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Abstract 

A novel electrochemical biosensor for the determination of hydrogen peroxide (H2O2) has been 

fabricated through covalently immobilized horseradish peroxidase (HRP) on modified multi 

walled carbon nanotube (MWCNT) by γ-aminobutyric acid (GABA) on glassy carbon electrode. 

using the electrochemical techniques, the electrochemical properties of the biosensor were 

specified. Cyclic voltammograms of the enzyme film at pH=7.0 exhibited a pair of quasi-

reversible redox peaks according to Fe(III/II) redox process of HRP. The biosensor exhibited 

good efficiency for finding  H2O2 with a broad linear range from 2.010
-7

 M to 2.8110
-4

 M and 

a detection limit of 0.13 M. The surface coverage of active HRP, heterogeneous electron 

transfer rate constant and Michaelis-Menten constant of immobilized HRP were obtained 

3.029×10
−9

 mol cm
-2

, 1.11 s
−1

, and 0.23 mM respectively. Similarly, the applicability of the 

suggested biosensor was examined by detecting H2O2 in human plasma samples and the average 

recovery was obtained as 100.50±0.25. Moreover, the constructed biosensor presented a high 

stability, reproducibility and repeatability. Finally using docking and the molecular dynamics 

calculations, it was determined that GABA interacts with lysine residue and it causes HRP to be 

placed on the electrode with a specific orientation. 

 

Keywords: Horseradish peroxidase, Hydrogen peroxide, Carbon nanotube, γ-aminobutyric acid. 
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1. Introduction 

Hydrogen peroxide is one of the important intermediates in enzymatic reactions and acts as a 

strong oxidant [1]. The quick and accurate detection of H2O2 is very important in food and 

medicine industries and environmental assays [2-5], since it plays a crucial role in many  redox 

processes in biological systems and the surrounding environment [6]. Electrochemistry methods 

are among the bsest and useful methods for detecting and determining. They have wide range 

applications  like ambient N2 fixation to NH3 [7], the hydrogen evolution reaction (HER) [8] and 

biosensors [9]. they have advantages such as low cost, easy use, reliability, high sensitivity and 

selectivity [10]. Therefore in recent years, the improvement of biosensors based on peroxidase-

modified electrodes has been mostly used in electroanalytical chemistry [11].  

On the other hand, among peroxidases, horseradish peroxidase (HRP) has been widely used 

to improve biosensors based on enzymes. HRP is an oxidoreductase which acts as an electron 

acceptor compound and catalyzes the reduction of hydrogen peroxide. HRP is inexpensive, 

available and acts specifically; therefore, it has been widely employed in biosensors for H2O2 

determination  [12]. But the active site of the enzyme is in a deep place and its accessibility is a 

major challenge for the direct electrochemistry of HRP. According to Marcus theory, the less 

distance and the desirable orientation increase the direct electron transfer [13]. Another challenge 

in working biosensors is the rapid loss of enzyme activity due to its interaction with the electrode 

surface and so enzyme unfolding. The typical lifetime of biosensors is only 2-4 weeks; however, 

by a good physicochemical environment to which the protein is exposed (e.g., supporting matrix) 

enzyme stability issues could be improved. This, in turn, changes the optimum pH, thermal 

stability, and therefore the kinetic parameters.  

Various materials such as; nanoparticles [14-16], ionic liquids [17] and conducting polymers 

[18, 19] were used to suit the enzyme surrounding to accelerate electron transfer between the 

enzyme and the surface of the electrode. Additionally,  several materials have been studied for 

the enhancement of DET and the current response between the electrode and the HRP enzyme 

such as; gold nanoparticles (AuNPs) [14], cadmium sulphide [CdS] nanofibers [20], and carbon 

nanomaterials [21]. In recent decades, due to the unique properties of carbon nanomaterials, such 

as fast electron transfer, high thermal conductivity, excellent mechanical flexibility and good 

biocompatibility,they have been used in a different fields such as electrochemical sensor and 

biosensor [22, 23] and supercapacitors [24]. These nanomaterials include graphene, graphene 
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oxide, carbon nanotube, and etc. Carbon nanotubes (CNTs) are one of the most important of 

these materials, which have received a great deal of attention. CNTs have unique mechanical, 

chemical and electronic properties and high volume ratio [25]. Recent investigations have shown 

that CNTs modified electrodes not only increase current at the electrode surface, but also have a 

great electrocatalytic activity towards some electroactive materials such as; caffeic acid [26], and 

glucose [27] and H2O2 [28]. There are also materials used by researchers to enhance the 

biosensor performance. For instance, Griebenow and his coworkers [9] have presented an 

effective method to immobilized HRP enzyme using the formation of a monolayer on the gold 

nanoparticle modified glassy carbon electrode. In addition, Wei Zhuang et al. [29] have 

expanded strategies to improve the activity and stability of immobilized glucose oxidase and 

catalase by attachment of the linear structured polymer of ε-Poly-L-lysine to enzyme. 

