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ABSTRACT 

The development of an effective technique for detecting anti-asthma drugs with adverse effects 

in the human body at high dosages remains a serious challenge. For this purpose, herein, we 

report a novel electrochemical detection method based on nanocomposite modified glassy 

carbon electrode (GCE) nano-sensors. Cobalt ferrite (CoFe2O4), titanium oxide (TiO2) and zinc 

oxide (ZnO) nanoparticles (ZnONPs) were synthesized as well as their respective 

nanocomposites (CoFe2O4-MWCNTs-Lipase, TiO2-MWCNTs-IL, ZnONPs-MWCNTs-

Cytochrome c and MWCNTs-Ionic liquid-L-lysine) were successfully prepared. Subsequently, 

their surface morphology, crystal structure, functional groups, thermal stability, surface area as 

well as pore size distribution of the synthesized nanoparticles and the nanocomposites aspects 

were analysed. The characterization analyses were undertaken using scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), 

Brunauer-Emmett Teller (BET) adsorption analyses, thermal gravimetric analysis (TGA) and 

Fourier-transform infrared spectroscopy (FTIR). In addition, electrochemical characterization 

of the fabricated electrodes were examined using electrochemical impedance spectroscopy 

(EIS) in order to ensure the material’s suitability in electro-catalytic sensing by investigating 

the electron transfer kinetics of the redox probe at the modified electrode-solution interface. 

The fabricated nanocomposite based sensors; ZnONPs-MWCNTs-Cyt c-GCE, CoFe2O4-

MWCNTs-Lipase-GCE, MWCNTs-IL-L-lysine-GCE and TiO2-MWCNTs-IL-GCE were 

tested for electrochemical determination of theophylline, salbutamol, prednisolone and 

terbutaline, respectively, using cyclic voltammetry (CV) and differential pulse voltammetry 

(DPV). The effect of varying scan rates, pH of the supporting electrolyte and accumulation 

time on the peak potential position and peak-currents, were studied with each electrode, and 

the optimum working parameters were selected. The ZnONPs-MWCNTs-Cyt c-GCE, 

CoFe2O4-MWCNTs-Lipase-GCE, MWCNTs-IL-L-lysine-GCE and TiO2-MWCNTs-IL-GCE 

sensors were found to exhibit excellent electro-catalytic activity towards theophylline, 

salbutamol, prednisolone and terbutaline. The synergy between these nanocomposite materials 

increased the electrochemical activity, the electron transfer rate and the electrode surface area, 

leading to high peak-current response for the determination of each drug.  

ZnONPs-MWCNTs-Cyt c-GCE sensor presented acceptable long-term stability, good 

reproducibility and repeatability. The limit of detection (LOD = 0.0012 µM) obtained was 
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much lower than most of the given literature studies. Similarly, the CoFe2O4-MWCNTs-Lipase 

nanocomposite modified GCE for salbutamol (SAL) exhibited excellent stability, 

reproducibility and sensitivity with lowest detection limit (0.0240 µM) and limit of 

quantification (LOQ) of 0.0120 µM, over the concentration range of 0.05- 3.9 µM. In addition, 

the MWCNTs-IL-L-lysine-GCE exhibited outstanding electro-catalytic activity including 

excellent reproducibility, with LOD and LOQ of 0.0214 μM and 0.3016 μM, respectively, for 

prednisolone (PDN) detection. Moreover, at optimized electrochemical experimental 

conditions, the electrochemical performance of the constructed TiO2-MWCNTs-IL-GCE 

sensor for determination of terbutaline (TBS) was also evaluated. Stability, reproducibility as 

well as the detection limits were determined. A wide linear range of 0.5 µM to 3.0 µM as well 

as LOD and LOQ of 0.0162 µM and 0.2140 µM, respectively, were obtained and the results 

were compared with similarly reported electrodes for terbutaline detection. The selectivity of 

each sensor was also evaluated in presence of common interferences.  

There was no significant interference on the electrochemical peak-current response and peak 

position of each target analyte. The practical applicability of each fabricated sensor was 

investigated by the DPV method with respect to the detection of the four drugs under study in 

commercial pharmaceutical samples. In all cases, the sensors showed good percentage recovery 

performance in real dosage samples. From the experimental results, it is evident that the 

fabricated nanocomposite based sensors are ultra-sensitive for selective detection of the 

investigated four drugs in pharmaceutical formulations and other sample matrices.  

 

 

 

 

 

 

 



vi 
 

TABLE OF CONTENTS 

 

1 INTRODUCTION .............................................................................................................. 2 

1.1 Background information ............................................................................................. 2 

1.2 Problem statement ....................................................................................................... 7 

1.3 Aim .............................................................................................................................. 8 

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

2 LITERATURE REVIEW ................................................................................................... 9 

2.1 Bronchodilators ........................................................................................................... 9 

2.1.1 Salbutamol ........................................................................................................... 9 

2.1.2 Terbutaline ......................................................................................................... 12 

2.2 Methylxanthines ........................................................................................................ 14 

2.3 Corticosteroids .......................................................................................................... 17 

2.4 Analytical techniques for quantification of selected anti-asthma drugs ................... 19 

2.4.1 Chromatographic techniques ............................................................................. 24 

2.4.2 Spectroscopy techniques .................................................................................... 25 

2.4.3 Electrophoresis methods .................................................................................... 26 

2.4.4 Electrochemical techniques ............................................................................... 27 

3 THEORETICAL PRINCIPLES OF VOLTAMMETRIC TECHNIQUES AND 

ELECTROCHEMICAL SENSORS ........................................................................................ 34 

3.1 Instruments used in voltammetry .............................................................................. 35 

3.1.1 The types of electrodes used in voltammetry .................................................... 36 

3.1.2 Supporting electrolyte ........................................................................................ 37 

3.2 Voltammetry methods ............................................................................................... 38 

3.2.1 Cyclic voltammetry (CV) .................................................................................. 38 

3.2.2 Differential pulse voltammetry (DPV) .............................................................. 39 

3.3 Electrochemical sensors ............................................................................................ 40 



vii 
 

4 MATERIALS AND METHODOLOGY.......................................................................... 42 

4.1 Materials and reagents ............................................................................................... 42 

4.2 Synthesis of nanoparticles ......................................................................................... 43 

4.2.1 Synthesis of ZnONPs ......................................................................................... 43 

4.2.2 Synthesis of CoFe2O4NPs .................................................................................. 43 

4.2.3 Synthesis of TiO2NPs ........................................................................................ 43 

4.3 INSTRUMENTATION ............................................................................................. 44 

4.3.1 Characterization analysis ................................................................................... 44 

4.3.2 Electrochemical measurements .......................................................................... 44 

4.3.3 Voltammetry determinations ............................................................................. 45 

4.4 Preparation of supporting electrolytes and standard solutions .................................. 45 

4.5 Preparation and fabrication of nanocomposites-based sensors for detection of anti-

asthma drug. ......................................................................................................................... 46 

4.5.1 ZnO NPs-MWCNTs-Cyt c-GCE sensor for detection of TPN. ......................... 46 

4.5.2 MWCNTs-CoFe2O4NPs-Lipase-GCE for detection of SAL ............................. 46 

4.5.3 MWCNTs-IL-L-lysine-GCE for detection of PDN ........................................... 47 

4.5.4 TiO2-MWCNTs-IL-GCE for detection of TBS ................................................. 47 

4.6 Sample preparations .................................................................................................. 47 

5 RESULTS AND DISCUSSION ....................................................................................... 49 

5.1 Detection of theophylline (TPN) ............................................................................... 50 

5.1.1 Surface morphology, crystal structure and functional groups ........................... 50 

5.1.2 Surface area and porosity ................................................................................... 53 

5.1.3 Electrochemical impedance spectroscopy (EIS) ................................................ 55 

5.1.4 Electro-oxidation of TPN ................................................................................... 56 

5.1.5 Electrochemical performance of ZnONPs-MWCNTs-Cyt c-GCE for TPN ..... 58 

5.1.6 Method validation analyses via DPV ................................................................. 59 

5.1.7 Practical application of the fabricated sensor in real samples ........................... 62 



viii 
 

5.2 Determination of salbutamol ..................................................................................... 64 

5.2.1 Functional groups, thermal stability analysis, crystal structure and surface 

morphology ....................................................................................................................... 65 

5.2.2 CV and EIS characterization of the GCE and MWCNTs-CoFe2O4-Lipase 

modified GCE ................................................................................................................... 68 

5.2.3 Electro-oxidation of SAL at GCE and composite modified GCE ..................... 69 

5.2.4 Selection, optimization and study of the effect of pH ....................................... 71 

5.2.5 Effect of deposition time .................................................................................... 73 

5.2.6 Influence of the scan rate ................................................................................... 74 

5.2.7 Sensitivity of MWCNTs-CoFe2O4-Lipase-GCE sensor .................................... 75 

5.2.8 Selectivity, stability and reproducibility of MWCNTs-CoFe2O4-Lipase-GCE . 77 

5.2.9 Analysis of SAL in real drug sample using MWCNTs-CoFe2O4-Lipase-GCE 79 

5.3 Electrochemical sensing of prednisolone (PDN) ...................................................... 80 

5.3.1 Functional group identification and thermal stability ........................................ 80 

5.3.2 Surface morphology ........................................................................................... 81 

5.3.3 EIS characterization of the MWCNTs-IL-L-lysine-GCE .................................. 82 

5.3.4 The electro-catalytic reduction of PDN ............................................................. 84 

5.3.5 Effect of pH........................................................................................................ 85 

5.3.6 Influence of accumulation time ......................................................................... 86 

5.3.7 Impact of varying scan rate on both modified and unmodified GCE at constant 

concentration of PDN. ...................................................................................................... 86 

5.3.8 DPV analysis of PDN using MWCNTs-IL-L-lysine-GCE sensor ..................... 88 

5.3.9 Effect of interferences and stability of MWCNTs-IL-L-lysine-GCE ................ 90 

5.3.10 Detection of PDN in pharmaceutical dosage sample ......................................... 91 

5.4 Electrochemical detection of terbutaline ................................................................... 93 

5.4.1 Thermal properties, functional groups and morphological properties of the 

nanocomposite .................................................................................................................. 93 

5.4.2 Electrochemical characterization of the modified GCE surface ........................ 96 



ix 
 

5.4.3 Electro-catalytic oxidation of terbutaline on TiO2-MWCNTs-IL-GCE ............ 97 

5.4.4 Optimization of working parameters ................................................................. 98 

5.4.5 Quantitative determination of terbutaline using DPV ..................................... 103 

5.4.6 Method validation studies using the developed sensor .................................... 105 

5.4.7 Determination of TBS in real drug sample using TiO2-MWCNTs-IL-GCE ... 105 

6 SUMMARY AND CONCLUSION ............................................................................... 107 

REFERENCES ...................................................................................................................... 109 

APPENDIX ............................................................................................................................ 128 

 

 

 

 

 

 

 

 

 

 



x 
 

LIST OF TABLES 

Table 2.1: Detection limits for the convectional analytical methods for detection of TPN, SAL, 

TBS and PDN .......................................................................................................................... 21 

 

Table 4.1: Chemicals and reagents used.................................................................................. 42 

 

Table 5.1: The LOD of ZnONPs-MWCNTs-Cyt c-GCE sensor compared with other reported 

sensors for electrochemical sensing of TPN ............................................................................ 61 

Table 5.2: Determination of TPN in drug formulation sample ............................................... 63 

Table 5.3: Linear equations and the regression values of the different modified electrodes .. 75 

Table 5.4: Comparison of the MWCNTs-CoFe2O4-Lipase-GCE sensor with other SAL sensors

.................................................................................................................................................. 77 

Table 5.5: Determination of SAL in Venteze syrup sample. .................................................. 79 

Table 5.6: Comparison of MWCNTs-IL-L-lysine-GCE with previous electrodes reported for 

PDN detection .......................................................................................................................... 90 

Table 5.7: Determination of PDN in pharmaceutical Aspelone syrup sample ........................ 92 

Table 5.8: The regression equations and correlation coefficient of the respective plots of I/µA 

vs. V/s .................................................................................................................................... 103 

Table 5.9: Comparison of the LOD of TiO2-MWCNTs-IL-GCE with previous reported 

electrodes for TBS detection .................................................................................................. 105 

Table 5.10: Determination of TBS in real pharmaceutical sample ....................................... 106 

 

 

 

 

 

 



xi 
 

LIST OF FIGURES 

Figure 2.1: Chemical structure of salbutamol ......................................................................... 10 

Figure 2.2: Electrochemical oxidation mechanism of salbutamol .......................................... 10 

Figure 2.3: Chemical structure of terbutaline ......................................................................... 12 

Figure 2.4: Electrochemical oxidation mechanism of terbutaline .......................................... 13 

Figure 2.5: Chemical structure of theophylline ...................................................................... 15 

Figure 2.6: Electro-catalytic oxidation mechanism of TPN ................................................... 16 

Figure 2.7: Chemical structure of prednisolone...................................................................... 18 

Figure 2.8: Electrochemical reduction mechanism of prednisolone....................................... 18 

Figure 2.9: Analytical approaches reportedly used for detection of the four anti-asthma drugs

.................................................................................................................................................. 20 

Figure 2.10: Chemical structure of L-lysine ........................................................................... 33 

 

Figure 3.1: A pictorial representation of voltammetry instrumentation ................................. 35 

Figure 3.2: Unmodified glassy carbon electrode representation ............................................ 37 

Figure 3.3: Schematic illustration of the principle of a chemical sensor ................................ 40 

Figure 3.4: Diagrammatic representation of a biosensor ........................................................ 41 

 

Figure 5.1: Schematic illustration of the fabricated ZnONPs/MWCNTs/Cyt c/GCE biosensor 

for TPN detection ..................................................................................................................... 50 

Figure 5.2: TEM images of ZnONPs (a), MWCNTs (b) and ZnONPs-MWCNTs composite 

(c). XRD pattern of ZnONPs (d) .............................................................................................. 51 

Figure 5.3: FTIR spectra of ZnONPs and ZnONPs-MWCNTs-Cyt c nanocomposite .......... 52 

Figure 5.4: TGA curves of MWCNTs, ZnONPs and ZnONPs/MWCNTs nanocomposite ... 53 

Figure 5.5: Nitrogen adsorption/desorption isotherm and pore size distribution curve of 

ZnONPs/MWCNTs (inset) ...................................................................................................... 54 

Figure 5.6:  Nitrogen adsorption/desorption isotherm and pore size distribution curve of 

MWCNTs (Inset) ..................................................................................................................... 55 

Figure 5.7: Nyquist plots of ZnONPs-MWCNTs-GCE, MWCNTs-GCE and ZnONPs -

MWCNTs-Cyt c-GCE in 0.1 M KCl solution containing 0.1 mM [Fe(CN)6] 
−3/−4 ................. 56 

Figure 5.8: Cyclic voltammograms of TPN recorded at bare GCE showing the effect of varying 

deposition time (a), effect of pH of PBS (b) and effect of scan rates (c). Plot of peak-current 

(I/µA) Vs [V/s]1/2(d) ................................................................................................................ 58 



xii 
 

Figure 5.9: Cyclic voltammogram of 0.1 M TPN in 0.1 M PBS pH 3.5 at ZnONPs-MWCNTs-

Cyt c-GCE sensor obtained at various sweep rates (0.1 V/s-1.0 V/s) ..................................... 59 

Figure 5.10: DP voltammogram of 0.1 M TPN with various concentration range (from 0.4 µM 

to 15 µM) in 0.1 M PBS (pH 3.5) at the ZnONPs/MWCNTS/Cyt c/GCE (a)  (Conditions: pulse 

amplitude 0.09 V, sweep rate 0.1 V/s, voltage step 0.005951 V, Pulse time 0.05 s, deposition 

potential -0.1009 V and deposition time 60 s). Plot of peak-current (I/µA) against concentration 

(µM) of TPN (b) ...................................................................................................................... 60 

Figure 5.11: DP voltammogram of 0.1 M TPN at the ZnONPs-MWCNTs-Cyt c-GCE upon 

addition of different interfering compounds ............................................................................ 62 

Figure 5.12: Schematic representation of the electrochemical detection of SAL using 

MWCNTs-CoFe2O4-Lipase modified GC electrode surface ................................................... 64 

Figure 5.13: FTIR Spectra of CoFe2O4NPs, MWCNTs-CoFe2O4 and MWCNTs-CoFe2O4-

Lipase samples ......................................................................................................................... 65 

Figure 5.14: (a) TGA curves of commercial MWCNTs, MWCNTs-CoFe2O4 and CoFe2O4NPs 

samples. (b) XRD pattern of the synthesized CoFe2O4NPs ..................................................... 67 

Figure 5.15: SEM micrographs of CoFe2O4 NPS and CoFe2O4-MWCNTs and MWCNTs-

CoFe2O4-Lipase nanocomposite .............................................................................................. 68 

Figure 5.16: TEM images of CoFe2O4NPs and MWCNTs-CoFe2O4 nanocomposite samples

.................................................................................................................................................. 68 

Figure 5.17: CV voltammograms (A) and the Nyquist plots (B) obtained at the GCE 

MWCNTs-GCE, MWCNTs-CoFe2O4-GCE and MWCNTs-CoFe2O4-Lipase-GCE. Figure 5. 

17B (Inset) presents the employed equivalent circuit used to fit the impedance results ......... 69 

Figure 5.18: Cyclic voltammograms of SAL showing effect of scan rates at GCE (a), 

MWCNTs-GCE (b), MWCNTs-CoFe2O4-GCE (c) and MWCNTs-CoFe2O4-Lipase-GCE (d)

.................................................................................................................................................. 71 

Figure 5.19: Cyclic voltammograms of the supporting electrolytes; KPBS, PBS, ABS and BBS

.................................................................................................................................................. 72 

Figure 5.20: Effect of the pH of the PBS on the electrochemical response of SAL on the un-

modified GCE .......................................................................................................................... 73 

Figure 5.21: Plot of peak-current vs time; displaying the effect of varying deposition time . 74 

Figure 5.22: (a) DP voltammogram of SAL @ MWCNTs-CoFe2O4-Lipase-GCE and (b) is the 

plot of peak-current (µA) as a function of SAL concentration (µM) ...................................... 76 

Figure 5.23: The effect of interfering substances on the electrochemical responses of SAL at 

MWCNTs-CoFe2O4-Lipase-GCE ............................................................................................ 78 



xiii 
 

Figure 5.24: Schematic illustration of the application of the fabricated MWCNTs-IL- L-lysine 

-GCE sensor for electrochemical detection of PDN ................................................................ 80 

Figure 5.25: FTIR spectra of MWCNTs (blue curve) and MWCNTs-IL-L-lysine 

nanocomposite (red curve) (a). TGA curves of MWCNTs (black curve) and MWCNTs-IL-L-

lysine nanocomposite (green curve) (b) ................................................................................... 81 

Figure 5.26: SEM images of (a) MWCNTs, (b) MWCNTs-IL and (c) MWCNTs-IL-L-lysine 

nanocomposite ......................................................................................................................... 82 

Figure 5.27: TEM images of MWCNTs (a) and MWCNTs-IL nanocomposite (b) ............... 82 

Figure 5.28: Nyquist plots  obtained at bare GCE, MWCNTs-GCE, MWCNTs-IL-GCE and 

MWCNTs-IL-L-lysine-GCE .................................................................................................... 83 

Figure 5.29: Cyclic voltammograms of PDN at GCE (black curve), MWCNTs-GCE (green 

curve), MWCNTs-IL-GCE (blue curve) and MWCNTs-IL-L-lysine-GCE (red curve) 

electrodes ................................................................................................................................. 85 

Figure 5.30: Cyclic voltammograms of 0.1 M PDN obtained in the pH 6.0-pH 9.0 values of 

0.2 M PBS (a); plot of 𝐼/𝜇𝐴  vs pH (inset) and plot of 𝐼/𝜇𝐴  vs deposition time (b) ............. 86 

Figure 5.31: Cyclic voltammogramms (a-d) of 0.1 M PDN (in 0.2 M PBS, at 50 s) on bare 

GCE, MWCNTs-GCE, MWCNTs-IL-GCE and MWCNTs-IL-L-lysine-GCE, respectively. 

The plots of the 𝐼/𝜇𝐴   vs. [V/s] (e) as well as 𝐼/𝜇𝐴  vs. [V/s]1/2 (f) ....................................... 88 

Figure 5.32: DPV voltammogram of MWCNTs-IL-L-lysine-GCE in varying concentration of 

PDN (0.4 µM -1.4 µM) (a).  Plot of 𝐼/𝜇𝐴  vs. [μM] (b) .......................................................... 89 

Figure 5.33: DPV voltammogram of PDN in the presence of potential interferences ........... 91 

Figure 5.34: Schematic illustration of the electrochemical detection of the of TBS at the TiO2-

MWCNTs-IL-GCE surface ...................................................................................................... 93 

Figure 5.35: TGA curves of MWCNTs, TiO2NPs and TiO2-MWCNTs-IL nanocomposite 

samples (a). FTIR spectra of TiO2NPs (Black curve) and TiO2-MWCNTs-IL nanocomposites 

(red curve) samples (b) ............................................................................................................ 94 

Figure 5.36:  SEM images of (a) TiO2NPs, (b) TiO2NPs supported on MWCNTs and (c) IL 

functionalised TiO2-MWCNTs nanocomposite ....................................................................... 95 

Figure 5.37: TEM images of MWCNTs (a), TiO2NPs (b), TiO2-MWCNTs (c) and TiO2-

MWCNTs-IL nanocomposite (d) ............................................................................................. 96 

Figure 5.38: Nyquist plots of EIS obtained at MWCNTs-TiO2-IL-GCE (a), MWCNTs-GCE 

(b) and MWCNTs-TiO2-GCE (c) performed in 0.5 mM [Fe(CN)6]
3−/4− containing 0.1 M KCl 



xiv 
 

(Conditions; frequency range of 0.1 Hz to 10000 Hz, voltage amplitude of 0.01 VRMS and scan 

rate of 0.05 VRMS ) ................................................................................................................... 97 

Figure 5.39: (a) CVs of TBS at bare GCE (black curve), MWCNTs-GCE (red curve), 

MWCNTs-TiO2-GCE (blue curve) and MWCNTs-TiO2-IL-GCE (green curve) electrodes 

under optimal experimental conditions; (b) Comparison of the anodic peak-currents obtained 

at each electrode ....................................................................................................................... 98 

Figure 5.40: Influence of pH of 0.1M KPBS on the anodic peak-current of TBS at bare GCE 

(a), plot of anodic peak-currents against pH (b) and plot of peak potentials against pH (c) ... 99 

Figure 5.41: Effect of accumulation time on the peak-current response of TBS at bare GCE 

surface (a). Plot of anodic peak-current vs. time (b) .............................................................. 100 

Figure 5.42:  Cyclic voltammograms of 0.1 M TBS in 0.1 M KBPS (pH 7) at different sweep 

rates (0.07 V/s-0.15 V/s) (a); Plot of peak-currents vs scan rates (b) .................................... 101 

Figure 5.43: Cyclic voltammograms of 0.1 M TBS at MWCNTs/GCE, MWCNTs/TiO2/GCE 

and TiO2/MWCNTs/IL/GCE, respectively (a-c), with their respective plots of I/µA vs. 

V/s(inset) and plot of log (I/µA) vs log (V/s) obtained at the TiO2-MWCNTs-IL-GCE sensor 

(d) ........................................................................................................................................... 102 

Figure 5.44: DPV curve of TiO2-MWCNTs-IL-GCE at different concentrations of TBS (a). 

Plot of anodic peak-current vs. concentration of TBS (b) ..................................................... 104 

 

 

 

 

 

 

 

 

 



xv 
 

SYMBOLS AND ABBREVIATIONS 

TPN                                                    Theophylline 

SAL       Salbutamol 

PDN      Prednisolone 

TBS      Terbutaline sulfate 

CV      Cyclic voltammetry 

CVs      Cyclic voltammograms 

DPV       Differential pulse voltammetry 

EIS      Electrochemical impedance spectroscopy 

GCE      Glassy carbon electrode 

CPE      Carbon paste electrode 

NPs      Nanoparticles 

ZnONPs     Zinc oxide nanoparticles 

CoFe2O4NPs    Cobalt ferrite nanoparticles 

Fe3O4     Magnetite      

TiO2NPs     Titanium oxide nanoparticles 

CNTs     Carbon nanotubes 

MWCNTs     Multi-walled carbon nanotubes 

SWCNTs     Single-walled carbon nanotubes 

IL      Ionic liquid 

Cyt-c      Cytochrome c 



xvi 
 

NiO      Nickel oxide 

TEM      Transmission electron microscope 

TGA      Thermogravimetric analysis 

XRD      X-ray diffraction 

FTIR     Fourier transform infrared spectroscopy 

BET      Brunauer-Emmett Teller  

HPLC     High-performance liquid chromatography 

LC      Liquid chromatography 

GC      Gas chromatography 

HPTLC     High-performance thin-layer chromatography 

TLC      Thin layer chromatography 

UV      Ultra-violet 

MS      Mass spectroscopy 

CE      Capillary electrophoresis 

DMF      N, N dimethyl formamide 

PBS       Phosphate buffer solution 

KPBS     Potassium phosphate buffer solution 

ABS      Acetate buffer solution 

LOQ      Lowest limit of quantification 

LOD      Lowest limit of detection 

RSD      Relative standard deviation 



xvii 
 

PUBLICATIONS 

 

1.  Joan Chepkoech Kilele, Rajasekhar Chokkareddy, Nicholas Rono, Gan G Redhi, 2020 

“A novel electrochemical sensor for selective determination of theophylline in 

pharmaceutical formulations” Journal of the Taiwan Institute of Chemical 

Engineers; Volume 111, Pages 228-238. 

