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We present the development of electrochemical H2O2 biosensor using catalase derived 

from Pichia pastoris as a bioelectrocatalyst immobilized on gold nanoparticle-nanotubes 

and Polythiophene hybrid. 
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Abstract 

 In this report a simple and innovative electrochemical H2O2 biosensor has been proposed using 

catalase (CAT) derived from Pichia pastoris as bioelectrocatalyst. The model biocomponent was 

immobilized on gold nanoparticle nanototubes (AuNPNTs) and polythiophene composite by 

means of 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide and   N-hydroxysuccinimide (EDC-

NHS) coupling reagent. In this present work, we have successfully synthesized AuNPs by 

ultrasonic irradiation. The tubular gold nanostructures containing coalesced AuNPs were 

obtained by sacrificial template synthesis. The assembly of AuNPNTs onto the graphite 

electrode was achieved via S-Au chemisorptions. The latter was pre-coated with 

electropolymerized thiophene to enable S groups to bind AuNPNTs. The combination of 

AuNPNTs-PTh i.e., inorganic-organic hybrid provides a stable enzyme immobilization platform. 

The physical morphology of the fabricated biosensor Gr/PTh/AuNPNTs/EDC-NHS/CATpp was 

investigated using SEM and EDX. The analytical performance of the bioelectrode was examined 

using cyclic voltammetry, differential pulse voltammetry and chronoamperometry. Operational 

parameters such as working potential, pH and thermal stability of the modified electrode were 

examined. The beneficial analytical characteristics of the proposed electrode were demonstrated. 

Our results indicate that the Gr/PTh/AuNPNTs/EDC-NHS/CATpp bioelectrode exhibits wide 

linear range from 0.05 mM to 18.5 mM of H2O2, fast response time of 7 s, excellent sensitivity of 

26.2 mA mM
−1 

cm
−2

, admirable detection limit of 0.12 µM and good Michaelis-Menten constant 

of 1.4 mM. Further the bioelectrode displayed good repeatability, high stability and acceptable 

reproducibility which can be attributed to the AuNPNTs-PTh composite that provides 

biocompatible micro-environment.     
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1. Introduction 

Hydrogen peroxide (H2O2) is a well known oxidizing, bleaching and sterilizing agent. It is also 

one of the significant byproduct or substrate of many biological reactions.
1,2

 It plays an essential 

role in waste water treatment, paper, textile industry etc. Conversely, it is been recognized as 

chemical threat in the progression of many diseases like atherosclerosis, renal disease, ageing 

and others.
3
 As a result, there is a serious public concern for the selective, inexpensive and 

accurate determination of H2O2. A variety of methodologies have been developed for the 

quantification of H2O2, such as tritrimetry, spectrometry, chemiluminescence and 

electrochemistry.
4−6

 However, due to the relative merits and demerits of these analytical 

techniques, electrochemical method is considered to be the most amenable and is receiving 

substantial interest owing to their convenience, efficiency, low cost, etc. A good number of 

electrochemical biosensors have been efficiently developed based on the electrocatalysis and 

direct electron transfer between the electrode and the immobilized enzyme or protein like 

horseradish peroxidase, hemoglobin etc.
7,8

 Nonetheless, the enzymatic electrochemical 

biosensors suffer from inherent annoyance like instability to the factors like pH, temperature, 

exposure to chemicals, elaborate immobilization procedure, high cost and easy distortion during 

fabrication, use and storage.
9
 Whilst, hemoglobin has been restricted, due to the lack of diverse 

electron transfer process owing to its large protein size and inaccessibility of the redox centre 

which is insulated from the conductive support by the peptide backbone.
10

 To circumvent these 

problems, it would be desirable and interesting to develop an electrochemical biosensor based on 

novel biological materials as bioelectrocatalyst that can transcend the limitations of 

enzymes/proteins.  
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Methylotrophic yeasts such as Pichia pastoris (Pp) are promising sources of redox enzymes 

in biotechnology.
11

 They contain catalase (CAT) an important enzyme sequestered together with 

alcohol oxidase in peroxisomes.
12

 However, Pp is always associated with about 200-400 fold 

higher catalase activity than that of alcohol oxidase. Studies have shown that CAT detected in Pp 

resembles the peroxisomal CAT A of Saccharomyces cerevisiae, which is well documented to 

contain mitochondrial CAT.
13 

Active peroxisomal CAT [E.C.1.11.1.6] of approximately            

240 kD is a homotetramer made up of four polypeptide chain each over 500 amino acids long 

and it contains four porphyrin heme as co-factor that allows enzyme to decompose H2O2 into 

water and oxygen.
14

 

In recent years, advances in bionanoelectrochemistry have been centered on the serious 

investigations of nanomaterials especially noble metal nanoparticles due to their exquisite 

sensitivity in chemical and biological sensing.
15

 Specifically, gold nanoparticles (AuNPs) 

exhibits enormous interest among researchers because they afford high surface-to-volume ratio 

for efficient and friendly loading of biomolecules, permit high and fast electron transfer between 

the electroactive species and the electrode. A great number of efficient synthetic procedures 

including chemical or photochemical reduction,
16

 electrochemical reduction,
17

 biosynthesis,
18 

etc., are being currently employed for the formation of AuNPs. In addition, the sonochemical 

method
19

 has proved to be a new route that has been receiving much interest and significance. It 

is intensively used technique in material chemistry for rapidly generating novel materials with 

useful properties having smaller size and higher surface area than other methods. Since the 

discovery of carbon nanotubes by Ijima
20

 intense research has been prompted on the 

development of new one dimensional nanostructures that can be synthesized in the form of 

nanotubes (NTs), nanowires, nanorods etc. In the last decade, numerous publications have been 
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reported on the NTs of various kinds including carbon, metallic and polymeric. Furthermore, 

NTs are found to be superior due to their blend of extraordinary properties such as nanometer 

dimensions, elongated geometry, a defined cavity, possible control of the size and accessible 

inner and outer surface.
21 

Various synthetic strategies such as hydrothermal synthesis, surfactant-

assisted synthesis, electroradiation have been established for the synthesis of NTs.
22

 Mitchell et 

al, have pioneered a novel method called template synthesis for the production of nanotubes.
23

 

This method entails synthesizing the desired material within the pores of a nanoporous template 

by chemical or electrochemical deposition or polymerization.
24

 The formed nanostructures 

(nanoparticles-nanotubes) which preserve the relevant morphological parameters are then 

released from the porous matrix by template dissolution.  

