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ABSTRACT 

The analysis of biomolecules and drugs has great importance in medical science and in the 

pharmaceutical industries. In both the cases accuracy is the main factor, which can affect the health 

of living mankind. From the previous literature, it has been concluded that small concentration of 

biomolecules and drugs is responsible to regulate the various biological activities. Any imbalance 

in their concentration can disturb the human physiological system, which leads to various serious 

diseases. Therefore, rapid, sensitive and highly selective methods are needed for the selective 

determination of biomolecules and drugs in clinical diagnosis and quantification of drugs in 

pharmaceutical analysis. Voltammetric sensors have many advantages in term of excellent 

sensitivity and selectivity for the determination of electro-active biomolecules, drugs, organic 

compounds and inorganic compounds. As a result of this, several unmodified and modified 

voltammetric sensors have been developed for the analysis of the trace amount of biologically 

significant biomolecules and drugs.  

In the present thesis, various voltammetric sensors have been fabricated, characterized and 

used for the determination of biomolecules and drugs. The fabrication, characterization, behavior, 

results and applications of these sensors are summarized into five chapters. 

The first chapter of the thesis is ―General Introduction‖. It describes important aspects of 

electrochemical, voltammetric techniques, conventional electrodes, types of surface modifiers and 

analytes of interest. This chapter also presents the methodology applied in the present studies. 

The second chapter describes the fabrication of unmodified and nanopalladium grained 

polymer nanocomposite based sensors for the sensitive determination of a biomolecule, Melatonin 

(MEL) in human biological samples and pharmaceutical samples. This chapter has been divided 

into two sections. In the first section, the unmodified glassy carbon sensor is employed for the 

determination of MEL using cyclic voltammetry (CV) and square wave voltammetry (SWV). 

Irreversible oxidation of MEL was found to proceed through an adsorption controlled pathway at 

the surface of glassy carbon. The quantitative estimation of MEL was performed using SWV in a 

linear concentration range of 5–200 μM with a sensitivity of 0.0491 μM/μA and a limit of 

detection of 0.3432 μM was observed. The proposed protocol was also applied for determining 

MEL content in pharmaceutical samples and recovery studies in human urine samples were also 



ii 
 

performed. The  observed results demonstrated a good agreement with the stated values. In the 

second section, the electrocatalytic properties of the palladium nanoparticles based polymer 

nanocomposite towards sensing of MEL are presented. The modification protocol involved a 

single step fabrication and was achieved using CV. The sensing surface was characterized using 

voltammetry, Field Emission Scanning Electron Microscopy (FE-SEM), Energy dispersive X-ray 

analysis (EDX) and Electron Impedance Spectroscopy (EIS). Quantitative estimation of MEL has 

also been carried out using SWV in the linear concentration range of 5–100 µM and sensitivity and 

limit of detection of 0.1235 µA/µM and 0.09 µM respectively have been achieved. The surface 

modified sensor exhibited almost 3 fold improvement in the sensing properties in comparison to 

the unmodified surface. The proposed method was also successfully extended for the 

determination of MEL in commercially available pharmaceutical formulations and human urine 

samples. 

The third chapter of the thesis presents the development of melamine based molecularly 

imprinted, palladium nanoparticles decorated multi-walled carbon nanotubes and silver 

nanoparticles decorated graphene nanorribon modified sensor for the determination of 

biomolecules. For the sake of clarity, this chapter has been divided into three sections. The first 

section, describes a sensitive and facile molecularly imprinted sensor for the determination of 8-

hydroxydeoxyguanosine (8-OHdG), an important oxidative DNA damage product. The 

molecularly imprinted polymer film was fabricated by electropolymerization of melamine in the 

presence of 8-OHdG, on glutaraldehyde/poly-1,5-diaminonaphthalene modified edge plane 

pyrolytic graphite (EPPG) surface. The imprinted sensor surface was characterized by using FE-

SEM, EIS, CV, SWV and UV-visible spectroscopy. The calibration response was linear over a 

concentration range of 0.020–3 µM for 8-OHdG with sensitivity and limit of detection (3σ/b) as 

10.59 µM/µA and 3 nM respectively. The common metabolites in urine, like uric acid, ascorbic 

acid, xanthine and hypoxanthine did not interfere up to 100-fold concentration. The imprinted 

sensor is also successfully employed for the determination of 8-OHdG in human urine sample of a 

renal failure patient. The second section, deals with the nano palladium decorated multi walled 

carbon nanotubes (PdNP:MWCNT) modified sensor for the determination of 5-

hydroxytryptophan, an important serotonin (5-HT) precursor. PdNP:MWCNT was synthesized in a 

simple single step, followed by the characterization using FE-SEM, EDX, Film-X-ray diffraction 

(XRD), EIS and voltammetry. The PdNP:MWCNT was then used for the surface modification of 
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glassy carbon electrode (GCE) and applied for the electrochemical analysis of 5-

hydroxytryptophan (5-HTP), a serotonin precursor. A significant increment in the peak current 

response was observed and peak potential also shifted towards less positive potentials indicating 

the facilitated oxidation process at PdNP:MWCNT/GCE. The quantitative determination of 5-HTP 

was carried out by using SWV and the anodic peak current was found to increase with increasing 

5-HTP concentration in the linear range of 2–400 μM with a sensitivity and limit of detection of 

0.2122 µA/µM and 77 nM respectively. The fabricated sensor further displayed excellent 

selectivity for 5-HTP in the presence of major interfering biomolecules in the urine with excellent 

recovery. The third section, of this chapter demonstrates the simple, rapid and sensitive 

voltammetric sensor for the determination of histamine (HTM); a neurotransmitter. The graphene 

nanoribbons were prepared by chemical method and silver nanoparticles (AgNPs) were prepared 

by the reduction of silver nitrate. The composite of graphene nanoribbons (GNRs) and AgNPs was 

drop casted on the surface of EPPG and the GNRs-AgNP exhibited superior catalytic activity 

towards the oxidation of HTM. To characterize the modified surface film-XRD, EDX, Raman 

Spectroscopy, Transmission Electron Microscopy (TEM), High Resolution Transmission Electron 

Microscopy (HRTEM), FE-SEM, EIS and CV have been used. The SWV has been used for the 

quantitative analysis of HTM and the GNRs-AgNP modified sensor demonstrated a linear 

calibration plot in the concentration range of 1–500 μM with sensitivity 0.158 μA/μM and the limit 

of the detection was found to be 0.049 µM. The GNRs-AgNPs sensor was highly selective in the 

presence of common interfering compounds present in biological fluids. The good recoveries (> 

99%) were found in blood plasma samples. The determination of HTM was carried out in red wine 

by using standard addition method and the results were validated by using HPLC. The proposed 

sensor can be effectively applied for the determination of HTM in real samples. 

The fourth chapter deals with the fabrication of a gold-palladium nanoparticles decorated 

electrochemically reduced graphene oxide (AuNP-PdNP-ErGO) modified glassy carbon sensor for 

the individual and simultaneous determination of lomefloxacin (LMF) and amoxicillin (AMX). A 

new sensing platform exploiting the beneficial interaction of gold, palladium and ErGO has been 

prepared involving a one-step electrochemical process, and is characterized using FE-SEM, 

Elemental Mapping, TEM, Raman Spectroscopy, film-XRD and EIS. The calibration curves for 

LMF and AMX have been constructed using square wave voltammetry and exhibited a linear 

response in the concentration range of 4–500 µM and 30–350 µM respectively. The sensitivity and 
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limit of detection were 0.0773 µA/µM and 81 nM; 0.0376 µA/µM and 9 µM for LMF and AMX 

respectively. The proposed protocol was successfully applied for detecting the presence of LMF 

and AMX in the complex matrix like urine and in the solutions containing excess of potentially 

interfering substances like ascorbic acid, uric acid, hypoxanthine etc. 

The fifth chapter is divided into two sections, first section describes a simple, facile and 

sensitive method for the fabrication of molecularly imprinted sensor for the determination of 

hydrochlorothiazide (HCTZ). The sensor is fabricated by the deposition of iron oxide nanoparticles 

followed by the electropolymerization of melamine monomer in the presence of HCTZ at the 

surface of EPPG. The surface of the imprinted sensor was characterized by using FE-SEM, EDX, 

EIS, film-XRD, CV and SWV. The oxidation of HCTZ occurred in a single, well-defined peak and 

the peak current was dependent on the concentration of HCTZ in the range 0.025–10 µM. The 

sensitivity and limit of detection (3σ/b) were found to be 2.342 µM/µA and 4 nM respectively. The 

proposed method was applied for the determination of HCTZ in the presence of common 

metabolites present in the human system. The obtained results indicated that uric acid, ascorbic 

acid, hypoxanthine and xanthine did not interfere up to 100 fold concentration. The imprinted 

sensor was successfully applied for the determination of HCTZ in real samples. The second 

section of this chapter deals with a simple, facile, selective and cost effective electrochemical 

method for the determination of telmisartan (TMS); a drug used for the treatment of hypertension. 

A sodium dodecyl sulfate (SDS) modified EPPG is prepared by the simple immersion of EPPG in 

SDS solution at concentration greater than critical micelle concentration (CMC). The modified 

sensor exhibited superior sensing properties towards the oxidation of TMS.  The modified surface 

was characterized by using the EDX, FE-SEM, EIS and CV. The quantitative investigations of the 

TMS were performed by applying the SWV. The micelles of SDS form a pseudo complex with 

cation radical of TMS and catalyse the oxidation. The proposed sensor showed the linear 

calibration plot in the concentration range of 5–100 μM with sensitivity 0.2983 μA/μM and limit of 

the detection 0.082 µM. The specificity of the developed sensor was also evaluated in the presence 

of commonly present interfering substances in biological samples. The amount of TMS excreted in 

urine of the patients undergoing treatment has also been determined. The proposed method can be 

effectively applied for the investigation of TMS in pharmaceutical formulations and biological 

samples. 

********** 
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1.1 ELECTROCHEMISTRY: AN OVERVIEW 

 The branch of science that employed with the relationship between electricity to 

chemical changes and with the interconversion of chemical and electrical energy or vice versa is 

known as electrochemistry. In other words, the science of the electrochemistry involves the study 

of the inter-relationship between chemical and electrical energy at the solution/electrode interface. 

Electrochemical reactions are chemical reactions in which electrons are transferred in between 

electrode and electro-active species (ionic conductor, such as electrolyte). Oxidation-reduction 

refers to electrochemical processes; occur via transfer of electrons in the substrate (molecules, 

atoms or ions) and causes change in oxidation state. Redox processes are involved in all living 

organisms for conversion of energy and substrate metabolism. In plants, solar energy (solar 

radiation) is converted into chemical energy and in human system metabolism of several natural 

substances (neurotransmitter, drugs and xenobiotic etc.) occurs by oxidation- reduction processes. 

The redox nature suggests that electrochemical methods can be effective tools to elucidate the 

kinetics, thermodynamics and mechanistic processes of biological redox reactions. Thus, 

electrochemical investigations provide the information about oxidation and reduction potential, 

pathway of reaction, reaction intermediate and mechanism of a reaction. Electrochemistry is 

playing an important role in a broad range of research and analytical areas including the dynamic 

applications in the field of organic and inorganic compounds, biological and biochemical research, 

energy conversion and storage, corrosion, pollution control, nano scale investigation, fuel cells and 

solar cells etc. Several electrochemical methods have been applied to investigate the oxidation or 

reduction of biologically significant compounds.  

The credit of first electrochemistry experiment goes to Luigi Galvani (1791) and stabilizes 

a bridge between chemical reaction and produced electricity by placing the metal pieces into frog‘s 

legs in his experiment. In the year 1800, Alessandro Volta invented the first battery, described as 

‗Voltaic Pile‘ and two new fields of study opened; they were chemical production of electricity 

and the effect of electricity on chemicals due to continous production of current in this experiment. 

Hydrogen and oxygen were successfully separated in water electrolysis by Johann Wilhelm Ritter 

and William Nicholson. Many more experiments and theories have been described by the scientists 

in this period, such as electroplating, thermo-electricity etc. to develop the electrochemistry. In 

1832, Michael Faraday describesd the two important fundamental laws of electrolysis, which were 

named as Faraday‘s law in electrochemistry and also defined some terms, frequently used in the 

electrochemistry, like anion, cation, anode, cathode, electrode and electrolyte. In the year 1888, 
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Nernst proposed the electromotive force theory of the voltaic cell and developed the method for 

the determination of dielectric constants. Nernst also constructed an equation, which was related to 

the voltage of the cells to its properties and is known as ―Nernst equation‖. In 1922, Czech chemist 

Jaroslav Heyrovsky performed his famous experiment on polarography and received the Nobel 

Prize in chemistry in 1959, for his excellent work and development of polarographic technique. 

The branch of the electrochemistry now known as voltammetry was developed from polarography. 

The advent of operational amplifiers in 1960‗s led to various improvements in all the fileds of 

instrument, methodology and theory of voltammetry. Electroanalytical techniques have ability to 

detect the extremely short-lived, reactive intermediate species formed during the electrode 

reactions [1-8].  

In recent years electrochemical sensors have been developed to very high level, which 

improved the sensitivity and expended the field of sensors for routine analysis of drugs, 

biomolecules and clinically relevant substances. Electrochemical sensors are based on the 

determination of electrical signal produced by electro-active species. The modern electrochemical 

strategies have better subtle platform for detection of redox reactions of biomolecules at an 

electrode. The biomolecules, like neurotransmitters, proteins, small molecules, genetic materials, 

amino acids, etc. are having prospective clinical importance [9]. Biomolecules have crucial 

importance for living beings to regulate the numerous biological activities in the human body. The 

analysis of these biomolecules is very important due to the increasing pathological imbalance in 

natural metabolites. Irregularities in biological functions and alteration in biomolecules 

concentration lead to several kinds of cancerous, metabolic and genetic diseases, which require a 

stable, accurate and highly sensitivity equipment for quick and specific detection [10]. The clinical 

diagnosis in laboratories is a time consuming process and expensive too. Hence, there is an 

increasing demand of simple, rapid and inexpensive techniques for the diagnosis of biological and 

clinically significant substances. Electrochemical sensors/biosensors are serving as an alternative 

tool for solving this problem due to their high sensitivity, selectivity, low-cost and rapid response 

time. Thus, the analytical techniques can be considered an important option for clinical and 

pharmaceutical analysis due to inexpensive analytical device, less complicated procedure and 

simplicity of operation [11-15]. The developed methods must be able to determine various 

compounds in the real samples with high sensitivity and accuracy. Electrochemical sensors are 

ideally suitable for the determination of trace amount of clinical and biological compounds [9-15]. 
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The major efforts during the present studies have been made to develop highly sensitive 

voltammetric sensors for the determination of biomolecules and drugs in biological fluids. 

