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BIOPOLYMER BASED CARBON NANOCOMPOSITE FOR THE 

ELECTROCHEMICAL DETERMINATION OF SELECTED PAINKILLER 

DRUGS 

 

ABSTRACT 

Biopolymers are naturally occurring polymers which have attained profound interest and 

are investigated widely due to their outstanding characteristics and several advantages 

such as cost efficiency, excellent hydrophilicity, film formation capability, chemical 

inertness, non-toxicity, high mechanical integrity and biocompatibility. Cellulose and 

chitosan are the two most abundant biopolymers in the world. Recently, the incorporation 

of nanocellulose and chitosan into electroconductive platform i.e nanostructured carbon 

such as- multiwall carbon nanotube (MWCNT) and nitrogen doped graphene (NDG) is 

the focus of this thesis for the fabrication of modified electrodes as electrochemical sensor 

for the detection of some common painkiller drugs. Nanocellulose (NC) and chitosan 

(CTS) possess excellent properties such as biocompatibility, non-toxicity, 

biodegradability, film formability, dispersion of nanomaterials and preventing leaching 

of nanomaterials. These biopolymers enhance the electrocatalytic activity of the carbon-

based nanoparticles for the sensitive determination of commonly administered 

painkillers. Multiwall carbon nanotubes and nitrogen doped graphene both are 

nanostructured carbons and possess excellent features such as high dispersion, chemical 

and mechanical stability, high electrical conductivity, high surface area etc. These two 

nanomaterials are conducting scaffold in the presence of biopolymers for the homogenous 

dispersion of nanomaterials and ultimately enhances the electrons transfer process. A 

hybrid nanocomposite of NC and MWCNT was prepared, where NC was synthesized 

while the MWCNT was functionalized by acid hydrolysis method to afford the f-

MWCNTs/NC/GCE for the electrochemical determination of widely used painkiller drug, 
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diclofenac sodium. The assimilation of NC and f-MWCNTs enhances the active surface 

area by proper dispersion of the nanomaterials which enhances the electrical conductivity, 

accelerates the electrons transfer rate and ultimately amplifies the electrochemical 

response towards the determination of the targeted analyte. While a nanocomposite 

comprising of nitrogen doped graphene (NDG), nanocellulose (NC) and sodium dodecyl 

sulphate (SDS) i.e (NDG-NC)-SDS was prepared for the simultaneous determination of 

two common painkillers paracetamol (PCT) and naproxen (NPX) in the presence of 

another painkiller, diclofenac sodium (DCF). Due to binding property of NC, the junction 

of NC with NDG establishes a good bonding with each other and could be embedded into 

the graphene nanosheets. Another nanocomposite composed of MWCNT, CTS and 

copper (Cu), f-MWCNTs/CTS-Cu was prepared for the determination of DCF. The 

excellent catalytic effect of f-MWCNTs, adsorption capacity and film formation ability 

of CTS and the incorporation of Cu by immobilization technique enhances the catalytic 

effect of CTS-Cu complex. The fabricated f-MWCNTs/CTS-Cu nanocomposite is a 

potential candidate for the analytical detection of DCF. While another conductive 

biopolymer nanocomposite containing NC and conductive polymer polypyrrole (PPY) 

was prepared for the simultaneous determination of paracetamol (PCT) and ciprofloxacin 

(CPR) in commercial dosage forms, biological media and water sample. It should be 

mentioned that the synthesized biopolymer based nanostructured carbon nanocomposite 

have been fabricated for the first time for the detection of some common used painkiller 

drugs in commercial dosage forms and biological fluids. 

Keywords: Paracetamol; Diclofenac sodium; Naproxen; Biopolymers; Electrochemical 

sensor 
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Polimer-bio yang berasaskan kepada komposit karbon-nano untuk 

penentuan ubat penghapus kesakitan dengan kaedah elektrokimia  

                                                    ABSTRAK 

Polimer-bio adalah polimer semulajadi yang telah menarik fokus penyelidikan 

yang luas disebabkan oleh beberapa ciri seperti harga yang murah, hidrofilik, 

pembentukan filem, kelengaian kimia, ketoksikan rendah, integriti mekanik dan bio-

penyesuaian. Selulosa dan kitosan adalah dua jenis polimer-bio yang paling banyak 

terdapat di dunia. Gabungan di antara selulosa dan kitosan untuk membentuk pentas 

kealiran elektrik atau karbon berstruktur nano seperti tiub nano karbon multi-dinding dan 

grafin didopkan nitrogen adalah fokus utama tesis ini untuk pembentukan elektrod 

termodifikasi sebagai penderia elektrokimia untuk mengesan kehadiran ubat penghapus 

kesakitan. Selulosa-nano dan kitosan mempunyai ciri ciri yang cemerlang seperti bio-

penyesuaian, ketoksikan rendah, bio-terurai, pembentukan filem, kebolehan untuk 

penguraian dan menghalang perlunturan bahan nano. Polimer-bio tersebut boleh 

meningkatkan aktiviti elektro-pemangkinan bahan nano karbon untuk penentuan 

kepekatan ubatan yang sensitif. Tiub nano karbon multi-dinding dan grafin didopkan 

nitrogen adalah bahan karbon nanostruktur yang mempunyai ciri cemerlang seperti 

penyebaran tinggi, kestabilan mekanik dan kimia yang tinggi, kealiran elektrik tinggi, 

luas permukaan tinggi dan lain lain. Kedua-dua bahan nano ini adalah bahan perancah 

kealiran dengan kehadiran polimer-bio untuk penyebaran bahan nano homogen yang 

meninggikan lagi proses pemindahan elektron. Suatu komposit nano yang terdiri daripada 

selulosa-nano dan tiub nano karbon multi-dinding disintesiskan, di mana selulosa-nano 

disintesiskan manakala tiub nano karbon multi-dinding dihidrolisiskan dengan asid untuk 

menghasilkan the f-MWCNTs/NC/GCE untuk penderiaan elektrokimia suatu ubat 

penghapus kesakitan, natrium diklofenak. Asimilasi selulosa-nano dan tiub nano karbon 
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multi-dinding meningkatkan permukaan aktif untuk penyebaran bahan nano yang 

meningkatkan kealiran elektrik, mempercepatkan perpindahan elektrik dan seterusnya 

meningkatkan tindakbalas elektrokimia terhadap penentuan kehadiran analit. Manakala 

komposit nano yang mengandungi grafin didopkan nitrogen, selulosa-nano dan natrium 

dodesil sulfat (SDS) i.e (NDG-NC)-SDS telah disediakan untuk penentuan serentak dua 

jenis ubat penghapus kesakitan iaitu parasetamol dan naproxen, dengan kehadiran ubat 

penghapus kesakitan yang lain iaitu natrium diklofenak. Dengan ciri pengikat yang kuat 

pada selulosa-nano, persimpanganan di antara selulosa-nano dan grafin didopkan 

nitrogen mempunyai ikatan yang kuat dan boleh diselitkan ke celah-celah lapisan nano 

grafin. Suatu komposit nano yang terdiri daripada tiub nano karbon multi-dinding, kitosan 

dan kuprum, f-MWCNTs/CTS-Cu telah disediakan untuk penentuan natirum diklofenak. 

Akitiviti pemangkinan tiub nano karbon multi-dinding yang tinggi, kapasiti keserapan 

tinggi dan pembentukan filem yang terdapat di dalam kitosan dan juga pemerbadanan 

kuprum secara teknik imobilasi meninggikan lagi kesan pemangkinan kompleks kitosan-

kuprum. Komposit nano yang disediakan f-MWCNTs/CTS-Cu, adalah sesuai untuk 

digunakan untuk penentuan analitik natrium diklofenak. Manakala suatu polimer-bio 

kealiran elektrik yang terdiri daripada nanoselulos dan bahan kealiran polimer iaitu 

polipirol telah disediakan untuk penentuan serentak ubat parasetamol and ciprofloxacin 

di dalam dos komersial, media biologi dan sampel air sisa. Adalah dimaklumkan bahawa 

polimer-bio yang disintesiskan bersama-sama dengan struktur nano karbon adalah 

disediakan untuk kali pertama untuk pengesanan ubat penghapus kesakitan di dalam dos 

komersial dan cecair biologi. 

Kata Kunci: paracetamol; natrium diklofenak; naproxen; penderia elektrokimia; polimer-
bio 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

1.1.1 Nanotechnology 

The breakthrough of nanoscience and widespread implementation of 

nanotechnology has a revolutionary effect on the world. For the past few years, significant 

attention has been paid to some materials that were anticipated of being sluggish when in 

the bulk appearance for several technological implementations. At present, it is already 

validated that, at the nanostructured configuration, these bulk substances can reveal 

outstanding physical and chemical features (Zhang et al., 2008). In 1959 an American 

Physical Society meeting was held in Caltech in which Richard Feynman delivered a 

lecture on the idea of the synthesis of materials at nanoscale isolation. He said in the 

lecture that "There is Plenty of Room at the Bottom". Furthermore, he said that, in the 

case of the nanostructured components, the atomic and molecular size can be manipulated 

and controlled successfully for the electronics and mechanical system. The expansion of 

this kind of technology into a miniature system would be originated from the fusion of 

some specific areas such as physics, chemistry and biology. In 1974, the word 

"nanotechnology" was introduced for the first time by a Japanese scientist named Norio 

Taniguchi in The International Conference on Production Engineering, held in Tokyo 

(26-29th August). He stated that "nanotechnology" is the process of separation, 

integration and deformation of the materials by using one atom or one molecule. In 1980, 

Gerd Binning and Heinrich Rohrer first implemented the idea of nanotechnology by the 

invention of scanning the tunneling microscope (STM) and for this, they achieved the 

Nobel Prize in Physics in 1986(Demuth et al., 1986). Calvin Quate and Cristopher Gerber 

have also implemented the idea of nanotechnology through the invention of the atomic 

force microscope (AFM). Due to possessing some outstanding characteristics, many 
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scientists have been emphasized the development of nanostructured materials for the past 

few decades.  

The materials which sizes are in the range between 1 to 100 nm are referred to as 

nanomaterials. Due to having some excellent advantages, nanomaterials worked as an 

effective tool for the technological revolution (Tay et al., 2014). The exceptional features 

of these materials such as  

1. The expanded surface area to volume ratio with high roughness and sufficient 

electronic distributions enable rapid and improved interactions toward the desired 

analytes. 

2. High thermal and mechanical integrity, lower in weight compared to other 

conventional materials. Along with these, they have excellent recognition 

capacity (Scida et al., 2011). 

3. Due to the transfer of electrons, enhanced optical absorption or emission occurs, 

this feature facilitates the rapid signal conduction in electronic devices. 

4. The crystallinity, morphology, structure or configuration and shape of the 

nanomaterials determine the catalytic effect, optic, magnetic and electronic 

features (Chen et al., 2018). 

Recently, biopolymers have sparked a huge interest to the scientists the past few 

years due to having some unique features such as biodegradability, biocompatibility, 

inertness, eco-friendly and others (Gabor & Tita, 2012). In recent years, biopolymers and 

biopolymers-based nanocomposite have been utilized substantially in different fields of 

biomedical and materials science such as bioelectronics (Kim et al., 2010), drug delivery 

(Torres‐Rendon et al., 2015), electronic nanodevice (Shalauddin et al., 2019), health 

and environmental screening (Cao et al., 2017a; Tao et al., 2012), energy generation and 

storage (Jung et al., 2015b). The polymers which are extracted from animal or plant 
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sources are referred to as polysaccharides and proteins. The natural polysaccharides are 

termed biopolymers such as cellulose, chitin, starch and others  (Mensitieri et al., 2011).  

Among the biopolymers, cellulose and chitosan are the two most abundant 

biopolymers. Cellulose is the most prominent component of plants, it is considered an 

almost inexhaustible biopolymer with fascinating and versatile structure and features. 

Nanocellulose (NC) is a cost-efficient, biodegradable, eco-friendly, biocompatible and 

abundantly found, renewable green nanomaterials. The most interesting properties of 

nanocellulose as the precursor material, it does not possess the hierarchical structural 

defect. But it possesses most of the fascinating properties of cellulose (Kim et al., 2015). 

Recently, a substantial amount of nanocellulose has been manufactured and utilized 

frequently in different areas such as supercapacitors, food packaging materials, paper 

electrodes, electrochemical sensors and others. NC has improved mechanical integrity 

and thermal stability which is suitable for several host matrices. Like cellulose, NC could 

increase the selectivity and sensitivity of a sensor device for the electrochemical 

determination of specific desired analytes. NC has an excellent adsorption capability 

which helps to counter the leach of nanomaterials from the electrode surface. Thus, the 

prolonged stability of the sensor electrode can be achieved (Shalauddin et al., 2019). 

Because of the smaller particle size, the surface to volume ratio of nanocellulose is greater 

than cellulose which enhances the surface reaction with other nanomaterials and 

ultimately which is favourable for sensing performance (Moon et al., 2011). These 

combined features prepare NC fibers as perfect and potential building blocks for the 

attachment with other conductive polymers and carbonaceous nanomaterials such as 

polypyrrole  (Sasso et al., 2010), graphene (Gr) (Malho et al., 2012), CNT (Koga et al., 

2013) and others. 
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Chitosan (CTS), a natural biopolymer, is synthesized mainly from the exoskeleton 

of shellfish which is composed of D- glucosamine and N- acetyl-d-glucosamine moieties. 

As CTS possesses active amino and OH groups, this property provides CTS outstanding 

adhesion capability for organic substances, nanostructured materials and transition metals 

(Akhter et al., 2018). The presence of reactive amino groups increases the solubility of 

CTS in an aqueous medium.  CTS becomes positively charged and reacts rapidly with the 

negatively charged species (Xiong et al., 2018). CTS possess some remarkable properties 

such as excellent water permeability and film formation potential, chemical inertness, less 

toxic, biocompatible, biodegradable and environmentally friendly (Shalauddin et al., 

2017). Both NC and CTS have diversified applications in different fields of material 

science such as packaging materials (Hubbe et al., 2017; Yadav et al., 2020), conductive 

and craft papers (Akter et al., 2020; Hu et al., 2013), sensors (Poletti et al., 2020; 

Shalauddin et al., 2019; Yan et al., 2014), bulking agents (Bacakova et al., 2020; Wang 

et al., 2001), tissue engineering (Carlstrom et al., 2020; Liu et al., 2020) and others. 

Biopolymers suffer from poor electrical conductivity and catalytic activity. Due 

to these drawbacks, only biopolymers are not sufficient to construct a successful 

electrochemical sensor. To increase the catalytic activity and sensing performance of an 

electrochemical device, other nanoparticles can be integrated into the biopolymer 

matrices such as carbon nanostructured materials (carbon nanotubes, nitrogen-doped 

graphene), mineral nanoparticles (hydroxylapatite, CaCO3), metal nanoparticles (Au, Cu) 

etc (Xiong et al., 2018). 

In the study, the carbon-based nanomaterials were chosen (carbon nanotubes and 

nitrogen-doped graphene) to incorporate into the biopolymeric matrices. Among the 

carbonaceous materials, carbon nanotubes (CNT) are the important and prominent group 

of carbon nanostructured materials. CNTs are graphene nanosheets that are coiled within 
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a nanocylinder. CNTs have many attractive properties such as outstanding electrical, 

thermal, mechanical and enhanced electrocatalytic characteristics (Shalauddin et al., 

2019). Since the last decades, enormous efforts have been paid on multiwall carbon 

nanotubes (MWCNTs) and single-wall carbon nanotubes (SWCNTs) for the application 

in different fields of material science (Akhter et al., 2018). Due to the leverages such as 

cost efficiency, biocompatibility, electrical properties and functionality MWCNTs have 

sparked enormous attention in electrochemical research fields (Alam et al., 2018). For 

the fabrication of the sensor, MWCNTs facilitate the electron transfer process and expand 

the active surface area of several electroactive species. They possess distinctive physical 

and chemical characteristics (Dehdashtian et al., 2019). 

Graphene (Gr) a 2D carbon nanostructured material in which the atoms are 

arranged into a honeycomb lattice has attained enormous scientific interest due to its 

unique physical and chemical properties such as excellent catalytic effect and mechanical 

strength, extended reactive surface area (Anuar et al., 2018). Nitrogen-doped graphene 

(NDG) is synthesized by the exposure of Gr into the nitrogen plasma. NDG has 

remarkable electrochemical properties which could be attributed to the attachment of 

nitrogen functional groups and outstanding properties of Gr (Shao et al., 2010). Nitrogen 

doping plays an important role in enhancing the electrocatalytic activity of Gr based non-

enzymatic electrochemical sensors (Rahsepar et al., 2019). 

The incorporation of carbon nanostructured materials within the biopolymer 

matrices allow the nanocomposite intense mechanical and functional characteristics such 

as controlled electrical and enhanced thermal conductivity, rapid sensing capability, 

sufficient molecular porosity. With the presence of biopolymer matrices, the surface 

chemistry of carbon-based nanomaterials can be tuned which means the interfacial 

interactions can be controlled properly (Xiong et al., 2018). When biopolymer is 
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integrated with graphene to construct a conductive electronic device, this 

bionanocomposite showed very high electrical and ionic conductivity (Yu et al., 2017). 

Due to the multi-steps of intra and inter-molecular week interactions and when integrated 

with another complex multi-domain secondary configuration, biopolymers generally can 

assemble easily within the highly ordered hierarchical structures such as nanobeads 

(Kundu et al., 2010) and nanosheets (Kundu et al., 2010). Cao et al (2017) reported a 

highly sensitive bionanocomposite by enclosing a conductive network consist of carbon 

nanotubes into nanocellulose chitosan combined matrix. The bionanocomposite was 

proved to be fast, dynamic and repeatable which attributed to the presence of hydrogen 

bonding in nanocellulose and chitosan. 

Painkillers are a type of therapeutic agent which are sold as over the counter 

(OTC) drugs mostly without restrictions and frequently administered by people who are 

suffering from pain and fever. The most commonly used and popular painkillers are 

paracetamol (Anuar et al., 2018), diclofenac sodium (Shalauddin et al., 2017) and 

naproxen (Tarahomi et al., 2019). Due to the frequent usage of these painkiller drugs, 

overdose can cause serious health problems such as nephrotoxicity, increased mortality, 

and hepatotoxicity which could be life-threatening. Thus, it is important to develop a 

facile, cost-effective and accurate approach for routine analysis of pharmaceutical 

preparations and diagnosis of drug overdose (Akhter et al., 2018). The focus of this study 

is to synthesize four nanocomposites based on the incorporation of biopolymers and 

carbon-based nanomaterials which has been reported for the first time and to design 

novel, cost-effective, facile, portable and efficient electrochemical nano-devices by 

employing these synthesized nanocomposites for the electrochemical determination of 

paracetamol, diclofenac sodium and naproxen which reflects the novelty of this present 

work. 
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1.2 Aim and objectives 

NC and CTS are very potential biopolymers for the integration with carbon-based 

nanomaterials such as MWCNT and NDG for electrochemical sensing applications. It 

can be demonstrated that the combination of biopolymers and carbonaceous 

nanomaterials could contribute to the electrochemical sensing of desired analytes. The 

performance of the nanomaterials depends on the particles size, shape, crystallinity, 

morphology. The efficacy of the nanocomposite depends on several factors such as film 

formation, proper distribution of nanoparticles within the biopolymer matrices, expanded 

electroactive surface area, available binding sites for the chemical modifications, 

enhanced electrocatalytic activity, successful interactions between the carbon 

nanostructured material and biopolymers (such as hydrophobic-hydrophobic interactions, 

polar-polar interactions, hydrogen bonds, π-π interactions, van der waals forces, ionic 

interactions, covalent interactions and others). Nanocellulose is an ideal dispersing agent 

for carbon nanotubes and graphene components. The hydrophobic-hydrophobic 

interactions play a vital role in allowing the nanocomposite to provide a highly porous 

and rough appearance, improving the electrode surface for the adsorption of more 

analytes. Similarly, CTS helps in the dispersion of MWCNT and increase the catalytic 

performance with the presence of the CTS-Cu complex. This dispersion makes the 

fabrication of electrodes easier. The uniform coating of ppy on NC fibers following the 

chemical polymerization offers several advantages such as high surface area and high 

electrical conductivity which are highly suitable for the application of the 

electrochemically regulated ion-exchange process. 

 

 The specific objectives of this study are as follows:  
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1. To synthesize a hybrid nanocomposite of nanocellulose and functionalized multi-

wall carbon nanotubes for the electrochemical determination of drug DCF in 

pharmaceutical drugs and biological fluids.  

2. To synthesize a nanocomposite of nanocellulose, nitrogen doped graphene and 

sodium dodecyl sulfate for the simultaneous electrochemical determination of 

PCT and NPX in pharmaceutical dosage forms and biological fluids.  

3. To synthesize a nanocomposite composed of functionalized multiwall carbon 

nanotubes, chitosan and copper modified sensor for the electrochemical detection 

of DCF in pharmaceutical drugs and real samples. 

4. To synthesize an electroconductive nanocomposite composed of nanocellulose 

and polypyrrole modified sensor for the simultaneous electrochemical 

determination of PCT and CPR in pharmaceutical dosage forms, biological media 

and wastewater samples. 

1.3 Structure of the thesis 

This thesis is divided into seven chapters, chapter one includes the background 

studies of the biopolymers, carbon nanomaterials and their nanocomposites utilized for 

various applications based on their characteristics. Chapter one further includes the aims 

and objectives of the thesis. Chapter two provides a brief literature review on 

biopolymers, nanocellulose, chitosan and carbonaceous nanoparticles, multiwall carbon 

nanotubes and nitrogen dope graphene. Biopolymers based carbon nanostructured 

nanocomposites and their applications have also been illustrated here. Chapter three, four, 

five and six represents the research work and findings accomplished during the Ph.D. 

Candidature period which includes experimental elaborations, results and discussions 

including different nanocomposites consisting of nanocellulose or chitosan with the 

integration of carbon nanomaterials and their electrochemical applications: 
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1. Hybrid nanocellulose/fMWCNTs for the electrochemical sensing of 

diclofenac sodium in pharmaceutical drugs and biological fluids. 

2. Nanocellulose incorporated nitrogen-doped graphene-modified 

electrochemical sensor for simultaneous determination of paracetamol and 

naproxen in pharmaceutical tablets and biological fluids.  

3. Immobilized copper ions on MWCNTs-chitosan thin film: Enhanced 

amperometric sensor for electrochemical determination of diclofenac sodium 

in aqueous solution. 

4. Nanocellulose and polypyrrole electroconductive nanocomposite for the 

simultaneous determination of paracetamol and ciprofloxacin in 

pharmaceutical dosage forms, biological media and wastewater samples. 

The summary of the research works is included in chapter 7 which cover the 

significant outcomes from each study. Some probable ideas of the future arising from 

this research are proposed at the end of chapter 7. The flowchart of the research work 

is illustrated in Figure 1.1. 
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Figure.1.1: Flow chart of research studies 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Background 

Human civilizations have relied extensively on biological materials (natural 

biopolymers) such as wool, silk, and cellulose for several purposes. For the past few 

decades, a vast array of biopolymers was introduced and applied in different sectors of 

sciences such as food packaging, textile, medicine and analytical applications. 

Biopolymers are not only renewable, biocompatible, biodegradable and with low toxicity 

but also enable sustainable and green chemistry in the manufacturing industry. With the 

advancements in chemistry and material sciences, the physicochemical properties of the 

natural biopolymers could be regulated for a beneficial output and repair the inborn 

defects and limitations to successfully meet the customized requirements (Aranda et al., 

2006) 

2.2 Biopolymers and their classification  

Biopolymers are environmentally friendly and sustainable substances that are 

produced by living organisms (Ling et al., 2018). They have several intrinsic advantages 

such as renewability, mechanical robustness, biocompatibility, multifunctional 

characteristics, bio-degradability and others  (George et al., 2020). Biopolymers have a 

wide range of diverse implementations in material science, biomedical engineering, 

chemical sensing, environmental and health screening, microelectronics and nano 

devices, fuel cells, analytical chemistry and others (Kanmani et al., 2017; Moohan et al.,). 

Biopolymers can be classified into different groups. Based on the chemical composition, 

biopolymers can be divided into different types. Cellulose and chitosan are natural 

polysaccharides, whereas collagen and gelatin are the common proteins. Among the 

biomass-based biopolymer polylactic acid, aliphatic polyesters based biopolymers 
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include polyhydroxybutyrate and carbohydrates (pullulan). Generally, biopolymers can 

be classified into three groups such as;  

1. biopolymers synthesized from renewable sources,  

2. chemically synthesized biopolymers 

3. microbial synthesized biopolymers (Gabor & Tita, 2012) 

Among the biopolymers, nanocellulose and chitosan are widely used due to their versatile 

advantages and facile applications.  

2.3 Nanocellulose 

Nanocellulose (NC) is a renewable and the most common polysaccharide 

(biopolymer) which possesses several outstanding properties such as biocompatibility, 

biodegradability, chemical inertness, low toxicity, unique physical properties and 

exceptional surface chemistry (Mondal, 2020). NC is extracted from the native cellulose 

compounds by the nanoscale isolation as shown in Figure 2.1. NC contains most of the 

inborn advantages of cellulose but is free from the inherent structural defects from 

cellulose (Dutta et al., 2017). Several methods are available for the extraction of NC from 

cellulose sources resulting in different sizes and shapes of nanocrystalline with varied 

mechanical features and surface chemistry (Mautner et al., 2019). As NC possesses a 

large surface area rich in hydroxyl groups and modulus structural arrangements which 

facilitates and offers abundant active sites for modifications of NC and is easily modified 

for the attachment of multiple anchoring sites for specific analytes (Xiong et al., 2018). 

These characteristics of NC make it suitable building blocks for the incorporation of other 

functional materials such as carbon nanostructured materials (carbon nanotubes, 

graphene), conductive polymers (polypyrrole) (Xiong et al., 2018). Although NC is not 

highly conductive, they assist in ion transportation by producing the pathways in the 
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electrochemical application. Due to the excellent binding properties of NC, it prevents 

the leaching of nanomaterials by forming films, thus the stability of the electrode can be 

extended for long times (Hebeish et al., 2016; Shalauddin et al., 2019). Recently, NC has 

been manufactured on a large scale and implemented in different areas of materials 

science such as biomedical engineering, tissue engineering, drug delivery, formulations 

of new therapeutics, electrochemical and bio-nanodevice (Huang et al., 2019).   

 

 Figure 2.1: The chemical structure of nanocellulose 

Generally, NC can be classified into three categories 

1. Cellulose nanocrystals (CNCs) 

2. Cellulose nanofibers (CNFs) 

3. Bacterial nanocellulose (BNC) (Kargarzadeh et al., 2017) 

The size, morphology, crystallinity and strength depend on the source and 

synthesis procedure. Generally, cellulose nanocrystals (CNCs) contain high crystalline 

nanostructure but cellulose nanofibers (CNFs) and bacterial nanocellulose (BNC) contain 

high crystalline configurations. Besides, they consist of disordered locations of 

amorphous regions, which provide high flexibility and more continuity (Xiong et al., 

2018; Ferrer et al., 2017). Generally, CNCs are synthesized from cellulosic fibers by acid 

hydrolysis treatment, where the splits of the readily exposed amorphous regions occur to 
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produce rod-shaped crystalline cellulose (Hettrich et al., 2014). The acidic mixture is 

diluted upon reaching the appropriate level of hydrolysis and then centrifugation and 

dialysis were applied to eliminate residual acids and impurities. The physicochemical 

characteristics of CNCs firmly depend on some parameters such as the nature of the acids 

utilized during synthesis and their concentration, temperature and time duration of 

hydrolysis and cellulose source and others. Generally, CNCs of 5-10 diameter and 100-

300 nm length could be synthesized from wood pulp (Wang et al., 2015). 

Generally, the CNFs can be synthesized by several methods such as grinding, acid 

hydrolysis, high pressure homogenization, ultrasonication and others. The cellulosic 

fibers are composed of two types of macrofibers – hemicellulose and lignin. The 

macrofiber contains microfibrils which consist of nanofibrils of cellulose. The nanofibrils 

of cellulose consist of crystal and amorphous regions (Kim et al., 2015). As the 

amorphous region is responsible for the transverse split of the microfibrils and turns them 

into short monocrystals, thus the amorphous region is considered as the structural defect 

of cellulose (Rosa et al., 2010). To overcome the structural defect, a recent drive of 

synthesizing the nanocellulose from cellulose by nanoscale synthesis has sparked the 

interest of scientists. Nanocellulose (NC) does not contain structural defects like cellulose 

(Shalauddin et al., 2019). Due to the nanoscale synthesis, NC has a greater surface area 

and porous appearance. The presence of sufficient hydroxyl groups on the surface 

provides NC with a prominent flexible modulus structure which could be easily modified 

for the specific attachment of different target analytes on the newly introduced binding 

sites (Nystrom et al., 2010) 

Bacterial nanocellulose (BNC) is an exceptional biopolymer with a wide range of 

potential applications. BNC can be synthesized by several bacterial species such as 

Acetobacter G. xylinus. The expanded surface area and a bunch of interconnected porous 
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systems suggest that BNC in the form of a 3D cellulosic network structure can be utilized 

as a carrier for catalysts (Wesarg et al., 2012) 

2.3.1 Synthesis process of nanocellulose 

2.3.1.1 Mechanical method 

In mechanical treatment, NC can be obtained by the breakdown of cellulose fibers 

from the lignocellulosic biomass. Generally, the derived cellulose has a diameter of less 

than 200 nm. Before mechanical treatment, some steps such as grinding, decrystallization, 

acid hydrolysis and derivatization are performed to prepare NC. NC also can be obtained 

from lignocellulose biomass with the application of high pressure. It is done by the 

suspension of biomass applying a high-speed stirrer combined with ultrasonication 

energy before applying the high-pressure homogenization (Wang et al., 2015). Ionic 

liquids can be applied to treat lignocellulose biomass before mechanical treatment which 

can penetrate through the microcrystalline cellulose and attack the hydrogen bonds 

between the cellulose molecules. Intra and inter molecular bonds are demolished during 

high-pressure homogenization and through this disintegration, NC is obtained from the 

biomass (Mondal, 2017). However, the main drawback of this method is the consumption 

of high energy and a large number of cycles are required for the defibrillation of the 

cellulosic biomass (Niu et al., 2017). 

