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Direct electrochemistry of catalase (Ct) was achieved by confining the protein within multiwall carbon 

nanotube (MWCNT)-dodecyltrimethyl ammonium bromide (DTAB) film covered with a layer of 

Nafion (NF) (MWCNT-DTAB-Ct/NF) on the surface of a glassy carbon electrode (GCE). The film 

exhibited a pair of well-defined quasi-reversible cyclic voltammetric peaks corresponding to the 

Fe(III)/Fe(II) redox couple in the active site of Ct with a formal potential (Eº΄) = -0.279 V vs. 

Ag/AgCl, in 50 mM phosphate buffer solution at pH 7.0. Apparent heterogeneous electron transfer rate 

constant (10.71±0.34 s
-1

) and charge-transfer coefficient (0.49) were estimated by Laviron's model. 

The process of catalytically reducing hydrogen peroxide by the MWCNT-DTAB-Ct/NF film modified 

electrode was also explored. 
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1. INTRODUCTION 

In recent years, the use of electrochemical methods in studying protein and enzyme electron 

transfer reaction kinetics, thermodynamics, and mechanisms directly with electrodes has gained 

increasing attention [1-3]. Having redox enzymes directly connected to electrode made it possible to 

exploit the naturally high efficiency of these biological systems for electrochemical studies, 

biosensors, and bio-electro-analytical devices that do not use any mediators [4-7]. 

Ct belongs to the oxidoreductase family class and possesses a heme prosthetic group at its 

active site with metallic iron (Fe (III)) [8]. It exists in all almost aerobically respiring organisms and 
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protects cells from the toxic effects of hydrogen peroxide by catalyzing the disproportionation of 

hydrogen peroxide into oxygen and water without the formation of free radicals. The catalytic ability 

of Ct to reduce hydrogen peroxide was used in the developing of H2O2 sensors [9]. One way to 

investigate this catalytic ability of the enzyme is to examine the direct electron transfer of Ct with 

electrode surface. However, studies showed that the electron transfer kinetics is very slow between the 

enzyme and bare electrode surface [10]. This may be due to the fact that the heme prosthetic group 

gets deeply buried inside the large structure of Ct. Also adsorptive denaturation of the enzyme may 

occur on the electrode surface. In order to achieve better electron transfer, Ct was immobilized on 

various modified electrode surfaces. For instance, the electrode surfaces were modified with 

surfactants, biopolymers, and hydrogels [11-17]. Although, these biomembrane-like films can enhance 

the electron transfer between the enzyme and a few electrode surfaces, most of them fail to promote 

the electron transfer process. This may be due to the diminished contact between the enzyme and such 

modified matrices. Furthermore, the matrix composition, fabrication and enzyme immobilization 

procedure remains rather complicated and time consuming.  

To overcome these problems, the bioelectric contact between the enzyme and electrode surface 

was significantly improved using carbon nanotubes (CNTs) [18, 19]. 

CNTs are new and interesting members of carbon family, with two types of structures single-

walled and multi-walled (SWCNTs and MWCNTs, respectively) [20]. They are suitable for 

entrapment of biological molecules and thus for fabrication of electrochemical biosensors, because of 

their novel properties such as high surface area, electrical conductivity, good chemical stability and 

extremely high mechanical strength [21-27]. However, one impediment for the potential applications 

of CNTs is their insolubility in most solvents, especially in water [28, 29]. But it was reported that the 

solubility of CNTs can be improved using polymeric chain and surfactant molecules [19, 29-34].  

Surfactants are a type of amphiphilic molecules with a polar head at one end and a long 

hydrophobic tail at the other. They can spontaneously be adsorbed on the interfaces of two phases with 

different polarities and formed stable films. Surfactants usually used in these films are water-insoluble, 

with two long hydrocarbon chains; examples being didodecyl dimethyl ammonium bromide (DDAB), 

dimyristoyl-phosphatidyl-phosphate (DMPC) and dihexadecyl phosphate (DHP).These films enable 

detailed studies protein electron transfer and catalysis in biomembrane-like environments. Although, 

surfactants with two hydrophobic tails were extensively used to investigate direct electron transfer of 

redox proteins [19, 35, 36], few works were devoted to establishing the effect of soluble single-chain 

surfactants such as DTAB on electrochemical behavior of the proteins [37]. 