1.2 ELECTROCHEMICAL TECHNIQUES 

Electroanalysis has applications in environmental, metal industry, and pharmaceutical 

industry. It has various advantages, including high sensitivity, low operating cost, ease of operation 

and high-speed analysis. The pulse techniques are widely used for the drug analysis and biological 

sample analysis these days. 

Voltammetry basically deals with the analysis and interpretation of current-voltage curves. 

In voltammetry, voltage-current-time relationship is recorded in an electrochemical cell, having 

three electrodes: reference electrode, working electrode and counter or auxiliary electrode 

(Fig.1.1). The transfer of electrons to substrate or vice-versa occurs at the working electrode. In 

practice, there is practically no flow of current through the reference electrode, which possesses a 

constant potential over the process, and calomel electrode and silver/silver chloride electrode are 

most frequently used in aqueous solution as reference electrodes. Third electrode, an auxiliary 

(counter) electrode made of an inert metal or carbon (graphite) is used to make a connection with 

electrolyte and almost 99% current flows between the working and auxiliary electrodes. A 

supporting electrolyte is used to ensure the conductivity of the medium or solution. The mass 

transport of the substrate to the working electrode surface and generation of current leads to the 

oxidation or reduction of an electroactive substance at a suitable applied potential at the working 

electrode [4,7, 16-18].  
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Fig. 1.1: Electrochemical cell setup commonly used in electroanalysis. 

1.2.1 Cyclic voltammetry  

 Cyclic voltammetry (CV) is an electroanalytical technique, which is widely used in many 

areas of chemistry. This technique is rarely applied for quantitative determination, but commonly 

used for examination of redox processes, electron transfer kinetics, stability of reaction products, 

reversibility of the reaction, investigation of reaction products and understand the reaction 

intermediates. In CV, applied potential is varied in forward and reverse directions and resulting 

current is monitored at certain scan rate. The initial scan can be in the negative or positive  

direction and reaching at switching potential, the direction of the scan would be reversed. In CV 

experiment, the potential waveform is applied at the working electrode, excitation signal is a linear 

potential scan swept between two values of electrode potential, from an initial potential value (Ei) 

to a final potential value (Ef) in one direction and then reversed back to the initial potential. The 

potential at which the direction is reversed is known as switching potential (Fig.1.2A). The current 

response vs. potential plot is referred as the cyclic voltammogram (Fig.1.2B), from which 

important information regarding cathodic and anodic peak potentials (Epa, Epc) and peak current 

(ipa, ipc) respectively, can be acquired. Based on the requirement of analysis, a partial cycle, a full 

single cycle or a series of cycles can be executed [3-4,7, 16-20].   
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Fig. 1.2: (A) Typical triangular potential-excitation signal in cyclic voltammetry (B) A typical 

cyclic voltammogram for reversible redox process. 

In a reversible process, the number of electrons in the electrochemical reaction can be 

evaluated by using the difference in anodic potential ‗Epa
‘
 and cathodic potential ‗Epc‘  

ΔEp = [Epa - Epc] = 2.303RT/nF = 0.059/n 

where, n is the number of electrons, F is Faraday constant (96485 C), T is the absolute temperature 

(298 K) and R is the universal gas constant (8.314 J mol
-1

 K
-1

). Thus, for an electrochemically 

reversible one electron event the difference between the two peak potentials is about 59 mV at 25 

o
C. The peak to peak separation for a two-electron transfer will be 29.5 mV instead of 59 mV and 

the process is reversible. A process is named as electrochemically irreversible, when the electron 

transfer process at electrode surface is slower than mass transport [21].  

In voltammetry, for an electrochemical reversible process the quantitative information can 

be described by the Randles-Sevcik equation (at 25ºC):  

ip = (268600) n
3/2

 A C D
1/2

 v
1/2 

where, ip is the peak current in ampere, A is the electrode surface area (cm
2
), n is the number of 

electrons transferred in redox event, D is the diffusion coefficients of analyte (cm
2
/s), C is the 

concentration of analyte (mol/L) and v is the scan rate (V/s). According to this relation, ip is 

proportional to the square root of scan rate (v
1/2

) and concentration. This technique enables to study 

the reducible or oxidizable species in the wide potential window even at a high scan rate. However, 

for quantitative analysis more sensitive pulse techniques (square wave voltammetry, differential 
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pulse voltammetry etc.) are used, which enhance the sensitivity by minimizing charging current 

[21-23]. 

 

1.2.2 Square wave voltammetry  

 In 1957, square wave polarography and its applications are reported by C.G. Barker. Later 

a staircase waveform was combined with a square wave and the technique was named as square 

wave voltammetry (SWV). Modern, SWV is developed from the Barker square wave polarography 

[24-28]. SWV technique is much faster than the normal and differential pulse technique and can 

use up to 1 V/s or higher, permitting much faster analysis [29]. The improvements in analog and 

digital electronics have made it possible to complete the experiment in few seconds using SWV. 

This technique contains a symmetrical square wave pulse of constant amplitude, which is 

superimposed on a base staircase waveform. The current is sampled twice for each cycle, first at 

the end of the first pulse, known as forward current (if) in the direction of staircase scan and second 

at the end of the second pulse, known as reverse current (ir) as shown in Fig.1.3.  

 

Fig. 1.3 Potential wave form commonly used for square-wave voltammetry 
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Fig. 1.4: Epsilon EC-USB system used for electrochemical studies 

The resulting current, difference of forward and reverse current (if –ir) is plotted against the 

staircase potential. The peak height or current is directly related to the concentration of analytes 

(electroactive substance). SWV is one of the superior electroanalytical techniques of the family of 

pulse techniques in term of excellent sensitivity. Thus, it is commonly used for the quantification 

of various compounds, such as biomolecules, antioxidants, environmental pollutants and 

medications, etc. The advantages of SWV are its speed to perform the experiments and low 

background currents. In recent years, the application of SWV has increased drastically due to its 

feasibility and has replaced highly expensive, sophisticated, lengthy and time consuming 

chromatographic and spectroscopic techniques in various studies. Thus, SWV has found various 

applications in different fields, including detection of substances at trace level, study of the 

electrode kinetics with regard to preceding, following, or catalytic homogeneous chemical 

reactions [2,7, 30-32]. SWV has been used for the quantification of vitamins, proteins, phenols, 

pesticides, fungicides and herbicides, terpenoids, alkaloids, metal traces and drugs [30-32]. In the 

present studies, the electrochemical studies of several biomolecules and drugs have been carried 

out using SWV. 
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1.3 WORKING ELECTRODS  

The first electrochemical sensor invented by Max Cremer in 1906, was named as glass 

electrode [8, 15].  The modern concept of electrochemistry for the determination of biologically 

important molecules using sensors has attracted attention after the invention of the very first 

glucose electrochemical biosensor by Clark and Lyons in 1962, based on enzyme glucose oxidase 

[8, 11]. Electrochemical sensors have high performance, low cost, simple to operate and portable 

in comparison to conventional analytical techniques. Electrochemical sensors are widely used 

these days as they possess high sensitivity, precision and accuracy, larger linear dynamic range and 

comparatively low-cost instrumentation. 

Working electrode is defined as a platform at which reaction of interest is carried out, and 

response and change in signal are investigated. Different electrode materials behave differently 

with electro-active compounds. Hence, the study of the material is very important to know the 

surface morphology and chemistry of materials. The material of electrode is responsible for the 

redox reaction to occur or not at an electrode interface. Electrochemical reactions proceed through 

the exchange of electrons at the electrode-electrolyte interface. Thus, the chemical, physical and 

electronic properties of the electrode material are of prime importance. The effectiveness of the 

electrode towards the redox system also depends upon the material of electrode. Therefore, the 

choice of the working electrode material plays a crucial role to enhance the reproducibility and 

sensitivity of the electrode. The ideal working electrode should possess properties, such as fast rate 

of electron transfer, reproducible and low background for the entire potential range for the target 

analyte.  

Some important feature of an ideal electrode are : 

 Easy availability and cost effectiveness 

 Renewable and reproducible surface  

 Wide potential window and low residual current 

 Resistance to chemical attack 

 Fast electron transfer rate  

 Long term stability and easy to handle 

 Easy to fabricate  
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If a working electrode is having low charge carrier mobility (i.e. weak electronic properties), the 

flow of the current response will be limited. Generally the working electrodes are made up of 

carbon based materials, but some other materials also have been considered for the construction of 

the electrode. Typical electrode materials are the carbon based electrodes (glassy carbon, diamond 

film, carbon paste, pyrolytic graphite, carbon fibers, nanotubes etc.), semiconductor electrode 

(ITO; Indium tin oxide, Si), metal electrodes (Au, Pt, Ag, Cu, Ni etc.) and liquid electrodes (Hg, 

amalgam etc.). A variety of mercury based electrodes, such as hanging mercury drop electrode 

(HMDE), mercury film electrode and dropping mercury electrode (DME) have also been used. 

HMDE and DME have been extensively applied for the investigation of inorganic and organic 

electro-active substances due to reliability, simplicity and easily renewable surface. However, due 

to serious problems associated with the use of mercury, such as contamination, risk of potent 

poisoning and disposal of the used mercury, it has been completely banned/restricted in many 

developed and developing countries [3-4, 33-38]. Carbon based electrodes are widespread in 

electroanalysis because of their low cost, low background current, broad potential window, rich 

surface chemistry, chemical inertness and suitability for countless detection and sensing 

applications [3]. In the present studies, pyrolytic graphite and glassy carbon sensors have been 

used for the analysis of analytes.  

 

1.3.1 Pyrolytic graphite electrode 

 Pyrolytic graphite is an ultra-pure form of graphite and is manufactured by decomposition 

of a hydrocarbon gas at very high temperature (more than ~2500 
o
K) in a vacuum furnace. Highly 

oriented pyrolytic graphite (HOPG) is the result of annealing of pyrolytic graphite under 

compressive stress at ~3300 
o
K and it is highly pure form of pyrolytic graphite. The pyrolytic 

graphite is extremely anisotropic in nature and a polycrystalline form of graphite. The material is 

characterized by anisotropic of thermal, mechanical and electrical properties and based on these 

properties two types of pyrolytic graphite surfaces are formed. One is basal plane pyrolytic 

graphite and other is edge plane pyrolytic graphite. The basal plane pyrolytic graphite contains 

layers of graphite that lie parallel to the surface and with ~3.35 Å inter-layer spacing. The other is 

edge plane pyrolytic graphite, which consists of perpendicular graphite layers to the surface of the 

disc and the defect occurs due to these steps (Fig. 1.5). The high electrochemical activity of the 

edge plane is assigned to the step edges. 
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Fig.1.5 Schematic representation of pyrolytic graphite electrode 

 

Fig. 1.6 Pyrolytic graphite electrodes used for voltammetric analysis in the present studies 

 

The edge plane and basal plane pyrolytic graphite demonstrate different electrochemical properties 

and different electron transfer kinetics due to the nature of the chemical binding in graphite. For 

electrochemistry, edge plane pyrolytic graphite (EPPG) in general exhibits more reactivity in 

comparison to the basal plane pyrolytic graphite (BPPG) towards the electro-catalytic activity, 

adsorption and electron transfer reactions. The reactivity of EPPG is assigned to the larger surface 

area, high capacitance, high electronic density, surface roughness, high adsorption sites and larger 
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functional groups. Moreover, EPPG also exhibits low background currents and wide potential 

window. The EPPG has been used for the electrochemical investigations of various electro-active 

compounds, such as neurotransmitters, steroids, nucleic acid, DNA damage, NADH oxidation, 

glucose, myoglobin, hemoglobin etc., that demonstrate the low background currents and wide 

potential window [4, 39-51]. In the present investigation, basal plane and edge plane electrodes 

were prepared in the laboratory and are depicted in Fig. 1.6. 

 

1.3.2 Glassy carbon electrode 

 The credit of preparing glassy carbon goes to Yamada and Sato [52], by using phenolic 

resin as the starting material. Glassy carbon was prepared under controlled heating of polymeric 

(phenol-formaldehyde) resin in an inert atmosphere. The carbonization process starts at 300 
o
C to 

1200 
o
C to ensure the elimination of non-carbon atoms like nitrogen and oxygen (300–500 

o
C) and 

hydrogen (500–1200 
o
C) and the process gives a product known as glassy carbon. The resultant 

product has high resistance to chemical attack (alkali and strong acid) and holds isotropic 

properties and possess thin, interwoven ribbons like structure (Fig.1.7).  

 

Fig.1.7 Schematic structural representation of glassy carbon interwoven ribbon stacks 

Glassy carbon is very hard as compared to graphite and also has extremely low permeability to 

liquids or gases. It is obtained in various forms, like rods, disk and plates. The glassy carbon 

electrode (GCE) has been extensively used in the voltammetric sensing (Fig.1.8) due to its low 

residual current in aqueous medium and aqueous-micellar medium in the potential range - 1V to + 

1V. Some important factors, which can affect the electron-transfer kinetics at the electrode 



Chapter 1 

 

12 
 

interface are microstructure, surface roughness, and cleanliness and surface functional groups. 

GCE has characteristic properties, such as good electrical conductivity, excellent mechanical 

properties, extremely low porosity, wide potential window and reproducibility. It is widely used 

for the determination of various drugs and biologically important compounds, such as uric acid, 

glucose, ascorbic acid, neurotransmitters, steroids, nucleosides, biogenic amines, NADH oxidation, 

etc. [52-65]. 

 

Fig.1.8 Commercially available glassy carbon electrodes 

1.4 SURFACE MODIFICATION 

 The turn of the last decade has seen an extraordinary growth in the area of nanotechnology. 

Various potential applications of nano materials in the area of electrochemistry have also been 

reported. The realm of nanotechnology is referred as analysis, manufacturing, use in nano devices 

and nano-structures. These new materials and devices lead to various technological and 

commercial applications, in medicine, bioencapsulation, drug delivery, biomaterials energy 

production, analytical chemistry, mechanical, optical and electronic devices etc. Nanotechnology is 

involved to accelerate and excite the field of activity, used for creation and manipulation of 

materials with structural properties on atom, bulk material and molecular scale. Normally, nano-

materials are having a size in between 1–100 nm scale and in chemistry these are related to 

micelles, polymer molecules, colloids, phase-separated regions in block copolymers and polymer 

nano-composite [66-70]. The main advantages of the nanomaterials are that they help to attain the 

larger surface to volume ratio, shape, physicochemical properties of compositions and binding 

characteristics. The shapes, sizes, dimension, porosity and surface area of nanomaterials makes 
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them highly interesting material and suitable for catalysis, energy storage and conversion, gas 

storage and chemical and biosensing and related applications [71-72]. Applications of 

nanomaterials in electrochemical sensing allow many new signal transducers methodologies in 

their fabrications. The use of nanomaterials in electroanalysis has revolutionized the fields of 

biological and chemical sensing due to their unique size, shape and compositions. The 

nanomaterials have been classified as nanotubes, nanowires, nanoparticles, graphene, quantum 

dots, graphene nanoribbons, nano-silica, magnetic nanoparticles, conjugated polymer 

nanocomposite, and nanostructured and nano-channels surfaces [73-76]. 

