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ABSTRACT 

 

Heart and Stroke Foundation South Africa (HSFSA) reports that about 17.3% of 

deaths in the country are associated with heart-related diseases and this rate is 

expected to increase to 41% by the year 2030. This severe increase in death cases 

is related to diseases caused by consumption of meat (i.e., pork, fish, red meat, and 

poultry) with high levels of hypoxanthine. Therefore, this raises the need to 

investigate and detect hypoxanthine levels in the meat. This study aimed at 

developing a highly stable and sensitive biosensor for the detection of hypoxanthine 

in fish meat using the glassy carbon electrode (GCE) modified with carbon 

nanocomposites materials (consisting of metal oxides doped multi-walled carbon 

nanotubes (MO-MWCNTs) that are treated with amine groups) and an enzyme, 

xanthine oxidase (XOD) as a catalyst.  

 

The sol gel method was used to prepare the metal oxides including zinc oxide (ZnO), 

zirconium dioxide (ZrO2), manganese (MnO2), cobalt oxide (Co3O4), and titanium 

dioxide (TiO2). The in-situ method of functionalisation of MWCNTs was employed to 

increase their current outputs/sensitivity using selected amines, namely, 

methylenediamine, hydrazine, ethylenediamine (EDA), and triethylenetetramine 

(TETA). The electrochemical properties of the metal oxides and amine functionalised 

MWCNTs were studied using both cyclic and differential pulse voltammetry. Fourier-

transform infrared spectroscopy (FTIR) confirmed the presence of carboxyl (COOH), 

hydroxyl (OH), and amino (NH2) groups on the surface of the modified MWCNTs; as 

well as formation of stretching vibrations which appear at lower wavelengths due to 

the metallic species within the nanocomposite. Thermal gravimetric analyser (TGA) 

was employed to determine the thermal stability of the nanocomposite. Scanning 

electron microscopy (SEM) was used to confirm the composite structure and correct 

deposition of the metal oxides on the walls of MWCNTs. XRD was used to confirm 

correct structure formation, the crystallinity, and the purity of the nanocomposite. 

Optimum conditions of the developed biosensor were determined, and the 

application of the developed biosensor was undertaken on fish meat bought at the 

local supermarket using the Cyclic and Differential pulse voltammetric techniques. 
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Two highly electrochemical metal oxides among others were TiO2 and Co3O4. The 

modified MWCNTs containing TETA possess good electrochemical properties with 

improved sensitivity and selectivity towards hypoxanthine. The presence of metal 

oxides on MWCNTs and their treatments with amines as confirmed by techniques 

such as TGA, SEM, XRD, and FTIR have provided a suitable matrix for the 

immobilisation of the enzyme, namely, xanthine oxidase at 0.5 unit (U). TGA results 

showed that the unmodified MWCNTs decompose at around 600 0C, but when they 

are modified with acids and amine decomposition starts at 230 0C, proving that 

functionalisation of MWCNTs tempers with their thermal stability. Based on the SEM 

morphological results, attachment of the amines and metal oxides on MWCNTs was 

seen at x60 000 magnification. Morphology of acid treated MWCNTs appeared 

thinner, revealing that acids tends to deteriorate the MWCNTs, while the amino 

treated MWCNTs appeared well modified with less damage on the MWCNTs. XRD 

confirmed the successful purification of MWCNTs with the intense diffraction peak at 

260 that can be assigned to the (002) reflection of graphite. The strong diffraction 

peak at 250o and a broad peak at 450 indicate that the titania nanoparticles are pure 

and in the anatase phase. They also show successful deposition of the titanium 

dioxide onto the surface of the MWCNTs. However, on the formation of cobalt oxide 

two phases were observed which were CoO, and Co3O4, and on bimetallic 

nanocomposite (cobalt titanium oxide) also two phases were observed which were 

CoTiO3, and Co2TiO4. It was found that the sensor performs better at 25 oC at a pH 

of 7.5 in a phosphate buffer at concentration of 5 mM. The limit of detection of the 

biosensor was found to be 0.16 nM. The highly electroconductive electrode was 

XOD/3%Co2TiO4-MWCNTs-TETA/GCE, which was selected for analysis of fish 

meat. The biosensor has shown low interfering values with high stability, good 

reusability retaining 73.4% of its initial performance after 50 days of continuous 

study. The excellent results were obtained on fish meat analysis using cyclic and 

differential pulse voltammetry revealed that even meat which is deep frozen can also 

deteriorate as time passes by. Altogether, the findings from this study suggest that 

the developed biosensor is a reliable analytical tool for the determination of 

freshness of fish meat using hypoxanthine levels as a marker. 
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CHAPTER ONE 

1. INTRODUCTION 

 

1.1 Background 

The developments of various biosensors for the detection of hypoxanthine (Hx) have 

increased over the past decades due to a rise in the number of diseases that are 

associated with the quality of food around the society. This includes diseases like 

heart failure, stroke, hypertension, and gout [1]. Health hazards brought by unhealthy 

eating of food with a high level of Hypoxanthine are a risk to the global community.  

Hypoxanthine (C5N4OH4) is one of the organic molecules which belongs to a family 

of heterocycles and their structures consist of pyrimidine rings fused to azolic 

moieties [2,3]. It is catalysed to xanthine during purine catabolism reaction as a 

product of the enzymatic reaction of xanthine oxidase (XOD) as shown in figure 1.1 

[4]. The Increase in concentrations of hypoxanthine generally shows a problem, i.e., 

higher concentrations of hypoxanthine found in meat during analysis simply imply 

that the meat is not healthy for human consumption. It also brings about the bitter 

taste in most of the meat we consume [5].  

 

 

Figure 1.1: Hypoxanthine reaction catalysed by xanthine oxidase 

 

The increase in the population at first was the major concern to food safety and 

security but recently the COVID-19 pandemic has elevated the threat of food supply 

and security [6]. Because of that, the urge for long-term storage and maintenance of 

food is the major concern for human well-being [7]. This pandemic has brought the 

necessity to evolve new and cheaper techniques, which could display and retain 
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food freshness and protection during the duration of its shelf-life to decrease food 

insecurity [8].  

The use of the sensors for the determination of food quality and safety is recognised 

by most scientists due to their ease to use, fast response time, and high specificity 

and sensitivity [9]. The field of research on sensors is foreseeing the use of smart 

sensors in the future, for example, the smart sensors and tags that may be 

connected with packaging will represent the generation of smart packaging and fast 

detection of food spoilage [10].  

 

These can provide qualitative information about the current condition, estimated 

spoilage date of the product on the shelf, as well as the nutritional information of the 

product [11]. These can be indicators of freshness and quality of the food products 

by measuring changes in temperature, moisture, and smell. Additional skills can be 

added to offer shielding functions, for example, packaging with a coat that can act as 

an oxygen blockade to prevent spoilage, in view that oxygen is one of the 

compounds, which increase the degree of spoilage [12].  

 

These techniques can replace high-priced strategies that are currently being used to 

display food products. This may also increase the economy of the country, since the 

shelf time for products would increase instead of the need to want more of the same 

products, because of the high deterioration rate which is caused by their storage and 

incorrect packaging [13]. Improvement in advanced nanotechnology and the 

conservatory of innovative various sensors with various chemical composites for 

modifications has been a regulating key venture inside the fabrication and 

improvement of very steady efficient sensors [8].  

Nanotechnology is a new discipline of scientific research focusing on the synthesis of 

nanoparticles (NPs) and nanocomposite carbon nanomaterials for their application in 

diverse fields such as electrochemistry, catalysis, and sensors [13]. The main reason 

for using nanotechnology in a variety of fields is its distinctive ability to magnify the 

efficiency of the system and giving the highest possible results [14]. In 

nanotechnology, the most important thing is the size of the nanoparticles, which 

tends to give the characteristics and the reactivity/properties of the material [15]. 
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These nanoparticles are the group of atoms bonded together with the smallest sizes 

possible. The attractive part of nanoparticles is their large surface area which makes 

them more efficient to react with solvent molecules [16]. Accompanying this, the 

most significant properties of nanomaterials such as carbon-based materials and 

metal oxides are their good electrical conductivity and thermal properties [17]. These 

carbon nanomaterials enhance the sensitivity of the sensors that suffer from poor 

sensitivity and low detection limits [9]. 

 

1.2 Problem statement 

Hypoxanthine (Hx) is one of the products of adenosine triphosphate (ATP) due to the 

low concentration of oxygen in the body cell [18]. Hence, its increase in 

concentration levels in food industries indicates food spoilage. Determination of Hx in 

food products is important to ensure quality control [19]. Several methods such as 

Gas Chromatography (GC) and High-Performance Liquid Chromatography (HPLC) 

have been proposed for the determination of trace amounts of Hx in food products. 

Although HPLC is highly recommended due to less time-consuming separation as 

compared to GC, it can be expensive, requiring large quantities of costly organics, a 

different array of modules, and column preparation [20]. GC requires sample 

incubation and preparation periods of about 6 months which is time-consuming [21].  

 

Over the past two decades, different types of diagnostic tools that are rapid and 

sensitive towards a specific target have been developed [22-24]. Among those, 

electrochemical biosensors have attracted significant attention in recent years, due 

to their ease of fabrication and rapid detection. For example, previous studies have 

proven that carbon nanotubes modified materials improve Hx detection [25]. 

However, the study could not resolve the issue of interferences by ascorbic acid. 

Hence, the proposed study envisages that the sensitivity and selectivity of 

electrochemical biosensors can be improved by the combination of highly dispersed 

metal oxides on the surface of carbon nanomaterials such as carbon nanotubes. 
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1.3 Motivation 

Carbon nanotubes (CNTs) represent an essential institution of nanomaterials that 

have attracted massive recognition in biosensor fabrication [26]. This is because 

they possess a large surface area, excellent mechanical strength, excessive 

electrical conductivity, and fine biocompatibility [27]. Carbon nanotubes primarily 

based biosensors have been found to be superior to traditional carbon electrode-

based biosensors in terms of detection limit, sensitivity, and selectivity [28]. 

 

The utilisation of metal oxide nanoparticles in the construction of biosensors is also 

of great and profitable interest. This is because they exhibit excellent physical, 

chemical, and catalytic properties [29]. Metal oxides nanoparticles not only do they 

have a high surface area, chemical stability, low-toxicity, strong adsorption ability, 

and chemical stability, but they also have excellent electron transfer kinetics [30]. 

These properties make them good materials to be immobilised on the electrode 

surface for fast response time.  

Multiwalled carbon nanotubes (MWCNTs) and metal oxide nanoparticles (MONPs) 

have been proven to be compatible materials for combination in preparing excessive 

overall best sensors which are highly sensitive and selective [31]. MWCNTs/MONPs 

nanocomposites are a new generation in nanotechnology with excellent properties 

that not only combine the properties MWCNTs and MONOPs but also hold new 

properties caused by the interaction between them. Previous research has proven 

that MWCNTs and MONPs nanocomposite resulted in a large electrochemical 

response, high surface area, and fast electron transfer for biosensor applications 

[32]. The proposed metal oxides for this study are zinc oxide (ZnO), manganese 

dioxide (MnO2), zirconium dioxide (ZrO2), cobalt oxide (Co3O4), and titanium oxide 

(TiO2).  
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1.4. Aim and objectives 

 

1.4.1. Aim 

The aim of this study is to investigate the electrochemical behaviour and the 

detection mechanism of hypoxanthine using metal oxides modified multi-walled 

carbon nanotubes deposited on Glass Carbon Electrode (MO-MWCNTs/GCE). 

 

1.4.2. Objectives 

The objectives of the study are to: 

i. prepare functionalised MWCNTs and metal oxides (TiO2, ZnO, ZrO2, Co3O4, 

and MnO2) doped MWCNTs (MO-MWCNTs), 

ii. characterise the prepared materials using techniques such as Scanning 

electron microscope (SEM), Transmission electron microscope (TEM), X-ray 

diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), and 

Thermalgravimetric analyzer (TGA)., 

iii. immobilise xanthine oxidase on the surface of MO-MWCNTs composites and 

drop-dry the composite on the GCE surface,  

iv. investigate the effects of metal oxides, pH of the environment, and 

temperature on the electrochemical response towards the detection of 

hypoxanthine and 

v. uses the developed modified electrode for meat sample analysis. 

 

1.5. Dissertation outline 

The overall structure of the dissertation consists of the following 5 chapters 

 

i. Chapter 1: Presents a general background of the study, problem statement, 

motivation, research aim, and objectives. 

 

ii. Chapter 2: Describes the literature review of the electrochemical sensors, 

carbon nanotubes, and their role in electroconductivity on improving the 

sensitivity of biosensors. Hypoxanthine as the biomarker for food spoilage and 

other methods besides biosensing which are used for the detection of 
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hypoxanthine. Types of metal oxides and their role in electrochemistry in 

terms of increasing sensitivity of the electrodes. Finally, this chapter describes 

the types of electrochemical experiments in conjunction with nanomaterials for 

the detection of the analyte. 

 

iii. Chapter 3: Focuses on the list of materials and chemicals used, the 

methodology followed including the oxidation of the MWCNTs and 

incorporation of metal oxides on MWCNTs to form composites, varying 

percentage of metal oxides (keeping the MWCNTs mass constant to study the 

effects of increasing metal oxides nanoparticles). The fabrication of the 

composite on the GCE surface for the detection of hypoxanthine. These was 

followed by the techniques used to study the characteristics of the 

nanocomposites, which includes Fourier-transform infrared spectroscopy 

(FTIR), Thermal gravimetric analysis (TGA), and Scanning electron 

microscopy (SEM). Finally, the descriptive method for determination of 

hypoxanthine in meat sample analysis. 

 

iv. Chapter 4: The study firstly described in full details the characterisation of the 

metal oxides composites to confirm the correct structure formation using the 

techniques mentioned under methodology. The study also focused on the 

optimisation of the sensor concerning optimum temperature, time, pH, 

stability, concentration, and a scan rate of the electrode. These were followed 

by various investigations of effects of metal oxides and metal oxides doped 

multi-walled carbon nanotubes for detection of hypoxanthine using cyclic 

voltammetry and subsequently, the study reports the findings of the 

hypoxanthine detection in fish meat during real sample analysis. The study 

hoped at creating a sensitive biosensor for the detection of hypoxanthine even 

at the lowest of hypoxanthine concentrations using multiwalled carbon 

nanotubes doped metal oxides. 

 

v. Chapter 5: This part of the dissertation consists of the conclusions of all the 

studies based on the results obtained, and the recommendations for future 

work related to the study of metal oxides modified multi-walled carbon 

nanotubes-based biosensor for detection of hypoxanthine. 
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1.6. ETHICAL CONSIDERATION 

Ethical issues were not considered in the scope of this research, since in the real 

samples analysis study, investigations were accomplished using the processed meat 

purchased from the local supermarket 

 

1.7. SCIENTIFIC CONTRIBUTION 

The study will have an impact on the development of biosensors that could lead to 

early detection of the levels of hypoxanthine formed in relation to the freshness of 

meat. This could have a positive impact on the health of people since the degree of 

spoilage of food could be detected at an early stage, secondly, it could also benefit 

the economy of the country by producing cheap, easy to use and reusable 

biosensors for meat analysis against spoilage. 
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                                                       CHAPTER 2 

2. LITERATURE REVIEW 

 

2.1 Biosensors for detection of food spoilage 

Precise detecting of chemical or biological procedures for monitoring food quality 

remains important for medical and biological applications [1]. Electrochemical 

sensors can ideally satisfy that objective by converting a chemical or a biological 

response into a processable and quantifiable signal that can be investigated both 

quantitatively and qualitatively in response to the concentration of the analyte in 

question [2]. In the previous two decades, escalated innovative work and 

development of electrochemical sensors have allowed to fabricate different types of 

devices for the discovery of various biological samples [3]. 

The study by Agriopoulou and co-workers [4] has proven that biosensors can be 

used to determine the degree of food spoilage. Their study was focused on the 

detection of food spoilage caused by toxigenic fungi and mycotoxins, regarding 

concentrations and degree of spoilage in food. Other researchers reported the use of 

biosensors for the determination of xanthine, hypoxanthine, and dopamine [5-7]. 

These studies have confirmed that biosensors are emerging as the powerful 

research tools for the detection of many life-threatening compounds. 

A biosensor is a material that recognises and quantifies physical and chemical 

objects and quantities into a signal or visual which could then be examined by 

another electronic tool [8] as shown in Figure 2.1 [9]. There are two kinds of 

biosensors, (a) Active biosensors that require an outside power supply to produce a 

signal, which yields the information about the sample being examined. (b) Passive 

biosensors do not require any external energy for the generation of an output signal 

[10]. However, both biosensors have a transducer that converts a signal from one 

form of energy to another form, which can be easily read and analysed by another 

instrument in correlation to the analyte in question [11]. 
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Figure 2.1 Simplified diagram of a biosensor [9]. 