Given the ability of surfactants to inhibit adsorptive denaturation of proteins on electrode 

surface and to disperse CNTs as individual tubes in media, we immobilized MWCNT-DTAB-Ct/NF 

film on a GCE to investigate the direct electrochemistry of Ct and its catalytic activity toward 

hydrogen peroxide. The kinetic parameters and influence of pH were also studied based on 

voltammetric data. To the best of our knowledge up to date, no attempts were made to investigate 

electron transfer of Ct on a GCE in the presence of single-chain surfactants such as DTAB. Prakash et 

al recently studied the direct electrochemistry of Ct in the presence of DDAB as a two chain surfactant 

[19]. However, due to the water-insolubility of DDAB, the relationship between structure and 

electrochemical behavior of the protein, which is important in studying the physico-chemical 
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properties of proteins, still remained unexplored. The present study endeavors to investigate the 

relationship using DTAB as a soluble surfactant. 

 

 

 

2. EXPERIMENTAL 

2.1. Reagents 

Bovine liver catalase (EC 1.11.1.6) and DTAB were purchased from Sigma-Aldrich without 

further purification. MWCNTs with diam. 110-170 nm, length 5-9 μm was obtained from Aldrich. 

Perfluorinated ion-exchange resin (Nafion, 5% in ethanol) was obtained from Aldrich and hydrogen 

peroxide (30%) was purchased from Merck.  

 

2.2. Apparatus 

A Metrohm electroanalyzer Model 797 VA was used for voltammetric measurements. A 

conventional three-electrode cell was used with an Ag/AgCl electrode, a platinum rod and a GCE 

(diameter 2 mm) as reference, counter, and working electrode respectively. Scanning electron 

microscopy (SEM) images of the immobilized films on GCE were obtained with a ZIESS EM 902A 

scanning electron microscope. For each SEM image, the electrode tip was detached from the electrode 

body and coated with a thin layer of gold. 

A Perkin-Elmer Lambda 25 spectrophotometer equipped with a water bath (±0.5 ºC) was used 

for determination of Ct concentration as well as for recording spectra of native Ct and DTAB/Ct 

mixture. 

We applied a circular dichroism (CD) spectrometer model 215 (Aviv Instruments INC.) for 

recording far-UV CD spectra of 0.2 mg/ml of the native and DTAB/Ct mixture in 50 mM phosphate 

buffer in the range of 190–260 nm with a spectral resolution of 1 nm. The scan speed was 20 nm/min 

and the response time was 0.3330 sec with a bandwidth of 1 nm. Quartz cells with an optical path of 

0.1 cm were used and all measurements were done at 25 °C. The far-UV CD spectra were analyzed for 

the secondary structure contents of the native Ct and DTAB/Ct mixture using a cdnn program version 

2 (http://bioinformatik.biochemtech.uni-halle.de/cdnn). 

 

2.3. The working electrode Preparation  

Before each experiment, the GCE was polished sequentially with 0.06 μm alumina suspension 

and then on a filter paper. Thereafter, it was rinsed with doubly distilled water and sonicated with 

absolute ethanol and doubly distilled water for about 2 min, respectively.  

