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In this work we report the synthesis of graphene oxide – horseradish peroxidase biocomposite (GO-

HRP) by a solution method without using any cross-linkers. Then, the GO-HRP biocomposite was 

drop casted on a screen printed carbon electrode (SPCE) followed by the electrochemical reduction to 

reduced graphene oxide-HRP (ERGO-HRP) composite. The ERGO-HRP modified SPCE showed 

good electroanalytical properties towards the amperometric determination of H2O2. The film has been 

characterized by scanning electron microscopy (SEM) and electrochemical impedance spectroscopy 

(EIS). Both the studies revealed the effective immobilization of HRP on ERGO. The SPCE/ERGO-

HRP showed a linear range of detection of 9 – 195 µM. The electrode also detects H2O2 in real sample 

solutions with appreciable accuracy.  
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1. INTRODUCTION 

Hydrogen peroxide is an excellent oxidizing agent. Hence, it is widely used in organic 

synthesis and pharmaceutical industries, and used as cleaning and bleaching agents in many textile 

industries. H2O2 is also an important component in disinfectants, cleaning and antiseptic solutions for 

domestic use due to its antimicrobial property [1]. 3% H2O2 (v/v) is commonly used in many 

commercially available contact lens disinfectant solutions. So, H2O2 is released to the environment 

from the above mentioned activities. H2O2 is also released to the water resources by thunder and 
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lightning [2]. Researches show that the H2O2 concentration in rain water is increased by five times 

after thunder and lightning [3,4]. H2O2 can also cause some damages to brain and affects the central 

nervous system [5]. Therefore, H2O2 determination in environmental samples, biological samples, food 

samples, industries etc. are important [6,7]. Moreover, in biological systems H2O2 is produced by some 

biochemical reactions catalyzed by various enzymes. Therefore, by measuring the H2O2 the 

biochemical reactions can be determined indirectly [8]. Enzyme based biosensors have been a good 

choice due to their high selectivity [9] 10, 11]. Heme group containing proteins and enzymes are 

widely used for electrochemical reduction and determination of H2O2.  

Horseradish peroxidase (HRP) is a glycosylated plant peroxidase and it can catalyze the 

reduction reaction of hydrogen peroxide [12]. In peroxidase based biosensors, H2O2 is reduced at low 

over potential due to the direct electron transfer between the electrode surface and HRP redox center 

[13]. Hence it is widely used in enzyme based amperometric biosensors [14-22]. However, the redox 

center or HRP is embedded in the protein matrix, which reduces the electrical conductivity of the 

enzyme and shows poor electron transfer rates. Since the redox center is hidden inside the protein 

matrix of the enzyme, it can avoid interference of many molecules with large size. So, a fast transfer of 

electron from the redox cite to the electrode is very important, which can be achieved by the use of 

nanomaterials. Direct electron transfer of HRP has been achieved at gold nanoparticles conjugate [23]. 

Gold nanoparticles can enhance the electron transfer between electrode and peroxidase [24]. Carbon 

nanotube also provide a suitable medium for electron transfer for HRP [25]. Cao et al. reported that 

HRP immobilised on nano-Au-poly 2,6-pyridinediamine showed higher electron transfer resistance 

than that of nano Au modified electrode [26]. 

Recently, graphene has attracted tremendous attention for HRP immobilization due to its 

functional and electrochemical and electrical properties. HRP has been immobilized on graphene oxide 

(GO) and applied for the removal of phenolic compounds [27]. While Lu et al. immobilized HRP on 

single layer graphene platelet for H2O2 biosensor application [28] which showed good performance. 

Graphene is an inexpensive material with good mechanical, electrical and thermal properties [29,30]. 

The large surface to volume ratio and biocompatibility are attractive parameters for its potential 

application in the fabrication of electrochemical biosensors [31]. It is difficult to prepare a uniform 

dispersion of graphene in aqueous solution due to its hydrophobic character. While GO is highly 

soluble in water because of the presence of remarkable amount of oxygen containing functional groups 

on its edge plains and surface. Also, the functional groups are useful for anchoring enzymes. Li et al. 

demonstrated the immobilization of HRP on electrochemically reduced graphene oxide (ERGO-HRP) 

[32]. So far no reports are available for the preparation of GO-HRP composite followed by 

electrochemical reduction to produce ERGO-HRP. Our previous report proves that the immobilization 

of glucose oxidase on GO followed by electrochemical reduction has many advantages in fabrication 

of biosensors [33]. In this work we report the synthesis of GO-HRP composite by a solution method. 

