave
on the voltammograms [23]. The reduction of the silver halide precipitate on the electrode surface
leads to the generation of a reduction current in accordance with the equation (1) [23]:

AgBr + e

Ag + Br

EAg/AgBr = -100 mV (vs. Ag/Ag Cl)
Where EAg/AgBr is a quasi-reversible potential with 300 µM Br- in the electrolyte solution.

(1)
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Cyclic voltammograms of silver electrode were obtained in the presence of different concentrations
of Br-ions in KNO3 solution, which is represented in the Figure 1. Increasing concentration of Br- leads
to a negative shift in the cathodic peak, which is similar to the previous results [24]. Current figure and
Equation (1) show very good redox behavior of bromide ions with silver electrode. Inset of figure (1)
shows a linear relationship of bromide ion concentration with cathodic and anodic peak currents. As
described in the figure, only 300 µM concentration of bromide ions showed 130 and 60 µA current for
cathodic and anodic peaks, respectively. Our work also describes that the changed concentration of
bromide ions can lead to a significant change in its mediator function by changing its peak current.

Figure 1. Cyclic voltammograms of silver electrode were obtained in KNO3 solution having different
concentrations of KBr. From inner to outer: 10; 20; 30; 40; 50; 60, 70; 80; 90; 100; 150; 200; 250; 300;
350 and 400 µM of KBr (scan rate: 100 mV s-1).
2.2 Dependence of peak current on scan rate
Figure 2 demonstrates the cyclic voltammograms of silver electrode. This analysis was done at
different scan rates in the presence of 300 µM KBr. Inset of figures (a) and (b) show that the cathodic
and anodic peak currents of bromide ions have a linear relationship with square root of scan rate (v1/2).
In this case, the electrode reaction is considered to be under ″diffusion control″ (often called “masstransport control”), when overall rate of the reaction is controlled by diffusion rate of reactants towards
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the electrode surface, rather than the reaction itself (kinetic control) [25]. This data supports the fact
that Br- reaction is related only to the diffusion rate of Br- from the solution to the surface of electrode.
It means that Br- do not remain attached to the electrode. It immediately separates from the electrode
after undergoing the reaction. Due to this property, bromide ion mediator does not decrease sensitivity
of the working electrode but other mediators show this negative effect. Different materials such as gels
and some polymers etc. are needed to fix most of the electrochemical mediators on the surface of
electrode [1,9] but bromide ions can mediate the reaction in solution without being fixed to the
electrode.

Figure 2. Cyclic voltammograms of silver electrode were obtained for 300 µM KBr in KNO3 solution.
Scan rates from inner to outer are: 20, 40, 60, 80, 100, 150, 200, 250, 300, 350, 400, 500, 600, 700,
800, 900, 1000 mV/s. Inset a) Relationship of peak current and scan rate (v) and inset b) Relationship
of peak current and square root of scan rate (v1/2).
2.3 Catalytic redox reaction of myoglobin at modified silver electrode and the detection of myoglobin
Effect of different concentrations of myoglobin was noted on the cyclic voltammograms of silver
electrode in 0.1 M KNO3 solution, as illustrated in Figure 3. Cyclic voltammograms of silver electrode
were recorded in a solution of 0.1 M KNO3 with the following: (A) 300 µM bromide ions (B) 300 µM
bromide ions and 20 µM myoglobin (C) 300 µM bromide ions and 30 µM myoglobin. In this Figure,
(a) and (c) represent cathodic and anodic peaks of bromide ions respectively, (a') and (c') represent the
cathodic and anodic peaks of bromide ions in a solution with myoglobin, (b) and (d) represent the
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cathodic and anodic peaks of myoglobin. Here, we see that the addition of myoglobin to bromine ions
solution leads to a potential shift in the cathodic and anodic peaks of Br- for about 40 and 25 mV,
respectively and new cathodic and anodic peaks were seen in the region of -45 and 162 mV, which are
related to myoglobin. The potential shift of bromide ions, after the addition of myoglobin, is a function
of myoglobin concentration on the surface of silver electrode. One possibility is the adsorption of
myoglobin onto the surface of electrode and changing the surface property of silver electrode. The
present work shows that bromide-modified silver electrode can undergo electro-catalyzed oxidation
and reduction of myoglobin. With bromide ions as electro-catalyzer, myoglobin shows strong anodic
and cathodic peak currents but in the absence of these ions, myoglobin cannot show any redox
behavior.
Inset of Figure 3 represents a linear relationship between cathodic peak currents and the
concentration of myoglobin in 0.1 M KNO3 solution containing 300 µM KBr. Note that the change in
cathodic peak current of myoglobin (-45 mV) has a linear relationship with myoglobin concentration in
the range of 10-35 µM, which is related to the redox potential of myoglobin within this range.