 

2.1.1 Pre-requirements of a biosensors  

To produce the functional biosensors, the following requirements are implemented 

during the construction of biosensors [12]: 

(a) Selectivity: The biosensor should be highly selective towards the analyte and 

show less minimal interference effects on other compounds in the matrix that 

have a similar structure to the analyte. A biosensor that shows high 

interference values with other components cannot be trusted for quantitative 

analysis [13].  

 

(b) Quick response time: Time is an important parameter used for analysis. 

Biosensors should respond faster and very accurately [14]. 

 

(c) Stability and reusability: Biosensors are used to analyse materials for both 

qualitative and quantitative., They must be highly stable at physiological 

conditions and reusable. Mostly stable biosensors tend to be also reusable 

[12]. 
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(d) Reproducibility of the results: any analysis which was determined using a 

biosensor, with the same concentration of the analyte and conditions, the 

results should be reproduced when repeated for validation of the results [15]. 

(e) Sensitivity: The biosensor has to detect the lowest concentration of the 

analyte with high accuracy and precision [16]. 

 

2.1.2 Types of Biosensors 

 

Four types of biosensors are documented in the literature.  

 

2.1.2.1. Electrochemical biosensors: 

Electrochemical biosensors presently dominate the biosensing field of research with 

the most well-known approaches including  

I. Amperometric: where the current produced is measured in relation to 

the concentration of the analyte [17]. 

II.  Potentiometric: this includes measuring the electrical potential 

throughout the reaction which then the measured potential gives 

information about the analyte [18].  

III. Conductometric: this technique relies on changes of electric 

conductivity of a material, of which the conductivity is affected by the 

analyte [19].  

IV. impedimetric techniques are assembled by fabricating biological 

compounds onto an electrode surface which can catalyse the reaction, 

e.g., enzymes, it gives information, through measurements of the 

catalytic reaction, and the targeted analyte by the output of an electrical 

impedance signal made proportional to analyte activity [20].  

 

2.1.2.2. Calorimetric biosensors 

This type of biosensor measures the change in temperature during sample analysis. 

Since most enzymes are exothermic, the temperature change is measured in 

conjunction with the analyte being investigated [21]. According to the literature, most 
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of these biosensors are not mostly used, this is because these biosensors do not 

offer qualitative information of the analyte [22]. 

 

2.1.2.3. Optical biosensor 

This is a compact analytical device composing of a biorecognition detecting 

component integrated with an optical transducer system [23]. Optical biosensors 

offer incredible preferences over most analytical techniques since they give 

immediate response results with high accuracy and precision for many biological and 

chemical substances. Their good characteristics include high specificity, sensitivity, 

small size (easy to handle), and cost-effectiveness [24]. 

 

2.1.2.4. Gravimetric biosensors 

This type of biosensors measures the change in mass which is proportional to the 

analyte. Many gravimetric biosensors utilise thin piezoelectric quartz gems, as 

resonating crystals alternatively as mass/surface devices [25,26]. 

 

Studies have shown that research regarding biosensors is focusing more on the 

detection of biomarkers in food for the determination of the freshness of the food we 

consume [27]. Hypoxanthine is one of the biomarkers which indicate the level of food 

spoilage. This is because it has been documented that the increase in many 

diseases such as heart diseases and gout affecting many individuals is mediated by 

consumption of food with high levels of hypoxanthine [28-30]. 

 

2.2 Analysis of meat and storage  

The temperature and the time at which food is stored play a crucial role in the 

development of hypoxanthine concentration built-up [31]. Frozen storage is a 

significant technique for the protection of food spoilage. It is normally utilised in fish 

meat and other animal protein-based industries. This is because under low 

temperatures the quality of food is maintained for a long period. In addition, this 

technique has numerous advantages such as negligible changes in the product 

regarding product colour, flavour, and texture, and low decomposition rate [32]. 

However, the loss of quality of fish cannot be avoided when stored in a frozen state 
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[33]. The alteration in fish muscle fibres, lipids proteins, and textural properties 

through frozen storage has been investigated for numerous decades due to their 

economic importance [34]. The genuine storage temperature of fish relies on the 

freezing properties of various fish species. This should be sustained to have a good 

impact on the quality of fish. Alterations in the quality and freshness of the fish flesh 

rely on the temperature and extent of the storage period [35].  

People choose different freezing techniques to maintain the quality of meat [36]. On 

a commercial scale, the freezing of fish meat is done at -50 0C to -60 0C. If the whole 

water content in the meat is frozen, the fish can be kept for a longer duration and 

nearly remains fresh [37]. In quick or freezing deep techniques the fish is frozen at -

20 0C and it maintains its physical properties and nutritive values [38]. Freeze drying 

is an adjusted deep-freezing technique that terminates all chances of denaturation. 

Separately from this, there are other techniques, used by small-scale households 

and industries. For example, chilling and frozen storage methods using refrigerators 

[39]. 

Fish spoilage takes place immediately after harvesting. This procedure starts 

immediately within 10 hours of their grasp in the high surrounding temperatures of 

the tropics [40]. The amount of fish spoilage relies on numerous factors inclusive of 

the type of fish species; their fat index, shape and size; the season of their catch, 

and the nature of the fishing grounds [41]. Most of the fish species deteriorate 

because of digestive enzymes and lipases, microbial spoilage from surface bacteria. 

During fish deterioration, there is a breakdown of numerous components of the fish 

and the formation of new ones. These new compounds are accountable for the 

alterations of the flavour, odour, and texture of the fish meat [42].  

Accumulation of hypoxanthine is caused by low oxygen levels in the body. 

Therefore, at the point when an animal dies including fish or any type of meat 

source, adenosine triphosphate (ATP); resulting in an increased level of 

hypoxanthine [43]. This process occurs when ATP which is stored in the muscles 

dephosphorylates and deaminates to form hypoxanthine (refer to figure 2.2). 

Recognition of hypoxanthine by xanthine oxidase is an important pathway for the 

determination of fish freshness in the industry. Thus, hypoxanthine is firstly oxidised 

to xanthine, and afterward to uric acid by xanthine oxidase. The rate of fish 
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decomposition mostly depends on the environmental temperature, moisture, and 

feeding habits [44,45].  

 

 

 

Figure 2.2. Degradation of meat. This diagram highlights the formation of 

hypoxanthine from ATP catabolites, followed by further degradation to uric acid by 

xanthine oxidase (Extracted from a poster of Novo CIB postmortem ATP catabolism 

in fish muscle by Dr Larissa Bala) 

 

2.3 Methods used for determination of fish spoilage 

Classical techniques that measure the degradation of food primarily based on 

hypoxanthine, include spectrophotometry, chemiluminescence, capillary 

electrophoresis, high-performance liquid chromatography, and gas chromatography, 

these have been applied in detecting Hypoxanthine [47]. However, these methods 

can be costly, laborious, extensive, often require sample preparation, and uses state 

of the art equipment which require trained personnel to operate. Specifically, 

chromatography methods regularly require analyte derivatisation, while 

spectrophotometry calls for tedious sample pre-treatment techniques, capillary 



18 
 

electrophoresis requires costly instruments and is prone to many interferences 

during analysis which can affect the final results [48]. While on the other hand, 

biosensors can provide easy-to-use, sensitive, cost-effective, and highly accurate 

detection. 

Emphasis was made on the good properties of biosensors. For example, a report by 

Seki et al.,[49] clearly indicated that on the use of biosensors, these techniques 

cannot only detect analytes at low concentration due to their high sensitivity and 

selectivity, but they have also highlighted they can simultaneously detect many 

biological analytes. However, the study could not resolve the issue of interferences 

by ascorbic acid [50]. Hence, the proposed study envisages that the sensitivity and 

selectivity of electrochemical biosensors under interference studies can be improved 

by the combination of highly dispersed metal oxides on the surface of carbon 

nanomaterials such as carbon nanotubes to further increase their specificity per 

analyte. 

Previously, enzyme-free electrochemical methods have been used for the detection 

of hypoxanthine, which has proved to yield satisfactory results in its determination. 

This is because these methods have simplicity, low cost, and are less time-

consuming [50]. Even though numerous techniques have been studied to put 

together non-enzymatic electrodes, they lack selectivity, and also the oxidised 

species adsorbed on electrode surfaces after the reaction can lead to poor sensitivity 

and selectivity [51]. To overcome these problems, throughout the literature it is 

evident that different materials have been used to modify the bare electrodes, such 

as metal oxides, functionalisation of the multi-walled carbon nanotubes (MWCNTs), 

and the use of enzyme for direct specificity of the analyte.  

 

2.4. Carbonanomaterials used in biosensors for the detection of hypoxanthine  

2.4.1. Carbon nanotubes  

Many researchers in the past have focused on the use of carbon nanotubes (CNTs) 

for the detection of hypoxanthine in food products such as fish [52]. CNTs are 

nanostructures attained from rolled graphene sheets (refer to figure 2.3). They are 

famous allotropes of carbon with both chemical and physical properties, making 
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them appreciably used in recent research studies [53]. The recognition of carbon 

nanotubes by Iijima in 1991 utilising High-Resolution Electron Microscopy (HREM) 

has motivated many researchers and theoretical studies on carbon nanotubes [54]. 

Carbon nanotubes have a small diameter, which leads to a high surface area. They 

are very conductive due to their metallic characteristics and high thermal stability. 

However, these nanomaterials are very insoluble in most of the solvents limiting their 

good properties [55].  

 

Fortunately, studies by Abuilaiwi et al [56], and Michalska et al [57] demonstrated 

that modifications of these nanomaterials and other functional groups by attaching 

them to their walls can increase their solubility and conductivity [58]. The successive 

incorporation of compounds on the walls of the nanotubes is extremely easy since 

they possess a longer inner volume with respect to the diameter of nanotubes. The 

incorporation of other compounds also adds an advantage that they can be easily 

modified this is better illustrated by figure 2.4.  

 

2.4.2. Types of carbon nanotubes (CNTs) 

The carbon nanotubes are of two kinds namely: Single-walled carbon nanotubes 

(SWCNTs) and Multiple walled carbon nanotubes (MWCNTs). SWCNTs include a 

single cylindrical carbon layer that has a diameter of between 0.4-2 nm, relying on 

the temperature of their synthesis [60]. It was discovered that the higher the increase 

in temperature of their synthesis the bigger is the diameter of CNTs [61]. The 

SWCNTs possess an extremely high surface area as large as 1300 m2/g, which 

provide an adequate surface area. This nanomaterial also shows a better electron 

conductance as compared to MWCNTs; this means that in SWCNTs all the electrons 

that enter one side of the conductor come out at the end of the conductor without 

scattering in the middle. While in the case MWCNTs this characteristic is slightly 

hindered due to the presents of multiple cylinders [60,61]. 

MWCNTs are made of countless coaxial cylinders, which are constructed from a 

single graphene sheet encircling a hollow core [62]. The outermost diameter of 

MWCNTs is ranging between 2-100 nm, whilst the interior diameter is within the 

range of 1-3 nm, together with their length is one to several micrometers [63]. These 
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nanotubes consist of a delocalized electron cloud next to the wall, which is created, 

and it is liable for the interconnections linking adjacent cylindrical layers in the tubes. 

These structures bond through sp2 hybridisation [64], which is a consequence of 

much less flexible and extra structural defects. This increases the reactivity of 

MWCNTs with other compounds which includes depositing nanoparticles on the 

MWCNTs walls or ends, interacting through physical and chemical bonds with the 

potential applications in many fields such as catalysis, magnetic data storage, 

biosensors, biomedical, and electronic devices [65]. Figures 2.3 and 2.4 below show 

structure of both single and multi-walled carbon nanotubes and the deposition of 

nanomaterials on the walls of carbon nanotubes and, respectively. While figure 2.5 

shows a pictorial version of CNTs, their colour, and texture  

 

 

 

Figure 2.3: A typical structures of SWCNTs and MWCNTs with layers of graphene. 

(A) SWCNTs and (B) MWCNTs [66] 
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Figure 2.4. A typical modification of CNTs for increasing surface interaction [59]. 

 

 

Figure 2.5. The typical pictorial version of the carbon nanotubes, their colour, texture, 

and composition [67] 
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2.5 Methods used for the modification of CNTs with other compounds 

2.5.1 In-situ method 

Extensive research has focused on in-situ method for functionalisation of the CNTs. 

This method involves covalent interaction between the nanoparticles and CNTs; by 

depositing a precursor and forming a product onto the walls of the CNTs. The ability 

to create covalent interaction directly onto the walls of the CNTs is an added 

advantage for using this method because it prevents agglomeration while 

maintaining a good distribution of the deposited material The disadvantage of this 

method is that any precursor that did not react and attach to the walls might 

influence the final product [68]. 

 

2.5.2 Ex-situ method 

The other important method for the synthesis of the nanocomposites is directly 

mixing the prepared nanomaterials with the CNTs. According to the literature, this 

method is not widely used and not highly recommended, because it leads to 

agglomeration of nanomaterials, which tends to decrease the surface area and the 

reactivity of the final product. However, this problem is recently solved by sonication 

methods to improve the dispersion of the MWCNTs [69]. 

 

2.6 Properties of metal oxides 

Few studies have used metal oxides as nanomaterials that can be deposited on the 

surface of CNTs. This gap got the attention of this study by using metal oxides as 

compounds to be deposited on the walls of the CNTs to further improve their 

characteristics. 

Studies have proven that metal oxides possess good electrochemical characteristics 

that can be used in biosensors for the detection of hypoxanthine [70,71]. Metal oxide 

nanoparticles have attracted a vast interest in electroanalysis for the identification of 

biomolecules [72]. The extensive gain of interest in research of metal oxide 

nanoparticles is due to their structural changes that permit the modification of lattice 

symmetry and cell parameters; an improvement in electrochemical characteristics 

because of the quantum confinement effect, and alteration in surface properties 
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directing to a decrease in the bandgap. This increases the conductivity and the 

chemical activity of the nanoparticles [73]. In addition, the significant property of the 

metal oxides is their low toxicity regarding the immobilisation of enzymes by 

increasing the selectivity and sensing of biomolecules [74]. Among various metal 

oxides the following were selected for this study are zinc Oxide (ZnO), cobalt Oxide 

(Co3O4), zirconium dioxide (ZrO2), titanium dioxide (TiO2), and manganese dioxide 

(MnO2). 

 

2.6.1 Zinc oxide  

Zinc oxide (ZnO), specifically nano-scale ZnO has obtained substantial significance 

in the past few years because of its large variety of functions in various fields of 

science [75]. In addition, ZnO is an environmentally safe compound, and various 

physical and chemical techniques were used to acquire ZnO nanoparticles with 

various morphology [76]. Many techniques including hydrothermal, electrochemical, 

vapor deposition, and sol-gel have been used to synthesis of ZnO nanomaterials 

[77]. These nanomaterials have been seen as one of the most promising materials 

because of their important advantages such as low cost, abundance and 

electrochemical activity [78,79]  

 

2.6.2 Cobalt oxide.  

The undivided attention for using cobalt oxide (Co3O4) as an electrode coating 

component started in the late 1970s [80]. Complex metal oxides with spinel structure 

have been discovered to be very promising for a whole lot of functions because they 

are not only active but also less expensive and thermodynamically stable, typically in 

alkaline media [81]. Among these oxides, Co3O4 and other different cobalt-based 

oxides progress to stimulate interest in research, together with their feasible use in 

various fields, including, energy storage, and electrocatalysis are well-substantiated 

[82]. A series of studies further examined the composition, morphology, and 

chemical behaviour of Co3O4 coatings during the first half of the 1980s. It was once 

concluded that the high activity of Co3O4 coatings was primarily ruled by their large 

active surface area [83]. 
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2.6.3 Zirconium oxide  

Zirconium oxide (ZrO2) has outstanding chemical stability, low toxicity and can be a 

possible potential to exhibit electrochemical properties in biosensors [84]. They are 

semiconductors with many oxygen vacancies on their surface, together with their 

high ion-exchange magnitude and redox activities, they make these nanoparticles 

effective in many electrochemical processes [85]. Furthermore, because of their best 

mechanical strength and outstanding thermal along with optical properties, ZrO2 

nanoparticles were also used in different other fields like the dental industry, and 

ceramics [86]. 

Specifically, cubic ZrO2 displays up to standard electrochemical properties because 

of its outstanding properties like good electrical along with surface charges, high 

mechanical strength, most appropriate chemical and thermal stability, and 

biocompatibility. As a result, it has obtained outstanding attention as a transducer in 

the fabrication of chemicals and biosensors [87]. Although, electrochemical 

applications of ZrO2 have been critically hindered because of its average redox 

behaviour and low electrochemical active surface area [88]. In the light of the study, 

by Yazdi et al [89] they have critically evaluated and discovered that materials with 

high surface areas and excellent electrical conductivity can be potentially used to 

upgrade the electrochemical properties of ZrO2. In this regard, this study is aiming at 

filling that gap with the improvement of the incorporation of the ZrO2 nanoparticles 

with the carbon nanotubes. 