By choosing a suitable matrix, controlled orientations of redox enzyme [9] and a good 

strategy to immobilize the enzyme such as entrapment [17], covalent binding [30] and etc., 

biosensor stability and sensitivity can be improved. It has been shown that the enzyme 

immobilization by a covalent bond prevents the enzyme from leaching the electrode surface and 

improves the efficiency of the biosensor. Several studies have been hitherto reported to improve 

biosensors of H2O2 based on covalent immobilization of HRP enzyme on modified electrode [31, 

32]. 

In this study, a biosensor was fabricated based on covalent immobilization of HRP enzyme 

on modified functionalized multi walled carbon nanotube (MWCNT) by γ-aminobutyric acid 

(GABA) on glassy carbon electrode (GCE) surface for H2O2 concentration measurement. GABA 

is well-known as a neurotransmitter that adjusts inhibitory neurotransmission in mammalian 

central nervous systems [33]. Given that GABA is a chemical compound in living systems, 

particularly in the most sensitive part, the central nervous system, it therefore seems to have a 

suitable biocompatibility ; consequenly it can lead to increased stability and improved efficiency 

of the biosensor. On the other hand, GABA is a zwitterion with amine and carboxylic terminal 

which can act as a linker between enzyme and MWCNT through covalent couplings. 

Considering the possibility of compatibility of GABA in this study, an electrode modified with 

carbon nanotubes connected to GABA was used to the HRP immobilization and the optimum 

conditions and the performance parameters of the resulted biosensor were studied. Docking and 
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molecular dynamics studies confirmed and justified the obtained results from the experimental 

section.. 

2. Experimental 

2.1. Materials and methods 

Horseradish peroxidase (HRP, EC1.11.1.7, Type VI), Multi-walled carbon nanotube, N-(3-

Dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride (EDC), N-hydroxysuccinimide 

(NHS) and γ-Aminobutyric acid were purchased from Sigma-Aldrich. Hydrogen peroxide (H2O2, 

30% w/w), sulfuric acid and nitric acid were received from Merck and solutions were daily and 

freshly prepared. To prepare phosphate buffer solutions with different pH, standard stock 

solutions of 0.10 M Na2HPO4 and 0.10 M NaH2PO4 were mixed together and to adjust pH, 0.1 

M HCl or NaOH were used from Merck. Water was purified by deionization and distillation. 

2.2. Apparatus 

The experiments were achieved by using a potentiostat/galvanostat (AUTOLAB PGSTAT-30) 

the GPES 4.9 and FRA 4.9 softwares were applied for voltammetric and electrochemical 

impedance spectroscopy (EIS), respectively (Eco-Chemie, Utrecht, Netherlands). A three-

electrode system was employed with an Ag/AgCl (3 M KCl) as the reference electrode, a 

platinum wire as the counter electrode, and the modified glassy carbon electrode (GCE) as the 

working electrode. All experiments were done in a working solution (a 0.1 M phosphate buffer 

of pH=7.0) at 25 ±2 C.  

FT-IR spectra of the samples were recorded on a PERKIN ELMER RX I FT-IR 

spectrophotometer. EIS was carried out in the presence of 5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] in 

0.1 M KCl as a redox probe in the frequency range of 0.10 Hz–100 kHz, amplitude of 5.0 mV. 

The scanning electron microscopy (SEM) images of electrodes were characterized by using an 

MIRA3TESCAN-XMU field-emission SEM. Both samples were sputter-coated by platinum 

before SEM observation.  

2.3. Procedures 

2.3.1. Carboxylation of MWCNTs 

First, Pristine MWCNTs are heated at 400° C for 2 h to burn off the pollution of their amorphous 

carbon. Then, 3 mg of purified MWCNT was dispersed in a test tube containing 8 mL mixture of 

concentrated sulfuric acid and nitric acid (3:1, v/v) in order to introduce carboxyl groups on their 

surface. The slurry was placed under the bath of ultrasonic waves (160HT, Soniclean Pty Ltd, 
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Seoul, Korea) for 3 h. Afterwards the product was centrifuged three times without any 

interruptions for 10 min at 3000 rpm and the pellet was rinsed with 5 mL of 0.1 M PBS (pH=7.0) 

between each centrifugation. The product is MWCNT-COOH. 