Figure 3. Cyclic voltammograms of silver electrode in a solution of 0.1 M KNO3 and: (A) 300 µM
bromide ions (B) 300 µM bromide ions and 20 µM myoglobin (C) 300 µM bromide ions and 30 µM
myoglobin. In this Figure, (a) and (c) represent cathodic and anodic peaks of bromide ions,
respectively; (a') and (c') represent the cathodic and anodic peaks of bromide ions in the solution with
myoglobin; (b) and (d) represent cathodic and anodic peaks of myoglobin. (scan rate 20 mV s-1). Inset
shows the linear relationship of myoglobin concentration with cathodic peak current.
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2.4 Catalytic redox reaction of cytochrome c at modified silver electrode and cytochrome c detection
Cyclic voltammograms of silver electrode were recorded in a solution of 0.1 M KNO3. The reaction
was undertaken with the following: (B) 300 µM bromide ions and 20 µM cytochrome c (C) 300 µM
bromide ions and 30 µM cytochrome c, as shown in the Figure 4 where (a') and (c') are the cathodic
and anodic peaks of bromide ions in the solution containing cytochrome c; (b) and (d) are cathodic and
anodic peaks of cytochrome c. Here, we see that the addition of cytochrome c to bromine solution leads
to a potential shift in the cathodic and anodic peaks of Br- for about 65 and 105 mV, respectively and
new cathodic and anodic peaks were seen in the region of -66 and 174 mV, which are related to
cytochrome c. The present work shows that bromide-modified silver electrode can undergo electrocatalyzed oxidation and reduction of cytochrome c. In the presence of bromide ions as electrocatalyzer, cytochrome c shows strong anodic and cathodic peak currents but in the absence of these
ions, cytochrome c cannot show any redox behavior.
Inset of Figure 4 represents the relationship between cathodic peak currents and the concentration of
cytochrome c in 0.1 M KNO3 solution containing 300 µM KBr. Note that the change in cathodic peak
current of cytochrome c (-66 mV) has a linear relationship with cytochrome c concentration in the
range of 10-35 µM, which is related to the reduction of cytochrome c within this range.

Figure 4. Cyclic voltammograms of silver electrode in a solution of 0.1 M KNO3 and: (B) 300 µM
bromide ions and 20 µM cytochrome c (C) 300 µM bromide ions and 30 µM cytochrome c. In this
Figure, (a) and (c) represent cathodic and anodic peaks of bromide ions, respectively; (a') and (c')
represent the cathodic and anodic peaks of bromide ions in the solution with cytochrome c; (b) and (d)
represent cathodic and anodic peaks of cytochrome c. (scan rate 20 mV s-1). Inset shows the linear
relationship of cytochrome c concentration with its cathodic peak current.
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2.5 Catalytic redox reaction of catalase at modified silver electrode and catalase detection
Cyclic voltammograms of silver electrode were recorded in a solution of 0.1 M KNO3 with the
following: (B) 300 µM bromide ions and 20 µM catalase (C) 300 µM bromide ions and 30 µM
catalase, as shown in Figure 5, where (a') and (c') are the cathodic and anodic peaks of bromide ions in
a solution with catalase while, (b) cathodic peaks of catalase. Here, we see that the addition of catalase
to bromine solution leads to a potential shift in cathodic and anodic peaks of Br- for about 20 and 65
mV, respectively and new cathodic and anodic peaks were seen in the regions of -52 and out of the
range of 200 mV, which are related to the presence of catalase. The present work shows that bromidemodified silver electrode can undergo electro-catalyzed oxidation and reduction of catalase as
described in Figure 5. With bromide ions as electro-catalyzer, catalase shows strong anodic and
cathodic peak current but in the absence of these ions, catalase cannot show any redox behavior.
Inset of figure 5 represents the relationships of cathodic peak current and the concentrations of catalase
in 0.1 M KNO3 solution having 300 µM KBr. Note that the change in cathodic peak current of catalase
(-52 mV) has a linear relationship with catalase concentration in the range of 10-35 µM, which is
related to the redox potential of catalase within this range.