Then the GO-HRP has been electrochemically reduced to ERGO-HRP composite for the amperometric 

determination of H2O2.   
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2. EXPERIMENTAL 

2.1 Apparatus 

The surface morphology characterization of the films were done by Scanning electron 

microscopy (SEM) using a Hitachi S-3000 H Scanning Electron Microscope. Electrochemical 

impedance spectroscopy (EIS) measurements were done using IM6ex ZAHNER (Kroanch, Germany). 

A conventional three electrode system with modified screen printed carbon electrode (SPCE) (Zensor, 

area: 0.196 cm
2
) as working electrode, a thin Pt wire as counter electrode and Ag/AgCl (sat. KCl) as 

reference electrode was used. The cyclic voltammetric experiments were carried out using a CHI 750A 

electrochemical workstation. CHI 750A with an Analytical rotator MSRX (PINE Instruments, USA) 

was used for amperometric experiments.  

 

2.2. Reagents and Materials 

Graphite powder with 98% purity and horseradish peroxidise were obtained from Sigma 

Aldrich. 30% H2O2 solution was from Wako pure chemical industries, Ltd. 0.1 M phosphate buffer 

solution (PBS) was prepared from 0.1 M Na2PO4 and NaH2PO4 in doubly distilled water and the pH 

was adjusted to 7. Inert atmosphere was set by passing N2 over the solution during the electrochemical 

experiments. All the experiments were conducted at ambient temperature (25ºC ± 2ºC). 

 

2.3 Fabrication of SPCE/ERGO-HRP modified electrode 

Graphite oxide was prepared from graphite platelets by modified Hummers’ method following 

the procedures reported earlier [34, 35, 36]. Then, 0.5 mg/mL graphite oxide dispersion was prepared 

in deionized water and it was mechanically exfoliated by ultrasonication for 2 h to get GO solution. 

The prepared GO solution was used for electrode modification. For the fabrication of the ERGO-HRP 

composite modified electrode, 40 µL of GO solution (0.5 mg/mL) and 60 µL of HRP solution (10 

mg/mL in 0.1M PBS, pH 7) were sonicated (30 min) in a vial to produce GO-HRP composite. Then, 

10 µL of the GO-HRP composite was drop casted onto SPCE and allowed to dry at room temperature 

and rinsed with deionized water. The GO-HRP modified electrode (SPCE/GO-HRP) was transferred to 

N2 saturated PBS (pH 5.0) solution. The GO-HRP film was then electrochemically reduced to ERGO-

HRP by continuous potential cycling [28] (15 cycles) from 0 to – 1.5 V at a scan rate of 50 mVs
–1 

by 

CV.  

 

 

3 RESULTS AND DISCUSSION 

3.1. Immobilization of HRP and electrochemical reduction of GO to ERGO in a single step 

Fig. 1 represents the electrochemical reduction process of GO. The cyclic voltammogram of the 

reduction process of GO on SPCE is shown in Fig. 1(A). In the first cycle, a broad cathodic peak with 

an onset potential of –0.8 V was observed, attributed to the reduction of oxygen functionalities of GO 
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[28]. The reduction current decreases significantly in the consecutive cycles. The modified electrode is 

noted as SPCE/ERGO. It should be noted, GO has many reactive functional groups such as ketone, 

quinine, carboxylic acid, hydroxyl, etc., Upon dispersing HRP in GO solution, the GO functionalities 

at the edge planes can easily bind with the free amino groups of HRP through covalent linkage. 

 

 

 

Figure 1. Cyclic voltammograms obtained for A) GO modified SPCE and B) GO-HRP modified 

SPCE in N2 saturated pH 5. Scan rate: 0.05Vs
-1

. 

 

Lysine present in the HRP has free primary amine group without any peptide linkage, and it 

can involve in coupling reaction [37]. The other amino acids present in the HRP such as alanine, 

cysteine, glycine, etc., do not have any free carboxylate group or primary amine group without peptide 

linkage, so they do not involve in coupling reaction. Therefore, HRP immobilized both by entrapment 

as well as by covalent linkage. Similarly, the as-prepared GO-HRP was electrochemically reduced in 
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the same potential range and number of cycles. It can be seen form Fig. 1(B) that the immobilization of 

HRP on GO by entrapment and covalent linkage decrease in the reduction peak current during the first 

cycle of GO-HRP reduction. This could be due to the less availability of surface oxygen functionalities 

on GO, as they are covalently linked with the free amino groups of HRP.   