2.3.2. Activation of MWCNT-COOH 

3 mg of MWCNT-COOH was added to 1 ml of PBS (0.1 M, pH=7.0) containing EDC 400 mM 

and NHS 100 mM and the mixture was stirred at 250 rpm for 90 min. Then, it was centrifuged 

for 8 min at 4000 rpm and rinsed with PBS to remove the excess of EDC and NHS. Finally, it 

was dried in a vacuum oven. The carboxyl groups of MWCNT-COOH were converted to the 

active ester (succinimidyl ester) using NHS in the presence of the coupling agent EDC. Then, the 

product was added to 1.0 ml of GABA solution (1M) and stirred at 250 rpm for 12 h to form an 

amide bond between the activated carboxyl group of MWCNT-COOH and amine terminated of 

GABA (Fig. 1). Then the same above mentioned steps were also performed to activate the 

carboxylic terminated of GABA. The Product is MWCNT-COOH-GABA. 

 

Fig.1 

 

2.3.3. The working electrode preparation 

Prior to modification, GCE was mechanically polished with 0.5 μm alumina powder slurries to a 

mirror-like surface and was rinsed ultrasonically with a mixture of acetone and HNO3 (0.1 M) 

1:1 (v/v), then washed with NaOH (1.0 M) and ultrapure water respectively for 3 min. Typically, 

8.0 µl of the dispersion containing MWCNT-COOH-GABA in PBS (0.1 M. pH=7.0) was 

dropped onto the cleaned GCE and was allowed to dry under ambient conditions for 1h 

(MWCNT-COOH-GABA/GCE). Then, the electrode was immersed in a 5 mg ml
-1 

HRP solution 

in 0.1 M PBS at pH=7.0 for 24 h at 4C. The electrode (HRP/MWCNT-COOH-GABA/GCE) 

was again rinsed with distilled water, dried and kept in the refrigerator. 

 

Fig. 2 

 

2.4. Model and computational method 

Molecular docking study was performed in order to find out the binding sites on HRP. Geometry 

optimization of GABA (Fig. 3) was accomplished by Gaussian 03 program [34] with B3LYP 
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type exchange correlation functional and 6-311++G(d,p) basis set. The crystal structure of HRP 

with PDB ID 1H5A was obtained from Protein Data Bank (http://www.rcsb.org). The ligands 

and water molecules were removed, and then hydrogen atoms were added to the enzyme 

structure. The docking experiments were performed by Autodock 4.6 docking software using a 

genetic algorithm [35]. For the identification of the binding sites in HRP, docking was performed 

by using a box size of 126- 126-126 Å with grid resolution of 0.71 Å. The docking runs were 

performed on the Autodock engine with a maximum of 200 candidate poses and GABA was 

selected as flexible. The conformations were ranked by using the Ascore scoring function, which 

estimates the free binding energy. After the molecular docking, bonding sites of HRP-GABA 

were further analyzed by using DS Visualizer 2.0. 

Fig. 3 

 

Simulations of molecular dynamics were investigated in two modes: in the absence and in the 

presence of GABA. Gromos96 force field and spc model water was applied for calculations. A 

twin range cutoff was used for longer-range interactions; 1.0 nm for van der Waals interactions 

and 1.0 nm for electrostatic interactions. The particle mesh Ewald (PME) [36] method was used 

for calculating long-range interaction. A cubic simulation box of the volume 350.76 nm
3
 was 

made and 5 molecules of GABA were randomly placed in this box. Then, 10111 molecules of 

water were randomly added into the simulation box. The initial configurations were minimized 

by using the steepest descent algorithm [37] with 10000 integration steps and the system was 

equilibrated for 30 ns at constant pressure (1.0 atm) and temperature (300 K) using the 

Parrinello–Rahman procedure. By using the GROMACS 5.1.1 package, all MD simulations were 

carried out.  