Figure 5. Cyclic voltammograms of silver electrode in a solution of 0.1 M KNO3 and: (B) 300 µM
bromide ions and 20 µM catalase (C) 300 µM bromide ions and 30 µM catalase. In this Figure, (a') and
(c') represent the cathodic and anodic peaks of bromide ions in the solution with catalase; (b) represent
cathodic peaks of catalase (scan rate 20 mV s-1). Inset shows the linear relationship of catalase
concentration with its cathodic peak current.
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2.6 Catalytic redox reaction of superoxide dismutase at modified silver electrode and the detection of
superoxide dismutase
Cyclic voltammograms of sliver electrode were recorded in the solution of 0.1 M KNO3. The
reaction was carried out in the presence of: (B) 300 µM bromide ions and 20 µM superoxide dismutase
(C) 300 µM bromide ions and 30 µM superoxide dismutase, as shown in the Figure 6, where (a') and
(c') are showing the cathodic and anodic peaks of bromide ions in a solution having superoxide
dismutase. Here, we see that the addition of superoxide dismutase to the bromine solution leads to a
potential shift in the cathodic and anodic peaks of Br- for about 15 and 80 mV. Appearance of new
cathodic and anodic peaks was not detected for this protein but an increasing cathodic and anodic peak
current was seen, which is related to the redox behavior of superoxide dismutase. This data shows that
the redox-potential region of the superoxide dismutase is very near to the potential region of bromide
ions after the addition of protein. The present work shows that the bromide-modified silver electrode
can undergo electro-catalyzed oxidation and reduction of superoxide dismutase. Using bromide ions as
electro-catalyzer, superoxide dismutase shows increasing anodic and cathodic peak currents but in the
absence of bromide ions, the protein does not show any redox behavior.

Figure 6. Cyclic voltammograms of silver electrode in a solution of 0.1 M KNO3 and: (B) 300 µM
bromide ions and 20 µM superoxide dismutase (C) 300 µM bromide ions and 30 µM superoxide
dismutase. (a') and (c') represent the cathodic and anodic peaks of bromide ions in the solution with
superoxide dismutase (scan rate 20 mV s-1). Inset shows the linear relationship of superoxide dismutase
concentration with cathodic peak current of bromide ions.
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Inset of Figure 6 represents the relationship between cathodic peak currents of bromide ions and the
concentration of superoxide dismutase in 0.1 M KNO3 solution having 300 µM KBr. Note that the
change in cathodic peak current of bromide ions has a linear relationship with superoxide dismutase
concentration in the range of 10-35 µM.
2.7 Effect of albumin on redox peak of bromide ions
Cyclic voltammograms of silver electrode were also recorded in a solution of 0.1 M KNO3. The
reaction was carried out in the presence of (B) 300 µM bromide ions and 20 µM albumin (C) 300 µM
bromide ions and 30 µM albumin, as shown in Figure 7, where (a') and (c') are the cathodic and anodic
peaks of bromide ions in the solution, which contained albumin. Here, we see that by adding the
albumin to the bromine solution leads to a potential shift in the cathodic and anodic peaks of Br- for
about 52 and 58 mV. Neither new cathodic and anodic peaks nor increasing cathodic and anodic peak
currents of bromide ions was seen in this experiment. This experiment describes that any oxidation and
reduction is not happening in the presence of albumin.

Figure 7. Cyclic voltammograms of silver electrode in a solution of 0.1 M KNO3 and: (B) 300 µM
bromide ions and 20 µM albumin (C) 300 µM bromide ions and 30 µM albumin. (a') and (c') represent
the cathodic and anodic peaks of bromide ions in the solution with albumin (scan rate 20 mV s-1).
Our work shows that bromide-modified silver electrode can undergo electro-catalyzed oxidation and
reduction of metalloproteins as described in figure 8. With bromide ions as electro-catalyzer, the
metalloproteins show a strong redox reaction but in the absence of these ions, these proteins cannot
show any redox behavior.
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Figure 8. Schematic diagram of electron exchange process between bromide-modified silver electrode
and metalloproteins in the solution.
The electrochemical behavior of different proteins, using the bromide–modified silver electrode, is
summarized below in Table 1.
Table 1. Electrochemical behaviors of some proteins on a bromine–modified
silver electrode in 0.1 M KNO3.