 

3.2 EIS studies of various films 

Conducting polymers, polyelectrolytes, enzymes, proteins, nanomaterials or semiconducting 

materials coated on the electrode surface change the double layer capacitance and interfacial electron 

transfer resistance of the corresponding electrode. Impedance spectroscopy can reveal the interfacial 

changes due to the surface modification of electrodes [38]. The electrochemical impedance properties 

of the bare SPCE, HRP, ERGO, ERGO-HRP modified SPCE are recorded in 5mM Fe(CN)6
3-

/Fe(CN)6
4-

 in PBS and are represented as Nyquist plot (Zʹ vs. Z") in fig. 2. The upper inset in Fig. 2 

represents the GO modified SPCE. Lower inset in Fig. 2 shows the Randles equivalence circuit model 

used to fit the experimental data. 

 

 
 

Figure 2. EIS of a) SPCE/HRP, b) bare SPCE, c) SPCE/ERGO, d) SPCE/ERGO-HRP in 5mM 

Fe(CN)6
3-

/Fe(CN)6
4-

 in 0.1 M PBS (pH 7). Applied AC voltage: 5mV, frequency: 0.1 Hz to 100 

kHz. Upper inset is the EIS spectrum of SPCE/GO. Lower inset: Randles equivalence circuit 

model 

 

Where Rs is the electrolyte resistance, Rct is charge transfer resistance, Cdl double layer 

capacitance and Zw is Warburg impedance. The semicircle appeared in the Nyquist plot indicates the 

parallel combination of Ret and Cdl resulting from electrode impedance [39]. The semicircles obtained 

at lower frequency represent a diffusion limited electron transfer process and those at higher frequency 
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represent a charge transfer limited process. As can be seen from Fig. 2 HRP modified SPCE (curve a) 

shows large semicircle indicating a high electron transfer resistance of the HRP film. This is due to the 

poor electrical conducting property of HRP. ERGO (curve c) and ERGO-HRP (curve d) modified 

SPCE show semicircles with small diameters indicating a lower electron transfer resistance due to the 

better electrical conducting property of ERGO. GO modified SPCE shows a larger semicircle showing 

a large electron transfer resistance (upper inset to Fig. 2) which is much higher than that of bare SPCE 

(curve b). This is due to the poor electrical conducting property of GO. Therefore, the electrochemical 

reduction of GO to ERGO and the presence of HRP on the film is one again confirmed by the above 

findings. 

 

3.3. Surface morphology characterization of various electrodes 

 
 

Figure 3. SEM images of ERGO and ERGO-HRO composite 

 

The surface morphology of the ERGO and ERGO-HRP composite were studied by SEM. The 

ERGO and ERGO-HRP composite were prepared as per the procedure mentioned in sec. 2.3. Fig. 3 (a) 

shows the SEM images of ERGO with wrinkled and folding structures on the ERGO sheets. While 

HRP immobilized ERGO shows a thick surface where, the wrinkles and folding are occupied by the 

enzyme molecules (Fig. 3b). The difference between the surface morphology of the two materials 

suggests that HRP has been immobilized on the ERGO to form ERGO-HRP composite.  
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3.4. Direct electrochemistry of HRP 

 
 

Figure 4. Cyclic voltammograms of a) bare SPCE, b) GO-HRP and c) ERGO-HRP modified film 

modified SPCEs in N2 saturated PBS at the scan rate of 50 mV s
-1

. 

 

Electrochemical behavior of bare SPCE, GO-HRP, ERGO-HRP films modified SPCE were 

investigated using CV in N2 saturated PBS at the scan rate of 50 mV s
-1 

(Fig. 4). Curve (a) is the cyclic 

voltammogram of bare SPCE. Curve (b) represents the cyclic voltammograms of GO-HRP which does 

not show any significant peaks for HRP redox couple in the given potential range. Curve (c) shows the 

cyclic voltammetric response of ERGO-HRP film which shows a redox couple with the anodic peak 

appearing at –105 mV and the cathodic peak appearing at –260 mV. Since the peak potential 

difference (∆Ep) is well above 59 mV, the redox couple is electrochemically quasi-reversible. This 

redox couple (Fe
III/II

) is due to the redox reaction of the heme group present in the HRP. This result 

validates the direct electron transfer between the HRP and the electrode surface. Our previous report 

on immobilization of glucose oxidase on ERGO suggests that the possible reason for the direct 

electron transfer is due to the presence of the HRP molecules at the closer vicinity of ERGO due to the 

cross linking between HRP and ERGO and entrapment of HRP in ERGO matrix [32]. Thus, ERGO 

facilitates the electron transfer between the active site of HRP to the electrode. The surface coverage 

concentration (Г) of HRP at SPCE/ERGO-HRP has been calculated using the formula Г = Q/nFA, 

where Q is the charge in coulombs, n is the number of electrons which is one for the Fe
(III/II)

 redox 

couple of HRP, F is Faraday constant and A is the area of the electrode. The Г value of HRP on 

ERGO-HRP modified SPCE has been calculated as 7.32 × 10
-10

 mol cm
-2

. The very large surface area 

of the ERGO provides more space for high enzyme loading. 