2.3.1.2 Chemical method 

Acid hydrolysis is the most common technique to synthesize NC from 

lignocellulose biomass. The synthesis process of NC is shown in Figure 2.2. The 

cellulosic fibers are screened through a mill with 20 mesh screen and are transferred into 

5.00 M of 250 mL NaOH solution and warmed for 3 h until the temperature reaches 80 

°C. The slurry is filtered and washed thoroughly until pH 7. Then the cellulosic fibers are 
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air-dried properly and dimethyl sulfoxide (DMSO) is added in 80 °C water bath for 3 h. 

Mainly, DMSO is added to swell up the matrix of cellulosic biomass so that the 

concentrated acids could penetrate inside the domain configuration of lignocellulosic 

biomass and break down the internal bonds easily. The fibers are then filtered and washed 

three times with 250 mL water. The above pretreatments are performed prior to the acid 

hydrolysis method. The pretreated cellulosic fiber is dispersed in a combination solution 

containing hydrochloric acid and sulfuric acid in a 1:3 ratio and refluxed for 16 h. The 

obtained product is diluted by DI water with centrifugation at 2000 RCF. After several 

washing, NaOH is added to make it neutral. The solution is further washed three times 

followed by dialyzation through the membrane tube with constant stirring for 24 h. The 

obtained product is dried at 70 °C for 24 h and the final product (nanocellulose powder) 

is pale white (Zhang et al., 2007). In the acidic treatment, the yield of NC depends on 

parameters such as reaction time, acid concentration, temperature and amount of 

lignocellulosic biomass. The yield of NC declines with the increase of the duration of 

acidic treatment of cellulosic biomass. The experimental parameters are optimized to 

obtain the maximum yield of NC and to preserve the NC morphology (Mondal, 2017). 

There are several advantages in synthesizing NC following the mixed acid hydrolysis 

method using hydrochloric acid and sulfuric acid. In the acid hydrolysis method, due to 

the alkaline pre-treatment of cellulosic biomass, comparatively less energy is required to 

defibrillate the cellulosic nanofibrils than the mechanical method. The synergistic effect 

of mixed acid hydrolysis and ultrasonication energy produce NC with decreased particle 

size, ensure more crystallinity of the NC, effective removal of amorphous regions and 

increase the availability of C-OH groups than any other method. NC obtained from the 

acid hydrolysis method has a greater surface area and has more stability and dispersibility 

than the NC obtained from other methods (Niu et al., 2017). In this research, NC 
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synthesized by the chemical method can be used as a binder and film-forming agent to 

prevent the leaching of nanomaterials. 

 

Figure 2.2: The steps of nanocellulose synthesis process 

2.3.1.3 Bacterial method 

NC synthesized from the bacterial method has the same chemical configuration 

with the NC synthesized from lignocellulosic biomass following chemical and 

mechanical techniques. Moreover, an ultrafine network of nanofiber is formed due to the 

culture medium which exhibits remarkable features such as high purity, uniform 

morphology, good mechanical characteristics and flexibility, good absorption capability 

and others (Taokaew et al., 2013). Bacterial nanocellulose (BNC) can be synthesized by 

aerobic cultivation of bacterium such as Gluconacetobacter xylinus which is a glucose 

enriched medium (Fu et al., 2013; Mondal, 2017). 

2.4 Chitosan 

Chitosan (CTS) is a natural polysaccharide consist of d-glucosamine and N-

acetyl-d-glucosamine and contains abundant reactive amino and hydroxyl groups as 

shown in Figure 2.3. CTS possesses excellent adsorption capacity for organic substances 

and heavy metal cations (Honarkar & Barikani, 2009). Moreover, CTS has several distinct 

properties such as biodegradability, biocompatibility, non-toxicity, inertness, film 

formation potential (Shalauddin et al., 2017). CTS can be used in different fields of 
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applications such as tissue engineering (Nettles et al., 2002), biomedical applications 

(Jayakumar et al., 2010), medicine (Park & Kim, 2010; Senel & McClure, 2004) and etc. 

CTS has been applied enormously for the construction of electrochemical sensors. 

Baghayeri et al (2018) reported a nanocomposite of Fe3O4/Chitosan for the 

electrochemical detection of hydrogen peroxide. Shukla et al (2018) reported the effect 

of loading carbon nanotubes on chitosan film for the electrochemical determination of 

dopamine. Akhter et al (2018) reported an electrochemical sensor by the immobilization 

of cobalt oxide on MWCNT-CTS thin film for the sensitive determination of painkiller 

drug paracetamol. Shalauddin et al (2017) reported a nanocomposite by the 

immobilization of copper oxide on MWCNT-CTS thin film for the determination of 

painkiller drug diclofenac. CTS can be synthesized by the acid hydrolysis method from 

the skeleton of jelly fish, crabs and etc. In the current study, analytical grade CTS was 

purchased from Merck Malaysia and was used as the polymer, binding and film-forming 

agent to increase the catalytic effect of the nanocomposite. 

 

Figure 2.3: The chemical structure of chitosan 

 

 

Univ
ers

iti 
Mala

ya



 

19 

2.5 Nanomaterials 

For the past two decades, extensive progress has been observed in the synthesis 

of nanomaterials and their applications. The materials whose size of the atoms are less 

than 100 nm can be defined as nanomaterials (Daniel & Astruc, 2004). Nanomaterials 

have several distinct properties that depend on their size and shape. There are different 

types of nanomaterials such as carbon-based nanomaterials, metal nanoparticles, oxide 

nanoparticles, composite nanomaterials which have been substantially used for the 

construction of electrochemical and bio-nanodevice. The main functions of nanomaterials 

include electrocatalyst, immobilization of targeted molecules and reactants (Vollath, 

2018; Han et al., 2013). 

2.5.1 Synthesis of nanomaterials 

The successful preparation of the desired nanomaterial is a necessary prerequisite 

for any innovative research. The development of an efficient approach for the synthesis 

of nanomaterials and retaining the desired structural configuration and morphology of the 

synthesized nanomaterials are the challenges in the nanoscience and nanotechnology 

sector. However, the synthetic approach for the synthesis of nanomaterials can be 

categorized into three groups such as wet, dry and milling or grinding method as 

illustrated in Figure 2.4. In the wet and dry synthesis method, nanomaterials are 

synthesized from the  bottom-up approach, while in the milling method the nanomaterials 

are synthesized from the top-down approach from the mechanical disintegration of the 

larger particles (Rotello, 2004). For the bottom-up approach, the nanomaterials are 

generally extracted from a bulk source and the desired nano-sized materials are acquired 

by following the progressive removal. On the other hand, nano-capsulation or nano-

coatings are acquired which starts from a molecular levelled precursor, followed by the 

gradual mobilization of the molecules until the successful formation of the desired 
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composition (Hulteen, 1997). The size distribution of nanomaterials is a very crucial 

factor that can be changed by the proper optimization of the experiment parameters. Both 

of the bottom-up and top-down approaches require similar fundamentals and pre-

requisites: for instance, fabrication parameters (e.g concentrations, time, energy from 

electrons) and surrounding conditions (e.g contaminants, temperature) need to be 

properly manipulated (Rotello, 2004). Thus, the nanotechnological investigation requires 

highly sophisticated fabrication instruments which are conducted in clean laboratory -

conditions. 

 In the past few decades, the synthesis procedure of carbon-based nanomaterials 

has stimulated enormous attention due to their novel characteristics that enable the intense 

scientific attempt into a successful and efficient fabrication of miniaturized devices 

utilized in different nanoelectronics and photonics applications. In this work, the 

sonochemical method and microwave-assisted method have been chosen for the synthesis 

of nanomaterials.  

 

Figure 2.4: Synthetic methods of the nanoparticles (Rotello, 2004). 
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2.5.2 Sonochemical method 

The sonochemical method for the synthesis of nanomaterials is a valuable 

approach for the synthesis of nanomaterials with outstanding properties. This method 

involves both the physical and chemical effects which offer a synergistic impact and can 

be utilized for the manufacturing of a broad range of nanostructured materials. The 

principles of sonochemistry which is responsible for the modification of nanostructures 

generates not from the straight interconnection between the chemical entity and sound 

waves, but rather from the acoustic cavitation which is considered as a physical 

phenomenon, which includes three phases: formation or construction, growth and 

collapse of the bubbles in any liquid solution (Chatel, 2019). Some extreme reaction 

parameters are required in this process such as high pressure of >500 atm, high 

temperature of >5000K and >1010 K/s of cooling rate, achieved during the collapse of 

the cavities. The transient and extreme conditions promote acoustic cavitation which 

enables the formation of materials possessing outstanding and uncommon features. The 

irradiation of highly intense ultrasonic energy forces the molecules to undergo high-

energy chemical reactions. The high-intensity ultrasound promotes the activation of 

physical effects that are followed by the chemical consequences (Chen et al., 2011). 

During the ultrasonication process, microjets and shockwaves are significant physical 

phenomena for the fabrication of nanomaterials. When the bubbles collapse to the adjunct 

expanded surface, microjets occur during this period. The micro-jets at high speeds affect 

the surface and is responsible for the pitting and erosion which leads to the formation and 

modification of the surface of the nanostructures. The shock wave is another physical 

phenomenon that is generally formed from laser-induced collapsed bubbles. The shock 

wave can stimulate other physical effects along with the chemical consequences such as 

increased mass transportation because of strong turbulent mixing and acoustic cascade 

and promotes the suspending process of solid particles into the liquid medium. Inter-
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particle collision of 100 m/s causes the homogenous distribution of particles, splitting, 

similar morphologies, surface construction and exfoliation of the multi-layered materials 

(Okitsu, 2010; Bang & Suslick, 2010).  

2.5.3 Microwave-assisted method 

The principle of microwave-assisted method is based on the aligning dipoles of 

any material in an external area through the excitation generated by the microwave 

electromagnetic radiation and is implemented along with a known synthesis approach. 

This is an effective wet chemical technique for the synthesis of nanostructured materials 

with higher reproducibility and possesses multiple merits such as controlling the size and 

shape by regulating the reaction parameters, rapid volumetric heating, high level of 

reaction rates and energy efficiency (Polshettiwar & Varma, 2010). In this approach, 

microwave irradiation is applied to a chemical reaction that is based on the capability of 

a substance to absorb the microwave generated energy and convert the energy into heat. 

This conversion process provides a non-equilibrium state in the system resulting in the 

generation of heat, thus decreasing the reaction time and ultimately improving the 

crystallinity of the final product. Dipolar polarization and ionic conduction are the two 

mechanisms that are generally activated by microwave irradiation (Motshekga et al., 

2012). 

2.6 Application of nanomaterials in electrochemical nanodevice 
 

The outstanding physicochemical properties of nanomaterials are important for 

the design and construction of improved electrochemical sensors and biosensors. 

Different types of nanomaterials such as carbon-based nanomaterials, metal oxide 

nanomaterials, mineral nanoparticles and semiconductor nanoparticles have been utilized 

substantially for the fabrication of electrochemical sensing devices. These nanomaterials 

play crucial roles such as sensing of the target analytes, electrocatalyst, enhancement of 
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ion transfer on the electrode surface, labelling of biomolecules and etc (Guo & Wang, 

2011) (Maduraiveeran & Jin, 2017). 

2.7 Carbon-based nanomaterials 

Carbon-based nanomaterials are a type of nanomaterials that have exceptional and 

tunable characteristics that enable a new dimension and technological revolution in 

different fields of science. These types of materials possess several advantages such as 

excellent mechanical integrity, surface roughness, enhanced specific surface area, thermal 

conductivity, exceptional electronic distributions and biological properties (Luo et al., 

2012). The combination of these distinct properties and their remarkable sensing 

capabilities support the successful insertion in any electronic nano-device for 

significantly improved performances. For the past few years, different forms of carbon-

based nanomaterials such as carbon nanotubes (CNTs), graphene (Gr), carbon nanofibers, 

carbon nanohorns, nanocones-disks, fullerenes, nano-diamonds and their functionalized 

forms have been investigated intensely and enormously applied successfully in different 

sectors of material science (Scida et al., 2011) 

2.7.1 Carbon nanotubes (CNTs) 

CNTs consist of graphene sheets coiled inside a nano-cylinder which exhibit 

several distinct properties such as outstanding mechanical integrity, electronic 

conductivity and catalytic activity. CNTs are composed of single or multiple layers of sp2 

hybridized carbon atoms. On this basis of composition, CNTs can be classified into two 

groups i.e. single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs) (Akhter et al., 2018). MWCNTs are comparatively cost-efficient 

and have several outstanding properties such as tensile strength, good mechanical and 

thermal stability, flexible elasticity and high electronic conductivity and catalytic activity 

(Shalauddin et al., 2017). Due to the poor solubility, pristine CNT is not suitable for 
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electrode fabrication. Hence, the CNTs functionalization has been considered as a 

technique for activation. The functionalization technique effectively eliminates the 

impurities from CNTs and enhances the dispersion ability in the water and improves the 

electrochemical performances. Moreover, this technique provides abundant anchoring 

sites on CNTs which facilitates the fabrication of electrodes (Shalauddin et al., 2019). In 

recent years functionalized MWCNTs has been used enormously in different fields of 

material science such as electrochemical sensors (Bagheri et al., 2017; Shalauddin et al., 

2017), biosensors (Gautam et al., 2018; Li & Lee, 2017), tissue engineering (Shrestha et 

al., 2017), energy storage (Markoulidis et al., 2019) and others. 

2.7.2 Functionalization of CNTs 

There are several methods for functionalization using the unique characteristics 

of CNTs. It is quite challenging to look for the best technique to improve the distinct 

properties such as mechanical, electrical, optical and etc. One of the challenges is to 

achieve the optimal functionalization of CNTs for a specific application. 

Functionalization is based on the covalent bonds among the functional groups on the outer 

wall of CNT (Ferreira et al., 2016). Functionalization of CNT can be done by the acid 

hydrolysis method which requires the presence of one or two strong acids such as 

hydrochloric acid, sulfuric acid, nitric acid etc. Acid hydrolysis is one of the suitable 

methods for CNT functionalization where CNT is used as a nanocomposite and applied 

for sensor fabrication (Mallakpour & Soltanian, 2016). 

2.7.3 Graphene and nitrogen-doped graphene 

Graphene (Gr) is composed of a monolayer of sp2 hybridized carbon atoms and 

possesses several distinct features such as high active surface area, high electro-

conductivity, excellent mechanical, chemical and optical features. The doping of foreign 
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atoms into the sp2 hybridized carbon network modifies the intrinsic properties such as 

electronic distribution and surface chemistry (Choi et al., 2010). Doping enhances the 

density of free charge-carriers, electrical or thermal conductivity of carbon-based 

nanomaterials. Nitrogen is considered as a potential dopant for carbon nanomaterials due 

to the comparable size and number of valence electrons, thus forms strong bonds with the 

carbon atoms (Shao et al., 2010). Nitrogen-doped graphene (NDG) has the potential to 

improve electrical conductivity, due to its good biocompatibility, large surface area and 

excellent electrochemical response. NDG exhibits more electrocatalytic activity 

compared to Gr because of the unique electronic interactions between the lone–pair 

electrons of nitrogen and the π–system of graphitic carbon (Yu et al., 2016; Wang et al., 

2010; Qu et al., 2010). In addition, NDG enhances the affinity towards the target analytes 

and improves the selectivity of Gr based sensing device. Nitrogen-doping of the Gr lattice 

improves the electrocatalytic activity of Gr which is suitable for electrochemical sensing 

(Shao et al., 2010). Several methods are used for the synthesis of NDG such as CVD, arc-

discharge method, solvothermal method, microwave-assisted method, plasma treatment, 

thermal treatment and etc (Wang,  et al., 2012). In this research, microwave assisted 

method was used to synthesize NDG where graphene oxide is the precursor material. 

2.8 The mechanism and benefits of the incorporation of biopolymers and carbon-

based nanoparticles 

Depending on the desired implications, bionanocomposites can be prepared in 

several approaches. Different types of synthetic materials such as carbon-based 

nanomaterials, metal oxides, metal nanoparticles and minerals nanoparticles can be 

incorporated with the biopolymers and utilized in different areas of science such as 

bioelectronics and drug delivery (Kim et al., 2010; Torres-Rendon et al., 2015), energy 

generation and storage (Jung et al., 2015a), electrochemical sensors (Shalauddin et al., 
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2019), health and environmental monitoring (Cao et al., 2017b) (Tao et al., 2012), 

lightweight structural support (George et al., 2020) and others. The versatile applications 

of biopolymer nanocomposites (biopolymers and carbon-based nanomaterials) are shown 

in Figure 2.5. 

 

Figure 2.5: Versatile applications of biopolymer nanocomposite (biopolymers and                                                        
                          carbon nanomaterials) 

Here, the underlying mechanisms and advantages of the incorporation of 

biopolymers and carbon nanomaterials are described as follows. If compared to the 

synthetic polymer-based nanocomposite, the naturally derived bionanocomposites 

possess several inborn expediences such as biodegradability, biocompatibility, 

mechanical robustness, less toxicity, multifunctional properties and etc (Lee et al., 2015). 

When carbon nanomaterials are introduced in biopolymer matrix, excellent properties can 

be achieved from this combination including excellent dispersion and highly organized 

configuration, high electrical conductivity, excellent catalytic activity, magnetic 

properties, stretch-ability, optical activity and etc (Weng et al., 2011; Luong et al., 2011). 
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In addition, the incorporation of carbon nanomaterials across the biopolymer matrices 

offers outstanding mechanical support and functional characteristics to the 

nanocomposite (Wan et al., 2016). The biointerface between the carbon nanostructured 

materials and bio-derived polymers (bionanocomposite) is highly desired and involves 

unique morphologies. These combined structural arrangements not only preserve the 

actual properties of the carbon nanostructures but with extra biofunctionality. Due to the 

highly conductive nature of the bionanocomposites, they can be used as electronic 

devices. For example, multiple attempts have been reported on the incorporation of highly 

conductive graphene materials within biopolymers (chitosan) for the fabrication of a 

conductive bionanocomposite (Akhter et al., 2020; Wen et al., 2016).  

The research output exhibits that, the biopolymer and graphene nanocomposite 

possesses high ionic conductivity, unique composition and modulus structural 

organization. One of the impressive features of the biopolymer matrices is that the 

mechanical performance and functionality can be upgraded remarkably even at very low 

loading. The concurrent presence of the graphitic domain (hydrophobic) and oxidized 

domain (hydrophilic) ultimately forms a heterogeneous amphiphilic surface (Wan et al., 

2016). This interesting phenomenon has important consequences. The GO sheets can be 

firmly attached with either the hydrophobic region or the hydrophilic region of the 

biopolymer, and the interfacial strength can be enhanced if a matching biopolymer matrix 

is selected. For instance, hydrogen bonding, covalent interaction and Coulombic 

interactions are responsible for the enhancement of the interfacial strength between GO 

sheets and positively charged biopolymers (chitosan) (Wan et al., 2015). The successful 

attachment of GO sheets and amphiphilic biopolymer occurs through hydrogen bonding 

and hydrophobic interactions of the micellar configurations. Wan et al reported a strong 

interfacial strength between GO and chitosan which ultimately enhance the tensile 

strength and toughness of the GO film (Wan et al., 2016). 
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Nanocellulose is a naturally derived biopolymer, composed of several molecular 

chains which are connected in a parallel direction and balanced by hydrogen bonds and 

van der Waals forces into a nanofibrillar composition. Their crystalline appearance (70-

80%) provides an elastic configuration that enables them as a potential host for several 

materials. Due to the high aspect ratio and high stiffness, nanocellulose is utilized to 

reinforce a wide range of materials such as carbon matrices (Shalauddin et al., 2019), 

conductive polymers (Nystrom et al., 2010), inorganic nanoplates (Zhang et al., 2019).  

However, uncontrolled aggregation is one of the greatest challenges in the processing of 

nanomaterials which could deteriorate mechanical performance. Besides, most of the 

synthetic nanomaterials possess a limited number of anchoring sites, but the 

biocomponents usually contain a great variety of functional moieties which can form 

multiple hydrogen bondings, covalent bondings, hydrophobic-hydrophobic interactions, 

van der Waals force interactions, Coulombic interactions and covalent interactions with 

a wide variety of external components (Hajian et al., 2017). Different types of interactions 

between biopolymers and carbon nanomaterials are shown in Figure 2.6. These broad 

ranges of weak interactions not only bring benefits but also challenges in the 

manufacturing of novel bionanocomposites. These interactions facilitate the high efficient 

shift of the loads within the interfaces of the components for increased mechanical 

responses but the preparation becomes a challenging task because of an inconsistent 

clump of the nanocomponents during manufacturing. Due to the defects and clump 

formations, catastrophic failure could occur during the manufacturing of 

bionanocomposites under practical parameters (Li et al., 2015).  
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Figure.2.6: The enabling interactions between carbon nanomaterials and biopolymers 

However, some of the popular synthetic nanomaterials (e.g carbon nanotubes, 

graphene oxide) and their interfacial interactions with specific biopolymers 

(nanocellulose, chitosan) have been widely exploited recently for the fabrication of 

neoteric bionanocomposite. The present work highlights this research scopes. Table 2.1 

shows a previous report on the biopolymer-based nanocomposite for electrochemical 

determination. 
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Table 2.1: Biopolymer based nanocomposite for electrochemical sensor 
 
Nanocomposite Method Electrode Analyte References 

NC/f-MWCNTs  Synthesis of nanocellulose 
by acid hydrolysis method 
and functionalized 
MWCNTs 

GCE Diclofenac (Shalauddin 
et al., 2019) 

SWCNH/NC Electrochemical sening of 
purine, guanine an adenine 
using single walled carbon 
nanohorns and 
nanocellulose  

GCE Purine, 
Adenine and 
Guanine 

(Ortolani et 
al., 2019) 

NC@N,S@GQDs/GCE Nitrogen and sulfur co-
doped graphene quantum 
dots/nanocellulose 
nanohybrid for 
electrochemical sensing of 
anti-schizophrenic drug 
olanzapine in 
pharmaceuticals and human 
biological fluids 

GCE Olanzapine (Mahmoud et 
al., 2020) 

CT/AuNP/MIP An electrochemical 
molecularly imprinted 
sensor based on chitosan 
capped with gold 
nanoparticles and its 
application for highly 
sensitive butylated 
hydroxyanisole analysis in 
foodstuff products 

MIP Butylated 
hydroxytoluene 

(Motia et al., 
2021) 

MWCNTs-CTS-Cu Immobilization of copper 
ions on MWCNTS-Chitosan 
thin film and functionalized 
MWCNTs 

GCE Diclofenac (Shalauddin 
et al., 2017) 

f-MWCNTs/CTS-Co Immobilized cobalt ion on 
functionalized MWCNTs - 
Chitosan thin film 

GCE Paracetamol (Akhter et 
al., 2018) 

(MWCNTsf- 
NGr/CTS)-Cu 

Functionalized MWCNTs 
and synthesis of NGr by 
micowave assisted method 
immobilization of CTS 
followed by Cu 
electrodeposition 

GCE Nilutamide  (Akhter et 
al., 2020) 

NiMoO4/CHIT 

 

Sonochemical synthesis of 
NiMoO4 and sonochemical 
exfoliation of CHIT 

GCE Amlodipine (Lou et al., 
2020) 
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2.9 Painkiller drugs 

2.9.1 Paracetamol   

 Paracetamol N-acetyl-P-aminophenol or acetaminophen (Figure 2.7) is a popular 

analgesic and anti-pyretic therapeutic agent which is mainly used for the relief of fever, 

and different types of pain such as headache, toothache, backache and etc (Akhter et al., 

2018). As an OTC drug, paracetamol is sold randomly and used very frequently by 

people. However, the excess administration of this drug can cause adverse effects such as 

nephrotoxicity, increased mortality and liver damage (Anuar et al., 2018). For 

pharmaceutical and overdose analysis, the design and development of a facile, cost-

efficient, lightweight and accurate electrochemical device are crucial and demanding in 

the present time (Alam et al., 2018). Several approaches have been introduced for the 

determination of paracetamol such as spectrophotometry (Sandulescu et al., 2000), 

chromatography (Ravisankar et al., 1998; Trettin et al., 2011) chemiluminescence 

(Ruengsitagoon et al., 2006), titrimetry (Burgot et al., 1997). Though these approaches 

have high precision, good sensitivity and selectivity, they have some disadvantages such 

as high price, complex operating procedure, repetitive sample preparation and etc. As 

electrochemical techniques can overcome the aforementioned limitations of the 

traditional methods, they have become the choice of preferences over other methods. 

Numerous electrochemical approaches have been developed for the electrochemical 

determination of paracetamol (Akhter et al., 2018; Alam et al., 2018). Univ
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Figure. 2.7: The 3D chemical structure of paracetamol 

2.9.2 Diclofenac Sodium  

Diclofenac sodium (DCF) (sodium [o-(2, 6-dichloroanilino) phenyl] acetate) 

(shown in Figure 2.8) is a non steroidal anti-inflammatory and an analgesic drug. The 

drug is applied for the treatment of arthritis, menstrual pain, ankylosing spondylitis, 

rheumatic pain, sports injuries etc. DCF is an OTC drug for relief from different types of 

pain. If the patients develop the Shy Drager syndrome or diabetes, the administration of 

DCF drug for prolonged periods exposes the risk of heart attack or stroke. Considering 

the health issues and frequent administration without proper indications, it is necessary to 

monitor the drug in pharmaceutical dosage forms and clinical investigations (Shalauddin 

et al., 2019). Several approaches have been introduced for the detection of DCF such as 

thin-layer chromatography (Sun & H. Fabre, 1994), spectrofluorimetry (Arancibia et al., 

2000), capillary zone electrophoresis (Jin & Zhang, 2000), high-performance liquid 

chromatography (Kole et al., 2011), gas chromatography (Kadowaki et al., 1984), 

voltammetry (Shalauddin et al., 2017; Shalauddin et al., 2017; Honakerin et al., 2020) 

etc. 
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Figure. 2.8: The 3D chemical structure of diclofenac 

2.9.3 Naproxen 

Naproxen (NPX) is a widely used analgesic and anti-inflammatory drug mainly 

used for the treatment of rheumatoid arthritis, dysmenorrhea, ankylosing spondylitis, 

musculoskeletal injury, acute gout (shown in Figure 2.9). NPX is an OTC drug and is 

used frequently by patients (Tashkhourian et al., 2014). The prolonged consumption of 

NPX results in adverse health effects such as gastrointestinal lesions, kidney problems 

and heart disease. Considering all the health issues, a facile and simple technique should 

be developed for the determination of NPX from pharmaceutical preparations and 

biological medium for pharmaceutical quality control analysis and clinical investigations 

(Sarhangzadeh, 2015). Till now, different approaches have been developed for the 

determination of NPX such as liquid chromatography (Madikizela & Chimuka, 2017), 

spectrofluorimetry (Damiani et al., 2002), potentiometry (Lenik & Łyszczek, 2016), 

fluorescence (Li et al., 2012), spectrophotometry (El-Kommos et al., 2013), voltammetry 

(Eslami & Alizadeh, 2016; Adhoum et al., 2003; Soltani et al., 2018). 
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Figure. 2.9: The 3D chemical structure of naproxen 

2.9.4 Ciprofloxacin 

Ciprofloxacin (CPR) is a third-generation antibiotic drug from the quinolone 

group and is generally administered for urinary tract, skin and respiratory tract infections 

(shown in Figure 2.10) (Chen et al., 2019). The electroactivity of CPR is due to the 

presence of the piperazine ring. An overdose of CPR causes health problems such as liver 

damage, hypersensitivity and nerve problems (Fang et al., 2019). Considering all the 

health issues, a facile and simple technique should be developed for the determination of 

CPR. Several methods have been utilized for the detection of CPR such as high- 

performance liquid chromatography (Liu et al., 2018; Sultana et al., 2013) capillary 

electrophoresis (Lecoeur et al., 2019; Wang et al., 2005), fluorimetry (Perera et al., 2019;  

Turkie & Munshid, 2019), titrimetry (D’Souza et al., 2015; Basavaiah et al., 2006) and 

electrochemical techniques (Anuar et al., 2018; Matsunaga et al., 2020; Bonyadi et al., 

2020) Univ
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Figure. 2.10: The 3D chemical structure of ciprofloxacin 

2.10 Sensors 

Sensors are devices that detect analytes by the transduction of signals into a 

measured parameter such as current, potential and impedance in the case of 

electrochemical sensors. The main function of the sensing materials and signal 

transducers in a sensor is to transmit the signals without any magnification from any 

specific analyte or any reaction changes. Sensors can generate any signals as thermal, 

electrical and optical output signals which can be transformed into digital signals for 

further processing. The sensor is generally classified into two groups according to the 

types of output signals i.e. electrochemical sensors and biosensors. The electrochemical 

sensors have multiple advantages over other sensors because the electrode of this type of 

sensor is capable of recognising the analyte in the host without changing the parameters 

of the host system (Kubrusly & Malebranche, 1985). The biosensors can recognize  

biochemical substances such as biological proteins, tissues, nucleotides and others. The 

active sensing material on the electrode surface acts as a catalyst in biochemical 

compounds reaction and generate the output signals. The combined functions of the 

electrochemical sensor and biosensor give rise to another type of sensor which is known 

as an electrochemical biosensor. This type of sensor is constructed by the electrochemical 

method to perform as a biosensor. The development and proper selection of active 

material require great effort. Active sensing materials can act as a catalyst for the sensing 
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of a specific analyte or several analytes (Aznoli & Navimipour, 2017). Recently, the 

advancement of nanotechnology has brought new possibilities for a substantial amount 

of new potential materials and devices with outstanding features which have beneficial 

functions for several electrochemical sensor and biosensor applications. The 

nanostructure can manipulate the fundamental characteristics of a material without 

changing its chemical composition. Furthermore, the nanostructures can be used to 

enhance the transfer of electrons and optical excitation, as these factors play a vital role 

in the development of a nanoelectronic device. Nanostructured materials possess a high 

surface to volume ratio and enhanced electroconductivity which is favourable for the 

construction of nanodevice.  