 

2.6.4 Titanium dioxide  

Titanium dioxide (TiO2) nanoparticles are the most substantial studied 

semiconductors [90]. This aforementioned metal oxide is a good semiconductor 

commonly utilised as a photocatalyst due to its good photocatalytic characteristics, to 

add to that it is also non-toxic, chemically stable, and readily available [91]. The 

photoactivity comes from the semiconductor nature, mainly from the power of the 

light quantum absorption accompanied by the charge carrier generation. TiO2 in the 

crystallographic form of anatase has begun to be an interesting candidate as an n-

type photoanode because of its outstanding effectiveness to produce electron-hole 

pairs and high electron conductivity [92]. Recently many researchers used TiO2 as a 
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modifier of the electron in biosensors and have reported that TiO2 was found useful 

[93,94]. 

 

2.6.5. Manganese oxide. 

According to the literature few researchers have reported on the use of manganese 

oxide as a modifier for enhancing electroconductivity for detection of the analytes. 

The interesting part of manganese oxide nanoparticles lies within the possible 

formation of numerous structures primarily based on specific preparations of the 

basic building. Structure of manganese oxide, which is MnO6 octahedral [95]. This is 

a structure in which O2− ions are octahedrally coordinated to the central Mn4+ ion. A 

structure with many rooms for the incorporation of electrolyte ions provides higher 

charge storage capacity and consequently leads to high electroconductivity [96]. 

These nanoparticles are mostly used to manufacture batteries due to their good 

conductivity. Because of that, these nanomaterials have the potential to be used in 

biosensors for the determination of the biological analyte. However, the formation of 

the structure of MnO2 is reported to have poor electronic transfer properties which 

hinder the good properties of these nanoparticles. Fortunately, the study by Vimuna 

et al [97] has enlightened that this type of structure can be improved by incorporation 

with CNTs. 

 

2.7. Photoactivity of the metal oxides and multi-walled carbon nanotubes 

Recently many researchers have focused their attention on the photocatalytic activity 

of metal oxides [98]99][100]. But few have considered the effect of doping the metal 

oxides with MWCNTs to check the effect of combining these nanomaterials towards 

photoactivity. In the light of the study by Leary and co-worker [101] they have shown 

that CNTs have the potential to be used as templates to assembly the metal oxides 

and they were found to enhance the photocatalytic activity of metal oxide by the 

retardation of electron-hole recombination. A hole is better explained as a positive 

charge carrier and the process of electron-hole recombination is when the electron 

and hole interact and recombine, and the energy of their interaction is not lost 

through heat or thermal energy. Instead, the energy is transferred to excite the 

electrons for photoactivity [102]. 
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2.8 A review of electrochemistry, principle, and applications in biosensors 

Historically, the part of electrochemistry which is presently called voltammetry 

created from the revelation of polarography in 1922 by the Czech chemist Jaroslav 

Heyrovsky, for which he got the 1959 Nobel Prize in chemistry [103]. The early 

voltammetric methods experienced many challenges, making them not exactly 

perfect for routine investigative use. Nevertheless, in the 1960s and 1970s, 

noteworthy advances were made in every aspect of voltammetry (hypothesis, 

approach, and instrumentation), which extended the collection of diagnostic methods 

in all areas of voltammetry. Which upgraded the affectability and extended the 

collection of diagnostic methods to magnify the sensitivity and expanded the present 

analytical methods [104]. These advances enabled for minimal effort operational and 

additionally encouraged the fast analysis of results, with high accuracy and precision 

using the modest instrumentation. The regular trait of all voltammetric methods is 

that they include the utilisation potential to an electrode followed by observing of the 

subsequent current [105]. 

 

2.8.1 Electroanalytical system 

The essential components of a present-time electroanalytical system for voltammetry 

include a potentiostat, electrochemical cell and the computer [106]. 

 

2.8.1.1. The potentiostat 

This is an instrument used to apply current to the electrode while measuring the 

potential voltage difference between the working and the reference electrode. The 

work of applying a known potential and checking the present current falls under the 

technique of potentiostat. Precise and adaptable control of the applied potential is a 

basic function of the potentiostat. The most generally used potentiostats in the 

present time contain electronic hardware and software that enables for analysis of 

three electrodes in an electrochemical cell [107]. 
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2.8.1.2. The electrochemical cell 

A representative of an electrochemical cell accommodates the sample dissolved in a 

solvent, an ionic electrolyte, and three or two electrodes [108]. Cells that are sample 

holders are differentiated by shapes sizes, and materials. The type utilised relies 

upon the quantity and type of sample, the procedure, and the investigative data to be 

obtained [109]. The material of the cell (polyethylene, glass, and teflon) is chosen to 

limit reaction with the sample [110]. Systematically the reference electrode has to be 

put in close proximity to the working electrode, to avoid voltage drop [111].  

 

2.8.2 Electrodes used in electrochemistry 

The reference electrode by definition according to the literature it is the electrode that 

has a well-known and stable electrode potential [112]. Constant concentration with a 

redox system is used to reach the highest stability of the electrode. The most 

frequently utilised reference electrodes for aqueous solutions are the calomel 

electrode and silver-silver electrode. These electrodes are obtainable in different 

sizes and shapes [113]. 

Counter electrodes are the electrodes that are used to close the current circuit in an 

electrochemical cell. They are utilised nearly in all the voltametric techniques. The 

investigation reactions which take place at the electrode surfaces occur over an 

extremely short time and hardly ever give rise to any considerable alterations in the 

bulk concentrations. As a result, the separation of the counter electrode from the 

sample is not necessary. Most typically the counter electrode comprises of a thin Pt 

wire.  

Working electrodes this is the electrode where the electrochemical reaction occurs. 

frequently utilised in electrochemistry are carbon electrodes specifically the pyrolytic 

graphite and glassy carbon [114]. They had long been recognised as adaptable and 

supporting materials, for electrocatalysis and electrochemical sensing [115]. They all 

have many advantages, for example, low cost, chemical stability and inertness, and 

wide potential window in most electrolyte solutions of which they are better than the 

expensive metal electrodes such as platinum, gold, aluminium, silver, and copper 

[116]. 
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2.8.3 Cyclic Voltammetry (CV)  

This technique has recently got the attention of many researchers as an 

electrochemical technique in various applications [117]. However, it is hardly ever for 

quantitative investigations, yet it is extensively used for studies related to redox 

processes under various chemical reactions, including the presence of 

intermediates, oxidation and reduction reactions, and the reversibility and the 

irreversibility of the chemical reactions. The fundamental procedure of this technique 

consists of the applied potential in both forward and reverse directions using a 

particular scan rate while current is measured. This technique is used to study 

thermodynamics, reaction mechanism, and kinetics of the analyte [118]. 

The current is primarily measured between the counter and the reference electrode 

while the voltage is measured between the working and the reference electrode 

[119]. The acquired results are plotted as current vs. voltage, also called 

voltammogram. The current increase as the voltage is raised in the direction of the 

electrochemical reduction potential of the analyte [120]. The final shape of the 

voltammogram varies from analyte to analyte. This graph is highly affected by the 

presence or absence of enzymes. Reactions that are catalysed by enzymes show a 

high peak current as compared to non-catalysed reactions. Secondly, it is affected 

by scan rate, by increasing the scan rate of the reaction, this results in the increase 

in peak current. 

 

2.8.4 Pulse methods under voltammetry 

2.8.4.1. Normal Pulse Voltammetry  

The Normal Pulse Voltammetry (NPV) technique is normally done in solids 

electrodes in an unstarred solution. It utilises a sequence of potential pulses of 

increasing amplitude [121]. The current is measured per pulse at a particular 

potential and time. The time of the pulse is, normally 1 to 100 msec, and the pulse 

period is 0.1 to 5 sec. The final results of this type of analysis are represented by the 

voltammogram which consists of the current on the y axis versus the potential on the 

x-axis [122]. This technique shows high sensitivity, and it is used to study 
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quantitative information about the analyte, including kinetics and thermodynamics 

studies of the reaction 

 

2.8.4.2. Differential Pulse Voltammetry  

The Differential Pulse Voltammetry (DPV) is the technique which is often used to 

investigate the electrochemical properties of most analytes. It consists of patterns, 

which have small pulses superimposed upon a staircase waveform [123]. The 

current is measure at two points for each pulse, before the application of each pulse 

and at the end of each pulse. This technique provides quantitative information about 

the analyte, reaction mechanism, kinetics, and thermodynamics. It also provides 

improved sensitivity as compared to CV, because it uses relatively short pulse time, 

increases measured currents and its differential nature discriminates against 

background processes. The results are represented by a voltammogram of current 

versus potential [124].  

 

2.8.4.3. Square-Wave Voltammetry  

The Square-Wave Voltammetry (SWV) technique is mostly used in the 

electrochemical detection of analytes, due to its high sensitivity. This is considered 

as a form of linear potential sweep voltammetry that uses the combination of the 

square wave and staircase potential applied to the stationary electrode. It consists of 

applying symmetric square wave potential to the working electrode which is 

superimposed on a base staircase potential [125]. A full square wave corresponds to 

the duration of one step in the staircase waveform. Current is sampled twice during 

each square wave cycle, one at the end of the forward pulse (IF) and the one at the 

end of the reverse pulse (IR). This results in square wave modulation; reverse pulses 

cause the reverse reaction of any product that formed from the forward pulse [126]. 

SWV has numerous advantages among these are the rejection of background 

currents and its incredible sensitivity towards analytes [127]. It is found in numerous 

applications including medicinal and various sensing research-related studies [128]. 

The results from this technique are presented as current versus potential. 
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2.9. Modification of the electrodes. 

In biosensors development, the type of components which are used to modify the 

electrode and the technique for electrode modification, as well as the detection 

strategy are all significant [129]. Biosensors use biological components and the 

method by which it is fabricated on the electrode will determine the overall 

performance of the sensor. Through a thorough search on the literature the following 

techniques for the fabrication of the biological component on the electrode have 

been described (inclusive of ‘adsorption’), through which the biological unit is directly 

adsorbed onto appropriate surface [130]. Secondly the entrapment in this procedure 

the biological unit is confined inside the matrix [131]. Thirdly microencapsulation 

herein the biological unit is confined in the between two membranes [132]. Lastly 

cross-linking’, where the biological unit is chemically attached to the surface of the 

sensor either directly or rather through the binding agent [133]. Electrode 

modification methods that can be used to modify working electrodes include; 

Electrodeposition, electropolymerisation, and dip-dry, [134]. 

 

2.9.1. Electrodeposition  

This is the form of plating technique that uses current from the external source like 

the battery and the conducting electrolyte that consist of the analyte solution with 

ions and the anode and the cathode electrodes in the cell. The analyte ions attract 

the electrode of opposite charge by the electrostatic force of attraction [135]. 

 

2.9.2. Electropolymerisation  

This is the most well-structured technique of depositing polymer films on electrodes. 

The procedure includes using a cathode electrode and the electrolyte with the 

organic analyte dissolved inside [136]. The organic analyte transfers an electron to 

the cathode, and it is left with cations monomers and solutions, that will share 

electron and bond with each other to form a polymer, and the polymer binds to the 

electrode through electrostatic force of attraction 
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2.9.3. Dip-dry 

This method requires the insertion of an electrode in the solution of a modified 

composite for a specified period to permit the surface adsorption of the material 

[137]. The electrode is then withdrawn and the solvent with the composite is allowed 

to dry [138]. Throughout this method, the electrode is then modified by placing a few 

drops of the catalyst onto the surface which consists of the dried composite, and the 

solvent is allowed to dry off [139].  

 

2.10 Mass transport 

Mass transport procedure in the electrochemical cell is a process that controls the 

net motion of all the ions [140]. The three mass transport processes are as follows:  

 

2.10.1. Diffusion 

Diffusion is a voluntary motion due to the effect of the concentration gradient. The 

procedure where there is the motion of an analyte from an area of high concentration 

to an area of low concentration [141].  

 

2.10.2. Migration 

Migration is the kind of charge movement which includes the movement of charged 

particles down the electrical field. The movement of the ions in the electrolyte is 

towards an electrode of opposite charge [142].  

 

2.10.3. Convection  

Convection is the transportation of analyte to the electrode by dissolving the analyte 

in the electrolyte. For instance, convection by mechanical means where the analyte 

is carried to the electrode by stirring the solution either by magnetic stirrer or other 

methods including rotating the electrode and incorporating the electrode into a flow 

cell. The influence is terminated by sustaining the cell under quiet and stable 

conditions [143].  
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2.11. Recent findings on the detection of Hypoxanthine using various 

nanomaterials 

 

The study by Luo et al [145] have used sulfonic groups functionalised nitrogen-

doped graphene to check the simultaneous detection of hypoxanthine, xanthine, and 

uric acid. Based on their findings they indicated an increase in conductivity and 

dispersity of the graphene nanoparticles after they were functionalised as compared 

to raw graphene nanoparticles. They have also indicated the low detection limit of 

0.0838 μM. They have indicated the reusability of the electrode for 15 days with 

86.4% of remained sensitivity after being used. They concluded that the fuctionalised 

graphene nanoparticles have the potential to be used in human serum. 

 

The analysis by Borisova et al [146] have used reduced graphene oxide-

carboxymethyl cellulose layered with platinum nanoparticles, Poly(amidoamine) 

dendrimer and magnetic nanoparticles hybrids for hypoxanthine detection. The 

biosensor showed excellent electrochemical properties with the detection limit of 13 

nM, it has also retained 94% of its initial activity after 1 week of reusability studies. 

They have concluded that this developed sensitive biosensor has the potential to be 

employed for the accurate determination of fish freshness. 

The investigations by Wen et al [147] used nanocomposite of palygorskite and 

nitrogen doped graphene nanoparticles for the hypoxanthine, xanthine and uric acid. 

They have indicated an improvement of the sensors capabilities after doping with 

palygorkite and nitrogen. They have recorded a limit of detection of 0.4 μM for 

hypoxanthine detection and good reproducibility without giving specific values. 

However, the results showed poor interferences of hypoxanthine with other purines 

which need further developments. Nevertheless, they have concluded that the 

biosensor showed satisfactory results for the detection and analysis of hypoxanthine 

in chicken and bovine serum samples. 

The research by Hu et al. [148] reported the use of amino-functionalised metal 

organic frame work nanosheet with peroxidase and fluorescence properties for the 

development of the biosensor. They have shown the improvement of the sensor with 

excellent results and detection limit of 3.93 μM. No results reported for the reusability 
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of the biosensor. However, they have noted that the sensor showed good potential to 

be used for fish analysis and it is promising for analysis of variety of food against 

spoilage.  

The study by Yazdanparast et al. [149] used poly(L-aspartic acid)-multi-walled 

carbon nanotubes (MWCNTs) bio-nanocomposite for hypoxanthine detection. They 

have indicated good electrochemical results with the detection limit of 3.5×10−4 μM, 

and they have noted drastic improvement in the sensitivity of the electrode upon 

functionalisation of MWCNTs. They have concluded that their biosensor has good 

potential for quality assessment of the meat products. 

The journal by Chen et al [150] reported on the use of fluorescent biosensor based 

on catalytic activity of platinum nanoparticles for freshness evaluation of aquatic 

products. The results show the importance of platinum nanoparticles after being 

polished on the electrode which showed an in increase in the overall performance of 

the biosensor with limit of detection of 2.88 μM. They report 9% decrease in activity 

of the biosensor after 3 cycles. Their conclusion indicated that their results showed 

good selectivity for various potential interfering substances and could be used for 

detecting the hypoxanthine contents in real samples such as fish, shrimp, and squid 

with good recoveries. 

Mustafa et al [151], reported on the detection of hypoxanthine using cerium oxide-

based hypoxanthine biosensor for fish spoilage monitoring. The results showed that 

cerium oxide increases the sensitivity of electrode towards hypoxanthine detection. A 

detection limit of 15 μM was reported, with ~93% activity for the first 14 days, which 

then decreased gradually to ~86 % after 30 days of storage. They concluded that 

this biosensor immobilised with cerium oxide has good potential for determination of 

freshness of fish meat. 

 

2.12. Concluding remarks 

It is evident that the aforementioned properties of nanoparticles have good 

electrochemical characteristics that can be used by sensors for the determination of 

analytes. It is proven by the literature that CNTs and metal oxides have some 

drawbacks that hinder some of the good properties in electrochemistry. This study is 
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focused on synthesis metal oxides and fuctionalisation of CNTs and the formation of 

nanocomposites, i.e., combining these two nanomaterials together to further 

increase conductivity and hinder some of the disadvantages each nanomaterial 

experience individually. Additionally, a review by Pan et al. [144], highlighted that the 

metallic bond brought by nanomaterial increases the electron conductivity of the 

material. Therefore, this study is further aimed at combining the two metal oxides to 

increase the conductivity by bimetallic bonds, in creating a sensitive sensor for the 

determination of hypoxanthine at very low concentrations in fishes stored at selected 

temperatures.  