Concerning the advantageous characteristics of thiophene and its derivatives, 

electrochemically or chemically generated polythiophene has been utilized in the development of 

electrochemical sensor.  The electropolymerization of thiophene does not require any oxidizing 

or reducing agent and the film thickness can be maintained. Polythiophene (PTh) possess high 

solubility, good conductivity (10~1000 S cm
−1

) and excellent thermal stability.
25

 There is wide 

spread realization that gold has high affinity to sulfur groups. The possibility of integrating gold 

nanostructures with thiolated organic species i.e., inorganic-organic hybrid materials can provide 

good chemisorptions that possess impressive analytical performances and these materials has 

made significant strides in the application such as sensors and catalysis. A large amount of 

research work has been devoted to gold nanoparticles modified thiophene composites.
26,27

 

However to best of our knowledge, electrochemical biosensor based on Pp CAT immobilized on 

AuNPNTs-PTh hybrid has not been investigated before. 
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In this present research article, a simple bioelectrode has been proposed for the first time 

using CAT derived from Pp (CATpp) for the electrochemical detection of H2O2. Ultrasound 

irradiation was employed as a preparative protocol for the synthesis of gold nanoparticles, while 

the nanoporous alumina membrane was used as template for the fabrication of AuNPNTs. Then, 

the tubular nanostructures of gold were tethered onto the graphite (Gr) electrode via chemisorbed 

S–containing electropolymerized thiophene. The CATpp was immobilized onto the inorganic-

organic hybrid (i.e., AuNPNTs-PTh) via EDC-NHS coupling reagent. The morphology and 

chemical composition of the developed biosensor Gr/PTh/AuNPNTs/EDC-NHS/CATpp have 

been investigated using SEM and EDX respectively. The electrochemical characterization of the 

electrodes was evaluated by CV and EIS technique. The analytical performance of the modified 

electrode was investigated using CV, DPV and chronoamperometry. Chronocoulometry was 

carried out for the determination of diffusion co-efficient of H2O2 on the bioelectrode. The 

proposed bioelectrode Gr/PTh/AuNPNTs/EDC-NHS/ CATpp explicitly demonstrates excellent 

electrocatalytic activity towards H2O2 with high sensitivity. The factors influencing the 

electrocatalytic response of the biosensor was examined. In addition, the interference of AA, UA 

and DA with reduction of H2O2 was studied at the Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

electrode. The proposed bioelectrode is cost-effective with easy to fabricate and possesses long-

term stability with anti-fouling properties.   

2. Experimental section 

2.1. Reagents and materials 

The Yeast Pp (NCIM, no. 3419) was procured from National Collection of Industrial Micro-

organism, NCL (Pune, India). Gold (III) chloride hydrate (HAuCl4), Isopropanol,                                   

3-Aminopropyl trimethoxysilane (APTMS), Sodium perchlorate (NaClO4), EDC, NHS, Ascorbic 
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acid (AA), Doapmine (DA) and Uric Acid (UA) were obtained from Sigma-Aldrich. Thiophene 

was purchased from Loba Chemie. 30% H2O2 and tri sodium citrate were purchased from Merck 

Ltd., nanoporous alumina membrane (Anodisc, 0.2 µm) was obtained from Whatmann. PK-3 

electrode polishing kit (0.05 mm aqueous polishing alumina and 1 mm polishing diamond) was 

procured from BAS Inc. (Tokyo, Japan). Phosphate buffer saline (PBS) was prepared from stock 

solution of 0.1 M K2HPO4, 0.1 M KH2PO4 and 0.1 M KCl. All other chemicals used were of 

analytical reagent grade, unless otherwise mentioned, and were used without further purification. 

The electrolyte solutions were deoxygenated during electrochemical experiments by bubbling 

ultra-pure nitrogen for at least 10 min to make it a homogeneous mixture. 

2.2. Apparatus 

Electrochemical experiments such cyclic voltammetry (CV), differential pulse voltammetry 

(DPV), chronoamperometry and electrochemical impedance spectroscopy (EIS) were performed 

with Versa stat 3 (Princeton Applied Research, USA). Chronocoulometry (CC) experiment was 

carried out using CH Instruments Inc. machine. The impedance spectra were further examined 

by using a stimulated programme of Zsimp Win version 3.20. Ultrasound irradiation was 

accomplished by using Q Sonica Ultrasonic processor equipped with Ti horn that enables to 

generate 20 kHz ultrasound. The physical morphology of the modified electrodes were 

characterized by scanning electron microscopy (SEM) and energy dispersive analysis of X-rays 

(EDX) mapping using FE-SEM, model Hitachi S-4800 II with an accelerating voltage of 5 kV. 

All the electrochemical experiments were carried out using conventional three electrode cell 

assembly consisting of saturated calomel electrode (SCE) as the reference electrode, platinum 

wire as the auxiliary electrode and bare Gr or CATpp modified electrode as working electrode. 
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2.3. Preparation of CATpp suspension 

 The Pp cells were sub-cultured on Malt Extract Yeast Peptone (MEYP) media at 28 
◦
C 

containing malt extract 0.3 g, glucose 1 g, yeast extract 0.3 g, peptone 0.5 g, agar 2g, distilled 

water 100 mL, pH 6.4−6.8. The activity of CATpp was monitored spectrophotometically by 

measuring every 15 sec at RT the decrease in absorbance at 240 nm caused by the degradation of 

H2O2 and using the molar extinction coefficient of 40.67 M
-1 

cm
-l
.
28

 The assay mixture contained 

50 mM PBS, 30 mM H2O2 and 50 µL of cell free extract in a total volume of 1 mL. The amount 

of enzyme required to degrade 1 µM of H2O2 per minute under standard conditions was defined 

as 1 enzyme unit of the CAT activity and the results were expressed in U (µM H2O2 min
−1

 

mL
−1

). Consequently CATpp showed 24.6 U (in 50 µL of cell free extract) and it was chosen as 

model bioelectrocatalyst for the fabrication of our proposed biosensor. For the preparation of cell 

suspension, a loop-full of the inoculum was suspended in 1 mL of buffer solution of pH 7. 

Subsequently, it was subjected to ultrasonic disruption for about 5 min in order to remove the 

permeability barriers between the intracellular CAT enzyme and cell wall/membrane. The cell 

debris was removed by centrifugation and the supernatant was retained for the fabrication of the 

electrode.  

2.4. Synthesis of AuNPs  

AuNPs was prepared according to a reported sonochemical procedure
29,30 

with slight 

modification. In a typical procedure 0.05 g of HAuCl4 was dissolved in 300 mL of distilled water 

hosted in a 500 mL beaker. In addition, 0.2 mM of isopropanol was also added to act as a radical 

scavenger and reaction accelerator. This solution was purged with Argon for about 20 min. to 

eliminate trace amounts of oxygen and to promote the radical formation (H
●
 and OH

●
) from 

water. Subsequently, the solution was subjected to ultrasonication at room temperature, and then 
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3.4 g of tri sodium citrate was injected gradually to act as a stabilizing agent. The chemical 

effects of ultrasound are derived principally from acoustic cavitations i.e., formation, growth and 

implosive collapse of bubbles in the liquid. The collapse of such bubbles in the irradiated 

solution results in localized hot spots with extremely high temperature (> 5000 K), pressure (> 

20 M pa) and high cooling rates (>10
7
 K s

−1
) at a very short life time.