For the past few decades, nanoparticles have aroused a huge interest for their 

application in different fields of science. Generally, the synthetic methods of 

nanoparticles can be classified into two groups, bottom-up and top-down methods. In the 

bottom-up method, the smaller sized structures are integrated into a larger structure by 

the self-assembly process. On the other hand, the top-down approach refers to the 

depletion of large-sized structures to form multifunctional nanostructures (Holzinger et 

al., 2014). In this literature, the development of electrochemical sensors by the effective 

selection of nanostructured materials and their application as the efficient sensing of the 

targeted analytes have been enlighted. 

2.10.1 Chemical Sensors 
 

A chemical sensor is a device that produces information on its surrounding 

environment. Generally, the chemical sensor contains a receptor and a transducer. The 

receptor can transform the chemical information into a form of energy that can be 

measured by a transducer. A transducer can transform the energy which carries the 

chemical information about the desired analyte into the detectable useful signal through 
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modern instrumentation and separate the signal from its surrounding information as 

shown in Figure 2.11 (Hulanicki et al., 1991).  

 

Figure 2.11: Schematic diagram of a general chemical sensor 

The classification of chemical sensors depends on the characteristics such as 

optical, electrical, thermal or gas sensors. The advantages of these sensors are that they 

are capable of detecting and receiving the analyte response from solid, liquid or gaseous 

medium. Electrochemical sensors are a type of chemical sensor which have several 

advantages such as miniaturization, simple composition and operation procedure, rapid 

result and cost-efficient compared to other types of sensors. Electrochemical sensors are 

classified into three types such as potentiometric, amperometric and conductometric 

sensors. In amperometric sensors, the current is measured by the A.C or D.C mode. For 

instance, chemically inactive electrodes, chemically active electrodes and chemically 

modified electrodes. In a potentiometric sensor, equilibrium is established at the electrode 

interface and the potential of the working electrode is measured against a reference 

electrode. The composition of an analyte can be obtained by the difference between the 

working electrode and the reference electrode. Conductometric sensors are capable of 

measuring conductivity in multiple frequency series (Stradiotto et al., 2003). 
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2.10.2 Potentiometric Sensors 
 

 Potentiometric sensors can be categorized into three classes such as ion-selective 

electrodes (ISEs), coated wire electrodes (CWEs), ion-sensitive field-effect transistors 

(ISFETs). ISEs are the widely used potentiometric sensing electrodes. A large variety of 

ISEs is commercially available which are beneficial and efficient for the detection of the 

ion concentration in a different types of liquid specimens. In ISEs, the signal is formed at 

the interface by the isolation of charges. Generally, the ion-selective membrane isolates 

the analyte solution and an inner solution containing a continuous concentration of ionic 

species. Generally, a Ag/AgCl RE is surrounded by the inner solution containing a 

constant concentration of Cl- ions which provide electrical contact to the ISEs. The ISE 

potential is measured by the addition of two RE potentials and membrane potentials 

composed of the boundary potential of each membrane or solution interface and a 

probable diffusion potential that might be generated by the concentration gradient within 

the membrane phase. There are different techniques to develop an electrode that is 

selective to a single species depending on the nature and configuration of the materials of 

the membranes. Research in this particular field has exposed several implementations to 

unlimited analytes (Goepel et al., 2008; Buhlmann et al., 1998). 

Coated wire electrodes (CWEs) are another type of ion-selective electrode having 

a polymeric membrane that has direct contact with metal. However, the main drawback 

of this type of electrode is the poor signal stability. Even if no transfer of charges has 

occurred at the electrode interface, a parasitic capacitance affects the signal stability. 

Ion sensitive field-effect transistors (ISFETs) can be potentiometric ion sensors 

or chemical sensors. This type of transducer works by implementing the field-effect. Due 

to the various advantages such as miniaturisation, facile fabrication by microelectronic 

technology, they are the most studied field-effect devices. ISFET contains a bare gate 

insulator which is composed of silicon oxide, aluminium oxide etc. Due to the 
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electrochemical equilibration between the protonated oxide surface and the solution 

containing protons, the insulator exhibits an intrinsic pH sensitivity (Bratov et al., 2010). 

 
2.10.3  Amperometric sensors 
 

In amperometric sensors, the amperometric measurements are accomplished in an 

electrochemical cell by measuring the amount of currents within a single applied 

potential. However, in the voltammetric measurements, a time-dependent potential is 

applied in an electrochemical cell and the resulting current is measured as a function of 

that specific potential. The voltammograms are recorded which contains a plot of current 

versus the applied potential. This voltammogram has similarity with spectroscopy which 

can reveal quantitative or qualitative information of a species involving in the oxidation 

or reduction reaction (Brett & Oliveira Brett, 1993). Initially, the basic instruments of  

voltammetry consist of two electrodes but the modern voltammetric techniques require a 

three-electrode system containing a working electrode, a platinum wire as the auxiliary 

or counter electrode and SCE or Ag/AgCl as the reference electrode. For working 

electrodes, different types of materials are used such as carbon, gold, silver, copper, cobalt 

etc. The desired oxidation or reduction reactions occur at the working electrode. The 

reference electrode provides a steady potential compared to the working electrode 

(Thevenot et al., 2001). Generally, the potential of the counter electrode is not measured. 

The counter electrode is adjusted to balance the reactions occurring at the working 

electrode. The current generating from redox reactions is called the Faradic current. A 

Faradic current is a cathodic current due to the reduction of an analyte and is negative by 

convention. On the other hand, a Faradic current is an anodic current due to the oxidation 

of an analyte. In voltammetric experiments, an electrolytic solution is used which is also 

known as a supporting electrolyte. The electrochemical cell contains the electrolytic 

solution and the three electrodes are immersed in the solution (Stetter et al., 2003). The 

electrolytic solution decreases the resistance of the solution, as the added resistance 
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declines the accuracy of the results remarkably. Some crucial experimental parameters 

should be controlled properly in the voltammetric measurements such as changing of the 

working electrode potential, time measurement of the current and stirring of the solution. 

The performance of the amperometric sensor is greatly influenced by the nature of the 

working electrode. Therefore, enormous efforts have been focussed on electrode 

fabrication to improve the performance of the sensor device (Bard, 1980). The trends of 

electrochemical determination of analytes commenced in 1922 and Heyrovsky acquired 

the Nobel prize for the invention of the mercury electrode (Smyth & Vos, 1992). 

Recently, the electrodes composed of metals such as platinum, gold, cobalt, copper, nickel 

and several forms of carbon have aroused huge interest due to having low background 

current, extended potential window, cost-effective, inertness and suitable for multiple 

recognition and detection of analytes. Through the expansion of chemically modified 

electrodes, a new approach has been generated to electrode systems, where some crucial 

parameters of the electrode surface can be modified by the addition of a surface modifier. 

2.10.4 Conductometric sensor 

A conductometric sensor is a miniaturised device of a two-electrode system that 

is designed to measure the conductivity of the electrolytic layer close to the electrode 

surface. Conductivity is the reciprocal of the resistance (Kriz et al., 1996). This technique 

is simple and cost-efficient because it does not require any reference electrode. One of 

the crucial parameters for the design of a conductometric transducer is the proper 

selection of electrode materials (Svetlicic et al., 1998). Several materials have been tested 

and utilised such as gold, silver, cobalt, platinum, carbons, copper, aluminium, nickel and 

others. All of these materials are electrically conductive and suitable, but the expensive 

materials have comparatively better properties. Efficient measurement of the conductivity 

facilitates the improved construction of the instrument and effective determination of the 

analytes of interest (Svetlicic et al., 1998). 
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2.11 Chemically modified electrodes (CMEs) 

One of the special features of electrochemical techniques is the utilization of 

chemically modified electrodes with properties can be tailored and applied effectively for 

the selective determination of the desired analytes. A CME is designed through the 

modification of electrode surface with desired materials to develop an electrode that 

shows different responses compared to the unmodified electrodes. The modified electrode 

can exhibit similar features as the modified materials. Different types of electrodes have 

been used for the fabrication of CMEs such as boron-doped diamond, glassy carbon, 

indium tin oxide (ITO), fluorine-doped tin oxide (FTO), screen printed, gold, diamond 

and carbon paste electrode. At CMEs, the oxidation or reduction reaction occurs by the 

transfer of electrons from an electrode to a reaction substrate or a reactant (Rahman et al., 

2017). The incorporation of CMEs in electrochemical measurements turns this method 

into a crucial application in materials characterization. CMEs are different compared to 

other classes of electrodes, as the thin layer of a suitable material is coated or bounded on 

the surface of the electrode to provide special chemical features. One of the distinct 

properties of CMEs is the electrocatalytic properties which are important in 

electroanalytical measurements. They have several advantages including rapid response, 

reusable, resistance towards fouling, limiting the effect of interference molecules in the 

complex solution, enhancing the electrocatalytic effects, chemically and thermally stable, 

cost-efficient, readily available and high sensitivity and selectivity (Linford, 1990). Due 

to their multiple benefits, CMEs proved eligible, reliable and ready to be implemented in 

amperometric sensing devices for the analysis of complex samples (Fang et al., 2017). 

There are several approaches to chemically modify the electrodes such as chemisorption, 

covalent bonding, self-assembly technique, polymer film coating, drop-casting and 

composite. CMEs have been utilized in different fields of research such as 

electrochemical investigations, electrochemical conductivity, electrostatic properties of 
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the electrode surface, ionic transportation, polymer electron transportation, development 

of electrochemical devices. Since 1979 the approaches of the surface modification of 

electrodes have been one of the most active areas of research interest in the field of 

electrochemistry, with important information on how the electrodes interact with the 

surrounding environments. Among the fabrication techniques, the drop-casting technique 

was utilized for the fabrication of glassy carbon electrodes (GCE) in the present study. A 

small quantity of the material solution is micropippetted and drop-casted on the surface 

of GCE and evaporated properly at ambient temperature as shown in Figure 2.12. Here, 

GCE is chosen as the bare electrode due to its chemical inertness, cost-efficiency, wide 

potential range and low background current (Wang & Taha, 1990). 

 

Figure 2.12: Surface modification of electrode 

2.12 Electrochemical methods 

The voltammetric approaches are the measurement of the current changes from 

the electrochemical reactions of the analyte at the surface of the electrode. Voltammetric 

experiments are performed in an electrochemical cell which consists of two or three 

electrodes, i.e working electrodes (WE), counter electrodes (CE) or auxiliary electrodes 

and reference electrodes (RE). The electrochemical reactions under investigation occur 

at the WE, where the CE is used to complete the circuit. The potential for RE should be 

consistent as it is the reference potential for the WE. To maintain a constant potential of 

the RE, the RE is introduced inside the electrochemical cell (three-electrode system) as 

shown in Figure 2.13. The most important function of RE is that it can maintain the 

potential constantly even if there are any changes in the analyte concentration in the 
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solution. The three electrodes are immersed inside a container containing inert supporting 

electrolytes which is not easily oxidized or reduced and the chemical species to be 

investigated. The supporting electrolyte is important because it can decrease the 

resistance of the solution and remove the influence the electromigration. The flow of 

current between the WE and CE is a function of potential and is measured by an 

instrument called potentiostat or galvanostat. This voltammetric measurement is drawn 

through the current versus potential plot which is referred to as the voltammogram 

(Stradiotto et al., 2003). Different types of voltammetric approaches are as follows. 

 

Figure 2.13: The three electrode system electrochemical cell. 

2.12.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is a popular and effective electrochemical technique 

that is commonly used for the investigation of the redox reaction of molecular species. 

The electrochemical characteristics of an analyte in solution or a molecule that is adsorbed 

on the electrode surface can be investigated through a CV. CV is accomplished by cycling 

the potential of the WE versus the RE and measuring the current. The WE potential is 

usually measured against a RE which contains a stable and well-known potential. The 

applied potential generates an excitation signal (Farghaly et al., 2014). The potential scan 

can be negative from a more positive potential to a more negative potential. The switching 
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potential is a state where a sufficient voltage is reached to undergo an oxidation or 

reduction reaction of an analyte. For the reverse potential, the scan could be from positive 

to negative. When an oxidation reaction is required for some analytes, the potential could 

be scanned from the positive direction. The voltage rate shifts overtime during each phase 

is called the scan rate of that specific experiment. If the electron transfer is fast on the 

surface of the working electrode and when the current is limited by the diffusion of the 

analytes to the electrode surface, then the peak current is proportional to the square root 

of the scan rate (Gosser, 1993). The relationship can be explained through the Randles-

Sevcik equation. Then the experiment samples a little portion of the solution such as the 

diffusion layer of the electrode surface. In sensor applications, the CV experiments are 

used to determine the electrochemical performances of the unmodified and different 

modified electrodes in the presence and absence of the target analytes. The influences of 

different pH, pH optimization, influences of different scan rates and scan rate 

optimization are also accomplished by this technique. The active surface area of the 

electrode can also be calculated using the Randles-Sevcik relationship from the CV 

technique. The Randles-Sevcik relationship is shown as follows: 

ip = 2.69 × 105 A C D1/2 (n)3/2 ʋ1/2 

ip = redox peak current (Amp), A = surface area of the electrode (cm2), n = number of 

transferred electrons, C = concentration of the ferricyanide solution (mol cm-3), D = 

diffusion coefficient (7.60 × 10-6 cm2 s-1) and ʋ = scan rate (V s-1) (Lether & Wenston, 

1987). 
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Figure 2.14: A potential time curve of cyclic voltammogram which is obtained by  
                      measuring the current at the WE during the potential scans (a). A cyclic  
                      voltammogram resulting from a single electron reduction and oxidation (b). 
 
The voltammogram is plotted with current versus applied potential. The voltage sweeps 

between V1 and V2  at a fixed rate. During the forward scan of the reducing potential, the 

cathodic current is low. But when the applied potential is gradually increased, the cathodic 

current increases over time with the presence of a reducible analyte in the solution. When 

the reduction potential of the analyte reaches some point, the decline of the cathodic 

current occurs due to the exhaustion of the concentration of reducible analytes. When the 

voltage reaches V2 the scan reverses and the voltage sweeps back to V1. If the redox 

couple is reversible the reduced analyte will be re-oxidized in the reverse scan producing 

an anodic current. The scan rate, (V2 - V1)/ (t2 - t1), is a crucial factor because an adequate 

time must be provided to perform the scan rates to allow for the completion of a successful 

chemical reaction as shown in Figure 2.14 (Streeter et al., 2008). 

2.12.2 Differential pulse voltammetry 

Differential pulse voltammetry (DPV) is an analytical tool for quantitative 

electrochemical analysis the investigation of the kinetics and the mechanism of the 

electrochemical reaction. DPV is a sensitive technique that is similar to squarewave 

voltammetry but offers multiple benefits over other electrochemical techniques. These 

techniques possess a short pulse time which enhances the measured Faradic currents. The 

DPV technique is applied for the evaluation of the analytical application of an 

electrochemical nano-device (Adeloju et al., 1985). The highest to lowest analytic 
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concentration range (linear range) and the lowest concentrations of analytes i.e limit of 

detection (LOD) that is possible for a WE to detect can be calculated by the corresponding 

curves in this technique. LOD can be calculated by the following equation. 

 LOD = 3 × Sb/m 

Here, 3 is the signal to noise ratio of 3, Sb denotes the standard deviation of the blank 

sample and m denotes the slope of the calibration curve (Akhter et al., 2018).   

2.12.3 Squarewave voltammetry (SWV) 

SWV is a sensitive, small amplitude and rapid responsive approach which is 

designed to identify not only the contribution of Faradic signals but also the parasitic 

charging currents. The analysis of the characteristics specifications of this approach also 

offers the investigation of the reaction kinetics and mechanism of the electrode process 

subjected to the study. The shape of the potential current curve is measured by the applied 

potentials height ΔE, which might differ corresponding to the potential steps Estep (mV) 

and duration τ. In the applied potential vs. time curve, t refers to the pulse width, and f 

refers to the pulse application frequency (Osteryoung & Osteryoung, 1985). The currents 

are measured two times, at the ending of forwarding potential pulse and reverse potential 

pulse and in both cases, the current is measured immediately before the reverse of the 

potential direction. The signals can be achieved from the intensity of differential current  

ΔI. The effect of the current signal generated from capacitive current is very minimal. 

The measurement of current at two different intervals in each squarewave sequence and 

two waveforms of current are gathered and saved as they have the diagnostic utility. A 

plot is drawn between the differential current and applied potential which indicates the 

redox (reduction-oxidation) processes. The peak obtained from the plot is directly 

proportional to the redox-active analytes. As SWV has high sensitivity and is considered 

as an improvement over other analytical approaches, this technique has been used 

frequently for several electrochemical investigations in recent years for the development 
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of electrochemical nano-device, analysis of pharmaceutical preparations etc (Lovrić & 

Komorsky-Lovric, 1988). 

Selectivity, stability, real sample study are the quantitative analysis and 

prerequisites for the construction of any successful sensor. In this thesis, the quantitative 

analysis of the desired analyte was conducted by differential pulse voltammetry and 

square wave voltammetry. 

2.13 Electrochemical impedance spectroscopy (EIS) 

 The EIS is an electrochemical method that measures the impedance of any system 

subjected to an AC potential and depend on the frequency of AC potential. It is a complex 

approach in electrochemical research. EIS is performed to investigate the intrinsic 

characteristic of a material that affects the electrical conductivity or capacity of an 

electrochemical system. By changing the excitation frequency for the applied potential 

within a frequency range, the impedance can be calculated. The impedance combines the 

real impedance and imaginary impedance of any system as a function of perturbation 

frequency which are the electrical resistance and reactance (Lasia, 2002). Generally, the 

Nyquist plot and Bode plot are implemented for the presentation of data in EIS, but for 

most electrochemical analyses, the Nyquist plot is presented as shown in Figure 2.14. The 

impedance technique is considered as an effective approach to investigate the electrode-

electrolyte interface i.e electrical properties resulting from the reactions at the surface of 

the fabricated electrodes (Jorcin et al., 2006). Univ
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Figure. 2.15:  A typical electrochemical impedance spectroscopy 

2.14 Application of biopolymer-based carbon nanocomposites 

 2.14.1 Electrochemical sensing of the target molecules 

Cellulose and chitosan are the most abundant biopolymers on earth. Their 

availability, biocompatibility, cost-efficiency and chemical inertness make them lucrative 

and a green alternative for large scale production over other commercial synthetic 

biopolymers. Both of them are utilized enormously in electrochemical applications such 

as in the fabrication of electrochemical sensors and biosensors. Cellulose and chitosan 

have almost a similar molecular structure except for the presence of an amine (NH2) group 

as a pendant functional group in CTS. For the past few years, both cellulose or 

nanocellulose and CTS have been utilized enormously in different electrochemical 

applications such as electrochemical sensors and biosensors etc.  Among the carbon 

nanomaterials, multiwalled carbon nanotubes and nitrogen-doped graphene possess 

exceptional electrical conductivity, electro-catalytic activity, cost-effectiveness and have 

a facile synthetic approach, suitable and widely used in the fabrication of sensors. 

 Mao et al (2015) reported a nanocomposite of  MWCNT and chitosan-copper 

complex using the self-assembly approach for the electrochemical determination of 
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paracetamol in tablets and human serum samples. They modified a glassy carbon 

electrode (GCE) with MWCNTs/CTS-Cu by a simple and inexpensive CV and DPV 

method. They demonstrated that the electrode showed excellent electrocatalytic 

performance for the oxidation of paracetamol in pH 7.0 PBS with good stability, high 

selectivity and sensitivity, wide linear range and a low detection limit. Shahrokhian et al 

(2015) reported the catalytic activity of nanocellulose and carbon nanoparticles 

nanocomposite film toward the oxidation of metoclopramide in presence of pH 7.0. They 

prepared a GCE modified with NC/CNPs using electrodeposition and studied the linear 

sweep voltammetry (LSV) and CV of the modified electrode. The fabricated NC/CNPs 

is an efficient, low cost and facile approach for the electrochemical determination of 

metoclopramide in pharmaceuticals and clinical preparations with rapid response, good 

reproducibility, high stability, broad linear range and low detection limit. Mahmoud et al 

(2020) synthesized a nanohybrid composite of nitrogen and sulphur co-doped graphene 

quantum dots and nanocellulose for the electrochemical sensing of anti-schizophrenic 

drug olanzapine in pharmaceuticals and human biological fluids and the fabricated sensor 

was studied by CV and squarewave adsorptive stripping voltammetry (SWADSV). They 

reported that the fabricated electrodes exhibited good electrocatalytic activity towards the 

electro-oxidation of olanzapine in the presence of pH 7.0 with good selectivity, 

sensitivity, stability and reproducibility. Anirudhan et al (2018) developed a 

nanocomposite of silylated Graphene oxide–grafted-chemically modified nanocellulose 

(Si-GO-g-CMNC) for the selective sensing of cholesterol and was studied by CV and 

DPV. They claimed that the fabricated electrode showed good redox performance toward 

the electrochemical determination of cholesterol in pH 7.4 with a broad linear range, low 

limit of detection, good stability, high selectivity and good reproducibility. 
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CHAPTER 3: BIOPOLYMER BASED HYBRID (NANOCELLULOSE/F-

MWCNTS) NANOCOMPOSITE FOR THE ELECTROCHEMICAL SENSING 

OF DICLOFENAC SODIUM IN PHARMACEUTICAL DRUGS AND 

BIOLOGICAL FLUIDS 

3.1 Introduction 

Diclofenac sodium (DCF) (sodium [o-(2, 6-dichloroanilino) phenyl] acetate) is a 

safe and widely used painkiller. The non-steroidal anti-inflammatory drug (NSAID) is 

generally prescribed as an anti-pyretic, anti-rheumatic, analgesic and anti-inflammatory 

drug for joint degenerative disease and arthritis treatment (Okoth et al., 2018). In addition, 

it is administered for the treatment of musculoskeletal injuries, ankylosing spondylitis, 

post-surgery analgesia, osteoarthritis and sports injuries. It inhibits the synthesis of 

prostaglandin through the inhibition of the cyclooxygenase enzyme and is the primary 

mechanism of its analgesic, anti-thermal and anti-inflammatory effect (Goyal et al., 

2010). Usually, the sodium salt of DCF is used because of its Generally solubility. The 

DCF is easily metabolized by the hepatic enzyme. 

DCF has a half-life (t1/2) of 1-2 h, a protein binding capability of 99% and a 

volume distribution of 0.171 kg-1. DCF travels easily through the synovial fluid. Thus the 

determination of low concentrations of DCF from pharmaceutical dosage forms and 

environmental samples is very important (Shalauddin et al., 2017).  The long-term 

consumption of DCF by patients suffering from the Shy-Drager syndrome and diabetes 

could result in adverse effects such as heart attack and stroke (Aguilar-Lira et al., 2017). 

Due to these effects and the huge commercial demand in pharmaceuticals, medical and 

biomedical applications, it is very important to develop a facile, sensitive, selective, 

accurate and cost-effective technique for the detection of  DCF (Mofidi et al., 2017). 
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Several analytical techniques have been developed for the quantification of DCF 

such as spectrophotometry (Lucas et al., 2014), gas chromatography-mass spectrometry 

(Borenstein et al., 1996), liquid chromatography (Elkady, 2010), and thin-layer 

chromatography (Sun et al., 1994). These conventional techniques have several 

disadvantages such as high cost, time-consuming, the need for chemical reagents and pre-

treatment steps before the analysis, which could be complicated for the detection of 

certain analytes (Goyal et al., 2010). Electrochemical methods have drawn great attention 

recently because of their rapid response, simple procedure, higher sensitivities and 

possible miniaturization for on-site detection (Rodríguez et al., 2007). For example, 

several potentiometric (Kormosh et al., 2009) and voltammetric methods (Afkhami et al., 

2016; Aguilar-Lira, Álvarez-Romero, et al., 2017)  have been reported for DCF detection. 

Voltammetric techniques have advantages such as accuracy, simplicity, swiftness, 

selectivity and cost-effectiveness, even though the unmodified electrode generally shows 

a lower response towards DCF electro-oxidation (Yang et al., 2008). 

  Carbon nanotubes (CNT) consist of single or multiple layers of sp2 hybridized 

carbon atoms which are folded into nano-cylinders (Thostenson et al., 2001). The two 

main types of CNT are the single-walled carbon nanotubes (SWCNTs) and multi-walled 

carbon nanotubes (MWCNTs) (Yang et al., 2008). Since their discovery, CNTs have 

gained significant attention due to their unique properties such as excellent electrical 

conductivity, good chemical, mechanical and thermal stability, high tensile strength and 

elasticity (Gooding, 2005). Among these two types of CNT, MWCNT has gathered 

significant attention from researchers due to their unique properties such as expanded 

surface area, sharp electrochemical response, good adsorption ability, better chemical 

stability, significant electrical conductivity and higher mechanical strength (Yang et al., 

2015). However, pristine CNT is insoluble in water and could not be used for electrode 

fabrication. In recent years, the functionalization of CNT is an effective method of 
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activation. The functionalization process effectively removes impurities from the CNT, 

increases the dispersion in water and also improves the electrochemical performance. 

More importantly, functionalization provides stronger anchoring of the CNT which 

facilitates the fabrication of the modified electrode. Functionalized MWCNTs (f-

MWCNT) have been utilized for the fabrication of nanocomposites in various 

applications such as electrochemical sensors, biomedical science, medicine and 

electronics (Hu et al., 2010; Perez-Lopez & Merkoci, 2012). 

Cellulose is a biocompatible and prominent sustainable material, is also the most 

available and unlimited natural biopolymer (Taheri et al., 2018). It has been utilized 

substantially to produce nano-structured cellulose or nanocellulose (NC) by nanoscale 

isolation, which is free from hierarchical structural defects (Moon et al., 2011). NC is one 

of the most cost-effective, bio-degradable, biocompatible, environmentally friendly and 

easily available green nanomaterial (Xue et al., 2017). Recently, the drive towards large 

scale production of NC has shown advancements due to the improved mechanical 

characteristics and thermal stability of several host matrices (Lin et al., 2012). Cellulose 

could enhance the selectivity and sensitivity of electrochemical sensors for the detection 

of certain analytes. As cellulose possesses good adhesion properties, it prevents the 

leaching of nanoparticles from the electrode surface. Thus a remarkable improvement can 

be obtained for the long term stability of the modified electrode (Guiomar et al., 1997). 

Cellulose is composed of repeating cellobiose units that contain six free OH groups, an 

acetal linkage and a single hemiacetal linkage which are attached by strong inter and 

intramolecular hydrogen bondings. The hydrogen bonds also provide the NC fibers with 

large aspect ratios, surfaces functionalized with OH groups and a distinguished axial 

elastic modulus configuration. Moreover, NC possesses a large amount of OH groups 

which can be further modified for the incorporation of binding sites for the selective 

adsorption of different analyte species (Portaccio et al., 2007). These combined 
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characteristics make the nanostructured cellulose fibers an ideal building block for 

conjugation with other functional materials such as polypyrrole (Wang et al., 2014), 

graphene (Yan et al., 2014) and CNT (Wang et al., 2013). Furthermore, one of the 

interesting properties of cellulose is, without any modification cellulose fibers increase 

the ionic conductivity when utilized in any electrochemical applications, as they promote 

ionic mobility by producing ion conduction pathways (Gui et al., 2013).  

Based on the aforementioned issues, it is reasonable to presume that a 

nanocomposite of NC and functionalized MWCNTs should display strong, flexible and 

effective electrodes with superior mechanical integrity and electrochemical performance 

for the detection of certain analytes. Wang et al. (1987) reported a modified GC electrode 

with cellulose acetate utilized for the detection of an antipsychotic drug, chlorpromazine 

(oxidizable organic compounds) by adsorptive stripping voltammetry. Shahrokhian et al. 

(2015) reported a GC electrode modified with a nanocomposite of NC and carbon 

nanoparticles for the sensitive electrochemical detection of the anti-emetic drug 

metoclopramide. 

Herein, we report an electrochemical sensor based on GC electrode modified with 

NC and f-MWCNTs for the first time for the sensitive determination of DCF. The 

electrochemical performance of DCF at the GC electrode modified with nanocomposite 

of NC and f-MWCNTs was analysed by differential pulse voltammetry (DPV) and cyclic 

voltammetry (CV). This present work shows a broad linear range and low LOD for DCF 

detection compared to previous studies (shown in Table 3.1). The results showed an 

extraordinary expansion of the surface area and increased interfacial electron transfer 

rates which enable a new avenue for electrochemical determination of DCF. Finally, the 

electrode was utilized for the voltammetric determination of DCF from tablet and 

ampoule preparations, human blood serum and urine samples. The fabricated 
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nanocomposite proved to be simple, rapid and effective, with high sensitivity and 

selectivity for the detection of DCF in real samples.  

3.2 Experimental section 

3.2.1 Chemicals  

Diclofenac sodium, cellulose, dopamine, ascorbic acid, K2HPO4 and KH2PO4 

were procured from Sigma Aldrich (Malaysia). All chemicals were of analytical grade 

and used without further purification. Pristine MWCNT (> 99.9 wt% purity, diameter 8-

15 nm, length 10-50 µM) was procured from Bay Tubes, Germany. The aqueous solutions 

were prepared in deionized water (DI). A 1.0 × 10-3 M DCF stock solution was prepared 

daily. The solution was kept in the dark at 4 ºC. A 0.2 M phosphate buffer solution (PBS) 

at pH 4 was prepared by dissolving 0.132 gm of K2HPO4 and 0.169 gm of KH2PO4 in DI 

water.  

3.2.2 Instrumentation   

Electrochemical experiments were performed on Autolab AUT72609 

galvanostat/potentiostat from Ecochemie (Netherlands). Differential pulse voltammetry 

(DPV) and cyclic voltammetry (CV) were performed in a three-electrode single 

compartment electrochemical cell. The galvanostat/potentiostat was interfaced with a 

computer installed with the GPES (general purpose electrochemical system) software to 

run the electrochemical experiments. A GCE (3 mm diameter) was the working electrode, 

while the reference and counter electrodes were Ag/AgCl (3.0 M KCl) and a platinum 

wire, respectively. Field emission scanning electron microscopy (FESEM) was 

performed on SU8030 Hitachi (Japan) while transmission electron microscopy (TEM) 

was performed by Tecnai G2 F20 FEI (U.S). Atomic force microscopy (AFM) was 

performed by AFM5000II Hitachi (Japan) while X-ray powder diffraction (XRD) 
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measurement was carried out by EMPYREAN PANalytical (Netherlands). Fourier 

transformed infrared spectroscopy (FTIR) was performed on a Spectrum 400 

PerkinElmer, (U.S.) while an Invia Raman Microscope Renishaw (UK) was used to 

obtain the Raman spectra. 

