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ABSTRACT 

Graphene and conductive polymers had gain great deal of interest in various fields, 

such as in energy, environmental, and biomedical application, owing to their 

outstanding chemical and physical properties compared to conventional metal. Thus, 

in this study a reduced graphene oxide (rGO)-poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-based electrode was 

fabricated via a simple two-step, physical drop-cast method followed by subsequent 

electrochemical reduction. Cyclic voltammetry (CV) was used to characterize the 

redox capability of the composite layer on the electrode surface. Electrochemical 

deposition of rGO-PEDOT:PSS composites with a 1:1 ratio gives the highest anodic 

peak current Ipa of 1.184 mA and the largest effective surface area of 12.9 mm
2
, 

compared to rGO alone electrodes (Ipa = 0.552 mA, A=12.9 mm
2
). The rGO-

PEDOT:PSS composites were characterized by scanning electron microscopy (SEM), 

transmission electron microscope (TEM), RAMAN Spectroscopy, Fourier-transform 

infrared spectroscopy (FTIR) and X-ray diffraction (XRD). SEM results show the 

composite to have an open edge with a rougher surface morphology compare to rGO 

alone and TEM implies PEDOT:PSS is encapsulated by rGO. RAMAN spectroscopy 

shows the D band/G band intensity ratio of the composite films was increased from 

1.12 (GO-PEDOT-PSS) to 1.25 (rGO-PEDOT:PSS) after electrochemical reduction, 

suggesting reduction of defects in graphene. Furthermore, XRD shows that the 

interlayer distance of rGO was increased from 0.37 nm (for rGO film) to 0.47 nm for 

rGO-PEDOT-PSS, confirming the effective intercalation of PEDOT/PSS in between 

rGO layers. Finally, glucose biosensor with rGO-PEDOT:PSS as transducer was 

successfully fabricated, and the sensitivity, sensitivity per electrode area, and limit of 

detection  were  2.03 µA/mM, 15.74 µA/mM cm
2
, and 

 
0.08 µM, respectively. The 

results show rGO-PEDOT:PSS composite is an excellent precursor for the 

development of redox active transducer that can result in highly sensitive non-

invasive glucose sensor. 

 

 

Keywords: graphene, reduced graphene oxide, cyclic voltammetry, 
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 خلاصة البحث
Abstract in  
ABSTRA  

مجالات مختلفة ، مثل الطاقة المواد النانوية والبوليمرات الموصلة بقدرٍ كبيٍر من الاهتمام في  الأخيرة ، حَظِيتْ في السنوات 
والبيئةةةة والتطبيقةةةات الطبيةةةة اسيويةةةة ، بسةةةبي خيا يةةةيا الييميا يةةةة والفي يا يةةةة المتميةةة ة مقارنةةةة بةةةالمواد الم دنيةةةة التقليديةةةة  

-poly(3,4-(rGO) قطةةةةةةةةةةةةةي منيةةةةةةةةةةةةةةةف  ا ةةةةةةةةةةةةةةةةةرا ن ولةةةةةةةةةةةةةرلس في هةةةةةةةةةةةةةةر  الدرا ةةةةةةةةةةةةةة،     يةةةةةةةةةةةةةةني 
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-based   مةةن

   ا ةةتيدام  .خةة ق قطةةرة بسةةيطة مبد يةةة الةةل الأقطةةاا  لييةةا كفييةةات كيربيةةة كيميا يةةة لاحقةةة مةةن الأقطةةاا القطنيةةة
ة للطبقةةة المركبةةة الةةل  ةةط  القطةةي  الو ةةيي الييروكيميةةا   لةةة ( لتوصةةيق قةةدرة الأكسةةدCVمقيةا  الفولتيةةة اسلقةة  

rGO-PEDOT:PSS  ي طةةةة   الةةةةل رروة  يةةةةار  1:1مركةةةةي بنسةةةةبةIpa  مللةةةة   مبةةةةير و كةةةة   1.1 1بمقةةةةدار
الييربا يةةةةة المي.ةةةةو ة   تميةةةة  مركبةةةةات  rGOمليمةةةةو مربةةةة ، بالمقارنةةةةة مةةةة   قطةةةةاا  1 .1مسةةةةاحة  ةةةةط    ليةةةةة  بلةةةة  

rGO-PEDOT:PSS  ًبمسة  اهيةر اكليةوو    يياSEM  اهيةر اكليةوو  النا ةر ، )TEM مطيا يةة ،)
 SEM(   ظيةةر نتةةا   XRDوانحةةراا الأةةة ة السةةينية  FTIR، (RAMAN Spectroscopy)رامةةا  