Surface modification is used to improve the surface properties of electrode, such as 

electrical, mechanical and physical properties and also to facilitate the electrochemical reaction at 

the electrode interface. In order to achieve the highly sensitive and selective working surface, 

chemical modification is carried out by using various methods. The main aim of the surface 

modification is to develop the specific properties, which are not naturally found in substrates and 

thus desired functional groups are incorporated to the working surface by using surface modifiers, 

like conducting polymers, enzymes, nanomaterials, chemical substance, biological recognition 

elements etc. The modified film on the working surface can be prepared by using several methods, 

such as adsorption, spin coating, electrochemical deposition, covalent attachment, entrapment (gel 

or paste or polymer), microencapsulations, cross-linking etc. [78-82]. Adsorption method is the 

simplest method to modify the surface by simple dorp casting. The use of surface modified sensors 

has been found extremely sensitive and selective for the analysis of electro-active compounds.  

 

1.4.1 Graphene 

 Graphene is an important allotrope of carbon, and was discovered by A.K. Geim and K.S. 

Novoselov in the year 2004, and is considered an excellent electronic material. Graphene is a 

monoatomic two dimensional (2D) graphite sheet of sp
2
-bonded carbon atoms with a honeycomb 

like network as shown in Fig. 1.9. It is involved to form the other carbon allotropes by 

modification of their structure, conformation, like rolled to form one dimensional (1D) nanotubes, 

stacked sheet to form three dimensional (3D) graphite and wrapped to form zero dimensional (0D) 

fullerenes. Graphene is having extraordinary thermal, electronic and mechanical properties due to 

long-term π-conjugation. Graphene has many advantages, such as high carrier mobility, high 

surface area, 2D morphology, excellent thermal conductivity, electrical conductivity, potential 

biocompatibility and extraordinary behavior towards the metals, π-conjugated system and with 
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other materials. These properties of graphene generated titanic growth in the possible 

implementation of graphene in electronic devices, gas sensors, super capacitors, batteries, fuel cell, 

electrochemical sensors and biosensors, energy storage, drug delivery, photonic devices and 

numerous biomedical applications. Several methods have been implemented to prepare the 

graphene  including, reduction of graphene oxide, mechanical exfoliation, chemical vapor 

deposition, thermal decomposition of graphite oxide, chemical exfoliation and cleavage, epitaxial 

growth, thermal decomposition of SiC and unzipping of carbon nanotubes [83-85]. Graphene oxide 

is an oxidized form of graphene and highly oxygen functional groups present in it makes it easier 

and compatible with various nanoparticles, polymers and solvent. The biocompatibility of 

graphene permitted the immobilization of enzyme, proteins, DNA and other biological recognition 

elements. It is reported that by using the graphene and graphene related materials with metal 

nanoparticles and polymers leads to specific and sensitive determination of drugs and biomolecules 

using electrochemical sensors [66, 86-89]. 

 

Fig.1.9: Structure representation of graphene sheet 

1.4.2 Carbon nanotubes 

 Carbon nanotubes (CNTs) can be classified into two groups as single-walled carbon 

nanotubes and multi-walled carbon nanotubes based on their specific structural features and 

properties (Fig. 1.10). In 1991, Sumio Iijima synthesized multi-walled carbon nanotubes 

(MWCNT) with inner diameter ~4 nm. Later in 1993, D.S. Bethune of IBM and Sumio Iijima of 

NEC, Corporation independently synthesized the single walled carbon nanotubes (SWCNTs). The 

individual SWCNTs tubes contain a very small diameter of around 1 nm. SWCNTs have only one 

rolled graphene sheet with diameters range 0.4–4 nm. These are hollow cylindrical molecules 
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formed with carbon atoms with unique 1D structure. CNTs contain length in nano, micro, or even 

millimeter-scale and diameters in nanometer-scale. The basic building block of carbon nanotubes 

is long-term cylindrical and monoatomic thick wall nanostructure of the carbon and rolled form of 

graphene sheets. To synthesize the CNTs, various methods have been utilized, but most common 

methods are chemical vapor deposition (CVD), arc discharge, flame synthesis and laser ablation. 

In the last two decades carbon nanotubes have attracted a lot of attention of chemists, physicists, 

electronic device engineers and material scientists because of their exceptional properties. These 

cylindrical nanostructure molecules have exceptional electronic, chemical, optical, and mechanical 

properties. Characteristic of carbon nanotubes (CNTs) including electrical, chemical, physical and 

high thermal properties makes them suitable for potential applications, such as electrochemical 

sensing, fuel cells, atomic force microscopy probes, drug carriers, microelectrodes, electronics 

(semiconductor material) and adsorbents for removal of pollutant from waste water.  

 

Fig. 1.10: A typical representation of single and multi-walled carbon nanotubes 

 

Pristine CNTs are hydrophobic in nature and can be modified by using surfactants to disperse the 

nanotubes. In order to introduce more dispersible properties in the nanotubes functionalization is 

required. The various organic moieties or functional groups can be easily added to the sidewalls of 

CNTs for their specific applications [90-97].  

 

1.4.3 Metal nanoparticles 

 Metal particles at nano-scale are especially interesting due to the simplicity with which 

they can be synthesized chemically. Various approaches have been suggested to synthesize the 
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nanoparticles over the last few decades. In many methods, the main objective of nanoparticle 

synthesis was to control the particle morphology; to control and minimize the particle size; to hold 

in the crystallinity and to preserve the narrow size distribution [98-100]. The variation in size, 

shape and crystal structure of particles leads to different chemical and physical properties to metal 

nanoparticles. Metal nanoparticles are having dynamic medical, biomedical and pharmaceutical 

applications in the fields of gene delivery, drug delivery, biomarker mapping, targeted cancer 

remedy and molecular imaging. Since the initial development of nanotechnology, the main 

challenge is to develop the simple, high yield and low cost methods for the synthesis of 

nanoparticles. Different bottom-up and top-down methods have been proposed for the preparation 

of metal nanoparticles, such as sol-gel process, sonochemical methods, nanosphere lithography, 

mechanical milling, photochemical, chemical, electrochemical, templating, photolithography, 

thermal reduction, biogenic synthesis, laser ablation and lithography strategies. Several metallic 

and semiconductor nanoparticles, such as palladium, silver, cobalt, gold, copper, platinum, iron, 

zinc, cadmium and some of their metal oxides have been prepared [101-104]. The metallic 

nanoparticles have been used to develop sensors, biosensors, gas sensors, and electrochemical 

sensors for sensing of organic and inorganic compounds with high sensitivity (Fig. 1.11). Due to 

their chemical stability, high conductivity and excellent catalytically activity nanoparticles have 

found applications in medical science, molecular diagnostics, medical imaging, probing of DNA 

structure, gene and drug delivery, treatment of cancer etc. Some other important applications of 

nanoparticles are in the cancer diagnostics (metal nanoparticles, magnetics nanoparticles), 

antibacterial creams (Ag), biolabeling and detection (Ag, Au quantum dots) and MRI contrast 

agents (Fe3O4, Fe2O3) [105-116]. In the present studies palladium, gold, silver and iron oxide 

nanoparticles have been prepared and used for the fabrication of sensors for the sensitive and 

selective analysis of biomolecules and drugs.  
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Fig. 1.11 Types of metal nanoparticles and their applications in biotechnology 

1.4.4 Conducting polymers 

 Conducting polymers are a special class of organic polymers, which conduct electricity and 

conceived as ―synthetic metals‖ by various researchers. In 1997, the first conducting polymer is 

introduced by H. Shirakawa, A.J.M. Diarmid and A.J. Heeger, who were awarded the noble prize 

in the year 2000 for their development and discovery of conducting polyacetylene. Conducting 

polymers are also known as promising materials due to the presence of excellent electronics, 

optical and magnetic properties, like semiconductors and metals. The unusual electronic properties 

of conducting polymers, such as high electron affinity, electrical conductivity, biocompatible 

nature, low ionization potential, and low energy optical transitions are attributed to the π-electron 

backbone. The conducting polymers have π-conjugation system in the polymer chain (i.e. 

alternative single and double bonds) and their conductivity is due to the delocalization of π-

electron system over the polymeric backbone. The inter-chain and intra-chain interaction, 

conjugated length, and degree of crystallinity most effectively influence their physical properties. 

Conducting polymers have various advantages, including low density, chemical diversity, 

flexibility, corrosion resistance, tunable conductivity, controllable morphology and shape. 

However, these properties are not completely compatible with semiconductors and metals. 
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Therefore, properties of conducting polymers have also been enhanced by mixing them with other 

materials, to overcome their inherent boundaries in terms of conductivity, stability, and solubility. 

The excellent properties of conducting polymer nanocomposites led to important applications in 

chemical sensors, bio-sensors, energy storage devices, nanoelectronics devices, catalysis or 

electro-catalysis, microwave absorption, ER fluid, EMI shielding, and biomedical research 

(Fig.1.12). 

 

Fig. 1.12 Properties and applications of conducting polymers 

In the last few decades, thousands of articles related to conducting polymers including 

polydiaminonapthalene, polypyrrole, polymelamine, polyindole, polythiophene, poly(4-amino-3-

hydroxy-1-naphthalenesulfonic acid, polyfluorine, poly(3,4-ethylenedioxythiophene), 

polycarbazole and their composites with nanomaterials have appeared and voltammetric sensors 

based on them have been developed. The structure of some common conducting polymers is 

presented in Fig.1.13. The conducting polymers are generally synthesized by the electrochemical 

or chemical polymerization method. Chemical polymerization provides different routes to prepare 



General Introduction 

 

19 
 

the polymers, such as condensation or addition polymerization. The electropolymerization and 

some physical methods, like mechanical stretching and electro-spinning can be applied to 

synthesize the polymer nanofibers. The electropolymerization is a simple and a single step method 

for the synthesis of the thin film of conducting polymer on the sensor surface. The 

electropolymerization of polymer on the surface of sensors is not only simple but can also be used 

to control the morphology and thickness of the film. Thus, electropolymerization method is 

generally applied for the fabrication of conducting polymer and polymer nanocomposite based 

sensors/biosensors [117-125]. In the present dissertation, conducting polymer nanocomposites 

have been used for the modification of surface of the sensors for the sensitive determination of 

drugs and biomolecules. 
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Fig. 1.13: Structure of some commonly used conducting polymers 
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1.4.5 Molecularly imprinted polymer 

 Molecularly imprinting technique is an approach to generate the artificial recognizing 

binding sites on a polymer having specific affinity for a substrate. Molecularly imprinted polymer 

is prepared by polymerizing the suitable monomer with template molecules. The recognized sites 

are specific and selective for the target analytes. The covalent or non-covalent bonds are formed in 

between functional groups of polymers and template molecules. Generally, two steps are involved 

in the synthesis of the molecularly imprinted sensor. In the first step, the formation of complex or 

polymerization with monomer and template molecules takes place, and in the second step the 

removal of template molecules, which leave behind the recognized sites of the template molecule 

in polymer matrix (Fig.1.14). The developed recognized/binding sites are highly selective for the 

target analytes. The molecularly imprinted polymers are currently gaining high attention, in 

organic synthesis due to their easy accessibility, stability, high specificity, and low cost.  

 

Fig. 1.14: Representation of synthesis of molecularly imprinted polymer  

In comparison to natural receptor, molecularly imprinting method has various significant features, 

like robustness, low cost, long term stability and high binding sites. Recently, the nanocomposite 

hybrid and core-shell nanoparticles conducting polymers based molecularly imprinted sensors have 

been developed. The molecularly imprinting technique is promising and versatile and may be used 

to distinguish both chemical and biological molecules, such as nucleotide derivatives, drugs, amino 

acids and proteins, food and pollutants [126-129]. The molecularly imprinted methods have also 

been applied in drug delivery, separation sciences and purification, catalysis, sensor technology, 
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nanotechnology, biological antibodies and biological receptors etc. The molecularly imprinted 

electrochemical sensor has several advantages, such as high sensitivity, low detection limit, high 

selectivity, highly reproducible, ease to renewal and lower cost [130-135]. In recent years, 

molecularly imprinting technique has also gained interest in the industries. An attempt has been 

made to prepare molecularly imprinted sensor in the present dissertation for the determination of 

biomolecules and drugs. 

 

1.5 ANALYTES OF INTEREST 

In the present studies, two groups of analytes are selected for the determination. First is the 

biomolecules and second is drugs. Biomolecules are the fundamental substance of the all living 

beings and are essential to regulate the biological processes. The small concentration of the 

biomolecules plays a crucial role in maintaining various biological activities in the human system. 

The imbalance of their concentration level leads to numerous pathological disorders, physical and 

mental illness, and degenerative diseases. Thus, the investigation of concentration of biomolecules 

is highly desirable for clinical and biological applications. The pharmaceutical drugs are prescribed 

to cure or to prevent the symptoms of disease or medical condition in a controlled way. The 

overdose of the drugs causes various abnormalities and unwanted side effects in the human body. 

Thus, selective and highly sensitive methods are required for the detection of biomolecules and 

drugs in biological fluids and pharmaceutical formulations. 

  

1.5.1 Biomolecules  

 Neurotransmitters are endogenous brain chemicals, which allow the signal from one neuron 

to the next neuron through chemical synapses. Melatonin is a neurohormone, well known for 

regulating the sleep-wake cycles (circadian rhythm) and produced by the pineal gland. In 

physiological conditions, the concentration of melatonin in plasma is low at light and becomes 

high at dark. The disruption due to the regular exposure of light in the night, the internal body 

clock restricts the secretion of melatonin in body and causes several sleep-wake related disorders. 

Melatonin plays an important role in the regulation of mood, immunologic functions, dreaming, 

sexual maturation and reproduction etc. It also has potent antioxidant effect, immunomodulation 

effect in cancer therapy and act as an anti-inflammatory agent [136-139]. Thus, melatonin has 

significant effect in clinical and biological diagnosis and is a subject of an intensive research. 

Hence, an electrochemical method is applied for the sensitive and selective determination of 
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melatonin in biological fluids and pharmaceutical formulations by using the polymer 

nanocomposite modified and unmodified glassy carbon electrodes. It is believed that the results 

will provide a new platform for biomedical research and quality control of pharmaceutical 

formulations having melatonin. 