The effect of scan rate on the redox peaks of ERGO-HRP has been investigated in N2 saturated 

PBS (pH 7) in the scan rate range 10 – 100 mVs
-1

. The cyclic voltammograms obtained for ERGO-

HRP composite modified SPCE is given in Fig. 5. Both anodic (Ipa) and cathodic (Ipc) peak currents 

increase linearly with increase in scan rates. The linear dependence of peak currents with the scan rate 
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is given in the inset of Fig. 5. The linear regression equation for the anodic peak current can be written 

as Ipa (µA) = 0.0206 ν + 0.7844, R
2
 = 0.9934 and for cathodic peak current Ipc (µA) = -0.0631 ν - 

0.3774, R
2
 = 0.9917. Where, ν is the scan rate in mVs

-1
. Therefore, the redox reaction occurring at 

ERGO-HRP modified SPCE is a surface-confined electrochemical process.  

 

 
 

Figure 5. Cyclic voltammograms obtained for SPCE/ERGO-HRP in N2 saturated pH 7 PBS at 

different scan rates. A → J: 10 → 100 mVs
-1

. The inset shows the calibration plot for Ipa and Ipc 

vs. scan rate.  

 

The electron transfer rate constant (ks) for HRP at GCE/ERGO-HRP is calculated using the 

Laviron equation (1) [40] at higher scan rates. 

 

Log ks = α Log (1 – α) + (1 – α)Log α – Log(RT/nFν) – α (1 – α)nF∆Ep/(2.3RT)  (1) 

 

Where, R is the universal gas constant (8.314 J mol
−1

 K
−1

), T is the room temperature (298.15 K) 

and ΔEp is the peak separation of the Fe
(III/II)

 redox couple. α value is assumed as ≈0.5 and the number 

of electrons transferred is considered as 1. The ks value of HRP is calculated as 1.7 s
−1

 indicating 

appreciable electron transfer kinetics process. 

 

3.5 Influence of pH 

The influence of pH on the redox behavior of SPCE/ERGO-HRP in various buffer solutions 

(pH, 1, 4, 5, 7, 9, 11 and 13) were also investigated in this study. The pH study results are shown in Fig. 

6. 
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Figure 6. Cyclic voltammograms recorded for SPCE/ERGO-HRP in various N2 saturated pH solutions 

separately. Inset shows the dependence of peak currents with pH. 

 

Quasi-reversible redox peaks corresponding to Fe
(III/II)

 redox process of HRP was observed in 

the pH range between 1 and 11. Significant peak was not observed in pH 13. This might be due to the 

loss of enzyme activity in the higher pH solution. The dependence of the formal potential E°ʹ with pH 

is given in the inset of Fig. 6. E°ʹ of the Fe
(III/II)

 redox couple of HRP exhibits a linear dependence on 

pH. The E°ʹ values show a negative shift with increase in pH with a slope value of -51 mV pH
-1

. This 

slope value is close to the theoretical value of -59 mV pH
-1

 for an equal number of electron and proton 

transfer process. 

 

3.6 Electrocatalysis of H2O2 at ERGO-HRP modified SPCE 

The electrocatalytic activity of ERGO-HRP film modified SPCE towards H2O2 reduction has 

been investigated using CV experiments. Fig. 7 shows the cyclic voltammograms obtained for various 

concentration of H2O2 at SPCE/ERGO-HRP in N2 saturated PBS (pH 7). As shown in Fig. 7 ERGO-

HRP film exhibits redox couple in the absence of H2O2 and the reduction peak current increases with 

the addition of H2O2. The calibration plot of linear dependence of current with the concentration of 

H2O2 is given in the inset of Fig. 7. The linear regression equation can be written as Ipc (µA) = - 0.1017 

C (µM) –0.2478, R
2
 = 0.9777. The composite film thus exhibits promising electrocatalytic activity 

towards H2O2 which could be attributed to the good biocompatibility of the immobilized HRP as well 

as the synergistic effect of ERGO matrix for H2O2.  

 

In order to understand the reproducibility of the biosensor, four individual electrodes were 

prepared and the currents were measure for 3 µM H2O2 in N2 saturated PBS (pH7). The relative 

standard deviation was 3.27%. The repeatability of the biosensor has been tested by measuring the 
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current in four different solutions containing 3 µM H2O2 after rinsing the electrode with PBS after each 

measurement. The sensor shows an R.S.D of 4.53%. 