31
 In our preliminary 

attempt to synthesize AuNPs by sonochemical method, the rate of reduction of an aqueous 

solution of HAuCl4 as a function of irradiation time and input amplitude of ultrasound was 

determined. It was found that as the amplitude is increased from 10 to 100 at a rate of 20, the rate 

of Au(III) reduction increases. However, it is apparent that at lower amplitude of ultrasound, the 

sonochemical reduction is 20 times slower with the completion of formation of AuNPs is about 2 

hours. Therefore amplitude of 100 was chosen as an optimum parameter for our experiment, in 

which the formation of AuNPs requires only 5-10 min of irradiation time as witnessed by the 

change in the colour of the gold solution. In order to obtain best results the sonication parameters 

like amplitude of 100 that delivers an input power of ≈ 90 W were used. Upon ultrasonic 

irradiation, the color of the irradiated solution changed from yellow to black and finally to 

intense characteristic ruby red almost immediately within 5-10 min of the sonication process 

indicating the formation of desired AuNPs.  

2.5. Synthesis of AuNPNTs 

In the first step, nanoporous alumina membrane was cleaned by means of ultrasonic bath in 

isopropanol for about 3-5 times to make it free from any existing impurities. For the synthesis of 

AuNPNTs, the nanoporous alumina membrane was modified with APTMS following a reported 

literature
32 

and the as synthesized AuNPs solution was in-filtered by vacuum suction through the 

amino derivatized pores of alumina membrane.
21

 Filling of the pores with AuNPs occurs 
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spontaneously. The sillyl groups react with hydroxyl groups on the alumina membrane walls, 

leaving the amine groups available for binding nanoparticles. 15 mL of AuNPs solution was 

passed through the APTMS treated alumina membrane. It can be visually recognised that this 

amount of solution coming out of the membrane is colourless indicating that all the AuNPs has 

been strongly adsorbed onto the amino derivatized alumina template. We observed in our 

experiments that passing additional amount of NPs solution through the membrane would appear 

colored suggesting that the pore walls of the sacrificial template is covered with bound AuNPs 

and there is no free space for binding of further AuNPs. After passing 15 mL AuNPs solution, 

the template was washed by passing few mL of distilled water in order to ensure that the 

membrane is not blocked. The AuNPNTs were isolated from the alumina membrane by 

detaching the template via dissolution using 0.1 M NaOH for 3 hrs followed by centrifugation. 

The isolated AuNPNTs was washed sequentially with distilled water and finally dried at 75 
◦
C in 

oven for 12 hrs. The so obtained AuNPNTs were dispersed to a final concentration of mg mL
−1

in 

pure water and used for the fabrication of the bioelectrode.  

2.6. Preparation of bioelectrode 

 An electrode was made by inserting a Gr rod of 6 mm diameter into a Teflon cylinder having the 

same internal diameter and length of 6 cm. Electrical contact was established by inserting a 

copper wire through the centre of Teflon cylinder. The surface of the Gr electrode was well 

polished to obtain a mirror shiny surface using a PK-3 electrode polishing kit. It was then rinsed 

for several minutes and ultrasonicated sequentially with distilled water to remove any impurities 

followed by drying. Since the gold nanostructures can interact strongly with S-containing 

functional group, the Gr surface was modified with a thin film of S-containing electroactive 

thiophene monomer prepared by electropolymerization. In general, the analytical sensitivity and 
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reproducibility of any biosensor is determined by the surface of the modified electrode. 

Therefore identification of optimum concentration of enzyme or thiophene is a crucial aspect for 

the bioelectrode fabrication. The influence of electropolymerization parameters like the optimum 

monomer concentration, the optimum number of CV cycles used to form polymer film and the 

optimum scan rate of electropolymerization were investigated. As shown in the Fig.1 the best 

results that presented maximum peak current and good peak profile in 0.5 M thiophene 

concentration for 10 potential cycles at a scan rate of 50 mV s
−1

 were preferred for the 

preparation of modified electrode. Then, the electropolymerization of thiophene on Gr electrode 

was achieved by immersing the electrode in 10 mL of 0.5 M thiophene dissolved in acetonitrile 

containing 0.12 g of NaClO4 as the dopant. Subsequently it was subjected to cyclic scanning in 

the range of 0 to −1.1 V at a scan rate of 50 mV s
−1

 for ten potential cycles which results in the 

formation of thin films of PTh on Gr surface. The Gr/PTh electrode was rinsed with acetonitrile 

to remove any unreacted monomer and then dried at room temperature. Then, 10 µL of 

AuNPNTs solution was dropped uniformly onto the electrode surface and dried at room 

temperature to obtain Gr/PTh/AuNPNTs modified electrode. Furthermore, in order to induce 

covalent coupling between the CATpp solution and Au nanostructures, the electrode was 

modified by drop coating 5 µL of 20 mM NHS solution and 5 µL of 40 mM EDC solution and 

dried at room temperature. In addition to optimize the enzyme concentration, the current 

response of the enzyme modified electrode was determined with different amounts of CAT 

solution using CV. At low CAT concentration i.e., at 6 µL which is equal to 3 U, there was no 

redox peaks detected with low peak current response whereas the best results with maximum 

peak current were obtained with 5 U (10 µL) of enzyme concentration. However, further 

increase in the enzyme concentration (10 U, 15 U and 20 U) results in a lower response 
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indicating diffusion problem.  Therefore the ideal enzyme concentrations (10 µL) were chosen 

for the fabrication of the bioelectrode. Finally covalent immobilization was carried out by 

dropping 10 µL (approximately 5 U) of CATpp suspension onto the electrode followed by 

incubating at 4 
◦
C for 30 min. The resultant Gr/PTh/AuNPNTs/EDC-NHS/CATpp bioelectrode 

was rinsed with pure water to remove any unbound or loosely attached CATpp and appropriately 

used for the electrochemical detection of H2O2. For comparison, Gr/EDC-NHS/CATpp and 

Gr/PTh/EDC- NHS/CATpp electrodes were prepared in a similar fashion.  