MWCNT (1mg) was dispersed in 1 mL aqueous solution of DTAB (80 mM) with the aid of 

ultrasonication to give a 1-mg/mL stable black MWCNT suspension. MWCNT suspension (5 μL) was 

mixed with 15 μL Ct solution (13 μM in phosphate buffer, pH 7.0) thoroughly. Then 10 μL of the 

mixture was cast onto the surface of the GCE. Afterwards, 4 μL of 5% NF was spread onto the 

http://bioinformatik.biochemtech.uni-halle.de/cdnn
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MWCNT-DTAB-Ct coated electrode (MWCNTs-DTAB-Ct/NF). Finally, it was allowed to dry at 

room temperature for 3 h. For comparative purposes, DTAB and Ct mixtures of different ratios were 

prepared. All the above prepared solutions and film modified electrodes were stored at 4 ºC when not 

in use. NF is a perfluorosulfonate ionomer that contains less than 15% ionizable sulfonate groups per 

monomer unit and has hydrophobic perfluoro-poly-ether chains which can bind to hydrophobic moiety 

of surfactant-protein complex. Incorporating the macromolecules into NF film is revealed to improve 

their permeability and stability [38-40]. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Characterization of Ct in the presence of DTAB 

It is well known that ionic surfactants can interact very strongly with oppositely charged 

globular proteins [41, 42]. At pH 7.0, DTAB and Ct possess positive and negative surface charges 

respectively. Then, the localized electrostatic attraction between the negatively charged Asp and Glu 

groups of the protein and positively charged DTAB molecules could be the main driving force for the 

DTAB-Ct interaction. In order to investigate the electrochemical behavior of Ct in the presence of 

DTAB, it is necessary that the DTAB-Ct interaction neither destroy the structure nor change the 

conformation of the protein heme pocket. In order to confirm this, we used UV-vis and CD 

spectroscopy as conventional techniques for characterizing the structure of the protein in the absence 

and presence of DTAB. 

 

3.1.1. Absorption spectra 

Visible spectroscopy is a useful conformational probe for heme proteins.  

 

 
 

Figure 1. Visible absorbance spectra of the native Ct; (a) and DTAB / Ct (1900/1); (b). 
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The position of the Soret absorption band of heme prosthetic group may provide information 

about possible denaturation of heme proteins, especially conformational change about the heme pocket 

[43, 44]. In the present study the ratio of DTAB to Ct was the same for both UV-vis spectroscopic and 

electrochemical experiments. As can be seen in Fig. 1 the native Ct gives a Soret absorption maximum 

at 405 nm. At DTAB to Ct ratio of (1900/1) a slight enhancement is observed in Soret absorption 

(from 0.434 to 0.464) without any shift in wavelength maximum (λmax) of absorption compared to 

native enzyme, indicating that no considerable change in the interaction of the heme group with the 

protein moiety occurs in the presence of DTAB. 

 

3.1.2. Circular dichroism (CD) results 

CD measurement provides an excellent means of monitoring the interaction between protein 

and other molecules [45]. In order to determine the effect of DTAB on the protein structure at the 

secondary folding level, the CD spectra of the native Ct and DTAB / Ct (1900/1) were measured. The 

results showed that the far UV-CD spectra of Ct in the absence and presence of DTAB at negative 

extremes of about 209 and 222 nm are almost similar (Fig. 2).  

 

 

 

Figure 2. The far-UV circular dichroism spectra of the native Ct; (a) and DTAB / Ct (1900/1); (b). 

Inset shows the percentage of the secondary structure components for native Ct and DTAB / Ct 

(1900/1) obtained by cdnn program version 2. 

 

The negative bands are accordance to the π→π* and n→π* amide transition of the polypeptide 

chain in protein respectively, and they are assigned to α-helix of protein [46].The contents of α-helix, 
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β-sheet, β-turn and random coil in each spectrum were also analyzed using the cdnn program version 2 

(inset of Fig.2). Regarding the 5-10% error in software analysis, the presence of DTAB causes no 

significant conformational change in Ct secondary structure.  

 

3.2. Morphological characterization of the MWCNTs-DTAB/NF and MWCNTs-DTAB-Ct/NF 

The surface morphology of the film coated electrode was characterized by SEM. Fig. 3a 

reveals the presence of interconnected wires of MWCNT-DTAB covered by a layer of NF on GCE, 

whereas SEM image of MWCNT-DTAB-Ct/NF film (Fig. 3b) shows an uneven patterned surface. 