   

 8-Hydroxydeoxyguanosine (8-OHdG) is a product of deoxyguanosine in DNA under the 

oxidative conditions. 8-OHdG in peripheral blood leukocytes is related to cancer and mutation risk 

and its level in urine is associated with total DNA damage due to the long term oxidative stress. 8-

OHdG has been considered as biomarker for gastric cancer, malignant teratoma, brain tumor, 

breast cancer, pancreatic cancer, colorectal cancer and lung cancer [140-141]. The quantification 

and identification of 8-OHdG with accuracy is very important to understand its repair, mechanism 

of formation and biological significance. Therefor, determination of 8-OHdG contributes to the 

fast, simple, sensitive and selective method to analyze its concentration in biological samples, like 

plasma and urine samples. Thus, a polymer nano-composite based molecularly imprinted sensor 

has been fabricated on pyrolytic graphite surface for the selective and sensitive detection of 8-

OHdG. It is believed that the developed sensor will be helpful for the analysis of 8-OHdG in real 

samples with accuracy.  

5-Hydroxy-L-tryptophan is a naturally occurring amino acid and a chemical precursor in 

the biosynthesis of neurotransmitter, serotonin. 5-Hydroxy-L-tryptophan has been considered as a 

dietary supplement in various developed countries and used as an appetite suppressant, 

antidepressant and for the treatment of insomnia [142]. It is reported that on administration of 5-

hydroxy-L-tryptophan, the concentration of serotonin increases, which is responsible for protecting 

the immune system and support health during the first week of the life of a new born baby [143]. It 

also plays an important role in regulating the physiological processes in the central nervous 

system. Therefore, voltammetric sensor has been developed for the sensitive determination of 5-



Chapter 1 

 

24 
 

hydroxy-L-tryptophan in biological fluids. The voltammetric sensor was prepared by using 

palladium nano particles decorated multi-walled carbon nanotubes modified glassy carbon surface 

for the effective analysis of this analyte. It is believed that the developed method will be helpful in 

determining 5-hydroxy-L-tryptophan in biological fluids. 

 Histamine is a neurotransmitter for brain, uterus and spinal cord and is also involved in 

regulating the physiological functions in the gut. It is involved as a mediator of itching and 

inflammatory response. Fermented foods and protein rich foods contain high concentration of 

histamine, like wine, beer, processed meat, cheese and fish. Low concentration of histamine in 

foodstuffs is not considered a serious health risk, but high level in histamine-rich foods or drugs or 

alcohol may cause serious allergy-like reactions, headache, urticaria, diarrhea, hypertension and 

other effects due to the intolerance of histamine. In human body, it acts as an important mediator to 

regulate the various pathological and physiological processes, such as neurotransmission and 

several brain functions, to regulate the gastrointestinal and circulatory functions [144-146]. 

Therefore, a silver nano-particle decorated graphene nano ribbon based sensor is developed for the 

determination of histamine in red wine and plasma samples. 
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1.5.2 Drugs  

 Antibiotics are a class of drugs, which revolutionized the medical science in the 20
th

 

century. These are most frequently suggested to prevent or treatment of bacterial infections. These 

drugs may either kill or prevent the growth of bacteria. Lomefloxacin (LMF) is a second 

generation fluoroquinolone antibiotic, used for the treatment of several bacterial infections, 

including urinary tract infections, bronchitis, sexually transmitted diseases, skin infections and 

prostatitis. It is also used topically in ear and eye drops to inhibit the bacterial conjunctivitis and 

treatment of otitis media and externa [147-148]. LMF has broad range antibacterial activity against 

a larger range of gram positive and gram negative bacteria. Moreover, it is likewise associated with 

some serious side effects due to overdoses, such as phototoxicity, headache, diarrhea, insomnia 

and vomiting. Therefore, its various biological effects attracted great attention in developing a 

method for the determination of LMF in pharmaceutical formulation and biological samples. 

Amoxicillin (AMX) is a third generation aminopencillin family antibiotics and is used for 

treatment of numerous bacterial infections, such as bronchitis, gonorrhea, pneumonia, nose, ears, 

throat, skin and urinary tract infections [149-150]. 

  

These antibiotics can cause severe allergic reactions including swelling of mouth, face, lips and 

numbness in the feet or hand etc. The combination of LMF and AMX has been used in many 

diseases and found effective in patients with chlamydia trachomatis infections. As drug-drug 

interaction has been found harmful in elderly patients an attempt has been made for the 

simultaneous determination of LMF and AMX in pharmaceutical formulations and biological 

samples. 

Antihypertensive drugs belong to a class of drugs, which are useful for the treatment of 

high blood pressure (hypertension). Antihypertensive therapy is used to reduce the complications 
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of hypertension, like myocardial infarction and stroke [151]. Several drugs are used for the 

treatment of hypertension and different antihypertensive drugs behave differently to lower the 

blood pressure. Among most significant antihypertensive drugs are, thiazide diuretics, beta 

blockers, and calcium channel and angiotensin II receptor antagonists. Hydrochlorothiazide and 

Telmisartan both are antihypertensive drugs and used for treatment of hypertension and to 

regulate the blood pressure [152]. The main aim of the treatment is to prevent the endpoints of 

hypertension, like stroke, heart failure and heart attack. Hydrochlorothiazide drug is a diuretic 

medication and works by causing to make more urine. It decreases extra body fluid in the body, 

which is caused by the diseases of heart, kidney or liver. It is used alone or in the combination with 

other medicines to effectively treat the hypertension. The polymer nanocomposite based 

molecularly imprinted sensor was fabricated for the determination of hydrochlorothiazide in the 

urine samples and pharmaceutical formulations in the present studies. Telmisartan is an 

angiotensin II receptor antagonist also widely prescribed to prevent the hypertension. A dose of 20 

to 160 mg telmisartan has been found to decrease the systolic and diastolic blood pressure by 10 to 

15 mm Hg respectively [151-157].  

 

In many cases a combination of telmisartan with hydrochlorothiazide is prescribed (40 mg 

telmisartan and 12.5 mg hydrochlorothiazide) to control the blood pressure. In the view of the 

importance of these medicines, a sodium dodecyl sulfate modified pyrolytic graphite sensor has 

been suggested in the present studies for sensitive and exact determination of telmisartan in real 

samples, like pharmaceutical formulations and urine samples. The approach to determine the 

hydrochlorothiazide and telmisartan will be useful in the quality control in the pharmaceutical 

industries and will also be helpful in their analysis in biological samples. 
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1.6 THESIS LAYOUT 

For clear understanding of the results of present studies the thesis has been divided into five 

chapters and they are systematically arranged in the dissertation as follows: 

Chapter 1: General Introduction. 

Chapter 2: Voltammetric sensors for the determination of melatonin.  

Chapter 3: Highly sensitive sensors for the determination of biomolecules.  

Chapter 4: Au-PdNPs-rGO modified  sensor for simultaneous determination of Lomefloxacin and 

Amoxicillin. 

Chapter 5: Sensors for the determination of antihypertensive drugs. 
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2.1 INTRODUCTION 

Melatonin (MEL) is a methoxyindole hormone secreted by the mammalian pineal gland 

present in the brain [1], which plays a crucial role in regulating the sleep-wake cycle and biological 

circadian rhythm [2]. In biological systems, it is synthesized by tryptophan via serotonin following 

a pathway catalyzed by two enzymes named arylalkylamine N-acetyltransferase and 

acetylserotonin-O-methyltransferase [3-5]. Besides regulating the biological clock, MEL also acts 

as a potent antioxidant and anti-inflammatory agent due to its propensity to scavenge free radicals, 

specifically radical oxygen and nitrogen species [1,6-9]. The pineal hormone, MEL, is associated 

with mood regulation, sleep efficiency, dreaming, immunologic functions, retinal physiology, 

seasonal affective disorder, sexual maturation, reproduction [6,10-11] and is an effective 

antioxidant and anti-inflammatory agent. MEL is known to be a very effective free radical 

scavenger, which has the ability to protect tissues from the reactive oxygen and nitrogen species 

[12-13]. In medical sciences, MEL has been used as immunomodulater in cancer therapy, septic 

shock, Ebola viral infection and tumor growth inhibition. [14-16]. Large number of studies in the 

field of medical sciences have addressed the direct relation of MEL concentration with many 

physiological disorders, like metabolic diseases, mental illness, insomnia, stress related disorders, 

and neuroprotective action of MEL in some cases of neurodegenerative diseases like Alzheimer 

and Parkinson's disease has also been observed [9, 17-19]. Thus, its quantification in human fluids 

and tissues calls for an intensive research, which can lead to early diagnosis of many physiological 

and behavioural problems. In view of such an importance of MEL, it was considered desirable to 

prepare sensitive sensors for its determination. Two approaches have been used in the present 

investigation for the determination of MEL, the first was unmodified glassy carbon surface and 

second was glassy carbon surface modified with polymer nanocomposite. 

Last few years have seen use of palladium nanoparticle (PdNPs) for enhancing 

electrochemical reactions as they have effective catalytic activity and unique mechanical and 

electrical properties [20-21]. Moreover, palladium can interact and bind strongly to graphene due 

to more interaction state and transmission channels developed between them [21-22]. Thus, it is 

thought that the PdNPs can readily grow on the surface of graphene due to the presence of 

oxygenated functional group on its surface and can enhance the catalytic activity of the reduced 

graphene oxide based polymer nanocomposite. Hence, the electrodeposition of PdNPs on the 

surface of glassy carbon electrode (GCE) has been attempted.  
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Graphene is a two dimensional sp
2
-hybrid carbon material with a honeycomb lattice like 

structure [23-24]. It has some outstanding properties, like high intrinsic mobility [25-26], tunable 

band gap [27], high electrical conductivity and good biocompatibility [28], which renders it a 

potential to attract the interest of scientists working in the various fields of applications including 

energy storage and supercapacitor [29], sensor and biosensor [30], nanocomposite [31], electrical 

and optical devices [32], single molecule gas detection [33] and so on. At present, several methods 

have been developed to prepare graphene, such as chemical vapor deposition [34], epitaxial growth 

[35], chemical reduction of graphene oxide and mechanical exfoliation [20, 36]. Among these 

methods, chemical reduction method is the most frequently used method for the reduction of GO to 

prepare reduced graphene oxide (rGO). But since, the chemical reduction of GO to rGO requires a 

number of highly toxic chemicals, like hydrazine or hydroquinone this method has to be replaced 

by some other simple method of equal productivity [36]. Thus, an alternative, environmental 

friendly and green method has been used now a days for the synthesis of reduced graphene oxide 

(rGO) by carrying out the electrochemical reduction of graphene oxide (GO). This method 

provides a fast, clean and inexpensive tool to carry out the reduction of GO [21] without involving 

any extra hazardous chemicals. But, electrochemically reduced graphene oxide (ErGO) has the 

tendency to aggregate or reconvert into the graphite, thus, to avoid the agglomeration of ErGO, 

conducting polymer 4-amino-3-hydroxy-1-naphthalenesulfonic acid (AHNSA) has been used to 

prevent the  aggregation and to stabilize the graphene like film. The covalent binding of polymer to 

graphene and the concept of synergy further provides the reason to develop a polymer 

nanocomposite by combining these materials [37]. 

The screening of the literature revealed that for the determination of MEL, various 

analytical methods have been developed, such as gas chromatography- mass spectroscopy (GC-

MS) [38], HPLC (high pressure liquid chromatography) [39-41], liquid chromatography-mass 

spectrometry (LC-MS) [42-44], mass spectrometry (MS) [45], colorimetry [46-47], 

radioimmunoassay (RIA) [48-51], chemiluminescence [52]  etc. However, most of these reported 

techniques are expensive sophisticated processes and usually require time consuming sample 

processing prior to the analysis. While, on the other hand electrochemical and voltammetric 

methods are suitable and less expensive than conventional analytical methods. Voltammetric 

technique has high sensitivity, selectivity and reproducibility with fast response and low cost [53] 

and thus proved to be an emerging choice for the scientists working in the analytical field.  Various 

types of electrodes with different types of surface modifications have been used as a working 
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electrode in the electrochemical analysis of MEL including boron-doped diamond (BDD) electrode 

[54], carbon paste electrodes [55], carbon disc electrode [56], manganese hexacyanoferrate 

(MnHCF) mixed-valent poly(3,4-Ethylenedioxythiophene) (PEDOT) hybrid film modified glassy 

carbon electrode [57], BT-drug membrane sensors [58], glassy carbon electrode [59], 

RGO/RuO2/GCE [60] etc. However, the previously reported sensors have a limitation of small 

linear concentration range, higher limits of detection, complex modifications and in some cases 

high cost like BDD electrode. Moreover metabolites like ascorbic acid and uric acid, which are 

usually present in high concentration in biological fluids, interfere in the selective determination of 

MEL. Previously, our research group has also fabticated a molecular imprinted sensor for assaying 

MEL [61], but the low stability, complex multistep modification, and time consuming incubation 

process involved in the sensing inspired us to develop a more practical sensor by overcoming the 

drawbacks of molecular imprinted sensor. Thus, the purpose of the present research is to fabricate 

and characterize a sensor to carry out a selective and sensitive determination of MEL in biological 

and pharmaceutical samples. A single step approach for the fabrication of PdNPs, ErGO and 

AHNSA polymer nanocomposite modified GCE has been presented in this chapter and the 

application of the surface modified sensor has been tested in the quantification of MEL in complex 

matrix, like human urine as well as in the commercially available pharmaceutical formulations. 

 

2.2 EXPERIMENTAL 

2.2.1 Reagents and materials 

Melatonin (MEL), 4-amino-3-hydroxy-1-naphthalenesulfonic acid (AHNSA), graphene 

oxide, hypoxanthine (HX), uric acid (UA), ascorbic acid (AA), palladium chloride anhydrous 

(PdCl2), hydrochloric acid, and nitric acid were purchased from Sigma-Aldrich Chemical Co 

(USA). Phosphate buffers (µ = 1.0 M) in the pH range of 2.4–10.0 were prepared by using 

analytical grade Na2HPO4, NaH2PO4 and NaOH, according to the method described by Christian 

and Purdy [62]. All the stock solutions used throughout the experiment were prepared using double 

distilled water.  

 

2.2.2 Instrumentation 

Electrochemical deposition and other qualitative and quantitative studies were carried out 

using a Bio-analytical system (BAS, West Lafayette, USA) CV-50 voltammetric analyzer. The 

experiment was performed by using a three electrode system in a glass cell consisting of Ag/AgCl 
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(3M NaCl) as reference, platinum wire as the auxiliary and glassy carbon electrode (GCE) as the 

working electrode. Phosphate buffer has been used as the supporting electrolyte and the pH of the 

solutions was measured by using a digital pH meter (Eutech, model pH 700). The surface 

morphology and the composition of the fabricated sensor were investigated using Field Emission 

Scanning Electron Microscopy (FE-SEM; Zeiss ultra plus 55) and Electron Energy Dispersive X-

ray spectroscopy (EDX). The Electrochemical Impedance Spectroscopy (EIS) was performed to 

calculate the charge transfer resistance by using galvanostat VERSA STAT 3 (PAR, USA).  