غُلِفَةةتْ  rGOيظُْيِةةر     TEMحا ةةة مفتوحةةة مةة   ةةط  مور ولةةوم  خ.ةةن ىةةت م حظتةةة الةةل  ةةط  الوكيبةةة  الةةة
للأغ.ية المركبةة اادت  D/G  ومن ناحية  خرى، يوض  مطياا راما     نسبة كثا ة PEDOT: PSSبوا طة  
( ب ةةةةةةةةةد التيفةةةةةةةةةي  rGO-PEDOT: PSS  1. 1( إلى GO-PEDOT-PSS  .1 1مةةةةةةةةةن 

قةد  rGO   المسةا ة البينيةة مةن  XRD  في حةن ُ ظْيةر نتةا   GOالييروكيميا   مدا ي.ير إلى  قليل ال يةوا في 
(، مدا يؤكد الل rGO-PEDOT: PSSنانومو  للة 10 7النق ( إلى  rGOمو  للفيلم نانو  0. 7اادت من 

 rGO-PEDOT: PSS  يبةدو    مركبةات rGOبةن ببقةات الةةة  PEDOT / PSSالتةداخل الف ةاق لةة
سا ية يمين     يو  مولداً مدتاااً لتطوير قطي  و محوق باقة الأكسدة والاخت اق والري يمين    ينت   مي ة االية اس

قا مةةةةة الةةةةةل الييروكيميا يةةةةةة  و خةةةةيراً ، ّ   يةةةةةني  ميةةةةةاا الا ت.ةةةة ار البيولةةةةةوم  لل لوكةةةةةوا الم تمةةةةد الةةةةةل محةةةةةوق باقةةةةةة 
بن ةةا، ، واسسا ةةية، واسسا ةةية في منطقةةة القطةةي الواحةةد، واسةةد مةةن الي.ةةق اةةن   rGO-PEDOT:PSSالةةة

µA/mM 2.03و، µA/mM cm2 15.74 و ،µM  0.08 إ  مركبةات الةةالةل التةوا   لةرلس  ةrGO-
PEDOT:PSS  وا  يو  مولداً مدتاااً لتطوير محوق ن.ط للأكسدة والاخت اق والري ينت  انة  مي ة ا ت. ار 

 حيوية ةديدة اسسا ية ل  تيدام غير الغااي 
كلمات مفتاحية: ا را ن ، انخفاض  كسيد ا را ن ، ا را ن المركّي النانوي، مقيا  الفولتية اسلق ، 

PEDOT:PSS  
 

 

 

 

 

 



 

iv 

APPROVAL PAGE 

I certify that I have supervised and read this study and that in my opinion; it conforms 

to acceptable standards of scholarly presentation and is fully adequate, in scope and 

quality, as a dissertation for the degree of Master of Science (Biotechnology 

Engineering). 

 

_______________________________ 

Wan Wardatul Amani Wan Salim  

Supervisor 

 

_______________________________ 

Mohd Firdaus Abd Wahab  

Co-Supervisor 

 

I certify that I have read this study and that in my opinion; it conforms to acceptable 

standards of scholarly presentation and is fully adequate, in scope and quality, as a 

dissertation for the degree of Master of Science (Biotechnology Engineering). 

 

_______________________________ 

Fathilah Ali 

Internal Examiner  

 

_______________________________ 

Rosminazuin Bt. Ab. Rahim 

Internal Examiner 

 

This dissertation was submitted to the Department of Biotechnology Engineering and 

is accepted as a fulfilment of the degree of Master of Science (Biotechnology 

Engineering). 

 

_______________________________ 

Faridah Yusof  

Head, Department of Biotechnology 

Engineering 

 

This dissertation was submitted to the Kulliyyah of Engineering and is accepted as 

fulfilment of the degree of Master of Science in (Biotechnology Engineering). 

 

_______________________________ 

Erry Yulian Triblas Adesta 

Dean, Kulliyyah of Engineering 

 

 

 



 

v 

DECLARATION 

I hereby declare that this dissertation is the result of my own investigations, except 

where otherwise stated. I also declare that it has not been previously or concurrently 

submitted as a whole for any other degrees at IIUM or other institutions. 