Manuscripts in Press 

1. Joan Chepkoech Kilele, Rajasekhar Chokkareddy, Gan G Redhi “Ultra-sensitive Sensor 

for Salbutamol by Utilising Lipase- CoFe2O4-MWCNTs Nanocomposite Modified 

Glassy Carbon Electrode.” Submitted to Materials Chemistry and Physics  

CONFERENCES 

1. Joan Chepkoech Kilele, Rajasekhar Chokkareddy, Gan G Redhi “Ultra-sensitive 

Sensor for Salbutamol by Utilising Lipase- CoFe2O4-MWCNTs Nanocomposite 

Modified Glassy Carbon Electrode.” 5th Interdisciplinary Research and Innovation 

Conference 2020, held by Durban University of Technology, Durban, South Africa, 

15-17 September 2020. 

  



xviii 
 

THESIS OUTLINE 

 

CHAPTER 1:  Introduction, aims and objectives. 

CHAPTER 2:  Deals with detailed literature review on asthma, prevalence, anti-asthma drugs, 

previous work on detection of these drugs and nanomaterials used for fabrication of the sensors 

CHAPTER 3:  Theoretical principle of voltammetry techniques as well as the electrochemical 

sensors 

CHAPTER 4: Outlines the methodology employed in this study including materials and 

reagents, instrumentation, synthesis, characterization, preparation of each standard solutions, 

buffer solutions, nanocomposites and fabrication of working electrodes, electrochemical 

measurements and real samples analysis. 

CHAPTER 5: Results and general discussion on characterization, optimization of 

experimental parameters, electrochemical behaviour of each drugs on the developed sensors, 

application on real sample analysis and method validation studies. 

CHAPTER 6: Summary and conclusion. 

REFERENCES 

APPENDIX 

 

 

 

 

 

 

 



2 
 

CHAPTER 1 

1 INTRODUCTION 

1.1 Background information 

Asthma is a chronic respiratory-related disease affecting individuals of all ages often 

throughout their entire lives (Bateman et al., 2008).  This disorder is characterized by bronchial 

inflammation and airway hypersensitivity that leads to frequent occurrences of airway 

obstruction. The main features of this disease are cough, shortness of breath and wheezing 

(Valizadeh et al., 2021). Nowadays, it is commonly reported among children globally and is 

projected to affect approximately 339 million people worldwide (Morales, 2018). In addition, 

it is predicted to increase by the year 2025 owing to the rising effects of urbanization (Bissell 

et al., 2019, Adeloye et al., 2013, Dharmage et al., 2019). Recently published report show that 

South Africa’s asthma commonness rate ranks 25th in the world and 5th in terms of asthma 

fatality (Masekela et al., 2018, Lion-Cachet et al., 2021). The alarming prevalence and severity 

(both in the developing and developed countries) is a major concern as it causes long term 

health problems to the asthmatic patients and a heavy economic burden (de Roos et al., 2018). 

Various factors triggering asthma attacks include allergens, air pollution, strong odours, 

cigarette smoke, seasonal changes, drugs such as beta-blockers and nonsteroidal anti-

inflammatory drugs (Baldacci et al., 2019). Previous studies in South Africa reported that some 

diseases such as obesity appear to be risk factors for the development of asthma (Masekela et 

al., 2018). 

Early diagnosis and medication of asthma significantly reduces the related morbidity and 

fatality rates. Use of anti-asthma drugs is still the most efficient preference for management of 

both mild and chronic asthma conditions. Currently, the key asthma therapy is classified into 

two categories (Barnes, 2006, Bonini et al., 2020); 

a) Relievers such as methylxanthines and β2-adrenoceptor agonists 

b) Controllers such as corticosteroids and antileukotrienes 

The β2-adrenoceptor agonists used as bronchodilators are the most effective treatment available 

to prevent and to dilate bronchi and hence relieve the symptoms. These drugs include 

salbutamol, terbutaline and formoterol (Sears et al., 2005), and are also prescribed for treatment 
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of other airway ailments including chronic obstructive pulmonary diseases (Al Majidi et al., 

2019). They are available in different dosage forms such as tablets, syrups, inhalers and 

injections. Unfortunately, most of them are illegally used to promote growth and as fattening 

agents at high doses in livestock and poultry (Zhou et al., 2017a, He et al., 2020). The 

limitations of β2-agonists are the side effects that might take place within the therapeutic range 

or adverse effects due to overdose. They include nausea, headache, tremors, tachycardia, and 

peripheral vasodilation and sometimes may be fatal (Bonini et al., 2020, Li et al., 2020). 

Methylxanthines such as theophylline have both anti-inflammatory and bronchodilation 

properties at low doses thus are used in treatment of severe asthma (Sankar et al., 2008, Cazzola 

et al., 2020). Theophylline is prevalently used worldwide because it is relatively cheap and 

available; however, excessive intake causes heartburn, coma and cardiac arrest (Makino et al., 

2004, Gan et al., 2018). Corticosteroids such as prednisolone are used as the first line treatment 

of asthmatic patients in combination of bronchodilators to treat the underlying inflammation 

(Sears et al., 2005). In addition, athletes also extensively abuse them.  Long-term intake of 

these corticosteroids causes adverse side effects including weight gain, hypertension, cataract, 

peptic ulceration and diabetes mellitus (Primpray et al., 2019). 

Robust, precise and accurate analytical approaches for quantitative analysis of these 

medications in pharmaceutical forms (tablets, suspension as well as capsules), bio fluids (such 

as blood, urine and serum) as well as in other samples is essential to investigate the cases of 

side effects and drug interactions. Generally, this is because of the wide range usage of the 

selected drugs and lower range of approved concentration in plasma (Chen et al., 2016, Baytak 

et al., 2016, Feng et al., 2018). Besides, quantitative investigation of these medications in their 

commercial preparations is essential for fruitful quality control. Theophylline is naturally 

present in foods such as cocoa, consequently, it is necessary to develop an accurate, 

straightforward and fast method to quantify theophylline in food products (Bartella et al., 

2019). Salbutamol and terbutaline are also used as doping drugs and are among the forbidden 

list of drugs by World Anti-Doping Agency (WADA) and International Olympic Committee 

(IOC) (Goyal et al., 2009a, Lee et al., 2018, Zvereva et al., 2018a). In addition, the alarming 

increase in abuse of salbutamol to boost growth in livestock/poultry is becoming a major 

concern worldwide (Zvereva et al., 2018b, Ni et al., 2014). Residues of these drugs and their 

metabolites raise a major concern as it poses potential health hazards to humans through the 

consumption of animal products. On this basis, it is necessary to develop simple analytical 
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method that offer economical instrumentation for real-time qualitative and quantitative 

determination of these anti-asthma drugs.  

Literature review reveals that a number of methods including chromatographic, spectroscopic 

and electroanalytical techniques have been described for the assay of the above mentioned anti-

asthma drugs in biological, drug dosages as well as other sample matrices such as food products 

(Díez et al., 2018, Huck et al., 2005a, Kalyani et al., 2018). These techniques are used for both 

qualitative and qualitative analysis with satisfactory selectivity, sensitivity and reproducibility. 

However, most of these analytical techniques such as separation-based methods suffer from a 

number of limitations such as: 

i. require relatively expensive instrumentation  

ii. highly trained personnel to run the instruments 

iii. tedious and time consuming sample preparation steps, which involves the use of 

solvents that may contaminate the environment making them inappropriate for regular 

analysis (Sousa et al., 2019, Aydin et al., 2019)  

Thus, it is critical to devise other methods for determination of these anti-asthma medications 

by using readily obtainable and relatively low cost cheap materials that are safe to the 

environment. Electrochemical approaches for the detection of these anti-asthma medications 

and other electro-active substances are increasing. Electroanalytical methods are distinguished 

by their superior sensitivity, minimal or no sample preparation methods and extremely low 

LODs compared to commonly used chromatographic procedures. Additionally, 

electroanalytical instruments are relatively low cost and portable hence may be used selectively 

for everyday analysis of drugs in their drug dosages and body fluids (de Lima et al., 2020, 

Shaikshavali et al., 2020a). 

Regrettably, the traditional unmodified working electrodes like glassy carbon electrode are not 

suitable for detection of the chosen anti-asthma drugs due to insignificant electrochemical 

response (Li et al., 2017a). To overwhelm these inconveniencies, it is vital to use appropriate 

single nanomaterials for instance metal oxides, polymers and carbon nanotubes or a 

combination of these nanomaterials to modify the bare electrode surface to enhance 

electrochemical performance (Jadon et al., 2016). A nanocomposite is a combination of two or 

more different nanomaterials, owning sizes in nanometres range (Pal, 2020). Combination of 

the different properties of these multi-functional nanomaterials leads to fabrication of novel 
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nanocomposite with augmented both physical and chemical properties (improved conductivity, 

enhanced effective surface area, high selectivity and stability) (Singh et al., 2013, Khoshroo et 

al., 2019, Dakshayini et al., 2019b). These nanocomposite materials have attracted attention in 

the fabrication of cheap and safe sensors/biosensors for electrochemical sensing applications. 

Nanocomposites based sensors exhibit superior sensitivity with very low LODs even at trace 

concentration levels (Rezvani et al., 2019). The remarkable electrochemical performance as 

compared to the solid electrodes or to those electrodes modified with one nanomaterial is 

because of the synergistic effects (Pal, 2020, Dakshayini et al., 2019b). 

Among the carbon nanotubes, multi-walled carbon nanotubes (MWCNTs) are extensively 

utilized to modify the electrode surface in electrochemical sensor fabrication due to their 

excellent electro-catalytic performance (Shalauddin et al., 2019). The combination of 

MWCNTs with metal oxides and other novel nanomaterials is useful for constructing hybrid 

nanocomposites with captivating novel properties (Mallakpour et al., 2016). As is well known, 

metal oxides nanoparticles such as ZnONPs (Shaikshavali et al., 2020a), TiO2NPs (Munir et 

al., 2019) and CoFe2O4NPs (Shaterian et al., 2020), have been synthesized  and used for the 

design of electro-catalytic sensors. The electrodes modified with metal oxide nanocomposites 

show enhanced electro-catalytic effect in comparison with unmodified electrodes owing to the 

exceptional properties of the metal oxide nanoparticles. 

The sensitivity and overall performance of enzymatic/protein biosensors has improved 

tremendously owing to incorporation of nanomaterials such as carbon nanotubes and  metal 

oxides in their fabrication (Lopes et al., 2017).  Enzymes are used as bio recognition agents 

because they provide outstanding selectivity for their targeted substrate and have high catalytic 

activity (Liu et al., 2019b, Erkmen et al., 2020, Kurbanoglu et al., 2020).  

Ionic liquids (ILs) based composites have also received extensive attention in electrochemical 

detection considering their remarkable properties including low cost, and outstanding 

conductivity and thermal stability (Bijad et al., 2013, Shabani-Nooshabadi et al., 2016). 

Shabani-Nooshabadi et al. (2016) modified carbon paste electrode with NiO/graphene oxide/IL 

nanocomposite for detection of sulfamethoxazole. The proposed sensor showed good electro-

catalytic activity with lower LOD of 0.04 μM (Shabani-Nooshabadi et al., 2016). A new 

approach for determination of dihydro-nicotinamide adenine dinucleotide (NADH) using IL-

MWCNTs-magnetite nanocomposite was developed. The MWCNTs and IL provided a 
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platform for Fe3O4 nanoparticles with high conductivity. The LOD and LOQ of the proposed 

sensor was 34.6 nM and 0.115 µM respectively (Atta et al., 2017). 

In this study, therefore, a novel approach to modify the GCE with ZnO-MWCNTs-Cytochrome 

c, MWCNTs-CoFe2O4-Lipase, MWCNTs-IL-L-lysine and TiO2-MWCNTs-IL 

nanocomposites for detection of theophylline, salbutamol, prednisolone and terbutaline, 

respectively, in pharmaceutical formulations is presented. The proposed sensors combine the 

characteristic features of its individual components towards electro reduction/oxidation 

reaction of the drugs under study. None of the reviewed articles reported on the detection of 

the proposed drugs in drug dosages using the fabricated sensors via DPV and CV. 

The working electrode, GCE, is extensively used because its surface can be easily renewed and 

modified to increase the electro-active surface area and the active adsorptive sites (Gholivand 

et al., 2019a). Selectivity and sensitivity of the measurements greatly depends on the surface 

area of the GCE (Miraki et al., 2019). Modification increases the surface area of GCE, which 

accelerates the electrochemical redox reactions due to rapid electron transfer rate. As a result, 

high peak-currents are recorded at the same time over potentials of redox reactions may change 

in relation to electro catalysis process. Voltammetry techniques have been employed for 

detection of these anti-asthma drugs and numerous other electro-active compounds (Afzali et 

al., 2019). These techniques are vastly selective and sensitive towards detection of electro-

active species with lower LODs over a wide linear range. In addition, they are portable, uses 

small sample volumes (5-10 µL) as well as relatively low cost instrumentation (Naveen et al., 

2017, Kalambate et al., 2016). 

CV is one of the most effective methods for studying the electrochemical behavior of electro-

active substances in the voltammetry method. This is because it can quickly locate the redox 

potential of an electro-active analyte. DPV is a fast method with excellent analytical sensitivity, 

thus it can be used for simultaneous detection of electro-active substances with close redox 

potentials. Recorded peak-current is proportional to the analyte’s concentration; hence, this 

makes it possible to estimate its concentration. 

In this work, synthesis (of ZnONPs, CoFe2O4NPs and TiO2NPs) and the application of novel 

nanocomposite-based modified GCE sensors for quantification of four proposed drugs is 

described. CV was employed to investigate the electrochemical behavior of each selected drug, 

while DPV was used for quantitative analysis. The electro-catalytic ability of the developed 

sensors was investigated on real pharmaceutical dosage samples. 
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1.2 Problem statement 

Worldwide, the prescriptions for asthma drugs are on the rise (Khakban et al., 2019, Allen et 

al., 2019). However, anti-asthma drugs have side effects and can lead to fatal death at higher 

doses. Quite often, these drugs are abused as growth promoters in poultry/livestock as well as 

by athletes to enhance their performance (Lomae et al., 2019, Chang et al., 

2018).Consequently, it is vital to design uncomplicated, portable, rapid and highly sensitive 

means of detecting these anti-asthma drugs in pharmaceutical formulations and other sample 

matrices. Electrochemical sensors represent alternative methods to conventional analytical 

techniques based on separation, for instance high performance liquid chromatography, which 

requires long and tedious extraction, pre-concentration and clean up steps. In addition, they are 

expensive, require highly trained personnel to operate, and require the use of harmful reagents 

known to generate huge amount of non-environmental friendly chemicals. Hence, the whole 

process is expensive and unaffordable at most resource-limited research facilities. The 

proposed electrochemical sensors will offer an affordable cost of analysis of the selected 

asthma drugs in any sample matrix. This will, in turn, improve financial viability, outlook and 

control in many of the health facilities and pharmaceutical industries. 

The nano-composite based electrochemical sensors offer further advantages such as 

inexpensive field sensors that can sensitively, selectively and routinely detect a series of target 

compounds present in various sample matrices such as food without (or with reduced) sample 

pre-treatment. Furthermore, development of highly sensitive and selective method will provide 

more precise and accurate results for quality and doping control. Health and overall wellbeing 

of asthmatic patients and non-patients may be improved. 
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1.3 Aim 

To fabricate electrochemical sensor/biosensors based on nanocomposites for the 

quantification of theophylline, prednisolone, terbutaline and salbutamol in their 

pharmaceutical formulations using novel nano-materials with good electro-catalytic 

activity and conductivity. 

1.4 Objectives 

 To synthesize and characterise titanium oxide (TiO2), zinc oxide (ZnO) and cobalt 

ferrite (CoFe2O4) nanoparticles and their respective nanocomposites. 

 To fabricate glassy carbon electrode with potent electrode modifiers acting as electro-

catalysis agents towards the drugs under investigation. 

 To study the electrochemical behaviour of each drug at the fabricated working 

electrodes under optimized working conditions via cyclic voltammetry technique. 

 To determine the sensitivity, selectivity, stability, reproducibility and repeatability of 

the developed sensors using the differential pulse voltammetry method. 
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CHAPTER 2 

2 LITERATURE REVIEW 

This chapter attempts to discuss the four anti-asthma drugs, namely; prednisolone, 

theophylline, terbutaline and salbutamol under study, analytical methods developed for 

quantitative and qualitative study of the previously mentioned medications enlightening their 

benefits along with limitations. In addition, the nanomaterials used for fabrication of the four 

electrochemical sensors are discussed. 

The key asthma medications are; bronchodilators (beta-agonists) primarily used to reverse 

bronchoconstriction in order to relieve the symptoms and corticosteroids used to treat the 

underlying airway inflammation. Since asthma is a chronic persistent disease, the affected 

individual uses these medicines on a long-term basis. Beta agonists include salbutamol, 

terbutaline, theophylline among others; they are used in combination of corticosteroids such as 

prednisolone and with other drugs including ephedrine injection in treatment of asthma. 

2.1 Bronchodilators 

These compounds are categorised as phenylethanolamines. They have various substituent 

groups on the aromatic group as well as terminal amino group. Generally, they are used to 

reverse the airway contraction associated with exacerbation of asthma and other pulmonary 

related infections. They are classified into three categories based on different substituents; 

i. Phenolic group such as salbutamol 

ii. Resorcinol group such as terbutaline  

iii. Aniline containing group, which include clenbuterol 

2.1.1 Salbutamol 

Salbutamol (SAL) also known as albuterol [2-(tert-butylamino)-1-(4-hydroxy-3-hydroxy 

methylphenyl) ethanol], is a short acting β2-adrenergic receptor agonist. It has phenolic 

hydroxyls and ethanol amine substituents groups on the aromatic ring (Figure 2. 1) (Chen et 

al., 2016). The existence of a chiral center in SAL structure results in S- and R-enantiomers 

which allows it to be administered (orally, parenteral or inhaled) as an equal racemic mixture 

(R-) and (S-) (Jacobson et al., 2003). (R-) has bronchodilator effects whereas (S-) is reported 

to have no bronchodilation properties. It works by dilating the bronchi and as a result relaxes 
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the bronchial muscles hence improves breathing in asthma patients. It is widely prescribed for 

the cure of acute airway ailments such as asthma (including acute and severe, exercise induced 

and childhood) and chronic obstructive pulmonary diseases (Moore et al., 2019, Bateman et 

al., 2008). SAL is often the first line therapy in most patients as it offers a rapid bronchodilation 

effects (Cordell et al., 2018).  Furthermore, it is illegally used in livestock as feed additive to 

promote growth hence it is a threat to food safety and the environment (He et al., 2020, Zhang 

et al., 2016). Excessive dosage and intake of SAL for a long period is reported to cause regular 

and troublesome side effects such as tremor, hypertension, palpitations, tachycardia, peripheral 

vasodilatation and nausea (Li et al., 2020, Guo et al., 2017). 

 

Figure 2.1: Chemical structure of salbutamol 

Electrochemical reaction of SAL is by oxidation of the OH group on its aromatic ring to form 

dimers that can be adsorbed on the surface of the electrode (Figure 2. 2). By electrochemical 

analysis, the main anodic peak recorded is due to one-electron/proton oxidation of the OH 

group on the aromatic ring (Li et al., 2017a). 

 

Figure 2.2: Electrochemical oxidation mechanism of salbutamol 
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Quantitative determination of SAL drug is essential for routine analysis, clinical pharmacology 

studies as well as for doping detection and food quality control analysis. A comprehensive 

literature survey reveals that the reported analytical methods for quantitative analysis of SAL 

alone or in combination with other drugs in food products, pharmaceutical formulations and 

other samples are: 

i. chromatography based methods (Yan et al., 2012, Wu et al., 2011b) 

ii. spectroscopy methods (Kalyani et al., 2018, Cheng et al., 2018, Zhai et al., 2017) 

iii.  immunoassays (Fang et al., 2019, Xu et al., 2015, Liu et al., 2018) 

iv. capillary electrophoresis (Wang et al., 2010)   

v. electroanalytical techniques (Lin et al., 2016, Lomae et al., 2019, Guo et al., 2017, 

Chen et al., 2016)  

These techniques have been used to detect SAL with sufficient precision, sensitivity and 

selectivity. However, most of these techniques have a number of deficiencies such as 

requirement of sophisticated and costly equipment. In addition, they usually require long and 

tedious sample preparation steps and in the process may generate harmful chemical wastes (Lin 

et al., 2016). Therefore, it is vital to fabricate a safe, rapid, selective, sensitive and relatively 

cost effective means of detecting SAL in drug forms and other sample matrices at trace 

concentrations. The electroanalytical techniques are extremely selective and ultra-sensitive. In 

addition, these methods are rapid, simple to operate and are cost-effective as compared to 

chromatography based and spectroscopy methods. 

Currently, varieties of unique nanomaterials are used in modification of the working electrodes 

to enhance electrochemical sensing performance of the fabricated sensors. For instance, nano-

catalysts with a combination of spinel ferrites, carbon nanotubes and bio-recognition elements 

were recently exploited in the fabrication of biosensors due to the benefits of the synergistic 

effect arising from the nanocomposite materials (Sobczak-Kupiec et al., 2016, Ensafi et al., 

2019, Dong et al., 2017). CoFe2O4NPs, in particular, has been reported to be an effective electro 

catalyst for sensing various analytes owing to its excellent electro-catalytic activity, good 

biocompatibility, low cost and the easy synthesis methods (Shanmugam et al., 2020). 

In the last decade, carbon nanotubes such as MWCNTs have become attractive nanomaterials 

in electro analysis because of their outstanding semi-conductor, mechanical and chemical 

properties. It has extensively been used to improve the catalytic behaviour of metal oxides and 
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other electrode modifiers for electrochemical determination of pharmaceuticals. Due to the 

combination of the exceptional properties of functionalized MWCNTs and the excellent 

electro-catalytic activity of CoFe2O4NPs, stabilizing CoFe2O4NPs on MWCNTs can 

significantly accelerate the electrochemical oxidation of SAL (Taei et al., 2016). MIP/Ag-N-

RGO/GCE sensor was fabricated by Li et al. (2017a) for quantification of SAL in urine and 

pork samples. The invented MIP/Ag-N-RGO/GCE displayed excellent sensitivity with good 

percentage recovery rates in the range of 98.9 % - 105.3 %. He et al. (2020) recently devised a 

colorimetric immunoassay for quantification of SAL. The developed method showed 

extraordinary sensitivity with LOD of 26.14 pg/mL.  

2.1.2 Terbutaline 

Terbutaline sulfate (TBS) [2-tert-butylamino-1-(3, 5-dihydroxyphenyl) ethanol hemisulfate], a 

selective β2-adrenoceptor agonist, is used as a bronchodilator to treat asthma, bronchitis as well 

as an anti-contraction agent during preterm birth (Gopal et al., 2018a, Zhou et al., 2017a).  Its 

available dosages can be administered through injection, oral consumption or by inhalation 

(Sayed et al., 2013). An overdose and prolong use of TBS can lead to bothersome side effects 

such as tremor, tachycardia, cephalalgia, intestinal problems and sometimes it can be deadly 

(Liu et al., 2014). Furthermore, TBS is reportedly abused as feed additive to stimulate growth 

in cattle as well as by athletes to improve their performance (Costa et al., 2018, Kalambate et 

al., 2017). 