 

2.2.3 Voltammetric procedure and sample preparation 

The electrochemical study of MEL oxidation was carried out using cyclic and square wave 

voltammetry. The stock solution was prepared by dissolving required amount of MEL in double 

distilled water. The required stock solution was added in a glass cell already containing 2 mL of 

phosphate buffer (pH 7.2) as supporting electrolyte, and the total volume was made 4 mL using 

double distilled water. After each voltammogram, the surface of unmodified GCE was cleaned and 

regenerated by rubbing it gently over slurry of zinc oxide (ZnO) and alumina on micro cloth pad. 

The voltammograms were recorded under optimized parameters. The optimized conditions for 

square wave voltammetric parameters were: initial potential (Ei): 100 mV, final potential (Ef): 

1200 mV, potential step: 4 mV, square wave amplitude: 25 mV, square wave frequency (f): 15 Hz 

and the optimized parameters for cyclic voltammetry were associated as: initial potential (Ei): -400 

mV, switching potential (E): 1600 mV, final potential (Ef): -400 mV and scan rate 100 mV/s. The 

surface of the modified sensor was cleaned each time by applying a potential of -800 mV for 300 

sec in the blank solution.  

 

2.2.4 Synthesis of GO  

GO was synthesized according to the modified Hummer‘s method as described earlier [20]. 

Briefly, GO was synthesized using graphite powder and KMnO4 in the presence of H3PO4 and 

H2SO4 (20:180) mixture. The mixture was then heated for 12 h at 50ºC, which finally resulted in a 

brown colored suspension that becomes yellow on the addition of double distilled water followed 

by H2O2 (30%). The final suspension thus obtained was centrifuged and the sediment was washed 

several times with water, HCl and ethanol to get GO. 
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2.2.5 Fabrication of modified sensors 

 For the modification of the bare glassy carbon electrode (GCE), its surface was firstly 

polished with the slurry of alumina and ZnO on a micro cloth pad. To carry out the 

electropolymerization of AHNSA directly on the surface of GCE, 15 cyclic voltammetry scans in 2 

mM  AHNSA solution (prepared in 0.1M HNO3) were recorded in the potential window  -1000 to 

2000 mV. After the completion of 15 scans (optimized), the polymer modified GCE was rinsed 

with double distilled water and stabilized by recording voltammograms in 0.5 M H2SO4 between 

−1.0 and +1.0 V at 100 mVs
-1

 till the overlapping voltammograms were not obtained [63]. Final 

sensing surface thus obtained was named as AHNSA/GCE and was characterized using FE-SEM. 

To fabricate and electrodeposit the ErGO, AHNSA composite on GCE 

(ErGO:AHNSA/GCE), 2 mg of GO was first suspended in 4 mL phosphate buffer solution (pH 

7.2) and was sonicated for 30 min to ensure uniform dispersion. 2 mL of the above prepared 

suspension was then taken along with 2 mL of 2 mM AHNSA in an electrochemical glass cell and 

potential in the range of -1000 to 2000 mV was applied using cyclic voltammetry for 19                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

continuous runs (optimized). Final sensing surface so obtained was washed with double distilled 

water, dried and characterized using FE-SEM 

To modify the GCE with PdNPs and AHNSA, 1 mM Palladium chloride solution was 

prepared by dissolving the required quantity of PdCl2 in 10% hydrochloric acid. The 

electrochemical deposition on the precleaned GCE surface was performed in a 1:1 mixture of the 

above prepared PdCl2 (1mM) and AHNSA (2mM) solutions, by transversing the potential in the 

range of -400 to 1600 mV at a sweep rate of 100 mV s
−1

 for 15 cycles (optimized). The resulting 

surface PdNPs:AHNSA/GCE was characterized using FE-SEM after rinsing with double distilled 

water. 

The single step fabrication of the polymer nanocomposite of  PdNPs, AHNSA and GO was 

also attempted directly on the surface of GCE. For the synthesis of polymer nano composite 

required amount of PdCl2 (1 mM) was dissolved in 4 mL of GO suspension. The solution so 

formed was further sonicated for 25 min. The 1:1 mixture of the above prepared PdCl2:GO 

suspension and 2 mM AHNSA solution was taken in a glass cell in order to carry out the 

electrochemical reduction of GO, electropolymerization of AHNSA and electrodeposition of the 

polymer nanocomposite simultaneously in a single step using cyclic voltammetry. The single step 

fabrication is achieved by applying the potential range -400 to 1600 mV at the sweep rate 100 

mV/s for 5–25 scans. The best results were obtained when 19 continuous scans were carried out, 
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(greater number of scans leaded to the aggregation, whereas less number of scans resulted in less 

uniform deposition) hence, 19 scans have been used as the modification protocol throughout the 

experiment. Obtained surface modified sensor was then rinsed with double distilled water and 

permitted to dry at room temperature. The characterization of the surface was then carried out by 

using Voltammetry, FE-SEM, EDX and EIS. 

 

2.2.6 Pharmaceutical tablets analysis  

To investigate pharmaceutical samples, tablets (3 mg) of MEL were purchased from the 

local market of Roorkee, India. The tablets were emptied in a clean mortar for powdering and the 

required amount of powder was weighed and transferred to the 10 ml volumetric flask to prepare 

1mM stock solution. 

  

2.2.7 Urine sample analysis  

Urine samples from two healthy volunteers (Male, Age 26 and Female, age 23) were 

collected from the Institute hospital of IIT Roorkee and filtered using whatman 42 filter paper. The 

filtered solution was then diluted twice with pH 7.2 phosphate buffer and spiked with 1 mM MEL 

solution. This solution was then treated as stock solution and subsequent dilution was done in order 

to prepare the required test solutions having concentration ranging between the working range.  

 

The present chapter presents results for the determination of MEL using unmodified and 

modified surface of glassy carbon. For the sake of clarity, the chapter is divided into two sections: 

Section 1: deals with the determination of melatonin; a neurotransmitter, using unmodified glassy 

carbon electrode; 

Section 2: deals with the electrochemical determination of melatonin by using polymer 

nanocomposite (AHNSA:PdNPs:ErGO) modified glassy carbon sensor. 

 

SECTION 1: DETERMINATION OF MELATONIN USING UNMODIFIED GLASSY 

CARBON ELECTRODE 

2.3. RESULTS AND DISCUSSION 

2.3.1 Cyclic Voltammetry 

Initial studies for MEL analysis were carried out using cyclic voltammetry as CV has been 

widely used to investigate the electrochemical behavior of electro-active species, and to study the 
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kinetics and nature of the electron transfer processes involved in the electrochemical reactions. 

Cyclic voltammogram of 200 µM MEL solution was recorded at a glassy carbon electrode (GCE) 

by scanning the potential from 200 to 1400 mV at a sweep rate of 100 mVs
-1

. Fig 2.1 demonstrates 

the cyclic voltammograms in presence and absence of 100 µM MEL. An intense oxidation peak 

was observed at 770 mV, whereas no reduction peak was observed in the reverse scan indicating 

the irreversible nature of MEL.  

 

Fig. 2.1: Cyclic voltammograms recorded in the presence and absence of 200 µM MEL using bare 

GCE. Inset is the plot representing linear variation of 50 µM MEL peak current with scan rate at 

pH 7.4. 

  In order to investigate the nature of the electron transfer involved in the oxidation of MEL, 

scan rate study was carried out. It was found that on increasing the scan rate the oxidation peak 

current increases and the peak potential shifted towards the more positive potentials. The peak 

current (ip) was found to increase with increasing sweep rate and a linear relation between ip versus 

ν was obtained in the range of 10–250 mV/s for a 50 μM solution of MEL (inset of Fig.1), 

indicating the adsorption controlled nature of electron transfer process. The variation of peak 

current with scan rate can be documented by the following regression equations; 

ip = 0.051 v - 0.2836, R² = 0.9932 

log ip = 1.0448 log v - 1.4177, R² = 0.9950 
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where, ip is the peak current, v is the scan rate and R
2
 is the correlation coefficient. As the slope of 

log ip vs log v was found to be nearly equal to 1, it further indicated that oxidation process of MEL 

proceeded via adsorption controlled pathway [64]. 

 

2.3.2 Square wave voltammetry  

  The square wave voltammetry (SWV) being a pulse technique is more sensitive and fast in 

comparison to the conventional cyclic voltammetry. So, further electrochemical studies of MEL 

were carried out using SWV. A peak at ~625 mV was obtained corresponding to the oxidation of 

MEL. The peak obtained in the SWV or CV was attributed to the abstraction of 2 electrons and 

one proton from MEL moiety, thereby resulting into a quinoneimine as shown in Scheme 2.1 [55]. 

 

Scheme 2.1: Proposed electrochemical oxidation mechanism of MEL 

 

2.3.2.1 Effect of concentration 

To analyze the limit of detection and in order to carry out quantitative analyses of MEL, 

effect of concentration on MEL peak current was studied. For carrying out concentration study, 

SW volttamograms were recorded in the potential window of 300 to 1000 mV at different 

concentration of MEL using bare GCE. It is observed that the anodic peak current (ip) increases 

linearly with increasing concentration of MEL in the range of 5 to 200 μM as shown in Fig. 2.2. 

The peak current versus concentration was linear and observed the following linear relation: 
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ip = 0.0437[C] + 0.5407, R² = 0.9909 

 where, C is the concentration of MEL. From the regression equation, the sensitivity of the 

electrode is found to be 0.0491 μM/ μA.  

 

Fig. 2.2: Square wave voltammograms recorded for (a) 5 µM, (b) 10 µM, (c) 20 µM, (d) 30 µM, 

(e) 50 µM, (f) 75 µM, (g) 100 µM, (h) 125 µM and (i) 200 µM MEL concentrations using bare 

GCE. Voltammogram corresponding to the background is shown by the dotted line. Inset is the 

calibration plot in the concentration range 5–200 µM. 

 

The limit of detection (L.O.D.) was also calculated using 3σ/b, where σ is the standard deviation of 

blank and b is the slope of the calibration plot. Using the above mentioned formula the L.O.D. was 

found to be 0.3432 μM. The validation parameters of the proposed analytical methodology for the 

determination of MEL are tabulated in Table 2.1. 
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Table 2.1: Validation parameters for analytical procedure proposed for the determination of MEL. 

 

 

 

 

 

 

 

 

 

 

2.3.2.2 Effect of pH 

The pH of the supporting electrolyte has a significant effect on the electro-oxidation of 

MEL. The effect of pH on the oxidation peak potential and peak current of 50 µM MEL were 

studied in the range of 2.0–10.0 pH. It was found that by increasing the pH of supporting 

electrolyte the peak potential shifted towards the less positive values (Fig. 2.3). The plot between 

peak potential and pH was found to be linear and the dependence of Ep on pH can be documented 

by the relation: 

Ep (mV) = - 37.91 pH + 912.87, R² = 0.9938 

The slope value 37.91 mV/pH indicates that an unequal number of electron and proton are 

involved in the oxidation of MEL, which is also in accordance with the mechanism shown in 

Scheme 2.1 [55, 61]. 

S.No. Validation Parameters Values 

1 

2 

3 

4 

5 

6 

7 

Concentration range (µM) 

Correlation coefficient (R
2
) 

Detection limit (µM) 

Limit of quantification (µM) 

Sensitivity (µA/µM) 

Standard error of slope (α, 0.025) 

Standard error of intercept (α, 0.025) 

5–200 

0.9909 

0.3432 

1.144 

0.0437 

±0.0036 

  ±0.3329 
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Fig. 2.3: Dependence of 50 µM MEL peak potential observed on the pH of the supporting 

electrolyte. 

 

2.3.2.3 Effect of frequency 

The effect of frequency on the anodic peak current of 50 µM MEL was studied in the range 

5 to 50 Hz using GCE. It was found that the peak current increases linearly with the increasing 

frequency (Fig. 2.4) and can be represented by the following linear equation; 

ip = 0.2252 f - 0.5942, R² = 0.9930 

log(ip) = 1.1319 log(f) - 0.8933, R² = 0.9977 

where, f is the frequency, ip is the peak current and R
2 

is the correlation coefficient. The linearity of 

the ip versus f plot as well as the slope value (nearly equal to 1) for the log plot demonstrated the 

involvement of adsorption in the oxidation of MEL, which was also concluded from the scan rate 

study [64]. 
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Fig. 2.4: Dependence of (A) peak current (ip) on increasing frequency and (B) log ip on log f  for 

50 µM MEL. 

 

2.3.3 Interference study 

Several metabolites present in the blood and urine, have potential to interfere in the 

determination of the targeted compounds and thus it is very important to check the voltammetric 

response of desired analyte in the presence of such compounds. As the presence of commonly 

present biological compounds such as hypoxanthine (HX), ascorbic acid (AA), uric acid (UA) etc. 

may alter the electrochemical signal of the MEL and can also affect the selectivity of the 

developed sensor, hence, the voltammetric behavior of MEL in the presence of these compounds 

has been investigated. The voltammograms were recorded in the presence of 10-fold excess 

concentration of these interferants at fixed MEL concentration (50 μM). Some typical 

voltammograms observed are presented in Fig 2.5. In all these voltammograms, well separated 

peaks at -100, 277 and 965 mV corresponding to the oxidation of AA, UA, and HX can be seen in 

addition to MEL peak at 625 mV. From Fig 2.5, it can be seen that no substantial deviation in the 

peak current or peak potential of the oxidation peak of MEL in the presence of high concentration 

of potential interfering compounds was observed, which clearly indicated that the sensor can be 

successfully employed for the determination of MEL. 
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Fig. 2.5: Square wave voltammograms observed for a solution containing (a) 50 µM AA + 10 µM 

UA + 50 µM MEL + 25 µM HX (b) 50 µM AA + 25 µM UA+ 50 µM MEL + 50 µM HX and (c) 

50 µM AA + 50 µM UA+ 50 µM MEL + 75 µM HX. Background is represented by the dotted 

line. 