3.2.3 Methodology 

 For the synthesis of NC/fMWCNTs nanocomposite, cellulose and pristine 

MWCNTs were used as the precursor materials. The source of cellulose was cotton linter. 

NC and fMWCNTs were synthesized using their precursor material followed by the acid 

hydrolysis method. The GC electrode was fabricated by the drop-casting technique. The 

morphological properties were characterized by FESEM, TEM, AFM, XRD, FTIR and 

Raman spectroscopy. Before the electrochemical experiments, pH and scan rate were 

optimized. CV and DPV methods were employed to investigate the electrochemical 

behaviour of NC/fMWCNTs/GCE sensors. Satisfactory relative standard deviation and 

recovery values were obtained from the real sample analysis. 

3.2.4 Experimental Procedures 

The stock solution was prepared by dissolving the required amounts of the analyte 

in DI water and stored at 4 °C. The standard solutions were prepared by diluting aliquots 

of the stock solution. Nitrogen gas was purged for 10-12 min to deoxygenate the solution 

before the cyclic voltammetry experiments. For Differential pulse voltammetry, the 

conditions were: step E: 0.002V, modulation amplitude: 0.05V, initial E: 0.5V and final 

E: 0.8V. 
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3.2.5 Preparation of functionalized MWCNT 

The synthesis of f-MWCNT from pristine MWCNT was performed as described 

(Karthik et al., 2017). The pristine MWCNT (0.3gm) was dispersed in a mixture of nitric 

acid (70 ml) and sulfuric acid (210 ml) (1:3 ratio) and refluxed for 24 h. After this, the 

COOH-pristine MWCNT dispersion was diluted. Then the dispersion was filtered 

through a filter paper and the residue was washed several times with DI water until 

reaching pH 7.0. Finally, the obtained f-MWCNT was dried at 80 °C for 24 h and were 

characterized by FESEM, TEM, XRD, FTIR and Raman spectroscopy. 

3.2.6 Synthesis of nanocellulose 

Nanocellulose was synthesized from cellulose (source: cotton linter) as described 

elsewhere (Zhang et al., 2007). The cellulose (0.5 gm) was dispersed in a combination of 

hydrochloric acid (12.1N, 50ml) and sulfuric acid (36.0 N 150ml) (1:3) and refluxed for 

16 h. The dispersion was diluted by DI water using a centrifuge (2000 RCF). After 

washing, the product was added with 0.1M NaOH until pH 7.0. Then the solution was 

further washed 3 times with DI water (3 x 150 mL) followed by dialyzation with the 

membrane tube with continuous stirring for 24 h. Finally, the product was dried in an 

oven at 70 ºC for 24 h. The final product was a pale white powder and analysed by 

FESEM, TEM, AFM, XRD, FTIR and Raman spectroscopy. 

3.2.7 Fabrication of the modified glassy carbon electrode (f-MWCNT/NC/GC 

electrode) 

Firstly, the surface of the bare GC electrode was polished carefully by alumina 

powder on a microcloth (Buehler) and washed with DI water to reach a mirror-like 

surface. Then, 2 mg of f-MWCNT was dispersed by sonication in 2 mL DI water for 30 

min. The nanocellulose suspension was prepared by dissolving 2 mg of nanocellulose in 

Univ
ers

iti 
Mala

ya



 

57 

1 mL of DI water and sonicated for 30 min. First, a 5 µM of nanocellulose suspension 

was drop-casted onto the GC electrode surface and left to dry. This was followed by the 

drop-casting of 6 µM of f-MWCNT on the GC electrode surface and left to dry at ambient 

temperature (fabrication step shows in Figure 3.1). The bare GC electrode and f-

MWCNT/NC/ GC modified electrode was studied by FESEM, TEM and AFM imaging. 

 

Figure 3.1: Fabrication of f-MWCNT/NC/ GC modified electrode for the detection of 
DCF 

3.2.8 Preparation of real samples 

To prepare the DCF tablet solution, two DCF tablets (50 mg) were completely 

ground and homogenized into powders. The powders were dissolved in DI water and 

stirred by a mechanical stirrer for 45 min. Then the solution was filtered through a syringe 

filter membrane (0.45 µm pore diameter). The filtrate was diluted in 0.2 M PBS to prepare 

a 0.1 mM stock solution of DCF. An accurately measured volume of 5 DCF sodium 

ampoule mixture equivalent to 15.65 mg of DCF sodium was diluted with 0.2 M PBS. 

Then, 1 mL of this solution was diluted with PBS and analyzed. Human serum specimens 

were collected from University Malaya Hospital while human urine specimens were 

collected from healthy volunteers. For the blood collection, we prepared a request letter 

with the supervisor’s signature on it. After handover the letter to the head of the nurse 

with proper evidence, we were able to collect the human blood from them. The human 
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blood serum sample was centrifuged at 4000 rpm for 15 min and filtered. After filtration, 

it was diluted 10 times using a 0.2 M phosphate buffer solution without further treatment. 

The urine samples were diluted (4 times) in 0.2 M PBS. Different concentrations of DCF 

were added to the diluted urine samples. The recovery tests were performed using DPV 

for the measurement of DCF from DCF tablet dosage forms containing human blood 

serum and urine. 

3.3 Aim of the research 

This study aims to fabricate a new modified electrode based on NC and f-

MWCNT. The combination of these two materials into a nanocomposite is expected to 

improve the properties of the nanocomposite compared to the single material. Thus the 

synergistic effect between NC and f-MWCNT and the excellent electrical conductivity is 

a hallmark for the high-performance electrochemical sensing of DCF. 

3.4 Results and discussions 

3.4.1 Materials characterizations 

FESEM, TEM, AFM, XRD, FTIR and Raman experiments were used to 

characterize the key building blocks of the sensor. The surface morphology of different 

modified electrodes (NC/GC electrode, f-MWCNT/GC electrode and f-

MWCNTs/NC/GC electrode) was studied by FESEM as illustrated in Figure 3.2 (A and 

B) showing a well-distributed NC and f-MWCNT. Figure 3.2C clearly shows a smooth 

surface of NC and f-MWCNT composite on the bare GC electrode. The NC layer is fully 

covered with a layer of f-MWCNT. Due to the presence of NC, the surface morphology 

of the modified electrode becomes light in colour (charging effect) compared to the f-

MWCNT in Figure 3.2B. The excellent homogeneous distribution of NC and f-MWCNT 

is due to the porous structure and high surface to volume ratio of the NC and f-MWCNT. 
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This excellent morphology promotes higher electrical conductivity and a faster interfacial 

electron transfer process. Figure 3.2D presents the TEM image of the final nanocomposite 

NC and f-MWCNT, which reveals that the f-MWCNTs is homogeneously dispersed in 

the NC turning into individual or smaller f-MWCNT bundles. Furthermore, due to the 

large surface area and water dispersion of NC,  f-MWCNTs can be strongly adsorbed on 

the surface of NC (Hamedi et al., 2014). Appendix 3.1 (Figure A, B, C) shows the TEM 

images of NC and f-MWCNTs on GCE and nanocomposite of NC/ f-MWCNTs in 

different magnifications. 

AFM was used to analyse the morphology of the NC and NC/ f-MWCNTs thin 

films (topology of 2 x 2 µm) as shown in Figure 3.3. Both images indicate a homogeneous 

distribution of NC (Figure 3.3A) and NC/ f-MWCNTs (Figure 3.3B) on the GC electrode. 

The deposited nanoparticles are spherical and their size ranges from 5.8-78.6 nm. The 3D 

images (Figure 3.3C and 3.3D) revealed that the sample height has increased from 23 nm 

to 35 nm in the final composite (NC/ f-MWCNTs) compared to the first sample (NC). 

This confirmed the successful deposition of NC and f-MWCNTs on the GC electrode 

surface. From the topology and 3D images, it is clear that the surface roughness has been 

increased and became more porous in the final composite (NC/ f-MWCNTs). These 

features facilitate the charge transfer rate, catalytic performance, sensitivity and fast 

response time of the sensor (Siqueira et al., 2008). 
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Figure 3.2: FESEM image of NC (A), f-MWCNTs (B), NC / f-MWCNTs composite (C)                           
                    and TEM image of NC / f-MWCNTs composite (D). 
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Figure 3.3: Atomic force microscopic (AFM) image of NC (A) and NC/ f-MWCNTs (B). 

Appendix 3.2 shows the XRD patterns of NC, f-MWCNTs and NC/f-MWCNTs 

powders. From appendix 3.2 (curve a), the powder XRD patterns display distinct peaks 

at 16º and 23º. These peaks are attributed to the presence of NC ( Lu & Hsieh, 2010). 

Curve b is the XRD of f-MWCNTs with peaks at 26º and 42º. This observation affirms 

that the MWCNT retained the same tubular structure after the functionalization process. 

Curve c of the NC/f-MWCNTs composite shows the same characteristics peaks for NC 

and some additional peaks at 25.8º and 42.9º which confirms the presence of NC and f-

MWCNTs (Shanmugharaj et al., 2007). Therefore, the XRD data confirms the presence 
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of NC and f-MWCNTs and the successful synthesis of NC and f-MWCNTs 

nanocomposite. 

FTIR spectroscopy was used to investigate the main functional groups present in 

Figure 3.4A cellulose (a), NC (b), and figure 3.4B pristine MWCNTs (a) and f-MWCNT 

(b). Figure 3.4A shows a broad band between 3500-3200 cm-1 attributed to the free OH 

stretch. The characteristic C-H stretch at 2900 cm-1 is observed for both cellulose and NC 

(Mandal & Chakrabarty, 2011). Nanocellulose possesses a higher density of hydroxyl 

groups (Stenstad et al., 2008). Thus after the chemical treatment, transmittance peaks 

were seen between 1653-1645 cm-1 in the NC spectrum attributed to the OH bending of 

absorbed water (Le Troedec et al., 2008). The C-O-C stretch of the pyranose ring occurs 

at around 1050 cm-1 (Pappas et al., 2002). The C-C stretch at 1155 cm-1 and C-O-C 

glycosidic band at around 1105 cm-1, of the polysaccharide, diminishes in the NC due to 

the molecular weight reduction and acid hydrolysis (Garside & Wyeth, 2003). Figure 

3.4B is the spectra of pristine (a) and f-MWCNTs (b) with methylene 

asymmetric/symmetric stretch at 2892 cm-1 and 2914 cm-1 (Shalauddin et al., 2017). But 

a sharper peak is observed at around 1732 cm-1 in the f-MWCNTs spectrum (curve b) due 

to the presence of the C=O group from the acid hydrolysis process (Afkhami et al., 2016). 

The Raman spectra of cellulose (a) and NC (b) are shown in Figure 3.4C. The 

ratio of the D and G band (Id/Ig) is used to predict the defect density of the samples. The 

regions below 1600 cm-1 and above 2700 cm-1 are more sensitive to the presence of 

cellulose backbone and hydrogen bonding, respectively. The D and G bands of cellulose 

occur around 1097 cm-1 and 1323 cm-1, while the 2D band is present at 2899 cm-1 (H. Luo 

et al., 2014). The D and G bands of NC occur around 1091 cm-1 and 1341 cm-1, 

respectively. The 2D band at 2905 cm-1 is attributed to the C-H and O-H stretching. The 

intensities of the D, G and 2D bands of NC are larger than cellulose due to the greater 
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amount of crystallinity in the NC compared to cellulose (Agarwal, 2017). Figure 3.4D is 

the Raman spectra of pristine MWCNTs (a) and f-MWCNTs (b). The G band of pristine 

MWCNTs occurs at 1576 cm-1 is attributed to the Raman active E2g and is analogous to 

that of graphite. The peaks of the D band at 1343 cm-1 and the 2D band at 2680 cm-1 are 

due to the defects in the pristine MWCNTs. The increased intensity of the D and 2D bands 

after the acidic functionalization of f-MWCNTs confirms the successful attachment of the 

functional groups on the surface of pristine MWCNTs (Vinayan et al., 2012). 

  

  

 
Figure 3.4: FTIR spectra of Cellulose and NC (A), Pristine and f-MWCNT (B). Raman        
                   spectra of Cellulose and NC (C), Pristine and f-MWCNT (D). 
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3.4.2 Surface area calculation of the modified electrode 

The effective surface areas of the bare GCE, NC/GC electrode, f-MWCNTs/ GC 

electrode and f-MWCNTs/NC/ GC electrode were calculated to investigate the effect of 

surface modification. Chronocoulometry was performed in an aqueous solution of 1 mM 

K3[Fe(CN)6] in 0.1 M KCl supporting electrolyte at 100 mV s-1. The integrated Cottrell 

expression of the charge (Q) as a function of time is represented below: 

Q = 2nFAcD1/2 t1/2  π -1/2  +  Qdl  +  nFAΓ 0        (3.1) 

Where the number of electrons transferred is n (n = 1), the Faraday constant is F, 

the working electrode surface area is A, the concentration of K3[Fe(CN)6] is c and the 

diffusion coefficient of 1 mM K3[Fe(CN)6] is D (7.6 × 10−6 cm2 s−1). Besides, nFAΓ0 is 

the electrolysis of the adsorbed species, where Γ0 is the quantity of the absorbed reactants 

and Qdl is the capacitive charge, which can be subtracted from the background current. 

The chronocoulograms displays a linear relationship of Q and t1/2, with a slope of 25 μC 

s−1/2 and 272 μC s−1/2, corresponding to the bare GC electrode and f-MWCNTs/ GC 

electrode, respectively. From the above equation, the effective surface area of the bare 

GC electrode, NC/ GC electrode, f-MWCNTs/ GC electrode and f-MWCNTs/ NC/ GC 

electrode is 0.052, 0.081, 0.078 and 0.217 cm2, respectively. The f-MWCNTs/ NC/ GC 

electrode surface area is approximately 4.2 times larger than the bare GC electrode, which 

indicates that a larger electrochemically active surface area was achieved by the 

chemically modified GC electrode which enhances the conductivity of the modified 

sensor. 

3.4.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was utilized to investigate the electrical 

conductivity of the f-MWCNTs/NC/GC electrode. The electron transfer resistance (Rct) 
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at the electrode/electrolyte interface is obtained from the semicircle diameter in the 

Nyquist plots. Figure 3.5 shows the Nyquist plots of the unmodified GC electrode (blue 

dashed curve), NC/ GC electrode (red dashed curve), f-MWCNTs/ GC electrode (green 

dashed curve) and f-MWCNTs/NC/ GC electrode (purple dashed curve) which were 

performed in 0.1 M KCl with 5 mM K3Fe(CN)6/K4Fe(CN)6 between 100 kHz to 100 

mHz. From the data fitting, the charge transfer resistance (Rct) of the bare GC electrode 

is 1486 Ω. With the presence of NC, the Rct decreases to 415 Ω due to the increase of ion 

transport of the NC. The Rct value is 302.9 Ω for the f-MWCNTs/ GC electrode due to 

the presence of f-MWCNTs electrical conductor. The Rct value of the modified 

nanocomposite decreases to 72.1 Ω due to the faster electron conductivity of f-

MWCNTs/NC/ GC electrode compared to the NC and f-MWCNTs modified GC 

electrode. This result demonstrates that the modified electrode exhibits a lower electron 

transfer resistance which greatly increases the electron transfer rate. 

 

Figure 3.5: Nyquist plot of GCE (blue - dashed curve), NC/GCE (red – dashed curve), f-                 
                    MWCNTs/GCE (green – dashed curve), f-MWCNTs/NC/GCE (purple –    
                    dashed curve) in 0.1 M potassium chloride solution with 5.0 mM [Fe (CN)                             

                              6]3-/4-. Inset is the equivalent circuit for the fitting. 
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3.5 Electrochemical investigation of DCF at f-MWCNTs/NC/GC modified electrode 

3.5.1 Electrochemical oxidation of DCF  

To examine the electrochemical performance of the proposed sensor, CVs of DCF 

at f-MWCNTs/NC/GC electrode, f-MWCNTs/ GC electrode, NC/ GC electrode and 

unmodified GC electrode, were performed in 0.2 M PBS (pH 4) with 50 µM DCF at 100 

mV s-1. Figure 3.6 shows that the DCF is irreversibly oxidized at 0.69 V at the bare GC 

electrode (black solid curve). The NC/ GC electrode shows a broad peak at around 0.69 

V (red solid curve) in the presence of DCF with a peak current of approximately 1.5 times 

larger compared to the bare GC electrode. This could be attributed to the anchoring sites 

and porous structure of NC with larger surface area (section 3.2) which allows ion 

transport, thus increases the accessibility of DCF. The oxygen in the DCF molecule 

interacts with the OH groups in NC through the intra and intermolecular hydrogen 

bondings. In contrast, the f-MWCNTs/ GC electrode (blue-solid curve) shows a sharp 

anodic peak (Epa) at 0.68 V. The peak current for DCF oxidation at the f-MWCNTs/ GC 

electrode is remarkably improved, around three times greater compared to the bare GC 

electrode. This is attributed to the higher electrical conductivity of the f-MWCNTs. The 

f-MWCNTs/NC/ GC electrode shows a strong and well-defined anodic peak (Epa) for 

DCF oxidation (pink-solid curve) at 0.67 V and is approximately five times greater 

compared to the bare GC electrode. 

The improved oxidation current of DCF in the presence of NC and f-MWCNTs is 

due to two reasons. In the NC/ f-MWCNTs nanocomposite, NC provides a hydrophilic 

surface on the GC electrode, while the f-MWCNTs prevents the agglomeration of NC 

which gives a rougher surface (section 3.3.1 AFM) and larger surface area of the 
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nanocomposite. This results in the increased absorption of DCF on the electrode surface 

compared to the single layers of NC and f-MWCNTs, resulting in the improved 

electrochemical oxidation of DCF. Secondly, the increase in the peak current response of 

DCF indicates a synergy between the NC and f-MWCNTs which enhances the electrical 

conductivity of hybrid NC/ f-MWCNTs nanocomposite (section 3.3.3 EIS) and ultimately 

amplifies the current response. The enhancement of electrical conductivity and larger 

surface area of the f-MWCNTs/NC nanocomposite facilitate the electron transfer rate. 

 

Figure 3.6: CV of the bare GC electrode (black solid curve), NC/ GC electrode (red solid        
                    curve), f-MWCNTs/GC electrode (blue-solid curve) and f-MWCNTs/      
                    NC/GC electrode (pink- solid curve), in 50 µM DCF with 0.2 M PBS (pH  
                    4.0) at 100 mV s-1. 
 
3.5.2 Influence of scan rate 

The charge transfer is another performance indicator of the sensing electrode. This 

can be understood from the change of the redox peak current and peak potential with the 

scan rate. Figure 3.7A is the CVs of the f-MWCNTs/NC/ GC electrode in the presence of 

DCF between 10 to 400 mV s-1, while Figure. 3.7B shows that the scan rate increases 

linearly with the oxidation peak current. The fitted regression equation is: 
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Ipa (µA) = 0.0592 (υ /mV s-1) + 4.4236 and (R2 = 0.998)                (3.2) 

The variation of the peak current (Ipa) with the scan rate (mV s-1) indicates that the 

oxidation of DCF at f-MWCNTs/NC/GC electrode is a surface controlled process 

(Shalauddin et al., 2017). This observation was also confirmed by the linearity of the Epa 

with the logarithm of the scan rate, as follows (Figure 3.6C): 

      Epa (V) = 0.0279 log (υ /mVs-1) + 0.6168 and (R2 = 0.999)     (3.3) 

 

  
Figure 3.7: (A) CV of 50 µM DCF on f-MWCNTs/NC/GCE at different scan rates (10  
               mV s-1 to 400 mV s-1) in 0.2 M PBS (pH 4.0). (B) the variation of the peak  
               current of DCF with the scan rate, and (C) variation of peak potential (Epa)  
               with log υ. 
 

3.5.3 Cyclic voltammetry at different pH     

The pH of the supporting electrolyte is one of the controlling parameters for the 

peak potential of DCF oxidation. The pH of a solution usually influences the 
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electrochemical reactions by shifting the redox potential towards more positive or 

negative directions with varying peak currents. To obtain the maximum intensity of the 

oxidation peak currents at lower peak potentials, an optimum pH is required. Figure 3.8A 

shows the influence of pH on the oxidation of 50 µM DCF at the f-MWCNTs/NC/ GC 

electrode from pH 4 to 9 at 100 mV s-1. The CVs of the f-MWCNTs/NC/ GC electrode 

show a strong dependence on the solution pH. The highest peak current is obtained at pH 

4 but gradually decreases as the pH increases from 5 to 9. The highest current response 

for DCF determination was achieved for pH 4, thus pH 4 was considered as the optimum 

pH in this experiment. Figure 3.8B shows that the peak potential of DCF oxidation shifts 

towards a negative direction with the increase of pH, which indicates that the protons take 

part in the electrode reaction. The peak potential (Ep) decreases linearly with the increase 

of pH. The linear relationship could be expressed as follows: 

Epa (pH 4-9) = -0.0556 pH + 0.8168     R2 = 0.998                 (3.4) 

The correlation coefficient and the slope is 0.998 and -0.0556 V/pH, respectively, 

which is close to a Nernstian behaviour. According to the Nernst equation, Ep (mV) = 

59.16 (m/n)/pH (n is the electron number while m is the proton number), which confirms 

that the same number of electrons and protons were transferred in the electrochemical 

oxidation of DCF (Yang et al., 2008). Appendix 3.3 shows the proposed mechanistic 

pathway for the electro-oxidation of DCF at the f-MWCNT/NC/ GC electrode. Univ
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Figure 3.8: (A) Cyclic voltammetry of f-MWCNTs/NC/GCE in 0.2 M PBS between pH  
                    4 to 9 with 50 µM DCF at 100 mV s-1. (B) Plots of the anodic peak potential      
                    of DCF vs. pH. 
 
3.5.4 Sensitivity and limit of detection of DCF 

It is worth mentioning that the main focus of this investigation is to develop a 

sensing electrode to detect low concentrations of DCF. However, the outcome of sensing 

performance depends on the sensing technique. Due to the higher sensitivity, DPV is 

commonly used to detect lower concentrations of the analyte compared to the CV method. 

Thus DPV was used for the quantitative determination of DCF concentration at the f-

MWCNT/NC/ GC electrode. Under optimum conditions, the peak current of oxidation 

increases linearly with the DCF concentration. The voltammograms showed two linear 

segments with different slopes at different concentration ranges of DCF, between 0.05–5 

µM and 6–250 μM, as shown in Figure 3.9A and 3.9C. Similarly, Figure 3.9B and 3.9D 

show the plot of current vs. concentration, between 0.05–5 µM and 6–250 μM, 

respectively. The current values were obtained by subtracting the background current and 

are reported as an average of at least three replicate determinations with a standard 

deviation of less than 3.8% for n = 5. Thus the linear regression equations are: 

Ip (μA) = 2.3667 C + 0.0366 (0.05 - 5 µM)     R2 = 0.998      (3.5) 

Ip (μA) = 0.1950 C + 2.6471 (6- 250 μM)     R2 = 0.999      (3.6) 
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Where C is the concentration of DCF. The correlation coefficients for the expressions 

are 0.999. The limit of detection (LOD) = 3Sb/m, where Sb is the standard deviation for 

the blank sample and m is the slope of the calibration graph. The LOD for the modified 

electrode is 0.013 µM from the second linear segment (based on S/N = 3), where Sb was 

evaluated from five blank samples and 0.04 µM is the limit of quantification. The 

performance of the f-MWCNTs /NC/GC sensor towards the quantitative determination of 

DCF was compared with the previous works with regards to the linear range, LOD and 

summarized in table 3.1. 

  

  

Figure 3.9: (A) DPV response at f-MWCNTs /NC/GC electrode in 0.2 M PBS (pH 4.0)    
                    with different concentration for DCF between 0.05 µM – 5 µM. (B)  
                    Calibration curve (i.e. peak currents vs. DCF concentration) from graph A.  
                    (C) DPV response at f-MWCNTs /NC/GC electrode in PBS (pH 4.0)  
                    containing different concentration for DCF between 0.05 µM – 250 µM. (D)  
                    Calibration curve (i.e. peak current vs. DCF concentration)                      
                    containing different concentration for DCF between 6 µM – 250 µM. 
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Table 3.1: A comparison of various electrodes for the determination of DCF 

Electrode Linear Range 
(µM) 

Detection 
limit (µM) 

Reference 

Cu/CTS/MWCNTs/GCE 0.30– 200.00 0.021 (Shalauddin et al., 2017) 

AuNPs/MWCNT/GCE 0.03– 200.00 0.02 (Afkhami et al., 2016) 

IL/MWCNTs paste electrode 0.30– 750.00 0.09 (Goodarzian et al., 2014) 

Vinylferrocen/MWCNTs paste electrode 5.00– 600.00 2.00 (Mokhtari et al., 2012) 

MWCNTs and IL-modified     carbon ceramic electrode  0.05 – 50.00 0.02 (Sarhangzadeh et al., 2013) 

MWCNTs/Cu(OH)2 nanoparticles/IL-GCE 0.18– 119.00 0.04 (Arvand et al., 2012) 

f-MWCNTs/NC/GC electrode 0.05-  250.00 0.01 This work 
 

3.6 Performance and stability of f-MWCNTs/NC/GC electrode 

3.6.1 Reproducibility and stability 

Stability and reproducibility are the two most important factors which signify the 

feasibility and application of the developed sensor. The stability and reproducibility of 

the f-MWCNTs/NC/GC electrode sensor were investigated by DPV. Five different f-

MWCNTs/NC/GC electrodes were prepared under the same conditions and tested for the 

electrochemical detection of 1.5 µM DCF in 0.2 M PBS. A relative standard deviation 

(RSD) of 4.3% was observed at five different electrodes, which confirms that the f-

MWCNTs/NC/GC electrode possesses acceptable reproducibility. In addition, one of the 

five f-MWCNTs/NC/GC electrodes was selected for the long-term stability tests over two 

weeks shown in Figure 3.10. The DPV of the electrode was carried out once a week. 

When the f-MWCNTs/NC/GC electrode was stored in a dry place at ambient temperature 

(25 °C), the modified electrode retained approximately 96% of the initial peak current 

value after a week and approximately 90% after two weeks of its initial response. These 

results indicate that the f-MWCNTs/NC/GC electrode has acceptable reproducibility and 

stability for DCF determination. 
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Figure 3.10: DPV signal of 1.5 µM DCF in 0.2M PBS at pH 4, (a) first day; (b) after a                   
                     week; (c) after two weeks. 
 
3.6.2 Major interferences in DCF determination 

The strong affinity of the fabricated sensor towards DCF was confirmed from the 

voltammetric measurements performed in biological fluids with the presence of common 

interfering compounds. The selectivity of the fabricated sensor towards the determination 

of DCF was studied in the presence of interference compounds in 20 µM DCF with 0.2 

M PBS. In biological samples, DCF coexists with uric acid (UA), ascorbic acid (AA), 

dopamine (DA), glucose, sucrose, fructose and lactose. However, no significant response 

was observed in the presence of 100 folds excess concentration of biological compounds 

such as UA, glucose, sucrose, fructose and lactose. Figure 3.11 shows that DCF (0.1 mM) 

has an anodic peak with a good peak separation from DA (0.1 M) and AA (0.1 M). These 

results reveal that there was no significant interference with the peak current of DCF at 

the f-MWCNTs/NC/GC electrode even with a 100-fold concentration of AA and DA. The 

f-MWCNTs/NC modified sensor is highly selective for the DCF detection in specific 

applied potential (0.5 to 0.8 Vs-1). Furthermore, in the case of other interfering compounds 

(UA, glucose, sucrose, fructose and lactose), due to the presence of oxygen moieties on 
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their outer surface, they are less favourable to oxidize at pH 4.0. Higher pH is required 

for the oxidation of these interfering molecules. That is why no oxidation peak was 

observed for other interfering molecules. Therefore, it can be concluded that the 

fabricated sensor possesses good selectivity for the detection of DCF instead of AA, DA 

and other interfering compounds. 

 

Figure 3.11: DPV on f-MWCNTs/NC/GC electrode with 0.1 mM DCF and 100 folds 
                      excess concentration of biological compounds such as dopamine (DA),  
                       ascorbic acid (AA), uric acid(UA), glucose, sucrose, fructose and lactose,  
                       in 0.2 M PBS 
 
3.6.3 Determination of DCF in urine and blood serum samples 

The reliability of the proposed f-MWCNTs/NC/GC electrode sensor was 

demonstrated by selecting different concentrations of DCF in a real sample analysis such 

as DCF tablets, DCF ampoules, human blood serum and urine. The recovery tests of DCF 

were performed by DPV technique under optimized experimental conditions. In this 

method, 0.1 mM stock solution prepared from the DCF tablets and ampoules were 

dissolved in 0.2 M PBS solution. 
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 The recoveries vary in the range of 97.2% to 102% for the DCF tablets and 

ampoules as illustrated in table 3.2. Similarly, the standard addition method was also 

utilized for the determination of DCF in human blood serum and urine. The recoveries of 

DCF in the urine and human blood serum samples were calculated in the range of 

98%−104% in table 3.3. The satisfactory recoveries of these DCF tablets and ampoules, 

human blood serum and urine samples indicate that f-MWCNTs/NC/GC electrode shows 

promising applications for the quantitative detection of DCF in biological fluids and 

pharmaceutical preparations. 

Table 3.2: Determination of Diclofenac sodium in pharmaceutical preparations using                             
                  differential pulse voltammetry.  

Sample  Labeled Amount Added Amount    
(µM) 

Found 
(µM) 

Recovery (%) RSD (%) 

Table 50 mg  0.50 0.51 102.00 1.15   
1.50 1.49 99.33 0.85   
3.00 3.05 101.60 0.66 

Ampoule 75 mg/mL 0.50 0.51 102.00 0.95   
1.50 1.52 101.33 1.27   
3.00 3.03 101.00 1.35 

 

Table 3.3: Concentration of Diclofenac sodium in human urine and serum samples at f- 
                  MWCNTs/NC/GCE. 