3. RESULTS AND DISCUSSION 

3.1. Structural characterization of AuNPs using UV-Vis spectroscopy, XRD and SEM 

The UV-Vis spectrophotometric analysis was carried using Shimadzu 1700 UV-Vis 

spectrophotometer. The UV-Vis spectra recorded for the sonochemically reduced AuNPs is 

given in the Fig. 2A. It can be seen that a Surface Plasmon resonance (SPR) band centred at 520 

nm is observed indicating the successful formation of AuNPs. In addition, it is well documented 

in literature that SPR band for spherical AuNPs usually occurs in the range between 520 and        

530 nm.
33

 This result suggests that spherical AuNPs were typically formed in our synthesis 

procedure. To investigate the size and crystalline structure of AuNPs, X-ray diffraction 

measurement was carried out. The powder XRD pattern (Fig. 2B) showed the appearance of 

sharp peaks at 2θ value 38.1, 44.3 and 64.5 indexed to the Au (111), (200), (220) planes 

respectively that can be assigned to the Face-centred cubic structure of gold.
34

 No other peaks 

characterized for the impurities can be observed elucidating the purity of the AuNPs. 

Furthermore, the particle size calculated for the crystalline nanoparticles using Debye-Scherrer 

equation was fond be 13.8 nm. The scanning electron micrograph of AuNPs as shown in Fig. 2C 

exhibits many spherical particles. It can be recognized that AuNPs are evidently individual 
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entities. The particle size analysis of AuNPs was performed using ImageJ software and the 

average diameter was found to be of 10 nm as illustrated in Fig. 2D. From, these results it can be 

explained that the shape of ultrasonically prepared AuNPs is found be spherical and its average 

particle diameter is 10±2 nm.   

3.2 Physical characterization of the modified electrodes using SEM and EDX 

Fig. 3A shows the SEM image of a small piece of alumina template containing AuNPs before 

dissolution. It is seen that many AuNPs adhere to the porous template throughout the entire 

surface. Furthermore, the AuNPs synthesized by the sonochemical method were almost spherical 

in shape. This SEM image validates the highly ordered arrangement of AuNPs within the pores 

of the templates leading to the formation of AuNPNTs. The Gr/PTh/AuNPNTs modified 

electrode shows the existence of tubular morphology (Fig. 3A inset) formed as a resultant of 

sacrificial templates. It can be observed that the diameter of the AuNPNTs is ca. 200 nm. From 

the inset of Fig. 3A one can speculate the homogenous distribution of AuNPNTs in the electrode 

composite. This elucidates that PTh provides a suitable surface for the adherence of AuNPNTs 

onto the Gr surface via S-Au chemisorptions. Comparatively, the SEM image of 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode (Fig. 3B) reveals the presence of several bright 

globular discrete particles. These particles can be attributed to the successful immobilization of 

large amounts of CATpp on the void of porous AuNPNTs structures via EDC-NHS covalent 

coupling. The high surface coverage area and biocompatibility of AuNPNTs provides a good 

platform for the immobilization of large amounts of CATpp. 

An elemental analysis was carried out to comprehend the chemical properties of the 

composites. The investigation of nanoporous alumina membrane filled with AuNPs by EDX 

(Fig. 3C) revealed the presence of elemental Au, Al, Si, C and O signals. The Al, Si, signals may 
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be attributed to the alumina template. While, the EDX data obtained for Gr/PTh/AuNPNTs 

electrode (Fig. 3D) shows the S signal arising from the thiophene despite of Au, C and O. This 

gives an indication of S-Au chemisorptions. However the Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

(Fig. 3E) illustrates a similar trend in the composition with the presence of Au, S, C and O along 

with Fe anticipated for the CATpp. The detailed data of weight percentage of the elements 

measured for each modified electrodes are tabulated at the top of the insets of the corresponding 

Fig. 3C-E.    

3.3. Electrochemical characterization of the bioelectrode by CV and EIS using potassium 

ferricyanide 

To investigate the ion accessibility of the modified electrodes, CVs of bare Gr, Gr/PTh, 

Gr/PTh/AuNPNTs and Gr/PTh/AuNPNTs/EDC-NHS/CATpp were obtained using 5 mM 

Fe(CN)6
3-/4- 

as electrochemical probe.  It is clear from the Fig. 4A, that the redox current at the 

Gr/PTh (curve b) was superior to that of bare Gr (curve a) which may be due to the good 

conductivity of PTh that can improve the electron transfer rate. When the electrode was modified 

further with AuNPNTs, the Gr/PTh/AuNPNTs electrode exhibited highest peak current 

indicating that the AuNPNTs can act as tiny conducting centers accelerating the electron transfer 

and correspondingly enhanced active electrode surface area. This validates the improved S-Au 

chemisorptions formed between the inorganic and organic hybrid.  However the redox current 

decreased obviously after CATpp immobilization (curve d) indicating the sluggish electron 

transfer at the electrode surface due to the presence of insulating enzyme layer. This proves the 

higher steric hindrance and successful immobilization of the enzyme in the nanocomposite.  In 

addition, the peak to peak separation (∆Ep) between the anodic and cathodic peaks was found to 

be bare Gr; (∆Ep=172 mV) > Gr/PTh (∆Ep=169 mV) > Gr/PTh/AuNPNTs (∆Ep=141 mV) and 
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Gr/PTh/AuNPNTs/EDC-NHS/CATpp (∆Ep=149 mV). Besides, the voltammetric profiles (Fig. 

4A) were subjected to quantitative mathematical analysis to elucidate the electroactive surface 

area. The active electrode area can be calculated according to Randles-Sevick equation as 

follows
35 

 

                                Ip = 2.69 × 10
5 

AD
1/2

n
3/2

 υ
1/2

C       (1) 

where Ip is the peak current of the redox couple, A is the area of the electrode (cm
2
), D is the 

diffusion co-efficient (cm
2
 s

−1
), n is the number of electrons participating in the redox reaction, υ 

is the scan rate (V s
−1

) and C is the concentration of the probe molecule in the bulk solution             

(mol cm
−3

). The calculated electroactive surface area was found to be bare Gr (0.167 cm
2
) < 

Gr/PTh (0.175 cm
2
) < Gr/PTh/AuNPNTs (0.231 cm

2
) > Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

(0.211 cm
2
). It can be seen that the electroactive surface area of Gr/PTh/AuNPNTs electrode 

increased about 38.32% and 32% compared to that of bare Gr and Gr/PTh respectively which 

justifies the higher peak current achieved from the Gr/PTh/AuNPNTs electrode and validates the 

effective evidence for the superior conductivity of AuNPNTs as expected.    

In addition, EIS experiments were also carried out for probing the features of the electrode 

surface during each step wise construction of the biosensor. As widely used EIS is more 

consistent, efficient and precise than CV. A typical impedance spectrum represented in the form 

of Niquist plots consists of a semi circle part and a linear part corresponding to electron transfer 

limited process and diffusion limited process respectively. As shown in Fig. 4B, the redox 

process at the modified electrodes is controlled by both diffusion and electrochemical reactions. 