Proteins

Molecular
weight
Electrode reaction
(MW)

Myoglobin

16,700

Cytochrome c

12,380

Catalase

250,000

Superoxide
dismutase
Albumin

32,500
67,000

Heme (Fe3+) + e↔Heme (Fe2+)
Cyt c [heme (Fe3+)] +
e-↔ Cyt [heme (Fe2+)]
Catalase [heme (Fe3+)]
+ e-↔ Catalase [heme
(Fe2+)]
SOD (Cu2+) + e-↔
SOD (Cu+)
------

Anodic peak
potential of the
proteins (mV)

Cathodic peak
potential of the
proteins (mV)

162

-45

174

-66

>200

-52

80

-150

------

-----

As observed in the present work, proteins lead to the following changes: new cathodic and
anodic peaks for myoglobin, cytochrome c and catalase (with iron as the redox species in these
proteins); an increase in the peak currents of bromide ions for SOD (Cu2+ as the redox species), but no
change was observed with an increase in the concentration of albumin (which lacks any redox species).
Our data showed that the redox potential ranges of Fe+3 in myoglobin, cytochrom c and catalase are
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different, which is in correspondence to previous works [16, 17], which explained that the environment
around the redox species affects its redox behavior. Present work explains that the behavior of Cu was
different from Fe in the presence of bromide-modified silver electrode. This method can also
differentiate metal-containing proteins from non-metalloproteins.
Overall, a number of mediators have been used, to this time, for catalyzing the redox reaction of
metalloproteins. Most of those mediators need to be immobilized on the surface of the electrode [1, 9]
and in some conditions; it needs immobilization of the test protein. Such circumstances do not allow
good peak stability of proteins. In immobilization studies, the protein detection depends on the
stabilizing materials and the way of this stabilization [1,9,26-28]. Present method does not need
immobilization of mediator and protein, which makes it very stable and reliable method. Previous
studies showed that some of mediators can catalyze redox reaction of small proteins but not the larger
ones [21]. They showed that bare silver electrode cannot show the redox behavior of heme proteins.
They used histidine-modified silver electrode and peak current response of small proteins, such as
cytochrome c and myoglobin, was good but larger protein could not show any redox reaction but
bromide mediator, used in the present method, can catalyze redox reactions for small as well as the
large proteins without attaching to the surface of electrode. Such properties show that the bromide ions
can be used in: concentration determination of metalloproteins, ligand binding and structural
investigation of protein in the solution; redox behavior comparison of metalloproteins with each other
and differentiating the metallo- and non-metalloprotein from each other. These findings make our
method to be very useful in bio-electrochemical investigations.
3. Experimental section
3.1 Reagents
Catalase, cytochrome c, superoxide dismutase (SOD), bovine serum albumin (BSA), myoglobin,
KNO3 and KBr were obtained from Sigma. All other chemical reagents were of analytical grade.
Double distilled water was used in all experiments. Stock solutions were kept at 4 °C.
3.2 Preparation of working electrode
The working silver electrode (disk diameter of 1 mm) was obtained from Azar Electrode, Iran. The
substrate silver electrode was first polished using the sand paper. Then, it was polished to mirror
smoothness with alumina (particle size ~0.05 mm) water slurry on silk. The adsorbed species were
further removed by etching the electrode in a 10 % HNO3 solution for one minute. Finally, the
electrode was thoroughly washed with double distilled water and then treated in an ultrasonic bath for
about 3 minutes. After this pretreatment, the silver electrode was ready to use.
3.3 Measurements
Electrochemical measurements were carried out with a Potentiostat/Galvanostat (Model 263A,
EG&G, USA) and a single-compartment voltammetric cell, equipped with a platinum rod auxiliary
electrode, and an Ag/AgCl reference electrode. A multi-block heater (Lab-Line Instruments Inc., USA)
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was employed to control the temperature of all the experiments. The entire experiment was performed
at 25 ± 0.5 °C. Test solutions were de-aerated by bubbling with high purity nitrogen
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