 

Recent advances in nanotechnology intend new innovative applications in the food 

industry, specifically fish meat due to its high deterioration rates as compared to 

other types of meat. Biosensors are exposed to be efficient in determining the 

accurate results in freshness of meat. While nanomaterials, for example metal 

oxides and carbon nanotubes offers great potential benefits for analysis of spoilage 

of meat, they are emerging concerns in the interfering species during analysis. This 

can be combated with good selection of metal oxides and good product synthesis to 

avoid such throwbacks. 
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CHAPTER 3 

3. RESEARCH METHODOLOGY 

 

3.1 Introduction 

This chapter provides chemicals and reagents used in the study, which are followed 

by methodologies undertaken to prepare various metal oxides nanoparticles and 

metal oxide doped multi-walled carbon nanotubes. This are followed by the 

characterisation techniques. Lastly, this chapter describes in full details the 

procedure for using the prepared biosensors on fish meat samples.  

 

3.2 Chemicals and reagents 

All chemicals were generally of analytical grade and were utilised as received 

without further purification steps. Distilled water was used for all the preparations of 

materials in this study. Materials and analysis were done in duplicates throughout the 

study. Multi-walled carbon nanotubes (MWCNTs, > 98% purity and diameter of 110-

170nm), manganese nitrate hexahydrate [Mn(NO3)2·6H2O], Zinc nitrate hexahydrate 

[Zn(NO3)2·6H2O], cobalt nitrate hexahydrate [Co(NO3)2.6H2O], titanium isopropoxide 

(TTIP), Zirconyl chloride octahydrate, nafion, and aluminum oxide (Al2O3) 

nanopowder, sulfuric acid (H2SO4, 98%), nitric acid (HNO3, 55%), hypoxanthine (Hx), 

phosphate buffer (PBS), N, N-dimethylformamide (DMF), hydrazine (N2H4), 

ethylenediamine (EDA), methylenediamine (NH2CH2NH2), and triethylenetetramine 

(TETA) were purchased from Sigma Aldrich.  

 

3.3 Research Methodology 

3.3.1 Functionalisation of the MWCNTs using acids treatment. 

Pure MWCNTs without any prior functionalisation, are insoluble and poorly 

electroactive. Briefly, about 2 g of MWCNTs was mixed with 50 ml of H2SO4 and 

HNO3 (3:1, v/v) ratio. But before transferring the mixture to the reflux setup, it was 

ultrasonicated for 30 minutes to open the nanotubes to avoid agglomeration. The 

ultrasonicator bath (Bandelin sonorex, Germany) was at a frequency of 35 kHz and 

average sonic power of 320 W. It is equipped with a temperature control knob 
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because any unmonitored change of temperature caused by water vibrations can 

damage the MWCNTs and acids may evaporate. Therefore, the temperature was 

strictly kept at 25 0C. A reflux setup was used for the functionalisation of the 

MWCNTs at 70 0C for 30 minutes to prevent acid loss through evaporations [1]. The 

oxidized MWCNTs were washed several times with distilled water until the filtrate 

was at pH 7. Followed by drying in an oven at 80 0C for 24h. The solid MWCNTs 

were crushed with pestle and mortar to give powder form of MWCNTs while being 

observant of not destroying the nanotubes. These were denoted as oxidised 

MWCNTs [2]. 

 

3.3 2. Functionalisation of the MWCNTs using amino groups. 

 

3.3.2.1. Preparation of acyl chloride MWCNTs. 

About 1g of the obtained acid treated MWCNTs were used to prepare acyl chloride 

MWCNTs. This was achieved by mixing 100ml of thionyl chloride (SOCl) and 30ml 

tetrahydrofuran (THF). The mixture was sonicated for 30 minutes at room 

temperature.  Followed by refluxing at 800C for 24h. This process was done to 

convert the carboxylic groups attached to the MWCNTs to acyl chloride groups. The 

MWCNTs were filtered using disc teflon membranes of 3µm pore size and washed 

with anhydrous THF and dried at 800C for 24h. These were denoted as Acyl chloride 

multi-walled carbon nanotubes (MWCNTs-COCl) [3].  

 

3.3.2 2. Preparation of the amino group-MWCNTs 

About 0.1g of the obtained acyl chloride treated MWCNTs were ultrasonicated with 

N, N-dimethylformamide (DMF) as the solvent and the binder for 2h in separated 

beakers containing hydrazine (N2H4), methylenediamine [CH2(NH2)]2, 

ethylenediamine (EDA), and triethylenetetramine (TETA) as the amino groups' 

donors. The mixtures were transferred in the round bottom flasks and refluxed for 

72h at 80 0C. This was done to allow amide linkage between the amino group donors 

and the MWCNTs. The suspension was filtered, and washed with acetone, and dried 
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in an oven at 80 0C for 24h. These were denoted as amino-functionalised MWCNTs 

[4]. 

 

3.3.4. Preparation of Metal oxides  

The sol-gel method was used for the preparation of metal oxides and the metal 

precursors were used for their synthesis. The metal oxides prepared were 

manganese oxide (MnO2), zinc oxide (ZnO), cobalt oxide (Co3O4), and the metal 

precursors were manganese nitrate hexahydrate [Mn(NO3)2·6H2O], Zinc nitrate 

hexahydrate [Zn(NO3)2·6H2O], and cobalt nitrate hexahydrate [Co(NO3)2.6H2O], 

respectively. The metal precursor was first dissolved in 70 ml of water and 2,5 ml of 

ammonia (NH3) was added and the reacting solution was stirred for 1 h using a 

magnetic stirrer at room temperature. Followed by refluxing at 100 0C for 6 h. The 

solution was cooled and filtered using a Whatman filter paper of pore size of 11 μm. 

The solids were then dried at 80 0C for 24 h. Followed by calcining at 300 0C for 2 h 

[5]. 

 

To synthesize titanium dioxide (TiO2) [6], zirconium oxide (ZrO2) [7], and cobalt 

titanium oxide (Co2TiO4) [8] similar procedure was followed. 

 

3.3.5 Metal oxides incorporation with the MWCNTs 

The basic preparation technique for MnO2-MWCNTs, ZnO-MWCNTs, and Co3O4-

MWCNTs composite followed the same procedure where the metal precursor of 

each metal oxide-MWCNTs was first dissolved in 70 ml of water, that followed by the 

addition of 2.5 ml of ammonia (NH3), and the reacting solution was stirred for 1 hour. 

The metal precursors of the composites were manganese nitrate hexahydrate, Zinc 

nitrate hexahydrate, and cobalt nitrate hexahydrate for MnO2-MWCNTs, ZnO-

MWCNTs, and Co3O4-MWCNTs, respectively. The acid treated MWCNTs were 

added to the reaction solution and refluxed at 100°C for 6 hours. The reaction took 

place under a nitrogen environment. The solution was then cooled, filtered, and dried 

at 50°C overnight. The final step includes the calcination of the product at 300°C for 

2 hours to form the above-mentioned nanocomposite [9]. 
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A similar procedure was followed for the preparation of TiO2-MWCNTs [10] and 

ZrO2-MWCNTs [11]. 

 

3.3.6. Preparations of buffer solution 

The buffer which was used throughout this study was 0.1 M phosphate buffer 

solution (PBS) this was prepared by using both sodium phosphate dibasic and 

sodium phosphate monobasic solution. The solutions were prepared by weighing 

accurately 7.1 g of sodium phosphate dibasic and mixing it in 500 ml of water to get 

0.1 M of the solution. Subsequently 6.0 g of sodium phosphate monobasic was 

weighed and mixed with water to give a final volume of 500 ml at a concentration of 

0.1 M. To get to 0.1M PBS, the solution of 0.1 M sodium phosphate monobasic 

solution was added to the 0.1 M sodium phosphate dibasic solution as much as 

needed until the desired pH of 7.5 was reached using a Metter Toledo FE20kit 

FiveEasyTM Benchtop pH meter [11] 

 

3.3.7 Characterisation techniques  

 

3.3.7.1 Fourier transform infrared spectroscopy 

To determine the successful modification of the MWCNTs by attachment of metal 

oxides and amine groups, Fourier transform infrared (FTIR) spectroscopy was 

employed. The FTIR spectroscopy (Agilent Cary 600 series) with a resolution of 10 

cm-1 and 20 scans per analysis was used to analyse the functional groups present in 

the wavelength range from 300 to 4000 wavenumber (cm-1). The sample area of 

analysis was thoroughly cleaned with 98% ethanol. Approximately 1 mg of the 

sample deposited on the sample area with a spatula and compressed with a knob 

before analysis. The background check on the instrument was done and the samples 

were analysed. The data obtained was in a form of Agilent Cary spectrometer 

software, it was converted to excel for analysis. 
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3.3.7.2 Scanning electron microscopy 

The surface morphology of the nanocomposites was investigated on the Supra 55 

variable pressure field emission scanning electron microscope. Sample preparation 

using the K553 Scanning electron microscopy (SEM) sample preparation sputter 

coater. Approximately 2 mg of the solid nanomaterials were mounted onto the 

sample stubs using a double-sided carbon tape, they were followed by carbon 

coating of the sample. The sample was loaded onto the sample holder for analysis 

projecting the same sample at different magnifications ranging from x10 000 to x60 

000. The images were captured using the SmartSEM® (Carl Zeiss, Germany) 

software. 

 

3.3.7.3 X-ray diffraction  

The crystallinity, particle size, and structure of the nanomaterials were determined by 

X-ray diffraction (XRD, Bruker focus D8 X-ray diffractometer). The sample was firstly 

finely ground by pestle and mortar to allow the x-ray beam to pass through. About 1 

g of the sample was put on the XRD sample holder and pressed gently inside the 

sample holder using a glass slide to create a smooth upper surface of the sample. 

The sample was successfully loaded onto the x-ray machine and scanned at a rate 

of 0.02 s-1 ranging from 5 to 65o 2-theta (2θ), in which θ is the diffraction angle onto 

the detector. The data was analysed by the D8 X-ray diffractometer software and 

converted to excel data before plotting in the origin 8.5 software for analysis. 

 

3.3.7.4. Thermogravimetric analysis  

The investigation of the thermal stability of the nanomaterials was done using the 

Simultaneous thermal analyzer (STA) 4000 PerkinElmer system. Approximately 10 

mg of the sample was placed in a furnace pan and placed in an instrument. The 

temperature of the system was kept at 25 0C initially and increased gradually to 900 

0C at 10 0C/min, under the oxidative atmosphere of nitrogen gas at 50 mL/min. The 

informative data obtained from the TGA gives data regarding the thermal stability, 

purity of the composition of the nanocomposites. 
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3.3.8. Electrochemical studies  

Electrochemical studies were carried out in a three-electrode cell, using the Basi 

Epsilon with the C3-cell stand. Silver-silver chloride (Ag/AgCl) electrode was used as 

a reference, platinum wire as the auxiliary electrode, and Glassy carbon electrode 

(GCE) as the working electrode. 

 

3.3.8.1 Fabrication of the electrode 

The metal oxide-amine functionalized-MWCNTs nanocomposite (1mg) was 

dispersed in 5ml of ethanol and sonicated for 10 minutes to get a homogeneous 

suspension. Before surface modification of the GCE, the electrode was polished with 

0.3mM of aluminum oxide nano powder slurry and rinsed with water. Then the 

electrode was sonicated in a mixture of ethanol and water in (1:1, v/v) ratio for 15 

minutes to further remove any bound material on the surface of the electrode. The 

electrode was air-dried at room temperature before modifications. About 20 μL of the 

suspension was dropped onto the freshly polished electrode and dried for 30minutes 

at room temperature to get the metal oxide-amine functionalized-MWCNTs modified 

electrode. Then, 20 μL (0.5 U) of the enzyme, xanthine oxidase (XO) was dropped 

onto the electrode and was allowed to dry at room temperature for 2 h. To confirm 

the stable attachment of the nanocomposite onto the electrode, it was further coated 

with 5 μL of 5% Nafion. This electrode was stored at 50C when not in use [13]. 

 

3.8.2. Preparation of electrodes and their electrochemical measurements 

 

Electrochemical studies of fabricated electrodes were studied using a three-

electrode system (BASi epsilon) at room temperature in a 5 mM ferrocyanide 

solution. Cyclic voltammetric (CV) measurements were carried out in a potential 

window of -200 to 1400 mV at a scan rate of 100 mV/s to determine the best metal 

oxides and determine the surface coverage and diffusion coefficient of the 

nanomaterials. 

 

The experiments of hypoxanthine detection were carried out under the following 

conditions a 1mM of hypoxanthine concentration in phosphate buffer solution at pH 
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7.5. The analysis was carried out with CV and differential pulse voltammetry (DPV) 

all at the potential window of -200 to 1400 mV. 

 

3.3.9. Fish meat analysis. 

Three fishes of the same species named Argyrozona Argyrozona were purchased 

from the local market and analysed on their first day of arrival in the University 

laboratory. These fishes were kept at 3 different temperatures which were -15 0C,5 

0C, and 25 0C. The three fishes were analysed for seven days as follows: About 10 g 

of the fish meat was sliced, minced with a pestle and mortar, and mixed with 30 ml of 

PBS of pH 7.5. The solution was filtered with the Whatman filter paper with 11 μm 

pore size. The filtered solution was transferred onto a C3 cell stand and analysed 

using cyclic voltammetry (CV) and Differential pulse voltammetry (DPV) at a potential 

window of -200 to 1400 mV [14]. 

 

 

Figure 3.1. Presents 3 fishes of the same species named Argyrozona Argyrozona 

which were suspended at 3 different temperatures to study the hypoxanthine 

concentration using 3%Co2TiO4-MWCNTs-TETA. 
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CHAPTER 4 

4. Results and Discussion 

 

4.1. Introduction. 

This chapter consists of discussion of the results obtained while investigating the 

electrochemical behaviour and the detection mechanism of hypoxanthine using 

metal oxides modified multi-walled carbon nanotubes-based biosensor. The first part 

of the study has focused on functionalising MWCNTs with amine-containing agents 

from hydrazine, methylenediamine, ethylenediamine (EDA), and triethylenetetramine 

(TETA). The main aim of this study was to check the effect of increasing the organic 

length of the amine-containing agents on the current response in producing a highly 

sensitive biosensor for the determination of hypoxanthine (Hx). The second part 

deals with the comparative study of the metal oxides (MO) doped amine 

functionalised MWCNTs to further increase the stability and reusability of the 

biosensor. The MO-modified MWCNTs (MO = manganese dioxide (MnO2), titanium 

dioxide (TiO2), zirconium dioxide (ZrO2), cobalt dioxide (Co3O4), and zinc oxide 

(ZnO)). While comparing metal oxides this work also include comparative of mono 

metallic and bi metallic biosensors towards the effect of metallic bond on the stability 

of the biosensor. The third part of this study focuses on the photocatalytic 

investigations of metal oxide doped amine functionalised MWCNTs. This work 

contributes to the new studies of photocatalytic studies of metal oxides and 

MWCNTs in improving sensitivity using light and increasing the organic length of 

amine containing agents towards the stability of the biosensor. The structure of 

prepared metal oxides amine functionalised MWCNTs were confirmed by Fourier-

transform infrared spectroscopy (FTIR), Scanning electron microscope (SEM), 

Thermal gravimetric analysis (TGA), and X-ray diffraction (XRD. 
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4.2. Characterisation of the synthesised nanocomposites materials 

 

4.2.1. Fourier-transform infrared spectroscopy  

 

4.2.1.1. FTIR of the raw, acid and amino functionalised MWCNTs 

 

 

Figure 4 1. Presents surface functionalisation of the MWCNTs by acidic and amino 

groups from raw MWCNTs  

 

The data in figure 4.1 shows FTIR profiles of raw-, oxidised-, hydrazine-, 

methylenediamine, ethylenediamine, and triethylenetetramine MWCNTs. The raw-

MWCNTs have some weak stretching bands at around 1200, 1300, and 1730 cm-1 

which corresponds to =C-H and C=C respectively. They do not have many peaks 

presents which correspond with the fact that the raw MWCNTs are highly insoluble 
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due to the lack of functional group that increases their interaction with solvents [1]. 