This indicates the existence of a discriminate structure morphology between MWCNTs-DTAB/NF and 

MWCNTs-DTAB-Ct/NF film. 

 

 
 

Figure 3. SEM images of electrode surfaces covered by: (a) MWCNT - DTAB /NF film, (b) MWCNT 

-DTAB- Ct/NF film. 

 

3.3. Direct electrochemistry of Ct 

Before each experiment, N2 was purged into phosphate buffer solution for at least 20 min and a 

nitrogen atmosphere was maintained over the solution during the experiment. Using cyclic 
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voltammetry, we studied the electrochemical behavior of different film modified electrodes in 50 mM 

phosphate buffer, pH 7.0 (Fig. 4).  

 

 

 

 
 

Figure 4. A: Cyclic voltammograms of (a) DTAB/NF film,(b) DTAB-Ct/NF film. B: Cyclic 

voltammogram of MWCNT-DTAB-Ct/NF film on the GCE. The experiments were carried out 

at scan rate of 1 V s
-1

 in 50 mM phosphate buffer pH 7.0. C: The plot of cathodic peak current 

vs. different ratios of DTAB/Ct present in DTAB-Ct/NF film on the GCE. 
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The CVs overlaid in Fig. 4A show the redox behaviors of DTAB/NF film (curve a) and DTAB-

Ct/NF film (curve b) on the GCE at scan rate of 1 V s
-1

. The DTAB/NF film on GCE exhibits no 

essential voltammetric response, while an irreversible reduction peak is observed at about -0.380 V vs. 

Ag/AgCl for the DTAB-Ct/NF film. Fig. 4B shows the dependence of cathodic peak currents with 

DTAB/Ct ratio present in DTAB-Ct/NF film on GCE. The results show the maximum cathodic peak 

current attained with DTAB/Ct (1900:1) solution. Fig. 4C shows a pair of well-defined, quasi-

reversible peak at formal potential (Eº΄) = -0.279 V vs. Ag/AgCl for MWCNT-DTAB-Ct/NF film, 

characteristic of Ct heme Fe(III)/Fe(II) redox couple [11-17]. Furthermore, to obtain well-defined 

quasi-reversible redox peak for the enzyme, MWCNT concentration was optimized to 1 mg/mL (data 

not shown). These optimized ratios were used in all the experiments. In addition in another 

experiment, the behavior of Ct and MWCNT-DTAB/NF on the electrode was examined. It also 

showed no voltammetric response (data not shown). 
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Figure 5. A: Cyclic voltammograms of MWCNT-DTAB-Ct/NF film modified electrode in 50 mM 

phosphate buffer solution, pH 7 at various scan rates of  0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7, 

and 1.9 Vs
-1

 from a to j respectively; B: Plot of the Ip vs. ν; C: Plot of Ep vs. Log ν; D: Plot of 

Epc and Epa vs. Log ν. 

 

The formal potential Eº΄(taken as the average of reduction and oxidation of peak potentials in 

the cyclic voltammogram) is much more positive than those reported for Ct on other modified 

electrodes [19, 47, 48].As reported in the literature, the Eº΄ value is sensitive to the conformation of the 

protein. The positive shift in Eº΄may be a result of the change in Ct environment in MWCNT and 

DTAB. 

It is noteworthy that, the surface activity of the surfactant micelles might help in binding of the 

protein-surfactant complex to the electrode to promote electrochemical response [49]. Furthermore, 

CNTs are insoluble in aqueous solutions [28, 29], however, their solubility can be improved by 

surfactant molecules [29, 31, 34,50]. When CNTs are dispersed by sonication in a buffer solution 

containing DTAB, the DTAB molecules are adsorbed onto their surfaces. The adsorption of DTAB 

molecules on the surfaces of CNTs can result in a distribution of positive charges that prevent the 

CNTs aggregation. Such an improvement of CNTs solubility in surfactant solution can be clearly seen 
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with the naked eye. The suspension of CNTs in DTAB solution showed to be stable for a long time (at 

least two weeks).   