 

Figure 2.3: Chemical structure of terbutaline 

Analytical determination of TBS in food, drug dosages and body fluid samples has been done 

using various methods. These techniques include; chemiluminescence (Han et al., 2012b), 

chromatography (Herring et al., 2000, Lomae et al., 2019, Zhou et al., 2017b), capillary 

electrophoresis (Li et al., 2009b),  spectrophotometry and electrochemical methods (Kalambate 
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et al., 2017, Baytak et al., 2016, Li et al., 2012). Although the above-mentioned methods are 

effective, the instruments involved are costly, require highly skilled personnel to run them and 

time-consuming sample preparation procedures. Therefore, the whole process is tedious, and 

expensive to employ for detection of TBS. Electrochemical sensing methods using working 

electrodes modified with potent nanocomposite based modifiers are expedient since they are 

rapid, relatively cost effective, have superior sensitivity and easy to operate.  

TBS structure (Figure 2. 3) contains hydroxyl groups on the aromatic ring as electro-active 

centres hence it can be analysed via electrochemical techniques. TBS can undergo 

electrochemical oxidation of  OH group present on its aromatic ring whereby equal protons 

and electrons takes part in the oxidation reaction (Li et al., 2012, Gopal et al., 2018a) (Figure 

2. 4). 

 

Figure 2.4: Electrochemical oxidation mechanism of terbutaline 

To date, few voltammetry reports using nanocomposite-modified GCE for detection of TBS in 

single dosage or in combination of other pharmaceuticals have been reported. GCE modified 

with carbon nanotubes and europium oxide NPs was recently developed for detection of TBS. 

The fabricated sensor exhibited excellent sensitivity which was estimated to be 0.2557 μA/μM 

(Teker et al., 2019). In addition, MWCNTs/graphene-GCE sensor was designed for 

electrochemical sensing of TBS in its drug dosage sample (Gopal et al., 2018a). The estimated 

LOD and LOQ was 6.527 × 10−7 M and 2.175 × 10−6 M, individually (Gopal et al., 2018a). 

The unmodified GCE recorded a small oxidation peak, which is attributed to slow transfer of 

electrons. Therefore, it is necessary to utilize other electro catalysts with unique and multi-

functional properties, to promote rapid transfer of electrons thus achieve excellent sensitivity, 

lower LOD and LOQ values. 

Literature review scrutiny reveals that there is no report describing the use of GCE modified 

with TiO2-MWCNTs-IL nanocomposite for determination of TBS in pharmaceutical 
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formulations. TiO2 is a photocatalytic semiconductor. Because of its good biocompatibility, 

large band gap and easy functionalization, it is extensively used in the fabrication of 

sensors/biosensors for various applications (Perillo et al., 2012). Ru/TiO2/MWCNTs 

nanocomposite-modified CPE was used to detect cetirizine in urine and drug samples (Shetti 

et al., 2019c). A lower LOD of approximately 3.10 nM was achieved (Shetti et al., 2019c). 

MWCNTs have outstanding properties such as exceptional electrical conductivity due to their 

large substantial surface area, which enhances electro-catalytic activity hence have been used 

effectively as electrochemical sensing nanomaterials (Cheng et al., 2020, Munir et al., 2019).   

Another approach to improve the sensitivity of the TiO2-CNTs nanocomposite-based sensors 

is by incorporating highly conductive ILs (Mohamed et al., 2019). According to previous 

research, the TiO2-MWCNTs nanocomposite coupled with ILs could speed up transfer of 

electrons therefore increasing detection sensitivity. The superb electrochemical sensing 

performance of the proposed TiO2-MWCNTs-IL nanocomposite is through synergistic effect. 

2.2 Methylxanthines 

These are groups of compounds that belong to the alkaloid class; mainly the purine as they 

have nitrogen atoms in their structure. They are named based on the existence of various 

number and location of the methyl groups in the purine structure. Theophylline (1, 3-

dimethylxanthine), caffeine (1,3,7-trimethylxanthine) and theobromine (3, 7-

dimethylxanthines) are some of them. 

Theophylline (TPN) is a type of methylxanthine found naturally in tea, coffee as well as cocoa 

beans (Bartella et al., 2019). TPN molecule contains three active sites (two methyl and an 

amino group) and is reportedly electro-active due to existence of amino-group in its structure 

(Figure 2. 5) (Sun et al., 2006). It is substantially used as a bronchodilator to remedy illnesses 

like emphysema and asthma (Cazzola et al., 2012, Wang et al., 2018a). The accepted curative 

concentration of TPN is in the range of 5-20 µg/mL. Concentrations higher than 20 µg/mL are 

reported to be poisonous and might cause detrimental complications including cardiac arrest, 

seizures and vomiting (Mahemuti et al., 2018, Calzetta et al., 2018, Ganjali et al., 2018). 

Consequently, it is of utmost importance to determine the concentration of TPN in drug doses 

using a fast, relatively inexpensive and precise technique. 
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Figure 2.5: Chemical structure of theophylline 

Various methods have been utilized for detection of TPN including electroanalytical methods, 

capillary electrophoresis, spectrometry and chromatographic approaches (Badea et al., 2017, 

Bartella et al., 2019, Oellig et al., 2018, Li et al., 2009a, Ma et al., 2009, Zhuang et al., 2017, 

Park et al., 2014, Kesavan et al., 2019, Chen et al., 2018). Although spectrometric and 

chromatographic methods have presented reliable results for quantitative analyses of TPN, they 

suffer from a few inadequacies like expensive and sophisticated equipment, long sample 

preparation procedures and the use of large amounts of harmful  solvents (Chen et al., 2020). 

In addition, they are not suitable for regular testing due to their low sensitivity and selectivity 

and (Gan et al., 2017).  Alternatively, the electrochemical approach provides a practical and 

fast means due to its high sensitivity, portability, relatively inexpensive equipment, and small 

sample size requirements (Shashikumara et al., 2020). In addition,  the sample preparation 

procedures are fast, simple and sometimes are not required (Peng et al., 2017b). 

Several electrochemical sensors/biosensors have been developed for sensing of electro-active 

analytes such as drugs based on different nanocomposite modifiers owing to their distinctive 

and multifunctional properties (Goud et al., 2019a, Kumar et al., 2019a). For example, Ca-

ZnO/GCE (Kulkarni et al., 2020), ruthenium-TiO2/reduced graphene oxide/CPE (Bukkitgar et 

al., 2020) and nano clay/CPE (Shetti et al., 2020) were reportedly used for determination of 

antihistamine, ambroxol and nimesulide medications, individually , in drug dosage forms and 

urine samples. In addition, Mg-ZnO/CPE and Ru-TiO2/MWCNTs/CPE sensors have been 

reportedly used for quantification of flufenamic acid and mefanic acid, respectively,  

(Bukkitgar et al., 2019, Shetti et al., 2019d).  The proposed electrochemical sensors provided 

exceptional sensitivity with much lower LOD compared to the other electrodes, as well as 

promising potential utilization in quantification of these drugs in real sample solutions. 
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Chokkareddy et al. (2020b) constructed an IL-based sensor for determination of pyrazinamide 

in pharmaceutical samples. The estimated LOD and LOQ of the sensor was 0.0102 µM and 

0.3658 µM, respectively. 

Metal oxide/MWCNTs composites have been expansively explored as electrochemical sensing 

platforms of electro-active compounds owing to their improved electro-catalytic activity 

(Shaikshavali et al., 2020b). Furthermore, the metal oxide/MWCNTs nanocomposites offers a 

biocompatible platform for immobilization of bio-recognition elements such as enzymes and 

proteins, in fabrication of biosensors (Ghanbari et al., 2019, Chokkareddy et al., 2017, 

Chokkareddy et al., 2018). Due to the synergistic effects between nanocomposite materials, 

these nanocomposites have proven critical in improving the electrochemical performance in 

sensing of pharmaceuticals (Dakshayini et al., 2019a). 

Previous electrochemical work reveals that TPN is oxidized on the surface of working electrode 

to form 1, 3-dimethyluric acid (Figure 2. 6). The irreversible reaction mechanism of TPN 

involves two-electrons/protons (Bukkitgar et al., 2018, Quintanilla et al., 2016).  

 

Figure 2.6: Electro-catalytic oxidation mechanism of TPN 

Electrochemical response of TPN at the unmodified GCE is very poor due to sluggish transfer 

of electrons (Bandi et al., 2019, Janaj et al., 2019). Accordingly, it is necessary to modify the 

GCE surface with novel composites such as metal oxide/carbon-nanotube/enzyme 

nanocomposites, which are reported to have superb electro-catalytic activity. None of the 

reviewed articles has reported the electrochemical behaviour of TPN at the 
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ZnONPs/MWCNTs/Cyt c/GCE sensor. Therefore, the novelty of this work was to fabricate a 

ZnONPs/MWCNTs/Cytochrome c nanocomposite modified GCE for electrochemical 

detection of TPN via CV and DPV. 

Zinc oxide (ZnO), a semi-conductor having a high excitation bond energy of 60 meV and a 

large band gap of 3.37 eV, has been used lengthily in the construction of novel modified 

electrodes for electrochemical sensing.  The ZnONPs is a promising nanomaterial as an electro-

catalyst due its low toxicity, superb stability, excellent conductivity, availability and it is 

relatively easy to synthesize (Shetti et al., 2019a, Bukkitgar et al., 2019). In the recent past, 

MWCNTs are suggested to be one of the most suitable carbon nanotubes for modification of 

solid electrodes due to their exceptional properties including its large surface area and its 

outstanding conductivity (Soylak et al., 2017, Soylak et al., 2013). The MWCNTs modified 

electrodes present enhanced electrochemical performance than the un-modified solid 

electrodes (Keerthika Devi et al., 2020). 

Herein, MWCNTs was employed as platform for incorporation of ZnONPs as previously 

described in several studies (Mwafy et al., 2019, Mukdasai et al., 2016, Chokkareddy et al., 

2019a). Cyt c was immobilized on the ZnONPs/MWCNTs modified GCE surface to fabricate 

a highly selective biosensor for TPN detection.  

2.3 Corticosteroids 

Corticosteroids were discovered in 1950s, and their anti-inflammatory properties have since 

been exploited to treat chronic asthma as effective controllers (Barnes, 2006). Examples of 

corticosteroids are dexamethasone and prednisolone. However, long-term usage and overdose 

of these medications may result to significant adverse side effects such as high blood pressure, 

diabetes, cataract and fluid retention to the asthmatic patient.  

Prednisolone (PDN) (11b,17a,21-trihydroxy-pregna-1,4-diene-3,20-dione), is an artificial 

corticosteroid commonly prescribed for clinical treatment of a number of inflammatory 

conditions such as bronchial asthma and allergic reactions due to its anti-inflammatory and 

immunosuppressive properties (Mansur et al., 2020). The use of prednisolone can cause 

decreasing organ rejection before, during and after organ transplant (Arabi et al., 2016). An 

overdose intake of PDN may lead to hypertension, increase in  weight,  deterioration of diabetes 

as well as hindrance of growth in children (Goyal et al., 2009b). In addition, athletes are 

misusing PDN in sports and World Anti-Doping Agency (WADA) forbids its usage (Beotra et 

al., 2009, Touber et al., 2007). 
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PDN molecule reportedly has two electro-active sites in its structure that can undergo reduction 

and oxidation at negative and positive potentials, respectively (Figure 2. 7) (Rezaei et al., 

2011). The reductive site of PDN molecule is more active and the suggested mechanism for 

electrochemical reduction of PDN is shown in Figure 2. 8. The electro-catalytic reduction 

process lead to the  transfer of two protons and two electrons (Smajdor et al., 2016) 

 

Figure 2.7: Chemical structure of prednisolone 

The conventional analytical techniques widely used for detection of PDN in different sample 

matrices include chromatography-based techniques (Klinsunthorn et al., 2011, Limmatvapirat 

et al., 2012, AbuRuz et al., 2003, Fidani et al., 2013, Liu et al., 2016, Chitlange et al., 2011), 

UV spectrophotometry (Chitlange et al., 2011) and voltammetry (Goyal et al., 2009a, Yilmaz 

et al., 2007). The downsides of most of these conventional methods include the costly 

instrumentations and the time consuming sample preparation procedures (Primpray et al., 

2019). An alternate and more practicable solution to these drawbacks is the application of 

electrochemical techniques. The popularity of these methods lies in the numerous advantages 

it offers, such as fast and simple to use equipment, increased selectivity as well as excellent 

sensitivity.  

 

Figure 2.8: Electrochemical reduction mechanism of prednisolone 
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Nanocomposite based nanomaterials are being explored to incorporate in fabrication of 

modified electrode sensors for detection of PDN and other drugs because they offer a 

synergistic effect with improved electro-catalytic activity and conductivity. These sensors are 

reported to have high sensitivity along with reduced limits of detection. Modified   convectional 

electrodes have shown good potential for prednisolone detection. Fullerene/C60 was used to 

modify gold electrode for detection of PDN. The LOD of the fabricated fullerene/C60/Au sensor 

was calculated to be about 26 nM (Goyal et al., 2009b). 

MWCNTs are one of the remarkable and most used CNTs in modification of electrodes 

because they possess exceptional properties suitable for electrochemical analysis. However, 

they are difficult to be dispersed in an aqueous solution and in numerous organic solvents 

because they tend to agglomerate (Shalauddin et al., 2019). To avoid this, various approaches 

have been employed such as chemical treatment with acids, ultra-sonification, 

functionalization with ILs, surfactants, polymers, or other nanomaterials (Mohamed et al., 

2015).  

Carbon nanotubes could interact with ILs through “cation–π” interaction to obtain a well-

dispersed suspension (Fukushima et al., 2003, Khezrian et al., 2013). MWCNTs and IL 

nanocomposite has been used to fabricate a number of sensors/biosensors mainly for 

electrochemical sensing application (Chen et al., 2014, Khezrian et al., 2013). ILs are used in 

electrochemical sensing as a solvent and electrode modifier to accelerate rapid transfer of 

electrons owing to its outstanding conductivity, great potential window and its thermal stability 

(Wang et al., 2012). The surface of  MWCNTs-IL composite can also be improved  by 

modifying it with electro-active and highly conductive polymers such as L-lysine and chitosan 

to improve their electrochemical performance (Gholivand et al., 2019b).  L-lysine, an essential 

amino acid, is electro-active and highly conductive polymer that have been used in 

electrochemical sensing to improve the performance of the fabricated sensors (Laurinavičius 

et al., 2019). It is thus evident that a significant synergistic amplification of electrochemical 

performance can be realized through combination of MWCNTs, ILs and L-lysine 

nanomaterials for the fabrication of MWCNTs-ILs-L-lysine /GCE sensor for detection of PDN 

in pharmaceutical formulations.  

2.4 Analytical techniques for quantification of selected anti-asthma drugs 

Several conventional methods have been developed and evaluated for detection of anti-asthma 

drugs in different sample matrices (table 2.1). In summary, chromatographic-based techniques 
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comprising; High Performance Liquid Chromatography (HPLC), Gas Chromatography (GC), 

Liquid Chromatography (LC), GC/mass spectrometry, Liquid Chromatography/Tandem Mass 

Spectrometry, immunological and electrochemical sensor-based techniques. These 

conventional techniques can be categorised broadly into electroanalytical, chromatographic, 

capillary electrophoresis and spectroscopic methods (Figure 2. 9). Different LODs for different 

analytes have been reported in literature (table 2.1). Although this could be study specific, its 

analysis has revealed that the LODs of some of these conventional methods are too high for 

TPN, SAL, TBS and PDN. The situation is less favourable in some media including 

wastewater, where these drugs are found in ultra-low concentrations thus requiring the 

development of ultrasensitive and selective methods for detection.  

Generally, the conventional methods used for detection of the drugs under study and other 

pharmaceuticals in various sample matrices suffer from a number of limitations as mentioned 

earlier. This has led to the new generation of electrochemical sensing techniques and a step 

ahead using nanomaterials enabled sensors and biosensors to enhance sensitivity, rapidity and 

on-site detection of determination of electro-active compounds in various sample matrices. 

 

 

Figure 2.9: Analytical approaches reportedly used for detection of the four anti-asthma 

drugs 
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Table 2.1: Detection limits for the convectional analytical methods for detection of TPN, SAL, TBS and PDN  

 DRUG ANALYTICAL TECHNIQUE LOD LOQ REFERENCE 

1 Theophylline Liquid chromatography (GC) coupled to diode array UV detection 8 ng/ml 24 ng/mL (Aresta et al., 2005) 

  High performance liquid chromatography (HPLC)-UV detection 0.1 μg /mL - (Schreiber-Deturmeny 

et al., 1996) 

  Near infrared spectroscopy (NIRS) 0.05 g/100 g 

percent 

- (Huck et al., 2005b) 

  Electrospray ionisation ion mobility spectrometry (ESI-IMS) 0.3 μg/ mL - (Jafari et al., 2011) 

  Micellar electro-kinetic chromatography 0.01 μmol/mL - (Huang et al., 2003) 

  HPLC with amperometric detection 1 ng  (Meyer et al., 1996) 

  Liquid chromatography/mass spectrometry - 0.5 ng (Kanazawa et al., 2000) 

  Fluorescence detection 1.8 µM  (Park et al., 2014) 

  High performance liquid chromatography 0.067 μg/mL 0.2 μg/mL (Fernandes et al., 2017) 

2 Salbutamol Surface-enhanced Raman spectroscopy 0.1 ng/mL 0.2 ng/ mL (Cheng et al., 2018) 

  Liquid chromatography/tandem mass spectrometry - 50 pg/mL (Wu et al., 2011b) 

  Reversed phase -High performance liquid chromatography  0.0297 µg/mL 0.090 µg/mL (Solanki et al., 2016) 

  Capillary electrophoresis 0.17 g/mL 0.59 gm/L (Wang et al., 2010) 

  Enzyme immunoassay 0.021 μg/L - (Liu et al., 2018) 

  Solid phase extraction/High performance liquid chromatography 

coupled to ultraviolet detection 

0.20 ng/g 0.68 ng/g (Yan et al., 2012) 

  UV spectrophotometry method 0.003 μg/mL 0.01 μg/mL (Kalyani et al., 2018) 
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  Time-resolved fluoroimmunoassay - 0.66 ng/L (Fang et al., 2019) 

3 Terbutaline High performance liquid chromatography coupled to fluorescence 

detection 

0.3 ng/mL - (Kim et al., 2001) 

  Chemiluminescence method 0.01µg/mL - (Han et al., 2012a) 

  High performance liquid chromatography 4.4 nmol/l 1 ng/mL (Herring et al., 2000) 

  Capillary electrophoresis with chemiluminescence detection 3.0 × 10−8 M - (Li et al., 2009b) 

  Reverse-phase high performance liquid chromatography-ultra-violent 

detection 

1.0 µg/mL 3.3 µg/mL (Itagimatha et al., 2019) 

  Liquid chromatography–tandem mass spectrometry  0.4 ng /mL 1 ng/mL (Luo et al., 2010) 

  Micro-dialysis sampling combined with flow-injection 

chemiluminescence analysis 

3×10−8 mol/ L - (Wang et al., 2003) 

  Ultra high performance liquid chromatography coupled to 

electrochemical detection 

0.04 μg /mL  (Lomae et al., 2019) 

4 Prednisolone Solid phase extraction / Ultra-High Pressure Liquid Chromatography 

/ quadrupole time of flight mass spectrometry 

623 ng/L  (Wood et al., 2017) 

  Matrix solid phase dispersion (MSPD)-liquid chromatography -

ultraviolet detection method 

0.50 μg /kg 3 μg/kg (Dési et al., 2008) 

  Liquid chromatography coupled to fluorescence detection    

  Liquid chromatography coupled to tandem mass spectrometry 10 pg/mL 50 pg/mL (Fidani et al., 2013) 

  Ultra high performance liquid chromatography coupled to tandem 

mass spectrometry (UPLC–MS/MS) 

- 1 ng/mL (Liu et al., 2016) 
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  Ultra high performance Liquid chromatography/mass 

spectrometry/mass spectrometry (UHPLC-MS/MS) 

7.30 ng /mL 22.77 ng/ mL (Elzayat et al., 2019) 

  Liquid chromatography/electrospray ionisation coupled to tandem 

mass spectrometry 

0.41 ng/mL 0.51 ng/mL (Chiesa et al., 2016) 

  Solid phase extraction (SPE) together with HPLC detection 7.0 ng/mL 11.6 ng/mL (AbuRuz et al., 2003) 
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2.4.1 Chromatographic techniques 

Chromatographic methods have been used to quantitatively analyze diverse analytes including 

drugs  in several sample matrices (Siddiqui et al., 2017). Analytical separation is grounded on 

the dispersion of analytes between stationary phase and mobile phase. Organic solvents such 

as acetonitrile and methanol are used in mobile phase (Itagimatha et al., 2019). Each column 

has its own pH range of analysis thus pH control is very important prior to any experimental 

analysis to prevent degradation of the stationery phase.  

Prior to analysis, the analyte of interest has to be extracted into an individual entity from its 

surrounding complex matrix. This can be done through sample extraction procedures;  

i. solid phase extraction  

ii. solid phase micro extraction and  

iii. liquid/liquid extraction (Qu et al., 2011, Meyer et al., 1996).   

The extraction and clean-up steps are relatively slow, solvent intensive and add extra costs 

(Baytak et al., 2016). Chromatographic techniques include HPLC (for non-volatile analytes) 

and high performance thin layer chromatography (HPTLC-for determination of volatile 

solvents), LC, GC (for volatile analytes) and thin layer chromatography (TLC). A remarkable 

advancement has been made in coupling these separation techniques to various highly sensitive 

detectors such as:  

i. mass spectrometry (Caban et al., 2011, Lomae et al., 2019, Zhou et al., 2017b, 

Domínguez-Romero et al., 2013) 

ii. ultraviolet (Itagimatha et al., 2019, Aresta et al., 2005)  

iii. fluorescence to achieve lower detection limits(as presented in table 1) for quantification 

and identification of drugs (Siddiqui et al., 2017)  

However, there are a number of problems limiting the use of mass spectrometry as a means of 

detection. Firstly, it is the complex instrument system, which requires trained personnel to run 

it. Secondly, the equipment is costly and is very expensive to maintain (Lomae et al., 2019). 

HPLC is the most usual approach for quantification of most target compounds due to its 

excellent precision. However, the equipment and columns used in this method are expensive 

and involves use of a large amount of solvents (Herring et al., 2000). In addition, they suffer 

from low sensitivity therefore they are unsuitable for the routine analysis (Herring et al., 2000, 

Teker et al., 2019). 
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2.4.2 Spectroscopy techniques 

Spectroscopy refers to the study of the splitting of electromagnetic radiation to its constituent 

wavelengths by matter. The transmission properties of a sample as a function of wavelength 

are measured. Spectroscopy methods are used to determine the structural composition of the 

analytes by identifying specific functional groups present in a compound. The amount of the 

target compounds in the sample matrix can also be determined.  Spectroscopy methods such as 

ultraviolet (UV) spectroscopy, fluorescence spectroscopy, Raman spectroscopy, near infrared 

(NIR) spectroscopy, infrared (IR) spectroscopy and mass spectrometry have been used 

frequently for qualitative and quantitative analysis of many compounds of interest.  

The UV/Vis technique quantifies the percentage of radiation transmitted through the sample.  

The sample is prepared by dissolving in a suitable solvent and then its absorption is observed 

at specific wavelengths of interest (from 190 to 800 nm wavelength). Compared to other 

methods, this technique is rapid and is easy to use to analyze drugs and other substances. 

However, other interfering substances that absorb at the same wavelength may be in the sample 

matrix hence influencing the accuracy of the obtained results in the quantification of analytes. 

In addition, sample preparation usually involves varying the concentration of the sample, thus 

requiring the preparation of a large number of sample solutions. 

 IR spectroscopic methods are extensively used for structural analysis of various organic 

compounds in various liquid, solid as well as gaseous samples.  IR method is based on the 

absorption of light by a chemical compound, which promotes a shift in vibrational energy 

levels. As a result, different functional groups present in the compound absorb the IR radiation 

at different frequencies. NIR spectroscopy (12800–4000 cm−1) is used to identify particular 

functional groups existing in the analyte, while mid-infrared radiation (4000–400 cm−1) is used 

in quantitative analysis (Reich, 2005).  TPN was quantified in liquid coffee using the NIR 

spectroscopy method. The proposed method was rapid, however, the sensitivity was low as 

compared to that of HPLC-MS (Huck et al., 2005b). Recently, ATR/FTIR (Attenuated total 

reflectance Fourier transform infrared spectroscopy) was used for the quantification of 

bambuterol and TBS. Relatively low LODs were achieved due to the remarkable sensitivity of 

the method (Algethami et al., 2020). In Raman spectroscopy, a monochromatic light interacts 

with the compound of interest and as a result scattered light is produced which contains 

information associated to the vibrational modes of the chemical species constituting the sample. 