 

Habibah Farhana Binti Abdul Guthoos 

 

Signature ...........................................................              Date ......................................... 

  



 

vi 

INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA 

 

 

DECLARATION OF COPYRIGHT AND AFFIRMATION OF 

FAIR USE OF UNPUBLISHED RESEARCH 

 

CHARACTERIZATION OF REDUCED GRAPHENE OXIDE 

CONDUCTIVE POLYMER COMPOSITES TOWARDS THE 

DEVELOPMENT OF NON-INVASIVE GLUCOSE BIOSENSORS 

 
 

I declare that the copyright holders of this dissertation are jointly owned by the 

student and IIUM. 

 
Copyright © 2018 Habibah Farhana Abdul Guthoos and International Islamic University Malaysia. 

All rights reserved. 

 

No part of this unpublished research may be reproduced, stored in a retrieval 

system, or transmitted, in any form or by any means, electronic, mechanical, 

photocopying, recording or otherwise without prior written permission of the 

copyright holder except as provided below 

 

1. Any material contained in or derived from this unpublished research may 

be used by others in their writing with due acknowledgement. 

 

2. IIUM or its library will have the right to make and transmit copies (print 

or electronic) for institutional and academic purposes.  

 

3. The IIUM library will have the right to make, store in a retrieved system 

and supply copies of this unpublished research if requested by other 

universities and research libraries. 

 

By signing this form, I acknowledged that I have read and understand the IIUM 

Intellectual Property Right and Commercialization policy. 
 

 

Affirmed by Habibah Farhana Binti Abdul Guthoos 

                                                                                                                          

       ……..……………………..                         ……………………….. 

                    Signature                                             Date      

 

 

 



 

vii 

ACKNOWLEDGEMENTS 

Thanks to Allah for granting me patience and perseverance to accomplish this 

thesis successfully. Indeed, without His Help and will, nothing is accomplished. 

 

Firstly, it is my pleasure to dedicate this work to my dear parents and my 

family, who granted me the gift of their unwavering belief in my ability to accomplish 

this goal: thank you for your support and patience.  

 

I take this opportunity to express my deep appreciation and sincere gratitude to 

my supervisor Dr. Wan Wardatul Amani Wan Salim and for her significant and 

dedicated guidance, and warm support at every stage of my research. Your 

determination in helping me was without end and it let me achieve my goals. I will 

never forget your help. Thank you for this opportunity. 

 

I would also like to extend my sincere thanks to Dr. Mohd Firdaus Abd Wahab 

and all my colleagues for their assistance and suggestions in completing this thesis 

 

I wish to express my appreciation and thanks to those who provided their time, 

effort and support for this project: The Amani Research Group (ARG) members and 

all lecturers of the Biotechnology Department. To the members of my dissertation 

committee, thank you for supporting me. 

  

 

 

 

 

 

 

 

  



 

viii 

TABLE OF CONTENTS 

Abstract .................................................................................................................... i 
Abstract in Arabic .................................................................................................... ii 
Approval page .......................................................................................................... iii 
Declaration ............................................................................................................... iv 
Copyright Page......................................................................................................... v 

Acknowledgements .................................................................................................. vi 
Table of Contents ..................................................................................................... vii 
List of Figures .......................................................................................................... ix 

List of Tables ........................................................................................................... xi 
List of Abbreviations ............................................................................................... xii 
List of Notations ...................................................................................................... xiii 
List of Symbols ........................................................................................................ xiv 

 

CHAPTER ONE: INTRODUCTION .................................................................. 1 

1.1    Research Background .......................................................................... 1 

1.2    Problem Statement ............................................................................... 7 

1.3    Research Significance.......................................................................... 8 

1.4    Research Objectives ............................................................................ 8 

1.5    Research Methodology ........................................................................ 9 

1.6    Scope Of Research ............................................................................... 10 
 

CHAPTER TWO: LITERATURE REVIEW ..................................................... 11 

2.1    Introduction ......................................................................................... 11 

2.2    Biosensor ............................................................................................. 11 

2.3    Biorecognition Layer ........................................................................... 13 

2.4    Electrochemical Transduction ............................................................. 13 

2.5    Glucose Biosensors.............................................................................. 15 

2.6    Nanomaterials Used In Transducer Fabrication .................................. 16 

2.6.1 Graphene ....................................................................................... 16 

2.6.2 Graphene Oxide And Reduced Graphene Oxide .......................... 18 

2.6.3 Graphene Based Composite .......................................................... 19 

2.6.4 Conductive Polymer...................................................................... 20 

2.6.5 Other Materials ............................................................................. 21 

2.7    Immobilization Strategies Of Glucose Oxidase On                                        

Transducer Material ............................................................................ 23 