We investigated the scan rate effect to obtain the kinetic parameters of the immobilized enzyme 

on the GCE (Fig. 5A). A linear dependence of cathodic and anodic peak current versus scan rate was 

observed (Fig. 5B), indicating the electrochemical behavior of MWCNT-DTAB-Ct/NF film modified 

GCE. The amount of electroactive enzyme on the electrode surface can be estimated from the slope of 

peak currents plotted versus scan rate by the following equation [51]: 

 

 

 

Where ν is the sweep rate, Γ (mol cm
-2

) is the amount of adsorbed Ct, A (cm
2
) is the electrode 

surface area, R, T, and F have their usual meanings (R=8.314 J mol
-1

K
-1

, T=298 K, F=96485 C mol
-1

). 

Assuming a one-electron reaction, the amount of electroactive protein molecules is estimated to be 

2.6×10
-11

 mol cm
-2

. This value is only 3.3% of the total amount of Ct deposited on the electrode 

surface. The relative amount of electroactive proteins on the electrode surface is always low for all 

heme proteins [52]. This may suggest that only those proteins in the inner layers of the film close to 

the electrode and with a suitable orientation can exchange electrons with the electrode surface. 

An estimation of the kinetic parameters α (charge transfer coefficient) and ks (heterogeneous 

transfer rate constant) was carried out using the Laviron’s model (for nΔEp > 0.200 V, Eq. 2) [53]. 
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k
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               (2) 

 

 Here, n is the number of electrons transferred in the rate-determining reaction (n=1), ΔEp is the 

peak potential separation, and ν is the scan rate, R, T, and F have their usual meanings. α can be 

calculated using the plot of peak potentials vs. logarithm of scan rates (Log ν) (Fig. 5C). As seen in 

Fig. 5D, the plot of Ep vs. Log ν at scan rates above 0.6 Vs
-1

, yields two straight lines with slopes of -

2.3RT/αnF and 2.3RT/(1-α)nF for the cathodic and anodic peaks respectively. Thus, using the slopes 

of the mentioned plot, the average value for α could be estimated to be 0.49. From the values of ΔEp 

(for scan rates > 1.8 Vs
-1 

), the average value of ks  was obtained to be 10.71±0.34 s
-1

. The value of ks 

being higher than those reported for heme proteins on other electrodes [52, 54], indicates that this 

immobilization method provides a favorable microenvironment for Ct and enhances the rate of 

electron transfer between the enzyme and electrode. 

 

3.4. Reproducibility and stability of the MWCNT-DTAB-C/-NF film 

The reproducibility of the MWCNT-DTAB-Ct/NF film modified electrode response described 

above was examined at five electrodes prepared under the same conditions. The relative standard 

deviation (%RSD) was 6.8% for an average ipc of 3.48 µA at scan rate 1Vs
-1

 in 50 mM phosphate 

buffer pH 7.0. 
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The stability of MWCNT-DTAB-Ct/NF film modified electrode was investigated by cycling 

the electrode potential over the range 0.3 to -0.55V. According to Fig. 6, after 100 cycles the peak 

potential remained nearly unchanged while the peak current reduced for 11.4%. The decrease in 

current is probably due to the loss of loosely attached MWCNT-DTAB-Ct from the electrode surface. 

 

 
 

Figure 6. The 1
st
 (a), and 100

st 
(b) recorded cyclic voltammogram of MWCNT-DTAB-Ct/NF film on 

the GCE in 50 mM phosphate buffer solution (pH 7.0) at scan rate of 1 Vs
-1

. 

 

3.5. Influence of pH on voltammetry 

 The solution pH dependence of MWCNT-DTAB-Ct/NF film modified electrode was also 

investigated.  

 

 
 

Figure 7. Plot of cathodic peak potential vs. pH (5-10) for the MWCNT-DTAB-Ct/NF on the GCE. 