3. Results and discussion 

3.1. Infrared characterization 

FT-IR was used to confirm the functionalization of MWCNT with the carboxylic group and then 

covalent attachment of GABA. Fig. 4 shows the FT-IR spectra of pristine MWCNTs, MWCNT-

COOHs and MWCNT-COOH-GABA (a-c). The peak at 1648 cm
-1

 is related to the C=C 

stretching, which demonstrates the graphite structure of MWCNTs. A new appeared peak around 

1700 cm
-1

 in the spectra of MWCNT-COOHs is assigned to C=O stretching of the carboxylic 
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acid group [8, 21]. Peaks of C–O and OH stretching vibrations of the carboxylic acid group can 

be seen at 1024 and 3429 cm
-1

 respectively [21]. With regard to the FT-IR spectra, it can be 

concluded that MWCNT has been successfully modified and carboxyl groups are located onto it. 

In Fig.4c, the appearance of a peak in 1760 cm
-1

 is devoted to the stretching of C-O. In addition, 

the presence of the new peak in 1223 cm
-1

 is related to the C-N bond and indicates the presence 

of the amide functional group. The peak at 3400 cm
-1

 indicates the presence of the O-H band in 

the GABA molecule, which is located on the carbon nanotube surface. 

 

Fig. 4 

 

3.2. Surface morphological characterizations using SEM 

Surface morphology of the enzyme electrode was examined by scanning electron microscopy. 

Fig. 5A and B show SEM images of MWCNT-COOH-GABA/GC and MWCNT-COOH-

GABA/HRP/GC modified electrode respectively. It can be seen that MWCNT-COOH-GABA 

exist as bundles entangled with one another (Fig. 5A). Fig.5 vividly shows that the thickness of 

MWCNT-COOH-GABA was increased by the addition of HRP and the electrode surface was 

packed with the uniformly distributed dense enzyme. It can be concluded that the HRP has been 

successfully deposited onto MWCNT-COOH-GABA surface. 

 

Fig. 5 

 

3.3 Electrochemical impedance spectroscopy  

EIS is a sensitive method that can provide useful information on the impedance changes of the 

electrode surface during the preparation process of biosensor. In impedance spectra, the 

semicircle diameter equals the electron transfer resistance (Ret) at the electrode surface. Ret 

describes the interface properties of the electrode. For impedance measurements, a frequency 

ranges of 0.10-100 kHz was employed. The AC voltage amplitude was 5 mV, and the 

equilibrium time was 10 min. Fig. 6 exhibits the impedance spectra of the bare GCE and 

modification electrodes including MWCNT-COOH-GABA/GCE and MWCNT-COOH-

GABA/HRP/GCE in 5.0 mM K3[Fe(CN)6]/ K4[Fe(CN)6] solution and 0.1 M KCl. It is clear that 

Ret was decreased with progress in the modification stages. The bare GCE has a relatively high 

resistance. But with the addition of MWCNT-COOH-GABA, the electrode's resistance was 
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significantly reduced, which was attributed to the good conductivity of MWCNT-COOH-GABA. 

However, the Ret of MWCNT-COOH-GABA/HRP increases, showing that the HRP was 

immobilized onto the surface electrode. Therefore, the results indicate that the modification of 

GCE by MWCNT-COOH-GABA causes the construction of an electrode with the least 

resistance that is an advantage to building a biosensor. 

 

Fig. 6 

 

3.4. Investigation of electrochemical behavior of various film modified GCE’s using cyclic 

voltammetric studies 

The electrochemical behavior of the bare GCE, MWCNT-COOH/GCE, MWCNT-COOH-

GABA/GCE and MWCNT-COOH-GABA/HRP/GCE in 10.0 mL PBS 0.1 M (pH=7.0) at scan 

rate 100 mV s
-1

 electrode was studied by using cyclic voltammetry. As seen in Fig. 7, there is no 

voltammetric response at the cyclic voltammograms of the bare GCE, MWCNT-COOH/GCE 

and MWCNT-COOH-GABA/GCE in solution (Fig. 7 a,b and d), On the other hand, according to 

Fig. 7c, immobilization of HRP on the MWCNT-COOH/GCE has a slight reduction peak and 

does not have a quasi-reversible property. Meanwhile, peak has appeared in the negative 

potentials which increases the interference. Actually the direct binding of the enzyme to the 

carboxylic carbon nanotube causes the HRP flexibility to weaken and thus reduces its activity. 