The oxidised MWCNTs shows an increment in the intensity of the peaks. There is a 

broad peak at around 3300 cm-1 which is caused by the vibrations of the hydroxyl 

group (OH) and the stretching band at around 1680 cm-1 is reported to be that of the 

carbonyl carbon, this type of bands confirms the presence of carboxylic group 

(COOH) deposited by acid treatment [2]. Furthermore, there is a clear peak at 

around 1200 cm-1 bands this is reported to be that of C=O vibrations at the different 

chemical environment, examples are ketones or aldehydes. [3]. The amino-

functionalised MWCNTs (i.e., hydrazine, methylenediamine, ethylenediamine, and 

triethylenetetramine) shows a significant double stretch band that is appearing at 

1600 cm-1 to 1700 cm-1, this is due to the amino (NH2) deformation of hydrogen-

bonded amine [4]. Furthermore, another peak appears at 3450 cm-1 to 3500 cm-1 

which is associated with C-H stretching of CH2-NH2 groups. The presents of these 

bands confirm the successful deposition of the amino groups on the surface of 

MWCNTs [5]. 

 

4.2.1.2. FTIR profiles of TiO2, MWCNTs-TETA and 5% TiO2-MWCNTs-TETA 

 

 

 

Figure 4 2. FTIR results of TiO2, MWCNTs-TETA and 5% TiO2-MWCNTs-TETA 
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The FTIR spectra of the synthesised TiO2, MWCNTs-TETA and 5% TiO2 MWCNTs-

TETA are shown in figure 4.2. The formation of nano TiO2 was confirmed by the 

characteristic peak observed at 450 cm−1 and this type of band is caused by the Ti-O 

stretching [6]. For the nanocomposite of 5% TiO2-MWCNTs-TETA, the peaks at 

1,300 and 1600 cm−1 correspond to symmetric and asymmetric stretching vibrations 

of the adsorbed isopropanol, carboxylic group coordinating to titanium metal during 

their synthesis [7]. There is also a significant peak appearing at 500 cm-1 on the 

nanocomposite. This confirms the successful deposition of the TiO2 on the walls of 

MWCNTs. There is again the presence of a peak at 2400 cm-1 which corresponds to 

the formation of metal-carbon bonding where the activated carbon or MWCNTs are 

functionalised with C=O functional groups before incorporating the metal oxide [8]. 

 

4.2.1.3. FTIR profile of ZrO2, MWCNTs-TETA and 5% ZrO2-MWCNTs-TETA 

 

 

 

Figure 4 3. FTIR spectra of ZrO2,MWCNTs-TETA and 5% ZrO2-MWCNTs-TETA 

 

The FTIR spectra of the as-synthesised inorganic/organic hybrid of zirconium dioxide 

(ZrO2) nanoparticles, MWCNTs-TETA and 5% ZrO2-MWCNTs-TETA are shown in 

Figure 4.3. The strong absorptions at 300, 550, and 700 cm-1 on the ZrO2 spectrum, 
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are designated to Zr-O vibrations. Whereas the less intense absorption band which 

appears at 1750 cm−1 is characteristic of the bending vibration of water molecules. It 

is uncertain whether the water observed in these spectra reflects the composition of 

the surface resulting from the heating process or water which had rapidly attached to 

the surface during cooling [9]. On the 5% ZrO2-MWCNTS-TETA, there is a presence 

of significant peak which appears at 450 cm-1 due to the vibration of Zr-O on the 

walls of MWCNTs and confirms the successful modifications of the MWCNTs with 

ZrO2 

 

4.2.1.4. FTIR profile of MnO2, MWCNTs-TETA, and 5% MnO2- MWCNTs-TETA 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4 4. FTIR profile of MnO2, MWCNTs-TETA, and ……….. 

Figure 4.4: The FTIR results of manganese dioxide, MWCNTs-TETA and 5% MnO2-

MWCNTs-TETA  

 

The FTIR data of the synthesised manganese oxide (MnO2), MWCNTs-TETA and 

5% MnO2-MWCNTs-TETA nanocomposites are shown in figure 4.4. Low intense 

peaks at around 415 and 520 cm-1 on the MnO2 spectrum are observed; these are 

due to Mn–O vibrations and agrees with the literature data [10,11]. Mn–O stretching 
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modes occur in the higher wavenumber region and Mn–O bending vibrations in the 

lower wavenumber region [12]. The vibrational mode at 1100 cm-1 corresponds to 

the stretching vibration of Mn–O bonds in MnO6 octahedral along the double chain of 

MnO2 [13]. The weak band observed at around 1400 cm-1 is assigned to the vibration 

of the Mn3+–O bond. This confirms the presence of Mn3+ in the MnO2 tunnel structure 

[14]. This FTIR analysis is consistent with the results reported in the literature [15]. 

The FTIR spectra help locate the presence of the OH groups as well as water 

molecules that may be present as bound water within the crystal structure. However, 

in the case of MnO2 particles, they are three types of structures that bond differently 

to the OH group in the crystal structure of manganese dioxide, and these are α-

MnO2, β-MnO2, and the γ-MnO2. The α-MnO2, exhibiting absorption around 3500 cm-

1, does not show an absorption band around 1620 cm-1. This suggests that the OH 

groups are linked differently in the β-MnO2 crystal whereby of β-MnO2 samples, 

bands are visible at 3400 and 1620 cm-1 and lastly, the absorption bands 

corresponding to the OH group are absent for γ-MnO2 [16]. From this information, 

the conclusion was safely reached that the synthesised MnO2 is the β-MnO2 due to 

the presence of both peaks at 1600 and 3500 cm-1. In addition, mineral structures 

such as MnO2 have stronger bonds and weaker vibrations that decrease the peak 

intensity in FTIR results [16]. On the nanocomposite, the presence of a less intense 

peak at a lower wavelength around 450 cm-1 corresponds to the MnO2 attached to 

the walls of the MWCNTs. 
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4.2.1.5. FTIR results of Co3O4, MWCNTs-TETA, and 5% Co3O4- MWCNTs-TETA 

 

 

Figure 4 5. FTIR results of Co3O4, MWCNTs-TETA, and 5% Co3O4-MWCNTs-TETA 

The FTIR spectroscopy was used to confirm the as-synthesised Co3O4, MWCNTs-

TETA, and 5% Co3O4-MWCNTs-TETA composites as shown in figure 4.5. The 

appearance of two metal-oxygen vibration peaks at lower wavelength on the Co3O4 

spectra corresponds to the formation of Co3O4 spinel lattice [17]. The band at 450 

cm−1 corresponds to the stretching peak of the Co3+ and O bond where Co3+ is 

present at the octahedral holes. The other band at 600 cm−1 is attributed to the 

stretching vibration of Co2+ and O bond where Co2+ present at the tetrahedral hole of 

the spinel lattice [18]. There is the presence of a weak band at 2300 cm−1 which is 

designated to be that of symmetric and anti-symmetric stretching of Co-O bond. 

Such bands correspond to the vibration of the C=O bond in the metal carbonyl 

compounds [18]. On the 5% Co3O4-MWCNTs-TETA spectra, the significant peaks at 

a lower wavelength around 450 and 580 cm-1 are those of Co-O vibrations in the 

presence of the MWCNTs. This concludes that Co3O4 was successfully deposited on 

the MWCNTs. 

 

Co3O4 

 

MWCNTs-TETA 

 

5% Co3O4-MWCNTs-

TETA 

 

3450 

1700 

580 450 

600 

450 2300 

 



73 
 

4.2.1.6. FTIR profile of ZnO, MWCNTs-TETA, and 5% ZnO- MWCNTs-TETA  

 

 

Figure 4 6: FTIR spectra of ZnO,MWCNTs-TETA, and 5% ZnO-MWCNTs-TETA  

 

The spectrum of ZnO, MWCNTs-TETA, and 5% ZnO-MWCNTs-TETA are shown in 

figure 4.6. From the results of ZnO, the band at 400 cm−1 is due to the Zn-O 

stretching mode, which indicates the formation of ZnO, it is also observed that there 

is an absence of the O-H group due to the drying process after their synthesis. This 

further confirms that the ZnO produced is pure with no adsorbed water molecules, 

and similar results were observed elsewhere [19]. On the 5% ZnO-MWCNTs-TETA, 

the peaks at 1200 and 1300 cm-1 are due to nitrate (NO3
-) bonding which might be 

due to the absorption of the TETA on the MWCNTs [20]. There are three bands with 

very low intensity at 1500, 1580 and 1620 cm-1 corresponding to the C=C, C-O, and 

absorbed water, respectively, which appears on the surface of the molecule due to 

the oxidation of the MWCNTs before forming the composite with the zinc oxide [21]. 

There are also the weak bands at 534 cm-1 on the 5% ZnO-MWCNTs-TETA and 

such bands are reported to be due to Zn-O stretching in the presence of MWCNTs 

[22]. Additional peaks which appear on the 5% ZnO-MWCNTs-TETA 
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nanocomposites, but absence in both the spectra of ZnO and MWCNTs-TETA are 

due to the effects of metal oxide doping on functionalised MWCNTs. These effects 

should owe to an interaction between ZnO and MWCNTs-TETA towards the 

formation of a new bond within the structure of ZnO-MWCNTs-TETA [23]. 

 

4.2.1.7. FTIR profile of Co2TiO4, MWCNTs-TETA, and 3% Co2TiO4 - MWCNTs-

TETA 

 

Figure 4 7: FTIR spectra of Co2TiO4, MWCNTs-TETA, and 3% Co2TiO4-MWCNTs-

TETA 

 

The analysis of the synthesised bimetallic nanoparticles, cobalt titanium oxide 

(Co2TiO4) and their nanocomposites (3% Co2TiO4-MWCNTs-TETA) were studied 

with FTIR as shown in figure 4.7. The results show the presence of both titanium and 

cobalt at 300 and 500 cm-1. The is also the presence of hydroxyl group (OH) at 3250 

cm-1, this can be attributed to water molecules absorbed during their synthesis. On 

the spectrum of 3% Co2TiO4-MWCNTs-TETA the results show the presence of both 

titanium and cobalt at lower wavelengths, such band confirm successful deposition 

of the bimetallic nanoparticles onto the walls of the carbon nanotubes 
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4.2.2. X-ray diffraction analysis 

 

4.2.2.1. XRD patterns of TiO2, MWCNTs-TETA, and TiO2-MWCNTs-TETA 

 

 

Figure 4.8. XRD patterns of TiO2, MWCNTs-TETA, and 5% TiO2-MWCNTs-TETA 

 

The X-ray diffraction patterns of the synthesised titanium dioxide nanoparticles, 

MWCNTs-TETA, and 5% TiO2-MWCNTs-TETA are showed in figure 4.8. The strong 

diffraction peak at 25° and a broad peak at 45° indicate that the titania nanoparticles 

are in the anatase phase. All the peaks are in agreement with the literature of 

diffraction pattern of titanium nanoparticles [24]. The literature has indicated that the 

diffraction peak intensity of titania nanoparticles increases with particles size. 

However, from the results this suggests that these nanoparticles compose of 

irregular polycrystalline structure. The low intensity peaks revealed the amorphous 

structure of the nanoparticles. Despite this the amorphous broadening of XRD peaks 

in nanosized materials is negligible [25]. The MWCNTs-TETA, data shows the first 

peak at 26° that can be assigned to the (002) reflection of graphite. The symmetric 
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diffraction peak at 43° is assigned to the (100) reflection of graphite, which is 

typically observed in MWCNTs [26]. The final results are that of the 5% TiO2-

MWCNTs-TETA, and the data show the presence of all peaks mentioned in the TiO2 

and MWCNTs-TETA, which confirms the successful preparation of the composite. 

 

4.2.2.2. XRD patterns of Co3O4, MWCNTs-TETA, and 5% Co3O4-MWCNTs-TETA 

 

 

Figure 4 9. XRD patterns of Co3O4, MWCNTs-TETA, and 5% Co3O4-MWCNTs-TETA 

 

The XRD pattern of the as synthesised cobalt oxide, MWCNTs-TETA, and 5% 

Co3O4-MWCNTs-TETA are shown in figure 4.9. The results demonstrate 

nanocomposite formation, which contained CoO and Co3O4. The profile shows a 

sequence of highly intense peaks at 31, 36 and 38° that are indexed to planes of 

(220), (311), and (222), respectively. Furthermore, these diffraction peaks can be 

indexed as typical cubic spinel structure of Co3O4 [27]. The second series of peaks 
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are observed on the cobalt oxide structure at 46, 56, 62 and 69° and are indexed 

planes of (400), (422), (511), and (440), respectively. These planes are similar to 

those reported for the CoO cubic structure [28]. From the results, no other phases 

were observed in the XRD patterns. These results suggested that the synthesised 

cobalt oxides particles consisted of the mixture of Co3O4 cubic spinel structure and 

CoO cubic structure. On the 5% Co3O4-MWCNTs-TETA composite the presence of 

all peaks confirms the successful deposition of the cobalt oxide nanoparticles on the 

walls of carbon nanotubes 

 

4.2.2.3. XRD patterns of 5%Co3O4-MWCNTs-TETA, 5% TiO2-MWCNTs-TETA, 

and 3% Co2TiO4-MWCNTs-TETA 

 

 

Figure 4.10: XRD patterns of Co3O4, MWCNTs-TETA, and 5% Co3O4-MWCNTs-

TETA. 
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The phase formation of Co2TiO4 was analysed using the X-ray diffraction technique 

as shown in figure 4.10. XRD examination revealed that the as-prepared sample 

shows a multiphase composition consisting of CoTiO3 and Co2TiO4 phases [28]. The 

diffraction peaks appearing at 20° to 30° correspond to the plane of low crystalline 

amorphous Co2TiO4 and CoTiO3 [29]. However other planes completely disappear 

for phase identification of the bimetallic nanoparticles from 50°. It should be noted 

that the unit-cell parameters of Co2TiO4 could depend on the sintering conditions, 

such as temperature and pressure, and stoichiometry of the nanoparticles [30]. 

Therefore, it not clear as to which phase has been formed on the bimetallic structure 

of the nanoparticles. From the results it cannot be concluded that the synthesis of a 

single phase of Co2TiO4 is unlikely under the sol gel method. However, stoichiometry 

and synthetic temperature should be considered thoroughly during the synthesis. 

Interesting to note, on the XRD pattern of 3% Co2TiO4-MWCNTs-TETA the major 

phase obtained was Co2TiO4. This proves MWCNTs as good support material for 

deposition of cubic Co2TiO4 synthesis. To the best of our knowledge, there has been 

only one previous work reported on the yielding of the cubic Co2TiO4 as a single 

phase of which the synthesis method was co-precipitation followed by calcination at 

high temperature [31]. 
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4.2.3. Thermal gravimetric analysis 

  

4.2.3.1. TGA profile of raw, oxidised, and amine modified MWCNTs 

 

 

Figure 4.11. TGA profile of raw and amine functionalised MWCNTs 

 

It is important to determine and compare the thermal stability of the raw, oxidised 

and amino functionalised MWCNTs because the step of functionalisation has an 

effect on the thermal stability of the MWCNTs [32]. The results are presented in 

figure 4.11 above. The raw and oxidised MWCNTs show similar trends. However 

raw MWCNTs showed high thermal stability as compared to oxidised MWCNTs. The 

oxidised MWCNTs showed the initial decomposition of the MWCNTs at 210 °C, this 

is due to defects on the nanotubes caused by acid treatment and the burning of the 

carboxyl group attached to the walls. The second decomposition is observed at 600 

°C, this is the decomposition of the nanomaterials, this is proven by the same 

decomposition trend at 600 °C being observed on raw MWCNTs as reported 

elsewhere [33]. The amino functionalised MWCNTs by hydrazine, ethylenediamine, 

ethylenediamine, and triethylenetetramine show similar trends, the first 

decomposition at low temperatures of less than 100 °C is attributed to the loss of 

moisture absorbed both physically and chemically on the materials. There is a 
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thermal decomposition of 25, 30, 32, and 46% on hydrazine-, methylenediamine-, 

ethylenediamine (EDA), and triethylenetetramine (TETA)-MWCNTs, respectively. 

These results have proven that by increasing the organic length of the compound 

being attached on the material tempers with the thermal stability of the material. The 

results also highlight that by adding a step of functionalisation, the thermal stability of 

the MWCNTs decreases. 

 

4.2.3.2. The TGA profile of metal oxide doped MWCNTs 

 

 

Figure 4 12. TGA profiles of metal oxide doped MWCNTs 

 

The thermal stability of the metal oxides doped MWCNTs were investigated. The 

obtained results are presented in figure 4.12. The results showed that the Co3O4-

MWCNTs have a higher stability as compared to TiO2-MWCNTs. This is in 

agreement with the literature [34] It is also noteworthy to recognise that the thermal 

stability of the MWCNTs-TETA decomposition temperature was 150 0C. However, 

when MWCNTs-TETA are doped with metal oxides, they showed a drastic 

improvement in thermal stability brought by metal oxides. Similar results have been 

reported by [35,36] where they have shown improvement in thermal stability of the 

MWCNTs after doping with titanium dioxide and cobalt oxide respectively. 
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4.2.4 Scanning electron microscope 

 

4.2.4.1. SEM of raw and modified MWCNTs by acids and amino groups 

 

 

Figure 4.13: The SEM images of raw and modified MWCNTs, (A) raw MWCNTs. (B) 

MWCNTs-COOH, (C) MWCNTs-hydrazine, (D) MWCNTs-methylenediamine, (E) 

MWCNTs-ethylenediamine, (F) MWCNTs-triethylenetetramine 
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The Scanning electron microscopy (SEM) images in figure 4.13A-F shows the 

morphology before and after modification of the MWCNTs. The modification was 

done by introducing acidic and amine groups on the surface walls of the MWCNTs. 