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

RSD (%) 

Human Urine     
Sample 1 0.50 0.52 104.00 1.75 

 1.00 1.03 103.00 1.26 
1.50 1.47 98.00 0.68 

Human  Serum     
Sample 1 0.50 0.51 102.00 0.84 

 1.00 1.01 101.00 1.17 
1.50 1.49 99.33 1.38 
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4. Conclusions 

In this study, a hybrid of nanocellulose and f-MWCNTs was fabricated through a 

facile sonication and drop-casting method and proved to be an effective electrochemical 

sensor for the detection of diclofenac sodium (DCF). The presence of strong intra and 

intermolecular hydrogen bonding in the nanocellulose due to the abundance of OH groups 

is responsible for the increased anchoring sites for the analyte and also provides a 

distinguishing axial modulus arrangement. In addition, f-MWCNTs possess some 

extraordinary characteristics such as excellent electrochemical response, improved 

solubility and abundant binding sites for increased adsorption of the analyte. These 

synergistic effects are the main reasons for the modified GCE to achieve a higher 

electrochemical response for the electrooxidation of DCF with a wide linear range, better 

selectivity and sensitivity for DCF detection (Table 3.1). These outcomes demonstrate 

that the fabricated hybrid nanocomposite is scientifically interesting, practically effective 

and shows great promise for the determination of DCF from commercial tablets and 

ampoules, human blood serum and urine samples. 
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CHAPTER 4: SIMULTANEOUS DETERMINATION OF PARACETAMOL AND 

NAPROXEN SODIUM BY A NANOCOMPOSITE OF NITROGEN DOPED 

GRAPHENE AND NANOCELLULOSE MODIFIED WITH SODIUM DODECYL 

SULFATE IN PHARMACEUTICAL TABLET AND BIOLOGICAL SAMPLE. 

4.1 Introduction 

The analgesic and antipyretic effects of paracetamol (PCT) (N-acetyl-p-

aminophenol, acetaminophen) were first introduced in the 19th century. PCT is one of 

the most popular, long-established and extensively utilized “over the counter” (OTC) 

drugs worldwide which is administered for the treatment of fever, pain, headache, 

backache, neuralgia etc. However, an overdose of PCT triggers the accumulation of toxic 

metabolites in the human body which are responsible for nephrotoxicity and hepatic 

necrosis leading to higher mortality and morbidity (Goyal et al., 2005).  

Naproxen (NPX), [2-(6-methoxynaphthalen-2-yl) propionic acid is a non-

steroidal anti-inflammatory drug (NSAID) that is widely used as an OTC analgesic and 

anti-inflammatory drug. This drug is generally used for the treatment of stiffness caused 

by kidney stones, rheumatoid arthritis and ankylosing spondylitis (arthritis of the spine) 

(Tashkhourian et al., 2014). The co-administration of PCT and NPX has proven effective 

for pain relief and is clinically validated. The combined therapy of PCT and NPX is 

administered to patients who suffer from rheumatic arthritis (Stefano et al., 2014). Both 

of these drugs are extensively used, thus their presence in wastewater is detrimental to 

the aquatic environments. Therefore, effective and fast detection of these pharmaceutical 

micropollutants is important in modern healthcare (Chin et al., 2014). The molecular 

structure of PCT and NPX were shown in Figure 4.1. 
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Figure 4.1：Chemical structure of PCT (left) and NPX (right) 

The main focus of the present work is the simultaneous detection of PCT and NPX 

by a simple, facile and effective method of detection. Some of the analytical techniques 

for the determination of PCT and NPX are spectrophotometry (Panderi & Parissi-Poulou, 

1994; Sandulescu et al., 2000), titrimetry (Burgot et al., 1997), high-performance liquid 

chromatography (Lippstone & Sherma, 1995; Ravisankar et al., 1998), gas 

chromatography (De Jong et al., 1989; Trettin et al., 2011) and capillary electrophoresis 

(Soini et al., 1992; Wu et al., 2015). Though these techniques have high sensitivity and 

selectivity, they require trained personnel and several pretreatment steps, in addition, are 

expensive as well. On the other hand, electrochemical techniques offer several advantages 

such as simple fabrication, miniaturization, portability, high sensitivity, high selectivity, 

rapid response, broad linear range and facile sample preparations (Bahadır & Sezgintürk, 

2015; Shi et al., 2015). 

Cellulose is a natural polysaccharide found abundantly in nature while 

nanocellulose (NC) is the cellulose in nanoscale dimensions. Recently, NC is produced 

in large quantities as it possesses improved mechanical and thermal stability, unlike the 

inherent structural defects present in cellulose. In addition, NC is derived from 

inexhaustible sources from biomass, cost-effective, biocompatible, eco-friendly, 

biodegradable etc. As NC possesses strong binding properties with certain nanomaterials, 

it prevents the leaching of electro-active materials from the electrode surface, thus 

increases the stability of the sensor (Shalauddin et al., 2019). The surface of NC contains 
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an abundance of OH- groups which provides an elastic modulus arrangement suitable for 

the incorporation of other nanomaterials such as graphene (Yan et al., 2014) and carbon 

nanotubes (CNT) (Wang et al., 2013). 

Nitrogen-doped graphene (NDG) has gathered significant attention in analytical 

sciences especially in electrochemical sensing. NDG possesses outstanding 

physicochemical characteristics such as expanded surface area, high catalytic activity, 

bio-compatibility, high electrical and thermal conductivity. Thus the doping of nitrogen 

into the graphene lattice enhances the electrocatalytic response for the non-enzymatic 

electrochemical sensing of analytes (Tajabadi et al., 2015; Tajabadi et al., 2016). Recently 

NDG has been used in the fabrication of electrochemical sensors for the detection of 

pharmaceuticals (Akhter et al., 2020b; Anuar et al., 2018; Ghadimi et al., 2015). 

Sodium dodecyl sulphate (SDS) is an anionic surfactant that significantly 

enhances electrocatalytic performance and prevents the fouling of the electrode surface. 

Surfactants are generally used to modify the physicochemical characteristics of the 

electrode/electrolyte interface. The rate of electron transfer across the 

electrode/electrolyte interface increases with the presence of surfactants due to the lower 

aggregation and enhanced stability of the electro-active materials on the electrode surface 

(Zarei & Helli, 2015). Zheng et al. (2019) reported a strain sensor based on NC supported 

graphene dispersed in electrically conducting hydrogels. While Wand et al. (2020) 

reported a nanocomposite of NC-graphene aerogel for supercapacitor applications. 

In the present study, a new nanocomposite of (NC-NDG)-SDS for the 

simultaneous determination of two of the most common painkillers, PCT and NPX, in the 

presence of diclofenac sodium (DCF) is investigated. This work explores the synergistic 

effect of NDG and NC for the simultaneous electrochemical detection of PCT and NPX. 

The inclusion of nanocarbon enhances the electrochemical performance by increasing the 
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surface area and electrocatalytic performance of the modified electrode. The 

incorporation of NDG and NC into a nanocomposite is feasible due to the good adhesion 

and compatibility with each other. The NC interlaces and provides a 3D network 

embedded with the NDG nanosheets. NC is dispersed and distributed around the NDG 

nanosheets as the skeleton and binder for the hybrid configuration. The SDS surfactant 

was introduced to enhance the dispersion of both nanomaterials and to decrease the 

aggregations. This ensures the successful dispersion and consequently increases the 

catalytic effect of the NC-NDG nanocomposite which enables a new avenue for the 

simultaneous electrochemical determination of PCT and NPX. The (NC-NDG)-SDS 

fabricated sensor showed a broad linear range and low LOD compared to previous reports 

(shown in Table 4.1). There are no reports on the simultaneous electrochemical 

determination of PCT and NPX in the presence of DCF using the (NC-NDG)-SDS 

nanocomposite. 

4.2 Experimental methods 

4.2.1 Chemicals and reagents 

PCT, NPX and DCF (tablet dosage forms), and SDS were purchased from Merck 

(Malaysia), while graphene oxide, cellulose, K2HPO4, KH2PO4 were procured from 

Sigma Aldrich (Malaysia). Adequate amounts were used to prepare the stock solutions of 

PCT and NPX and kept in a refrigerator. The standard stock solutions of 1 x 10-2 M and 

1 x10-4 M of the PCT and NPX, respectively, were prepared daily when needed. 

Deionized water (DI) was used as the solvent for all preparations. The phosphate buffer 

solution (PBS, 0.1 M, pH 7.0) was prepared by mixing K2HPO4 (0.662 gm) and KH2PO4 

(0.844 gm) in DI water.  
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4.2.2 Instrumentation 

 Fourier transformed infrared (FTIR) spectroscopy was performed using an FTIR 

spectrometer (Spectrum 2000, Perkin Elmer) between 500 cm−1 and 4000 cm−1. Raman 

spectroscopy was performed by a Horiba Xplora micro Raman Spectrometer (Japan) with 

a 532 nm laser source. Atomic force microscopy (AFM) was performed by AFM 5000II 

Hitachi (Japan) while transmission electron microscopy (TEM) was performed by Philips 

CH 200 LaB6-Cathode 160kV. Electrochemical experiments were performed by an 

Autolab PGSTAT 302N potentiostat/galvanostat (Metrohm, Netherlands) in a three-

electrode electrochemical cell. A platinum wire was the counter electrode and an 

Ag/AgCl (3.0 M KCl) was the reference electrode. 

4.2.3 Methodology 

 For the synthesis of (NC-NDG)-SDS/GCE nanocomposite, NC was synthesized 

followed by acid hydrolysis method while the NDG was synthesized by the microwave- 

assisted method. The GCE was fabricated by the drop-casting technique. The 

morphological properties were characterized by TEM, AFM, FTIR and Raman 

spectroscopy. Before the electrochemical experiments, pH and scan rate were optimized. 

CV and DPV methods were employed to investigate the electrochemical behaviour of the 

NC-PPY/GCE sensor. Satisfactory relative standard deviation and recovery values were 

obtained from the real sample analysis. 

4.2.4 Synthesis of NC 

The synthesis procedure of nanocellulose was explained in chapter 3, section 

3.2.6.  
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4.2.5 Synthesis of NDG 

Graphene oxide (GO) was the precursor for the synthesis of NDG and the 

synthesis is described by (Akhter et al., 2018). Initially, GO was synthesized from the 

Hummers method (Sookhakian et al., 2014). A 0.2 mg mL-1 of graphitic oxide suspension 

was ultra-sonicated for 30 min and a yellow-brown solution was obtained. Then 0.8 mL 

of hydrazine solution and 30 mL of GO suspension were mixed to initiate the chemical 

reduction via irradiation in a microwave oven for 5 min. Finally, a stable black colour 

suspension containing NDG sheets was obtained. The NDG suspension was centrifuged, 

collected and dried at 50 °C in an oven. 

4.2.6 Preparation of (NC-NDG)-SDS/GCE modified electrode  

Before the surface modification of the working electrode, the glassy carbon 

electrode (GCE) surface was polished with alumina slurry on a microcloth (Buehler) pad. 

The GCE was ultra-sonicated for 2 min in ethanol and followed by DI water. Initially, 1 

mg of NDG and NC powders were dispersed separately in 2.5 mL DI water and ultra-

sonicated for 30 min. Then, both NDG and NC solutions were mixed and sonicated again 

for another 30 min. Then 4.0 µL 1.0 mM SDS solution was added into the NC-NDG 

dispersion and ultra-sonicated for 15 min to form a uniform suspension with a final 

concentration of 4 µM of SDS. Finally, 7.5 µL of the suspension was drop-casted onto 

the surface of GCE and dried at room temperature (fabrication step shows in Figure 4.2). Univ
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Figure 4.2: Fabrication of (NC-NDG)-SDS modified GC electrode for simultaneous 
detection of paracetamol and naproxen 

4.2.7 Preparation of real samples 

Four PCT (500 mg each) and NPX (500 mg each) tablets were selected and 

homogenously ground into powders by a mortar and pestle. Then the powders were 

weighed and dissolved in an ethanol-water mixture and filtered through a Whatman filter 

paper. The clear solution was then collected in a beaker and used as the stock solution. 

The blood collection procedure was mentioned in (section 3.2.8). The prepared sensor 

was utilized for the simultaneous determination of PCT and NPX in a blood serum sample 

from a healthy volunteer who was prescribed 500 mg PCT and 250 mg NPX tablets daily. 

The blood was taken from the patient at a 6 hrs interval. To prepare the blood serum 

sample, the blood serum sample was centrifuged and diluted to 40 mL by PBS (pH 7.0). 

Then 15 mL was pipetted from the stock solution and added into the electrochemical cell, 

followed by the addition of PCT and NPX. 

4.3 Aim of the research 

 The study aims to fabricate a new modified sensor based on NC, NDG and anionic 

SDS. With the synergistic effects of NC and NDG, the proper dispersion of the 

nanomaterials is achieved by a certain concentration of SDS and is expected to improve 
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the properties of the nanocomposite and showed excellent electrochemical sensing 

performance for the simultaneous determination of PCT and NPX. 

4.4 Results and discussions 

4.4.1 Morphological properties of (NC-NDG)-SDS sensor 

TEM was performed to investigate the surface morphology of the NDG/GCE (A), 

NC/GCE (B) and NC-NDG /GCE (C) and (NC-NDG)-SDS/GCE (D) working electrodes. 

Figure 4.3A is the TEM image of NDG which shows the ultrathin nanosheets of graphene 

with a high surface to volume ratio and retains the two-dimensional structure of graphene 

even after nitrogen doping. Figure 4.3B shows that the NC is present as nanofibers of 4 

to 10 nm of average diameter and 20 to 80 nm of average length, while Figure 4.3C shows 

that the morphology of the NC-NDG nanocomposite consists of several NDG and NC 

layers adhered together. Few aggregations are visible on the surface of the nanocomposite 

which consists of the non-dispersed NC. The non-dispersed NC decreases the electrical 

conductivity and destabilizes the nanocomposite by disintegration. However, in the 

presence of SDS (Figure 4.3D), the NC are well dispersed and evenly distributed around 

the NDG nanosheets without any aggregation. As SDS is an anionic surfactant and a 

dispersive agent, the amphiphilic property of SDS facilitates the dispersion and promotes 

the synergistic effect between the NDG and NC. Univ
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Figure 4.3: TEM images of NDG (a), NC (b), NC-NDG (c) and (NC-NDG)-SDS (d) 

 

 

 Univ
ers

iti 
Mala

ya



 

86 

  

  

 
 

Figure 4.4：Atomic force microscopic (AFM) image of NC (A), NC-NDG(B), and  
                      (NC-NDG)-SDS (C) 
 

Atomic force microscopy (AFM) is an effective method to obtain information 

about the surface of the nanocomposite where a topographic map is drawn from the 

information, connected through a computer. The AFM image of NC (A), NC-NDG (B) 

and (NC-NDG)-SDS (C) are shown in Figure 4.4 with 2µm × 2 µm topology. Figure 

4.4(A) shows a homogeneous dispersion of NC with average diameters around 5.5 nm 
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and average lengths between 56.4 nm. Figure 4.4(B) is the AFM image of NC-NDG, 

where the sheets of NDG are dispersed and aggregated on the layer of NC in a random 

pattern. The AFM result indicates that the height of the sample increases from 18 nm to 

47 nm in the NC-NDG compared to the NC sample confirming the modification occurs 

in the surface of NC-NDG morphology. The 3D image confirms the increase in porosity 

and the NDG sheets on the NC layers are approximately 7-13 nm. Figure 4.4(C) is the 

AFM image of (NC-NDG)-SDS nanocomposite, where the sheets of NDG are distributed 

homogeneously on the NC layer in the presence of the SDS surfactant. The 3D image 

reveals that the surface roughness increases while sample height further increases from 

47 nm to 57 nm compared to the NC-NDG nanocomposite. This indicates that the 

presence of anionic surfactant SDS facilitates the dispersion and reduces the aggregation 

of both nanomaterials and enhances the porosity, electroconductivity, catalytic efficiency 

and response of the sensor. 

4.4.2 Structural characterizations 

Figure 4.5 shows the FTIR spectra of NDG (a), NC (b), NC-NDG (c) and (NC-

NDG)-SDS (d). Curve (a) is the FTIR spectrum of NDG which shows the characteristic 

stretching vibrations of C-N and C=N, at around 1144cm−1 and 1527 cm−1, respectively. 

Another peak is observed at around 1736 cm-1 which corresponds to the C=O stretch (Pan 

et al., 2015). Curve (b) is the FTIR spectrum of NC which clearly shows a high density 

of OH- groups. After the chemical treatment, the peaks between 1648 cm-1 and 1638 cm-

1 is attributed to the OH- stretching of absorbed water. The C-O-C stretch which 

corresponds to the pyranose ring appears at around 1056 cm-1. The decline of the C-O-C 

stretch of the glycosidic band at 1100 cm-1 and the C=C stretch of the polysaccharide at 

1150 cm-1 is due to the acid hydrolysis treatment and shrinkage of the molecular weight 

(Shalauddin et al., 2019). The characteristic peaks for NDG are present in the curve (c). 
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The peaks of C=O and C=N stretch for NDG appear at around 1728 cm-1 and 1540 cm-1, 

respectively, which are slightly shifted compared to the curve (a). The characteristic peak 

of the C-O-C stretch in NC occurs at 1047 cm-1 and 1621 cm-1 (c) which confirms the 

successful deposition of NDG and NC. The FTIR spectrum (d) shows additional peaks 

due to the presence of SDS at around 1100 cm-1 to 1300 cm-1, attributed to the stretching 

vibration of the C-O and –S=O, respectively (Bhardwaj et al., 2014). This result 

concludes that both NDG and NC are present along with the SDS.   

Raman spectroscopy is an effective technique for the investigation of disorder in 

carbonaceous compounds. The defect is represented as the ratio of Id and Ig. Figure 4.5 B 

is the Raman spectrum of NDG, which shows the presence of the D and G bands. For the 

NDG (B), the D band occurs at around 1472 cm-1 while the G band at around 1580 cm-1. 

The ID/IG ratio increases from 1.10 (GO) to 1.15 (NDG) from the synthesis using the GO 

precursor. This increment is due to the loss of the oxygen functional groups and the 

doping of nitrogen heteroatoms in the graphene lattice (Lin et al., 2010; Wei et al., 2009). 

Figure 4.5C is the Raman spectrum of NC, where the D band appears at around 1095 cm-

1 while the G band at around 1345 cm-1. The 2D band at around 2909 cm-1 corresponds to 

the C-H and O-H stretching. The bands less than 1600 cm-1 and more than 2700 cm-1 are 

indicators for the presence of the cellulosic backbone and hydroxyl groups. Due to the 

high crystallinity of NC, the intensity of the D, G and 2D bands of NC are greater 

compared to cellulose (Shalauddin et al., 2019). Figure 4.5D is the Raman spectroscopy 

of (NC-NDG)-SDS which shows the characteristic peaks for NDG and NC. The peaks 

are slightly shifted while the peak heights are reduced. The peak height of the 2D band is 

larger than the G band due to the presence of graphene. Smaller peaks are observed at 

less than 900 cm-1 attributed to the presence of SDS in the nanocomposite (Somasundaran 

et al., 1989).  
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Figure 4.5: (A) FTIR spectra of NDG (a) NC (b), NC-NDG (c) and (NC-NDG)-SDS  
                    (d). Raman spectra of NDG (B), NC (C), (NC-NDG)-SDS (D). 
 
4.5 Electrochemical characterization of (NC-NDG)-SDS sensor 

Electrochemical impedance spectroscopy (Figure 4.6A) was performed to 

investigate the electron transfer kinetics across the electrode/electrolyte interface. The 

Nyquist plots (Figure 4.6A) of the bare GCE (a), GCE/NC (b), GCE/NDG (c), GCE/NC-

NDG (d) and GCE/(NC-NDG)-SDS (e) were performed in the presence of 5 mM 

[Fe(CN)6]3-/4- in 0.1 M KCl and the experimental data were fitted with the equivalent 

circuit model. The Rct is the charge transfer resistance, Zw is the Warburg impedance, Rs 

is the solution resistance, Rp is electron transfer resistance and CPE is the constant phase 

element. The fitting of the experimental data with the circuit model gives an Rct value of 

415 Ω (curve a) of the bare GCE. When the GCE is modified with NC and NDG 
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separately, the Rct declines to 285 Ω (curve b) and 135 Ω (curve c), respectively. A smaller 

Rct value of 65 Ω (curve d) is observed for the GCE modified with the NDG-NC 

nanocomposite, which confirms the successful attachment of NC on the NDG nanosheets. 

Since NDG has high electrical conductivity while NC has good binding property, the 

synergistic combination of both nanomaterials provides a smaller Rct value. The smallest 

Rct value of 45 Ω (curve e) is achieved when SDS is introduced into the NDG-NC 

nanocomposite. This is due to the presence of SDS as an anionic surfactant that modifies 

the electrode/electrolyte interface to produce a faster electron transfer process. The 

highest electron transfer rate with the smallest Rct value is attributed to the effect of SDS 

which is due to the efficient dispersion of both nanomaterials, producing a synergistic 

effect on the NC-NDG nanocomposite. 

The electroactive surface area was calculated from the peak currents of the 

fabricated electrodes (Figure 4.6B) using the Randles-Sevcik equation (Rawool & 

Srivastava, 2019). The calculated electroactive surface area of the bare GCE (a), GCE/NC 

(b), GCE/NDG (c), GCE/NC-NDG (d) and GCE/(NC-NDG)-SDS (e) is 0.065 cm2 (a), 

0.083 cm2 (b), 0.087 cm2 (c),0.108 cm2 (d) and 0.112 cm2 (e), respectively. Thus it is 

confirmed that the GCE/(NC-NDG)-SDS nanocomposite possesses the largest 

electroactive surface area compared to the other electrodes which are attributed to the 

presence of SDS. This confirms the role of the SDS surfactant in increasing the dispersion 

of the electrode materials on the electrode surface by providing a larger surface area with 

increased peak currents. 
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Figure 4.6: (A) The Nyquist plots of bare GCE (a), NC/GCE (b), NDG/GCE (c), NC- 
                   NDG /GCE (d) and (NC-NDG)-SDS/GCE (e) in 0.1 M KCl solution with  
                   5.0 mM [Fe (CN)6]3-/4-. Inset is the equivalent circuit for the fitting. (B) CVs  
                   response of GCE (a), NC/GCE (b), NDG/GCE (c), NC-NDG/GCE (d) and  
                   (NC-NDG)-SDS/GCE (e) in 0.1 M KCl solution with 5.0 mM [Fe (CN)6]3- 

                            /4- at scan rate 0.1 Vs-1 

 

4.6 Electrochemical investigation of PCT and NPX at (NC-NDG)-SDS/GCE        
      modified electrode 
 
4.6.1 Electrochemical behaviour of PCT and NPX 

The electrochemical reaction of PCT and NPX was investigated on the bare GCE 

(a), NC/GCE (b), NDG/GCE (c), NC-NDG/GCE (d) and (NC-NDG)-SDS/GCE (e) by 

cyclic voltammetry (CV) in 0.1 M PBS (pH 7.0) at 0.1 V s-1. Figure 4.7 presents the CVs 

for the simultaneous detection of PCT and NPX where the PCT shows a redox behaviour 

while NPX shows an oxidation peak. In the inset of Figure 4.7, the bare GCE does not 

show any reduction peak in the presence of PCT and NPX, but two weak oxidation peaks 

are observed at 0.42 V and 0.91 V (curve a). However, the NC/GCE and NDG/GCE 

modified electrodes (curve b and c, respectively) showed better electrochemical 

performance compared to the bare GCE. Clear oxidation and reduction peaks of PCT are 

observed at 0.28 V and 0.33 V (curve c), with peak currents of 3.12 µA and 4.10 µA, 

respectively. The NPX shows oxidation peaks at 0.80 V (curve b) and 0.79 V (curve c) 
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with oxidation peak currents of 8.12 µA and 12.44 µA, respectively. From these results, 

the GCE modified with the single components of NDG and NC did not produce the 

highest oxidation and reduction peak currents. In contrast, the GCE modified with the 

NC-NDG nanocomposite shows a distinguished redox peak for PCT and an oxidation 

peak for NPX (curve d). However, the GCE modified with the (NC-NDG)-SDS (curve e) 

shows the highest peak currents for both PCT and NPX. This is attributed to the 

synergistic effect of NDG and NC in the presence of the SDS. The NC is easily inserted 

between the NDG sheets and prevents the restacking of the graphene sheets. This 

ultimately expands the active surface area by increasing the basal spacing. The 3D 

network of NC-NDG enhances the transfer of electrons, thus increasing the electrical 

conductivity and electrocatalytic activity. The (NC-NDG)-SDS/GCE modified electrode 

shows the highest peak currents for the PCT and NPX due to the incorporation of SDS 

into the NDG-NC nanocomposite without a significant shift in the peak potential. With 

the presence of SDS in the NC-NDG nanocomposite, the sulfonic group of the SDS 

orientates itself towards the NC-NDG and further expands the nanocomposite. This 

accounts for the highest peak currents for the PCT and NPX at the (NC-NDG)-SDS 

nanocomposite. Thus the (NC-NDG)-SDS was selected for further experiments. 
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Figure 4.7：CVs of 40 µM PCT and 80 µM NPX in 0.1 MPBS (pH 7.0) at 0.1 Vs-1                                        
(inset on (a) bare GCE, (b) NC/GCE and (c) NDG/GCE), NC-NDG/GCE (d)  and (NC-
NDG)-SDS/GCE (e) 

4.6.2 Scan rate study 

The influence of the scan rate on the anodic and cathodic current response of PCT 

and NPX at the (NC-NDG)-SDS/GCE was evaluated at different scan rates (10-400 mV 

s-1) in PBS solution (pH 7.0) as shown in Figure 4.8. From Figure 4.8B and 4.8C, it can 

be observed that the redox peak current and oxidation peak current increases linearly with 

the scan rate for the PCT and NPX, respectively. This shows that the electrochemical 

reaction of PCT and NPX on the (NC-NDG)-SDS modified GCE is a surface adsorption-

controlled process. The linear regression equations (Figure 4.8B, 4.8C) are expressed as 

follows: 

Ipa (PCT) = 0.611ʋ + 2.132 (R2 = 0.996)                                        (4.1)  

Ipc (PCT) = -0.824ʋ + 2.714 (R2= 0.997)                                         (4.2) 

Ipa (NPX) = 0.124ʋ + 9.406 (R2= 0.998)                                         (4.3) 
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Figure 4.8： CVs of 40 µM PCT and 80 µM NPX on (NC-NDG)-SDS/GCE at 10 mV  
                       s-1 to 400 mV s-1 in 0.1 M PBS (pH 7.0). (B) The plot of redox peak current  
                       vs. scan rates of PCT. (C) The relationship between anodic peak current  
                       vs. scan rate of NPX 
 

4.6.3 Influence of pH 

The influence of pH on the current response of PCT and NPX on the (NC-NDG)-

SDS modified electrode was investigated by CV between pH 5 and pH 9 in 0.1 M PBS at 

0.1 V s-1 as shown in Figure 4.9. The highest anodic peak currents (Ipa) for PCT and NPX 

are at pH 7.0 as shown in Figure 4.10 (C, D), thus pH 7.0 was selected as the optimum 

pH for the electrochemical experiments. The anodic peak potentials of PCT and NPX are 

shifted to the negative region with increasing pH from 5.0 to 9.0 (Figure 4.10 A, B). The 
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anodic peak potential of PCT is shifted from 0.48 V to 0.24 V, while the shift for NPX is 

from 0.88 V to 0.78 V. This confirms the involvement of protons in the oxidation of PCT 

and NPX (Akhter et al., 2018; Tashkhourian et al., 2014). The relationship of the peak 

potential with the solution pH of PCT and NPX was also investigated. The linear 

regression equations for the oxidation peak potentials of PCT and NPX (Figure 4.10A, 

B) are (eq. 4.4 and eq. 4.5, respectively): 

Ep (PCT) = -0.060 pH + 0.784 (R2 = 0.997)                   (4.4) 

Ep (NPX) = -0.054 pH + 1.024 (R2 = 0.995)                  (4.5) 

The slope values from the regression equations are 0.060 pH-1 and 0.054 pH-1 for PCT 

and NPX, respectively. These slope values are very close to the theoretical value of  

0.059/n V from the Nernst equation, which demonstrates that the equal number of 

electrons and protons participate in the redox reaction of PCT (n = 2) and the oxidation 

reaction of NPX (n = 1), shown in Appendix 4.1  (Akhter et al., 2018; Soltani et al., 2018). 

 

Figure 4.9：The CVs of 40 µM PCT and 80 µM NPX at the (NC-NDG)-SDS at different        
pH: 5.0, 6.0, 7.0, 8.0 and 9.0 at 0.1 V s-1 
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Figure 4.10：(A) The plot of oxidation peak potential vs. pH of PCT. (B) The plot of   
                      oxidation peak potential vs. pH of NPX. (C) The plot of the oxidation peak  
                      current vs. pH of PCT. (D) The plot of the oxidation peak current vs. pH of  
                      NPX 
 
 
4.7 Analytical application of the (NC-NDG)-SDS sensor 

4.7.1 Analysis of detection limit of sensor 

Differential pulse voltammetry (DPV) is a more sensitive technique compared to 

CV and is generally used to investigate the linear dynamic range, sensitivity and limit of 

detection (LOD) of the fabricated sensor. DPV was used to evaluate the (NC-NDG)-SDS 

modified electrode for the simultaneous detection of PCT and NPX in 0.1 M PBS (pH 

7.0) at 0.1 V s-1. Figure 4.11A shows the DPV results from the electrochemical oxidation 

of various concentrations of PCT and NPX under optimized conditions. The oxidation 

peak currents of PCT and NPX increase linearly with the concentration from 0.01 to 90 
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µM and 0.1 to 60 µM for PCT and NPX, respectively, as shown in Figure 4.12 (A, B). 