2.8    Recent Research Related To Glucose Sensor And rGO-

PEDOT:PSS based Transducer For Application In Non-

Invasive Glucose Biosensor ................................................................ 25 

2.9    Chapter Summary ................................................................................ 29 
 

CHAPTER THREE: MATERIALS AND METHODOLOGY ......................... 31 

3.1 Introduction ......................................................................................... 31 

3.2 Materials ............................................................................................. 38 



 

ix 

3.2.1 Instrument ..................................................................................... 35 

3.2.2 Chemical And Reagents ................................................................ 35 

3.3  Methodology  ......................................................................................... 36 
3.3.1 Preparation of Solutions and Reagents ......................................... 36 

3.4    Electrochemical Characterization ........................................................ 40 

3.4.1 Cycling Voltammetry (CV) .......................................................... 40 

3.5     Surface Characterization ..................................................................... 45 
3.6  Chapter Summary ............................................................................... 47 

 

CHAPTER FOUR: RESULTS AND DISCUSSION .......................................... 49 

4.1    Introduction ......................................................................................... 49 

4.2    Electrochemical Characterization ........................................................ 50 

      4.2.1 Electrochemical Reduction Of GO-PEDOT:PSS                                            

to rGO-PEDOT:PSS ........................................................................... 50 

4.2.2 Electrochemical Characterization Of rGO-PEDOT:PSS           

Composite-Based Electrodes ........................................................ 51 

4.2.3 Comparison Of Effective Surface Area ........................................ 55 

4.3    Surface Characterization  57 

4.4    Fabrication of rGO-PEDOT:PSS-GOx/SPGCE  66 

4.4.1 Glucose Biosensor Sensitivity And Limit Of Detection ............... 66 

4.5    Chapter Summary ................................................................................ 69 
 

CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS ................ 71 

5.1 Conclusion .......................................................................................... 71 

5.2     Recommendation  ............................................................................... 72 

 

REFERENCES ....................................................................................................... 74 
 

PUBLICATION ..................................................................................................... 81 

 

APPENDIX A ......................................................................................................... 82 
APPENDIX B ......................................................................................................... 84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



 

x 

LIST OF FIGURES 

Figure 1.1 

 

Commercially available –semi-invasive glucose biosensor or 

commonly known as the glucose meter  

2 

 

Figure 1.2 

 

Three main components of a biosensor and their respective 

examples   

3 

 

Figure 3.1 

 

Flowchart of process/activities to synthesize a Graphene-

PEDOT:PSS-based transducer for non-invasive glucose 

biosensor 

37 

 

Figure 3.2 

 

 

Schematic illustration of the fabrication of rGO-PEDOT:PSS-

based electrode via the drop- casting of GO-PEDOT:PSS 

solution, followed by    subsequent electrochemical reduction.                                                                                 

41 

 

 

Figure 3.3 

 

 

 

Schematic illustration of the immobilization of glucose oxidase 

(GOx) on the composite. Upon dispersing GOx in GO-

PEDOT:PSS solution, the oxygen containing functional group of 

GO bind with free amino groups of  GOx via covalent bonding. 

42 

 

 

 

Figure 3.4 

 

 

Schematic illustration of a cyclic voltammetry plot showing: 

anodic peak current (Ipa) at anodic peak potential (Epa) and 

cathodic peak current (Ipc) at cathodic peak potential (Epc). 

44 

 

 

Figure 4.1 

 

 

Cyclic voltammogram of electrochemical reduction of GO-

PEDOT:PSS/SPGCE to rGO-PEDOT:PSS/SPGCE in N2 

saturated PBS (pH 5) showing a cathodic peak potential at -0.8 

V. 