The raw MWCNTs showed very agglomerated tubes that formed a spherical shape 

with reduced surface area (refer to figure 4.13A). This is in conjunction with the 

literature that raw MWCNTs are not reactive, and they need some modifications 

[37][38]. The second morphological results are those of the acid treated MWCNTs 

(Figure 4.13B), which confirmed that introducing acidic groups opens the tubes and 

increases the surface area and the reactivity of the MWCNTs. However, it cannot be 

ignored with the evidence that the tubes treated with acid appear thinner than the 

raw MWCNTs. This is because acids can deteriorate the walls of the MWCNTs 

[39,40]. The third results are one for modification of the MWCNTs using Hydrazine 

(N2H4) (Figure 4.13C). This morphological image showed an increase in diameter 

from the ones treated with acids, confirming the covalent attachment of the amino 

groups (NH2). The fourth morphological results are that of the deposition of 

methylenediamine (NH2CH2NH2) (Figure 4.13D), which was successfully attached as 

shown by the bumps on the MWCNTs. However, the length of the MWCNTs was 

diminished, while the agglomeration of the tubes seems to increase. The fifth 

morphological results are for the deposition of ethylenediamine (NH2CH2CH2NH2) 

(Figure 4.13E), revealing the successful deposition of this compound as shown by 

the bright field and the bumps on the walls of the MWCNTs. Introducing this material 

also showed a drastic improvement in the length and diameter ratio of the MWCNTs. 

This brings about the increase in surface area and reactivity of MWCNTs. The final 

morphological results are that of deposition of triethylenetetramine 

[CH2NHCH2CH2NH2]2, (Figure 4.13F) which revealed successful attachment as 

shown by bumps on the MWCNTs accompanied by further improvement and fair 

distribution, showing less agglomeration. Altogether, these results show that by 

increasing the length of the organic moiety on modifications, the agglomeration sites 

tend to decrease [41,42]. 

 

 



83 
 

4.2.4.2. SEM images of TiO2 nanoparticles, and 5%TiO2-MWCNTs-TETA  

 

 

Figure 4.14. SEM images of TiO2 nanoparticles (A) and 5% TiO2-MWCNTs-TETA (B) 

 

The SEM images of TiO2 and 5% TiO2-MWCNTs-TETA nanoparticles prepared by 

the sol-gel method shows uniform particles with small particles diameter as shown in 

figure 4.14, which results in high surface area of the nanoparticles as reported 

elsewhere [42]. The nanocomposite, 5%TiO2-MWCNTs-TETA morphological results 

clearly show the successful deposition of the TiO2 with a high dispersion rate. It is 

also observed that only 5% of TiO2 covers most of the MWCNTs, this is because the 

quantity of the TiO2 is more than that of MWCNTs. This results in the MWCNTs 

covered and hidden under TiO2 particles. The entangles observed on the 

nanocomposite are caused by TiO2 nanoparticles attaching to the MWCNTs with 

long lengths and strong van der Waal forces [43]. This type of aggregation of TiO2 

with the MWCNTs indicates the role of MWCNTs as good supporting materials for 

dispersion or the growth of TiO2 on their surface [44]. 

 

 

 

A 
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4.2.4.3. SEM images of ZrO2, and 5%ZrO2-MWCNTs-TETA 

 

 

Figure 4.15. SEM results for ZrO2 (A) and 5% ZrO2-MWCNTs-TETA (B) 

 

The SEM images of ZrO2 and 5% ZrO2-MWCNTs-TETA in figure 4.15 show the 

highly agglomerated nanocomposites that are sandwiched between two layers of 

cubic structures, and the interaction between agglomerates. It is argued that the hard 

agglomerates in the powder from the water-washed co-precipitates are formed by 

oxo-bridging between non-bridging hydroxyl groups present in the zirconium 

hydroxide structures due to the effect of hydrogen bonding in the aqueous system 

[44]. The Zirconia nanocomposites also show an amorphous layer of the 

nanocomposite with the agglomerated zirconium dioxide particles with the MWCNTs 

bridging between the agglomerated zirconium dioxide. This shows that in the case of 

zirconium oxide, MWCNTs did not improve the dispersion and deagglomeration of 

the nanoparticles. This type of bonds can be solved by ultrasonication with ethanol 

after washing during their synthesis [45,46]. 
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4.2.4.4. SEM data of MnO2, and 5%MnO2-MWCNTs-TETA 

 

 

Figure 4.16. SEM images of MnO2 (A) and 5% MnO2-MWCNTs-TETA (B) 

 

The results in figure 4.16 show the morphology of MnO2 and 5% MnO2-MWCNTs-

TETA with uniform distribution of spherical particles on the MnO2 observed. Similar 

results were reported on the literature [47,48]. The short space between the 

nanoparticles is associated with strong van deer wall forces of attraction between 

them. It cannot be ignored that there is a presence of some clusters that are caused 

by particles bonding together by strong van der walls forces, which hinders the 

surface area of the compounds. However, upon forming the composite with the 

MWCNTs, they change their morphology to become amorphous, this type of linkage 

is caused by the heating treatments and the type of metal precursor which was used 

for deposition of the MnO2 on the walls of the MWCNTs [49,50]. 
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4.2.4.5. SEM images of synthesised Co3O4, and 5% Co3O4-MWCNTs-TETA 

 

 

Figure 4.17. SEM images of synthesised Co3O4 (A) and 5% Co3O4-MWCNTs-TETA 

(B) 

 

The results show the SEM images of Co3O4 and the composite of 5% Co3O4-

MWCNTs-TETA prepared by the sol-gel method presented in figure 4.17. The 

results show small spherical particles of Co3O4 that are overlapping and with mild 

and partly agglomeration. This type of morphology is mostly presented by most 

researchers [51,52]. These types of structures can be attributed to the type of 

method and heating temperatures during their synthesis which causes the shape 

and the overall morphology of these nanoparticles [53]. These nanoparticles depict 

the rough surface and uniform distribution of the nanoparticles. These facilitate the 

formation of pores that helps with the introduction of electrolyte ions in the inner 

particles and these help in improving the faradic current [54]. However, these results 

also show amorphous structures of the Co3O4 particles with the MWCNTs, and a 

different morphology was observed when Co3O4 and MWCNTs are alone. This is 

due to pre-treatment temperature of synthesis which could have tempered with the 

structure of the nanocomposites. It is noteworthy to observe that despite that, 

successful deposition of the Co3O4 has been done due to the bumps which appear 

on the highlighted area of the 5% Co3O4-MWCNTs-TETA results (refer to figure 4.15 

B). 
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4.2.4.6. SEM results for ZnO, and 5%ZnO-MWCNTs-TETA 

 

 

Figure 4.18. SEM results for ZnO (A) and 5% ZnO-MWCNTs-TETA (B) 

 

The surface morphology of the ZnO particles and ZnO-MWCNTs-TETA are shown in 

figure 4.18 and it indicates the formation of ZnO nanorods which are highly 

agglomerated; this type of bonding between the ZnO nanoparticles is caused by the 

high surface energy of the nanoparticles [55]. These results hinder the channeling of 

electrons to the inner particles and decrease the faradic current of the nanoparticles. 

However, on the formation of the nanocomposite with MWCNTs, the results suggest 

that the presence of MWCNTs can be used as supporting material for the de-

agglomeration of the ZnO particles. It is evident that the ZnO particles when they are 

grown on the MWCNTs they show fewer agglomerations as compared to when they 

were alone.  
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4.2.4.7. SEM images of 5%Co2TiO4-MWCNTs-TETA, 3%Co2TiO4-MWCNTs-TETA 

and 1%Co2TiO4-MWCNTs-TETA 

 

 

Figure 4.19. SEM images of 5% Co2TiO4-MWCNTs-TETA (A), 3% Co2TiO4-

MWCNTs-TETA (B)1% Co2TiO4-MWCNTs-TETA (C) 

 

The morphology of the nanocomposites of the bimetallic compounds between 

titanium dioxide and cobalt oxide was studied using scanning electron microscopy 

and it can be seen that the morphology of the nanocomposite is different from the 

morphology of the titanium dioxide and cobalt oxide results alone (refer to figure 

4.19). This change is brought by the metal-metal bond between the nanoparticles 

[56]. The results of the 5% composition show, metal oxides have completely 

hindered the carbon nanotubes. This resulted in the decrease in faradic current as 

observed in the cyclic voltammetry experiment. This suggests that MWCNTs helps in 

channelling electrons for increasing the conductivity of the material. The 3% 

compositions MWCNTs on the surface of the MWCNTs with some partly 

agglomerated particles are caused by strong van der wall forces of attraction 

between atoms forming the nanocomposite. This resulted in increased faradic 

current observed under cyclic voltammetry [57]. The 1% composition shows 

successful attachment of the metal oxides on the walls of the MWCNTs, however, 

due to the low percentage of the metal oxide, this shows very low faradic current as 

compared with the 3% composition of the metal oxides. This highlighted a very 

important fact that metal oxides increase the electroconductivity of the material. 

B C A 
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4.3. SOLUBILITY RESULTS 

 

 

Figure 4.20. The solubility results of the functionalised MWCNTs. (A) Raw MWCNTs, 

(B) acid-treated, (C) Hydrazine MWCNTs, (D) Methylenediamine MWCNTs (E) 

Ethylenediamine MWCNTs, and (F) Triethylenetetramine MWCNTs 

 

The image in figure 4.20 present the results of the study conducted to determine the 

solubility of the raw, oxidised and amino-functionalised MWCNTs. The study was 

conducted by checking the solubility of the MWCNTs inside phosphate buffer (PBS) 

since it is the electrolyte under electrochemical studies. The results were taken after 

leaving the samples for 24 h and it shows that raw MWCNTs are not interacting with 

the electrolyte. This hinders the raw MWCNTs from being used as a modifier for the 

biosensor since it shows no ionic conductivity with the electrolyte. The study by Cao 

et al [58] has reported the link between solubility and conductivity. To further support 

their findings this study has noted that as the MWCNTs are functionalised further 

their conductivity and solubility increases as compared to raw MWCNT. Similar 

findings are reported [59,60]. 
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4.4. UV-VIS characterisation of MWCNTs, TiO2, Co3O4, and 3% Co2TiO4-

MWCNTs-TETA 

 

 

Figure 4.21. The UV-vis absorption spectra of MWCNTs-TETA, TiO2, Co3O4, 3% 

Co2TiO4-MWCNTs-TETA, and 3% Co2TiO4-MWCNTs-TETA (20 minutes exposed to 

light).  

 

The Uv-vis absorption spectroscopy can be used not only as a technique to quantify 

the dispersion of the nanomaterials in solvents but also as a tool to study the 

photocatalytic properties of the nanomaterials [61]. The photocatalytic study of the 

nanomaterials was studied, and the results are presented in figure 4.21. The 

oxidised MWCNTs showed maximum absorbance in the region of 200-800 nm, this 

is due to the sample black colour with high absorption capacity [62]. TiO2 showed a 

very intense peak at around 350 nm while cobalt oxide (Co3O4) showed a broad 

absorption band at 290-400 nm. Interesting to note is that the 3%Co2TiO4-MWCNTs-

TETA absorption has experienced a redshift at the higher wavelength at 350 to 530 

nm this major shift is caused by the presence of metal-metal bond between titanium 
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and cobalt. The broad redshift is again observed when the 3% Co2TiO4-MWCNTs-

TETA is irradiated with visible light for 20 minutes. This irradiation has brought the 

absorption of the nanocomposite to increase and to experience redshift again at 

broader wavelength. This is due to the excitation of the electrons of MWCNTs, 

Co3O4, and TiO2 from the valence band to the conduction band [63]. It is noteworthy 

to observe that the presence of MWCNTs played a critical role as support materials 

for the metal oxides in the absorption of light. 

 

4.5. Electrochemical Characterisation of metal oxides, modified MWCNTs, and 

metal doped MWCNTs in Potassium Ferricyanide by Using Cyclic Voltammetry 

 

4.5.1. Effects of amine functionalisation on peak current response of MWCNTs  

 

 

Figure 4.22: Cyclic voltammogram characterisation of raw, oxidised and amine 

functionalised MWCNTs in a phosphate buffer solution (0.1 M, pH 7.5) containing 5 

mM [Fe(CN)6]-3/-4.  

The results in figure 4.22 shows the cyclic voltammograms obtained when glassy 

carbon electrode (GCE) was polished with modified MWCNTs at a scan rate of 100 
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mV/s. The voltammogram obtained shows increase in oxidation and reduction peaks 

when the MWCNTs are modified with amino groups. This suggest that the electron 

transfer increases as the length of the organic moiety deposited on the MWCNTs 

increases. The increase in electron transfer (current response) followed this order: 

oxidised MWCNTs < hydrazine-MWCNTs < methylenediamine-MWCNTs < 

ethylenediamine-MWCNTs < triethylenetetramine-MWCNTs. Triethylenetetramine 

(TETA) modified MWCNTs were chosen for analysis and identification of 

hypoxanthine in this study due to high current response. This shows that MWCNTs-

TETA has some interesting features which are confirmed by FTIR, SEM, and TGA. 

All comparative results containing all the modified MWCNTs is given in appendix 6.  

 

4.5.2. Cyclic voltammograms for Co3O4, MWCNTs-TETA, and 5% Co3O4- 

MWCNTs-TETA 

 

 

 

 

 

 

Figure 4.23: The cyclic voltammograms characterisations of cobalt oxide, MWCNTs-

TETA, and their corresponding nanocomposites modified GCE in a phosphate buffer 

solution (0.1 M, pH 7.5) containing 5 mM [Fe(CN)6]-3/-4. 

 

In order to investigate the catalytic performance of the metal oxides and their 

nanocomposite with MWCNTs, cyclic voltammetry experiments were conducted in 5 

mM ferrocyanide solution at pH 7. The results in figure 4.23 shows that Co3O4 alone 
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gives low current levels. However, upon doping the MWCNTs, the is a drastic 

improvement in the overall current being produced. This shows that MWCNTs-TETA 

are very good support nanomaterials to be immobilised with Co3O4 for catalytic 

detection of hypoxanthine. Comparative study of all metal oxides is given in 

appendix 7  

 

4.5.3. Cyclic voltammograms of TiO2, MWCNTs-TETA, and 5% TiO2-MWCNTs-

TETA 

 

 

Figure 4.24: Cyclic voltammograms of TiO2, MWCNTs-TETA, and 5% TiO2-

MWCNTs-TETA in 5 mM ferrocyanide solution at pH 7 

 

The glassy carbon electrode (GCE) was used as a working electrode in the 

electrochemical characterisation of TiO2, MWCNTs-TETA and 5% TiO2 MWCNTs-

TETA. All these nanomaterials show very good electrocatalytic response as shown 

in figure 4.24. However, by combining these nanomaterials in 5% TiO2-MWCNTs-

TETA, they show strong improvement in current response as compared when they 

are analysed individually. This shows that combinations of metal oxides with 
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MWCNTs have very interesting properties that lead to high current output. That is 

confirmed by FTIR, SEM, XRD, and TGA. 

 

4.5.4. Comparative analysis of cobalt oxide, titanium dioxide and bimetallic 

nano compound of cobalt oxide-titanium dioxide nanocomposite 

 

 

 

Figure 4.25: Cyclic voltammograms of nanocomposites of cobalt and titanium and 

their bimetallic nano compound in 5 mM ferrocyanide solution at pH 7 

 

In order to further investigate the nanocomposites and their bimetallic nano 

composition. GCE was polished with 10 μL of each nanocomposite solution in 

dimethylformamide (DMF). Cyclic voltammogram experiment were conducted as 

shown in figure 4.25. The results show that the composite of titanium dioxide 

MWCNTs-TETA show best current response as compared to the nanocomposite of 

cobalt oxide MWCNTs-TETA. However, the bimetallic compound of cobalt-titanium 

oxide MWCNTs-TETA showed further improved current outputs as compared to 

when the metal oxides were treated individually. This highlighted the importance the 

metal-metal bond between cobalt and titanium. The bimetallic nanocomposite was 

selected and used throughout the study due to high current response. 
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4.6. Determination of diffusion coefficient and surface coverage for 5% TiO2-

MWCNTs-TETA, 5% Co3O4-MWCNTs-TETA, and 3%Co2TiO4-MWCNTs-TETA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26. (A) Cyclic voltammogram showing the effects of different scan rates (10 

to 100 mV/s) on peak current of 3%Co2TiO4-MWCNTs-TETA/GCE composite and 

the corresponding (B) relationship between peak current vs the square root of scan 

rate and (C) the relationship between peak current and the scan rate, in a phosphate 

buffer solution (0.1 mM, pH 7.5) containing 5 mM [Fe(CN)6]-3/-4. 