So MWCNT-COOH alone does not provide a suitable environment for enzyme immobilization. 

while MWCNT-COOH-GABA/HRP on GC electrode indicated a pair of quasi-reversible at 

about −0.03 and +0.07 V vs. Ag/AgCl at scan rate of 100 mV/s (Fig. 7f). Therefore, in the 

presence of GABA, both anodic and cathodic peaks are observed and the cathodic peak is shifted 

to higher voltages. Meanwhile the presence of GABA as a linker has less effect on molecular 

flexibility. GABA has also a short chain, therefore causes the redox center of the enzyme is 

placed near to the electrode surface in a more appropriate orientation. The formal potential (E°′) 

of MWCNT-COOH-GABA/HRP /GCE is specified to be 50 mV vs. Ag/AgCl (249 mV vs. 

NHE), which is almost at the range of the E°′ values reported for HRP from various literatures 

and methods of immobilization. The ratio of the cathode to the anodic current is approximately 

close to unity. 
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Fig. 7 
  

3.5. The effect of scan rate 

Fig. 8 shows a pair of redox peaks for the direct electron transfer behavior of immobilized HRP 

at various scan rates. Increasing the potential scan rate, both the anodic and cathodic peak 

currents enhanced. The linear relationship between the current peaks and the scan rate (shown in 

the inset (A) of Fig. 8) represents a surface controlled reversible process, which is expected from 

an immobilized enzyme system. The regression equation was obtained: Ipc (μA) = 85.77  (V s
-1

) 

-2.72, R
2
 = 0.997; Ipa (μA) = 84.85  (V s

-1
) +2.50, R

2
 = 0.998. 

With the enhancement of scan rate, the anodic peak potential shifted towards a more positive 

value and the cathodic peak potential shifted towards a more negative value. The peak-to-peak 

separation is 102 mV at a scan rate of 100 mV s
-1

. The smaller Epa/Epc can be attributed to the 

fact that HRP molecules are probably immobilized in one orientation [38]. Based on the Laviron 

theory [39] for a reversible reduction reaction of an absorbed species to the electrode surface can 

be calculated the amount of electroactive HRP enzyme on the electrode surface, by using the 

slope of Ipc   curve (inset A of Fig. 8) and by placing in Eq. 1.  

    
       

   
                                                                                                                          (1)  

Where Ip is the value of peak reduction, Γ is the electroactive HRP amount (mol cm
-2

), n is 

the number of electrons transferred, F is the Faraday constant (96485 C mol
-1

), A is the surface 

area of the electrode (cm
2
),  is the scan rate (mV s

-1
), R is the gas constant (8.314 J mol

-1 
K

-1
), 

and T is the Kelvin temperature (K). Assuming a single electron reaction, the surface coverage of 

HRP on the surface of the modified electrode was calculated to be 3.02910
-9

 mol cm
-2

 [40]. The 

slope of log Ipc vs. log  (inset B of Fig. 8) was obtained to be 1.35, with correlation coefficient 

equal 0.99, which confirms that a thin layer is formed at the electrode surface.  

 

Fig. 8 

 

Furthermore, the relationship between redox peak potentials and scan rate was investigated, and 

the electron transfer kinetic of HRP was obtained by using the Laviron model [41]. The charge-

transfer coefficient () was estimated as 0.48. The heterogeneous electron transfer rate constant 

(ks) was calculated according to the following equation: 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

                             
  

   
  

           

     
                                                             (2) 

According to Eq. 2, the electron transfer rate constant (ks) was obtained 1.11 s
-1

 by using the 

data for 100 mV s
-1 

from Fig. 9 via a previous reported method [41]. From the ks value, it can be 

concluded that in this study, covalently immobilization of HRP by MWCNT-COOH-GABA, 

enhanced the rate of electron transfer [42].  

 

Fig. 9 

 

3.6. The effect of pH 

The effect of pH on the current response of the biosensor was evaluated in the range of 5.0 to 8.5 

in 0.10 M PBS. As shown in Fig. 10, both the anodic (Epa) and cathodic (Epc) potential shifted to 

negative values with the enhancement of pH that means the protons influence on the redox 

process. Therefore, the pH of the environment is effective on the protonation/deprotonation of 

some of the amino acids in the active site. As a result, pH plays an important role both in the 

change of HRP active-site conformation and its catalytic power. Consequently, it is worth noting 

that proton transfer is occurred in the electrochemical process. As shown in the inset of Fig. 10, 

the slope of potential (E) vs. pH was −56 mV/pH for immobilized HRP, which is in agreement 

with the slope of Nernst equation (−59 mV/ pH) [43].  