54 

 

 

Figure 4.2 

 

 

 

Cyclic voltammetry graphs of bare, rGO, and rGO-PEDOT:PSS 

with respective bar graphs for the difference in anodic peak 

current (Ipa) for all modified electrodes in comparison to the 

bare electrode, showing ΔIp of 1.18 mA for rGO-PEDOT:PSS 

and 0.52 mA for rGO alone. 

56 

 

 

 

Figure 4.3 

 

 

 

 

 

Cyclic voltammetry graphs in ferricyanide for a)bare, b) rGO, 

and c) rGO-PEDOT:PSS electrodes at various scan rates (mV/s 

) with linear regression between the peak current (Ip) and the 

square root of the scan rate (v1/2). The bare shows slope of 

1083.3, rGO shows slope of 8779.8 and the rGO-PEDOT:PSS 

based electrode shows slope of 8964.5. 

59 

 

 

 

 

 

Figure 4.4 

 

 

 

SEM images at 10 X a) rGO, b) PEDOT:PSS, c) GO-

PEDOT:PSS and d) rGO-PEDOT:PSS. For rGO, the film 

shows a layered surface, while PEDOT:PSS layer shows a 

smooth surface. 

61 

 

 

 

Figure 4.5 

 

 

a) TEM images of rGO-PEDOT: PSS/SPGCE based transducer 

layer at 100 nm, showing rGO being encapsulated by 

PEDOT:PSS; b) Schematic structure of rGO and PEDOT:PSS 

63 

 

 



 

xi 

 

Figure 

4.6(a) 

 

 

 

 

 

RAMAN Spectra of rGO, PEDOT:PSS and rGO-PEDOT:PSS, 

the three main peaks of rGO associated with the D, G and 2D 

bands, respectively, can also be observed in the rGO-

PEDOT:PSS. The signature peaks of PEDOT-PSS were also 

found in rGO-PEDOT-PSS composite with significantly weaker 

intensity. 

64 

 

 

 

 

 

Figure 

4.6(b) 

 

 

 

 

RAMAN spectra of GO-PEDOT:PSS and rGO-PEDOT:PSS, 

where the reduction of GO to rGO shows the increases of 2D 

intensity and the D/G intensity ratio of the composite films 

increased from 1.12 (GO-PEDOT/PSS) to 1.25 (rGO-

PEDOT:PSS) after electrochemical reduction, 

65 

 

 

 

 

Figure 4.7 

 

 

 

FTIR Spectra of GO, rGO and rGO-PEDOT:PSS on SPGCE, 

where all the oxygen containing functional group fades as GO 

reduced to rGO. While, when the rGO-PEDOT:PSS is formed, 

the peak intensities of PEDOT:PSS decreases. 

66 

 

 

 

Figure 4.8 

 

 

XRD pattern of GO, rGO, GO-PEDOT:PSS, rGO-PEDOT:PSS 

and PEDOT:PSS, where when PEDOT:PSS is incorporated 

with rGO the interlayer spacing increasing from 0.37 nm to 0.47 

nm. 

68 

 

 

Figure 4.9 

 

 

Amperometry for glucose biosensor design incorporating rGO-

PEDOT:PSS-GOx/SPGCE. The glucose with concentration of 

100 µM to 600 µM was added at the interval of 100s. 

70 

 

 

Figure 4.10 

 

Linear regression for average current versus glucose 

concentration 

70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xii 

LIST OF TABLES 

Table 1.1                     Bodily fluid glucose values in healthy and diabetic patients            19 

Table 2.1  

 

Comparative study of CNT- and graphene-based glucose 

biosensors in terms of limit of detection and response time 

20 

 

Table 2.2  Research related to using rGO-PEDOT:PSS  based transducer 30 

Table 2.3                                                                Summary of the proposed work  32 

Table 4.1  

 

Comparison of biosensor designs incorporating various 

nanomaterials 

71 

 

 

  



 

xiii 

LIST OF ABBREVIATIONS 

 

CE  Counter electrode  

CPs  Conductive polymers 

CV  Cyclic voltammetry 

DC  Drop-casting  

SPGCE Screen printed glassy carbon electrode 

ME  Modified electrode 

MNPs             Metal nanoparticles  

MWCNTs Multi-walled carbon nanotubes  

RE  Reference electrode 

WE  Working electrode 

PBS                 Phosphate Buffer Solution 

Ppy                  Polysterene 

FPtE  Flat platinum electrode 

EPD Electropolymerisation deposition     

 

 

 

 

 

 

 

 

 

 



 

xiv 

LIST OF NOTATIONS 

A   area of the electrode (cm
2
) 

A   effective surface area of the electrode after modification. 