The diameter of the semicircle portion observed at higher frequency range is equivalent to the 

electron transfer resistance Rct. Its value can be used as a direct and sensitive parameter to depict 

the interfacial properties of surface-modified electrodes. The EIS experimental data obtained for 
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the bare Gr (a), Gr/PTh (b), Gr/PTh/AUNPNTs (c) and Gr/PTh/AuNPNTs/EDC-NHS/CATpp (d) 

at frequencies varying from 0.1 Hz to 100 kHz are compared with an equivalent circuit (inset of 

Fig. 4B) that assists to comprehend the electrical properties of the electrode/solution interface. It 

is noticeable that the circuit is composed of elements like solution resistance (Rs), double layer 

capacitance (Cdl), faradic resistance (Rf), Warburg impedance (W) and Rct. The best fitted 

impedance data obtained using the equivalent circuit is tabulated in Table 1. From the Fig. 4B, it 

can be perceived that the bare Gr electrode (curve a) manifested a large semicircle implying a 

high Rct (65.92 Ω) of the redox probe which can be attributed to the poor catalytic activity of the 

Gr electrode. On the other hand, the Gr/PTh electrode depicts an Rct of 52.34 Ω which was 

reflected by the decreased semicircle part. This is apparently due to the amelioration of electric 

conductivity by the polymer. Comparatively, after modification with AuNPNTs, the diameter of 

the semi-circle part was found to decrease gradually with Rct of 41.38 Ω. This provides the 

evidence that the incorporation of AuNPNTs results in excellent electrical conductivity. In 

contrast, the CATpp modified bioelectrode showed hindered electron transfer with an increase in 

the Rct value of 44.73 Ω which is in-turn reflected by the increased semi-circle part suggesting 

the presence of CATpp can block the electron transfer kinetics which was consistent with the CV 

results indicating the successful immobilization of CATpp.  

Further it is well known that the electron transfer rate (k
0
)
 
for the ferricyanide system at the 

electrode surface decreases with the increase in the ∆Ep value.
36

 Therefore k
0 

was calculated 

using the following equation 

                                  Rct = R.T/ (n.F)
2
A. k

0
.C                                     (2) 

Where Rct is the electron transfer resistance from the corresponding impedance plots of the 

modified electrodes, R is the ideal gas constant, T is the temperature, F is faraday constant, A is 
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the area of the electrode, C is the molar concentration of the Fe(CN)6
3-/4-

.  From the equation (2), 

the k
0 

for the bare Gr, Gr/PTh, Gr/PTh/AuNPNTs and Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

modified electrodes were found to be 2.78 x 10
-4

, 3.5 x 10
-4

, 4.4 x 10
-4 

and 4.1 x 10
-4 

cm s
-1

 

respectively. The k
0 

for Gr/PTh/AuNPNTs electrode was found to be 58% times higher than bare 

Gr electrode and 26% times higher than Gr/PTh electrodes in the same electrolyte solution 

indicating that the presence of AuNPNTs improved the conductivity and increased the electron 

transfer rate.  

3.4 Comparison of voltammetric response of the modified electrodes towards H2O2 

reduction 

 To verify the efficacy of the proposed bioelectrode towards the detection of H2O2, the 

electrochemical reduction at the Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode was examined 

and compared with the other modified electrodes. Fig. 5A illustrates the CV results measured in 

nitrogen saturated solution in presence of 4 mM H2O2 in the potential window 0 to −0.8 V at a 

scan rate of 50 mV s
-1

. As can be seen, the current delivered at the Gr/EDC-NHS/CATpp (curve 

a) is very small indicating the lack of stable electroactive species. However under the identical 

conditions, Gr/PTh/EDC-NHS/CATpp (curve b) produced increased peak current giving a clear 

evidence for the better conductivity, larger surface area and good electrocatalytic activity of PTh 

towards H2O2. In presence of AuNPNTs without CATpp, there is a significant increment in the 

reduction current (curve c, Gr/PTh/AuNPNTs electrode) than that of the earlier two electrodes 

which validates the effective surface area of the electrode is efficiently enhanced by the use of 

Au nanostructures composite. Prior to immobilization of CATpp onto the inorganic-organic 

hybrid (i.e, AuNPNTs and PTh) we examined the superiority of AuNPNTs over AuNPs. To 

support the information, CVs were recorded for Gr/PTh/AuNPs (a’) electrode in presence of                   
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2 mM H2O2 and compared with Gr/PTh/AuNPNTs (b’). It is clear from the inset of Fig. 5A that 

the Gr/PTh/AuNPNTs electrode demonstrates better electrocatalytic activity (ca. 1.5 fold 

increased current) towards H2O2 due to their high surface to volume ratio than that of AuNPs, 

which acts as a tiny conducting wires and offers more binding sites for the molecules allowing 

the loading of large number of enzyme molecules thus enhances the electrocatalytic response of 

H2O2. Whilst the proposed bioelectrode (curve d) showed 1.5 fold higher electrocatalytic 

response to H2O2 than AuNPNTs modified electrode and 2.4 fold higher current response than 

PTh modified electrodes at more positive potential. Apparently, the Gr/PTh/AuNPNTs/EDC-

NHS/CATpp displayed a pair of quarsi-reversible redox peaks of Fe
(III)/

Fe
(II)

 redox couple 

characteristic of the CAT with formal potential E
0
 −0.322 V which was found to be slightly 

positive than −0.414 V reported for SWCNTs-Au modified electrode with CAT.
37

 This positive 

shift in the E
0 

can be due to the components of the electrode that affects the electrostatic double 

layer. Based on these experimental observations we can interpret that AuNPNTs acts as an 

electron transfer facilitator from the redox species of CAT to the electrode surface. The tubular 

gold nanostructures assist to accommodate more number of CAT molecules in favorable 

orientation at the vicinity of the electrode. The integration of AuNPNTs-PTh (inorganic-organic 

hybrid) improves the conductivity, lowers the over potential for H2O2 reduction and offers a 

biocompatible micro-environment for CATpp. Accordingly, it is noteworthy to declare that 

CATpp (where only 5 U of enzyme has been used) can be a good preference for the fabrication of 

H2O2 sensor which is superior than reported literature of 200 U of CAT from bovine liver.
38
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3.5. Determination of Diffusion coefficient and adsorption of H2O2 on the 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp bioelectrode using CC 

 Chronocoulometry is one of the most conventional electrochemical techniques used in 

electroanalytical chemistry. It is the measurement of charge as a function of time. The CC 

technique was applied to determine diffusion co-efficient (D) and Qads of H2O2 on the proposed 

electrode using Anson equation
39 

 

                                                   Q=  + Qdl+ Qads                                                 (3) 

Where n represents the number of electrons transferred in the electrochemical reaction, F is the 

faraday constant, A is the area of the electrode in cm
2
, D is the diffusion co-efficient (cm

2
 s

−1
), t 

is the time (ms), Qdl is the double layer charge and Qads is the adsorption charge. Two series of 

CC experiments were performed, first using the Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode 

in presence of 2 mM H2O2 and then the same electrode in the supporting electrolyte in absence of 

electroactive species. Typical CC responses i.e., plot of charge as a function of time is given in 

Fig. 5B. The CC responses of the modified electrode in presence and absence of H2O2 was then 

converted to Anson plots by plotting Q vs. t
1/2

. The Anson plot shows a linear relationship of Q 

upon t
1/2 

indicating a diffusion controlled electrochemical process. From the slope and intercept 

of the linear relationship the parameters D and Qads was calculated using the above equation (3).  