  

Fig. 10 

 

3.7. Electrocatalytic properties of MWCNT-COOH-GABA/HRP/GCE 

 The electrocatalytic activity of MWCNT-COOH-GABA/HRP/GCE was investigated toward 

H2O2 by differential pulse voltammetry method. Fig. 11A indicates DPV curves for different 

concentrations of H2O2 in 0.1 M PBS (pH=7.0). The proportional anodic peak was obtained for 

concentrations of 0.2 to 400 M for H2O2. The proposed biosensor showed a linear calibration 

range for H2O2 from 2.010
-7

 to 2.8110
-4

 M, [I (µA) = 0.089C (µM) + 1.747, R
2
 = 0.997] (Fig. 

11B). The detection limit (signal/noise =3) of the suggested biosensor was obtained 0.13 M for 

hydrogen peroxide. In the Table 1, the performance of this electrode is compared with other 

modified electrodes. The detection limit of the biosensor is lower than the detection limits of 

some electrodes modified with various materials [44].  
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Fig. 11 

 

Using the apparent Michaelis–Menten constant (Km
app

 ), the kinetics of the enzyme-substrate for 

the biosensor can be shown and was calculated from the electrochemical model of the 

Lineweaver–Burk equation [45].  

 

   
   

   

      
  

 

    
                                                                                                           (3) 

Where Iss is the steady state current after the addition of substrate and Imax is the maximum 

current measured under saturated substrate condition. The Km
app

 and Imax values of the biosensor 

were found to be 0.23 mM and 39.6 µA for H2O2 respectively, (inset of Fig. 12B). A lower Km
app

 

value indicates a greater tendency of H2O2 to the enzyme and the enzyme activity has increased 

in the stabilized state. As a result, it can be concluded that the immobilized HRP onto MWCNT-

COOH-GABA preserves its enzymatic bioactivity and the proposed biosensor shows a high 

dependency for H2O2. Table 1 compares the analytical properties of the biosensor in this study 

with previously reported. 

 

Table 1 

 

3.8. Stability of the MWCNT-COOH-GABA/HRP/GCE  

Reproducibility and stability are essential requirements for a biosensor. The reproducibility of 

the MWCNT-COOH-GABA/HRP/GCE biosensor was investigated at H2O2 concentration of 10 

µM. Five successful measurements were taken and RSD was obtained from 1.29%, which 

indicated a good reproducibility of the MWCNT-COOH-GABA/HRP/GCE biosensor. Then the 

storage stability of the biosensor was investigated. According to Fig. 12A, no significant change 

(<1%) in the cyclic voltammetric responses was seen even after repeating 50 continuous scans 

between −0.5 V and 0.5 V at 100 mV s
-1

. The long-term stability of this biosensor, which was 

kept at 4C when not in use, shows that the electrode still yielded about 90% of the initial current 

response after ten weeks (Fig. 12B). In addition, the long-term stability of the biosensor was 

studied by measuring its response current to 80.0 M H2O2 (Fig. 12C). The current of the 

biosensor is nearly unchanged during the first 7 days. The biosensor still retains 92.65% of its 

original current after three weeks of storage. The reason for the better biosensor stability can be 
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attributed to the covalent bond between the GABA molecules and the HRP enzyme amino acids 

which cause a good and stable immobilization at the electrode surface. 

 

Fig. 12 

 

3.9. Analysis of real samples 

To measure the usability of the suggested biosensor for clinical potential applications as a real 

sample, the concentration of H2O2 in human plasma sample was determined under optimum 

conditions. The samples were diluted 100 times with PBS (pH=7.0) before analysis with no 

further pretreatments. Different amounts of H2O2 were then spiked into the plasma sample and 

the standard addition method was used to obtain the results. The analytical results are displayed 

in Table 2. Statistical t-test showed that there is an agreement between spiked and obtained 

results, which revealed that the proposed MWCNT-COOH-GABA/HRP/GC electrode can be 

applied in order to determine H2O2 concentration in real sample with satisfactory accuracy and 

precision. 

 

Table 2 

 

 

3.10. Computational results 

Algorithms in the docking calculation make the ligand to move randomly around HRP in a box 

with a definite size so that the ligand scans different sites of macromolecules by using 

accompanying algorithm implemented in the Autodock. Past researches have shown that lysine 

amino acids on one side of the HRP have a better ability to modification [46]. Based on the 

docking results in Fig. 13, GABA mostly tend to bind to Lys-232, Lys241 and Lys 65. 