C
b
   solution concentration (mole/l) 

D   diameter (cm) 

D   diffusion coefficient in (cm
2
/s) 

i    amperometric sensitivity (µA/mM) and 

Ip     peak current 

Ipa     anodic peak current 

Ipc     cathodic peak current 

K     current density (µA/mM cm
2
), 

n    number of moles of electrons transferred per mole 

r    radius 

v    scan rate of the potential (V/s) 

ΔI    current difference 

 

 

 

 

 

 

 

 

 

 

 

 

 

\ 

 

 

 

 



 

xv 

LIST OF SYMBOLS 

H2O2 Hydrogen peroxide  

O2 Oxygen 

H
+ 

Hydrogen ion 

GO                     Graphene Oxide 

rGO                    Reduced Graphene Oxide 

EDOT 3,4-Ethylenedioxythiophene 

PEDOT Poly (3, 4 Ethylenedioxythiophene) 

GOx Glucose oxidase 

AuNPs Gold nanoparticles 

PEDOT:PSS Poly (3,4 ethylenedioxythiophene): poly(styrenesulfonate) 

PSS Polystyrenesulfonic acid 

K₄[Fe(CN)₆] Potassium ferrocyanide  

NaCl Sodium chloride  

KCl Potassium chloride 

HCl Hydrochloric acid  

Na2HPO4 Disodium phosphate 

KH2PO4 Monopotassium phosphate   

H2SO4 Sulfuric acid 

 

 

 

 

 

 



1 
 

CHAPTER ONE 

 

INTRODUCTION 

1.1    RESEARCH BACKGROUND 

Diabetes Mellitus (DM) is a chronic disease, in which the person loses ability to 

produce or respond to hormone insulin (Pickup and Crook, 1998). International Diabetes 

Federation (IDF) estimated around 415 million of world population was diagnosed with 

diabetes in 2015. The number is expected to shoot up to 642 million by 2040. In addition, 

the IDF also estimated by end of 2015, diabetes will cost between USD 673 billion and 

USD 1, 197 billion in healthcare spending and have caused 5.0 million deaths (Jaacks et 

al., 2016). Early detection and continuous monitoring are the most effective approach to 

hinder serious complications, such as stroke, nerve degeneration, blindness, cardiovascular 

diseases and kidney diseases in diabetic patients (Nathan et al., 2013).  

 The control of blood glucose level relies on blood glucose measurement. Diabetic 

patients are advised to measure their blood glucose level several times for a better 

management of the diseases. Currently, the widely used method to check blood glucose 

level is a finger-prick glucose sensor (Hortensius et al., 2013). The semi-invasive glucose 

monitoring device is shown in Figure 1.1 and is always related with pain, complication, 

and skin infection. Other than that, it is also too painful and aggressive for certain age group 

of patients (Budda and Addi, 2014). 
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Figure 1.1 Commercially available –semi-invasive glucose biosensor or commonly 

known as the glucose meter.  

 

Thus, there is a huge need for a painless and stress-free glucose monitoring method. 

Non-invasive glucose biosensor refers to the measurement of blood glucose level without 

drawing blood, puncturing the skin, or causing pain or trauma (Yan, Chan and Tang, 2017). 

It uses bodily fluids such as sweat, saliva or tears to measure blood glucose level. In the 

past years, many extensive campaigns have been made to develop a non-invasive glucose 

monitoring biosensor (Yan, Chan and Tang, 2017). 

 Cygnus Inc. successfully introduced a wearable GlucoWatch device measuring the 

glucose electro osmotically extracted across skin in 2002. Later on, OrSense Ltd. have 

introduced their glucose meter called OrSense NBM, a device that detects blood glucose 
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concentration via an optical method called ‘‘occlusion spectroscopy’’ (Bandodkar and 

Wang, 2014). Unfortunately, both devices failed at market valuation due to low level of 

accuracy, poor sensitivity and poor spectral signal-to-noise level. Following these failures, 

considerable efforts have been made to develop non-invasive glucose sensor. However, 

dependable non-invasive glucose measuring tool is still not available because of several 

challenges in accuracy, usability, and sensitivity. Biosensors based of nanomaterials have 

great potential to solve the aforementioned challenges. 