They are advantageous compared to the other methods since they are non-destructive, requires 
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small or no solvents, less or no sample preparation procedures thus are time saving and eco-

friendly (Xu et al., 2013). 

Fluorescence spectroscopy is also a very attractive technique because it is rapid, highly 

sensitive and simple to operate as compared to other methods such as chromatographic 

methods.  Literature survey revealed that this method has been exploited for quantification of 

various drugs in different sample matrices. For instance, this method has been used effectively 

for the analysis of quetiapine fumarate in its formulations, as well as in human plasma (Mostafa 

et al., 2018). The proposed assay exhibited satisfactory sensitivity with LOD and LOQ of 0.05 

and 0.17 μg/mL, respectively (Mostafa et al., 2018). In addition, some of the drugs under study 

have also been quantified using this method as shown in table 2.1. Although this method is 

reliable, its use is limited to fluorescent molecules. Moreover, the sample preparation steps are 

laborious and time consuming. 

2.4.3 Electrophoresis methods 

Capillary electrophoresis (CE) is one of the separation-based analytical methods. CE analysis 

encompasses the separation of charged analytes via a narrow fused silica capillary under the 

influence of an electric field. The target analytes are separated based on their difference in 

electrophoretic mobility. This technique is more efficient compared to other separation based 

methods such as chromatography owing to its exceptional features such as quick analysis, great 

separation efficiency and requires only a small sample volume (Saar-Reismaa et al., 2019, 

Kubáň et al., 2019). Recently, sensitivity and selectivity of CE have been improved by;   

a. using different means of detection including chemiluminescence, ultraviolet 

spectroscopy and mass spectrometry  

b. coupling to other separation methods such as chromatography  

c. using various capillary electrophoresis modes which allow the analysis of different 

compounds of interest (Gogolashvili et al., 2018).  

Analysis is generally more rapid and effective compared to chromatographic methods 

(Trapiella-Alfonso et al., 2016, Montaseri et al., 2018). However, both CE and 

chromatography-based techniques require sample preparation steps such as solid-phase 

extraction that are  time-consuming (Karami et al., 2019). This is because direct injection of 

samples to their respective columns lead to column blockage resulting in a decrease in the 

separation efficiency (Karami et al., 2019).  
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2.4.4 Electrochemical techniques 

Electroanalytical methods are the most efficient methods for drug detection in a number of 

sample matrices such as body fluids and pharmaceutical formulations (Hatamluyi et al., 2019). 

The key advantage of these approaches is that the excipients cause minimum interference, and 

usually, the sample procedures are simple. This can be a sustainable and cost-effective 

alternative method to the common analytical techniques such as chromatographic methods, 

which involve tedious and time-consuming sample preparation steps.  

The performance of voltammetry techniques greatly depends on the surface of the working 

electrode. The electrochemical response is poor or insensible at low concentrations at 

unmodified conventional working electrodes (Asadian et al., 2019). To overcome this problem, 

the surface of the working electrodes has been modified using various nanomaterials to increase 

the surface area. The hybrid composite materials used to fabricate electrochemical sensors are 

reported to effectively lower detection limit and quantification limit. 

The introduction of wide range of new functional nanomaterials creates an opportunity for 

construction of ultrasensitive and selective electrochemical sensors and biosensors that are 

generally user friendly, portable, relatively cheap, easy to fabricate and with lower detection 

limits (nano-molar). Recently, the fabrication of nanocomposite-based electrodes have been 

focused on primarily owing to the benefit of synergistic effect. The combination of different 

nanomaterials including metal oxides NPs and CNTs with ILs, enzymes or polymers has 

provided multifunctional hybrid composites that can significantly enhance electrochemical 

sensing performance as they exhibit excellent catalytic activity. Nanocomposite-modified 

electrodes can effectively facilitate rapid transfer of electrons, leading to generation of 

impressive peak-current responses compared to single layer modified or unmodified working 

electrode surfaces.  

In this research work, ZnONPs-MWCNTs-Cyt c, MWCNTs-CoFe2O4-Lipase, TiO2-

MWCNTs-IL and MWCNTs-IL-L-lysine nanocomposites were used in fabrication of GCE 

modified sensors for quantification of the four selected anti-asthma drugs in pharmaceutical 

formulations. The following nanocomposites were selected for fabrication of electrochemical 

sensors: 

 Multi-walled carbon nanotubes (MWCNTs) based nanocomposites 

 Metal oxides (CoFe2O4, ZnO and TiO2) nanocomposites 
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 IL based nanocomposites 

 Enzymes (cytochrome C, lipase and L-lysine) based sensors 

Sensors based on carbon nanotubes have generated great interest since their discovery in 1991 

(Hou et al., 2018). Single-walled carbon nanotubes (SWCNTs) have one single graphite layer, 

while multi-walled carbon nanotubes (MWCNTs) have multiple graphite layers of sp2 

hybridized carbon atoms which enable their extensive application in the modification of the 

surfaces of the working electrodes (Shalauddin et al., 2019). MWCNTs-based sensors 

generally facilitate rapid transfer of electrons, exhibit higher sensitivities and relatively lower 

detection limits compared to un-modified solid electrodes. This is attributed to their capability 

of increasing the roughness and electro-active surface area of an electrode, providing an 

enhanced electro-catalytic activity towards a wide variety of electro-active analytes. In 

addition, they have a wide potential window as well as  high mechanical and chemical stability 

(Liu et al., 2019a).  

MWCNTs are likely to agglomerate owing to high Van der Waal’s forces of interaction among 

the carbon particles (Clark et al., 2011). This has been a major barrier as the forces of 

interactions hinder solubility or dispersion of CNTs in solvents such as DMF (N, N dimethyl 

formamide) and ethanol. Different surface functionalization processes such as chemical and 

physical (e.g. surfactant adsorption) treatment have been successfully developed to enhance 

dispersion of these nanomaterials (Alharthi et al., 2019). Chemical functionalization introduces 

polar groups such as COOH. Physical functionalization is preferred because it reduces the Van 

der Waal’s forces and does not interfere with the structure of the CNTs (Madhan Kumar et al., 

2015). Moreover, they are easily available, cost effective and present low toxicity compared to 

covalent methods that involve acid treatment. Furthermore, MWCNTs can be functionalized 

by using metal/metal oxides NPs. Working electrodes modified with MWCNTs- metal/metal 

oxide nanocomposites reveal improved electro-catalytic activity as compared to MWCNTs 

modified electrodes and bare electrodes (Cheng et al., 2020). 

To date, a number of metal oxide nanoparticles including magnetic metal oxides and 

nonmagnetic metal oxides have been used in detection of drugs as electrode modifiers because 

of their excellent electro-catalytic properties (Rahi et al., 2016). Various conventional methods 

comprising chemical, physical and biological procedures have been used to synthesize these 

metal-based NPs with well-controlled size and shape. Alternative biosynthetic green 

approaches that use green solvents, natural microorganisms, polysaccharides and plant extracts 
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for reduction and stabilization of metal ions are presently preferred (Yáñez-Sedeño et al., 

2019). 

Metal ferrites (also spinel ferrites denoted as MFe2O4, where M =Ni+2, Co+2 , Zn+2, Mn+2 and 

Cu+2) have been utilized as effective electro catalyst for electrochemical sensing of various 

analytes such as drugs and pesticides (Sobczak-Kupiec et al., 2016, Ensafi et al., 2019, Dong 

et al., 2017) owing to their:  

i. excellent catalytic activity 

ii. high specific surface area  

iii. bio-compatibility  

iv. relatively low cost and easy synthesis methods 

Cobalt ferrite (CoFe2O4) is a metal ferrite having an inverse spinel structure; where Co2+ and 

Fe3+ ions occupy the octahedral and tetrahedral sites, respectively (Thu et al., 2019).  A few 

electrochemical sensors based on CoFe2O4 nanocomposites have been reported. For instance, 

Kumar et al. (2019b) recently quantified paracetamol and dopamine using CoFe2O4/graphite 

electrode sensor  with lower LOD of 250 nM and 350 nM, respectively. Shaterian et al. (2020) 

fabricated a highly sensitive CoFe2O4/graphene/ carbon paste electrode for quantification of 

atenolol. The combination of CoFe2O4NPs with other nanomaterials such as CNTs and 

biological compound such as enzymes give rise to hybrid nanocomposites with superior 

properties for electrochemical sensing of electro-active analytes (Vajedi et al., 2020). 

Their magnetic properties depend on the method of preparation as well as the morphology and 

the size of the NPs (Daffé et al., 2018) . Various methods that have been used for their synthesis 

include electrospinning, co-precipitation, hydrothermal-solvothermol and sol-gel auto 

combustion (Revathi et al., 2020). In these methods, control of size and size distribution is not 

easy. Therefore, to overcome this problem, co-precipitation (wet chemical) method is preferred 

(Ojha et al., 2019, Revathi et al., 2020). 

Co-precipitation synthesis is a simple method that involves dissolution of compound salt 

precursors using a suitable aqueous media followed by precipitation via pH adjustment. The 

advantage of co-precipitation method over the others is that control of production of particles, 

their sizes and distribution is relatively easy. Surface coating materials such as oleic acid and 

sodium dodecyl sulfate are used to modify the surfaces of magnetic nanoparticles in order to 

prevent agglomeration (Vadivel et al., 2016). Therefore, CoFe2O4NPs were synthesized via co-

precipitation method and oleic acid was used to coat the surface of the magnetic NPs.  
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ZnO has good electrical conductivity, high chemical and thermal stability, is biocompatible 

and relatively cheap (Hassanein et al., 2017, Shaikshavali et al., 2020a, George et al., 2018). It 

is widely used for fabrication of relatively cheap and stable electrochemical sensors for 

detection of various drugs and electro-active compounds owing to its outstanding electro-

catalytic properties (Sebastian et al., 2019, Alavi-Tabari et al., 2018).  

ZnO nanoparticles have been synthesized through various methods including co-precipitation, 

thermal decomposition as well as by green synthesis approaches (Yusof et al., 2019, Adam et 

al., 2018, Golmohammadi et al., 2020). However, some of these approaches require tedious 

multiple steps, complex equipment, high temperature and toxic solvents. Alternatively, wet 

chemical method is reported to be a cost effective and a straight-forward method for rapid 

synthesis of ZnONPs  (Hassanein et al., 2017). Hybridization of ZnONPs with carbon 

nanomaterials such as MWCNTs and enzymes display exceptional performance like excellent 

electro-catalytic ability, large specific surface area and good conductivity leading to improved 

electrochemical sensing performance (Shetti et al., 2019b). 

Titanium oxide (TiO2) is a commonly used semiconductor photo-catalyst. It occurs in three 

crystallographic forms, viz.; rutile, anatase and brookite; (Kaplan et al., 2015, Alkaim et al., 

2013, Kanan et al., 2020).  It is widely used in various applications because it is abundant and 

is environmentally friendly. To date, it has been applied as electrode modifier material for 

fabrication of photocatalytic sensors and biosensors owing to its outstanding electro-catalytic 

activity, biocompatibility, and it is relatively cheap. Furthermore, TiO2NPs in combination of 

other nanomaterials has exhibited  improved  electrochemical performance of the sensors as 

compared to only TiO2NPs modified electrodes (Ravishankar et al., 2016).  

TiO2-graphene/GCE sensor was fabricated for detection of adenine and guanine by Fan et al. 

(2011). The as-prepared TiO2-graphene nanocomposite exhibited remarkable electro-catalytic 

activity with relatively high sensitivity since the as prepared nanocomposite significantly 

facilitates the electron transfer kinetics (Fan et al., 2011). Ru-TiO2/MWCNTs/CPE sensor was 

fabricated by Shetti et al. (2019d) for electrochemical detection of mefenamic and flufenamic 

acid drugs. Lower LOD values of 0.68 nM and 0.45 nM for flufenamic acid and mefenamic 

acid, respectively, were obtained by Shetti et al. (2019d). 

Excellent thermal and electrical conductivity of TiO2/CNTs-based nanocomposite materials 

have been reported (Bazli et al., 2019, Askari et al., 2017). Their ease of surface 

functionalization with ionic liquids has led to the formation of hybrid nanocomposites for 

electrochemical sensing of pharmaceuticals and other target electro-active species. Indeed, 
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TiO2/1-butyl-3-methylimidazolium Chloride [BMIM]Cl /poly(3, 4-ethylene-dioxythiophene) 

(PEDOT)/CPE was constructed for quantification of diclofenac sodium (Farghali et al., 2018). 

Its estimated LOD was 1.17×10-8 M (Farghali et al., 2018). 

ILs are organic salts or mixtures of salts, which have melting points close or less than room 

temperature, and they consist of positive and negative ions (Faridbod et al., 2011). They are 

extensively used in electrochemical sensing as supporting electrolyte, electrode modifier with 

other nanocomposite materials or as a binder on the electrode (Saleem et al., 2019). This is 

attributed to their exceptional properties such as super conductivity, low volatility, high 

viscosity, high chemical stability, low cost as well as its  good biocompatibility (Wang et al., 

2016, Faridbod et al., 2011).  

IL-modified solid electrodes are associated with high conductivity, rapid charge transfer and 

high peak-current height compared to common bare conventional electrodes (Chokkareddy et 

al., 2020a). CNTs such as MWCNTs and IL nanocomposites based sensors; combine the 

benefits of both nanomaterials, which subsequently improve the electrochemical performance 

in detection of drugs and other electro-active analytes (Sanati et al., 2017, Mert et al., 2018, 

Atta et al., 2017). Furthermore, metal/metal oxide-IL and Metal/metal oxide-CNTs-IL 

nanocomposite-based sensors/biosensors have been utilized in electrochemical quantification 

of drugs and other electro-active substances in different sample matrices (Boobphahom et al., 

2019, Miraki et al., 2019).  

Enzymes are proteins that have been used widely in electrochemical sensing because they are 

acknowledged to be environmentally friendly compared to conventional chemical catalysts 

(Zdarta et al., 2018, Kurbanoglu et al., 2020). They are used in construction of biosensor  as 

the bio-recognition element owing to their outstanding selectivity for their targeted electro-

active analyte as well as great catalytic activity (Liu et al., 2020).  Immobilization of these 

enzymes onto cost effective nanomaterials with exceptional properties including large surface 

areas, outstanding chemical as well as thermal stability has allowed the development of 

satisfactorily selective as well as sensitive biosensors (Putzbach et al., 2013). The 

nanomaterials-based electrodes offer a favourable biocompatible electro-active platform for 

immobilization of enzymes. Immobilization of enzymes on nanomaterials such a carbon 

nanotubes, ILs and metal oxides can be achieved by covalent bonding, physical adsorption, 

cross-linking and entrapment (Putzbach et al., 2013). Lipase and Cyt c enzymes were explored 

in the fabrication of MWCNTs-CoFe2O4-Lipase-GCE and ZnO-MWCNTs-Cyt c-GCE 
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biosensors, respectively. In addition, L-lysine (a protein) was used in construction of 

MWCNTs-IL-L-lysine-GCE sensor. 

Cyt c belonging to the class of haemoproteins (has the heme prosthetic group covalently 

bonded to protein), has been widely used to design electrochemical biosensors for 

determination of a number of target analytes owing to its high thermal stability and is relatively 

cheap (Manickam et al., 2017). It is active over a wide range of pH (2-11). Electrochemical 

detection of drugs and other molecules is poor on an enzyme modified electrode surface 

because of slow transfer of electrons. Thus, this enzyme has been immobilized on carbon 

nanotubes platforms, as well as metal, metal oxide, and some inorganic materials such as 

polymeric materials and their nanocomposites to enhance electron transfer and achieve high 

selectivity, while still maintaining the electrochemistry and good stability nature of the enzyme. 

Lipase (triacylglycerol hydrolases, E.C. 3.1.1.3) a biocatalyst, is mainly used to catalyse 

hydrolysis of oil reactions as well as esterification (Wang et al., 2019). Lipase-immobilized 

sensors have been successfully used in determination of a number of electro-active compounds 

since they are relatively cheap and readily available (Ma et al., 2018). Lipase enzyme-

immobilized magnetic NPs could potentially lead to exclusive properties including superb 

stability, high sensitivity and rapid electrochemical response towards the electro-active 

compound of interest (Zdarta et al., 2018) . 

L-lysine (Figure 2.10) is a vital amino acid, which has two amino groups (Laurinavičius et al., 

2019). It is among the conductive polymers that have been used in the fabrication of functional 

modified working electrodes owing to their extraordinary specific selectivity (Li et al., 2017b, 

Zhang et al., 2017). In general, electro-polymers such L-lysine increase the stability of the 

modified electrodes by adhering strongly on their surface. In addition, it provides more active 

sites for redox reactions involving the analyte of interest (Jayaprakash et al., 2018). L-lysine 

modified electrodes are characterized by their stability and excellent electro-catalytic activity 

(Laurinavičius et al., 2019). 
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CHAPTER 3 

3 THEORETICAL PRINCIPLES OF VOLTAMMETRIC 

TECHNIQUES AND ELECTROCHEMICAL SENSORS 

Electroanalytical procedures are simple and useful methods  that offer cost-effective 

instrumentation, small reagent consumption, suitability for real-time determination, rapid 

analysis along with greater sensitivity over a wide linear concentration range (Rahi et al., 2016). 

Voltammetry, developed in 1922 by Czech scientist Jaroslav Heyrovsky, is one type of 

electrochemical technique. Other types include chronocoulometry, potentiometry and 

impedance measurement methods. Voltammetry has been effectively used in detection of quite 

a lot of drugs in various drug formulations as well as in biological fluids because most active 

ingredients of the drug-formulations can readily undergo oxidation or reduction (Jadon et al., 

2016).  

Voltammetry mode is based on the principle of applying a varying potential (relative to a 

reference electrode) to a working electrode that is in contact with electro-active compound in 

the electrochemical cell solution. The corresponding current (I) that flows because of transfer 

of electrons due to redox reactions taking place at the working electrode (WE) is measured as 

a function of the applied potential (E) (Naveen et al., 2017). The measured potential and current 

are related to the qualitative and quantitative properties of the analyte, respectively.  

In electrochemical experiments, the solution containing a buffer in addition to the sample 

solution of the active drug constituent is placed in an electrochemical cell.  Three electrodes, 

namely; counter electrode (CE), WE, and reference electrode (RE) are immersed into the cell. 

A varying potential is applied to the WE and the resultant current produced by the redox 

reactions is recorded over a certain period. The applied potential causes the electro-active drug 

compound present in the solution to be oxidized or reduced at the electrode’s surface leading 

to transfer of electrons (Varghese et al., 2017). Current flows through the two electrodes only 

(working and auxiliary). Cathodic current is the current recorded due to the reduction of the 

electro-active compound on the surface of a WE, whereas the current measured due to 

oxidation is known as anodic current. The redox reactions which in most cases correspond to 

the conversion of one form of the analyte into another and which involves electrons transfer 

are studied herein.   
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The main advantage of voltammetry methods is that the excipients cause minimal or no 

interference on the electrochemical peak-current response recorded and, generally, the sample 

preparation procedures are straightforward. Preparation of the real sample usually involves 

dissolving the active ingredient from the drug dosage form in appropriate solvent such as a 

buffer (Ozkan et al., 2016). An aliquot of this sample solution is analysed using standard 

addition procedure via voltammetry technique.  

3.1 Instruments used in voltammetry 

A potentiostat, data processing unit and an electrochemical cell constitute the basic components 

of instrumentation used (Figure 3. 1). The cell contains the supporting electrolyte solution, 

sample solution and mainly the three electrodes immersed into the solution (Fiel et al., 2019, 

Lu et al., 2018). These electrodes are joined to an electrochemical workstation embedded with 

an in built power source. The three-electrode system is run by a potentiostat. It is used to apply 

potential and to monitor the current at the electrode-electrolyte interface of the working 

electrode. The electrochemical workstation is connected to a computer installed with required 

software package that monitors the experiment, record the data and analyses the obtained 

results (Bansod et al., 2017). 

 

 

Figure 3.1: A pictorial representation of voltammetry instrumentation 
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3.1.1 The types of electrodes used in voltammetry 

Current is passed between the WE and the auxiliary electrode (AE) or counter electrode (CE). 

The obtained potential is measured with respect to the RE (Kurbanoglu et al., 2019). 

i. Reference electrode (RE); is employed to control the potential of the WE and it has a 

known and fixed electrode potential. The commonly used reference electrodes are 

standard hydrogen electrode (SHE) which is used when the ionic conductor is an 

aqueous solution and standard calomel or Ag/AgCl electrode (Hu et al., 2016, Napporn 

et al., 2018). 

ii. Counter electrode (CE); such as the platinum wire completes the circuit hence 

allowing flow of charge though it does not take part in the electrochemical reaction (it 

is inert hence has no effect on the behaviour of the WE)(Bansod et al., 2017).  

iii. Working electrode (WE); are ones on which the reactions of interest occur and are of 

two types: 

a. Mercury; static mercury drop electrode (SMDE), hanging mercury drop 

electrode (HMDE) and dropping mercury electrode (DME)-used for studying 

reducible electro-active compounds only. These electrodes are characterized by 

exceptional sensitivity, speed of analysis, ease of surface renewal and wide 

potential window in cathodic region (positive region) (Alrashdi et al., 2019) , 

However, mercury is toxic, very expensive and cannot be used to analyse 

substances that are oxidised(Yilmaz et al., 2007). Replacement of the mercury 

drop electrode has been recommended (Gonçalves-Filho et al., 2020). 

Polarography is a type of voltammetry describing the electrochemical 

measurement obtained using DME with a constant flow of mercury drop.  

b. The new trend in electrochemical determination of electro-active species at 

lower concentrations is focused on using inert solid electrodes (made of inert 

metals and carbon materials), including; glassy carbon, gold (Au), platinum (Pt) 

and graphite (Kurbanoglu et al., 2019). The solid electrodes can be used for 

studying substances that can be oxidised as well as reduced. The main 

advantages of these electrodes are high mechanical stability, chemical 

resistance and broad potential window (that is both negative and positive). One 

of main challenges in using these electrodes is that the electrochemical response 

on its bare active surface is poor or insensitive, hence the need to modify its 

surface (Karthika et al., 2019). 
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Glassy carbon electrode (GCE) is one of the most widely used conventional solid 

electrode in electrochemical measurements (Gholivand et al., 2019a, Jadon et al., 2016). 

The main reasons for its popularity are; good electro-chemical stability, 

biocompatibility and its very low thermal expansion coefficient. Prior to 

electrochemical measurements, the GCE is cleaned thoroughly so to ensure a uniform 

surface area. Alumina powder is used and alumina slurry is prepared by placing a drop 

of deionized water in approximately 40 mg of alumina powder to make a paste. The 

bare GCE (Figure 3. 2) surface is rubbed on a polishing cloth with the paste and is 

repeatedly washed with deionized water. 

 

 

Figure 3.2: Unmodified glassy carbon electrode representation 

Modification of GCE surface and other convectional electrodes using nanomaterials 

has been achieved by various methods including drop casting, electrodeposition and 

electro-polymerization (Aydin et al., 2019, Sandhyarani, 2019). Drop casting method 

is often used because it is cost effective and is the simplest. It involves micro pipetting 

a specific amount of the prepared nanocomposite paste and dropping it onto the surface 

of electrode. The paste is then left to dry at approximately 25 °C (Yuan et al., 2019). 

3.1.2 Supporting electrolyte 

Supporting electrolyte used in electrochemical experiments is an electrolyte comprising the 

chemical compounds that are not electro-active within potential window selected for the 

electrochemical examination (Sanghavi et al., 2015). These supporting electrolytes are often 
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buffers (such as phosphate buffer, borate buffer and acetate buffer), strong acid solution such 

as HCl or a strong base solution e.g. sodium hydroxide prepared usually within the 

concentration range of 0.05-1.0 M (Sanghavi et al., 2015). The electrolytes have a greater ionic 

strength and are highly conductive, thus, they are often used to enhance the conductivity of the 

solution. In addition, the electrolyte is used to maintain a uniform ionic strength as well as pH 

(Sanghavi et al., 2015). The type and pH of the supporting electrolyte selected during 

electrochemical experiments can have a significant effect on the shape of the peak shape, peak-

current as well as peak potential of the electro-active compound (Soleymani et al., 2017). 

Consequently, the main aim when developing voltammetric method is to find and optimize the 

pH of the selected supporting electrolyte in which the electrochemical response obtained in the 

existence of an electro-active analyte are best quantifiable.  

3.2 Voltammetry methods 

The principal voltammetry methods that have been found to be very sensitive for the 

electrochemical quantification of  electro-active organic compounds include (Shumyantseva et 

al., 2020); 

a. Cyclic voltammetry 

b. Linear sweep voltammetry 

c. Differential pulse voltammetry 

d. Square wave voltammetry 

e. Stripping voltammetry 

Most of these user-friendly voltammetry modes are based on the idea of changing the applied 

potential constantly and the resultant current is measured as a function of the applied potential. 