Ghourchian et al. obtained similar results in the modification of lysine aminoacids with 

anthraquinone 2-carboxylic acid [46].  

 

Fig. 13 

 

The conformational changes of the system during MD simulations were monitored by the root–

mean–square derivations (RMSD). The results showed that RMSD of the HRP+GABA is less 
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than HRP (Fig. 14A) indicating that the enzyme's flexibility was reduced in the presence of 

GABA.  

Moreover, the solvent accessible surface area (SASA) was calculated and the results showed 

that in the presence of GABA, more amino acids are available to the solvent (Fig. 14B). On the 

other hand, H2O2 has to diffuse from the surface of the enzyme to the heme prostatic group so 

that it can interact with heme group. According to studies, it has been determined that H2O2 

passes through a channel along with the fluctuation of Phe-68 and Phe-142 and reaches the heme 

iron. Phe-68 and Phe-142 are at the channel entrance, and their conformational fluctuations 

determine the accessibility of H2O2 to the interior. MD results demonstrates that with the 

presence of GABA, the average distance between the backbones of Phe-68 and Phe-142 

increases from 10.40 and 11.45 Å (Fig. 15A), to 11.43 and 13.62 Å (Fig. 15B), respectively. 

Therefore, it can be said that in the presence of GABA the channel entry has been expanded and 

hydrogen peroxide can pass easily. According to the results, it can be predicted that lysine amino 

acids have been modified by GABA molecules and amide bond formed between them. 

 

 

Fig. 14 

 

Fig.15 

  

4. Conclusion 

In summary, immobilization of HRP onto the MWCNT-COOH-GABA composite was 

accomplished by covalent bonding between the carboxyl group of GABA and amine groups of 

amino acids of HRP. Due to the compatibility of GABA, covalent attachment of enzyme the 

biosensor also exhibits high stability, reproducibility and repeatability. The MWCNT-COOH-

GABA decreases resistance and increases electron transfer at the electrode surface and hence an 

increase in current response. The newly constructed biosensor demonstrated excellent 

electrocatalytic activity towards the reduction of H2O2 in PBS (pH=7) solution. The surface 

coverage of HRP on the surface of the modified electrode and the apparent Michaelis–Menten 

constant were calculated to be 3.02910
-9

 mol cm
-2

 and 0.23 mM, respectively. The electron 

transfer rate constant of the biosensor was obtained 1.11 s
-1

. This novel biosensor displayed low 
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detection limit (0.13 M) and large linear range 0.2 to 281 M for H2O2. Based on comfortable 

preparation, great properties and low detection limit, the biosensor could use particularly for 

H2O2 determination in a real sample like human plasma. In molecular docking calculations, it 

was shown that GABA molecules tend to lysine amino acids of HRP and so these residues can 

be modified by GABA. Molecular dynamics calculations represented that RMSD of the enzyme 

decreases with the presence of GABA molecules, and thus HRP+GABA moves less than HRP. 

Also GABA molecules open the pathway for the H2O2 to the heme prostatic group and it is 

therefore suitable for HRP immobilization. The results of the experimental and computational 

sections confirm each other and are in agreement. 
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Table 1 

Comparison of analytical performance of the fabricated H2O2 biosensor with previous reported. 

Electrode 
Detection 

Limit (M) 

linear range 

(M) 
Km

app
 (mM) References 

Co3O4/MWCNTs/Gelatin/HRP/GCE 0.74 0.74−190 ---- [47] 

HRP-Chit/PL-LEU/PDA/GCE 0.1 0.5–952.0 0.12 [48] 

HRP–SAM–Au electrode 0.3 0.5–12.7 6.34 [49] 

PAN-PNMThH/HRP electrode 3.2  5.0-600 2.79 [50] 

Au/GS/HRP/CS 1.7 5.0 to 513 2.61 [51] 

Hb–PpPDA@Fe3O4/GCE 0.21 0.5–400 0.088 [18] 

SPCE|GS–Nafion/Fe3O4–Au-HRP 12 20 to 250 ---- [52] 

MWCNT-COOH-GABA/HRP/GCE 0.13 0.2 to 281 0.23 Present work 

Chit: Chitiosan, PL-LEU/PDA: poly (L-leucine)/polydopamine, SAM: self-assembled monolayer, PAN-PNMThH: 

poly (aniline-co-N-methylthionine. 