Accordingly, D and Qads was estimated to be 6.1×10
−5

 cm
2
 s

−1 
and 6.69×10

−5 
C. In addition the 

surface concentration Γs was calculated using the equation (4) and it was found to be                

12.5 ×10
−10 

mol cm
−2

.  

                                                                       Γs =                      (4) 
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3.6. Electrocatalytic properties of H2O2 biosensor 

 The electrocatalytic reduction of H2O2 at the proposed bioelectrode was studied in the absence 

and presence of varying concentration of the analyte in 0.1 M PBS (pH 7). Fig. 6A shows CVs 

obtained in the potential window 0 to −0.8 V at a scan rate of 50 mV s
−1

. In the absence of H2O2, 

pair of redox peaks were observed at −0.252 V (Epa) and −0.370 V (Epc) respectively is 

characteristic Fe
(III)/

Fe
(II)

 redox couple of CAT. Upon sequential addition of 1 mM H2O2, the 

voltammetric peak corresponding to the electrocatlytic reduction of H2O2 increases gradually at 

−0.370 V accompanied by the decrease of oxidation current indicating a typical electrocatalytic 

process at the Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode. After addition of twofold 

concentration of H2O2 the cathodic peak was found to increase correspondingly suggesting that 

the catalytic current of the bioelectrode was determined by the concentration of H2O2. The 

electrocatalytic mechanism can be expressed as follows.                                                                                            

     CAT−Fe(III) + e
− 

+ H
+                  

CAT−Fe(II)H
+  

at the
 
electrode surface               (5) 

                 H2O2 + CAT−Fe(II) H
+                  

CAT−Fe(II) + H
+ 

+ H2O   in solution                (6) 

Here, CAT−Fe(III) and CAT−Fe(II) represent the oxidized and reduced form of CAT 

respectively. From the mechanism, it can be seen that when CAT−Fe (III) undergoes electron 

transfer reaction with the electrode, CAT−Fe(II) H
+ 

can be oxidized by 
 
H2O2

 
in the solution to 

regenerate CAT−Fe(III). This above electrode reaction slightly differs from conventional ErCi′ 

mechanism in that both CAT−Fe(III) and CAT−Fe(II)H
+
 are surface confined. A typical 

calibration plot of electrocatlytic current versus concentration of H2O2 for 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode is shown in Fig. 6A Inset. As revealed in the 

inset, the cathodic peak current (Ipc) was found to be linear with concentrations of H2O2 in the 

range 0 to 8 mM and its linear regression equation is as given below                
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                        Ipc = −5.805 x 10
−5 

– 5.927 x 10
−5 

CH2O2 (mM); R = − 0.990           (7)        

Differential Pulse Voltammetry (DPV) has the advantage of having higher current sensitivity 

and better resolution compared to CV. Therefore, the detection of various concentrations of H2O2 

using the proposed electrode was investigated using DPV in the potential range 0 to −0.8 V. As 

for the CV analysis, DPV measurements were first obtained in absence of H2O2, followed by 

analysis of increasing concentrations of H2O2. It is apparent from the Fig. 6B that the 

dependence of reduction peak current was found to be linear (inset Fig. 6B) with the 

concentration of H2O2 in the range 0 to 6 mM. The linear regression equation is as follows 

                     Ipc = −7.270 x 10
−4 

− 7.085 x 10
−4 

CH2O2 (mM); R = − 0.997           (8)        

To elucidate the kinetics of electrode reaction of H2O2 detection at the electrode surface, the 

effect of scan rate on the peak current at the modified electrode was investigated using 2 mM 

H2O2 and the results are shown in Fig. 6C. As expected, the overlaid CVs of the 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode illustrated an increase in oxidation and reduction 

peak current with the increase of scan rate from 25 to 300 mV s
−1

. A good linear relationship 

between the peak currents and square root of scan rate was achieved as shown in the inset of   

Fig. 6C with the linear regression equation as specified below 

  Ipa =   7.672x 10
−6 

+ 5.629x 10
−7 

υ 
1/2

(V s
−1

); R = 0.995                (9)        

 Ipc = −5.529 x 10
−5

− 8.660 x 10
−7 

υ 
1/2

(V s
−1

); R = − 0.995            (10)        

All these characteristics suggested that the electrochemical reaction occurring at the 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode is a diffusion controlled process. 
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3.7. Influence of applied potential, temperature and pH on Gr/PTh/AuNPNTs/EDC-

NHS/CATpp bioelectrode 

 To improve the performance of the biosensor an assortment of working parameters such as 

applied potential, temperature and pH that play an important role were optimized. 

The selection of the operating potential on the working electrode is useful in achieving high 

sensitivity, best detection limit and good selectivity of the system avoiding electroactive 

interfering species. In order to evaluate the effect of applied potential, the electrocatalytic 

reduction of H2O2 was examined at the Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode by 

chonoamperometry over the potential range −200 to −450 mV.  Amperometric measurements 

were recorded in stirring conditions by sequentially injecting 2 mM H2O2 for a period of 300 s. 

Fig. 7A shows a plot of operating potential vs. electrocatalytic peak current response to the 

successive addition of H2O2. As can be seen, during the potential range studied we can interpret 

that the reduction of H2O2 initiates at −200 mV and increases appreciably towards negative 

potential reaching a plateau at −350 mV. However with more negative increase in potential, the 

peak current decreased revealing that the proposed electrode has better electrocatalytic activity 

for the reduction of H2O2 at −350 mV.  Consequently to achieve the highest sensitivity and to 

avoid interferences an applied potential of −350 mV (vs. SCE) was chosen for all further 

experiments.      

Furthermore we have investigated the effect of temperature on the biocatalytic response of 

the bioelectrode by CV in presence at a constant H2O2 concentration of 2 mM. Fig. 7A shows the 

trend of the variation of electrocatalytic peak response of the Gr/PTh/AuNPNTs/EDC-

NHS/CATpp electrode as a function of temperature. As depicted, by increasing the temperature 

from 10 
○
C,

 
the catalytic current increases to achieve its maximum value at 70 

○
C. A decrease in 
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current can be observed when the temperature exceeds 70 
○
C indicating partial denaturation of 

the enzyme at higher temperature. This increase in thermal stability can be attributed to                  

beneficial effect brought by AuNPNTs-PTh hybrid that provides good biocompatibility to the 

immobilized enzyme. Nevertheless, considering the life time and characteristic electrocatalytic 

response of the bioelectrode, all subsequent experiments were performed at room temperature. 