 

The redox couple, [Fe(CN)6]-3/-4 was used to investigate the electrochemical 

properties of 3%Co2TiO4-MWCNTs-TETA, using cyclic voltammetry as shown in 

figure 4.27. An appendix 1 and 2 shows the corresponding electrochemical analysis 

for 5% Co3O4-MWCNTs-TETA, and 5% TiO2-MWCNTs-TETA, respectively. The 

results of modified electrodes show that the electrochemical property on redox 

couple has reversible behaviour with current increasing linearly with the square root 

of scan rate on all the modified electrodes. The graphs of the peak current vs the 

scan rate also shows that the scan rate is proportional to the scan rate with the R2 

A 

 

B 

 

C
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value of 0.99 for all the modified biosensors. This indicates that the reaction at the 

surface of the electrode for redox couple is diffusion controlled [59]. Electrochemical 

parameters, (i.e., diffusion coefficient and surface coverage) were determined for all 

the modified biosensors as follows: 

 

4.6.1. Diffusion coefficient 

 

ip = 2.69x105n3/2ACD1/2v1/2         (1) 

 

The diffusion coefficient is one of the most significant variables in electrochemical 

reactions. It describes how quickly the analyte interact with the modified electrode for 

analysis and this is calculated using the Randles–Sevcik equation (1); where ip is the 

peak current (mA), n is the number of electron transfer, A is the surface area of the 

electrode which was calculated to be 0.07 cm2, C is the concentration of the analyte 

in the electrolyte which is 5 mM [Fe(CN)6]-3/-4 in 0.1 mM phosphate buffer (PBS), and 

v is the scan rate (mV/s). The data analysis of 3% Co2TiO4-MWCNTs-TETA/GCE in 

figure 4.24(B) indicates that the slope of the graph is 0.0005 mA/mVs-1/2 on the 

graph of peak current vs square root of scan rate and the calculated diffusion 

coefficient was 0.7x10-4 cm2/s. Based on the data in appendices 1 and 2 the diffusion 

coefficient of 5% Co3O4-MWCNTs-TETA and 5% TiO2-MWCNTs-TETA were 

calculated to be 0.4x10-4 cm2/s, and 0.5x10-4 cm2/s, respectively. All the modified 

electrodes were proven to be diffusion controlled and diffusivity increases with the 

rate of the reaction from 5% Co3O4-MWCNTs-TETA < 5% TiO2-MWCNTs-TETA < 

3% Co2TiO4-MWCNTs-TETA. Therefore, conclusion was confidently reached that 

3%Co2TiO4-MWCNTs-TETA is the best electrode for analysis. 

 

4.6.2. Surface coverage 

 

          (2) 
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In addition, using the slope of peak current vs scan rate, the surface coverage of 

electroactive species (Γ) can be determined. According to equation 2, where n is the 

number of electrons transfer, F is the Faraday constant, v is the scan rate, A is the 

surface area and R is the gas constant at a given temperature of 298.15 K. The 

surface coverage indicates the surface concentration of the adsorbed species that 

occurred for the reaction to take place. The higher the surface coverage the higher 

the reaction rate and these were calculated to be 15x10-5, 30x10-5, and 60x10-5 

µM/cm2 for 5%Co3O4-MWCNTs-TETA/GCE, 5%TiO2-MWCNTs-TETA/GCE, and 

3%Co2TiO4-MWCNTs-TETA/GCE, respectively. 

 

4.7. Determination of sensitivity of the biosensor towards hydrogen peroxide 

 

 

Figure 4.27: Sensitivity results towards hydrogen peroxide using XOD/3%Co3TiO4-

MWCNTs-TETA/GCE 

 

In order to determine the sensitivity of the prepared film electrode towards 

hypoxanthine. It is important to first check the prepared biosensor towards changes 

in response currents against increased hydrogen peroxide concentrations [64]. 

Xanthine oxidase catalyses hypoxanthine to xanthine with hydrogen peroxide as by 

product (refer to figure 1.1). If it can be proven through investigation that the 

biosensor is sensitive towards hydrogen peroxide, it will be quantifying that the 
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sensor it can be used for determination of hypoxanthine. Cyclic voltammetry 

experiments with varying concentrations of hydrogen peroxide in 0.1 mM phosphate 

buffer solution at pH 7.5 were conducted at a scan rate of 100 mV/s and the results 

are presented on figure 4.27. A linear increase was observed at increasing hydrogen 

peroxide concentrations between 0.01 μM and 0.1 mM. The data obtained showed 

that the electrode was sensitive to hydrogen peroxide and the current increases 

proportionally with the increase in concentration of hydrogen peroxide with R2 value 

of 0.9929. This proved that the XOD/3%Co2TiO4-MWCNTs-TETA/GCE biosensor 

can be used for the determination of hypoxanthine. 

 

4.8. Photocatalytic study of modified biosensor using cyclic voltammetry in 0.1 

mM hypoxanthine solution 

 

Figure 4.28. Effects of exposure to light on peak current of XOD/3%Co2TiO4-

MWCNTs-TETA/GCE in a 0.05 M phosphate buffer solution containing 0.1 mM 

hypoxanthine. 

The photocatalytic responses of the biosensors were studied using visible light at 10 

minutes intervals as shown in figure 4.28. The biosensor of XOD/5%TiO2-MWCNTs-

TETA reached a maximum current response towards hypoxanthine detection after 

40 minutes of exposure to light (see appendix 5A). The XOD/5%Co3O4-MWCNTs-

TETA/GCE reached an optimum current response after 70 minutes of exposure to 

light (see appendix 5B). Interestingly the optimum current response was reached 
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within 20 minutes of exposure to light when using XOD/3%Co2TiO4-MWCNTs-

TETA/GCE as shown in figure 4.28. This suggests an existence of some synergistic 

effects between titanium and cobalt which led to an increased rate of electron 

transfer. This is supported on FTIR, SEM, XRD, and TGA results. 

 

4.9. Optimisations of the working conditions of the biosensor towards 

hypoxanthine detection 

 

4.9.1 Effect of scan rate 

 

 

Figure 4.29: Effects of scan rate (10 to 100 mV/s) on current response of XOD/3% 

Co2TiO4-MWCNTs-TETA/GCE in a 0.1 M PB solution (pH 7.5) containing 0.1 mM 

Hx. (Graph of log scan rate vs log of peak current). 

 

The electrochemical properties of the modified electrode were determined by 

investigating the effect of scan rate as shown in figure 4.29. The sensitivity of the 

electrode is affected by the potential sweep rate due to the kinetic reactions and the 

instrumental limitations [65]. The hypoxanthine detection peak current increased 

linearly with an increase in scan rate, and which suggests that this is the surface-

controlled reaction, and the results agree with the thin layer electrochemical 

behaviour [70]. Furthermore, the graph of log (peak current) vs log scan rate was 
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found to be 0.9965 which implies the redox reactions of surface-bound composite 

and diffusion-controlled species. In conclusion, these results have proven that the 

XOD/3%Co2TiO4-MWCNTs-TETA/GCE are very good electrochemical materials to 

be incorporated with enzymes for the detection of hypoxanthine. 

 

4.9.2. Effects of the enzyme (Xanthine oxidase) concentration 

Figure 4.30: Effect of increasing the enzyme concentration (0.1U to 1.0U) on current 

response of XOD/3%Co2TiO4-MWCNTs-TETA/GCE in a 0.1 M PB solution (pH 7.5) 

containing 0.1 mM Hx. 

 

Enzyme concentrations are often given in terms of units and not in mass 

concentration as observed in figure 4.30. Cyclic voltammograms for increasing 

concentrations of xanthine oxidase were recorded. It was observed that as the 

concentration of the enzyme increases the faradic current increased, which is due to 

the increased production of hydrogen peroxide [71]. However, as the concentration 

of enzyme increased the sudden decline in peak current was observed, which 

suggests that the limited quantity of the substrate concentration deactivates the 

enzyme [72]. The data indicates that an optimum current respond for the detection of 

hypoxanthine was reached at an enzyme concentration of 0.5U. These findings are, 

similar to the results reported elsewhere [73]. These results demonstrate these 

nanomaterials as good support material for immobilisation with enzyme for catalytic 
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detection of hypoxanthine. The presence of highly electroactive metal oxides and 

MWCNTs, which helps the enzyme facilitates and channels electrons.  

 

4.9.3. Effects of pH 

 

Figure 4 31. Effect of varying pH on peak current of XOD/3%Co2TiO4-MWCNTs-

TETA/GCE in a 0.1 M PB solution (pH 7.5), towards the detection of 0.1 mM Hx.  

 

Most biosensors are affected by the pH of the electrolyte in which the analysis takes 

place [74]. Therefore, it is important to determine the optimum pH of the biosensor to 

perform effectively. This was accomplished by preparing 0.1 mM hypoxanthine 

solution at different pH values ranging from 5 to 9 as shown in figure 4.31. The 

results indicated that the optimum pH of the biosensor was 7.5. After a thorough 

search on the literature, it was noted that the many studies have reported similar 

results [75-77]. 
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4.9.4. Effect of varying temperature 

 

Figure 4 32. The effect of temperature on current response of XOD/3%Co2TiO4-

MWCNTs-TETA/GCE in a 0.1 M PB solution (pH 7.5) towards the detection of 0.1 

mM Hx. 

 

Temperature is the critical factor in determining the overall performance of the 

biosensor. Very high temperatures can denature most enzymes and the 

immobilisation of the enzyme with nanomaterials like MWCNTs can change the 

optimum temperature of the enzyme [78]. Therefore, it is necessary to study the 

effects of temperature on the activity of enzyme and this was accomplished by 

preparing 0.1 mM of hypoxanthine using a water bath with temperature starting from 

25 °C to 100 °C. The results presented in figure 4.32 above shows that the optimum 

temperature of the biosensor is 80 °C. However, an 80 °C is a very high temperature 

at which the maximum response current is observed since enzymes are protein, the 

protein structure of the enzyme is denatured and loses its activity at high 

temperatures. Therefore, working at high temperatures in long-term working 

conditions will disrupt the enzyme structure, subsequent studies were conducted at 

25 ± 1 °C. In literature, the optimum temperatures were found at 55 °C, and 65 °C, 

and 70°C [79-81], respectively. However, they also indicated to better analyse at 

room temperature to avoid denaturing the enzyme at high temperatures for long term 

analysis. 
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4.9.5. Effect of interferences 

4.9.5.1. Cyclic voltammograms of interfering agents with hypoxanthine 

 

 

Figure 4.33. Cyclic voltammograms showing the peak current changes of the 

biosensor’s response to a mixture of Hx and interferences (0.1 mM of hypoxanthine 

(Hx) and 0.1 mM of interferences i.e., Ascorbic acid (AA), Uric acid (UA), glucose (G) 

and xanthine (X)). (A) analysis using XOD/5%TiO2-MWCNTs-TETA/GCE, (B) 

XOD/3%Co2TiO4-MWCNTs-TETA/GCE, and (C) XOD/3%Co2TiO4-MWCNTs-

TETA/GCE (light activated) in a 0.1 M PB solution (pH 7.5). 

 

In real samples analysis, there are biomolecules that tend to interfere with the 

analysis of hypoxanthine. These are biomolecules of similar structure as that of 

hypoxanthine [82-85]. To determine the qualities of the proposed biosensor against 
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interferences, a full investigation of the interfering species was undertaken. The peak 

current changes of biosensor response are shown by cyclic voltammogram in figure 

4.33 and the peak profiles indicates that the biosensor has the ability to detect the 

presence of hypoxanthine (i.e., highly selective towards hypoxanthine) in the 

presence of most interfering species. This is clearly presented in bar graph in figure 

4.34., which shows very low interfering values for most of the biosensors. However, 

the highest interfering species with 60% (current drop) is that of Ascorbic acid while 

using XOD/5%TiO2-MWCNTs-TETA/GCE (refer to figure 4.33 A) monometallic 

biosensor. However, when using XOD/3%Co2TiO4-MWCNTs-TETA (see figure 4.33 

B) bimetallic biosensor the results show a drastic improvement with only 5% current 

drop by ascorbic acid. This suggests that metallic interaction between cobalt and 

titanium has an effect on the improvement of the sensitivity of the biosensor. 

However, when light was shone for 20 min on XOD/3%Co2TiO4-MWCNTs-

TETA/GCE the selectivity towards hypoxanthine decreased. Interestingly to note, the 

biosensor specificity increased, as indicated by the presence of only one peak 

current (hypoxanthine) on the cyclic voltammogram (Figure 4. 29C).  

 

4.9.5.1. Bar graph showing interferences results 

 

 

Figure 4.34: Bar graph showing detection of hypoxanthine using three different 

biosensors with interfering agents. 
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4.10. Determination of the detection limit of the modified biosensors  

 

 

Figure 4.35. (A) CV, (B) DPV profiles/responses of XOD/3%Co2TiO4-MWCNTs-

TETA/GCE in a 0.1 M PB solution (pH 7.5) containing different concentration of Hx 

(0.01 to 0.1 µM) and (C) Linear relationship of peak currents and different 

concentration of Hx at a potential of 1.1 V. 

 

Determination of detection limit for hypoxanthine (hx) was thoroughly investigated 

using modified biosensors. CV and DPV analysis were undertaken using XOD-

3%Co2TiO4-MWCNTs-TETA/GCE, XOD/5%Co3O4-MWCNTs-TETA/GCE, 

XOD/5%TiO2-MWCNTs-TETA/GCE, and. (Refer to figure 4.35, appendices 3 and 4 

respectively. All biosensors indicated a linear relationship between current and 

concentration of hypoxanthine. 

 

A B 
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Based on the Lineweaver Burk plot in figure 4.35D, the enzyme parameters, km and 

Vmax were calculated to be 0.379 μM and 0.06 mA/μM for XOD/3%Co2TiO4-

MWCNTs-TETA/GCE. The value of the km is reasonably low, which means high 

affinity of the enzyme towards hypoxanthine. This also confirmed by increased 

current peaks observed on both the CV and the DPV which are higher on all the 

bimetallic biosensors of titanium and cobalt nanocomposite. The detection limits 

were calculated based on the relationship LoD = 3.3δ/m where δ is the relative 

standard deviation of the intercept of the y-coordinates from the line of best fit, and m 

the slope of the same line. The data indicates that the detection limit of the proposed 

biosensor was 0.16 nM. The research by Hu et al. [74] have recorded at detection 

limit of 3.93 μM when using the use of amino-functionalised metal organic framework 

nanosheet with peroxidase and fluorescence. 

Similar calculations were done using 5%Co3O4-MWCNTs-TETA, and 5%TiO2-

MWCNTs-TETA and they were found to be 0.02 μM, and 0.002 μM respectively. The 

lowest detection limit of the enzyme with the nanomaterials was found to be 

excellent on bimetallic biosensor as compared to monometallic biosensors. 
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4.11. Operational and long-term stability of the biosensor  

 

4.11.1. Operational stability  

 

 

Figure 4.36. The operational stability of the biosensor modified with different metal 

oxides composition in 0,1 mM hypoxanthine solution. 

 

Existing literature showed that most biosensors even though they are highly 

sensitive, they lack stability [87-90]. Therefore, investigation on the stability of the 

biosensor was conducted by carrying out an experiment at a constant pH, and 

temperature, in a solution containing 0.1 mM hypoxanthine. The cyclic voltammetry 

experiments were analysed at 2 minutes intervals to check the operational stability of 

the biosensor. The data in figure 4.36 shows that the biosensors modified with only 

one metal oxide lacked stability as compared to biosensors modified with bimetallic 

compounds. This shows that the metallic bond between titanium and cobalt has an 

effect on increasing the stability of the biosensors. Furthermore, the 3% loading of 

cobalt in XOD/3%Co2TiO4-MWCNTs-TETA/GCE showed increased stability, when 

compared to 5% cobalt loading. This is further supported by SEM results which 

showed fine distribution of the nanomaterials on 3%Co2TiO4-MWCNTs-TETA 

 



108 
 

nanocomposite as compared to 5%Co2TiO4-MWCNTs-TETA. Additional results 

tested for stability of the electrodes with different modifications is shown on appendix 

11 

 

4.11.2. Effects of storage on the stability of the developed biosensor 

 

 

Figure 4.37: Effects of storage on the stability of XOD/3%Co2TiO4-MWCNTs-

TETA/GCE towards the detection of 0.1 mM Hx in a PB solution (0.1 M, pH 7.5). 