Biosensor is a bioanalytical device that converts a biological response into a 

measurable electrical signal to detects and report specific analytes.  Figure 1.2 shows 

biosensor to consist of three main components: the first component is the biological 

recognition element that detects the target molecules in the presence of various chemicals, 

the second component is a transducer that converts the biorecognition element into a 

measurable signal, and the third component is a signal processing system that converts the 

signal into a readable form (Yogeswaran & Chen, 2008). Out of these three components, 

the transducer is the most important component as improvements in the transducer layer 

can enhance sensor overall performance parameter. The incorporation of nanomaterials as 

transducers can be used to detect lower concentration of analyte, such as glucose, for non-

invasive glucose biosensor purpose. 
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Figure 1.2 Three main components of a biosensor namely the biological element, the 

transducer, the signal processing and examples of transduction (Reprinted from Luka et 

al., 2015, licensed under CC BY 4.0). 

 

A biosensor can be categorized into several types: resonant biosensors, optical 

biosensors, thermal biosensors, and electrochemical biosensors; depending on its 

transduction mechanism. Electrochemical biosensor were preferred over the others due to 

their electrodes can detect the materials which are present within the host without causing 

any damage to the host system (Malhotra and Chaubey, 2003; Kuila et al., 2011).   

 The performance of an electrochemical biosensor is measured based on several 

parameters such as sensitivity, selectivity, detection limit, dynamic linear range, response 

time, and stability. Sensitivity of a biosensor is a change of measured signal per analyte 

concentration unit, i.e., the slope of a calibration curve; selectivity refers to the 

characteristics that determine whether a sensor can respond selectively to different types 
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of analytes or specifically to a single analyte and with reduced interference from other 

analytes; detection limit is the lowest concentration of analyte that can be sensed by the 

sensor; dynamic linear range of a sensor is the relative deviation of an experimentally 

determined calibration graph from an ideal straight line; response time is the time needed 

for sensor to respond to a step concentration change from zero to a certain concentration 

value; stability refers to the ability of a sensor to provide reproducible results for a certain 

period of time (Thévenot et al.,2001). A non-invasive glucose biosensor should possessed 

high sensitivity, selectivity, stability, and shorter response time (Bochenkov and Sergeev, 

2010). Thus, previous research focuses on optimizing the transducer component with 

nanomaterials for enhancing sensor performance (Devi, 2015).  

The incorporation of nanomaterial such as carbon nanotube (CNT), graphene, metal 

nanoparticles (MNPs) and conductive polymers (CPs) can contribute in enhancing 

biosensors’ performance parameters (Nambiar & Yeow, 2011). In addition, incorporating 

nanomaterial in transducer layer can increase the effective surface area of the electrode for 

redox reactions contributes to higher electron transfer from the bioreceptor and 

subsequently leads to improvements in signal detection (Salim et al., 2017). Graphene is 

one of the many available nanomaterials; it is a monolayer sheet of sp2-bonded pure carbon 

(Novoselov et al., 2004). Graphene is the thinnest (only 1 atom thick), lightest (only 0.77 

mg m-2) and strongest (tensile strength of 1130 GPa) nanomaterial ever discovered and is 

a promising material for many applications from drug delivery to water filtration 

(Georgakilas et al., 2016). Graphene has excellent electrical conductivity, excellent thermal 

conductivity (approximately 5300 W⋅m−1⋅K−1), and it comes with increased light 
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absorption (Novoselov et al., 2012). Graphene also exhibits high structural stability and 

energy storage capability due to the increased surface area (Singh et al., 2011).        

Being an unrolled carbon nanotube, graphene and its derivatives are suitable 

materials as transducers for the development of non-invasive glucose biosensor, as 

graphene-based biosensor can function without a mediator (e.g. ferrocene), as well as 

providing higher sensitivity and shorter response time towards molecule detection owing 

to its large surface area (Putzbach and Ronkainen, 2013). However, graphene alone tends 

to stack together owing to strong van der Waals and - forces, which results in decreased 

surface area and pore size, and inhibition of effective ion exchange between the electrode 

material and the electrolyte (Mercante et al., 2017). To overcome this, graphene has been 

reported to undergo modification namely covalent and non-covalent functionalization. 