To determine the pH stability of the Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode, the 

dependence of the solution pH on the voltammetric response of the bioelectrode was scrutinized 

in the pH range 3 to 10 (standard buffer solutions) in presence of constant H2O2 concentration of 

2 mM. According to the pH profile depicted in Fig. 7B, the peak current enhances with an 

increasing pH reaching a maximum at pH 7 and declines afterwards until pH 10. Consequently, 

pH 7 was chosen as optimum pH with maximum activity of the enzyme constituents 

immobilized on the bioelectrode which is consistent with the reported literature
40

 indicating that 

the electrode composite offers a biocompatible micro-environment for CAT.    

3.8. Chronoamperometric response of the Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

bioelectrode 

 The chronoamperometric current response of the proposed bioelectrode was measured in 0.1 M 

nitrogen saturated PBS solution under the optimal experimental conditions. Fig. 8A illustrates a 

typical current versus time plot of Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode that was 

evaluated on stepwise addition of various aliquots of H2O2 to stirring electrolyte solution at a 

static potential of −350 mV (vs. SCE). A rapid co-relative amperometric current response ca. 7s 

was attained at every 30 s aliquots of H2O2 addition indicating a fast electron transfer. From the 

steady state amperograms a calibration plot was made by using current as a function of 

concentration and the results are shown in Fig. 8A inset. The electrode exhibited a wide linear 
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range between 0.05 mM to 18.5 mM with a correlation co-efficient of −0.991, detection limit 

0.12 µM (at a signal to noise ratio of 3) and sensitivity of 26.2 mA mM
−1

 cm
−2

. At higher 

concentration range, the electrocatalytic response of the bioelectrode tends to become a plateau 

illustrating a characteristic Michaelis–Menten kinetic mechanism. The Michaelis–Menten 

constant (KM) gives an indication of enzyme-substrate kinetics and can be estimated from the 

electrochemical analogue of Line-weaver-Burk equation
41

 as follows  

                                                1/Iss = 1/Imax+ KM/Imax.C                        (11) 

 Where Iss is the steady state current after the addition of the substrate, C is the bulk 

concentration of the substrate and Imax is the maximum current measured under saturated 

substrate condition. From the plot of 1/Iss vs. 1/C the KM value can be estimated using the slope 

and intercept for the proposed bioelectrode. The KM value for the Gr/PTh/AuNPNTs/EDC-

NHS/CATpp electrode was calculated to be 1.4 mM that was lesser than 40.7 mM for CAT 

immobilized on a GCE by poly(glycidyl methacrylate-co-vinylferrocene
42

 signifying the good 

enzyme activity, strong binding of the immobilized CATpp on AuNPNTs-PTh composite and its 

high affinity towards H2O2 detection. The beneficial analytical characteristics of our proposed 

bioelectrode was compared with other previously reported non enzymatic, HRP and CAT based 

H2O2 sensors
38,42−46 

and presented in Table 2. As summarized in the table, the 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode displayed superior analytical data to those 

documented in the literature.  

3.9. Effect of interferents on Gr/PTh/AuNPNTs/EDC-NHS/CATpp bioelectrode 

To fulfill the practical applicability of the biosensor the selectivity study is obligatory for any 

developed biosensors. The influences of some of the common electroactive species that are 

accredited to interfere with H2O2 detection have been investigated as shown in Fig. 8B. The low 

Page 25 of 43 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



25 

 

operating potential −350 mV (vs. SCE) afforded by the Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

electrode significantly curtails the effect of interferents such as AA, UA and DA which are 

commonly present in biological samples. The normal concentration ranges of AA, UA and DA 

are 34–79 mM, 0.18–0.42 mM and 1 µM respectively.
47 

The amperometric response obtained in 

presence of 2 mM H2O2 (a) shows a well defined stable current response. However, on the 

contrary the contributions of subsequent addition of 200 µM DA (b), 1 mM AA (c) and 0.5 mM 

UA (d) higher than the normal physiological concentration are very negligible indicating that 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode has good selectivity for H2O2. The integration of 

AuNPNTs-PTh (inorganic-organic hybrid) lowers the over potential for H2O2 reduction and 

allows us to surmount the potential interference.     

3.10. Stability and reproducibility test for Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

bioelectrode 

The repeatability, stability and reproducibility of the Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

bioelectrode are essential factors for its practical application. The repeatability of the proposed 

bioelectrode was investigated by a series of repetitive measurements carried out with the same 

modified electrode in presence of 3 mM H2O2 in nitrogen saturated 0.1 M PBS solution. The 

results of 21 successive CV measurements showed that the bioelectrode could retain 95 % of its 

initial current response indicating that the modified bioelectrode had good repeatability and 

ability to prevent the electrode from fouling. Further the long-term stability (shelf life) was also 

tested for 4 week period. The electrocatalytic response of the fabricated electrode was verified by 

consecutive potential scans in presence of 2 mM H2O2. The magnitude of the current response 

measured under identical conditions decreased ca. 1.2% of its initial value after one week and 

4.2% in four weeks representing that the electrode was stable towards H2O2 detection. The 
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bioelectrode was cleaned with CV cycles in PBS after each measurement to eradicate the 

adsorption of the analyte and preserved at 4 
○
C. In addition, the electrode capability to generate a 

reproducible surface was also examined using six different modified electrodes fabricated using 

the same procedure. These six electrodes exhibited analogous electrocatalytic response to 3 mM 

H2O2 with RSD of 3.1 % obtained in optimum conditions which validated that reproducible 

results can be obtained using the Gr/PTh/AuNPNTs/EDC-NHS/CATpp bioelectrode. These 

results demonstrate that the proposed bioelectrode has good repeatability, high stability and 

admirable reproducibility which may be ascribed to the excellent biocompatible micro-

environment offered by the AuNPNTs-PTh (inorganic-organic hybrid) that conserves CATpp 

from antifouling and denaturation.        