A number of variables such as pH of the buffer, surface area of the WE, deposition time, 

electrode material used and scan rate affects the height of the measured peak-current. The 

primary concepts of cyclic voltammetry and differential pulse voltammetry methods employed 

in this study are briefly discussed in sections 3.2.1 and 3.2.2.  

3.2.1 Cyclic voltammetry (CV)  

CV has emerged as one of the best electrochemical technique used to study the electro-catalytic 

behaviour of electro-active analyte of interest at the WE surface. This is mainly because it can 

rapidly locate the electrochemical redox reaction potentials of an electro-active compound 

(Ozkan et al., 2016). Therefore, it is often the first experiment to be done in voltammetry 
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experiments as it helps obtain vital information such as the adsorption processes, kinetics of 

electron-transfer reactions and mechanism of redox reactions (Özkan et al., 2003). CV is based 

on monitoring the peak-current while the applied potential is varied in both forward and reverse 

directions at a constant scan rate. The potential is scanned with a triangular waveform and the 

current flowing through the WE is measured using a potentiostat as function of applied 

potential. The scan rate or sweep rate is defined as the rate of change of potential with time.  

The peak potentials and peak-currents of the redox peaks are the paramount parameters in CV 

that describes the information about the analyte of interest. Resulted peak potential in the 

recorded voltammogram identifies the electro-active species whereas the measured peak-

current height is proportional to the analyte’s concentration; hence, this makes it possible to 

estimate its concentration. Reversible, irreversible and quasi-reversible reactions gives rise to 

unique voltammograms (plots of current vs potential). For a reversible reaction, the relationship 

between the concentration and the peak-current is defined by the Randles-Sevcik equation 

(Uslu et al., 2011);  

 𝑖𝑝𝑎 = 2.69 × 105𝐴𝐶0𝑛3/2𝐷𝑅
1/2𝑣1/2                                                         3. 1 

Where; i; is the measured peak-current, A; electrode’s area, C0; concentration, n; the number 

of electrons involved, DR; the diffusion coefficient and v is the sweep rate. 

3.2.2 Differential pulse voltammetry (DPV) 

DPV technique is extensively used for quantitative analysis of electro-active constituent in 

pharmaceuticals formulations, biological fluids and other samples at lower limits of detection 

(Thapliyal et al., 2016). It is a fast voltammetry mode with excellent analytical sensitivity thus 

can be used for simultaneous detection of electro-active compounds with close redox 

potentials. DPV like square wave voltammetry employs the concept of superimposing a pulse 

on a staircase waveform. These pulse techniques suppresses the background current and 

therefore relatively lower detection limits can be achieved.  The electrochemical current 

response (X1) shortly before the pulse is applied and the current (X2) before the end of each 

pulse are recorded. The difference between these values (X2-X1) is plotted against the staircase 

potential (Barbosa et al., 2019). A voltammogram [Current (∆X) vs potential (E) curve] is 

obtained. The obtained peak-current height is directly proportional to the concentration of the 

analyte in the sample solution. During DPV measurements; pulse amplitude, pulse width, pulse 

time and sample period working parameters are optimized to obtain maximum sensitivity. 
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3.3 Electrochemical sensors 

Sensors/biosensors are promising future tools for quick and on-site detection of drugs and other 

electro-active compounds. They are categorized  into amperometric, impedimetric and 

potentiometric sensors based on the electroanalytical methods used (Naveen et al., 2017). In 

this study, amperometric/voltammetric sensors were fabricated. The working principle of an 

amperometric sensor is to measure electrochemical current response relative to a RE generated 

as a result of applying a potential to the WE. The measured current is directly proportional to 

the concentration of the electro-active compound of interest in the real sample. A variety of 

novel nanomaterials has been used in the fabrication of ultra-sensitive and selective 

electrochemical sensors/biosensors. Currently available sensors are: 

i. Chemical sensors are electrochemical sensing devices, which are mainly used to detect 

and quantify electro-active analytes. It works on the principle that the interaction 

between the analyte and the sensor is transformed into a measurable signal that is 

proportional to the concentration of the electro-active analyte (Figure 3. 3). The sensor 

component is coupled to a transducer, which converts the analyte-sensor interaction 

into a quantifiable analytical signal such as current depending on the type of transducer 

used (Goud et al., 2019b). 

 

Figure 3.3: Schematic illustration of the principle of a chemical sensor 
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ii. Electrochemical biosensor is a chemical sensor that incorporates biological 

recognition element such as antibodies, enzymes, proteins and DNA as a recognition 

element. These elements are immobilized in a signal transducer (that is an electrode 

such as bare or modified GCE) (Aydin et al., 2019).  The interaction between the analyte 

and the bio-recognition component produces a chemical or physical change, which is 

detected by the transducer (Figure 3.4). The transducer then converts the 

electrochemical signal generated during the redox reactions that occurs between the 

analyte of interest and a biocatalyst immobilized on a suitable substrate, into a 

quantifiable signal proportional to the amount of target analyte. Advantages of 

electrochemical biosensors include; 

a. high sensitivity and selectivity 

b. rapid responses 

c. Relatively cheap and readily available of the commercial biological elements 

There are relatively few studies addressing the development and use of electrochemical 

biosensors for the determination of anti-asthma drugs under investigation.  

 

 

Figure 3.4: Diagrammatic representation of a biosensor 
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CHAPTER 4 

4 MATERIALS AND METHODOLOGY 

4.1 Materials and reagents 

The following chemicals and solvents were bought from Associated Chemical Enterprises 

(Pty) Ltd (Johannesburg, South Africa): 

Table 4.1: Chemicals and reagents used 

 Sodium dihydrogen orthophosphate (NaH2PO4) 
 Methanol (CH3OH) 

 Anhydrous disodium hydrogen orthophosphate 

(Na2HPO4)  

 Sodium hydroxide (NaOH) 

 Potassium chloride(KCl) 
 HPLC grade oleic acid 

 Potassium hexacyanoferrate(III) (K3[Fe(CN)6]) 
 Urea ( NH2CONH2)  

 Potassium hexacyanoferrate(II) trihydrate 

(K4[Fe(CN)6].3H2O) 

 Titanium(IV) chloride (TiCl4) 

 Zinc chloride (ZnCl2) 
 Ethanol (C2H6O) 

 Potassium hydroxide (KOH) 
 99.10% pure Cobalt chloride 

hexahydrate (CoCl2.6H2O)  

 N, N dimethyl formamide (DMF)  
 99.10% Ferric chloride hexahydrate 

(FeCl3.6H2O)  

 

 Sulphuric acid (H2SO4) 
 1-ethyl-3-methylimidazolium 

tetrafluoroborate 

 

Theophylline, salbutamol hemi sulfate, terbutaline, prednisolone, glucose, ascorbic acid, 

sucrose, acetaminophen, chlorogenic acid, nafion® perfluorinated resin solution (5 wt. %), 

streptomycin and MWCNTs (95% carbon, 5 µm long and 6-9 nm diameter) were purchased 
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from Sigma-Aldrich (Durban, South Africa). All the other chemicals and solvents used for this 

research were of analytical grade and they were used directly as received. 

4.2 Synthesis of nanoparticles 

4.2.1 Synthesis of ZnONPs 

ZnONPs were synthesized through wet chemical methods (Rao et al., 2015). First, 0.4 M ZnCl2 

was dissolved in 200 mL deionized water under vigorous magnetic stirring. Subsequently, a 

prepared 100 mL ethanolic solution containing 0.8 M KOH was slowly added into the solution 

under stirring until a white suspension was formed. The mixture was allowed to stir for 2 hours 

at room temperature to achieve complete reaction. The suspension obtained was left to settle 

for about 12 hours. The precipitate was collected by decantation and was washed with 

deionized water several times. Thereafter, the cleaned product was dried in an oven at 70 °C to 

remove water as well as to decompose Zn(OH)2 to ZnONPs. The obtained pure ZnONPs was 

crushed to powder form for further studies. 

4.2.2 Synthesis of CoFe2O4NPs 

CoFe2O4NPs were synthesized via co-precipitation method  (Maaz et al., 2007). Equivalent 

volume of 0.4 M FeCl3.6H2O and 0.2 M CoCl2.6H2O were prepared in deionized water 

separately, after which, the two precursor solutions were mixed together by the help of a 

magnetic stirrer. The pH of the resulting mixture was checked and adjusted to the required 

value (about pH 12) using 3 M NaOH solution under continuous stirring. Approximately 4 mL 

of oleic acid was added slowly to the precipitate obtained under vigorous stirring. The resulting 

precipitate was heated at 90 °C under magnetic stirring for 1 hr, and then it was cooled to room 

temperature. After centrifugation, the obtained brown product containing CoFe2O4NPs was 

cleaned with deionized water and ethanol to remove impurities and excess surfactant. The final 

product was then dried in an oven at 100 °C for about 12 hours. Lastly, it was crushed to powder 

form for characterization and further experiments.   

4.2.3 Synthesis of TiO2NPs  

TiO2NPs were synthesized via hydrothermal procedure utilizing urea as the nitrogen source 

and TiCl4 salt as the precursor (Hu et al., 2010, Du et al., 2011). 50 mL of TiCl4 was added 

dropwise into 200mL deionized water under magnetic stirring in an ice bath (0 ⁰C). 

NH2CONH2 aqueous solution was prepared by dissolving roughly 12 g of urea in 250 mL 

deionized water. The dissolved urea solution was added slowly onto the prepared TiCl4 solution 

under magnetic stirring. Afterwards, it was heated at 110 ⁰C on a hot plate for about 1h under 
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continuous stirring. The obtained solution was cooled down and centrifuged. It was then 

cleaned with deionized water severally, after which, it was left in the oven to dry at 80 ⁰C for 

about 12 hrs. The final product was crushed to powder form and was later calcined at 400 ⁰C 

for 1 hr. 

4.3 INSTRUMENTATION 

4.3.1 Characterization analysis 

X-ray diffraction (XRD) patterns of CoFe2O4NPs and ZnONPs were obtained by a Bruker AXS 

D8 diffractometer with Cu Kα radiation (λ=1.5418 E) working at 40 kV at a sweep rate of 0.5 

min-1. Thermal stability of all the nanocomposite samples was probed using a thermal 

gravimetric analysis (TGA)-differential scanning calorimetry (DSC) 1SF model 1346 

(Columbus, USA) with a STARe software version (Mettler Toledo) instrument. The Brunauer-

Emmett Teller (BET) surface areas and the total pore sizes distribution of pure MWCNTs and 

ZnONPs-MWCNTs composites were determined from N2 adsorption-desorption isotherms at 

77 K with a Micromeritics TriStar II surface area and porosity analyzer (Tristar II 3020, USA). 

The surface morphology of ZnONPs, CoFe2O4NPs, TiO2NPs, MWCNTs, MWCNTs-CoFe2O4, 

ZnONPs-MWCNTs, TiO2-MWCNTs, TiO2-MWCNTs-IL and MWCNTs-IL nanocomposites 

were determined using FEI T20 Transmission electron microscopy (Hillsboro, Oregon, United 

States). In addition, the SEM analysis of CoFe2O4NPs, MWCNTs-CoFe2O4, MWCNTs-

CoFe2O4-Lipase, TiO2, TiO2-MWCNTs, TiO2-MWCNTs-IL, MWCNTs, MWCNTs-IL and 

MWCNTs-IL-L-lysine nanocomposite samples was done using the FEI NovaNano Schottky 

Field Emission Scanning Electron Microscope (Hillsboro, Oregon, United States) equipment. 

The functional groups of ZnONPs, MWCNTs, MWCNTs-IL-L-lysine, TiO2, TiO2-MWCNTs-

IL, CoFe2O4NPs, MWCNTs-CoFe2O4, ZnONPs-MWCNTs-Cyt c and MWCNTs-CoFe2O4-

Lipase nanocomposites samples were analysed directly without sample preparation by a Cary 

630 (Santa Clara, USA) Fourier transform infra-red (FTIR) Spectrometer in the range of 400-

4000 cm-1.  

4.3.2 Electrochemical measurements 

CV and DPV experiments were carry out via 797 VA computrace system (Metrohm, Herisau, 

Switzerland) equipment at room temperature (Figure 3.1). The system uses three-electrodes; 

comprising, WE, RE and AE. The following modified GCE sensors were used as WEs; 

MWCNTs-GCE, MWCNTs-TiO2-GCE, TiO2-MWCNTs-IL-GCE, MWCNTs-IL-GCE, 

MWCNTs-IL-L-lysine-GCE, MWCNTs-CoFe2O4-GCE, MWCNTs-CoFe2O4-Lipase-GCE 
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and ZnONPs-MWCNTS-Cyt c-GCE.  Additionally, platinum wire and standard calomel 

electrode (Ag/AgCl/KCl) were employed as the AE and RE, respectively. Furthermore, the 

electrochemical impedance spectroscopy (EIS) characterization analysis of GCE and the 

MWCNTs-CoFe2O4-Lipase, MWCNTs-IL-L-lysine and TiO2-MWCNTs-IL modified GCE 

electrodes were conducted using Metrohm- Autolab (Holland)-instrument. The EIS instrument 

is also a three-electrode system connected with the Nova 2.1 software installed to the computer. 

All the EIS experiments were performed in 0.5 mM [Fe(CN)6]
3−/4− in 0.1 M KCl as a redox 

probe solution at frequency range of 0.1 Hz -10000 Hz, voltage amplitude of 0.01 VRMS and 

sweep rate of 0.05 VRMS. Furthermore, the CV measurements of both the un-modified GCE 

and the modified GCE electrodes were obtained within the potential range of -0.1 V to +0.5 V 

at a sweep rate of 50 mV/s. A pH 211 microprocessor pH meter was used to adjust pH of the 

prepared solutions to the desired pH values.  Nanocomposite paste for GCE modification was 

prepared with the aid of the ultra-sonic bath (Labcon UBM2, South Africa).  Nitrogen gas (N2) 

was used to eliminate dissolved oxygen gas in the electrochemical cell contents. 

4.3.3 Voltammetry determinations 

CV was used for qualitative analysis while DPV was used for quantitative analysis of each 

anti-asthma drug in pharmaceutical formulations. Prior to all the voltammetric determinations, 

the electrochemical cell contents were purged using nitrogen gas (N2) for about 20 minutes to 

eliminate dissolved oxygen gas (O2). Current resulting from the applied potential was recorded. 

Qualitative analysis was then done from the generated voltammogram. Prior to quantification 

analysis the paramount working parameters, viz., scan rates, pH of the chosen electrolyte 

solution and the deposition time were optimized. The dependence of the sweep rate and pH of 

the buffer solution on the peak-current and peak potential was determined from the generated 

data. Furthermore, based on calibration plots obtained, LOD as well as LOQ values of each 

fabricated sensor were calculated. In addition, method validation and interference studies of 

each developed method were done. Lastly, each anti-asthma drug under study was quantified 

in their respective pharmaceutical formulations. 

4.4 Preparation of supporting electrolytes and standard solutions 

Standard solutions (0.1M TPN, 0.1M TBS and 2 mM SAL) were prepared by weighing the 

calculated masses into separate conical flasks and diluting up to the calibration marks with 

deionized water. Standard solution of PDN with 0.1M concentration was also prepared the 

same way using methanol solution instead of deionized water.  
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Phosphate buffer solution (PBS) with 0.1 M concentration was prepared from NaH2PO4 

and Na2HPO4 salts in deionized water for SAL and TPN experimental analyses. Similarly, 

0.1M Potassium phosphate buffer solution (KPBS) and 0.2M PBS solution were also 

prepared from their respective salts for TBS and PDN determinations, respectively. The pH 

of the prepared electrolyte solutions was adjusted to the required values by using 1 M 

H2SO4 and 1 M NaOH. The standard and electrolyte solutions were kept in the refrigerator 

at 4°C.  

4.5 Preparation and fabrication of nanocomposites-based sensors for detection of anti-

asthma drug. 

4.5.1 ZnONPs-MWCNTs-Cyt c-GCE sensor for detection of TPN. 

Before modification procedure of GCE, the surface of the bare GCE was cautiously polished 

by rubbing on a polishing cloth using alumina paste. It then was sonicated in a mixture of 

ethanol and deionized water, washed repeatedly and then dried at 25°C.  ZnONPs-MWCNTs 

paste was prepared by sonicating 0.2 g of the synthesized ZnONPs and 0.1 g of commercial 

MWCNTs in 10 mL DMF solution for approximately one hr. After a well dispersed paste was 

formed, 2- μL Nafion® solution was added to it and the mixture was continued to be stirred for 

additional 10 minutes. The GCE surface was modified using the ZnONPs-MWCNTs 

dispersion by dropping a given quantity of the paste onto the surface with the aid of a 

micropipette. The ZnONPs-MWCNTs modified GCE was then dried in the oven at 40 °C to 

evaporate the DMF solvent used as previously described by Chokkareddy et al. (2019b).  In a 

similar way, MWCNTs modified GCE was prepared.  

ZnONPs-MWCNTs-Cyt c nanocomposite modified GCE was prepared using pre-prepared Cyt 

c enzyme solution. The Cyt c enzyme solution was prepared in 10 mL volumetric flask using 

of deionized water and 1 mg of Cyt c enzyme powders. Moreover, the mixture was sonicated 

to get a homogeneous solution. Cyt c solution was immobilized on the surface of ZnO-

MWCNTs-GCE by micro-pipetting about 2 μL of the Cyt c solution on it. The fabricated 

ZnONPs-MWCNTs-Cyt c/GCE was dried for nearly 20 minutes at 4 °C. 

4.5.2 MWCNTs-CoFe2O4NPs-Lipase-GCE for detection of SAL 

Approximately 0.1 g MWCNTs and 0.1 g of CoFe2O4NPs were dispersed in about 10 mL of 

DMF solution with the help of ultra-sonicator for about an hour to obtain a black paste of 

CoFe2O4NPs-MWCNTs nanocomposite. CoFe2O4NPs-MWCNTs-GCE was fabricated by 

micro-pipetting about 8 μL of the nanocomposite paste onto the polished GCE surface after 
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which it was dried at 40 °C in the oven. MWCNTs/GCE was also prepared in the same way. 

A solution of lipase enzyme was prepared in 10 mL of 0.1 M PBS. To obtain the magnetic 

based nanocomposite biosensor (MWCNTs-CoFe2O4-Lipase-GCE); lipase solution and 

MWCNTs-CoFe2O4 suspension was thoroughly mixed with the help of the ultra-sonicator. 

Approximately 8 μL of the obtained MWCNTs-CoFe2O4-Lipase nanocomposite was dropped 

on a cleaned GCE surface and allowed to dry at 4 °C for about half an hour. 

4.5.3 MWCNTs-IL-L-lysine-GCE for detection of PDN 

A weighed 0.1 g of commercial MWCNTs was sonicated in about 10 mL of DMF solution to 

obtain a black dispersion for MWCNTs-GCE fabrication. Subsequently, approximately 10 μL 

of the IL was added to the black suspension and was further sonicated to obtain a homogeneous 

MWCNTs-IL nanocomposite paste for MWCNTs-IL-GCE fabrication by drop casting method 

and drying it at 30 °C in the oven. Furthermore, 0.1M L-lysine stock solution was prepared by 

dissolving the calculated amount of 0.1M L-lysine powder in 0.1M PBS and sonicated for about 

5 minutes. The MWCNTs-IL-L-lysine-GCE sensor was fabricated by drop casting 

approximately 5 μL of the L-lysine solution on the prepared MWCNTs-IL-GCE. MWCNTs-

IL-L-lysine-GCE was then dried at 4 °C for almost an hour. 

4.5.4 TiO2-MWCNTs-IL-GCE for detection of TBS 

Prior to electrochemical measurements, the surface of the bare GCE was thoroughly cleaned 

as previously described (section 4.5.2). A homogeneous TiO2-MWCNTs-IL black suspension 

was prepared in about 20 mL of DMF by dispersing 0.1 g TiO2NPs, 0.05 g MWCNTs and 10 

µL of IL by the help of a sonicator. 8 μL of the obtained TiO2-MWCNTs-IL suspension was 

coated onto the surface of GCE using a micropipette. The TiO2-MWCNTs-IL-GCE was dried 

in the oven at 40 ⁰C. The control electrodes; MWCNTs-GCE and TiO2-MWCNTs-GCE were 

also prepared following the same procedure. 

4.6 Sample preparations 

Adco-Alcophyllin described to contain 26.667 mg/5 mL of TPN, venteze syrup (containing 2 

mg of SAL in each 5 mL of the syrup) and aspelone syrup (containing 15 mg of PDN per 5 

mL) and bricanyl syrup with a specified content of terbutaline as 1.5 mg/5mL were procured 

from a local pharmacy. Each drug sample was prepared by simply diluting 1 mL aliquot of 

each oral sample solution with supporting electrolyte solution in a 10 mL measuring cylinder. 

There was no any further sample pretreatment step. Known concentrations of TPN, SAL, PDN 

and TBS standard solutions were spiked into their respective pharmaceutical samples and the 
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recovery studies were investigated. DPV quantification measurements of TPN, SAL, PDN and 

TBS were carried out using standard addition method under optimum experimental conditions. 
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CHAPTER 5 

5 RESULTS AND DISCUSSION  

The present chapter presents the experimental results. Briefly, the characterization analysis 

results of the synthesized ZnO nanoparticles and its nanocomposite (ZnO-MWCNTs and ZnO-

MWCNTs-Cytochrome c), CoFe2O4 nanoparticles and its nanocomposites (CoFe2O4-

MWCNTs and CoFe2O4-MWCNTs-Lipase), TiO2 nanoparticles and its nanocomposites (TiO2-

MWCNTs and TiO2-MWCNTs-IL) as well as the characterization results of the prepared 

MWCNTs-IL-L-lysine nanocomposites are discussed. The electrochemical behavior of TPN, 

SAL, PDN and TBS at ZnO-MWCNTs-Cytochrome c-GCE, CoFe2O4-MWCNTs-Lipase-

GCE, MWCNTs-IL-L-lysine-GCE and TiO2-MWCNTs-IL-GCE sensors, individually, is also 

described in detail. In addition, the optimization procedures of the working parameters (pH, 

time and scan rates) are discussed in this section in detail. Furthermore, method validation 

studies and the investigation of the applicability of the fabricated sensors in their real drug 

dosages are also presented in this chapter. 
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5.1 Detection of theophylline (TPN) 

Herein, a simple ZnONPs/MWCNTs/Cyt c modified GCE was fabricated for electro-catalytic 

oxidation of TPN. Figure 5. 1 displays the stepwise modification of GCE using; 

i. MWCNTs,  

ii. MWCNTs-ZnONPs  

iii. ZnONPs/MWCNTs/Cyt c  

EIS method was used to confirm the successful modification of GCE surface.  

 

Figure 5.1: Schematic illustration of the fabricated ZnONPs/MWCNTs/Cyt c/GCE 

biosensor for TPN detection 

5.1.1 Surface morphology, crystal structure and functional groups  

The TEM analysis revealed that ZnONPs exhibited spherical shape (red circles, Figure 5. 2a) 

with little agglomeration and the average particle size of ZnONPs was estimated to be roughly 

18 nm, whereas MWCNTs were tube-shaped (blue arrow, Figure 5. 2b). The attachment of 

ZnONPs on the tube-like MWCNTs surface (yellow arrow, Figure 5. 2c) confirms the 

interaction between Zn-O and MWCNTs to form ZnONPs/MWCNTs nanocomposite. Figure 

5. 2d reveals the diffraction patterns of the synthesized ZnONPs by XRD. It can be observed 
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that there are four well-defined peaks at 2θ = 53.27°, 45.53°, 36.95° and 34.23° corresponding 

to the reflection planes(110), (102),  (101) and (100), separately. The four peaks were due to 

the   wurtzite structure of ZnONPs (Yogamalar et al., 2009).  