The calibration plot of the anodic peak current against the concentration of PCT and NPX 

are presented in Figure 4.12 (A, B). The calibration equations for the PCT (Eq. 4.6) and 

NPX (Eq. 4.7) are: 

Ip (µA) = 0.869 C (µM) + 10.456 (R2 = 0.999)                           (4.6) 

Ip (µA) = 0.634 C (µM) + 7.356 (R2 = 0.999)                     (4.7) 

The limit of detection (LOD) for PCT and NPX is 0.0035 µM and 0.026 µM, 

respectively. The results show that the simultaneous detection of PCT and NPX by DPV 

is achievable using the modified electrode and resembles the solitary detection of PCT 

and NPX as illustrated in table 4.1. It can be concluded that the two analytes do not 

interfere with each other in these concentration ranges. Previous studies have reported the 

detection of solitary analytes of PCT and NPX at different modified electrodes (Adhoum 

et al., 2003; Madrakian et al., 2014; Si et al., 2014; Tashkhourian et al., 2014). However, 

there are still no reports on the simultaneous detection of PCT and NPX analytes at the 

same modified electrodes. This newly developed sensor shows remarkable 

electrochemical performance for the simultaneous detection of PCT and NPX with low 

LOD, wide concentration ranges and high sensitivity. The remarkable sensing 

performance of this newly designed electrochemical sensor is due to the excellent 

catalytic activity and expanded surface area of NDG and NC, along with the effect of the 

anionic surfactant SDS, which increases the performance of the modified electrode for 

the simultaneous detection of PCT and NPX. 
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Figure 4.11: (A) DPV at (NC-NDG)-SDS at different concentrations of PCT  
                 (0.01–90 µM) and NPX (0.1–60 µM) in 0.1 M PBS (pH 7.0) at 0.1 V  
                  s-1.(B) PCT concentrations of 10, 11 and 25 µM at a fixed concentration  
                  of NPX (0.5 µM). (C) NPX concentration of 15, 20, 30 µM at a fixed  
                  concentration of PCT (40 µM). 
 

The DPV of the combined solution of PCT and NPX at the (NC-NDG)-SDS/GCE 

is shown in Figure 4.11 (B, C). Here, the concentration of one analyte was varied while 

the other was held constant. Figure 4.11B shows three well-defined peaks of PCT at 10, 

11 and 25 µM, respectively, while the peak of NPX remained unchanged at 0.5 µM. 

Similarly, Figure 4.11C shows three well-defined peaks of NPX at 15, 20, 30 µM 

respectively, while the peak of PCT remained unchanged at 40 µM. These results confirm 

that the quantitative detection of an analyte was not influenced by the presence of the 

other at this modified electrode. 
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Figure 4.12：(A). Calibration plot of peak current vs. concentration of PCT. (B)     
                       Calibration plot of peak current vs. concentration of NPX. 
 
 
Table 4.1: A comparison of electrodes for the individual determination of PCT and 
NPX. 
Analyte Electrode Method LOD (µM) Linear 

range (µM) 
Reference 

PCT Pt/NGr  SWV 0.008 0.05-90 (Anuar et al., 
2018) 

 Co/CTS/f-
MWCNTs/GCE 

DPV 0.01 0.1 - 400 (Akhter et al., 
2018) 

 AuNPs/MWCNT/GCE DPV 0.03 0.09 – 35 (Madrakian et 
al., 2014) 

 PEDOT/GO/GCE CV 0.57 10 - 60 (Si et al., 2014) 
NPX ZnO/MWCNT/CPE CV, SWV 0.23  1.0 - 200 (Tashkhourian 

et al., 2014) 
 Platinum electrode LSV, DPV 1.0  4.0 - 100  (Adhoum et 

al., 2003) 
 GCE BIA,  0.3  10 - 100 (Stefano et al., 

2012) 
 BDDE CV,DPV 30 nM 0.5 - 50  (Suryanarayan

an et al., 2005) 
PCT and 
NPX 
 

Dysprosium nanowire 
modified CPE 

 

SWV 0.0003 PCT 
0.0005 NPX 

 0.01-250  
0.001-500  

 

(Norouzi et al., 
2009) 

 
 (NC-NDG)-SDS DPV 0.0035 PCT 

0.026 NPX 
 0.01 to 90  
 0.1 to 60  

This work 

 
 
 
4.7.2 Reproducibility and stability of (NC-NDG)-SDS sensor 

The reproducibility of the (NC-NDG)-SDS sensor towards the simultaneous 

detection of 1 µM PCT and 1 µM NPX was investigated by DPV in 0.1 M PBS (pH 7) at 

0.1 Vs-1, using six (NC-NDG)-SDS modified electrodes. The calculated relative standard 

deviation (RSD) of the peak currents are 3.4% and 4.25% for PCT and NPX, respectively. 
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In this experiment, the RSD value was calculated from triplicate performance and the 

result was less than 6% which confirms the good reproducibility of the fabricated sensor. 

The stability of the fabricated sensor was also investigated in a separate experiment using 

the same concentration of PCT and NPX. The electrode was kept in pH 7.0 solution at 

room temperature for a week. After a week, the electrode retained 95% of the initial 

current response while 90% of the initial current response was retained after two weeks 

of storage. This confirms the stability and good reproducibility of the (NC-NDG)-

SDS/GCE sensor as shown in Figure 4.13. 

 

Figure 4.13： DPV signal of 1.0 µM PCT and 1.0 µM NPX in 0.1 M PBS (pH 7.0) at    
0.1 V s-1 using (NDG-NC)-SDS modified electrodes, (a) first day; (b)  
0.2 after a week; (c) after two weeks. 

 

4.7.3 Interference study 

The (NC-NDG)-SDS/GCE sensor was tested for the detection of PCT and NPX 

in the presence of some common interfering compounds found in biological 

environments. The DPV was recorded five times using the (NC-NDG)-SDS modified 

electrode in a solution of 1.0 µM PCT, 10 µM DCF and 0.5 µM NPX and in the presence 
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of 100 µM of each interfering compound (glucose, lactose, sucrose, fructose, ascorbic 

acid, dopamine and uric acid) as shown in Figure 4.14. A freshly prepared modified 

electrode was used for each measurement. The presence of interfering compounds did not 

influence the redox potential of the PCT, NPX and DCF except glucose. The results 

confirm that the peak currents of the PCT and NPX were unaffected by the presence of 

the interfering compounds. This suggests that the fabricated (NC-NDG)-SDS 

nanocomposite modified on GCE is an effective electrochemical sensor for the 

simultaneous determination of PCT and NPX analytes in biological environments. 

 

Figure 4.14：DPV signal on (NC-NDG)-SDS with 1.0 µM PCT, 10 µM DCF and 0.5  
                       µM NPX in the presence of some common interfering compounds such as  
                       uric acid (UA), ascorbic acid (AA), dopamine (DA), lactose, fructose,  
                       sucrose and glucose, in 0.1 M PBS (pH 7.0) at 0.1 V s-1 

 

 

4.7.4 Determination of PCT and NPX in real samples 

The practical application of the newly fabricated sensor was evaluated by the 

simultaneous determination of PCT and NPX in commercial tablets and human blood 

serum. The stock solutions of PCT and NPX were diluted 5 times using DI water and a 

specific amount of diluted sample and diluted blood serum sample were placed in 

Univ
ers

iti 
Mala

ya



 

102 

different electrochemical cells. The current responses for the PCT and NPX diluted 

solutions were recorded by the DPV technique using the (NDG-NC)-SDS electrode as 

shown in Tables 4.2 and 4.3. The recovery of PCT and NPX at the (NC-NDG)-SDS 

modified electrode (table 4.2 and 4.3) was satisfactory which confirms that the modified 

electrode could be used effectively for the determination of PCT and NPX in commercial 

dosage forms and blood serum samples. 

Table 4.2: Determination of PCT and NPX in pharmaceutical preparations at (NC- 
                  NDG)-SDS using differential pulse voltammetry. 
 

Tablet Sample Labelled (µM) Found (µM) Recovery (%) RSD (%) 

PCT 1 10 10.02 100.20 0.55 
2 15 14.95 99.66 0.84 

 3 20 20.01 100.05 0.65 
NPX 1 20 19.96 99.80 0.55 

2 30 30.04 100.13 0.75 
 3 40 40.01 100.02 1.02 

 

Table 4.3: Determination of PCT and NPX in human serum samples at (NC-NDG)- 
                  SDS using DPV. 
 

Sample Labelled (µM) Found (µM) Recovery (%) RSD (%) 

PCT 1 5 5.05 101.00 1.05 
2 10 9.98 99.80 0.65 

 3 15 14.98 99.87 0.88 
NPX 1 10 10.03 100.30 0.45 

2 20 20.04 100.20 0.74 
 3 30 29.98 99.94 0.57 

 

4.8 Effect of concentration of SDS 

The effect of SDS concentration towards the detection of PCT and NPX on the 

NDG-NC nanocomposite was investigated as shown in Figure 4.15. It is observed that 

the introduction of SDS enhances the oxidation currents of PCT and NPX, with a low 

LOD. The oxidation currents of PCT and NPX were enhanced due to the expanded 
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surface area with the presence of SDS. In addition, the presence of SDS promotes 

interaction between the nanomaterials and ultimately contribute to enhanced capability of 

sensing. The attachment of SDS with NDG-NC nanocomposite improves the overall 

sensing performance of the sensor which is a new finding. The effect of different 

concentrations of SDS on the oxidation peak currents of PCT and NPX is shown in Figure 

4.15.  The peak currents increase with the SDS concentration from 0.5 µM to 4.0 µM. 

The maximum peak currents of PCT and NPX are achieved in the presence of 4 µM SDS 

but decreases at concentrations higher than 4 µM (shows in appendix 4.2). This could be 

due to the overcrowding of the surfactant on the electrode surface which decreases the 

active surface area for the transfer of electrons. Another reason for the declining peak 

currents at higher SDS concentrations is the formation of SDS micelles on the electrode 

surface which block the electron transfer process. As a result, the peak currents decrease 

at higher SDS concentrations. Therefore, 4.0 µM SDS was selected as the optimum 

concentration in these experiments for the simultaneous determination of PCT and NPX. 

 

Figure 4.15: Optimization of SDS (0.5 µM to 4.0 µM) for the simultaneous determination         
of 2.0 µM PCT and0.5 µM NPX by DPV 
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4.9 Simultaneous determination of PCT, NPX in presence of DCF 

 Patients are sometimes administered different types of NSAIDs such as PCT, 

NPX and DCF to reduce fever and inflammation. Thus it is important to monitor the drug 

dosage to decrease the drug-drug interactions (DDI) and adverse drugs reactions (Moore 

et al., 2015). An electrochemical sensor facilitates the quantitative detection of a specific 

drug, but the detection of different types of drugs utilizing the same sensor is becoming 

the focus of biomedical research. Therefore, the simultaneous detection of PCT, NPX in 

presence of DCF was performed in PBS (pH 7.0) at the (NC-NDG)-SDS at 0.1 Vs-1. 

Figure 4.16 shows a clear separation of PCT (0.312 V), NPX (0.528 V) and DCF (0.710 

V) peak currents, which represents that the (NC-NDG)-SDS modified GCE sensor can 

detect PCT and NPX simultaneously in presence of DCF. 

 

Figure 4.16： DPV on (NC-NDG)-SDS for the simultaneous determination of 1.0 µM  
                         PCT, 10 µM DCF and 0.5 µM NPX, in 0.1 M PBS (pH 7.0) at 0.1 V s-1 
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5. Conclusions 

 A (NC-NDG)-SDS electrochemical sensor was fabricated for the simultaneous 

detection of PCT and NPX in presence of DCF with the presence of an anionic surfactant 

SDS. A clear peak separation between the PCT and NPX was achieved which confirms 

the effectiveness of the (NC-NDG)-SDS nanocomposite for the simultaneous detection 

of PCT and NPX. The fabricated sensor exhibited good sensitivity and selectivity at broad 

concentration ranges from 0.01 to 90 µM (PCT) and from 0.1 to 60 µM (NPX), with a 

low LOD of 0.0035 µM and 0.026 µM for the detection of PCT and NPX, respectively. 

The analytical determination of the drugs in tablets and human blood serum confirms the 

feasibility of the sensor in analysing real samples. Thus the fabricated sensor could be 

utilized for the simultaneous determination of PCT and NPX with satisfactory results. 
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CHAPTER 5: IMMOBILIZED COPPER IONS ON MWCNTS-CHITOSAN THIN 

FILM: ENHANCED AMPEROMETRIC SENSOR FOR THE DETERMINATION 

OF DICLOFENAC SODIUM IN AQUEOUS SOLUTION  

5.1 Introduction 

Diclofenac sodium (DCF) (sodium [o-(2,6-dichloroanilino) phenyl] acetate) 

Figure 5.1, is a safe and well known non-steroidal anti-inflammatory drug (NSAIDs). 

Besides, it is applied as an analgesic, anti-rheumatic, anti-inflammatory and anti-thermal 

and for the treatment of arthritis and degenerative joint disease (Iliescu et al., 2004). After 

oral administration, DCF is absorbed very well and undergoes a huge hepatic metabolism. 

Its half-life (t1/2) is 1-2 hours, protein binding affinity is approximately 99% and volume 

of distribution (VD) is 0.171/kg. This drug enters through the synovial fluid. As this drug 

is frequently used for the treatment of several diseases, it is essential to determine the 

concentration of DCF from pharmaceuticals preparations and also from the environment 

(Sanati et al., 2014). Prolonged administration of DCF can be responsible for life-

threatening cardiac problems such as heart attack and stroke with diabetic patients and 

also with patients suffering from the Shy-Drager syndrome (Goodarzian et al., 2014). 

When the concentration of DCF is more than 1 mg/L, then it is considered harmful for 

various environmental flora and fauna (Vieno & Sillanpaa, 2014). Therefore, a simple, 

accurate, fast, cost-effective and selective technique for the detection of DCF is needed. 

Voltammetric techniques have these benefits although electro-oxidation for DCF 

generally shows a low response when using unmodified electrodes (Yang et al., 2008). 

Several methods have been reported for the quantitative determination of 

diclofenac, for example spectrophotometric (Souza & Tubino, 2005; Tubino & de Souza, 

2006), fluorometry (Moncrieff, 1992), and chromatography (Chmielewska et al., 2006; 

Chmielewska et al., 2006). However, there are limitations to these techniques. They are 
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very time consuming and chemical reagents are required to perform these techniques, 

therefore the focus has been diverted towards electrochemical methods of analysis due to 

their fast response, higher sensitivities, simple operation and the possibilities of 

miniaturization (Rodríguez et al., 2007; Xu et al., 2004). Among the electrochemical 

method, various voltammetric/amperometric (Blanco-Lopez et al., 2003; Daneshgar et 

al., 2009) and potentiometric techniques (Kormosh et al., 2007;  Kormosh et al., 2009) 

have been reported for the determination of diclofenac (Manea et al., 2010). 

In recent years, chemically modified electrodes have attracted huge attention 

because of their versatile approaches in several analyses (Kannan & Sevvel, 2017; 

Meenakshi et al., 2016; Montes et al., 2016). Carbonaceous nanostructured materials 

include carbon nanofibers (McKnight et al., 2003), mesoporous carbons (You et al., 

2009) and carbon nanotubes (CNTs) (Madrakian et al., 2014; TermehYousefi & Kadri, 

2016). These materials have been used substantially for the fabrication of modified 

electrodes which have several applications not only in analytical measurements but also 

in industrial electrochemistry (TermehYousefi et al., 2017). They are widely recognized 

due to some advantages such as cost-effectiveness, wide potential range, possess suitable 

electrocatalytic response for several redox reactions, are compatible and possess inert 

electrochemistry (Bard & Faulkner, 2001; McCreery & Bard, 1991). CNT is a type of 

carbonaceous material and is composed of folding the graphene layers into carbon 

nanocylinders (TermehYousefi et al., 2017). CNTs are comprised of single-walled 

nanotubes (SWCNTs) (Iijima & Ichihashi, 1993) and multi-walled nanotubes 

(MWCNTs) (Iijima, 1991). CNTs have drawn the attention of researchers due to their 

unique characteristics such as good mechanical strength, higher electrical conductivity 

and higher chemical stability (Lu & Tsai, 2011). One of the crucial approaches of this 

kind of material is the early electrochemical detection of cancer by employing 

advantageous and suitable biosensors in clinical diagnostics (Jemal et al., 2005; Syafiqah 
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et al., 2017). Since their breakthrough, CNTs have drawn significant attention for several 

types of investigations (Pandey et al., 2017; Wang, 2005). CNTs possess some 

exceptional properties such as remarkable structural, chemical, electrical and mechanical 

characteristics (Yousefi et al., 2015). They possess superconducting and metallic 

properties, in addition to semiconducting transport of electrons and it contains a hollow 

core suitable for the storage of guest molecules. Moreover, CNTs possess the largest 

elastic modulus configuration among all of the known materials (Davis et al., 2003). 

These extraordinary properties of CNTs have made them a sensing platform for the 

electrochemical detection and chemical detection of analytes (Gonzalez-Dominguez et 

al., 2012; Zhao et al., 2002). 

Chitosan (CTS) is a linear copolymer composed of d-glucosamine and N-acetyl-

d-glucosamine. CTS contains active amino and hydroxyl groups which are responsible 

for the high capacity of adsorption for organic compounds and heavy metal ions 

(Honarkar & Barikani, 2009). Furthermore, CTS displays many outstanding 

characteristics such as biocompatibility, the ability of film formation, biodegradability, 

low toxicity and high electrical conductivity (Song et al., 2011). Based on these benefits, 

chitosan matrix incorporated sensors have been fabricated for the detection of NSAIDs 

paracetamol (Babaei et al., 2010; Delolo et al., 2014; Kianipour & Asghari, 2013). The 

chitosan and metal complexes consisting of an annulus chelating configuration possess 

similar features with natural enzymes. This is the reason for the high catalytic activity for 

many types of chemical reactions (Hassaninejad–Darzi, 2014; Yousefi et al., 2015).  

Numerous attempts for the determination of DCF were reported such as thin-layer 

chromatography (TLC) (Sun & H. Fabre, 1994), spectrophotometry (Botello & Perez-

Caballero, 1995; Mazurek & Szostak, 2008), high-performance liquid chromatography 

(HPLC) (Kole et al., 2011; Sparidans et al., 2008), gas chromatography (Kadowaki et al., 
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1984; Yilmaz et al., 2015), spectrofluorimetry (Arancibia et al., 2000), liquid 

chromatography (LC) (Demetri et al., 2002), capillary zone electrophoresis (Jin & Zhang, 

2000), voltammetry (Chethana et al., 2012; Fard et al., 2016)  from the biological fluids. 

Spectrophotometry requires extensive preparations of samples by the extraction 

process or chemical reaction. Gas chromatography requires many extraction steps and 

also derivatization before the separation and detection (Goyal et al., 2010). These 

techniques have some drawbacks such as high cost, time-consumption and often requires 

pretreatment step, which sometimes affects the sensitivity and selectivity in the specific 

detections (Ramimoghadam et al., 2015). Electrochemical methods have advantages that 

could overcome the limitations of the conventional techniques of analysis as they possess 

high sensitivity and outstanding characteristics such as high selectivity, simplicity, 

reproducibility and is cost-effective (Baghayeri et al., 2014; Baghayeri et al., 2014; 

Madrakian et al., 2014; Vahedi et al., 2013). 

Electrochemical techniques have been proved to be highly sensitive for the 

determination of drugs from pharmaceutical preparations and human body fluids. 

However, electrochemical methods are simple and dynamic because they possess rapid 

response, high sensitivity and selectivity, cheap instrumentation and a wide range of 

linearity (Goyal et al., 2010; Karuppiah et al., 2015). Mao et al., (2015) fabricated 

chitosan–copper modified electrode for the determination of paracetamol. Yu et al. 

(2011) reported a chitosan-copper complex modified with MWCNTs ionic liquid 

electrode for the detection of hydrogen peroxide. To the best of our knowledge, an 

electrochemical sensor for the detection of diclofenac sodium based on chitosan-copper 

complex modified with multi-walled carbon nanotubes has not been reported. 
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Figure 5.1: Chemical structure of Diclofenac sodium 

In the current study, f-MWCNTs/CTS-Cu modified GCE was fabricated for the 

detection of DCF. The electrochemical response of DCF for the f-MWCNTs/CTS-

Cu/GCE nanocomposite was analyzed by using cyclic voltammetry (CV) and square 

wave voltammetry (SWV) techniques. The outcomes of the experiment demonstrated that 

the f-MWCNTs/CTS-Cu/GCE sensor shows the incredible capability of extended active 

surface area and also increases the transfer of electrons between the electrode and analytes 

which enable a new avenue for the electrochemical determination of DCF. The f-

MWCNTs/CTS-Cu/GCE sensor showed a broad linear range and low LOD compared to 

previous studies (shown in Table 5.1). To investigate the efficacy of the prepared 

electrode for analytical determinations, the voltammetric detection of DCF from real 

samples such as pharmaceuticals tablet preparations and human urine samples were 

attempted. The proposed method was simple, sensitive, rapid and selective for the 

detection of DCF from real samples. 
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5.2 Experimental methods 

5.2.1 Chemical Reagents 

MWCNTs was procured from Baytubes (Germany), while diclofenac sodium 

(DCF), chitosan (CTS), CuCl2.2H2O and phosphate buffer solution (PBS) were procured 

from Sigma-Aldrich (Malaysia). The rest of the chemicals used in the experiment were 

of analytical grade and used without further purification. De-ionized (DI) water was used 

to prepare the standard and buffer solutions. The stock standard solution was prepared by 

0.001 M concentration of Diclofenac sodium. The DCF solution was preserved in a 

refrigerator at 4 ºC. DI water was used for repeated dilutions. 0.2 M PBS solution was 

prepared by dissolving specific amounts of di-potassium hydrogen phosphate (K2HPO4) 

and potassium di-hydrogen phosphate (KH2PO4) in a 250 mL volumetric flask. Finally, 

0.2 M PBS (pH 4.0) was used in the electrochemical experiments for the detection of 

DCF. 

5.2.2 Instrumentation 

An Autolab potentiostat/galvanostat (EcoChemie, The Netherlands) was used to 

perform the voltammetric technique such as cyclic voltammetry (CV), square wave 

voltammetry, and electrochemical impedance spectroscopy (EIS). A three-electrode 

electrochemical cell was used in the electrochemical experiments. A glassy carbon 

electrode GCE (3 mm diameter) modified with the (f-MWCNTs/CTS-Cu/GCE) 

composite was used as a working electrode (WE), while a platinum wire as the counter 

electrode (CE) and an Ag/AgCl/KCl (3.0 M) was the reference electrode (RE). All 

electrodes were also from Metrohm (Switzerland). 
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5.2.3 Methodology 

 For the synthesis of f-MWCNTs/CTS-Cu nanocomposite, f-MWCNTs was 

synthesized followed by the acid hydrolysis method and drop-casted on GCE. The CTS 

was immobilized on f-MWCNTs/GCE, while the Cu was immobilized by the self-

assembly method on f-MWCNTs/CTS surface. The morphological properties were 

characterized by FESEM and FTIR spectroscopy. Before the electrochemical 

experiments, pH and scan rate were optimized. CV and SWV methods were employed to 

investigate the electrochemical behaviour of f-MWCNTs/CTS-Cu/GCE sensor. 

Satisfactory relative standard deviation and recovery values were obtained from the real 

sample analysis. 

5.2.4 Purification methods of f-MWCNTs  

The synthesis procedure of f-MWCNTs was explained in chapter 3, section 3.2.6.  

5.2.5 Fabrication of GCE/ f-MWCNTs /CTS-Cu modified electrode 

The bare GCE was polished on a polishing kit (Buehler) with alumina slurry and 

washed with doubly distilled water, then sonicated for 10 min in an aqueous HNO3 and 

acetone mixture (ratio 1:10), and finally with DI water. The f-MWCNTs suspension was 

formulated by dispersing 1.0 mg f-MWCNTs in a 2.0 mL (v/v) mixture of doubly distilled 

water, ethanol and sodium dodecyl sulphate (3:1:1) and then sonicated for 30 min. Then 

10.0 μL of a black suspension was drop-casted onto the surface of GCE and dried in air 

to form a film of f-MWCNTs on the surface of GCE for the preparation of f-MWCNTs 

modified GCE. The chitosan solution was prepared by dissolving 0.25 mg of chitosan 

powder in 50 mL 0.10 ML-1 acetic acid and sonicated for 30 min, then the electrode was 

dipped into the chitosan solution for 30 min. 0.1 gm of CuCl2 .6H20 were mixed in 100 

mL doubly distilled water to prepare a copper solution and subsequently sonicated for 30 
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min and then again dipped the electrode in the copper solution for 30 min. The modified 

GCE (GCE/ f-MWCNTs /CTS-Cu) was prepared by the following steps (shown in figure 

5.2). At first, 5µL of MWCNTs suspension was taken into a micropipette and drop-casted 

to establish a coating on the surface of GCE to form the f-MWCNTs /GCE and then dried 

in air. Then the dried electrode was immersed into the chitosan solution for 30 min and 

the positively charged chitosan was self-assembled with the negatively charged f-

MWCNTs. After 30 min the electrode was removed from the solution and slightly rinsed 

with DI water to prepare for the next step. Finally, the f-MWCNTs/CTS/GCE was 

immersed in the copper solution for 30 min. The Cu2+ was adsorbed onto the chitosan 

surface by the self-assembly method. The modified electrode was removed from the 

copper solution and washed with DI water and air-dried. 

 

Figure 5.2: Fabrication of f-MWCNTs/CTS-Cu modified GC electrode for the detection 
of DCF 

5.2.6 Preparation of pharmaceutical samples 

5 tablets of diclofenac sodium (DCF) were taken and crushed in a mortar pestle 

to obtain a fine powder. The required amount of DCF was transferred into a 50 mL 

volumetric flask and then dissolved in PBS (pH 4.0). Then the mixture was sonicated for 
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5 min to obtain the DCF solution. After sonication, the solution was filtered to obtain the 

suitable aliquot and then stored in the refrigerator before use.  

5.2.7 Preparation of urine specimens  

A healthy volunteer was chosen to collect the urine specimen, after consuming an 

adequate sample kept it at a cool temperature for the next experiment. The sample (35.0 

mL) was centrifuged at 2500 rpm for 15 min. By using a filter paper the supernatant was 

filtered two times and diluted with PBS in a volumetric flask (100 mL). Then the solution 

was used in the electrochemical analysis. 

5.3 Aim of the research 

This study aims to develop a new nanocomposite of f-MWCNTs and CTS with 

Cu. The combination of f-MWCNTs and CTS exhibits an extended electroactive surface 

area, with the electro-catalytic effect of Cu is expected to improve the properties of the 

nanocomposite. Thus, the synergistic effect is a hallmark of good electrochemical sensing 

of DCF. 

5.4 Results and Discussions 

5.4.1 Morphologies of different electrodes 

The morphological studies of different electrodes are shown in the FESEM and EDX 

images in Figure 5.3. Figure 5.3C shows a clear morphology of the f-MWCNTs/CTS-Cu 

modified electrode which was characterized by FESEM. It shows that CuCl2 was 

distributed successfully on the surface of f-MWCNTs and it did not affect the morphology 

of f-MWCNTs and CTS. For a detailed understanding, some portion of the images was 

encircled to indicate the distribution of copper. Figure 5.3B shows that the CTS polymer 

was distributed homogeneously on the surface of f-MWCNTs. The morphology of the 
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CTS polymer is different from the morphology of f-MWCNTs (Figure 5.3A). This result 

reveals that a successful composite (f-MWCNTs /CTS-Cu) was prepared on the GCE 

surface, as a consequence, the surface area was increased which enhanced the analyte 

(DCF) adsorption. 

 
Figure 5.3:  The FESEM image of (A) f-MWCNTs/GCE, (B) f-MWCNTs/CTS/GCE and  

               (C)  f-MWCNTs /CTS-Cu/GCE.  (D) EDX analysis of f-MWCNTs /CTS-  
               Cu/GCE.  
  

The EDX result (5.3D) indicates that the nanocomposite contains carbon, oxygen and 

copper elements with 98.94 wt.%, 3.41 wt.%, and 1.70 wt.% respectively. This result 

confirms the presence of copper on the surface of the modified electrode. 

5.4.2 FTIR Studies 

The FTIR spectra of pristine (a), f-MWCNTs (b), f-MWCNTs-CTS (c), and f-

MWCNTs-CTS-Cu (d) are shown in Figure 5.4. The pristine spectrum (curve a) and f-

MWCNTs (curve b) show the same vibrations of the functional groups such as the 

asymmetric/symmetric methylene bands at 2923 cm-1 and 2852 cm-1 (Gonzalez-

Dominguez et al., 2012) and the stretching vibrations of COOH- at 1740 cm-1 (Abdullahi, 

et al., 2015). The peaks for f-MWCNTs are sharper than the pristine peaks as shown in 

Figure 5.4. 
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Figure 5.4: FTIR spectra of pristine (a), f-MWCNTs (b), f-MWCNTs and Chitosan (c),  
                    f-MWCNTs, Chitosan and Copper (d).  
 

Curve 3 illustrates the combination of f-MWCNTs and chitosan. For f-MWCNTs, 

the peaks at 2920 cm-1 and 1746 cm-1 is attributed to the presence of =CH2 and –COOH 

group. The absorption band for chitosan was found at 3370 cm-1 (O-H and N-H stretching 

vibrations), 1558 cm-1 (N-H bending vibrations), and 1082 cm-1 (C-O-C stretching 

vibrations) (Anicuta et al., 2010). The presence of these functional groups proved that the 

sample contained f-MWCNTs and Chitosan. Simultaneously, curve 4 shows the same 

bands for the f-MWCNTs and chitosan that are present in curve 3, but curve 4 shows 

some extra bands attributed to the presence of copper at around 456 cm-1 (Secco & Worth, 

1987).  