Inset shows cyclic voltammograms of the film on the electrode surface in 50 mM phosphate 

buffer (a) pH 7.0, and (b) pH 5.0. 
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As can be seen in Fig. 7 within the pH range of 5-10, the reduction peak potential shifts to the 

cathodic direction with a slope of 0.044 V per unit of pH. It indicates that the electrode reaction is 

accompanied by proton transfer. The value of the slope is smaller than the theoretically expected value 

of 0.059 V pH
-1

 for the reaction of one electron coupled one proton. This might be due to the influence 

of protonation states of trans ligands of the heme iron and amino acids around the heme, or the 

protonation of the water molecule coordinated to the central iron [55, 56]. It is noteworthy that at pH 

7.0, the Ct redox peaks were found to be best defined (inset of Fig. 7). Therefore, we fixed the solution 

pH at 7.0 for the investigations of the analytical performance of MWCNT-DTAB-Ct/NF film modified 

electrode. 

 

 

 

 
 

Figure8. A: Cyclic voltammograms of MWCNT-DTAB-Ct/NF film on the electrode in the absence (a) 

and presence of 5.8 µM (b), 65.0 µM (c), 189.0 µM (d), and 330 µM (e) hydrogen peroxide. B: 

Catalytic efficiency changes versus the concentration of hydrogen peroxide, where Ic and Id are 

cathodic peak currents in the presence and absence of hydrogen peroxide, respectively. Inset 

shows the calibration plot for hydrogen peroxide determination. The electrolyte solution was 50 

mM phosphate buffer solution (pH 7) and scan rate was 1 Vs
-1
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3.6. Catalytic activity of Ct 

Bio-electrocatalytic reduction of hydrogen peroxide was carried out on MWCNT-DTAB-Ct/NF 

film modified electrode by cyclic voltammetry in 50 mM phosphate buffer solution (pH 7.0) and at 

scan rate of 1Vs
-1

 (Fig. 8A).  

By increasing the concentration of H2O2, an increase in the reduction peak occurred along with 

a decrease in the oxidation peak during the scan reversal; while in the applied potential range and in 

the absence of the enzyme, H2O2 was not reduced on either bare GCE or MWCNT-DTAB/-NF film 

modified electrode. Thus the electrode reaction is characteristic of an ErCi
′
 mechanism [51]: 

 

 

 

 

 

Where Ct-Fe(III) and Ct-Fe(II) denote the oxidized and reduced forms  of Ct, respectively. As 

can be seen from the suggested mechanism, once Ct-Fe(III) undergoes the electron transfer reaction 

with the modified electrode , Ct-Fe(II)H
+
 can be oxidized by H2O2 in the solution to regenerate Ct-

Fe(III). The above electrode reaction slightly differs from the conventional ErCi
′
 mechanism in that 

both Ct-Fe(III) and Ct-Fe(II)H
+
 are surface confined.   

 Fig.8B shows that catalytic efficiency (Ic/Id) changes versus the concentration of H2O2, where 

Ic and Id are the cathodic peak currents in the presence and absence of H2O2.  

By increasing the concentration of H2O2 up to about 260 µM the catalytic efficiency is 

increased, then it tends to level off. A linear relationship between the catalytic efficiency and H2O2 

concentration is observed between 30 and 260 µM. based on this, the protein film has a promising 

potential in fabricating an enzyme biosensor for determination of hydrogen peroxide. 

 

 

 

 

4. CONCLUSION 

MWCNT-DTAB-Ct/NF film on GCE was shown to be able to establish a direct electron 

transfer between the enzyme and electrode. This can be attributed to an excellent microenvironment 

that MWCNT- DTAB /NF provides to Ct. However, UV-vis and CD spectra suggested that the native 

conformation of Ct in the film was unchanged and  heme active center of the protein remains intact in 

the presence of DTAB.  

The presence of MWCNTs in the film caused the change of irreversible reduction peak of Ct in 

DTAB- Ct/ NF film to a pair of well-defined redox peaks. Further, the film showing a rapid response 

with catalytic activity towards the reduction of hydrogen peroxide reveals a new path for the 

development of enzyme based mediator less sensor. 
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