 

To investigate the storage stability of biosensor, experiments were conducted for 50 

days at constant pH of 7.5, at room temperature in a solution containing 0.1 mM 

hypoxanthine. The results are shown in figure 4.37 relative standard deviation was 

calculated to be 10.7% and the biosensor after 50 days retained 73.4% of its initial 

performance. The performance of the proposed biosensor, XOD/3%Co2TiO4-

MWCNTs-TETA/GCE showed very good stability on long term studies.  
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Table 4.1: Comparisons of the electrode modifications reported on the 

literature 

 

Electrode type Linear range LoD Retained 

stability (long 

term studies) 

Ref 

1,3,6,8-pyrene tetra sulfonic acid 

sodium salt functionalised nitrogen- 

doped graphene composite 

(XOD/PyTS–NG/GCE)  

8–200 μM 0.231 μM 86.4% after 15 

days 

92 

carboxymethylcellulose-modified 

graphene oxide with platinum 

nanoparticles-decorated PAMAM-MNP 

hybrid nanomaterial (XOD/MNP-

PAMAM-PtNP/rGO-CMC/GCE) 

50 nM–12 μM 0.013 μM 94% after 7 

days 

93 

water-soluble carboxymethyl cellulose- 

nano-rod clay mineral palygorskite- 

nitrogen doped graphene (XOD/CMC-

Pal-NG/GCE)  

0.6 -55 μM 0.4 μM - 94 

amino-functionalized metal organic 

framework (XOD/NH2-Cu-MOF-GCE) 

10–2000 μM 3.93 μM - 95 

poly(L-aspartic acid)-multi-walled 

carbon nanotube (XOD/Poly(L-

Asp)/MWCNT/GCE) 

0.005–50.0 

μM 

3.5×10−4 

μM  

80% after 20 

days 

96 

ceria oxide nanoparticles (CeNPs/GCE 597-800 μM 15 μM 86% after 14 

days 

97 

3%Cobalt titanium oxide- amine 

fuctionalised-multiwalled carbon 

nanotubes-triethylenetetramine 

(XOD/3%Co2TiO4-MWCNTs-

TETA/GCE 

0.04-500 μM 0.16 nM 73.4% after 50 

days 

This 

work 
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7.12. Analysis of fish stored at 25, 5 and -15 oC for 7 days using cyclic and 

differential pulse voltammetry  

 

Figure 4.38. (A) CV and (B) DPV analysis of fish meat samples at different 

temperatures (25, 5 and -15 ºC) for 7 days using XOD/3%Co2TiO4-MWCNTs-

TETA/GCE in a 0.1 M PB solution (pH 7.5). (C) The graph of peak current (at 1.2 V) 

of the differential pulse voltammetry against time (days) at three different 

temperatures. 

 

The data in figure 4.38 shows the results obtained for meat analysis of fish stored at 

25 0C. The cyclic voltammogram and differential pulse voltammogram indicates that 

the hypoxanthine peak concentration increases from day 1 to day 7. The drastic 

A 
B 

C 
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increase in hypoxanthine is also affected by the temperature where the meat is 

stored [98].  

The results on meat analysis also inlcude analysis at 5 oC (see appendix 8) The 

results show that the hypoxanthine peak is still increases on meat stored at 5 oC. It is 

reported that mostly fish meat is preferably stored at -15 oC to preserve the 

nutritional value of the meat [99]. However, on the analysis of hypoxanthine at this 

temperature the results (see appendix 9) show that from day 1 and 2 of the detection 

of hypoxanthine is very low. That suggests that fish meat stored at this temperature 

its quality is preserved. However, the results show that from day 3 to 7 its 

hypoxanthine concentration starts to gradually increase. Interesting to note, the rate 

at which hypoxanthine concentration is increases at -15 0C is still less as compared 

to the results obtained at 25 0C, and 5 0C. Hence, a -15 0C is a preferred storage 

temperature [100].  

Figure 4.33 (C) shows summery of all results obtained at different temperatures. 

Higher temperature storage corresponds with high level of hypoxanthine. And low 

temperatures storage corresponds with low level of hypoxanthine. It is noteworthy to 

mention that the concentration of hypoxanthine increases with time regardless of the 

storage temperature. Whether frozen nor left at room temperature the fish meat 

deteriorates with time. However, it is recommended for meat to be frozen to delay 

the deterioration process.  

 

4.13. Concluding remarks 

 

In summary this work reports on the fabrication and application of a sensitive and 

highly stable biosensor for the determination of hypoxanthine. The presence of metal 

oxides and amine doped MWCNTs (with enhancement using light) have provided a 

suitable matrix for the immobilisation of the enzyme and for the detection of 

hypoxanthine. The biosensor has shown low interfering values with high stability and 

reusability and its lowest detection limit is 0.16 nM. The application of the biosensor 

was determined in fish meat bought at local supermarkets, and excellent results 

were obtained in relation to the freshness of the fishes at different temperatures. As 

such those evaluations suggested that the biosensor was a reliable analytical tool for 
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the determination of freshness of fish meat. The suggested platform in this work can 

also be applied for other meat analysis. 
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CHAPTER 5 

5. Conclusions and Recommendations 

 

5.1 Conclusion 

 

The sol gel method was successfully done to prepare the metal oxides. The in-situ 

method of functionalisation of MWCNTs was also successfully employed. The FTIR 

spectroscopy confirmed the functionalisation of acid-treated and amino doped 

MWCNTs by the presence of functional groups such as carboxyl (COOH), hydroxyl 

(OH) and amino (NH2) groups. Comparative study was conducted for all the 

prepared metal oxides. It was found that the best two metal oxides are TiO2 and 

Co3O4 as confirmed by the cyclic voltammetry. These metal oxides were then 

analysed on the XRD. It was found that TiO2 has a strong diffraction peak at 250 and 

broad peak at 450, indicating that the titania nanoparticles are in the anatase phase, 

which had (101), and (211) planes respectively. While the XRD results for cobalt 

oxide demonstrate nanocomposite formation, which contained CoO and Co3O4 

phases on cobalt oxide structures. The XRD analysis have shown a mixture of 

phases synthesised through by the sol gel method for the bimetallic nanocomposite 

which were Co2TiO4 and Co2TiO3. It is reported that the unit-cell parameters of 

Co2TiO4 could depend on the sintering conditions, such as temperature and 

pressure, and stoichiometry of the nanoparticles. From the results, it cannot be 

concluded that the synthesis of a single phase of Co2TiO4 is unlikely under the sol 

gel method. However, stoichiometry and synthetic temperature should be considered 

thoroughly during their synthesis. Only one published paper has reported the 

synthesis of pure Co2TiO4 by co-precipitation, followed by calcination at high 

temperature. Interestingly to note on the nanocomposite of 3% Co2TiO4-MWCNTs-

TETA, the major phase obtained is Co2TiO4. These could show MWCNTs as good 

support materials for the synthesis of Co2TiO4. 

 

The SEM revealed the morphological results of the functionalised MWCNTs that 

differed from that of the raw MWCNTs, which were highly agglomerated. It was also 

discovered that acid treatments on the MWCNTs deteriorate the tubes, while the 
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amino functionalisation decrease agglomeration with less damage done to the 

MWCNTs. The TGA results shows that MWCNTs alone are highly thermally stable 

with decomposition starting at 600 0C. However, upon acid and amino 

functionalisation, the MWCNTs starts decomposing at low temperatures around 230 

0C. This is caused by heat treatment and acids that damage the tubes during 

functionalisation. 

 

Nevertheless, the is strong evidence that as the MWCNTs are functionalised further 

with not only acids, but also amino-containing agents, the electroconductivity, 

surface area, and stability of the MWCNTs tend to increase confirmed by differential 

pulse and cyclic voltammetric techniques). Furthermore, the study has also shown 

an important discovery that increasing the organic length of the amino-containing 

agents when functionalising the MWCNTs, tends to increase the electroconductivity 

of the material, i.e, from hydrazine to triethylenetetramine (TETA) increase in 

electroconductivity was observed. This study has proven that the amino 

functionalisation of MWCNTs gives out excellent characteristics of the MWCNTs, 

which are hindered when they are not functionalised or slightly hindered when they 

are functionalised with acids only. The present study has brought new knowledge of 

taking the advantage of photocatalytic characteristics of the metal oxides and 

MWCNTs through using them to increase the specificity, sensitivity, and stability of 

the produced biosensor. MWCNTs have shown to be good support nanomaterials for 

deposition of metal oxides as they shift the maximum absorbance of the metal 

oxides to a higher wavelength, that is redshift of maximum absorbance was 

observed, indicating that less energy may be required for the excitation of electrons.  

 

The surface modification of the glassy carbon electrode (GCE) is known to alter its 

characteristics including stability, repeatability, wide linearity range, low detection 

limit and sensitivity, resulting in its improved performance. In this study, the modified 

electrode, namely, XOD/3%Co2TiO4-MWCNTs-TETA/GCE showed excellent results 

as compared with electrodes which consisted of only one metal oxide in their 

nanocomposites. The modified electrode has good working characteristics like 

sensitivity, repeatability, low detection limit of 0.16 nM and wide linearity range from 

0.004 to 500 μM. Thus, an outstanding approach towards the development of 

XOD/3%Co2TiO4-MWCNTs-TETA/GCE for determination of hypoxanthine in fish 
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meat is first of its kind to be reported in this study. The use of doping the MWCNTs 

with metal oxides showed a drastic improvement in the sensitivity, specificity, and 

electroconductivity of the biosensor.  

 

Before this study many biosensors suffered interferences with the ascorbic acid. This 

study has solved that problem by combing two highly electroconductive metal 

oxides, which are titanium and cobalt oxides. This bimetallic modified biosensor 

showed drastic improvement in the interference with ascorbic acid and other studied 

biomolecules. Many different percentage composition biosensors were prepared and 

tested. However, the 3% Co2TiO4-MWCNTs modified biosensor in the presence of 

TETA and xanthine oxidase (XOD) was selected to be used in fish meat analysis. It 

was chosen because of its highly electroconductive, stable, sensitive, and specific, 

which were better as compared with those of other tested modified biosensors in this 

study. Important findings of this part were that even though fish meat is deep-frozen 

at -15 0C, it is still vulnerable to an increase in hypoxanthine concentration and 

degradation as time passes by. Therefore, it can be concluded that fish storage 

might not depend solely on deep freezing for conserving meat, especially for longer 

periods. The developed XOD/3%Co2TiO4-MWCNTs-TETA modified biosensor 

showed excellent properties and has a good potential to be used in fish meat 

analysis. 

 

5.2 Recommendations 

 

The findings of this research lay foundation for the future studies to consider other 

types of meat including poultry, red meat, and pork to investigate their deterioration 

rate and their degree of spoilage based on hypoxanthine concentration. Since it was 

found that deep freezing does not entirely protect the fish meat from deteriorating, it 

remains important to consider other methods that can be combined with deep 

freezing to protect the nutritional information of meat like protective coverage of meat 

and coating with anti-spoilage agents in the future. Furthermore, to understand the 

mechanism of the modified biosensor with metal oxides at an atomic level, it is 

important to further study these nanomaterials using the X-ray photoelectron 

spectroscopy (XPS) to have a clear understanding of factors affecting the 
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electrochemical behaviour and the conductivity of these nanomaterials. It will be also 

beneficial to consider studying these nanomaterials using the Raman spectroscopy 

to elucidate the intramolecular bonds given by the effects of functionalising the 

MWCNTs to confirm their increased stability and specificity. Additionally, Brunauer-

Emmett-Teller (BET) can be used to determine the exact surface area of the 

nanocomposites. 

 

5.4 Appendices 

 

5.4.1. Equations and calculations  

 

(a) Diffusion coefficient of XOD/3%Co2TiO4-MWCNTs-GCE was calculated 

as follows 

 

      ip = 2.69x105n3/2ACD1/2v1/2 

 

          0.0005 mA/mVs-1=2.69x105(1)3/2(0.07 cm2) (5 mM) (D)1/2 

 

         D1/2 = 
0.0005 𝑚𝐴/𝑚𝑉𝑠−1

2.69𝑥105(1)
3
2(0.07 𝑐𝑚2)(5 𝑚𝑀)

 

 

          D=√
0.0005 𝑚𝐴/𝑚𝑉𝑠−1

2.69𝑥105(1)
3
2(0.07 𝑐𝑚2)(5 𝑚𝑀)

 

 

         D= 0.7x10-4 cm2/s 

 

     (b) Surface coverage of XOD/3%Co2TiO4-MWCNTs-GCE was calculated as 

follows 
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𝑖𝑝= 
𝑛2𝐹2𝐴𝛤𝑣

4𝑅𝑇
 

 

Γ = 
𝑆𝑙𝑜𝑝𝑒(4𝑅𝑇)

𝑛2𝐹2𝐴
 

 

Γ= 

0.00004𝑚𝐴

𝑚𝑉/𝑠
(4𝑥8.3145

𝐽

𝑚𝑜𝑙
·𝐾)𝑥298.15𝐾)

12(96.5 𝐾𝐽/𝑚𝑜𝑙 )2(0.07 𝑐𝑚2)
 

 

Γ= 60 x 10-5 mol/cm2 

 

(c) Limit of detection (LoD) of XOD/3%Co2TiO4-MWCNTs-GCE was calculated 

as follows 

 

LoD = 3.3δ/m 

 

        =3.3x (
5.1𝑥10−5µ𝐴

1.0661 𝜇𝐴/µ𝑀 
) 

 

         =0.00016 µM 

 

         =0.16 nM 

        

* Similar calculations were done for other electrodes 
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Appendix 1: Cyclic voltammograms at different scan rates from 10 to 100 mV/s 

represented by graphs A and B show the relationship between the peak current and 

the square root of the scan rate, and graph C presents the relationship between 

peak current and scan rate. This is for 5% Co3O4-MWCNTs-TETA composites.  

 

B 

C 
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Appendix 2: Cyclic voltammogram obtained using 5%TiO2-MWCNTs-TETA electrode 

differentiating scan rates from 10 to 100mV/s represented by graphs A and B 

represents the relationship between peak current and the square root of scan rates 

and graph C represents the relationship between peak current and the scan rate. 

 

A B 

C 
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Appendix 3. Cyclic voltammograms (A) of hypoxanthine detection, differential pulse 

voltammograms (B) for detection of hypoxanthine, Calibration curve for detection of 

hypoxanthine (C), and Lineweaver Burk plot (D) using XOD/5%Co3O4-MWCNTs-

TETA/GCE. 

 

B 

C 
D 

A 

D C 
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Appendix 4. Cyclic voltammograms (A) of hypoxanthine detection, differential pulse 

voltammograms (B) for detection of hypoxanthine, Calibration curve for detection of 

hypoxanthine (C), and Lineweaver Burk plot (D) using XOD/5% TiO2-MWCNTs-

TETA/GCE 

A B 

C D 
C 

D 
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Appendix 5: Cyclic voltammograms for catalytic detection of hypoxanthine in 0.1 mM 

hypoxanthine solution containing phosphate buffer (5 mM) at pH 7.5. Effects of 

exposure to light on peak current for (A) 5%TiO2-MWCNTs-TETA and (B) 5%Co3O4-

MWCNTs-TETA in a 0.05 M PB solution containing 40 µM Hx. 

 

 

 

Appendix 6: Cyclic voltammograms representing comparative results of all metal 

oxides  
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Appendix 7: Cyclic voltammograms of comparative study of all modified MWCNTs in 

5 mM ferrocyanide solution  

 

 

 

Appendix 8: Cyclic voltammograms (A), and differential pulse voltammograms (B) of 

fish meat analysis stored at 5 0C studied using XOD/3%Co2TiO4-MWCNTs-TETA 

 

A B 



139 
 

 

Appendix 9: Cyclic voltammograms (A), and differential pulse voltammograms (B) of 

fish meat analysis stored at -15 0C 

 

 

 

Appendix 10: Cyclic voltammogram showing the effects of cobalt loading on current 

response of XOD/Co2TiO4-MWCNTs-TETA/GCE in a phosphate buffer solution (0.1 

M, pH 7.5) containing in 0,1 mM hypoxanthine. 

 

A 
B 
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Appendix 11: Presents operational stability of modified electrodes using cyclic 

voltammetry with repetitive cycles at 2 minutes interval in 0.1 mM hypoxanthine 

solution. All electrodes were modified with 0.5 U of xanthine oxidase (XOD). 

 

  

 

Appendix 12: cyclic Voltammograms (A), differential pulse voltammograms (B) at 

high concentrations level of hypoxanthine using XOD/3%Co2TiO4-MWCNTs-

TETA/GCE. 

A B 
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