Noncovalent functionalization with nanoparticles or conductive polymer such 

PEDOT:PSS  were more preferred in graphene modification as this type of 

functionalization was found to not disrupt the sp2 -hybridized bond which  is required for 

good electron conduction (Seekaew et al., 2014). 

Poly (3, 4-ethylenedioxythiophene), often abbreviated, as PEDOT), is a derivative of 

polythiophene; it belongs to a family of conductive polymer (CP). PEDOT is formed from 

the monomer (3, 4-ethylenedioxythiophene) (EDOT); one of the many ways to prepare 

PEDOT is by electropolymerization of the EDOT monomer in polystyrenesulfonic acid 

(PSS) solution (Yang et al., 2013). PEDOT:PSS is a promising material in non-covalent 

functionalization of graphene. The composite of graphene and PEDOT:PSS possesses high 

electrical conductivity, good stability, good processability, and biocompatibility; all are 

important characteristics in biosensor development (Jiang, et al., 2014). Thus, in this 
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research, a highly sensitive and conductive transducer layer using reduced graphene oxide 

(rGO) and poly (3,4-ethylenedioxythiophen)–poly(styrenesulfonate) (PEDOT:PSS) 

composite for application in non-invasive glucose biosensor was developed.  
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1.2    PROBLEM STATEMENT 

Glucose molecules are tough molecules; it is colourless, small, and normally can be 

converted to gluconic acid for measurement of glucose concentration. Table 1.1 shows the 

amount of glucose present in bodily fluid such as blood, saliva, sweat, and tear. From the 

table, it can be concluded that bodily fluids such as saliva, sweat or tear have lower 

concentration of glucose compare to blood. Thus, most of currently available non-invasive 

glucose biosensor for glucose detection did not meet the required accuracy and sensitivity, 

and failed at the global market (Vashist, 2013).  

Table 1.1 Bodily fluid glucose concentrations in healthy and diabetic patients  

(Salam et al., 2016) 

Bodily Fluid Biomarker Healthy Patients 

(Concentration 

mM) 

Diabetic Patients 

(Concentration 

mM) 

Blood 

Saliva 

Sweat 

Tear 

Glucose 

Glucose 

Glucose 

Glucose 

4.9–6.9  

0.23–0.38  

0.06–0.11  

0–3.6  

2–40  

0.55–1.77  

0.01–1  

 

4.7  

 

In addition, currently available non-invasive glucose biosensor has poor glucose 

specificity and sensitivity. Bodily fluids like saliva have plenty of other molecules such as 

glycoproteins, enzymes (e.g. amylase and lipase) and water, thus selecting glucose signal 

from background noise resulting from other molecules, is one of the main challenges of 

developing a non-invasive glucose sensor (Abhilash and Augustine, 2014). Several studies 

of non-invasive biosensor indicate that non-invasive assays need an increase of the glucose 
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signal to background noise ratio (Salam et al., 2016). Finally, GlucoWatch was withdrawn 

from market, 2008 due to the 15 minutes longer warm up time compare to finger-pricking 

reading meters (Tamar et al., 2017). 

 

1.3    RESEARCH SIGNIFICANCE 

This research aims to synthesize a reduced graphene oxide- poly (3,4-

ethylenedioxythiophen)–poly(styrenesulfonate) (rGO-PEDOT:PSS) composites for 

fabrication of a biosensor transducer for glucose sensing. The modified rGO-PEDOT:PSS 

based transducer aims to solve issues of accuracy, sensitivity, and response time, which are 

the main functional issues to be solved in the development of non-invasive glucose 

monitoring device. Owing to availability of new nanomaterials, improvements of 

biosensors with graphene and conductive polymer transducer can be made, and can lead 

the way to the successful commercialization of non-invasive glucose sensor technology. 

 

1.4    RESEARCH OBJECTIVES  

To overcome the limitations of non-invasive glucose biosensor, this project aims to 

fabricate a graphene- and conductive polymer-based transducer on screen-printed glassy 

carbon electrode (SPGCE) surfaces for application in glucose sensing. 

1. To analyze graphene and graphene-conductive polymer PEDOT:PSS- based 

composites anodic/cathodic peak current and effective surface area via cyclic 

voltammetry and surface characterization techniques.  

2. To immobilize glucose oxidase (GOx) on the composite with the highest 

anodic/cathodic peak current and to confirm successful immobilization via surface 