 

2.3.4. ANALYTICAL APPLICATION 

2.3.4.1 Analysis of Pharmaceutical Formulations 

To investigate the analytical applicability of the sensor, two commercially available tablets 

named Eternex (Dabur Pharmaceuticals Ltd, Baddi, Himachal Pradesh) and Zytonin (Cadila 

Healthcare Ltd, Ahmedabad, Gujarat) were analyzed. The stock solutions of the tablets were 

prepared by the dissolution of finally powdered tablets in the double distilled water. The stock 

solutions were then subsequently diluted to bring the concentration of melatonin in the working 

range. Square wave voltammograms were then recorded and by keeping dilution factor in mind, 

the MEL content present in the solution was calculated using peak current. The results thus 

obtained demonstrate that the observed values are in good agreement with the stated labels of 

pharmaceutical samples as shown in Table 2.2. 
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Table 2.2: Detemination of MEL content in commercially available pharmaceutical formulations. 

Tablet Stated content (mg) Observed content (mg) Error % 

Zytonin 

Eternex 

3 

3 

2.91 

2.89 

3.00 

3.67 

 

2.3.4.2 Urine sample assay  

  In order to check the practical application of the proposed method, analysis of MEL in 

complex matrix like urine has also been investigated. Inspite of our best efforts, urine samples of 

patients undergoing treatment with MEL could not be obtained and thus standard addition method 

was performed in the urine samples of healthy volunteers. The collected urine sample was diluted 

twice with pH 7.2 phosphate buffer and then was spiked with 1mM solution of MEL. The above 

prepared solution was used as a stock solution, and solutions having concentration in the 

calibration range were prepared by the subsequent dilutions. Square wave voltammograms were 

then recorded and an oxidation peak at 625 mV was observed along with an additional peak at 279 

mV, which corresponded to the oxidation of UA present in the urine. The concentration of MEL 

was then back calculated by substituting the peak current values in the calibration equation. The 

results obtained are summarized in Table 2.3 and it can be seen that a good recovery > 90% has 

been observed, thereby indicating the successful application of the proposed method in urine 

analysis. 

Table 2.3: Recovery data of MEL determination in human urine sample 

S.No. Spiked amount (μM) Detected amount (μM)
* 

Recovery % 

Sample 1 

1 

2 

3 

Sample 2 

1 

2 

3 

 

100 

150 

200 

 

50 

75 

100 

 

91.22 

138.02 

192.45 

 

46.74 

67.89 

93.26 

 

91.22 

92.01 

96.22 

 

93.48 

90.52 

93.26 

*RSD for the determination was 0.61% for n=3 
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2.3.5 STABILITY  

 An additional advantage of using unmodified GCE is its high stability and reproducibility. 

As the sensor is utilized without any surface modification, it is extremely stable and can be used 

for months without suffering from any significant current drop. 

 

2.4. CONCLUSION 

 In the proposed method, bare GCE has been successfully employed to develop an 

alternative electrochemical method for the qualitative as well as quantitative analysis of MEL. 

Literature survey has shown similar sensitivities for MEL determinations at other unmodified 

electrodes using different voltammetric techniques (Table 2.4) in recent years [54-56, 58-59], 

whereas in this section an extremely simple method with high stability and precision and 

comparable limits of detection has been suggested. The practical utility of the proposed protocol in 

MEL analysis in commercially available pharmaceutical formulations and complex matrix like 

urine has also been checked and demonstrated a good agreement of the obtained values with the 

stated ones. Thus, the studies confer a feasible, precise and extremely simple methodology for the 

determination of MEL in both clinical and pharmaceutical investigations. 

 

Table 2.4: Comparison of Limit of Detection (L.O.D) obtained for MEL using the proposed 

method with the previously reported unmodified sensors 

Electrode/Technique Linear range L.O.D 

(µM) 

Analysis Reference 

Boron doped diamond electrode (SWV) 0.5–4 mM 11 Urine, Drug 54 

Carbon paste electrode (LSV) 3–550 µM 2.3 Capsules 55 

Carbon disc electrode (CE-ED) 2.5–100 µM 1.3 Drug 56 

Glassy carbon electrode (DPV) 20–80 µM 5.86 Nil 59 

BT-drug ion pair PVC (potentiometric 

sensor) 

10–10
4
 µM 7 Urine, Drug 58 

Glassy Carbon Electrode (SWV) 5–200 µM 0.3432 Urine, Drug Present 

work 

SWV: Square wave voltammetry; LSV: Linear sweep voltammetry;  PVC: Poly vinylchloride DPV: Differential pulse 

voltammetry; CE-ED: Capillary electrophoresis-Electrochemical detection; BT: Bismus tetraiodate; PVC: Poly 

vinylchloride 
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SECTION 2: DETERMINATION OF MELATONIN BY USING POLYMER 

NANOCOMPOSITE MODIFIED GLASSY CARBON SENSOR 

2.5 RESULTS AND DISCUSSION 

2.5.1 Characterization of PdNPs, p-(AHNSA) film and GO  

The successive cyclic voltammograms obtained during the electropolymerization of 

AHNSA at the surface of GCE are presented in Fig. 2.6 (A). In the first cyclic voltammogram, two 

anodic peaks a and a‘ and one cathodic peak b were observed at 66 mV, 397 mV and -71 mV 

respectively [63]. However, an additional peak c also appeared around ~ 1700 mV in further scans. 

The current response of peak a, a‘ and b was found to increase with the increasing number of 

scans, which indicated the electrochemical deposition of the conducting polymer thin film over the 

GCE surface. A weak peak a‘ at 66 mV represent the generation of cationic free radical, which 

reacts with similar species to form dimer during the polymerization, while the peak a is attributed 

to the loss of proton from the dimer and the peak b corresponds to the consecutive cathodic 

reduction of the protons as reported in the literature [65].  

Fig. 2.6 (B) indicates the consecutive cyclic voltammogram of PdNPs on GCE surface. 

Majorly, six peaks Ia, Ib, II, IIIa, IIIb and IV were observed at -152, 8, 463, 620, 385 and -284 mV 

respectively. The cathodic wave at -284 mV (peak IV) was thought to be attributed to the reduction 

of Pd
2+

 to Pd(0) and the peak at 423 mV (Peak II) could be because of stripping of Pd(0) deposited 

on the surface of GCE [66]. The peak Ia and Ib signifies the reduction of proton adsorbed on the 

PdNPs surface to hydrogen and demonstrates the nano crystalline behavior of Pd [67-68]. Based 

on the previous studies the remaining two peaks at 620 and 385 mV can be assigned to the PdO2 

formation and its conversion back to Pd(0) respectively [66-67]. 

Fig. 2.6 (C) represent the single step electrochemical deposition of the polymer 

nanocomposite (AHNSA:PdNPs:ErGO) over the surface of GCE. From the voltammograms, it can 

be seen that the peaks corresponding to the polymerization of AHNSA were masked by the redox 

peaks observed for electrodeposition of PdNPs. Six peaks named Ia, Ib, II, IIIa, IIIb and IV were 

observed at -125, 25, 359, 724, 295, and -278 mV respectively, which are similar to those obtained 

in the electrodeposition of PdNPs. An additional irreversible peak at 1374 mV was also observed 

after first few cycles, which can also be seen in voltammograms observed during AHNSA 

polymerization (Fig. 2.6(A)). From Fig. 2.6(C), it can be seen that the peaks which were observed 

during the electrodeposition of the PdNPs and electropolymerization of AHNSA exhibited a 
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substantial negative potential shift as well as peak separation, which indicated the successful 

surface modification and also demonstrated electrocatalytic properties of the fabricated sensor. 

 

Fig. 2.6: Cyclic voltammograms observed for (A) electropolymerization of 2 mM AHNSA 

solution (prepared in 0.1 M nitric acid) at a sweep rate of 100 mV s
−1

 (B) electrodeposition of 

PdNPs and (C) Electrofabrication of palladium based polymer nanocomposite 

AHNSA:PdNPs:ErGO. 

 

To characterize the changes produced on the sensing surface during the electrochemical 

deposition of AHNSA:PdNPs:ErGO polymer nanocomposite, FE-SEM images were recorded at 

different steps of modification. From the FE-SEM images shown in Fig. 2.7, it can be clearly seen 

that surface of the GCE has been successfully modified and showed different topological 

characteristics in comparison to the unmodified GCE surface (Fig. 2.7(A)). From the figure 2.7B, 

the electrodeposition of PdNP‘s on the nanotriangles of AHNSA can be clearly evidenced which 

can also be seen in Fig. 2.7 (C) along with the crumbled and folded sheets corresponding to ErGO 

thereby representing simultaneous presence of PdNP, ErGO and AHNSA  in the  
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AHNSA:PdNPs:ErGO/GCE. The presence of Pd has also been confirmed from the Electron 

Energy Dispersive X-ray spectroscopy (EDX), which demonstrated the 3.70 atomic % of Pd in the 

AHNSA:PdNPs:ErGO polymer nanocomposite as presented in Fig. 2.7 (D). 

 

Fig. 2.7: FE-SEM images demonstrating surface morphology of (A) unmodified GCE, (B) 

AHNSA:PdNPs/GCE, (C) AHNSA:PdNPs:ErGO/GCE and (D) EDX data demonstrating presence 

of Pd in AHNSA:PdNPs:ErGO/GCE. 

 

EIS measurement was used to further investigate the changes produced on the surface of 

glassy carbon after the electrochemical deposition of AHNSA:PdNPs:ErGO at GCE surface. The 

experiment was carried out in 1:1 mixture of 5 mM K3Fe(CN)6 and 0.1 M KCl solution over the 

frequency range 1000 kHz to 1 mHz. A typical Nyquist plot observed consisted of two portions, 

one was the semi-circular and another was the linear portion. The diameter of the semicircle 

represents the charge transfer resistance (RCT) at a higher frequency and the linear portion response 

at lower frequency is an indicator of the mass transfer effects [20]. The Nyquist plots 

corresponding to modified and unmodified GCE have been presented in Fig. 2.8, from which a 

semicircle with a smaller diameter in comparison to the one obtained for the unmodified GCE 
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demonstrates the faster electron transfer process at AHNSA:PdNPs:ErGO/GCE. The value of RCT 

for the redox process was calculated by fitting the Randle‘s circuit (inset of Fig. 2.8) and was 

found to be  547 Ω and 976 Ω for the polymer nanocomposite modified and unmodified sensor 

respectively. The lower value of the RCT indicates that the electron transfer reaction at the surface 

of the modified GCE is facilitated by the AHNSA:PdNPs:ErGO polymer nanocomposite. 

 

Fig. 2.8: Typical Nyquist plot obtained for AHNSA:PdNPs:ErGO/GCE and unmodified GCE 

during electrochemical impedance spectroscopy in 1:1 mixture of 5 mM K3Fe(CN)6 and 0.1 M 

KCl solution over the frequency range 1000 kHz to 1 mHz. 

 

2.5.2 Cyclic Voltammetry  

 Cyclic voltammetry has been widely used in order to investigate the redox behavior of 

electro-active analyte, and to study the nature of the electrochemical reaction involved. Hence, the 

initial study of MEL was carried out using cyclic voltammetry (CV) technique. Cyclic 

voltammograms of 100 µM MEL were recorded in phosphate buffer solution (pH 7.2) at 100 mV/s 

sweep rate using bare and modified glassy carbon electrode (GCE). A broad oxidation peak was 

observed at 686 mV at bare GCE, whereas a sharp peak at reduced peak potential (~656 mV) with 

much enhanced peak current has been observed at AHNSA:PdNPs:ErGO/GCE as shown in Fig. 

2.9. In the reverse scan no reduction peak was observed, which indicated the irreversible oxidation 

process of MEL. The reduced peak potential and significant enhancement in the peak current of 
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MEL demonstrates the electrocatalytic activity of the polymer nano composite, which has 

facilitated the electron transfer and thus developed our interest to carry out further MEL 

investigations using AHNSA:PdNPs:ErGO/GCE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9: Comparative cyclic voltammograms corresponding to 100 µM MEL in pH 7.2 

phosphate buffer at 100 mV/s scan rate using (A) unmodified GCE and (B) 

AHNSA:PdNPs:ErGO/GCE. 

 

In order to comprehend the nature of the electron transfer reaction involved in the oxidation 

of MEL, scan rate study was performed. During the scan rate study, anodic peak current of MEL 

was found to increase with the increasing scan rate. A linear relation was found between peak 

current (ip) and scan rate (ν) in the range of 5–250 mVs
-1

 for 100 μM MEL solution (inset of Fig. 

2.9) and the dependence of ip on v  can be represented by the following regression equation: 

ip (µA) = 0.0707 v (mVs
-1

) + 1.8756, R² = 0.990 

log ip = 0.7703log v - 0.5833, R² = 0.993 

where, R
2
 is regression coefficient. From the linearity of ip versus v and the slope value of log ip 

versus log v (> 0.5) the involvement of adsorption controlled electron transfer reaction in the 

oxidation of MEL has been concluded [68]. 
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2.5.3 Square wave voltammetry  

  The square wave voltammetric technique (SWV) has also been used for the analysis of 

MEL due to its high sensitivity and better peak resolution in comparison to the conventional cyclic 

voltammetry technique. Square wave voltammograms were recorded for 20 μM MEL in phosphate 

buffer (pH 7.2) using unmodified GCE, AHNSA/GCE, PdNPs:AHNSA/GCE, GO:AHNSA/GCE 

and AHNSA:PdNPs:ErGO/GCE. A comparative voltammograms have been demonstrated in Fig. 

2.10, which clearly indicates the superior response of AHNSA:PdNPs:ErGO/GCE in comparison 

to all other modifications as much enhanced peak current (4.26 µA) can be witnessed along with a 

shift of 37 mV in peak potential in comparison to the unmodified GCE. Hence, all the studies were 

carried out using AHNSA:PdNPs:ErGO/GCE.  

 

Fig. 2.10: Comparative square wave voltammograms recorded for 20 µM MEL in pH 7.2 

phosphate buffer at modified (a) unmodified GCE,  (b) AHNSA/GCE, (c) AHNSA:PdNPs/GCE, 

(d) AHNSA:GO/GCE and (e) AHNSA:PdNPs:ErGO/GCE.   

 

2.5.3.1 Effect of concentration 

The concentration study has been carried out to determine the limit of detection and 

sensitivity of the modified sensor. For the concentration study, the square wave voltammograms 

for the different concentration of MEL were recorded using the AHNSA:PdNPs:ErGO/GCE in pH 

7.2 phosphate buffer solution at the optimal SWV parameter (Fig. 2.11). The quantitative 
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evaluation of MEL has been done by measuring its oxidation peak current using SWV technique. 

A linear relation between the peak current (ip) and the increasing concentration of MEL for the 

modified as well as unmodified GCE has been established and are given by the following 

regression equations: 

                      ip = 0.0437 [C 5-200 μM] + 0.5407, R² = 0.9909 : unmodified GCE 

                      ip = 0.1235 [C 5-100 μM] + 1.6863, R² = 0.9745: AHNSA:PdNPs:ErGO/GCE 

 where, C is the concentration of MEL. From the regression equation, it can be concluded that 

modification with polymer nano composite resulted in ~ 3 fold increase in the sensitivity of the 

sensor towards MEL.  