5.5 Electrochemical Impedance Spectroscopy (EIS) study  

Electrochemical impedance spectroscopy (EIS) is commonly used for the 

measurement of the impedance changes of the modified electrode surface. The electrode 

transfer resistance (Rct) value depends on the dielectric and insulating features at the 
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electrode/electrolyte interface, from the semicircle diameters of the Nyquist plot. The 

impedance spectra of the bare GCE (a), f-MWCNTs/GCE (b), and f-MWCNTs/CTS-

Cu/GCE (c) were obtained in 0.1 M KCl which contained 5 mM  K3Fe(CN)6/ K4Fe(CN)6
 

at a frequency range of 100 kHz to 100 mHz, shown in Figure 5.5. From the data fitting, 

the charge transfer resistance (Rct) value of the bare GCE was 820 Ω. The Rct value 

decreases to 120 Ω after the incorporation of the f-MWCNTs, which is attributed to the 

enhanced electrical conductivity of the f-MWCNTs. For the final composite f-

MWCNTs/CTS-Cu/GCE, the Rct value further decreases to 38 Ω, due to the smaller 

electron transfer resistance of the f-MWCNTs/CTS-Cu/GCE compared to the f-

MWCNTs/GCE. This result indicates that the electrode was modified effectively with the 

proposed composite and improved the electrical conductivity. 

 

Figure 5.5: The representative impedance spectrum of the bare GCE (curve a),  
                   f-MWCNTs/GCE (curve b) and f-MWCNTs/CTS-Cu/GCE (curve c) in 5.0  
                   mM K3Fe(CN)6 / K4Fe(CN)6 (1:1) containing 0.1 M KCl. Inset is the  
                   equivalent circuit for the fitting. 
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5.6 Electrochemical behaviour of DCF at f-MWCNTs/CTS-Cu/GCE thin film 

5.6.1 Electrochemical oxidation of DCF 

The electrochemical behaviour of 50 µM DCF was investigated by CV on the bare GCE 

(Figure 5.6a), f-MWCNTs/GCE (Figure 5.6b) and f-MWCNTs /CTS-Cu/GCE modified 

electrode (Figure 5.6c), respectively, in PBS (pH 4.0) between 0.3 and 0.8 V (vs. 

Ag/AgCl) at 100 mV s-1. Figure 5.6a clearly shows the presence of an oxidation peak, 

without the presence of the reduction peak due to the lower conductivity of GCE. An 

increase in the current density was observed after modification of the GCE (Figure 5.6b 

and Figure 5.6c as the extended surface area possesses the excellent electro-catalytic 

effect of the Cu. This remarkable change of current occurred due to the presence of Cu 

and it demonstrates that this modification influenced the electrochemical reactions and 

also promoted the electron transfer rate. 

 

Figure 5.6: CV of the bare GCE (curve a), f-MWCNTs/GCE (curve b) and  
                    f-MWCNTs/CTS-Cu/GCE (curve c) in the solution containing 50 µM  
                    diclofenac sodium in 0.2 mol L-1 PBS (pH 4.0) at 100 mV s-1. 
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5.6.2 Influence of scan rate 

The effect of the potential scan rate of the modified electrode on the oxidation 

reaction of DCF was investigated by CV. The CVs for 50 µM concentrations of DCF in 

a phosphate buffer solution of pH 4.0 at the f-MWCNTs/CTS-Cu/GCE composite at scan 

rates from 10 to 250 mV s-1 was investigated and shown in Figure. 5.7A. From the Figure. 

5.7A, the anodic peak current increases with the potential scan rate. Furthermore, Figure. 

5.7B shows that the anodic peak current is proportional to the scan rate and the linear 

regression equation is: 

Ipa (µA) = 0.292 ν (mVs-1) + 2.524     (R2 = 0.987)                                                  (5.1) 

This demonstrates that the electrochemical oxidation of DCF at f-MWCNTs/CTS-

Cu/GCE is a surface controlled process. 

  

Figure 5.7: (A) CV of 50 µmol L-1 diclofenac sodium on the f-MWCNTs/CTS-Cu/GCE    
                    at different scan rate (10 mVs-1 to 250 mVs-1) in PBS (pH 4.0). (B) a variation  
                   on the peak current with the scan rate. 
 
5.6.3 Influence of pH  

The electrochemical behaviour of DCF is directly influenced by the pH of the 

electrolyte. To study the effect of pH on the electro-oxidation of DCF at the f-

MWCNTs/CTS-Cu/GCE modified electrode, CV of 50 µM DCF were recorded at 

different pH from 4.0 to 9.0 (Figure. 5.8A). The peak potential shifts towards the negative 
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region as the pH increases, due to the participation of proton in the oxidation reaction 

which is shown in Figure. 5.8A. The plot of Epa vs pH shows a linear relationship (Figure. 

5.8B) with the subsequent regression equation: 

 Epa (V) = -0.032 pH + 0.853   ( R 2   = 0.998)                                                  (5.2) 

  

Figure 5.8: (A) Effect of the pH in the range 4 to 9 using PBS on the cyclic voltammetric  
                    response for 50 µM DCF at f-MWCNTs/CTS-Cu/GCE. (B) anodic peak  
                    potential as a function of pH 
 

Besides, the current of the anodic peak of DCF increases gradually when the pH 

increases from 4.0 to 9.0. The highest peak current is achieved at pH 4.0, and the decline 

of the peak current is observed as the pH is increased to pH 9.0. Thus, pH 4.0 was 

considered as the optimum pH for the supporting electrolyte and was used for all 

subsequent experiments. 

5.7 Performance evaluation of f-MWCNTs/CTS-Cu/GCE 

5.7.1 Analysis of limit of detection of sensor 

The calibration curve was constructed and described using f-MWCNTs/CTS-

Cu/GCE under optimum conditions. Figure 5.9A shows the square wave voltammograms 

(SWV) for several concentrations of DCF at optimum conditions. In Figure. 5.9, a linear 

range 0.3 to 200 µM was observed with a regression equation (Figure. 5.9B) 
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     Ip (µA) = 1.139 CDCF (µM) + 12.822 (R2 = 0.997)                                                   (5.3) 

The limit of detection (LOD) = 3Sb/m, where LOD is the limit of detection, Sb for a 

standard deviation for the blank sample and m for the slope of the calibration graph, thus 

the LOD for the modified electrode is calculated as 0.021 µM. The Sb was evaluated from 

six blank samples. Table 5.1 presents the comparison of different modified electrodes and 

also analytical parameters for the evaluation of DCF from the literature (Arvand et al., 

2012; Ensafi et al., 2013; Fard et al., 2016; Goodarzian et al., 2014; Mokhtari et al., 2012; 

Sarhangzadeh et al., 2013). 

 
Table 5.1: The comparison of various electrodes for the determination of DCF 
 

Electrode Linear range(µM) Detection limit(µM) Reference 
MWCNTs/Cu(OH)2/Nanoparticles/IL-          
GCE 

0.180 to 119.00 0.04 (Arvand et 
al., 2012) 

MWCNT/ PGE 0.047 to 12.95 0.017 (Fard et al., 
2016) 

IL/MWCNTs paste electrode 0.300 to 750.00 0.09 (Goodarzian 
et al., 2014) 

Vinylferrocen/MWCNTs paste electrode 5.00 to 600.00 2.00 (Mokhtari et 
al., 2012) 

MWCNTs and IL-modified carbon 
ceramic electrode  

0.050 to 50.00 0.018 (Sarhangzade
h et al., 2013) 

IL-modified CNT paste electrode 0.500 to 300.00 0.20 (Ensafi et al., 
2013) 

f-MWCNTs/CTS-Cu/GCE 0.300 to 200.00 0.021 This work 
 

  

Figure 5.9: (A) SWVs response at f-MWCNTs/CTS-Cu/GCE in PBS (pH 4.0) at    
                    different concentration of DCF in the range of 0.3 – 200 µM (B) calibration  
                    curve for the plot for the oxidation peak current vs DCF concentration.                
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5.7.2 Repeatability, reproducibility, and stability 

The primary requirement for a successful sensor depends on its repeatability, 

reproducibility and stability. The repeatability of the newly modified electrode for the 

measurement of DCF was studied by performing six measurements with the same DCF 

standard solutions using the same electrode. The relative standard deviation (RSD) of the 

modified electrode response toward the DCF solution (50.0 µM) is 2.55% which assures 

good repeatability of f-MWCNTs/CTS-Cu/GCE sensor. The reproducibility of the 

modified electrode was also investigated. Six different electrodes were prepared with the 

same f-MWCNTs/CTS-Cu nanocomposite and were studied using the DCF solution (50.0 

µM). For the responses between electrodes, the relative standard deviation is 2.88%. The 

result demonstrated that the reproducibility of the proposed f-MWCNTs/CTS-Cu/GCE 

sensor for the measurement of DCF was satisfactory. The electrode remained stable for 9 

weeks. However, after 9 weeks, the response of the electrode deteriorated. The stability 

of the electrode was satisfactory. It is demonstrated that the fabricated electrode was 

acceptable for the evaluation of real samples. 

5.7.3 Interference study 

Generally, DCF suffers interference in the presence of some biological molecules. 

The effect of various substances which interferes with the determination of DCF was 

studied under the optimum conditions. The interference study was done by adding various 

biological compounds and ions into PBS (pH 4.0) with the presence of 20.00 µM of DCF. 

The study showed that common ions such as sodium, potassium and chloride ion did not 

interfere with the determination of DCF. To investigate the interference of the biological 

compounds for the detection of DCF, various concentrations of fructose, glucose, citric 

acid, sucrose and urea were experimented with but did not interfere with the current 
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response of DCF. The results confirm that the fabricated electrode is highly selective for 

the detection of DCF in pharmaceutical dosage forms and biological samples. 

Table 5.2: Diclofenac sodium detection in tablet samples (n=3) 
 

Sample  Labeled (mg/tablet) Found (mg/tablet) Recovery (%) RSD (%) HPLC (mg) 
10 mg 10 mg 10.01 100.10 2.65 10.10 
50 mg 50 mg 49.40 mg 98.80 2.80 50.20 
100 mg 100 mg 97.60 mg 97.60 2.20 100.80 

 

Table 5.3: Recovery test results for Diclofenac sodium by using human urine samples  
                  (n=3) 
 

Added (µM)  Found (µM) Recovery (%) RSD (%) HPLC ( µM) 
0 NDa - - NDa 
10 9.97 99.70 1.80 10.13 
50 49.20 98.40 2.60 50.34 
100  98.88 98.88 2.40 98.44 
a Not detected.     

 

5.7.4 Real sample analysis 

To evaluate the acceptability of the fabricated electrode (f-MWCNTs/CTS-

Cu/GCE) for real sample analysis, different strengths of diclofenac sodium tablets and 

human urine specimens were used. The samples were diluted adequately according to the 

previous description. The square wave voltammetric technique was used in the 

determination of DCF concentration from tablets and human urine samples. The DCF 

was detected after its addition into human urine and the recovery values were calculated 

and presented in Tables 5.2 and 5.3. From table 5.2, the recovery results between 98.4 

and 99.7 are considered acceptable. The comparative study reveals the feasibility of the 

present technique with the previous methods, in terms of the LOD. This remarkable 

performance is responsible for the immobilization of f-MWCNTs/CTS-Cu composite 

onto the surface of GCE which ensure the extended surface area, synergistic 

electrocatalytic effect and excellent conductivity.  
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6. Conclusions 

In this work, f-MWCNTs-CTS-Cu was fabricated by a simple sonication and 

drop-casting method and utilized as a novel sensing platform for the electrochemical 

determination of diclofenac sodium (DCF). f-MWCNTs showed superior electrocatalytic 

activity and chitosan had excellent adsorption and film-forming capacity. Chitosan and 

the metal complex contain chelating groups similar to the properties of natural enzymes. 

Due to these reasons, the chitosan and copper complex has a synergistic effect on 

electrocatalytic activity. That is the main reason for the high electrocatalytic performance 

of the GCE modified with f-MWCNTs-CTS-Cu nanocomposite toward the electro-

oxidation of diclofenac sodium which gave a good linear range, low detection limit and 

high selectivity for DCF detection. These results demonstrated that the fabricated 

electrode has significant potential for the determination of diclofenac sodium from the 

pharmaceutical dosage forms and real samples. 
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CHAPTER 6: BIOPOLYMER BASED CONDUCTIVE NANOCOMPOSITE: AN 

EFFICIENT SENSING PLATFORM FOR THE SIMULTANEOUS 

DETERMINATION OF PAINKILLER AND ANTIBIOTIC DRUG IN 

PHARMACEUTICAL TABLET, BIOLOGICAL FLUID AND WATER SAMPLE 

6.1 Introduction 

Paracetamol (PCT) (N-acetyl-p-aminophenol) is a very popular and extensively 

used “over the counter drug” in the world. PCT is a safe drug and possesses antipyretic 

and analgesic effects. Generally, it is used for fever, backache, cold, headache, muscle 

pain, osteoarthritis etc (Akhter et al., 2018). The overconsumption of a large dosage of 

PCT can cause some serious health issues such as hepatotoxicity, inflammation, 

nephrotoxicity, anorexia, skin rashes etc (Anuar et al., 2018).  

Ciprofloxacin (CPR) is a third-generation antibiotic drug belonging to the 

quinolone group and is generally administered for urinary tract infection, skin infection, 

respiratory tract infection and so on (Chen et al., 2019). CPR shows its electroactive 

nature through the electrochemical oxidation of the piperazine ring which is present in 

the CPR structure. Overdose of CPR can cause severe health problems such as liver 

damage, hypersensitivity reactions, permanent nerve problems and so on (Fang et al., 

2019). 

Because of the extensive production and usage of the PCT and CPR, they are 

seldom detected in water resources. However, the presence of several hundred to 

thousands ng L-1 concentrations of PCT has been detected in wastewater (Alam et al., 

2018). While the presence of CPR in pharmaceutical wastewater is around 28,000-31,000 

µg L-1, municipal waste water 0.255-0.568 µg L-1 and for hospital > 10 µg L-1, have been 

reported (Fang et al., 2019). The quinolones group of drugs are less decomposed by the 
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bacterial metabolism process, thus it takes a long time to be eliminated from the 

environment compared to other classes of antibiotics (Turiel et al., 2005). Considering 

the adverse effects and water contamination by high concentrations of PCT and CPR 

which are associated with severe health problems, it is very crucial to monitor the 

concentrations of these drugs from biological fluids, commercial tablet dosage forms and 

water for environmental and clinical purposes. Up-to-date, several methods have been 

employed for the detection of PCT and CPR such as high-performance liquid 

chromatography (Liu et al., 2018; Sultana et al., 2013) capillary electrophoresis (Wang 

et al., 2005; Lecoeur et al., 2019), fluorimetry (Perera et al., 2019; Turkie & Munshid, 

2019), titrimetry (D’Souza et al., 2015; Basavaiah et al., 2006), electrochemical 

techniques (Anuar et al., 2018; Matsunaga et al., 2020; Bonyadi et al., 2020) etc. 

Nanocellulose (NC) is a derivative of cellulose, which is obtained from the 

nanoscale synthesis of cellulose. Cellulose is considered as the inexhaustible natural 

biopolymer which possesses some attractive features such as high porosity, large surface 

area, cost-effectiveness, excellent adhesion characteristics, biocompatibility etc. Mainly, 

NC is synthesized from cellulose to overcome hierarchical structural imperfections 

(Wang et al., 2014). Due to these advantages, NC has been produced on large scale in 

recent years and utilized in different fields of electrochemistry. In addition, NC possesses 

some unique features such as improved mechanical characteristics, thermal stability, 

biodegradability, biocompatibility and is eco-friendly. NC is comprised of several 

cellobiose units which have free six hydroxyl groups, one acetal linkage and one 

hemiacetal linkage that are inter-connected through strong hydrogen bonds. These 

hydrogen bonds help to provide NC with an axial elastic modulus structure and a surface 

sufficed with hydroxyl groups. As NC contains a substantial amount of hydroxyl groups, 

it facilitates the modification and penetration of new binding sites for the attachment of 

specific analytes  (Shalauddin et al., 2019). Due to these physicochemical properties, NC 
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is considered a potential candidate to be conjugated with other functional materials such 

as graphene (Hou et al., 2019), polypyrrole (Shahnaz et al., 2020), carbon nanotubes (Xu 

et al., 2020) etc. Among the electronically conductive polymers (ECP), polypyrrole 

(PPY) has gathered particular interest due to its high electrical conductivity, 

biocompatibility, good stability, proper redox characteristics and ease of polymerization 

process compared to other ECP (Tasrin et al., 2020). 

 

 

Figure 6.1: Nanocellulose polypyrrole interaction through hydrogen bonding.    

 The chemical polymerization procedure was chosen for the formation of NC-PPY 

nanocomposite. There are several reasons behind choosing chemical polymerization over 

other procedures. Unlike electrochemical polymerization, this process does not require 

any conducting substrate and is easy to scale up. Chemical polymerization of PPY on NC 

substrate has several advantages such as process ability, cost-efficiency and eco-
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friendliness of the substrate (Nystrom et al., 2010). The NC-PPY nanocomposite is 

electroactive and shows good electroconductivity which retains the fibrous configuration 

of the nanocellulose with a high surface area compared to pure cellulose. This 

nanocomposite can be synthesized with approximately 98% of porosities which increases 

the surface areas ultimately (Hebeish et al., 2016). The PPY coating on the NC fibers 

surface can be demonstrated by some characteristics, where the fibers of NC are properly 

immersed and wetted by the PPY. Both NC and PPY can form hydrogen bonds through 

OH- and NH- groups, respectively, which demonstrates that both NC and PPY could be 

interconnected by strong hydrogen bonds (shown in Figure 6.1). During the chemical 

process, the inclusion of PPY on the NC fibers ultimately provide a mechanically robust 

configuration and a high porosity of the nanocomposite with a large active surface area 

(Mondal, 2018). Moreover, the addition of PPY on NC fibers creates more conductive 

paths through the material which might accelerate the transport of charge and ions and 

thus enhance the electro-conductive backbone of the nanocomposite which can actively 

and spontaneously interact with the specific analyte. The fibers of NC are encapsulated 

by the layers of PPY which provide a 3D structure and contribute to the enhanced 

electrochemical response by allowing absorption of more analytes on the surface of NC-

PPY nanocomposite (Wang et al., 2015). Dulaimi et al and his team reported the 

nanocomposite of nanocellulose/polypyrrole to investigate the electrochemical 

characteristics (Al-Dulaimi et al., 2018). While another work has been reported on 

freestanding nanocellulose-composite fiber reinforced 3D polypyrrole electrodes for 

energy storage applications Wang et al. (2014). 

 Herein, we reported a nanocomposite of NC-PPY modified sensor for the first 

time for the simultaneous determination of PCT and CPR. The excellent and improved 

electrochemical conductivity with porous appearance enables a new avenue for the 

detection of PCT and CPR simultaneously. The NC-PPY/GCE sensor showed excellent 
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stability, repeatability and reproducibility with broad linear ranges and low LOD for the 

detection of PCT compared to previous reports (shown in Table 6.1). The NC-PPY/GCE 

sensor was applied for the simultaneous detection of PCT and CPR in biological fluid and 

pharmaceutical preparations with great recoveries. 

6.2 Experimental section 

6.2.1 Chemicals and Instrumentation 

Paracetamol (PCT), Ciprofloxacin (CPR), Nanocellulose (NC), Sulphuric acid 

(H2SO4) and Hydrochloric acid (HCl) were purchased from Sigma Aldrich (Malaysia). 

Cellulose powder (microfibrillated cellulose source: cotton linter) and Pyrrole were 

obtained from Fischer scientific (Malaysia), Iron chloride (FeCl3), Dipotassium hydrogen 

phosphate (K2HPO4), Potassium dihydrogen phosphate (KH2PO4) were purchased from 

Fluka (Malaysia). Adequate amounts of PCT and CPR were used and dissolved in 

deionized water (DI) to prepare the individual stock solutions. All reagents were of 

analytical grade and utilized as received without any further treatment. 0.1 M phosphate 

buffer solution pH 7.0 was prepared by mixing 0.662 gm of K2HPO4 and 0.844 gm of 

KH2PO4. Human blood serum was collected from a healthy volunteer from University 

Malaya Hospital. 

An Autolab PGSTAT 302N electrochemical workstation was utilized as the 

electrochemical detection platform with a glassy carbon electrode (GCE) as the working 

electrode with 3 mm diameter, a platinum wire as counter electrode and Ag/AgCl (3.0 M 

KCl) as a reference electrode. All the electrochemical experiments were performed at 

room temperature. Deionized water (18.2 MΩ cm) was purified by a PURELAB flex 

system (Elga Water, Veolia, France) and used to prepare an aqueous solution throughout 

the experiment. A pH meter (Cyberscan 500 digital) connected with a glass electrode 
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(EUTECH Instruments, USA) was used to prepare and adjust the pH of the solution. 

Sonic 3 ultrasonic bath (Polsonic, Poland) and vortex (IKA, Germany) were used for 

proper dispersion of the nanomaterials. Fourier transformed infrared (FTIR) spectroscopy 

was performed FTIR spectrometer (Spectrum 2000, Perkin Elmer) between 500–

4000 cm−1. X-ray diffraction (XRD) patterns were analyzed using a Rigaku DMAX 2000 

diffractometer equipped with Cu-Kα radiation (λ = 0.15405 nm, 40 kV, 40 mA). The 

morphological image was recorded by transmission electron microscopy (TEM) (JEM 

1400, JEOL, Japan) 

6.2.2 Methodology 

 For the synthesis of NC, the acid hydrolysis method was used while the NC-PPY 

nanocomposite was synthesized by the chemical polymerization method and drop-casted 

on GCE. The morphological properties were characterized by TEM, XRD and FTIR 

spectroscopy. Before the electrochemical experiments, pH and scan rate were optimized. 

CV and SWV methods were employed to investigate the electrochemical behaviour of 

the NC-PPY/GCE sensor. Satisfactory relative standard deviation and recovery values 

were obtained from the real sample analysis. 

6.2.3 Synthesis of NC 

The synthesis procedure of nanocellulose was explained in chapter 3, section 3.2.6.  

6.2.4 Synthesis of NC-PPY nanocomposite 

The nanocomposite of NC-PPY was synthesized according to the previous 

literature (Tasrin et al., 2020). The micro fibrillated cellulose powder and pyrrole were 

used as the starting materials for the synthesis of NC-PPY nanocomposite. Firstly, 12 gm 

of 2 wt % micro fibrillated cellulose hydrogel (240 mg of dry cellulose content) was 
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dispersed in 100 mL of DI water and mixed homogenously. Then the PPY solution was 

prepared by mixing 3 mL of pyrrole solution (0.043 M) in 100 mL of water. The PPY 

solution was added gradually to the cellulosic suspension. To prepare the FeCl3 solution, 

8 gm of FeCl3 (0.030 M) was dissolved in 100 mL of water and mixed well. Next, the 

FeCl3 solution was added to the cellulose-PPY dispersion to initiate the polymerization 

process. 160 µL of 37% HCl was added gradually in the reaction beaker. After 15 min of 

polymerization, the resulting PPY coated cellulosic fibers were rinsed thoroughly in DI 

water in a Buchner funnel using a filter paper. Finally, the PPY-NC cake was obtained 

after the removal of filter paper which was placed on a petri dish and air-dried properly 

to turn into a constant mass. 

6.2.5 Fabrication of NC-PPY /GCE modified electrode 

Before the fabrication step, a glassy carbon electrode (GCE) was polished to 

obtain a mirror-like surface, on the micro-cloth pad with alumina slurry. Then the GCE 

was ultra-sonicated in ethanol and then in DI water for 2 min and dried properly in 

ambient temperature. 1 mg of synthesized NC-PPY solid mass was dissolved in 2 mL of 

DI water to form a homogeneous suspension applying ultra-sonication energy for 30 min. 

6 µL of NC-PPY suspension was micro-pipetted and drop-casted on the GCE surface and 

dried properly at ambient temperature (electrode fabrication shows in Figure 6.2). 

Univ
ers

iti 
Mala

ya



 

132 

 

Figure 6.2: Fabrication of NC-PPY modified GC electrode for the detection of PCT and 
CPR 

6.3 Aim of the research 

 This study aims to develop an electrochemical sensor based on the NC and 

conductive polymer PPY. The combination of NC-PPY nanocomposite showed high 

electro-conductivity with an increased porosity of the surface area compared to the NC 

alone. The proposed fabricated sensor showed excellent selectivity toward the detection 

of PCT and CPR. 

6.4 Results and Discussions 

6.4.1 Surface Morphology of modified electrode 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were employed to investigate the morphology of the modified electrode. Figure 6.3A 

shows the dispersion of NC. Figure 6.3B shows a uniform mixture of NC-PPY fibers with 

a porous foam-like network composed of NC-PPY.  Figure 6.3C, clearly exhibits that the 

fibers of NC entangled and embedded on the layer of PPY and formed a 3D network 

(Wang et al., 2014). The layer of PPY was coated on the NC fibers. Figure 6.3D is the 

magnified image of Figure 6.3C. 
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Figure 6.3: SEM image of (A) NC, (B) NC-PPY and TEM images of (C) NC-PPY,  
                    (D) NC-PPY (higher resolution). 
 
6.4.2 Structural Characterizations NC-PPY nanocomposite 

The as-prepared NC and NC-PPY nanocomposites were studied by different 

techniques to investigate their morphological and structural compositions to determine 

their properties. The FTIR was performed to determine the presence of functional groups 

and chemical compositions of NC and NC-PPY. Figure 6.4A shows the FTIR spectra of 

cellulose (a), NC (b) and (c) NC-PPY. Curve a and b shows broad FTIR peaks between 

3326 and 3339 cm-1 which confirms the free OH stretch. Both the cellulose and NC 

showed a characteristic peak at around 2900 cm-1 that is attributed to the C-H stretch. NC 
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contains a higher density of OH groups than cellulose. Due to the chemical treatment, the 

spectrum of NC contains the transmittance peaks that appear around 1645 cm-1 and 

confirms the bending vibration of the absorbed H2O. In curve b, the characteristic peaks 

are sharper than curve a (Shalauddin et al., 2019). Some characteristic C-C stretch, C-O-

C Stretch from the pyranose ring appear around approximately 1155 cm-1 and 1050 cm-1. 

Curve c shows the characteristic bands at 1540 and 1450 cm-1 which could be assigned to 

the C-C and C-N stretching vibrations present in the pyrrole ring. It is noted that the bands 

assigned for the free OH groups of cellulose are weakened in the NC-PPY 

nanocomposite. In addition, the increase of the C-C and C-N bands are observed which 

indicates the layer of PPY on the surface of NC  (Muller et al., 2013). 

The crystalline properties of NC (a) and NC-PPY (b) nanocomposite were studied 

by XRD and illustrated in Figure 6.4B. The diffraction pattern for the powdered NC 

shows some distinct peaks at 2Ө = 15.44°, 22.62° and 34.66° and which could be assigned 

to the presence of NC (Shalauddin et al., 2019). The broad peak at 15.44° and 22.62° is 

attributed to the amorphous and crystalline regions of the NC respectively. Typically, the 

peak of PPY appears at 2Ө = 26.05° which is distinctly shown in curve b but this peak is 

absent in curve a. The distinctive peak of curve a is present in curve b but is slightly 

shifted with decreased peak intensity. From this result, it is confirmed that the crystalline 

structure of the NC is not hampered by the acid hydrolysis treatment and the presence of 

PPY through chemical polymerization (Shahnaz et al., 2020). 
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Figure 6.4: FTIR spectra of (A) cellulose (a), NC (b), NC-PPY(c) and XRD spectra of 
(B) NC (a), NC-PPY (b) 
 
6.4.3 Electrochemical Characterization of sensor 

The EIS study was conducted to investigate the interfacial electron transfer 

properties on the electrode-electrolyte interface. The optimized operational parameters 

for the study were; the frequency ranges from 100 kHz to 100 mHz and Vrms potential of 

10 mV. The data is shown in Figure 6.5 as the Nyquist plot of different electrodes, the 

bare GCE (a), NC/GCE (b), NC-PPY/GCE in the presence of 0.1M KCl and 5mM 

[Fe(CN)6] 3−/4−. The GCE possesses the largest Rct value of 280 Ω which could be 

attributed to the very poor interfacial electrons transfer. The Rct value for NC/GCE is 185 

Ω which is due to the comparatively lower electrical conductivity of the GCE and 63 Ω 

for NC-PPY/GCE.  The smallest Rct value is achieved by the NC-PPY/GCE which is due 

to the extra-ordinary electrical conductivity and improved electrons transfer across the 

surface of the electrode showing the smallest charge transfer resistance. The Rct values 

can be represented by the decreasing order of: GCE > NC/GCE > NC-PPY/GCE: 280 Ω 

> 185 Ω > 63 Ω. The plots have a semi-circular segment which is at a higher frequency 

and the linear segment comparatively at a lower frequency. The Nyquist plot is presented 

in the form of Randle’s equivalent circuits (shown in inset). Here, the components of this 
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circuit are the electron transfer resistance (Rp), constant phase element (CPE), solution 

resistance (Rs) and Warburg impedance (W). 

 

Figure 6.5: The Nyquist plots of bare GCE (a), NC/GCE (b) and NC-PPY/GCE (c)  
                     in 0.1 M KCl solution with 5.0 mM [Fe (CN) 6]3-/4-. Inset is the equivalent  
                     circuit for the fitting. 
 