4. CONCLUSION  

In an effort to develop a highly sensitive electrochemical H2O2 biosensor, we present the use 

of CATpp as a bioelectrocatalyst in the fabrication of a sensor. We have successfully synthesized 

AuNPs through sonochemical reduction of HAuCl4
−
. The template synthesis method assisted us 

to prepare AuNPNTs that offers high surface area to volume ratio. The modification of the Gr 

surface with electropolymerized film of thiophene provided S groups that allow strong binding 

of AuNPNTs onto the Gr surface. The integration of S-Au affords an effective immobilization 

platform to fabricate a novel H2O2 biosensor. Investigations of the modified electrode evidently 

revealed that the proposed electrode showed enhanced electrocatalytic activity towards H2O2 

reduction at a potential of ca −350 mV (vs. SCE) less positive than the bare Gr electrode. The 

biosensor possesses the function of AuNPNTs and PTh that can facilitate electron transfer, 

accommodate more number of enzyme molecules, provide biocompatible micro-environment, 

lower the reduction potential and improve the conductivity. Furthermore, the AuNPNTs-PTh 
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modified CATpp immobilized bioelectrode illustrates some of the excellent characteristics like 

rapid response, wide linear range, low detection limit, excellent selectivity, good repeatability, 

long-term stability, admirable reproducibility, anti-fouling properties, low cost with easy 

fabrication. It can be concluded from the experimental results, that the proposed bioelectrode 

could be an alternative to existing expensive enzymatic methods for the detection of H2O2.  
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Figure Captions 

Fig. 1 Different electropolymerization parameters affecting the properties of the bioelectrode (A) 

Effect of concentration of thiophene (B) Effect of number of CV cycles (C) Effect of scan rate of 

polymerization on the electrode and (D) Electropolymerization of thiophene on bare Gr electrode 

at optimized parameters.  

Fig. 2 (A) UV-Vis absorption spectra originating from SPR of AuNPs prepared by ultrasound 

irradiation. (B) The X-ray diffraction pattern of as-prepared AuNPs. (C) SEM images showing 

the spherical AuNPs obtained following sonochemical irradiation. (D) Typical particle diameter 

histogram. 

Fig. 3 SEM of (A) surface of 200 nm pore diameter alumina membrane comprising of coalesced 

AuNPs before membrane dissolution, Inset is the SEM image of Gr/PTh/AuNPNTs after 

template dissolution and (B) Gr/PTh/AuNPNTs/EDC-NHS/CATpp modified electrodes. EDX 

patterns of (C) alumina template encompassing AuNPs, (D) Gr/PTh/AuNPNTs electrode and (E) 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp modified electrodes. Insets are the quantitative results 

obtained from the EDX spectra of the corresponding electrodes. 

Fig. 4 (A) CVs obtained at the bare Gr (a), Gr/PTh (b), Gr/PTh/AuNPNTs (c) and 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp (d) modified electrodes in 5 mM Fe(CN)6
3-/4- 

solution.                

(B) Niquist relationships of EIS data for bare Gr (a), Gr/PTh (b), Gr/PTh/AuNPNTs (c) and 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp (d) modified electrodes. Inset displays the equivalent 

circuit used in the fit procedure of impedance spectra.  

Fig. 5 (A)  CVs of 5 mM H2O2 at (a)Gr/EDC-NHS/CATpp, (b) Gr/PTh/EDC-NHS/CATpp,                             

(c) Gr/PTh/AuNPNTs and (d) Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode in 0.1 M PBS with 
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the scan rate of 50 mV s
-1

. (B) Chronocoulometric responses of the Gr/PTh/AuNPNTs/EDC-

NHS/CATpp electrode in (a) absence and (b) presence of 2 mM H2O2 in 0.1 M nitrogen saturated 

PBS solution.  

Fig. 6 (A) CV responses of Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode for different 

concentrations (0, 1, 2, 4, 5,6,7 and 8 mM) of H2O2 in 0.1 M nitrogen saturated PBS solution. 

Inset is the plot of peak current against added H2O2 concentration. (B) DPV curves obtained 

upon step wise addition of increasing concentrations of H2O2 in neutral 0.1 M PBS for the 

proposed Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode. Inset is the concentration dependence 

of the peak currents obtained from the DPV measurements. (C) CVs of 2 mM H2O2 at the 

Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrode at different scan rates (a-l: 25, 50, 75, 100, 125, 

150, 175, 200, 225, 250, 275 and 300 mV s
-1

). Inset is the dependence of the anodic and cathodic 

peak current on the square root of scan rate.   

Fig. 7 (A) Effect of operating potential            and temperature          on the CV response of the 

modified electrode to 2 mM H2O2. (B) Dependence of anodic and cathodic peak currents of                      

2 mM H2O2 on pH values (3 to 10) of the solution at Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

electrode.  

Fig. 8 (A) Typical amperometric current response of the Gr/PTh/AuNPNTs/EDC-NHS/CATpp 

electrode upon successive addition of various concentration of H2O2 at an applied potential of             

–350 mV (vs. SCE) in 0.1 M PBS solution. Inset is the calibration plot of current versus H2O2 

concentration. (B) The amperometric response of the modified bioelectrode to successive 

additions of 2 mM H2O2 and interferences 200 µM DA (b), 1 mM AA (c) and 0.5 mM UA (d) in 

0.1 PBS at pH 7 and an applied potential of –350 mV.    
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Fig. 8 
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Table 1. Impedance components for the Gr/PTh/AuNPNTs/EDC-NHS/CATpp electrodes 

determined by fitting EIS experimental data using the equivalent circuit 

 

Electrode                                Rs/Ω         Cdl/F             n         Rct/Ω       Rf/Ω         W/Ω 

bare Gr                                       34.84         2.95x10
−5         

0.5        65.92        134.7          0.0018 

Gr/PTh                                      36.68         2.58x10
−5         

0.8        52.34       4.07 x10
8       

1.66 x10
-14

 

Gr/PTh/AuNPNTs                    39.98         5.47x10
−5         

0.8        41.38         4.765         1.079 

Gr/PTh/AuNPNTs/                  28.92         5.21x10
−5         

0.6        44.73         218.3        0.0004 

EDC-NHS/CATpp  
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Table 2. Comparison of the beneficial analytical data obtained by the proposed with other 

electrochemical H2O2 sensor 

 

H2O2 electrochemical       Response    Linear range      Detection limit     Sensitivity          Ref 

          Sensor                       Time/s          /mM                    /µM            /mA mM
−1

 cm
−2

                  

MWCNTs-Nf-(DDAB           5            0.36 to 5.42                0.9                     0.101           

/CAT)                                                                                                                                       38 

CAT/Poly(GMA-co-            <6            0.5 to 14                    80                   0.000034         

VFC)                                                                                                                                        42 

Nf/CAT/ERGO
 
                    5            0.05 to 1.91                -                         0.0077             43 

Iron oxide- silver hybrid       3          0.0012 to 3.5               1.2                       -                      44 

Modified GC electrode                                                                                                        

Ta-C:P/Au2 electrode            8          0.0002 to 1                  0.08                    0.00029          45 

HRP/GE–CNT–Nafion         -           0.0005 to 0.1               0.17                   0.370              46 

/AuPt NPs/GCE                                                                                                                

Gr/PTh/AuNPNTs                7           0.05 to 18.5                0.12                    26.2            This  

/EDC-NHS/ CATpp                                                                                                                       work 
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