 

Fig. 2.11: Square wave voltammograms recorded for (a) 5 µM, (b) 10 µM, (c) 20 µM, (d) 30 µM, 

(e) 50 µM, (f) 60 µM, (g) 80 µM and (h) 100 µM MEL concentrations using 

AHNSA:PdNPs:ErGO/GCE. The dotted line demonstrates the background current. Inset is the 

calibration plot in the MEL concentration range of 5–100 µM. 

 

The limit of detection (L.O.D.) has also been calculated by using formula 3σ/b, where b is 

the sensitivity obtained from the calibration plot and σ is the standard deviation of ‗n‘ blank 

voltammograms. The limit of detection for MEL using AHNSA:PdNPs:ErGO/GCE was found to 

be 0.09 μM which is much lower in comparison to the recently reported analytical techniques as 

showcased in Table 2.5. 
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Table 2.5: Comparison of Limit of Detection (LOD) obtained for MEL using the proposed method 

with the previously reported sensors. 

S.No Modification/electrode LOD(μM) Concentration range Reference 

1 Carbon paste electrode (LSV) 2.3 3–550 μM [55] 

2 Carbon disc electrode (CE-ED)  1.3 2.5–1000 μM [56] 

3 BDD electrode (SWV) 0.11 0.5–4.0 μM [54] 

4 MnHCF_PEDOT /GCE 100 100–4600 μM [57] 

5 BT-drug ion pair PVC 

(potentiometry) 

7 1–10000 μM [58] 

6 Glassy Carbon Electrode (SWV) 5.86 20–80 μM [59] 

7 RGO/RuO2/GCE 0.18 2–20 μM [60] 

8 AHNSA:PdNPs:ErGO/GCE 0.09 5–100 μM Present 

work 

LSV: Linear sweep voltammetry, CE-ED: Capillary electrophoresis with electrochemical detection, SWV: square 

wave voltammetry, DPV: Differential pulse voltammetry, BT: Bismus tetraiodate; PVC: Poly vinyl chloride, MnHCF: 

maganese hexacyanoferrate, PEDOT: poly(3,4-Ethylenedioxythiophene, BDD : Boron Doped Diamond  

 

2.5.3.2 Effect of pH 

The pH of the supporting electrolyte plays a significant role in the oxidation of MEL. The 

effect of pH on the electro-oxidation of MEL was investigated by using SWV, and the experiment 

was performed using 50 μM MEL  in the pH range 2.4 to 10.0. It was found that the pH of the 

supporting electrolyte affects the oxidation peak potential and peak current of MEL. On increasing 

the pH the anodic peak potential shifted towards less positive potentials and a linear relation was 

observed between anodic peak potential (Ep) and pH, which can be expressed by the following 

equation: 

                               Ep (mV ) = -37.828 pH + 910.2,  R² = 0.9816 

where, R² is the correlation coefficient.The slope (dEP/dpH) has a value of 37.828 mV/pH which 

clearly demonstrated the involvement of an unequal number of electrons and protons in the 

oxidation of MEL [61]. The 2e, 1H
+
 oxidation of melatonin in aqueous and non-aqueous media has 

been represented in the literature [55].  
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2.5.3.3 Effect of frequency 

The effect of frequency on the oxidation of MEL was studied at 

AHNSA:PdNPs:ErGO/GCE by recording the SWV response for 20 µM MEL in pH 7.2 phosphate 

buffer by varying the frequency in the range of 5 to 50 Hz. The peak current has been found to 

increase with the increasing frequency and a linear plot between log ip and log f  can be represented 

by the following linear equation; 

                                    log ip = 0.855 1og f - 0.4051, R² = 0.9772 

Where, ip is the peak current, f is frequency and R
2
 is the correlation coefficient. The slope value 

>0.5  indicated that the oxidation of MEL process was adsorption controlled and thus further 

supported the results observed in the scan rate study [68].  

 

2.5.4 Interference study 

High concentration of several metabolites like ascorbic acid (AA), hypoxanthine (HX), uric 

acid (UA) etc. are present in the human blood and urine, which can alter the voltammetric response 

of the developed sensor and can also affect its selectivity. Thus to investigate the effect of these 

metabolites on the peak potential and the peak current of MEL, interference study has been carried 

out using the developed sensor. The voltammograms were recorded at a fixed concentration (30 

μM) of MEL in the presence of excess of interferants as represented in Fig. 2.12. The well defined 

oxidation peak was observed at -100 mV, 309 mV, 988 mV for AA, UA, and HX respectively, in 

addition to the peak of MEL at 623 mV. A peak of AA has not been shown due to no significant 

importance, as the peak potential lies far away from the working range. The voltammograms thus 

obtained clearly indicated that the oxidation peak potential and the peak current response of MEL 

suffer from no significant change in the presence of potentially interfering substances. Hence, 

modified sensor can be successfully used for the investigation of MEL in blood and urine samples.
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Fig. 2.12: Square wave voltammograms observed for a solution containing (a) 25 µM AA + 10 

µM UA + 30 µM MEL + 10 µM HX, (b) 50 µM AA + 25 µM UA+ 30 µM MEL + 25 µM HX and 

(c) 100 µM AA + 50 µM UA+ 30 µM MEL + 50 µM HX. Background is represented by the dotted 

line. 

 

2.5.5 ANALYTICAL APPLICATION 

2.5.5.1 Analysis of Pharmaceutical Formulations 

To determine the pharmaceutical application of the developed sensor, MEL containing two 

tablets named Eternex (Dabur Pharmaceuticals Ltd, Baddi, Himachal Pradesh) and Zytonin (Cadila 

Healthcare Ltd, Ahmedabad, Gujarat) were purchased from the local market of Roorkee, India. 

The stock solution for pharmaceutical analysis was prepared by dissolving the required amount of 

the powdered tablets in double distilled water and then the stock solution so obtained was further 

diluted to bring the concentration in the working range. Square wave voltammograms were then 

recorded at the optimal parameter and under the identical conditions that were employed at the 

time of the calibration plot. The obtained results are summarized in Table 2.6 and show that the 

observed results are in good agreement with the stated values. Thus, the developed sensor can be 

extended to ensure the apt amount of MEL content in the tablets and can prove to be of significant 

importance to the pharma industry.  
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Table 2.6: Detemination of MEL content in pharmaceutical drug formulations using a modified 

sensor. 

Tablet Stated content (mg) Observed content (mg) Error % 

Zytonin 

Eternex 

3 

3 

2.96 

2.94 

1.33 

2.00 

 

2.5.5.2 Urine sample assay  

  In order to investigate the practical application of the proposed sensor, the 

PdNPs:AHNSA:GO/GCE was used to measure the MEL content in the complex matrix like human 

urine or plasma samples. Inspite of our best efforts samples of the patients on any form of MEL 

treatment could not be obtained and thus recovery studies in the urine sample of two healthy 

volunteers were carried out. For the recovery studies, collected urine samples were diluted twice 

by using pH 7.2 phosphate buffer solutions in order to reduce the matrix complexity. The diluted 

urine sample was spiked with the known concentration of MEL and the square wave 

voltammograms were recorded. The oxidation peak of MEL was observed at 622 mV with an 

additional oxidation peak at 304 mV corresponding to the oxidation of UA in the urine samples. 

The concentration of MEL in the urine sample is then back calculated by putting the peak current 

value in the regression equation and the results obtained are listed in Table 2.7. The good recovery 

with low RSD value demonstrates the accuracy and reproducibility of the proposed method.  

Table 2.7: Recovery data of MEL determination in human urine sample. 

S.No. Spiked amount 

(μM) 

Detected amount 

(μM)
* 

Recovery % 

Sample 1 

1 

2 

3 

 

20 

30 

100 

 

19.92 

29.85 

99.65 

 

99.60 

99.50 

99.65 

Sample 2 

1 

         2 

               3 

 

10 

25 

 50  

 

9.87 

24.89 

49.81 

 

98.70 

99.56 

99.62 

  *RSD for the dtermination was 1.03% for n=3   
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2.5.6 STABILITY   

For monitoring the stability of the AHNSA:PdNPs:ErGO/GCE sensor the anodic peak 

current of MEL at a fixed concentration was examined in phosphate buffer of pH 7.2. The 

voltammograms were recorded every day for 30 days and the current response so obtained 

indicated a fluctuation of 6.0% in the first 20 days, however, after 20 days, current response 

decreased by up to 8.57%. Thus, obtained results suggested that the developed sensor possesses 

excellent stability.  

To examine the intraday reproducibility of the AHNSA:PdNPs:ErGO/GCE, five 

voltammograms were scanned consequently for 100 μM MEL and the calculated R.S.D value was 

found to be 2.73% for n=3. The low R.S.D. value indicated the accuracy and reproducibility of the 

proposed method.  

The sensor to sensor variation has also been evaluated by modifying three different GCE 

(having similar backgrounds) following the same modification protocol. Using each of the 

modified GCE, voltammograms were recorded in 30 µM MEL solution and deviation in the 

current response of the three sensors with each other were calculated. It was observed that the peak 

current of the three modified sensors varies only by a R.S.D of 3.29%. Thus, it was concluded that 

the fabricated sensor bears appreciable stability and reproducibility.  

 

2.6 CONCLUSION 

A facile, single step method for the surface modification of GCE with polymer 

nanocomposite (AHNSA:PdNPs:ErGO) has been demonstrated which includes the simultaneous 

electrochemical reduction of GO to ErGO, electropolymerization of AHNSA and electrodeposition 

of PdNPs on  the surface of GCE. Surface modified voltammetric sensor thus obtained has been 

characterized using CV, FE-SEM, EDX and EIS. The developed sensor has been extended for the 

qualitative as well as quantitative analysis of MEL in the range 5 to 100 μM and can also be 

utilized successfully for the analysis of MEL in pharmaceutical and human biological samples.  

The presented protocol for the surface modification not only provides higher surface area but also 

facilitated the oxidation process of MEL, which resulted in much enhanced peak current as well as 

reduced peak potential for the oxidation of MEL. Thus the modification resulted in a sensitive 

determination of MEL in comparison to other recently reported methods in the literature. The 

developed sensor offers a long term stability and appreciable reproducibility therefore, holds a 

potential to commence research in the field of polymer nanocomposites as surface modifiers. A 
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comparison of L.O.D. of unmodified and modified sensors clearly indicated that modification of 

the surface caused a decrease from 0.343 to 0.090 µM. 
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3.1 INTRODUCTION 

Biomolecules are organic molecules which naturally occur in the living organism and are 

necessary for the existence of all known forms of life. There are various types of biomolecules, 

such as genetic materials (molecules involved heredity), lipids (energy providing molecules and 

building blocks of biological membranes), hormones (regulate the metabolic process and several 

other roles in organism), neurotransmitters (sent over synapses between neurons), carbohydrates 

(provision of energy and storage of energy), etc. Amino acids and proteins also play an important 

role in the living organisms, and contribute in the synthesis of proteins, in the genetic code and as 

biomolecules that involve in other processes, like transport of lipids. Neurotransmitters and 

hormones are different chemical messengers however, some molecules act as hormone as well as 

neurotransmitter, viz., norepinephrine. Neurotransmitters are involved in various biological 

activities and facilitate the nerve impulse transmission. Also, these biomolecules can be used as 

biomarkers for the diagnosis of various diseases [1-4]. The analysis of biomolecules is important in 

the fields, like clinical diagnostics, environmental monitoring, food safety analysis and 

pharmaceutical industries [1]. 

Purines and their derivatives are involved in nucleic acids and are excreted by the human 

system through biological fluids such as blood urine. Purine nucleosides are well-known for their 

metabolic and biological effects in human system. Their determination has attracted considerable 

attention in the field of biomedical research owing to their importance in normal cellular functions. 

The importance of such determinations is due to the fact that even small changes in their 

concentration leads to various diseases [5]. 8-Hydroxydeoxyguanosine (8-OHdG) is an oxidized 

product of deoxyguanosine residues in DNA, produced by the attack of reactive oxygen at C-8 

position of guanine.  

Indoles are aromatic heterocyclic compounds in which a benzene ring is fused with pyrrole 

unit. They have been found in natural environment and can also be produced by bacteria. 

Substituted indoles have the capability of binding with high affinity to multiple receptors. 
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Hence, many of the indole derivatives act neurotransmitters. The presence of amino acid in indoles 

makes it an important molecule as neurotransmitter, hormone, indole alkaloid etc. 5-

Hyroxytryptophan is a substituted derivative of indole. It is a naturally occurring amino acid and 

an important intermediate for the biosynthesis of an important neurotransmitter, Serotonin. 

Serotonin or 5-hydroxytryptamine is a monoamine neurotransmitter, widely distributed in the brain 

and plays a significant role in various pharmacological, physical and biological processes. 5-

Hyroxytryptophan excretes primarily through urine. It‘s quantification is important during alcohol 

intoxication, when metabolism of serotonin shifts from 5-hydroxyindole-3-acetic acid to 5-

hydroxytryptophan due to inhibition of aldehyde dehydrogenase. 

  

Histamine is a biogenic amine present in various food products and also regulate the physiological 

functions in the gut and acts as a neurotransmitter for brain, uterus and spinal cord. It is derived by 

the decarboxylation of histidine by the enzyme L-histidine decarboxylase. 

This chapter deals with fabrications, characterization and use of three different kinds of 

modified sensors. For a clear presentation, the chapter has been divided into three sections: the first 

section of this chapter deals with the conducting polymer based Molecularly Imprinted sensor for 

the determination of 8-OHdG. The second section of this chapter is dedicated to the estimation of 

5-Hydroxytryptophan in biological fluids. In this section, the composite effect of nano palladium 

and multi walled carbon nanotubes (PdNP:MWCNT) has been used to fabricate the sensor, while, 

the third section of this chapter has been devoted to the graphene nanoribbons and silver 

nanoparticles composite (GNRs-AgNPs) based sensor for estimating histamine; a neurotransmitter. 

  

Section A: A Molecularly Imprinted sensor for determination of 8-Hydroxydeoxyguanosine. 

Section B: Nano palladium decorated carbon nanotube modified sensor for the sensitive 

determination of 5-Hydroxytryptophan. 