6.5 Electrochemical behaviour of NC-PPY/GCE modified electrode 

6.5.1 Electrochemical investigation of PCT and CPR 

The electrochemical response of an electrode towards the target analyte is 

measured by the redox potential and the corresponding current. Cyclic voltammetry was 

performed to investigate the electrochemical response of bare GCE (a), NC/GCE (b), NC-

PPY/GCE (c) in the presence of 45 µM PCT, 30 µM CPR and 0.1 M PBS pH 7.0 at 0.1 

V s-1. In Figure 6.66, the bare GCE shows very little irreversible oxidation peak for PCT 

and CPR at 0.56 V and 1.02 V, respectively. No reduction peak was obtained for the PCT 

at the bare GCE in the applied potential window. The electron transfer on the surface of 

the electrode is poor due to the lower conductivity of the bare GCE. On the other hand, 

when the surface of GCE is modified with NC, a couple of slightly increased oxidation 
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peaks for PCT and CPR are appeared at 0.51 V and 0.99 V, compared to bare GCE. No 

reduction peak of PCT was observed. This could be because, NC is not so conductive and 

could not sufficiently promote the electron transfer process alone (Wang  et al., 2014). In 

addition, when the GCE is fabricated with NC-PPY, the voltammetric responses for PCT 

and CPR are increased dramatically. The NC-PPY/GCE exhibits high background current 

response which indicates a better electrochemical response than the bare GCE and 

NC/GCE. A pair of distinct redox peaks and an oxidation peak for PCT and CPR are 

appeared at 0.47 V and 0.98 V, respectively. The redox peak of PCT is shifted negatively 

at 0.47 V, while the oxidation peak of CPR is shifted in the same direction at 0.98 V. The 

NC-PPY/GCE nanocomposite exhibits the highest background current response towards 

the redox peak of PCT and oxidation peak of CPR compared to the bare GCE and 

NC/GCE, which could be due to the porous appearance of the surface with an extended 

surface area that allows access of more analyte on the surface of the electrode and faster 

electrons transfer process (Wang et al., 2015). The current response of PCT and CPR are 

reinforced due to the excellent conductivity and higher active surface area of the NC-

PPY/GCE. Thus, this indicates that the NC-PPY/GCE has greater electrocatalytic 

efficiency towards the redox peak current of PCT and oxidation peak current of CPR. 
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Figure 6.6: CVs of 45 µM PCT and 30 µM CPR in 0.1 M PBS (pH 7.0), potential range  
                   0.2 V to 1.4 V and scan rate at 0.1 Vs-1 on (a) bare GCE, (b) NC/GCE and (c)  
                   NC-PPY/GCE. 
 
6.5.2 Scan rate study 

To investigate the mechanism of reactions for PCT and CPR, the influence of the 

scan rate on the peak current and peak potential was studied. The CV of 45 µM of PCT 

and 30 µM of CPR at NC-PPY/GCE in the presence of 0.1M PBS pH 7.0 was recorded 

at different scan rates from 50- 500 mV s-1 (Figure 6.7A). The result shows a linear 

increment of the redox peak current of PCT and oxidation peak current of CPR with the 

scan rate. This entailed that the electrochemical reactions of PCT and CPR on the NC-

PPY/GCE follow an adsorption controlled mechanism (Pollap et al., 2020). PCT and CPR 

are organic compounds in nature and both contain benzene rings in their structure. Thus, 

the van der Waals force is formed between the PCT and NC-PPY while electrostatic 

interactions are formed between the CPR and NC-PPY and both are absorbed on the 

surface of NC-PPY/GCE (Anuar et al., 2018; Matsunaga et al., 2020). In addition, a 

variation of the redox peak current of PCT and the oxidation peak current of CPR are 

observed with the changes of scan rates, which reveals that the electrochemical redox 
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reaction of PCT and oxidation reaction of CPR is surface controlled process on the NC-

PPY nanocomposite (Pollap et al., 2020). The oxidation currents of PCT and CPR are 

shifted toward the positive direction which is due to the kinetic effect of the NC-PPY on 

the oxidation of PCT and CPR (Figure 6.7 B & C). The obtained regression relationship 

for PCT and CPR is as follows 

Ipa (µA) = 0.676 ʋ + 14.142 (R2 = 0.989)   (PCT)                                                               (6.1) 

Ipc (µA) = -0.087 ʋ + 4.989 (R2 = 0.975) (PCT)                                                               (6.2) 

Ipa (µA) = 1.409 ʋ + 13.026 (R2 = 0.996) (CPR)                                                                (6.3) 

 

  

Figure 6.7: (A) CVs of 45 µM PCT and 30 µM CPR on NC-PPY/GCE at 50 mV s-1 to  
                    500 mV s-1 in 0.1 M PBS (pH 7.0). (B). the plot of redox peak current vs.  
                    scan rates of PCT (black line for oxidation of PCT and red line for reduction  
                    of PCT). (C). the relationship between anodic peak current vs. scan    
                    rate of CPR. 
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6.5.3 Influence of different pH values 

 As both PCT and CPR are oxidizable and electroactive compounds, the 

electrochemical behaviour of PCT and CPR at NC-PPY/GCE is greatly influenced by the 

presence of different pH (Anuar et al., 2018; Bonyadi et al., 2020). To investigate the 

influence of different pH values, cyclic voltammograms of 45 µM PCT and 30 µM CPR 

was recorded at 0.1 V s-1 in the presence of 0.1 M PBS pH 7.0 in different pH ranges from 

pH 4-10 as shown in Fig. 6.8A. It is observed that the most intense anodic peak potential 

for PCT and CPR were obtained at pH 7.0 (Fig 6.6A). In addition, when the pH increases 

from 4-10, the redox peak potential of PCT and oxidation peak potential of CPR are 

gradually shifted to the negative region. The oxidation peak potential of PCT is shifted 

from 0.66 V to 3.7 V, while the oxidation peak potential of CPR is shifted from 1.18 V 

to 0.7 V. This indicates that the oxidation of PCT and CPR, and the electrochemical 

reactions of PCT and CPR require proton transport (Pollap et al., 2020). Figure 6.8B and 

6.8C show the relationship between the anodic peak potential (Epa) and different pH for 

PCT and CPR, respectively. From both of the graphs (6.8B and 6.8C), a linear relationship 

between Epa and different pH values was observed with a slope value of -0.051 V pH-1 

and -0.050 V pH-1 for PCT and CPR respectively. The linear regression equations for the 

oxidation peak potential of PCT and CPR (Figure 6.8 B and C) are as following: 

   Ep (PCT) = -0.051 pH + 0.771 (R2 = 0.998)                                                                 (6.4) 

   Ep (CPR) = -0.050 pH + 1.374 (R2 = 0.992)                                                                  (6.5) 

 From the equations 6.4 and 6.5, it was observed that both the slope value of PCT 

and CPR are very close to the Nernst equation value (0.059 V pH-1), indicating that the 

number of exchanged electrons and protons are similar in the reactions of PCT and CPR 

(n= 2) which is shown in Appendix 6.1 (Pollap et al., 2020). From Fig. 6.8D and 6.8E for 
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PCT and CPR, an enhancement of the peak current is observed when the pH changes 

from 4.0 to 7.0 but declined beyond the pH 7.0. Due to low current detection, the 

oxidation reactions for both PCT and CPR seemed to be less favourable in low and high 

pH values. Based on the experiments, pH 7.0 was chosen as the optimum pH for the 

determination of PCT and CPR in the following experiments. This investigation reveals 

that the electrochemical reactions of PCT and CPR at NC-PPY/GCE is dependent on the 

pH and NC-PPY exhibited great improvement of the oxidation peak current of PCT and 

CPR and minimized the overpotential. 
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Figure 6.8: The CVs of 45 µM PCT and 30 µM CPR at the NC-PPY/GCE at different  
                    pH: 4.0, 5.0, 6.0, 7.0, and 10.0 at 0.1 V s-1. (B) The plot of oxidation peak  
                    potential vs. pH of PCT. (C) the plot of oxidation peak potential vs. pH of  
                    CPR. (D) the plot of the oxidation peak current vs. pH of PCT.  (E) the plot  
                    of the oxidation peak current vs. pH of CPR. 
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6.6 performance Evaluation of NC-PPY/GCE sensor 

6.6.1 Analysis of limit of detection of sensor 

The quantitative analysis of the proposed NC-PPY/GCE sensor was performed 

for the simultaneous determination of PCT and CPR using the squarewave voltammetric 

method by measuring some crucial analytical parameters such as linear range, the limit 

of detection, reproducibility and selectivity test. SWV is a more sensitive technique than 

a CV in terms of low detection limits and resolution. Some functional parameters such as 

frequency (f), amplitude (a) and step potential (Es) were optimized during the experiments 

by changing a single parameter while the other two parameters remained unchanged. The 

optimized functional parameters were frequency (f) = 23 Hz, (a) = 45 mV and (Es) = 2 

mV. Figure 6.9A shows the effect of the various concentration range of PCT (0.05-70.0 

µM) and CPR (0.01-80 µM) at NC-PPY/GCE in the presence of 0.1M PBS pH 7.0 at 0.1 

V s-1. A gradual increment of the oxidation peak currents of PCT and CPR are observed 

with the increment of the concentrations of PCT and CPR. The calibration plot was drawn 

between the oxidation peak current and varied concentrations of PCT using a linear 

segment, from 0.05 - 70 µM (Fig. 6.9B). Similarly, for the CPR, the linear segment of the 

calibration plot starts from 0.01 – 80 µM (Fig. 6.9C). The linear regressions for the 

calibrated ranges are the following: 

Ip (µA) = 1.245C + 13.423    (0.50-70 µM)   (PCT)  (R2 = 0.998)                                     (6.4) 

Ip (µA) = 1.706C + 52.572   (0.01-80 µM)    (CPR)   (R2 = 0.998)                                      (6.5) 

The LOD value of PCT and CPR are calculated as the linear regression equation (Eq. 6.4 

and 6.5) respectively, by applying a signal to noise ratio S/N = 3. A comparison is 

summarized in table 1, based on the present work and previous studies in terms of LOD 

and linear ranges. It is observed that the NC-PPY fabricated GCE showed impressive 
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results with lower detection limits and broad linear ranges compared to the other modified 

electrodes. These results show that the excellent electro-conductivity with porous 

configuration and a mechanically robust structure of the 3D network greatly enhance the 

electrochemical performance of the NC-PPY/GCE fabricated sensor for the simultaneous 

determination of PCT and CPR with very low concentration ranges. 
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Figure 6.9: (A) SWV at NC-PPY/GCE at different concentrations of PCT (0.05–70  
                          µM) and CPR (0.01–80 µM) in 0.1 M PBS (pH 7.0) at 0.1 V s-1, (B)  
                          Calibration curve of PCT concentration vs current (0.05 –70 µM), (C)  
                          Calibration curve of CPR concentration vs current (0.01 – 80 µM) 

 

The performance of the NC-PPY/GCE sensor for the sensitive determination of 

PCT and CPR was compared with previous reports in terms of linear range and LOD as 

illustrated in table 1. It is observed that the linear range and LOD of NC-PPY/GCE sensor 

exhibited remarkable outcomes compared to other fabricated sensors such as biopolymer-

based nanocomposites (Baccarin et al., 2017; Kalambate et al., 2020; Hu et al., 2018), 

biopolymer and conductive polymer-based nanocomposites (Kushwaha & Shukla, 2020; 

Bonyadi et al., 2020), graphene and CNT based nanocomposite (Baccarin et al., 2017; 

Yang et al., 2020; Hareesha & Manjunatha, 2020; Jin et al., 2020). These results suggest 
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that the extra-ordinary electrochemical conductivity and extended surface area with high 

porosity could greatly increase the electrochemical performance of the NC-PPY/GCE 

sensor for the sensitive determination of PCT and CPR at very low concentrations. 

Table 6.1: A comparison of various electrodes for the simultaneous determination of  
                  PCT and CPR 
 

Electrode Methods Linear range  
(PCT & CPR) (μM) 

Detection limit 
(PCT & CPR) 
(nM) 

Reference 

     
CQDs/ZnO‐NFs/Poly 
(CTAB)/GCE 

DPV 0.05–30.0 &  
0.01–30.0  

2.47 & 1.97  (Hatamluyi et 
al., 2020) 

     
Sm2O3-9-3/GP DPV 0.01 – 300 & 

 0.05 – 170  
0.1  & 5 (Biswas et al., 

2020) 
     
mpg-C3N4/PANI/CdO DPV 0.1 – 790 &  

0.01 – 250  
26  & 5  (Bonyadi et al., 

2020) 
     
NiONPs-GO-CTS: 
EPH/GCE 

SWV 0.10-2.9 & 
0.040–0.97 

6.7 & 6.0  (Santos et al., 
2017) 

     
Tio2/PB/AuNPs/CMK3 
/Nafion/GE 

CV 1–10 &  
10–52  

108 & 210 (Pollap et al., 
2020) 

     
 CZF-CME  Adsv 0.909 - 4700 &  

0.185  – 476 
2.58 & 88.5  (Kingsley et al., 

2016) 
     
NC-PPY/GCE SWV 0.05 – 70 & 

 0.01 – 80 
1.5 & 0.95  This work 

 

6.6.2 Repeatability, reproducibility and stability 

The individual solutions of PCT and CPR were prepared freshly and analysed six 

times using NC-PPY/GCE. The corresponding relative standard deviation values for PCT 

are 2.75% and for CPR were 3.65%, respectively confirms the NC-PPY/GCE sensor has 

good repeatability. The fabricated sensor was kept in a clean environment and the 

electrochemical signal was investigated for three consecutive weeks (Fig. 6.10). After 

three consecutive weeks, the current responses of the NC-PPY/GCE electrode are 

98.97%, 96.22%, 91.06% for PCT and 98.66%, 97.57%, 91.51% for CPR, from its initial 

current response. Furthermore, the reproducibility was investigated from the response of 
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another six individual electrodes using the above concentrations of PCT and CPR. The 

calculated RSD values for PCT and CPR solutions are 3.55% and 4.35%, respectively 

which confirms the good reproducibility of the NC-PPY/GCE electrode. 

 

Figure 6.10: Bar diagram shows the stability of NC-PPY/GCE modified electrodes for     
the determination of PCT and CPR for three consecutive weeks. 

 
6.6.3 Interference Study 

The selectivity of the fabricated sensor is an important parameter for a successful 

sensor which is investigated by the interference test (Akhter et al., 2020a). Under identical 

conditions, the test was performed in the presence of a wide range of interfering 

compounds with a similar structure to PCT, such as para-aminophenol and acetanilide, 

antibiotics such as penicillin, tetracycline and metronidazole and ions such as NO3
-, SO-

4, CO3
- and ascorbic acid (AA), dopamine (DA) and uric acid (UA) etc. Furthermore, the 

spiked concentrations of PCT and CPR are 8 µM and 12 µM, while 45 µM of para-

aminophenol and acetanilide, 50 µM of the antibiotics, 40 µM of ions and 60 µM of AA, 

DA and UA were utilized. From Figure 6.11, it is clear that the peak currents of PCT, 

CPR and DA are well-separated, which demonstrated that the presence of the potential 
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interfering compounds did not interfere with the current responses of PCT and CPR. The 

results confirmed that the fabricated NC-PPY/GCE sensor is highly specific and selective 

for the detection of PCT and CPR from the biological media and pharmaceutical dosage 

forms. 

 

Figure 6.11: SWV signal on NC-PPY/GCE with 8.0 µM PCT and 12µM CPR and 100  
                   fold excess concentration of common interfering compounds such as uric acid  
                    (UA), ascorbic acid (AA), dopamine (DA), lactose, fructose, sucrose and  
                    glucose, in 0.1 M PBS (pH 7.0) at 0.1 V s-1. 
 
6.6.4 Analysis of the real samples 

The drug-free human blood serum and urine samples from the University of 

Malaya Hospital (Kuala Lumpur, Malaysia), was preserved properly in a refrigerator. The 

blood collection procedure was mentioned in (section 3.2.8). 10 mL of human blood 

serum was centrifuged at 2000 rpm for 15 minutes. The supernatant was filtered by a 

filter paper (0.45 mm).  0.1 M PBS pH 7.0 was added to the filtered solution for dilution. 

The tablet dosage forms of PCT and CPR were collected from a local pharmacy and 

crushed into fine powder to prepare the solution by dissolving DI water. Then the 
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solutions of PCT and CPR were filtered and diluted using 0.1 M PBS. The investigation 

of the practical application of the fabricated NC-PPY/GCE sensor was studied using the 

human blood sample and pharmaceutical tablet dosage forms. The SWV method was 

utilized to determine the known concentrations of PCT and CPR using the standard 

addition approach. The recovery and relative standard deviation values (RSD %) for real 

samples of pharmaceutical tablets and blood serums were calculated from this experiment 

and shown in Table 6.2 and 6.3 respectively. The good recovery results and low RSD 

values confirm the suitability, efficiency and practical application of the NC-PPY/GCE 

sensor towards the detection of PCT and CPR. 

Table 6.2: Determination of PCT and CPR in pharmaceutical preparations at NC- 
                  PPY/GCE using squarewave voltammetry. 
 

Tablet Sample Labelled (µM) Found (µM) Recovery (%) RSD (%) 
PCT 1 5 5.05 101.00 0.55 
 2 10 10.05 100.50 0.68 
 3 15 14.96 99.73 0.96 
CPR 1 5 5.06 101.20 0.75 
 2 10 9.96 99.60 1.25 
 3 20 20.05 100.25 1.15 

 

Table 6.3: Determination of PCT and CPR in blood serum at NC-PPY/GCE using  
                 squarewave voltammetry. 
 

Sample Labelled (µM) Found (µM) Recovery (%) RSD (%) Sample 
PCT 1 15 15.08 100.53 1.05 
 2 20 20.02 100.10 1.46 
 3 35 34.98 99.94 0.88 
CPR 1 10 10.04 100.40 0.78 
 2 20 20.0 100.25 1.35 
 3 30 29.96 99.86 0.86 

 

6.6.5 Determination of PCT and CPR in the water sample 

The electrochemical performance of the NC-PPY fabricated sensor was further 

evaluated in real water samples using the standard addition approach. The sample lake 

water was collected from Tasek Varsiti Lake located in the University of Malaya campus, 

Kuala Lumpur, Malaysia. The lake water was preserved and filtered through 0.30 µm 
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membrane filters to eliminate the impurities. Then different concentrations of PCM and 

CPR (0.3 and 0.8 µM) were injected at the same time in the filtered lake water. The 

electrochemical response of the NC-PPY/GCE sensor in the detection of PCT and CPR 

is illustrated in table 3 in terms of recovery (%) and RSD (%). The excellent 

electrochemical response with the great recovery of 98 – 105 % for PCT, and 99 – 102% 

for CPR, with RSD values of 0.75 – 2.35% for PCT and 0.85 – 1.55% for CPR, 

confirming the feasibility and applicability of the proposed NC-PPY/GCE sensor for the 

simultaneous determination of PCT and CPR in the water samples. 

Table 6.4: Analytical performance of NC-PPY/GCE sensors for the detection of  
                  PCT and CPR in water sample using squarewave voltammetry. 
 

Sample Spiked (µM) Found (µM) Recovery (%) RSD (%) 
Lake water sample PCT 0.1 0.105 105.00 2.35 

  0.5 0.490 98.00 1.05 
  1.0 1.010 101.00 0.75 
 CPR 0.5 0.510 102.00 1.25 
  1.0 0.990 99.00 0.85 
  2.0 2.010 100.50 1.55 

 

7. Conclusions 

 In summary, a facile and selective electrochemical sensor electrode was prepared 

via drop cast dispersion method on the GCE surface by NC-PPY nanocomposite. The 

sensor showed excellent analytical response for the simultaneous determination of PCT 

and CPR in pharmaceutical preparations, biological fluids and water sample with a broad 

concentration range from 0.05 – 70 µM for PCT and 0.01 – 80 µM for CPR with great 

recoveries and a low detection limit of 1.5 nM for PCT and 0.95 nM for CPR. The NC-

PPY/GCE sensor showed significant selectivity, reproducibility, repeatability and 

stability. All these acquired results proved that the NC-PPY/GCE sensor has great 

potential for the simultaneous determination of PCT and CPR in biological media, 

pharmaceutical dosage forms and water samples.  
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

The present research focuses the finding on the four research works which are as 

the following: 

1. The synthesis of nanocellulose and functionalized multiwall carbon nanotubes, 

followed by the preparation of nanocomposite via drop-casting onto the surface of glassy 

carbon electrode for the electrochemical detection of painkiller drugs diclofenac sodium. 

The nanocellulose and functionalized multiwall carbon nanotubes were synthesized by 

the acid hydrolysis method. The electrochemical performances were investigated using 

cyclic voltammetry, electrochemical impedance spectroscopy and differential pulse 

voltammetry. The synthesized nanomaterials and nanocomposites were investigated for 

their structure and surface morphology using Fourier transformed infrared spectroscopy 

(FTIR), Raman spectroscopy, powder X-ray diffraction (XRD), atomic force microscopy 

(AFM), transmission electron microscopy (TEM), field emission scanning electron 

microscopy (FESEM). The morphological assessment confirms the spherical shapes of 

nanocellulose and functionalized multiwall carbon nanotubes, which are homogeneously 

distributed with a smooth and extended surface area with a porous appearance and high 

surface to volume ratio of the functionalized multiwall carbon nanotubes and 

nanocellulose. The outstanding electroconductivity of f-MWCNTs/NC/GCE facilitates 

the rapid electron transfer process. Here, NC not only prevents the leaching of 

nanomaterials but also promotes the ionic conductivity and promote more binding site 

with the presence of hydroxyl groups that could adsorb increased number of moieties 

efficiently. The f-MWCNTs/NC/GCE nanocomposite was utilized for the sensitive 

detection of DCF in biological fluids and pharmaceutical preparations. The electrode 

response was linear towards the DCF concentration range of 0.05 to 250 µM, and linear 
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range divided into two segments from 0.05 to 5.00 µM and 6.00 to 250 µM and a low 

limit of detection of 0.013 µM. The fabricated sensor showed good sensitivity and 

selectivity toward the electrochemical determination of DCF. The selectivity of the sensor 

was also investigated in the presence of various interfering substances mentioned in 

chapter 3. There was no signal detected except ascorbic acid and dopamine interference 

species which indicates that the proposed sensor electrode has high selectivity toward the 

electro-oxidation of DCF and is a potential candidate for the determination of DCF from 

pharmaceutical preparations and biological specimens with good stability and recoveries.  

2. Another nanocomposite of nitrogen-doped graphene (NDG) and nanocellulose 

(NC) (NDG-NC) was fabricated for the simultaneous electrochemical determination of 

paracetamol (PCT) and naproxen (NPX). Here, NC was synthesized followed by the same 

acid hydrolysis method while NDG was synthesized by the microwave-assisted method. 

An anionic surfactant sodium dodecyl sulfate (SDS) was added with the NDG-NC 

dispersion to ensure the homogeneous dispersion of both nanomaterials and the 

electrocatalytic performance of the synthesized nanocomposite was investigated upon 

increasing the concentration of SDS. The combination of NDG and NC exhibited good 

biocompatibility with each other. NC provided a 3D network and dispersed it around the 

nanosheets of NDG. Here, NC functions as a skeleton and also as a binder. The presence 

of SDS reduced the agglomeration of NDG and NC ultimately enhanced the 

electrochemical performance of the nanocomposite. The morphological properties of 

(NDG-NC)-SDS nanocomposite were studied by FTIR, TEM, FESEM and Raman 

spectroscopy. The electrochemical performance of (NDG-NC)-SDS modified GCE 

sensor was investigated by CV, EIS and DPV technique and showed enhanced 

electrocatalytic response towards the redox peak of PCT and oxidation peak of NPX 

between 0.2 V to 0.9 V at 0.1 Vs-1 with a broad linear range from 0.01 to 90 µM and 0.1 

to 60 µM for PCT and NPX, respectively. The limit of detection is 0.0035 µM and 0.026 
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µM for PCT and NPX, respectively, while the limit of quantification is 0.035µM and 0.26 

µM, respectively. The (NC-NDG)-SDS sensor showed good stability, reproducibility and 

repeatability for the electrochemical determination of PCT and NPX in the presence of 

diclofenac sodium. To investigate the selectivity of the (NC-NDG)-SDS sensor, an 

interference study was performed in presence of some common interfering molecules. 

There was no signal except glucose detected for the interference species which indicates 

that the proposed sensor electrode has high selectivity toward the redox reaction of PCT 

and oxidation of NPX. The real sample analysis was performed on commercial 

preparations and human serum to assess the practical applicability of the proposed sensor 

with satisfactory results for the simultaneous determination of PCT and NPX. The results 

demonstrated that the fabricated (NDG-NC)-SDS sensor is a promising candidate for the 

simultaneous determination of PCT and NPX in pharmaceuticals and biological 

preparations. 

3. Another work has been reported on this contribution, which highlights the 

synthesis of functionalized multiwall carbon nanotubes by acid hydrolysis method and 

followed by the sonication and drop-casting onto the surface of GCE. The chitosan 

solution was sonicated and drop-casted on f-MWCNTs and copper ions were immobilized 

on the multiwall carbon nanotubes and chitosan to prepare f-MWCNTs/CTS-Cu 

nanocomposite for the electrochemical determination of a common painkiller drug 

diclofenac sodium (DCF) from the pharmaceutical dosage forms and real samples. The 

morphology of the nanocomposite was studied by FT-IR, FESEM and EDX. The 

electrochemical performances were investigated by cyclic voltammetry, electrochemical 

impedance spectroscopy and square wave voltammetry. The f-MWCNTs/CTS-Cu 

nanocomposite showed excellent response toward the electro-oxidation of DS which is 

attributed to the outstanding electro-catalytic effect and electro-conductivity of f-

MWCNTs and Cu2+ ions and the excellent film formation and adsorption ability of CTS. 
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Hence, the combination of CTS and Cu showed synergistic electro-catalytic activity and 

exhibited a remarkable performance for the electrochemical detection of DCF with a good 

linear range between 0.3 to 200 µM and a low detection limit of 0.021 µM was obtained. 

The sensor material was tested in the presence of various interfering molecules mentioned 

in chapter 4. There was no signal detected for the interference species which indicates 

that the modified sensor has good selectivity. The proposed sensor showed good stability 

and reproducibility and was suitable for the determination of DCF from the 

pharmaceutical dosage forms and real samples.  

4. Another nanocomposite of nanocellulose (NC) and polypyrrole (PPY) was 

synthesized followed by the chemical polymerization for the simultaneous determination 

of paracetamol (PCT) and ciprofloxacin (CPR) in the pharmaceutical preparations, 

biological fluids and water samples. Here, NC has been synthesized by the same acid 

hydrolysis method. The layers of PPY were distributed homogeneously on NC fibers 

through chemical polymerization. The presence of OH- groups in NC and NH- groups of 

PPY are interconnected with each other through a strong hydrogen bond which 

demonstrates that the incorporation of PPY with the NC ultimately offers a 3D network 

with a mechanically stretchable structure. The nanocomposite of NC-PPY possesses a 

large surface area with a porous appearance. The attachment of NC and PPY generate 

more ionic pathways which accelerate the ion transportation and ultimately enhance the 

electroconductivity and electrocatalytic performance of NC. The morphological 

characteristics of NC-PPY nanocomposite were investigated by SEM, TEM, FTIR and 

Raman spectroscopy. The electrochemical performance of the NC-PPY nanocomposite 

was investigated by CV, EIS and SWV methods. The proposed NC-PPY modified GCE 

sensor showed a sharp electrochemical response towards the redox of PCT and oxidation 

of CPR with a dynamic linear range of 0.05 to 70 µM for PCT and 0.01 to 80 µM for 

CPR. The calculated LOD was 1.5 nM µM for PCT and 0.95 nM for CPR. The selectivity 
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of NC-PPY modified GCE sensor was assessed through the interference test in the 

presence of some common interfering molecules. From the interference test, it was shown 

that except for dopamine (DA) and ascorbic acid (AA), the interfering molecules did not 

interfere with the redox peak current of PCT and the oxidation peak of CPR. It could be 

demonstrated that the NC-PPY modified GCE sensor has high selectivity towards the 

PCT and CPR. Moreover, the fabricated electrode is also efficient for the simultaneous 

determination of PCT and CPR from the wastewater sample. The real sample analysis 

was performed in pharmaceutical dosage forms and biological fluids to evaluate the 

practical application of the proposed electrode with satisfactory recovery. The results 

demonstrated that the NC-PPY modified GCE is a potential candidate for the 

simultaneous determination of PCT and CPR in pharmaceutical dosage forms and 

biological fluids. 

The present study represents different electrochemical sensing platforms for the 

quantitative detection of painkiller drugs. Furthermore, the study explores the different 

applications of the proposed sensors in clinical, pharmaceutical and environmental 

monitoring aspects which proves the potential of this research investigation and could 

contribute to the research community. By comparing the advantages and sensing 

performances, f-MWCNTs/NC/GCE sensing platform might be selected for 

commercialization purposes for pharmaceutical routine analysis due to its simple and 

fewer fabrication steps, cost-effectivity, very low LOD and broad linear ranges.  

7.2 Future Work 

The current research work focuses on the incorporation of biopolymers such as 

nanocellulose and chitosan with carbon-based nanostructured materials such as multiwall 

carbon nanotubes and nitrogen doped graphene for the preparation of bionanocomposite 

with enhanced catalytic effect and electrochemical response. In this work, the synthesized 

Univ
ers

iti 
Mala

ya



 

156 

bionanocomposite was utilized as a sensing platform for the electrochemical 

determination of common painkillers in pharmaceutical dosage preparations and 

biological fluids. The attachment of carbon-based nanomaterials and biopolymers 

facilitated the efficient electron transfer at the electrode and electrolyte interface, provides 

synergy in the catalytic effect, thus enhances the electrochemical signals. From these 

results it can be demonstrated that some future works can be explored based on improved 

and novel concepts which are listed below: 

1. The scope of electrochemical sensors could be expanded with the synthesis of 

novel bionanocomposite. In this work, multiwall carbon nanotubes and 

nitrogen-doped graphene were utilized as carbon-based nanomaterials. Other 

types of carbon nanomaterials such as nanorods, nanotubes, nanobeads, 

nanoribbons, nanofibers and others are yet to be explored. 

2. The electrochemical performances of the bionanocomposite could be further 

improved by the selection of other doping elements on the graphene support. 

3. The bionanocomposite could be synthesized further by the incorporation of 

metal oxide, metal nanoparticles, mineral nanoparticles, with the incorporation 

of nanocellulose and chitosan which is still open to investigation. 

4. The sensitivity and flexibility of the bionanocomposite could be further 

improved by the combination of nanocellulose and chitosan, with the 

incorporation of carbon nanomaterials. Both approaches contribute to an 

improvement in the electrocatalytic activity of the nanocomposite towards 

analyte detection. 

5. The proposed bionanocomposites along with other nanomaterials could be used 

for the electrochemical determination of other analytes, supercapacitors and 

solar cell applications. However, more studies are needed for the synthesis and 
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preparation of different types of bionanocomposites for the fabrication of 

advanced electrochemical sensors. 
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