 

Figure 5.2: TEM images of ZnONPs (a), MWCNTs (b) and ZnONPs-MWCNTs 

composite (c). XRD pattern of ZnONPs (d) 

The FTIR spectra of ZnONPs/MWCNTs/Cyt c nanocomposite and ZnONPs are presented in 

Figure 5. 3. As the spectra revealed in Figure 5. 3, the distinctive peaks at about 3390 cm−1 and 

3450 cm−1 corresponds to the O-H stretching vibrations. The peaks seen at 657 cm-1, 711cm-1 

and 898 cm−1 are ascribed to the Zn–O bond vibrations confirming the successful synthesis of 

ZnONPs. The new peak at 1646 cm−1 observed on the ZnONPs/MWCNTs/Cyt c spectrum 

correspond to the amide stretching vibration bond of Cyt c. Furthermore, the peaks observed 

at around 1099 cm−1 and 2931 cm−1 are due to the bending and stretching of C-H, respectively 

(Shams et al., 2019). TGA curves of ZnONPs-MWCNTs, MWCNTs and ZnONPs are 

displayed in Figure 5. 4. The ZnONPs sample showed two decomposition stages whereby the 
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first mass loss (between 25 °C - 150 °C) was due to the loss of absorbed water on the surface 

of ZnONPs. The final step at temperature range of 350 °C - 440 °C is attributed to the 

decomposition of Zn(OH)2 to form ZnONPs, while beyond 440 °C, the ZnONPs curve flattens. 

ZnONPs/MWCNTs curve also revealed two thermal decomposition stages. The initial step 

around 25 °C - 130 °C could be attributed to the evaporation of H2O and the solvent molecules 

used in preparation of the nanocomposite. The second step observed between 300 °C and 400 

°C was due to thermal degradation of MWCNTs (Zou et al., 2017). The TGA curve of pure 

MWCNTs displays a single decomposition step below 100 °C, owing to evaporation of 

adsorbed water.  

 

 

Figure 5.3: FTIR spectra of ZnONPs and ZnONPs-MWCNTs-Cyt c nanocomposite  
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Figure 5.4: TGA curves of MWCNTs, ZnONPs and ZnONPs/MWCNTs nanocomposite 

5.1.2 Surface area and porosity 

Figure 5. 5 and 5. 6 presents the BET results (porosity and surface area properties) of 

ZnONPs/MWCNTs and MWCNTs samples.  As displayed, the isotherms of 

ZnONPs/MWCNTs and MWCNTs were of type IV with H3 hysteresis loops suggesting that 

the sample was a powder in crystalline form (Septiani et al., 2018). The estimated surface areas 

of ZnONPs/MWCNTs and MWCNTs were found to be 119.99m2/g and 31.38 m2/g, 

respectively. Moreover, the total pore volumes 0.32 cm3/g and 1.36 cm3/g were for 

ZnONPs/MWCNTs and MWCNTs, respectively. These results confirm that incorporation of 

MWCNTs to ZnONPs can increase the active surface area of the resulting ZnONPs/MWCNTs 

nanocomposite due to the distinctive large surface area of the MWCNTs (119.99m2/g).  
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Figure 5.5: Nitrogen adsorption/desorption isotherm and pore size distribution curve of 

ZnONPs/MWCNTs (inset) 
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Figure 5.6:  Nitrogen adsorption/desorption isotherm and pore size distribution curve of 

MWCNTs (Inset)   

5.1.3 Electrochemical impedance spectroscopy (EIS) 

The fabricated ZnONPs/MWCNTs/Cyt c/GCE sensor and the control electrodes 

MWCNTs/GCE and ZnONPs/MWCNTs-GCE were characterized via EIS in 0.1 M KCl 

containing 0.1 mM [Fe(CN)6]
 −3/−4.  The semi-circular portion of each electrode, which 

indicates the conductivity of the material, was not observed due to negligible charge transfer 

resistance (Rct) values. Figure 5. 7 displays only the linear portion of each electrode, 

confirming the superior conductivity of the novel ZnONPs/MWCNTs/Cyt nanocomposite 

(Shaikshavali et al., 2020b). MWCNTs/GCE recorded low Rct values due to the presence the 

highly conductive MWCNTs on the GCE surface. Moreover, the ZnONPs/MWCNTs/Cyt c 

modified GCE (black curve) exhibited the lowest Rct value suggesting that   immobilization 

of Cyt c on to the ZnONPs/MWCNTs expedites rapid transfer of electrons. The results also 

confirm that, the synergistic effect of ZnONPs/MWCNTs/Cyt c nanocomposite improves 

conductivity of GCE. Thus, ZnONPs/MWCNTs/Cyt c nanocomposite is a promising material 

for electrochemical sensor construction.   
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Figure 5.7: Nyquist plots of ZnONPs-MWCNTs-GCE, MWCNTs-GCE and ZnONPs -

MWCNTs-Cyt c-GCE in 0.1 M KCl solution containing 0.1 mM [Fe(CN)6] −3/−4 

5.1.4 Electro-oxidation of TPN  

The electro-oxidation of 0.1 M TPN in 0.1 M PBS at the developed ZnONPs-MWCNTs-Cyt 

c-GCE sensor was studied using CV within the applied potential window of 0.7 V to 1.6 V.  

The sweep rate, accumulation time and the pH of the 0.1 M PBS were optimized and the 

optimum values of each parameter were chosen based on the peak-current height of TPN, the 

anodic peak shape as well as good peak separation.  In addition, the influence of each working 

parameter on the peak potential and on the oxidation current response of TPN was studied.  

5.1.4.1 The pH of the supporting electrolyte 

The effect of pH of 0.1 M PBS on the electrochemical current response and peak potential of 

0.1 M TPN via CV. Figure 5. 8b presents the cyclic voltammograms at GCE recorded at a 

sweep rate of 0.1 V/s and over the pH range of 1.0-5.0.  The CV did not record any peak (Figure 

5. 8b, PBS) at the unmodified GCE in absence of TPN stock solution. An irreversible anodic 

peak was seen upon micro-pipetting 0.1 M standard solution into the 0.1 M PBS for all the pH 

range as displayed in Figure 5. 8b. Furthermore, the current response decreased as the value of 

the pH increased towards basic values revealing that protonation of TPN is more favorable at 

low pH values. However, Based on the stable and sharp peak with maximum anodic current, 
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pH value of 3.5 was chosen for further analyses of TPN. Furthermore, the peak potential of 

TPN shifted negatively with increasing pH values. The relationship between peak potential and 

pH determines the number of protons and electrons transferred during the electrochemical 

oxidation of TPN. The irreversible oxidation process of TPN reportedly involves the transfer 

of two protons and two electrons (Malode et al., 2012) (Figure 2. 6). 

5.1.4.2 Effect of accumulation time 

Figure 5. 8a displays the cyclic voltammogram of 0.1M TPN in 0.1 M PBS (pH 3.5) at the 

surface of the GCE from 5 s to 60 s.  The oxidation peak-current response of 0.1 M TPN 

solution increased steadily with increasing deposition time from 5 s - 60 s reaching a maximum 

peak-current height at 60 s. Beyond 60 s, the peak-current response remained almost constant. 

This can be ascribed to the saturation of adsorbed TPN molecules on the surface of GCE 

(Kulkarni et al., 2020). Consequently, 60 s was chosen for further TPN analyses.  

5.1.4.3 Effect of sweep rate 

The CV voltammogram of 0.1 M TPN at the bare GCE at various sweep rates (from 0.1 V/s to 

1.0 V/s) under optimal time (60 s) and pH (3.5) is shown in Figure 5. 8c. An anodic peak was 

recorded at the bare GCE and the measured peak-currents increased with increasing sweep 

rates from 0.1 V/s to1.0 V/s.  A linear relationship between the anodic current (I/µA) and the 

scan rate (V/s) was obtained as presented in Figure 5. 8c (inset). In addition, the plot of anodic 

current (I/µA) vs √𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒𝑠(
𝑉

𝑠
) (Figure 5. 8d) was found to be linear with regression 

equation of I/µA =  33.408x −  6.279, 𝑅² =  0.9937. Furthermore, the anodic peak 

potential of TPN shifted positively with increase in scan rates implying that the oxidation 

reaction is an adsorption-controlled process (Kesavan et al., 2019). The optimum scan rate for 

further TPN studies was selected as 1.0 V/s.  
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Figure 5.8: Cyclic voltammograms of TPN recorded at bare GCE showing the effect of 

varying deposition time (a), effect of pH of PBS (b) and effect of scan rates (c). Plot of 

peak-current (I/µA) Vs [V/s]1/2(d) 

5.1.5 Electrochemical performance of ZnONPs-MWCNTs-Cyt c-GCE for TPN 

The electrochemical performance of the fabricated sensor for TPN detection was studied using 

CV method at various sweep rates in the range of 0.1 V/s -1.0 V/s. Distinct anodic peaks were 

recorded at the surface of the modified GCE unlike at the bare GCE surface. Modification of 

GCE with MWCNTs remarkably improved the anodic peak-currents of TPN. This may be 

ascribed to the highly conductive MWCNTs, which increases the rate at which electrons are 

transferred. In addition, the ZnONPs/MWCNTs modified GCE exhibited higher peak-current 

response than MWCNTs/GCE because the ZnONPs/MWCNTs nanocomposite possesses 

excellent electro-catalytic activity, which further accelerates transfer of electrons. Furthermore, 

there was a dramatic increase of anodic peak-currents of TPN at the proposed sensor 

ZnONPs/MWCNTs/Cyt c/GCE (Figure 5. 9). This can be attributed to the synergy between 

the Cyt c, ZnONPs and MWCNTs, which undoubtedly improves the conductivity of the 
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nanocomposite (ZnONPs/MWCNTs/Cyt c) hence it magnifies the current response. Besides, 

ZnONPs/MWCNTs composite acts as the supporting material for the immobilization of Cyt c 

enzyme. This may possibly accelerate electron transfer, and Cyt c offers sufficient active sites 

for the adsorption of more TPN molecules. The excellent electrochemical performance confirm 

the successful fabrication of ZnONPs/MWCNTs/Cyt c/GCE for sensitive determination of 

TPN. TPN is oxidized at the surface of the fabricated electrode  to 1, 3-dimethyluric acid and 

the possible electro-oxidation mechanism (Figure 2. 6) is based on two-electron/two-proton 

transfer process (Bukkitgar et al., 2018, Quintanilla et al., 2016). 

 

Figure 5.9: Cyclic voltammogram of 0.1 M TPN in 0.1 M PBS pH 3.5 at ZnONPs-

MWCNTs-Cyt c-GCE sensor obtained at various sweep rates (0.1 V/s-1.0 V/s)  

5.1.6 Method validation analyses via DPV 

DPV is a more sensitive and rapid mode than CV thus it is often adopted for quantitative 

determination of electro-active compounds at trace concentration levels (Li et al., 2015). Figure 

5. 10a displays the DP voltammogram of various concentrations of 0.1 M TPN in 0.1 M PBS 

(pH =3.5 at the fabricated ZnONPs/MWCNTs/Cyt c/GCE. Under optimum experimental 

conditions, a stable and distinct oxidation peak was recorded at about 1.0 V vs Ag/AgCl (Figure 

5. 10a).  The oxidation peak-current increased with the increase of TPN concentration in the 
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range of 0.4 µM - 15 µM (Figure 5. 10b). The plot of the TPN anodic peak-current (I/µA) vs 

its concentration (µM) is presented in Figure 5.10b. The corresponding regression coefficient 

(R2) was 0.9903 and the LOD of the ZnONPs/MWCNTs/Cyt c/GCE was estimated from the 

calibration curve. The calculated LOD was as low as 0.0012 µM, which was much lower than 

that of the previous fabricated electrodes (Table 5.1) for TPN detection in drug dosages and 

other samples. 

 

Figure 5.10: DP voltammogram of 0.1 M TPN with various concentration range (from 0.4 

µM to 15 µM) in 0.1 M PBS (pH 3.5) at the ZnONPs/MWCNTS/Cyt c/GCE (a)  

(Conditions: pulse amplitude 0.09 V, sweep rate 0.1 V/s, voltage step 0.005951 V, Pulse 

time 0.05 s, deposition potential -0.1009 V and deposition time 60 s). Plot of peak-current 

(I/µA) against concentration (µM) of TPN (b)   
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Table 5.1: The LOD of ZnONPs/MWCNTs/Cyt c/GCE sensor compared with other 

reported sensors for electrochemical sensing of TPN  

 

 

5.1.6.1 Selectivity, reproducibility and stability  

The interference of various compounds such as sugars on the electrochemical response of 0.1 

M TPN was examined by DPV in order to evaluate the selectivity of the fabricated 

ZnONPs/MWCNTs/Cyt c/GCE biosensor. Addition of salts, sugars, ascorbic acid, chlorogenic 

acid, acetaminophen and streptomycin presented insignificant effect at the anodic peak position 

and peak-currents of TPN. The constructed ZnONPs/MWCNTs/Cyt c/GCE biosensor 

demonstrated incredible specificity for TPN in presence of interfering substances with only 

two other anodic peaks at 0.45 V vs. Ag/AgCl and 0.29 V vs. Ag/AgCl for acetaminophen and 

Electrochemical electrodes LOD/ µM References 

MWCNTs/Au/Poly-L-lysine/Screen printed electrode 2.0 (Peng et al., 

2017a) 

MWCNTs-GCE 0.05 (Zhu et al., 

2005) 

Graphene quantum dots/Screen printed electrode 0.2 (Ganjali et al., 

2018) 

Poly(L-aspartic acid)/f-MWCNTs-GCE 0.02 (Mekassa et 

al., 2017) 

Poly(CTAB)-GCE 0.11 (Yang et al., 

2016) 

Molecularly imprinted polyargine/sodium alginate/ 

MWCNTs/GCE 

0.0032 (Salajegheh et 

al., 2019) 

Molecularly imprinted poly (4-amino-5-hydroxy-2,7-

naphthalenedisulfonic acid)/GCE 

0.32 (Aswini et al., 

2016) 

Nitrogen-doped carbon nanotubes decorated poly (L-

Cysteine)-GCE 

0.033 (Wang et al., 

2018b) 

Zinc oxide nanoparticles-MWCNTs-Cytochrome c-GCE 0.0012 This work 
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chlorogenic acid, respectively (Figure 5. 11). The excellent selectivity achieved is because of 

the immobilization of Cyt c on the ZnONPs/MWCNTs nanocomposite. Cyt c acts as a bio-

recognition agent because it is exceptionally specific and selective (Aghamiri et al., 2018). 

Moreover, the reproducibility of the developed method was investigated by fabricating six 

different ZnONPs-MWCNTs-Cyt c-GC electrodes using the same procedure for detection of 

0.1 M TPN under similar optimized DPV working parameters. All the prepared electrodes 

exhibited roughly same peak-current height at the same anodic peak position. Furthermore, the 

stability of the ZnONPs-MWCNTs-Cyt c-GCE was examined by measuring DPV current 

response of 0.1 M TPN each day for five days. The ZnONPs-MWCNTs-Cyt c-GCE was stored 

at 4 °C daily after use. The results showed that there was no great decrease in the oxidation 

peak-currents response of TPN at the ZnONPs-MWCNTs-Cyt c modified GCE after the five 

days, indicating the good stability of the proposed sensor. 

 

Figure 5.11: DP voltammogram of 0.1 M TPN at the ZnONPs-MWCNTs-Cyt c-GCE 

upon addition of different interfering compounds  

5.1.7 Practical application of the fabricated sensor in real samples 

The ZnONPs-MWCNTs-Cyt c modified GCE was used to determine TPN in Adco-Alcophyll; 

an oral sample solution, containing TPN anhydrous (26.667 mg/5 mL). The sample was diluted 
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by 0.1 M PBS and known concentrations of TPN standard solution was spiked into the real 

sample and used for DPV analysis via standard addition method. The percentage recovery of 

the sample solution for each addition was calculated (Table 5.2). Satisfactory percentage 

recoveries and relative standard deviation (RSD) percentage results were achieved. 

 

Table 5.2: Determination of TPN in drug formulation sample 

Sample Spiked 

(mg/mL 

syrup) 

Found 

(mg/mL 

syrup) 

Recovery (%) RSD (%) 

Adco-Alcophyllin 

syrup (26.667 

mg/5mL) 

10.00 10.29 102.90 1.62 

 20.00 19.88 99.40 1.38 

 30.00 32.05 106.80 1.86 

 40.00 41.02 102.50 1.52 
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5.2 Determination of salbutamol  

SAL was determined using a novel MWCNTs-CoFe2O4-Lipase-GCE sensor.  The electro-

catalytic activity of the proposed sensor for electro-oxidation of SAL was investigated by using 

CV and the practical potential of the developed sensor was investigated in SAL oral 

formulation via DPV as demonstrated in Figure 5. 12. 

 

Figure 5.12: Schematic representation of the electrochemical detection of SAL using 

MWCNTs-CoFe2O4-Lipase modified GC electrode surface 
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5.2.1 Functional groups, thermal stability analysis, crystal structure and surface 

morphology 

Figure 5. 13 presents the FTIR spectra of CoFe2O4NPs, MWCNTs-CoFe2O4 and that of 

MWCNTs-CoFe2O4-Lipase nanocomposite. The peaks observed at around 3384 cm-1-3463 cm-

1 on the spectra are attributed to the stretching vibrations of hydroxyl groups because of the 

absorbed H2O (water) on the surface of the NPs and the nanocomposites (Vadivel et al., 2016, 

Acharya et al., 2020). Furthermore, the absorption peak at 1700 cm-1 can be attributed to the 

bending vibrations of the O-H group. The characteristic peaks located at 598 cm-1, 550 cm-1, 

529 cm-1 and 684 cm-1 are assigned to the Co-O and Fe-O stretching vibrations in their specific 

sites. This attests the CoFe2O4NPs spinel phase formation (Karaagac et al., 2019, Mahdi 

Ghazanfari n, 2015). The MWCNTs-CoFe2O4-Lipase and MWCNTs-CoFe2O4 

nanocomposites revealed three distinctive peaks at 2859 cm-1, 1541 cm-1 and 1345 cm-1 

assigning to the C=C, C–H, and COO- groups, respectively. The shift in the peak position of 

the characteristic bands observed at the nanocomposite samples may be due to the interactions 

between the functional groups forming the respective nanocomposites. 

 

Figure 5.13: FTIR Spectra of CoFe2O4NPs, MWCNTs-CoFe2O4 and MWCNTs-CoFe2O4-

Lipase samples 
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Thermal behaviour of the commercial MWCNTs, CoFe2O4-MWCNTs nanocomposite and 

CoFe2O4NPs was studied under nitrogen gas.  Figure 5. 14a displays the thermal curves of 

CoFe2O4NPs and CoFe2O4-MWCNTs prepared. The synthesized CoFe2O4NPs displays three 

decomposition phases representing the three different mass loss. The first loss occurring at 

110°C is due to the loss of solvent molecules on the surface of CoFe2O4NPs. CoFe2O4NPs 

curve shows that second weight loss occurred between 300 °C and 450 °C. This may be due to 

loss of the surfactant used in synthesis of cobalt ferrite nanoparticles (Ayyappan et al., 2011). 

It can be further observed that, the final loss corresponding to the structural change of 

CoFe2O4NPs occurred around 750 °C - 850 °C. Past 850 °C, the curve of CoFe2O4NPs is 

roughly flat, indicating the existence of CoFe2O4NPs only (Prabhakaran et al., 2016). For 

commercial MWCNTs curve (not shown), one decomposition phase was observed at around 

550 °C- 800 °C. This may be due to the degradation of  MWCNTs resulting to loss of the 

corresponding functional groups (Bibi et al., 2017). For the MWCNTs-CoFe2O4 composite, 

the initial weight loss observed at lower temperature (below 200 °C) might be because of the 

evaporation of ethanol and water molecules. The second decomposition step due to 

decomposition of MWCNTs was observed between 350 °C and 600 °C (Acharya et al., 2020), 

whereas the last step at 800-900 °C indicates the existence of CoFe2O4NPs in the composite 

(Zhang et al., 2015). Figure 5. 14b displays the XRD patterns of CoFe2O4NPs. The peaks noted 

at 2θ = 75.27°, 56.44°, 45.40° and 32.00° were assigned  to (5 3 3), (5 1 1), (4 0 0) and (2 2 0) 

planes of the spinel crystal structure  of the synthesized CoFe2O4NPs, respectively (Wu et al., 

2011a). 



67 
 

 

Figure 5.14: (a) TGA curves of commercial MWCNTs, MWCNTs-CoFe2O4 and 

CoFe2O4NPs samples. (b) XRD pattern of the synthesized CoFe2O4NPs 

SEM micrographs of the CoFe2O4NPs, MWCNTs-CoFe2O4 and MWCNTs-CoFe2O4-Lipase 

samples are presented in Figure 5. 15. A good number of the CoFe2O4NPs seem to cluster as 

revealed in Figure 5. 15a. Nevertheless, on addition of MWCNTs by the help of ultra-

sonification, only few particles seem to aggregate (Figure 5. 15b), suggesting that a higher 

dispersion is achieved by coating of the spinel ferrite with MWCNTs. A scrutiny of Figure 5. 

15c presents an even distribution of CoFe2O4NPs on the surface of MWCNTs and the lipase 

enzyme forming the hybrid nanocomposite. In addition, Figure 5. 16 reveals the TEM images 

of the synthesized CoFe2O4NPs and that of the prepared MWCNTs-CoFe2O4 nanocomposite 

samples. As shown in Figure 5. 16a, most of the synthesized CoFe2O4NPs are spherical in 

shape; however, the SEM micrograph also confirms that some of the nanoparticles appear to 

cluster as exhibited by the TEM image. The mean size of CoFe2O4NPS was estimated to be 35 

nm. From Figure 5. 16b, MWCNTs are tube-shaped and it further shows the attachment of the 

spherical CoFe2O4NPS on the MWCNTs surface. 
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Figure 5.15: SEM micrographs of CoFe2O4NPS and CoFe2O4-MWCNTs and MWCNTs-

CoFe2O4-Lipase nanocomposite 

 

Figure 5.16: TEM images of CoFe2O4NPs and MWCNTs-CoFe2O4 nanocomposite 

samples 

5.2.2 CV and EIS characterization of the GCE and MWCNTs-CoFe2O4-Lipase 

modified GCE  

The stepwise modification of GCE using MWCNTs-CoFe2O4-Lipase hybrid nanocomposite 

was probed by CV and EIS techniques. The cyclic voltammogram of 0.5 mM [Fe(CN)6]
-3/-4 in 

0.1 M KCl solution on the MWCNTs-CoFe2O4-Lipase-GCE, MWCNTs-CoFe2O4-GCE, 

MWCNTs-GCE and on the unmodified GCE surfaces are presented in Figure 5. 17A. 

Compared to the unmodified GCE, the modified electrodes showed an increased peak-current 
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response, which is attributed to the increase in the GCE active surface area during the 

modification. This incredible electrochemical response clearly indicates successful 

modification of GCE surface. Figure 5. 17B shows the Nyquist plots of the same four 

electrodes. The GCE (black curve) exhibited the largest semi-circle with Rct value of 7160.40 

Ω confirming the low transfer of electrons on its surface (Shaikshavali et al., 2019). Upon 

modification of GCE, the semicircle dramatically decreased. The Rct values of MWCNTs-

GCE (blue curve) and MWCNTs-CoFe2O4-GCE (green curve) Rct reduced to 413.38 Ω and 

9179.60 Ω, respectively.  The Rct value of the MWCNTs-CoFe2O4-Lipase nanocomposite 

modified GCE (red curve) decreased further to 1050.80 Ω. These results are consistent with 

the CV results and confirms the successful fabrication of the MWCNTs-CoFe2O4-Lipase-GCE.  

 

Figure 5.17: CV voltammograms (A) and the Nyquist plots (B) obtained at the GCE 

MWCNTs-GCE, MWCNTs-CoFe2O4-GCE and MWCNTs-CoFe2O4-Lipase-GCE. 