 

 
 

Figure 7. Cyclic voltammograms of SPCE/ERGO-HRP at different concentrations of H2O2 in N2 

saturated PBS (pH7) a → d: 0.0, 5, 20, 30, and 40µM. Scan rate: 50 mVs
-1

. Inset shows the 

calibration plot for Peak current vs. concentration of H2O2. 

 

3.7. Amperometric response of H2O2 at ERGO-HRP composite modified rotating disc electrode 

The amperometric response of H2O2 at ERGO-HRP modified rotating disc glassy carbon 

electrode was studied in N2 saturated PBS (pH 7). During the amperometric experiments the electrode 

potential was held at –0.28 V and the N2 saturated PBS was continuously stirred at 1200 RPM. Inert 

atmosphere was created above the solution by passing N2 gas over the solution. Aliquots of H2O2 were 

successively injected into the supporting electrolyte solution with constant interval (50 s). For every 

addition of H2O2 a quick response was obtained for the reduction of H2O2. 

The current decreases linearly with time up to 1500 s and then tend to become plateau. An 

enlarged view of the amperometric response of H2O2 is given in the inset of Fig. 8. The plot of 

reduction current vs. concentration of H2O2 is given in the inset (b) of Fig. 8. The sensor shows a linear 

range of detection from 9 – 195 µM. The sensitivity of the sensor is 0.09 µA µM
–1

 cm
2
. In order to 

evaluate the affinity of immobilized HRP towards H2O2, the apparent Michaelis–Menten constant 

(KM
app

) has been calculated from the electrochemical version of the Lineweaver–Burk equation [41] as 

shown in Eq. (2).  

 

1/Iss = 1/Imax + KM
app

/(Imax C)      (2) 

 

Where Imax and Iss are the currents measured for enzymatic product detection under substrate 

saturation and steady state, respectively for a given concentration, C. A plot of 1/Iss vs. 1/C gave a 
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straight line for the concentrations above 0.2 mM showing a Michaelis-Menten kinetic mechamism. 

From the slope (KM
app

/Imax) and intercept (1/Imax) values KM
app

 value is calculated as 0.5 mM. The 

small KM
app

 value obtained indicates the high affinity of the immobilized HRP towards H2O2. 

 

 
 

Figure 8. Amperometric response of H2O2 at ERGO-HRP modified rotating disc glassy carbon 

electrode in N2 saturated PBS (pH 7). Applied potential: – 0.28V, rotation rate: 1200 rpm. Inset 

a shows the enlarged view of the amperometric response and b shows the calibration plot for 

peak current vs. concentration of H2O2. 

 

3.8 Real sample analysis 

In order to validate the practical feasibility of the developed H2O2 biosensor, it is applied to 

determine the H2O2 content of a commercial cleaning solution containing 3% H2O2 by i-t amperometry. 

The results are presented in Table 1. 

 

Table 1. The recovery of the real sample analysis at the ERGO-HRP modified electrode 

 

Sample Added H2O2 (µM) Found H2O2 (µM) Recovery (%) 

1 50.0 50.61 101.22 

2 100.0 99.44 99.44 

3 150.0 148.79 99.19 

 

3.9 Interferance 
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Figure 9. Amperometric response of H2O2, uric acid, ascorbic acid and dopamine at SPCE/ERGO-

HRP in N2 saturated PBS. Applied potential: -0.28 V. Rotation speed: 1200 rpm. 

 

To understand the selectivity of the developed sensor, some common interfering species in 

biological samples have been tested. Common compounds such as dopamine, ascorbic acid and uric 

acid have been tested by amperometry in N2 saturated PBS (pH 7). The amperometric response of 

H2O2 and the above mentioned compounds are presented in Fig. 9. The proposed sensor does not show 

any significant amperometric response for the ascorbic acid, uric acid or dopamine. Thus the result 

shows the HRP based biosensor is highly selective in detecting H2O2. 

 

 

4. CONCLUSION 

We demonstrated the fabrication of ERGO-HRP biocomposite from GO-HRP by 

electrochemical approach. The HRP immobilization process is facile and no cross-inker was used. The 

wide linear range, high selectivity and the good stability of this sensor can extend its practical 

applications further. The ERGO-HRP modified SPCE shows very good amperometric response 

towards H2O2 reduction with a sensitivity of 0.09 µA µM
–1

 cm
2
. The characterization of ERGO-HRP 

by various methods suggests that the fabrication process mentioned in this work can be employed for 

the fabrication of graphene based composites of a wide range of electrochemically important 

molecules with redox properties.  
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