 

 

Table 2  

Determination of H2O2 in human plasma sample (n=4) at MWCNT-COOH-GABA/HRP/GCE 

Sample Added (M) Found (M) Recovery t-test value (t4 = 2.78) 
Relative Standard 

Deviation (RSD) 

1 4.15 4.23 102.02 0.99 4.14% 

2 8.26 8.15 98.91 0.65 4.06% 
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Figure Captions 

Fig.1. Schematic representation of MWCNT-COOH activation.  

Fig. 2. Schematic representation of biosensor fabrication process. 

Fig. 3. Structure of GABA. 

Fig. 4. FT-IR spectra of (a) MWCNT, (b) MWCNT-COOH, (c) MWCNT-COOH-GABA. 

Fig. 5. Scanning electronic micrographs of (A) MWCNT-COOH-GABA/GCE, (B) 

MWCNT-COOH-GABA/HRP/GCE. 

Fig. 6. Nyquist plots of bare GCE, MWCNT-COOH/GCE, MWCNT-COOH-GABA /GCE and  

MWCNT-COOH-GABA/HRP/GCE in 5.0 mM K3Fe(CN)6/K4Fe(CN)6 with 0.10 M KCl as the 

supporting electrolyte .AC amplitude: 5mV; frequency range: 0.1–100 Hz. 

Fig. 7. Cyclic voltammograms of (a) bare GCE, (b) MWCNT-COOH/GCE, (c) MWCNT-

COOH/HRP/GCE, (d) MWCNT-COOH-GABA/GCE and (f) MWCNT-COOH-

GABA/HRP/GCE in 10.0 mL 0.1 M pH=7.0 PBS. Scan rate 100 mV s
-1

 

Fig. 8. Typical cyclic voltammograms of MWCNT-COOH-GABA/HRP/GCE and the 

calibration plot of wave current at different scan rates in PBS pH=7.0 ((a) 20, (b) 40, (c) 60, (d) 

80, (e) 100, (f) 150, (g) 200, (h) 250, (i) 300, (j) 350, (k) 400, (l) 450, (m) 500 mV s
-1

. Inset A: 

plot of the peak current against the scan rate. Inset B: log Ipc vs. log ν. 

Fig. 9. Variation of (a) the anodic and (b) cathodic peak potential vs log . 

Fig. 10. The effect of pH on the redox behavior of MWCNT-COOH-GABA/HRP/GCE in 0.1 M 

PBS solution at different pH (from 5.0 to 8.5). Inset: plots of formal potential vs. pH. 

Fig. 11. (A) Differential pulse voltammograms of 0.2, 4.19, 7.33, 15.15, 26.28, 51.58, 85.84, 

124.08, 167.37, 204.51, 248.68, 281.52, 321.36, 365.76, 404.73 (µM) from (a) to (o), for H2O2 in 

0.1 M PBS (pH=7.0). (B) graph of peak current vs. the concentration of H2O2. Inset: 

Lineweaver–Burk plots for H2O2. 

Fig. 12. (A) The storage stability of MWCNT-COOH-GABA/HRP/GCE biosensor in 0.1 M PBS 

(pH=7.0) at a scan rate of 100 mV s
-1

. (B) The long-term stability of MWCNT-COOH-

GABA/HRP/GCE biosensor after ten weeks, (C) The long-term stability of MWCNT-COOH-

GABA/HRP/GCE biosensor by measuring its response current to 80.0 M H2O2. 

Fig.13. Ball and stick view of GABA molecules in close contact with lysine residues of HRP 

enzyme. 
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Fig.14. (A) Comparison of RMSD of the enzyme in the absence and presence of GABA 

molecules, (B) solvent accessible surface area of HRP in 30 ns time interval in the absence and 

presence of of GABA molecules. 

Fig. 15. Structural features of the heme crevice in 1ATJ (A) in HRP and (B) in HRP+GABA 

according to their MD average structures. 
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(Figure 8) 
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(Figure 9) 
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(Figure 10) 
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(Figure 12) 

 

 

 

 

 

 

 

 

0 

3 

6 

9 

12 

15 

0 5 10 15 20 25 

I(


A
) 

Time (day) 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

(Figure 13) 
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(Figure 14) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0.4 

0 10000 20000 30000 

R
M

S
D

 

Time (ps) 

HRP+GABA 

HRP 

A 

120 

125 

130 

135 

140 

145 

150 

155 

160 

165 

0 10000 20000 30000 

A
r
e
a

 

Time (ps) 

HRP 

HRP+GABA 

B 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

(Figure 15) 
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