Figure 5. 17B (Inset) presents the employed equivalent circuit used to fit the impedance 

results 

5.2.3 Electro-oxidation of SAL at GCE and composite modified GCE 

Figure 5. 18 presents the cyclic voltammograms of bare GCE as well as that of the MWCNTs-

CoFe2O4-Lipase nanocomposite modified GCE. The CV experiments were conducted in 0.1 

M PBS at 0.1 V/s scan rate and deposition time of 60 s.  On addition of 2 mM SAL stock 

solution, an irreversible anodic peak was observed within the potential widow of 0.3 V to 1.0 

V. However, GCE exhibited a weak broad anodic peak at 0.71 V vs. Ag/AgCl (Figure 5. 18a). 

The poor electrochemical response at the bare GCE is due to slow electron transfer. 
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Interestingly, upon modification of the GCE with MWCNTs, MWCNTs-CoFe2O4 and 

MWCNTs-CoFe2O4-Lipase nanocomposite, a well-defined anodic peak with high anodic peak-

currents was recorded as shown in Figure 5. 18b, 5. 18c and 5. 18d, respectively. Fast electron 

transfer as shown by greater peak-current response distinguishes MWCNTs-CoFe2O4-Lipase-

GCE. The amplified current response indicates the superb electro oxidation ability of the 

nanocomposite modified GCE towards SAL. From previous works, MWCNTs have been 

reported to possess superior features such as greater conductivity and large surface area, hence 

are able to speed up transfer of electrons during the electro-oxidation reaction of SAL. In 

addition, CoFe2O4NPS have large surface area of active sites with high electro conducting 

ability. Therefore, the incorporation of the pooled unique properties of the MWCNTs with that 

of CoFe2O4NPS as well as enzyme immobilization, enhance selectivity and sensitivity towards 

electro-catalytic oxidation of SAL on the GCE surface. The amplification of peak-current 

height confirmed the successful fabrication the proposed sensor for sensitive determination of 

SAL. 
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Figure 5.18: Cyclic voltammograms of SAL showing effect of scan rates at GCE (a), 

MWCNTs-GCE (b), MWCNTs-CoFe2O4-GCE (c) and MWCNTs-CoFe2O4-Lipase-GCE 

(d) 

5.2.4 Selection, optimization and study of the effect of pH  

To obtain the most stable peak with higher peak-current response, 0.1 M KPBS, 0.1 M PBS, 

0.1 M acetate buffer solution (ABS) and 0.1 M borate buffer solution (BBS) (each pH 7) were 

experimented. From the cyclic voltammograms shown in Figure 5. 19, the anodic peak of SAL 

in 0.1 M PBS exhibited the maximum peak height current response. Therefore, 0.1 M PBS was 

selected as the electrolytic solution for SAL experiments. 
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Figure 5.20: Effect of pH on the position of the peak potential and peak-current of SAL 

(a). Variation of peak-current with change in pH on the un-modified GCE (b) 

5.2.5 Effect of deposition time 

The effect of deposition time (in the range 5 s-60 s) on the anodic current was evaluated using 

CV at the GCE in 0.1 M PBS (pH 7) and at a sweep rate of 0.1 V/s. From the cyclic 

voltammogram obtained (not shown), the amount of SAL adsorbed on the unmodified GCE 

surface increased with increase in deposition time. However, beyond 60 s, the adsorbed amount 

of the SAL molecules on the electrode surface decreased because of saturation of the electrode 

surface. Since the maximum peak-current was recorded at 60 s (Figure 5. 21), 60 s was 

considered as the optimal accumulation time for the determination of SAL. 
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Figure 5.21: Plot of peak-current vs time; displaying the effect of varying deposition time  

5.2.6 Influence of the scan rate 

The effect of scan rate on the peak-currents and peak potentials of SAL at the GCE, MWCNTs-

GCE, MWCNTs-CoFe2O4-GCE and MWCNTs-CoFe2O4-Lipase-GCE in 10 mL of 0.1 M PBS 

(pH 7) were investigated at various sweep rates and the corresponding cyclic voltammograms 

were generated. The peak-current increased linearly with increasing scan rate at each electrode 

(Figure 5. 18).  Furthermore, the peak potential shifted to more positive peak potentials with 

each increase in the sweep rate, confirming that the oxidation reaction of SAL is not reversible. 

The linear equations and the regression values of the different modified electrodes are 

summarized in Table 5.3. The relationship between the peak-currents and sweep rates studied 

indicate that the electrochemical mechanism of SAL at the fabricated sensor is a diffusion-

controlled process (Santos et al., 2018). 
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Table 5.3: Linear equations and the regression values of the different modified electrodes 

 Electrodes Linear equation R2 

1 GCE 𝑦 = 41.678𝑥 + 5.3519 0.9962 

2 MWCNTs-GCE 𝑦 = 99.073𝑥 − 3.5895 0.9996 

3 MWCNTs-CoFe2O4-GCE 𝑦 = 0.004𝑥 − 0.0149 0.9993 

4 MWCNTs-CoFe2O4-Lipase-GCE 𝑦 = 1349.5𝑥 − 2.8696 0.9954 

5.2.7 Sensitivity of MWCNTs-CoFe2O4-Lipase-GCE sensor 

MWCNTs-CoFe2O4-Lipase-GCE was further used for determination of SAL under optimum 

DPV experimental conditions. The potential was scanned in the range of 0.4 V to 1.0 V vs 

Ag/AgCl in 0.1 M PBS having different SAL concentrations. The resulting DP voltammogram 

and its calibration curve are exhibited in Figure 5. 22a and Figure 5. 22b, respectively.  The 

results revealed that there was a linear relationship between the oxidation peak-currents and 

the concentration of SAL from 0.05 μM to 3.90 μM. The LOD (0.0240 µM) and the LOQ 

(0.0120 µM) values were calculated from the calibration curve obtained using the 

expressions LOQ = 3 × Sd/x  and LOQ = 10 × Sd/x , where (x) is the gradient of the 

calibration curve and (Sd) is the standard deviation of blank. Furthermore, the results of the 

proposed MWCNTs-CoFe2O4-Lipase-GCE sensor are comparable with other previous SAL 

sensors. MWCNTs-CoFe2O4-Lipase-GCE presented an excellent sensitivity with lower limit 

of detection under reasonable range compared with previous electrodes (Table 5.4). This 

confirms that the MWCNTs-CoFe2O4-Lipase hybrid nanocomposite provides an appropriate 

sensing platform for electrochemical detection of SAL. The outstanding performance is due to 

the remarkable electro-conductivity of the prepared MWCNTs-CoFe2O4-Lipase composite.  
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Figure 5.22: (a) DP voltammogram of SAL @ MWCNTs-CoFe2O4-Lipase-GCE and (b) 

is the plot of peak-current (µA) as a function of SAL concentration (µM) 
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Table 5.4: Comparison of the MWCNTs-CoFe2O4-Lipase-GCE sensor with other SAL 

sensors 

Electrochemical sensors Linear range LOD References 

AgNP-ILFG-NF-GCE 79 nmol/L - 2.9 

μmol/L 

13 nmol /L (Santos et al., 

2018) 

(CPT-BDD) electrode 1.73 x 10-5 -3.47 x 

10-4 M 

5.06 x 10-6 M (TALAY PINAR 

et al., 2018) 

Poly taurine-ZrO2-GCE 5 – 220 µM 0.02 µM (Rajkumar et al., 

2013) 

CNTs-NF composites 0.1 – 33 µM 0.1 µM (Lin et al., 2013) 

Poly(4-amino-3-

hydroxynaphthalene sulfonic acid-

GCE 

0.2 to 8 μM 6.8 × 10−8 M (Amare et al., 

2017) 

Chitosan-MWCNT-GCE 0.5 – 40 µM 0.08 µM (Cao et al., 2011) 

MWCNTs-CoFe2O4-Lipase-GCE 0.05 - 3.90 µM 0.0240 µM This work 

 

5.2.8 Selectivity, stability and reproducibility of MWCNTs-CoFe2O4-Lipase-GCE 

The effect of some possible interfering constituents including sucrose, citric acid, glucose, 

ascorbic acid, Na+, SO4
2- and Cl- on the anodic peak-current of SAL was tested to find out the 

selectivity of MWCNTs-CoFe2O4-Lipase-GCE biosensor. From the voltammogram obtained 

(Figure 5. 23), the intrusive substances did not cause an obvious effect on the anodic peak 

position and the anodic peak-current of SAL. The selectivity of the developed sensor may be 

due to the excellent specific recognition ability of lipase enzyme immobilized on MWCNTs-

CoFe2O4 nanocomposite material. 
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Figure 5.23: The effect of interfering substances on the electrochemical responses of SAL 

at MWCNTs-CoFe2O4-Lipase-GCE  

The fabricated sensor was further examined for its reproducibility. Under the same DPV 

experimental conditions, four different MWCNTs-CoFe2O4-Lipase-GCE sensors were 

fabricated using the same procedure, used to determine the same amount of 2 mM SAL and 

the current response was recorded. The four MWCNTs-CoFe2O4-Lipase modified GCEs 

exhibited almost the same oxidation peak-currents height at unchanged anodic peak position. 

The calculated RSD of the four sensors was found to be 1.68 %. This implies that MWCNTs-

CoFe2O4-Lipase-GCE had an acceptable reproducibility. The stability of MWCNTs-CoFe2O4-

Lipase-GCE biosensor was further determined by investigating the DPV current response of 

the same electrode before and after storage in the refrigerator (4 °C) for a week interval. From 

the DPV results, no major decrease in the electrochemical current response was recorded after 

two weeks storage, signifying the good stability of the MWCNTs-CoFe2O4-Lipase-GCE 

biosensor.  
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5.2.9 Analysis of SAL in real drug sample using MWCNTs-CoFe2O4-Lipase-GCE  

To examine the practical application of the developed method, Venteze syrup (containing 2 mg 

of SAL in each 5 mL of the syrup) was analysed using DPV under optimal conditions.  Venteze 

syrup sample was diluted with PBS (pH 7), and then spiked with known concentrations of SAL. 

The DPV analysis was done via standard addition method. The percentage recoveries were in 

the range of 96.0 to 100.6 % and the RSD % of each addition was less than 5 % (Table 5.5), 

proving that this fabricated biosensor can be applied in quantification of SAL in drug 

formulations. 

Table 5.5: Determination of SAL in Venteze syrup sample 

Sample Added 

(µM) 

Found 

(µM) 

Recovery (%) RSD (%) 

Venteze syrup 

(containing 

2mg/5mL)  

0.50 0.48 96.00 1.58 

5.00 5.03 100.60 2.36 

10.00 

15.00 

9.95 

14.98 

99.50 

99.80 

1.96 

2.01 
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5.3 Electrochemical sensing of prednisolone (PDN) 

In this work, MWCNTs-IL-L-lysine nanocomposite was used to modify GCE surface (Figure 

5.24) and the developed sensor was used for electrochemical detection of PDN. The 

combination of highly conductive IL and MWCNTs with L-lysine polymer enables this nano-

hybrid to display excellent electrochemical performance towards PDN detection. 

 

Figure 5.24: Schematic illustration of the application of the fabricated MWCNTs-IL-L-

lysine-GCE sensor for electrochemical detection of PDN 

5.3.1 Functional group identification and thermal stability 

Figure 5. 25a show the FTIR spectrum of commercial MWCNTs and the prepared MWCNTs-

IL-L-lysine nanocomposite samples. In the FTIR spectrum of MWCNTs (blue curve), the 

characteristic peaks at around 2913 cm−1 and 1173 cm−1 are designed to the COOH and C=O 

functional groups, respectively. The peaks at 1576 cm−1, 1421 cm−1and 1165 cm−1of the 

prepared MWCNTs-IL-L-lysine nanocomposite correspond to the imidazolium ring 

(Matandabuzo et al., 2018). The results thus confirm the functionalization of MWCNTs using 

IL. Besides that, MWCNTs-IL-L-lysine (red curve) FTIR spectrum also unveiled a 

characteristic peak at 1691 cm−1 probably because of the presence of L-lysine on the composite. 

Figure 5. 25b  shows the TGA curves of MWCNTs and MWCNTs-IL-L-lysine nanocomposite. 

MWCNTs curve presents only two decomposition step. The initial weight loss between 25⁰C -

200 ⁰C is because of the loss of water adsorbed on the MWCNTs surface (Matandabuzo et al., 

2018). The second weight loss that transpired between 450⁰C and 680 ⁰C is as a result of the 

combustion of MWCNTs (Matandabuzo et al., 2018). At higher temperatures,there was no 

weight loss recorded (Figure 5. 25b). On the other hand, the MWCNTs-IL-L-lysine composite 
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exhibited two decomposition stages also. The loss of adsorbed water on the surface of the 

MWCNTs-IL-L-lysine nanocomposite occurred below 150 ⁰C. The second decomposition step 

in the temperature range of  280⁰C - 400 ⁰C is due to thermal degradation of the functionalised 

IL. Beyond 400 ⁰C the MWCNTs-IL-L-lysine is thermally stable as represented by the flattened 

curve. 

 

Figure 5.25: FTIR spectra of MWCNTs (blue curve) and MWCNTs-IL-L-lysine 

nanocomposite (red curve) (a). TGA curves of MWCNTs (black curve) and MWCNTs-

IL-L-lysine nanocomposite (green curve) (b) 

5.3.2 Surface morphology 

SEM analysis showed spherical clusters in MWCNTs, a possible indication of agglomeration 

of the carbon nanotubes (Figure 5. 26a). SEM analysis of MWCNTs-IL revealed the presence 

of small bundles dispersed within the matrix (Figure 5. 26b). The excellent homogeneous 

distribution of MWCNTs-IL is due to the porous structure and the large surface area of the 

functionalized MWCNTs. This promotes greater conductivity and quicker transfer of electrons. 

On the other hand, a well-dispersed nanocomposite of MWCNTs-IL-L-lysine was observed as 

displayed in Figure 5. 26c with little agglomeration. Therefore, MWCNTs-IL-L-lysine 

structure will effectively provide a large surface area with high conductivity offered by 

MWCNTs, IL and L-lysine collectively. Further analysis through TEM revealed that MWCNTs 

and MWCNTs-IL have tube-like shapes (Figures 5. 27a and 5. 27b). Furthermore, TEM 

analysis confirmed that IL enhances the dispersion of MWCNTs and does not interfere with 

the original tubular structure of MWCNTs (Figure 5. 27b).  
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Figure 5.26: SEM images of (a) MWCNTs, (b) MWCNTs-IL and (c) MWCNTs-IL-L-

lysine nanocomposite 

 

Figure 5.27: TEM images of MWCNTs (a) and MWCNTs-IL nanocomposite (b)  

5.3.3 EIS characterization of the MWCNTs-IL-L-lysine-GCE  

The electron transfer resistance (Rct) properties of the bare GCE and the MWCNTs-IL-L-lysine 

modified GCE surface were investigated via EIS and the results obtained are presented using 

the Nyquist plots (Figure 5. 28). The Nyquist plots contained a semi-circle segment and the 

linear part recorded at lower and higher frequencies, respectively. The diameter of this portion 

can be used to calculate the Rct at the electrode’s surface (Gopal et al., 2018b). The electrode's 

charge transfer resistance was determined for each modifier by fitting the measured EIS data 
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using the Randle's equivalent circuit. The Rct value (7160.40 Ω) of the unmodified GCE 

(exhibited by a small diameter-Figure 5. 28 inset) is significantly higher than for the modified 

GCE due to the slow transfer of the electrons on the GCE. The lower Rct value for the 

MWCNTs-GCE (413.38 Ω) is due to the good electrical conductivity nature of the MWCNTs. 

Interestingly, much lower Rct value (305.00 Ω) was recorded by modifying GCE with 

MWCNTs-IL nanocomposite. Furthermore, the Rct value (201.70 Ω) for the MWCNTs-IL-L-

lysine-GCE sensor was lower than the control electrodes, which demonstrates an excellent 

electrical conductivity for the nanocomposite MWCNTs-IL-L-lysine. The developed 

nanocomposite thus proves to be highly conductive and offers a large active surface for fast 

transfer of electrons on electrode-solution interface hence can be used in fabrication of GCE 

for determination of SAL and other electro-active species.  

 

Figure 5.28: Nyquist plots  obtained at bare GCE, MWCNTs-GCE, MWCNTs-IL-GCE 

and MWCNTs-IL-L-lysine-GCE 
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5.3.4 The electro-catalytic reduction of PDN  

The electrochemical reduction behaviour of 0.1 M PDN in 0.2 M PBS of pH 6.8 was probed at 

the GCE as well as at the MWCNTs-IL-L-lysine nanocomposite modified GCE by CV. Figure 

5. 29 displays the cyclic voltammograms of 0.1 M PDN on the bare and the different GCE 

modified electrodes. A cathodic peak was seen on addition of the 0.1 M PDN standard solution 

to the PBS during the potential scan in the range of -1.0 V to -1.8 V vs. Ag/AgCl. In the reverse 

scan within the investigated potential range, there was no anodic peak observed; thus 

suggesting that the reduction reaction was irreversible. The cathodic peak potentials appeared 

at -1.5 V, -1.38 V, -1.35 V and -1.34 V vs. Ag/AgCl for the bare GCE, MWCNTs/GCE, 

MWCNTs/IL-GCE and MWCNTs/IL/L-lysine /GCE, respectively, as shown in Figure 5. 29. 

The results show that the unmodified GCE gave a weak cathodic peak at very low cathodic 

peak-currents. In contrast, the nanocomposite modified GCE demonstrated excellent 

performance shown by significant increase in cathodic peak-currents and well-resolved peaks 

were recorded. The shift in reduction peak potential towards positive direction and the distinct 

increase of peak-current from the results obtained indicate that GCE modification with 

MWCNTs-IL-L-lysine nanocomposite enhances the electrochemical activity towards reduction 

of PDN. The outstanding electro-catalytic activity is because of the exceptional conductivity 

of MWCNTs-IL along with the unique of properties of L-lysine. MWCNTs-IL-L-lysine-GCE 

presented excellent performance comparing to GCE, MWCNTs-GCE and MWCNTs-IL-GCE, 

which suggests an enhanced electro-catalytic activity and sensing properties of the developed 

sensor due to additional synergetic effect between the nanocomposites materials used. 
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Figure 5.29: Cyclic voltammograms of PDN at GCE (black curve), MWCNTs-GCE 

(green curve), MWCNTs-IL-GCE (blue curve) and MWCNTs-IL-L-lysine-GCE (red 

curve) electrodes  

5.3.5 Effect of pH 

The effect of the pH of 0.2M PBS on the reduction peak potential and currents of 0.1 M PDN 

was examined via CV at the unmodified GCE. The cyclic voltammogram of 0.1 M PDN at the 

bare GCE (Figure 5. 30a) and plot of the cathodic peak-currents (I/µA) vs pH are shown in 

Figure 5. 30a (inset). The results show that when the pH of PBS was increased from 6.0 to 6.8 

value, the reduction peak-currents of PDN also increased. Beyond this pH value, the cathodic 

currents of PDN started to decrease. For this reason, pH=6.8 was picked as the optimal pH. 

Furthermore, as the pH increased, the reduction peak shifted to the more negative potentials, 

which confirms the participation of protons in the reduction reaction of PDN. 
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Figure 5.30: Cyclic voltammograms of 0.1 M PDN obtained in the pH 6.0-pH 9.0 values 

of 0.2 M PBS (a); plot of 𝑰/𝝁𝑨  vs pH (inset) and plot of 𝑰/𝝁𝑨  vs deposition time (b) 

5.3.6 Influence of accumulation time 

The movement of the PDN molecules towards the surface of GCE for electro-reduction 

reaction depends on time. The peak-currents of PDN increased significantly to approximately 

50 s after which there was no significant increase in cathodic current observed (Figure 5. 30b). 

This may be due to saturation of the adsorbed PDN molecules on the GCE surface.  Hence, 

further electro analysis of PDN were carried out at 50 s. 

5.3.7 Impact of varying scan rate on both modified and unmodified GCE at constant 

concentration of PDN. 

From previous work, the electrochemical redox reaction mechanism and the processes involved 

(either adsorption or diffusion controlled) can be acquired by studying the dependence of the 

peak potentials and the peak-currents on the sweep rates. Therefore, the electrochemical 

behaviour of PDN was investigated on the bare GCE surface (Figure 5. 31a) and on the 

modified GCE [MWCNTs-GCE (Figure 5. 31b), MWCNTs-IL-GCE Figure 5. 31c and 

MWCNTs-IL-L-lysine-GCE Figure 5. 31d)] at different scan rates under optimum pH, 

deposition time and at different scan rates. In all cases, it was noticed that the cathodic peak-

currents of PDN gradually increased with the increase in sweep rates at each electrode (Figure 

5. 31). In addition, the reduction peak of PDN shifted to potential values that are more negative 

on increasing the scan rate, which further indicates that reduction reaction of PDN is not 
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reversible.  The plots of the I/μA   vs. [V/s] (Figure 5. 31e) as well as that of I/μA  vs. [V/s]1/2 

(Figure 5. 31f) at MWCNTs-IL-L-lysine-GCE sensor were constructed. The plots gave a good 

linear relationship and the equations obtained were as follows (equations 5.1 and 5.2): 

𝐼/𝜇𝐴 = −993.3600 𝑥 − 9.3813, 𝑅2 = 0.9957                                                  (5.1) 

 

𝐼/𝜇𝐴 = −468.5900 𝑥 + 44.0920, 𝑅2 = 0.9798                                              (5.2) 

Where I is current in microamperes (µA), x denotes the sweep rates and R2 is the regression 

coefficient.  

The excellent results obtained indicates that the electrochemical reaction of PDN at the 

developed MWCNTs-IL-L-lysine-GCE sensor was an adsorption-controlled process within the 

studied scan rate range. The PDN reduction at the MWCNTs-IL-L-lysine-GCE corresponds to 

a two-electron/two-proton  transfer process (Smajdor et al., 2016)  



88 
 

 

Figure 5.31: Cyclic voltammogramms (a-d) of 0.1 M PDN (in 0.2 M PBS, at 50 s) on bare 

GCE, MWCNTs-GCE, MWCNTs-IL-GCE and MWCNTs-IL-L-lysine-GCE, 

respectively. The plots of the 𝑰/𝝁𝑨   vs. [V/s] (e) as well as 𝑰/𝝁𝑨  vs. [V/s]1/2 (f) 

5.3.8 DPV analysis of PDN using MWCNTs-IL-L-lysine-GCE sensor  

The important parameters that characterize performance of a developed sensor at trace 

concentration of electro-active analyte of interest are the LOD and LOQ. Therefore, DPV mode 

was employed for quantitative determination of different concentrations of PDN at the 

proposed MWCNTs-IL-L-lysine-GCE surface under optimum working parameters. The DP 

voltammogram (Figure 5. 32a) obtained shows a well-resolved reduction peak. The reduction 

peak-currents of PDN increased with increase in the concentration of PDN from 0.4 μM to1.4 

μM. The calibration curve (plot of I/µA vs. concentration (µM)) was constructed to determine 

the linearity and the linear regression equation obtained was 𝐼/µ𝐴 = −0.7506𝑐 −  20.9750, 

R2 = 0.9937 (where c denotes PDN concentration in µM), as presented in Figure 5. 32b. 
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Figure 5.32: DPV voltammogram of MWCNTs-IL-L-lysine-GCE in varying 

concentration of PDN (0.4 µM -1.4 µM) (a).  Plot of 𝑰/𝝁𝑨  vs. [μM] (b) 

The detection limits (LOD =0.0214 μM and LOQ =0.3016 μM) values were calculated from 

the calibration curve based on the equations 5.3 and 5.4: 

𝐿𝑂𝐷 = 3 × 𝑆𝑑/𝑥                                                                                              (5.3) 

𝐿𝑂𝑄 = 10 × 𝑆𝑑/𝑥                                                                                           (5.4) 

where Sd represents the standard deviation of the blank and x represents the gradient obtained 

from the calibration curve.  

The LOD obtained were compared with those of previously reported work on electrochemical 

detection of PDN (Table 5.6). It is evident that the LOD =0.0214 μM value was significantly 

lower than the recently reported modified electrodes for PDN detection (Table 5.6). The good 

linear range obtained and the lower LOD proves that the developed MWCNTs-IL-L-lysine-

GCE sensor can be used for quantification of PDN at trace level. 
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Table 5.6: Comparison of MWCNTs-IL-L-lysine-GCE with previous electrodes reported 

for PDN detection 

Electrode LOD Reference 

Ordered Mesoporous Carbon Modified 

Glassy Carbon Electrode (OMC/GCE) 

0.057 μM (Munyentwali et al., 2015) 

Single wall carbon nanotube modified 

edge plane pyrolytic graphite electrode 

(SWNT/EPPGE) 

0.90 × 10−8 M (Goyal et al., 2009a) 

Fullerene C60 modified gold 

electrode/nanogold modified indium tin 

oxide electrode 

26 Nm/90 nM 

  

(Goyal et al., 2009b) 

screen-printed carbon electrode (SPCE) 11.98 μg/ mL, (Primpray et al., 2019) 

MWCNTs-IL-L-lysine-GCE 0.0214 μM This work 

 

5.3.9 Effect of interferences and stability of MWCNTs-IL-L-lysine-GCE 

The effect of various potentially interfering compounds on the height 0.1 M PDN peak-currents 

were investigated at the MWCNTs-IL-L-lysine-GCE surface. A reduction peak at −1.35 V vs. 

Ag/AgCl corresponding to the electrochemical reduction of PDN was recorded in the presence 

of possible interferences and there were no additional peaks (Figure 5. 33). Results depicts that 

in the  presence of  excess of biologically important compounds such as ascorbic acid, sucrose, 

starch, glucose, citric acid and some common salts ions such as Na+,Cl-1, Ca2+and  K+ have  no 

significant interference on the DPV response of PDN. The results show that the MWCNTs-IL 

L-lysine-GCE is effective for selective determination of PDN in existence of possible 

interfering compounds that may be present in drug formulations or biological fluids such as 

urine samples. 

The stability of the MWCNTs-IL-L-lysine-GCE was tested by performing the DPV analysis of 

PDN under same experimental conditions and using the same electrode for four weeks. The 
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DPV measurements were recorded once a week and the electrode was kept in a dry place at 

room temperature. Only a very slight reduction of the cathodic current height of the proposed 

sensor was recorded during this period, where the electrode retained 89 % of its first peak- 

current response with an estimated standard deviation of 1.72 %. The outcome indicates good 

stability of the prepared electrodes for the electrochemical sensing of PDN. 

 

Figure 5.33: DPV voltammogram of PDN in the presence of potential interferences 

5.3.10 Detection of PDN in pharmaceutical dosage sample 

The developed MWCNTs-IL-L-lysine-GCE sensor was used to probe PDN in its 

pharmaceutical formulation sample (aspelone syrup-with a specified content of prednisolone 

as 15 mg/5mL) without any sample preparation procedures prior to DPV measurements. A 

known quantity of the PDN standard solution was added to an aliquot of the sample and then 

10 mL of 0.2 M PBS was used to dilute the dosage sample.  The DPV measurements of the 

real sample was carried out by the standard addition method. A reduction peak at same peak 

position was observed and the peak-currents gradually increased after successive addition of 

PDN standard solution.  The outcome showed good recovery in the range of 94.5 % to 99.6 %, 
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indicating that the fabricated sensor can be used for determination of PDN in real sample 

analysis (Table 5.7). 

Table 5.7: Determination of PDN in pharmaceutical Aspelone syrup sample 

Sample Added 

(µM) 

Found 

(µM) 

Recovery (%) RSD (%) 

Aspelone syrup 

(15mg/5mL) 

2.00 1.89 94.50 1.72 

2.50 2.42 96.80 2.52 

5.00 

8.00 

4.98 

7.89 

99.60 

98.60 

2.89 

2.41 
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5.4 Electrochemical detection of terbutaline  

In this work, TiO2NPS were synthesized and a novel nanocomposite of TiO2-MWCNTs-IL 

was successfully prepared. The TiO2-MWCNTs-IL was used to modify the surface of GCE as 

shown in Figure 5. 34, for electrochemical quantification of TBS in its pharmaceutical dosage.  

 

Figure 5.34: Schematic illustration of the electrochemical detection of the of TBS at the 

TiO2-MWCNTs-IL-GCE surface 

5.4.1 Thermal properties, functional groups and morphological properties of the 

nanocomposite 

The TGA curves of the synthesized TiO2NPs, MWCNTs and TiO2-MWCNTs-IL 

nanocomposite samples are shown in Figure 5. 35a. For MWCNTs, the minor weight loss 

observed in the region 25 °C - 100 °C is because of the vaporization of absorbed water on the 

surface of MWCNTs. In addition, MWCNTs exhibited weight losses of less than 3 % from 25 

°C to about 200 °C confirming its good thermal stability. A substantial weight loss (19.18%) 

was observed from 450 °C - 650°C due to the combustion of the MWCNTs (Figure 5. 35a). 

Beyond 650 °C there was no weight loss recorded (Figure 5. 35a). A weight loss of 17.11 % 

(80–110 °C) was recorded in the TiO2NPs sample due to the loss of adsorbed water. The 

TiO2NPs curve shown in Figure 5. 35a reveals that the TiO2NPs were stable at temperatures 

over 450 °C owing to the insignificant weight loss.  The TiO2-MWCNTs-IL nanocomposites 

exhibited an initial weight loss before 400 °C corresponding to the loss of adsorbed solvents 

(blue curve, Figure 5. 35a). The second mass loss between 350 °C and 650 °C is attributed to 
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the combustion of MWCNTs content. Beyond 650 °C, the weight remains constant suggesting 

that the prepared nanocomposite is thermally stable.   

Figure 5. 35b presents the FTIR spectra of the synthesized TiO2NPs and its respective TiO2-

MWCNTs-IL nanocomposite. The broad peaks between 3000 cm−1 and 3435 cm−1 in both 

spectra are because of the stretching vibration of the hydroxyl (-OH) group due to the H2O 

absorbed on the surface (Askari et al., 2017). The unique peaks at 717 cm-1 and 767 cm-1 in 

TiO2-MWCNTs-IL and TiO2NPs spectrum, respectively, are perhaps because of the stretching 

vibration modes of the (Ti-O) bond (Singh et al., 2018). Besides, the single peak at 1447 cm−1 

on the TiO2NPs spectrum corresponds to the stretching vibrations of Ti–O–Ti bond.  The 

distinct peaks around 2164 cm−1 and 1988 cm−1 of the TiO2-MWCNTs-IL nanocomposite were 

due to the C-H and C-O functional groups of the MWCNTs, respectively (Askari et al., 2018). 

 

Figure 5.35: TGA curves of MWCNTs, TiO2NPs and TiO2-MWCNTs-IL nanocomposite 

samples (a). FTIR spectra of TiO2NPs (Black curve) and TiO2-MWCNTs-IL 

nanocomposites (red curve) samples (b) 
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Figure 5. 36 represents the SEM micrographs of the pure TiO2NPs, MWCNTs-TiO2 and 

MWCNTs-TiO2-IL nanocomposite. Figure 5. 36a clearly reveals that the TiO2NPs aggregate 

in clusters and it is difficult to separate one particle from the other. Upon modification of 

TiO2NPs surface by mixing with MWCNTs, the nanocomposite reveals uniform dispersion as 

shown in Figure 5. 36b. Besides, the SEM micrograph of TiO2-MWCNTs-IL (Figure 5. 36c) 

exhibit greatly improved dispersion as compared to the TiO2NPs and MWCNTs-TiO2 samples 

suggesting that MWCNTs-IL nanocomposite is exceptional for the stabilization of TiO2NPs.  

The TEM micrographs of MWCNTs sample clearly reveals the typical tubular structure of 

MWCNTs (Figure 5. 37a). Figure 5. 37b display the TEM images of the synthesized TiO2NPs 

and the presence of TiO2NPs attached to the MWCNTs surface is shown in Figure 5. 37c. 

Moreover, the TEM image in Figure 5. 37d show the morphology of the TiO2-MWCNTs-IL 

nanocomposite, where the IL was incorporated to the TiO2-MWCNTs nanocomposite and the 

basic shape of the MWCNTs did not change.  Many small TiO2NPs can be clearly seen on the 

surface of MWCNTs uniformly distributed with slight agglomeration. 

 

Figure 5.36:  SEM images of (a) TiO2NPs, (b) TiO2NPs supported on MWCNTs and (c) 

IL functionalised TiO2-MWCNTs nanocomposite 
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Figure 5.37: TEM images of MWCNTs (a), TiO2NPs (b), TiO2-MWCNTs (c) and TiO2-

MWCNTs-IL nanocomposite (d) 

5.4.2 Electrochemical characterization of the modified GCE surface 

Figure 5. 38 shows the Nyquist plots of the different TiO2-MWCNTs-IL modified GCEs. The 

Rct of the electrodes were calculated by fitting the impedance data Randles circuit. The most 

important elements including the Rct, solution resistance (Rs), Warburg (W) and the double-

layer capacitance (Cdl) are presented on the circuit (Figure 5. 38 inset) (Mustafov et al., 2019). 

The Rct values of the MWCNTs/GCE (curve b), MWCNTs/TiO2/GCE (curve c) and 

MWCNTs/TiO2/IL/GCE (curve a) were estimated to be 413.38 Ω, 716.83 Ω and 517.17 Ω, 

respectively. Generally, the charge transfer resistance of MWCNTs/TiO2/IL/GCE (517.17 Ω) 

is less than that of unmodified GCE (7160.40 Ω) indicating that the synergistic effect of ionic 

liquid functionalised MWCNTs-TiO2 nanocomposite  improved the electro-catalytic activity 

of the resulting electrode thus enhanced rapid transfer of the electrons-transfer rate. These 

results evidently confirm the successful formation of MWCNTs-TiO2-IL hybrid nanomaterial 

on the GCE surface.  
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Figure 5.38: Nyquist plots of EIS obtained at MWCNTs-TiO2-IL-GCE (a), MWCNTs-

GCE (b) and MWCNTs-TiO2-GCE (c) performed in 0.5 mM [Fe(CN)6]3−/4− containing 0.1 

M KCl (Conditions; frequency range of 0.1 Hz to 10000 Hz, voltage amplitude of 0.01 

VRMS and scan rate of 0.05 VRMS ) 

5.4.3 Electro-catalytic oxidation of terbutaline on TiO2-MWCNTs-IL-GCE 

In order to evaluate the electro-catalytic performance TiO2-MWCNTs-IL-GCE on detection of 

TBS, the electrochemical behaviour of the modified and the unmodified GCE was studied by 

CV in 10 mL 0.1 M KPBS (pH 7.0) containing 0.1 M TBS standard solution. The bare GCE 

(Figure 5. 39a), exhibited a broad oxidation peaks with very low oxidation peak-currents 

(Figure 5. 39b) because of the sluggish transfer of electrons. In contrast, MWCNTs/GCE, 

MWCNTs/TiO2/GCE and TiO2/MWCNTs/IL/GCE presented well-defined oxidation peaks 

with high peak-currents illustrating that MWCNTs, MWCNTs-TiO2 and TiO2-MWCNTs-IL 

nanocomposites could effectively promote electron transfer. TiO2-MWCNTs-IL-GCE 

recorded the highest peak-currents as compared to the other electrodes (Figure 5. 39b) 

indicating that the synergistic contribution between TiO2-MWCNTs-IL hybrid nanocomposite 

plays a key role in enhancement of the electrochemical performance of the developed sensor. 
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Figure 5.39: (a) CVs of TBS at bare GCE (black curve), MWCNTs-GCE (red curve), 

MWCNTs-TiO2-GCE (blue curve) and MWCNTs-TiO2-IL-GCE (green curve) electrodes 

under optimal experimental conditions; (b) Comparison of the anodic peak-currents 

obtained at each electrode 

5.4.4 Optimization of working parameters 

5.4.4.1 Effect of pH  

The electrochemical response of GCE in solution containing 0.1 M TBS at various pH values 

(from 4.0 to 9.0) of 0.1 M KPBS was studied via CV. The peak-current of TBS gradually 

increased with increase in pH of KPBS from 4.0 to 7.0 beyond which the current started to 

decrease as shown in Figure 5. 40b. Therefore, pH 7.0 of 0.1 M KPBS was preferred as the 

optimal pH for further analysis of TBS. Figure 5. 40 reveals the dependence of anodic peak 

potential and peak-currents of TBS on the pH of the supporting electrolyte at the GCE surface. 

The oxidation peak potential of TBS shifted to negative direction as shown in Figure 5. 40a 

with increasing pH values of KPBS, proving that the protons takes part in the electro oxidation 

reaction of TBS. Moreover, the linear dependence between the oxidation potentials and pH was 

also determined (Figure 5. 40c) and the linear equation is as follows: 

𝐸/𝑉 = 0.1744 𝑝𝐻 −  0.5333, 𝑅2 = 0.9883                                                            (5.5) 
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Figure 5.40: Influence of pH of 0.1M KPBS on the anodic peak-current of TBS at bare 

GCE (a), plot of anodic peak-currents against pH (b) and plot of peak potentials against 

pH (c) 

5.4.4.2 Deposition time 

Figure 5. 41a displays the influence of varying deposition time on the electrochemical peak-

current response of 0.1 M TBS in 0.1 M KPBS (pH = 7) at unmodified GCE. It can be seen that 

by increasing deposition time over the range 20 s – 70 s, the peak-currents of TBS slightly 

increase up to around 55 s. The oxidation peak-currents decreased sharply thereafter as shown 

in Figure 5. 41b because of the saturation of the GC electrode surface. Thus, 55 s was selected 

as the maximum accumulation time for determination of TBS. 
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Figure 5.41: Effect of accumulation time on the peak-current response of TBS at bare 

GCE surface (a). Plot of anodic peak-current vs. time (b) 

5.4.4.3 Scan rates 

Figure 5. 42 and Figure 5. 43 shows the cyclic voltammograms of 0.1 M TBS at bare GCE and 

the TiO2-MWCNTs-IL nanocomposite modified GCE, at various sweep rates in the range of 

0.03 V/s-0.14 V/s. The bare GCE (Figure 5. 42a) displayed broad peaks with increase in the 

sweep rates while the modified GCE (Figure 5. 43 (a-c)) exhibited well-defined anodic peaks. 

As can be observed, anodic peak potentials shifted towards positive direction in all the 

electrodes, which confirms that the oxidation reaction of TBS is irreversible. In addition, a 

linear increase of anodic peak-currents with the sweep rates was perceived in all the electrodes, 

with the developed TiO2-MWCNTs-IL-GCE sensor recording the highest peak-currents. This 

proves that the electro-oxidation reaction of TBS is predominantly diffusion controlled. The 

regression equations and correlation coefficient of the respective plots of I/µA vs. V/s are 

shown in Table 5.8. Furthermore, a linear correlation was established between logarithm of 

anodic currents and logarithm of sweep rates at the TiO2-MWCNTs-IL-GCE as shown in 

Figure 5. 43d. The regression equation of log (I/µA) and log (V/s) can be expressed as follows; 

𝐼/µ𝐴 = 1.2562𝑥 + 2.9146,  𝑅2 = 0.9948                                                           (5.6) 

where I denotes current in micro Amperes, x is the sweep rate in volts per second and R2 is 

regression coefficient. 
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Figure 5.42:  Cyclic voltammograms of 0.1 M TBS in 0.1 M KBPS (pH 7) at different 

sweep rates (0.07 V/s-0.15 V/s) (a); Plot of peak-currents vs scan rates (b) 
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Figure 5.43: Cyclic voltammograms of 0.1 M TBS at MWCNTs/GCE, 

MWCNTs/TiO2/GCE and TiO2/MWCNTs/IL/GCE, respectively (a-c), with their 

respective plots of I/µA vs. V/s(inset) and plot of log (I/µA) vs log (V/s) obtained at the 

TiO2-MWCNTs-IL-GCE sensor (d) 
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Table 5.8: The regression equations and correlation coefficient of the respective plots of 

I/µA vs. V/s 

 Electrode Linear regression equation Correlation 

coefficient(R2) 

1 GCE 𝑦 = 106.3500𝑥 − 4.1602 0.9945 

2 MWCNTs-GCE 𝑦 = 199.4800𝑥 + 1.8296 0.9925 

3 MWCNTs-TiO2-GCE 𝑦 = 418.0400𝑥 + +9.2620 0.9988 

4 MWCNTs-TiO2-IL-GCE 𝑦 = 529.2200 𝑥 − 7.2018 0.9936 

 

5.4.5 Quantitative determination of terbutaline using DPV 

Quantification of TBS was done by scanning the potential in the range 0.6 V -1.0 V vs. 

Ag/AgCl under optimized DPV experimental conditions. Various concentrations of TBS 

standard solution were added into 10 mL 0.1 M KPBS and the currents generated because of 

electro-catalytic oxidation of TBS was recorded after deposition time of 30 s. Figure 5. 44a 

shows the DPV results obtained and it displays a distinct anodic peak at approximately 0.8 V 

vs. Ag/AgCl. The plot of oxidation peak-currents against concentration of TBS, Figure 5. 44b, 

presents a linear correlation in the range of 0.5 µM to 3.0 µM. The calibration equation obtained 

was 𝐼/𝜇𝐴 = 0.6549 𝑥 +  13.2580, with correlation coefficient (R2) of 0.9983 (where x is the 

concentration of TBS). From the calibration curve, the (3 × 𝑆𝐷/𝑚) and LOQ (10 × SD/m) 

were estimated to be 0.0162 µM and 0.2140 µM, respectively. Furthermore, the LOD of TiO2-

MWCNTs-IL-GCE sensor was compared to previous different electrochemical sensors used in 

detection of TBS and the results are presented in Table 5.9. The comparative data clearly 

signify that the proposed TiO2-MWCNTs-IL-GCE sensor offered lower LOD as well as a good 

linear range. The outstanding results can be associated to the immobilization of the highly 

conductive IL-based TiO2-MWCNTs nanocomposite at the GCE surface. This confirms that 

TiO2-MWCNTs-IL-GCE can suitably be used as an electrochemical sensing platform of TBS.  
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Figure 5.44: DPV curve of TiO2-MWCNTs-IL-GCE at different concentrations of TBS 

(a). Plot of anodic peak-current vs. concentration of TBS (b) 
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Table 5.9: Comparison of the LOD of TiO2-MWCNTs-IL-GCE with previous reported 

electrodes for TBS detection 

 Electrode LOD References 

1 MWCNT/graphene/GCE 6.527 × 10−7 M (Gopal et al., 

2018a) 

2 f-MWCNTs/CD-R/ gold 

electrodes 

5.8 × 10−7 M (Felix et al., 2016) 

3 ZrO2NPs/MWCNTs/GCE 2.25 nM (Baytak et al., 

2016) 

4 GNS–MWCNT–PANI 

composite-CPE 

5.83 × 10−9 M (Kalambate et al., 

2017) 

5 TiO2-MWCNTs-IL-GCE 0.0162 µM This work 

5.4.6 Method validation studies using the developed sensor 

The repeatability of TiO2-MWCNTs-IL-GCE sensor was explored by studying the DPV 

current response for five successive determinations of 0.1 M TBS in 0.1M KPBS (pH 7.0) 

under the same optimum experimental working parameters. The estimated RSD (relative 

standard deviation) was 1.87 % suggesting that the developed sensor has good repeatability. In 

addition, five TiO2-MWCNTs-IL-GC electrodes were prepared separately using the same 

procedure and the reproducibility of the electrodes was determined under same experimental 

conditions. Furthermore, the stability of the developed TiO2-MWCNTs-IL-GCE sensor was 

probed for 4 weeks. TiO2-MWCNTs-IL-GCE maintained 90 % of its original anodic current 

height after the end of the 4 weeks. Consequently, the proposed TiO2-MWCNTs-IL-GC 

electrode proves to be stable enough for routine use. The selectivity of the developed TiO2-

MWCNTs-IL-GCE sensor towards detection of TBS was also studied by investigating the 

influence of interferences. Excess amount of drugs and biological chemicals such as glucose, 

ascorbic acid, acetaminophen, acetic acid, salbutamol and salts were added, but there was no 

appreciable change in electrochemical current responses, with no new peaks being recorded.  

5.4.7 Determination of TBS in real drug sample using TiO2-MWCNTs-IL-GCE  

To investigate the viability of the TiO2/MWCNTs/IL/GCE sensor, the developed method was 

utilized towards determination of TBS in real pharmaceutical sample (bricanyl) under 
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optimized DPV experimental conditions. The sample was diluted with 0.1 M KPBS (pH 7.0), 

spiked with known concentrations of TBS and was analysed by standard addition method. The 

added concentration values and the obtained recoveries results were presented in Table 5.10. 

Furthermore, satisfactory recovery results were obtained suggesting that the proposed TiO2-

MWCNTs-IL nanocomposite modified GCE is effective for the quantitative quantification of 

TBS in the real samples. 

Table 5.10: Determination of TBS in real pharmaceutical sample 

Sample Added 

(µM) 

Found 

(µM) 

Recovery (%) RSD (%) 

Bricanyl syrup 

(1.5mg/5mL )  

3.00 2.79 93.00 1.56 

3.50 3.51 100.20 2.21 

6.00 

8.50 

5.99 

8.46 

99.80 

99.50 

2.53 

1.98 
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CHAPTER 6 

6 SUMMARY AND CONCLUSION 

In the current research, a simple and relatively cheap voltammetric method for detection of 

four anti-asthma drugs in commercial pharmaceutical formulations was developed. In this 

regard, four different electrochemical sensors with excellent electro-catalytic activity were 

fabricated using novel nanocomposites for electrochemical sensing of TPN, SAL, PDN and 

TBS. Briefly, CoFe2O4NPs, ZnONPs and TiO2NPs were synthesized and their respective 

CoFe2O4-MWCNTs-Lipase, ZnONPs-MWCNTs-Cyt c and TiO2-MWCNTs-IL 

nanocomposites were prepared  for GCE modification. In addition, MWCNTs-IL-L-lysine 

nanocomposite was also prepared. The NPs and the obtained nanocomposites were 

characterized through TEM, SEM, FTIR, TGA, XRD, BET and EIS. 

The electrochemical behavior of TPN, SAL, PDN and TBS at the GCE and at the different 

CoFe2O4-MWCNTs-Lipase, ZnONPs-MWCNTs-Cyt c, TiO2-MWCNTs-IL and  MWCNTs-

IL-L-lysine nanocomposite modified GCEs were studied using CV. In addition, the effects of 

pH of the supporting electrolytes, sweep rates and deposition time on the redox peak-currents 

and the peak potentials of each drug at the un-modified and modified GCE were explored using 

CV. Furthermore, the working parameters for each developed method were optimized. Broad 

redox peaks with low redox peak-currents were observed at the GCE surface, which may be 

attributed to the slow transfer of electrons. Interestingly, the peaks current increased 

dramatically with well-resolved peaks after modification of the GCE surface. Under optimum 

parameters, the fabricated ZnONPs-MWCNTs-Cyt c-GCE, CoFe2O4-MWCNTs-Lipase-GCE, 

MWCNTs-IL-L-lysine-GCE and TiO2-MWCNTs-IL-GCE sensors exhibited outstanding 

electrochemical performance as compared to the unmodified GCE. This is probably because 

of the enhanced conductivity and the extensive large surface area of the nanocomposite that 

accelerated electron transfer between the drug molecules and the surface of the modified 

electrode. Therefore, the enhanced redox peak-currents response is due to the synergistic effect 

of the nanocomposite material.  

The stability, selectivity, repeatability and detection limits for each of the proposed sensors 

were evaluated via the DPV method. The as-developed ZnONPs-MWCNTs-Cyt c-GCE 

biosensor showed great reproducibility, better stability as well as excellent selectivity with 
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lower LOD of 0.0012 µM. These analytical characteristics such as excellent electrochemical 

response brought about by the fabricated sensor was attributed to the additional advantageous 

properties of the ZnONPs-MWCNTs hybrid nanocomposite such as superior electro-catalytic 

activity. Furthermore, the composite offered a biocompatible platform for the immobilization 

of Cyt c, to investigate its electro-catalysis towards the oxidation of TPN. Similarly, the use of 

MWCNTs-IL-L-lysine nanocomposite modified GC electrode resulted to rapid transfer of 

electrons as well as the best electrochemical response towards PDN detection. This 

enhancement is also associated with synergistic effect. MWCNTs-IL-L-lysine-GCE exhibited 

outstanding sensitivity and selectivity. The estimated LOQ (0.0214 μM) and LOD (0.3016 μM) 

values were significantly lower than the corresponding values of previously reported electrodes 

for PDN detection.  

The magnetic nanocomposite-based biosensor (CoFe2O4-MWCNTs-Lipase-GCE) exhibited 

enhanced electrochemical response towards SAL detection. The incorporation of CoFe2O4 

NPS on MWCNTS and the immobilization of lipase enzyme on the CoFe2O4-MWCNTs 

nanocomposite enhanced the sensitivity towards electro-catalytic oxidation of SAL on the 

modified GCE surface. The anodic peak-currents and the concentration of SAL showed a good 

linear relationship in the concentration range of 0.05 µM - 3.90 µM with LOD and LOQ of 

0.0240 µM and 0.0120 µM, respectively. Furthermore, the TiO2-MWCNTs-IL-GCE sensor 

displayed excellent electro-catalytic activity towards determination of TBS compared to 

previous reported sensors for TBS detection. A distinct oxidation peak with greater peak-

currents was recorded illustrating that the conductive TiO2-MWCNTs-IL nanocomposite 

promoted rapid transfer of electrons. Therefore, the developed nanocomposite based sensors 

showed acceptable selectivity, reproducibility and stability.   

The practical possibility of each fabricated sensor was also examined by quantifying each of 

the four drugs in their respective commercial pharmaceutical formulations, using DPV via 

standard addition method. The percentage recoveries of PDN, SAL, TPN and TBS in their 

pharmaceutical samples were in the range of 94.5 %–99.6 %, 96 %-100.6 %, 99.4 %-102.9 %, 

93.0 %- 100.2 %, respectively. The successful electrochemical sensing of TPN, SAL, PDN and 

TBS in their pharmaceutical formulations using the fabricated sensors indicates that; these 

sensors offer promising applications in the quantitative analysis of drugs and other electro-

active analytes in diverse sample matrices. Low-level detection of these anti-asthma drugs with 

shorter analysis time is of high priority. Overall, the proposed method is simple, affordable, 

fast, has a high sensitivity and superior selectivity. 
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