Section C: Graphene nanoribbons–silver nanoparticles (GNRs-AgNPs) composite modified sensor 

for estimation of Histamine; an important biogenic amine. 
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SECTION A: A MOLECULARLY IMPRINTED SENSOR FOR DETERMINATION OF 8-

HYDROXYDEOXYGUANOSINE 

 In recent years, the molecular imprinted polymers (MIPs) have acquired the interest of the 

scientific community in the sensor development because of their extraordinary sensitivity and 

long-term stability. In the place of biological receptors, such as antibody–antigen and enzymes, 

MIPs bear various potential advantages like superior stability, durability, affordability and easy 

preparation [6-7]. These properties attribute them an efficient and attractive creature in the shape 

of artificial and robust recognition materials. MIPs are considered as an efficient access to develop 

specific cavities in the polymer matrix, introduced by polymerization of monomer in the presence 

of template molecules. Later on, the removal of the template molecules from the polymer matrix, 

leaves the permanent ‗memory‘ of the template. The template molecules can easily reach to the 

imprinting site in rebinding step [8]. Several methods have been developed for the preparation of 

MIP films such as drop coating method [9], electropolymerization [10] and composite membrane 

techniques [11]. Among these methods electropolymerization has more advantages over others in 

the generation of rigid, uniform, compact and stable MIP film with good adherence onto sensor 

surface of different configuration and size. Also, the thickness of the MIP film and morphology 

can also be controlled by using electropolymerization methods [12-13]. Hence, 

electropolymerization technique has been widely used for constructing the MIP sensor.  

Conducting polymers have received extensive interest due to their unique application in the 

field of chemical and biological sensors. The electro-oxidative polymerization of 1,5-

diaminonaphthalene (1,5-DAN) has received much attention because of its chelating and reduction 

properties as the polymer chain contains electron donating amino groups [14-15]. Glutaraldehyde 

(GA) is a bi-functional cross-linking agent, most effectively used to immobilize the proteins and 

amino functional groups containing polymers. GA reacts rapidly with amine functional groups at 

around neutral medium and most frequently used in the protein immobilization. It is also a 

thermally and chemically stable crosslinking reagent [16-17]. The amino functional groups of 1,5-

DAN can bind with –CHO groups of GA. The template molecules were polymerized with 

melamine (MM) on the GA/1,5-DAN modified edge plane pyrolytic graphite (EPPG) surface 

because melamine and template molecules contain amino functional groups, which can establish 

the covalent and hydrogen bond with the surface molecules, and template molecules are locked 

between the sensing surface of the electrode and MM films.  
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8-Hydroxydeoxyguanosine (8-OHdG or 8-oxo-7,8-dihydro-2’-deoxyguanosine) is an oxidized 

product of the deoxyguanosine residues in DNA, which is produced by the attack of reactive 

oxygen species (like hydroxyl radical) at the C-8 position of guanine [18-19]. The level of the 8-

OHdG in the urine is directly associated with the total DNA damage in the body and its level in the 

target tissues are also correlated with various cancers in animal models [18, 20-23]. The urinary 8-

OHdG is known as a potential contributor for risk assessment in certain disorders related to 

carcinogenesis, degenerative diseases, aging, cardiovascular disease, malignant tumors and 

environmental health [24-25]. The increase in 8-OHdG in serum has been found to increase in the 

patients with advanced chronic kidney diseases [26]. Hence, it has an impact on analytical science 

to develop a sensitive, fast, reproducible and selective method for the determination of 8-OHdG. 

Various analytical methods such as HPLC with electrochemical detection (HPLC-ED) [21], 

capillary electrophoresis electrochemical detection (CE-ED) [20], Gas Chromatography-Mass 

Spectrometry (GC-MS) [27], etc. have been used for the determination of 8-OHdG in urine 

samples. However, most of these techniques suffer from the basic limitation like expensive 

instrumentation with sophisticated process, large solvent requirement, and complicated sample pre-

treatment. While the electrochemical and voltammetric techniques attract attention due to the 

simple, cost effective, reproducible, rapid and sensitive analysis of biomolecules, drug and electro-

active compounds in comparison to the conventional analytical methods. Many surface modified 

or unmodified electrodes have been used for the analysis of 8-OHdG [28-35]. Several of these 

electrodes were not explored in biological fluids and demonstrated the low sensitivity and low 

selectivity. The electrochemical determination of 8-OHdG using composite of graphene oxide and 

single walled carbon nanotube modified glassy carbon electrode has also been reported by our 

laboratory [35]. However, only recovery after spinking was reported for the determination of 8-

OHdG in human urine samples. Thus, still a more sensitive method is required for determination of 

trace amount of 8-OHdG in complex matrix like urine of the patients of different diseases. Hence, 

a molecular imprinted sensor has been developed in the present studies for the determination of 8-

OHdG and the applicability of the method is demonstrated by determining 8-OHdG in the urine 

sample of a renal failure patient, undergoing dialysis once in a week.  

In this section, we report a cost effective, sensitive and selective approach based on MIP for the 

determination of 8-OHdG. The 1,5-DAN and GA used as supporting materials, while melamine 

monomer has been used for constructing the MIP film on the GA/1,5-DAN modified sensor 



Highly sensitive sensors for the determination of biomolecules 

 

78 
 

surface. The recognition properties of the MIP sensor (EPPG/1,5-DAN/GA/MIP) are highly 

attractive for the 8-OHdG.  

 

3.2. EXPERIMENTAL 

3.2.1 Materials and instrumentation 

  8-OHdG, uric acid (UA), ascorbic acid (AA), hypoxanthine (HX), xanthine (X), 

glutaraldehyde (GA), 1,5-diaminonaphthalene (1,5-DAN) and melamine (MM) were purchased 

from Sigma Aldrich (USA). Potassium ferricyanide (K3[Fe(CN)6]) and Potassium chloride (KCl) 

were purchased from E. Merck (India). The pieces of edge plane pyrolytic graphite electrode 

(EPPG) were obtained from Pfizer, USA as a gift. The phosphate buffer solution of pH 7.2 was 

prepared using the method of Christian and Purdy [36].  

Voltammetric studies were performed by using an Epsilon EC-USB voltammetric analyzer 

(BAS, West Lafayette, USA). The voltammetric and electrochemical impedance studies were 

carried out by using the three electrode system in a single glass cell equipped with  Ag/AgCl as 

reference electrode, imprinted sensor as working electrode and platinum wire as auxiliary 

electrode. Field Emission Scanning Electron Microscopy (FE-SEM) has been used to investigate 

the changes of the surface morphology of the modified and unmodified sensor by using Ziess ultra 

plus 55 instrument. Using a Shimadzu spectrophotometer (model UV-2450) UV-vis studies were 

performed in order to investigate the removal of the template molecule (8-OHdG) from the surface 

of the MIP sensor. To examine the impact of the modification on the charge transfer resistance, 

Electrochemical Impedance Spectroscopy (EIS) studies were performed at different stages of 

modification using Versastat 3 galvanostat (Princeton Applied Research, USA).  

 

3.2.2 Fabrication of modified sensors 

Prior to modification, the surface of EPPG was mechanically scratched on the emery paper 

(P-400) and washed well with double distilled water. Firstly, the electro-polymerization of 1,5-

DAN was carried out by transversing the potential range -0.1 to 1.0 V at 100 mV/s sweep rate, in 4 

mL of 2 mM 1,5-DAN solution (prepared in 1M HClO4) for 15 optimised cyclic voltammetric 

scans. The obtained film was rinsed with double distilled water and dried at room temperature. 

Secondly, 1,5-DAN modified sensor was immersed in the glutaraldehyde solution for 30 min to 

grow the glutaraldehyde film. After that the sensor was kept at the room temperature for complete 

drying. Thirdly, the electro-polymerization of melamine with 8-OHdG as template was carried out 
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on the surface of GA/1,5-DAN modified EPPG. For this purpose, 1:2 mixture of 1 mL of 2 mM 

solution of melamine (prepared in 0.1 M H2SO4) and 2 mL of 8-OHdG was taken in an 

electrochemical cell and electro-polymerized in the potential range between 0 to 1600 mV at 100 

mV/s scan rate for optimized 20 scans [37]. The obtained film was washed with double distilled 

water so as to remove unreactive monomer from the surface of the sensor. Finally, the modified 

sensor was cycled in 0.1M H2SO4 solution between -1000 to +1000 mV at 100 mV/s scan rate for 

25 scans in order to release the template molecules. A non-imprinted polymer (NIP) sensor was 

also prepared under identical conditions except that the electro-polymerization in the third step was 

carried out in the absence of the template molecules. 

 

3.2.3 Voltammetric procedures and sample preparation 

Voltammetric technique has been used to investigate the electrochemical oxidation of the 

8-OHdG. The stock solution of 8-OHdG (1mM) solution was prepared by dissolving the required 

amount of the 8-OHdG in double distilled water. To prepare the test solution, the required volume 

of the 8-OHdG stock solution was taken in a glass cell, having 2 mL of phosphate buffer of pH 7.2 

and the total volume was made 4 ml using double distilled water.  

The optimized operating parameters for square wave voltammetry (SWV) were initial 

potential (Ei): 100 mV, the final potential (Ef): 1200 mV, square wave amplitude (Esw): 25 mV, 

square wave frequency (f): 15 Hz, potential step (E): 4 mV. Similarly, the optimum operating 

condition for cyclic voltammetry (CV) were initial potential (Ei): 0 mV, switching potential (E): 

1000 mV, the final potential (Ef): 0 mV and scan rate (v) 100 mV/s. To remove dissolved oxygen 

from the test solutions, nitrogen gas was purged for 10–12 min before recording each 

voltammogram. The template molecules were removed from the sensing surface of the imprinted 

sensor after recording the voltammogram by applying a potential of -400 mV for 150 s in the blank 

solution.  

 

3.2.4 Biological samples 

 To examine the 8-OHdG content in the urine sample from a patient suffering from renal 

failure (Male, age 65, 95 kg), the first urine of the morning was obtained from the Institute hospital 

of I.I.T. Roorkee after the permission of Ethical Clearance Committee. The patient was undergoing 

dialysis once in a week. The collected urine sample was diluted four times by using a phosphate 
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buffer solution of pH 7.2 and the amount of 8-OHdG was determined using standard addition 

method and a calibration curve was plotted. 

For the recovery studies the urine samples of two healthy volunteers (Male, age 26 and 

Female, age 22) were collected from the Institute hospital of I.I.T. Roorkee (Ethical Committee 

Permission No. BIOTECH/IHEC/AP/15/1). The obtained urine samples were filtered by using the 

Whatman 42 filter paper and the filtrate was diluted two times by using a phosphate buffer solution 

of pH 7.2 in order to remove the complexity of the urine. The test samples for recovery study were 

prepared by spiking the diluted urine samples with required amount of the 8-OHdG.  

 

3.3 RESULT AND DISCUSSION  

3.3.1 Characterization of nano composite  

The FE-SEM micrographs were recorded in order to study the changes occurring during the 

fabrication of imprinted sensing surface. Fig. 3.1 clearly shows the difference in the morphology 

of the imprinted sensor in comparison to the NIP/EPPG.  Fig. 3.1(A) and 3.1 (B), shows cubical, 

crystalline structures for the melamine, which are distributed evenly at the GA/1,5-DAN modified 

EPPG surface. These nano cubes are expected to provide increased effective surface area and 

roughness and affect the sensing properties of sensor.  

 

Fig. 3.1: FE-SEM images demonstrating surface morphology of (A) NIP/EPPG, (B) MIP/EPPG. 

 

 EIS was employed to examine the changes in the impedance after surface modification and 

for characterizing the electrochemical performance at different steps of the modification protocol. 

The experiment was carried out in the 1:1 solution of 5 mM K3[Fe(CN)6] and 0.1 M KCl over the 

frequency range of 1000 kHz to 10 mHz. Randle's equivalent circuit (inset Fig. 3.2) was used to 
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obtain the data of different stages of modification. A Nyquist plot consists two portions, one is 

semi-circle portion indicating RCT values and other one is a linear portion, which represents the 

mass transfer effects at lower frequency [38]. Fig. 3.2 presents the results obtained in the 

impedance studies corresponding to the unmodified EPPG, molecularly imprinted EPPG, non-

imprinted EPPG and MIP in the presence of the template surfaces. The RCT values were calculated 

by fitting the Randle‘s circuit and the values observed for the unmodified EPPG, MIP/EPPG 

without template, NIP/EPPG and MIP bound to template were 1000 Ω, 734 Ω, 576 Ω and 504 Ω 

respectively. From the figure, it can be seen that the lowest semicircle diameter was observed for 

MIP in the presence of the template molecules indicating the special affinity of the recognition 

sites for the template molecules. However, the MIP exhibited higher RCT values in comparison to 

the NIP, which may be attributed to the absence of cavities in NIP film that resulted in continuous 

coating of the conducting polymer on the sensor surface whereas, due to the presence of cavities in 

MIP film, a discontinuous surface of conducting MM film was obtained. This  resulted a higher 

resistance to the charge transfer.  

 

Fig. 3.2: Typical Nyquist plot observed for (a) unmodified/EPPG, (b) MIP/EPPG, (c) NIP/EPPG 

and (d) MIP with template during the electrochemical impedance spectroscopy in 1:1 mixture of 5 

mM K3Fe(CN)6 and 0.1 M KCl solution over the frequency range 1000 kHz to 1 mHz. 
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3.3.2 Incubation time and removal of template from the MIP sensor  

 Incubation time plays an important role in enhancing the sensitivity of a MIP sensor. The 

interaction between imprinted film and analyte molecules was evaluated by incubating 1 µM 

concentration of 8-OHdG in phosphate buffer (pH 7.2) solution for 5 to 35 min. and current 

response was measured.  It was found that the peak current increased with increasing incubation 

time till 20 min and then became constant due to the saturation of all the active molecular 

recognition sites Fig. 3.3. Hence, the incubation time was used as 20 min for subsequent studies.  

 

Fig. 3.3: Effect of incubation time on the anodic peak current response of 1µM 8-OHdG observed 

using the imprinted sensor at pH 7.2.  
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Fig. 3.4: UV-vis absorption spectrum for (a) 4µM 8-OHdG solution and (b) removal of template 

molecules in the 0.5M H2SO4. 

 

Similarly, In order to confirm the removal of template molecules from the sensor surface, UV-

visible spectrum was recorded in the H2SO4 solution in which template molecules were removed 

by the afore mentioned procedure. The obtained spectrum is shown in Fig. 3.4 (b), and exhibits 

two bands at 245 nm and 294 nm. these bands were essentially similar to the bands exhibited by 

the pure solution of 8-OHdG (Fig. 3.4 (a)) [34]. Thus, the two UV spectra confirmed the successful 

removal of the template molecules at the imprinted sensor in H2SO4 solution in between the desire 

potential range. 

 

3.3.3 Cyclic Voltammetry  

The cyclic voltammetric studies are commonly performed for exploring the redox behavior 

of the electro-active species and to examine the nature of electrochemical reactions. For exploring 

the electrochemical characteristics of 8-OHdG, cyclic voltammograms of 1µM 8-OHdG were 

recorded at MIP/EPPG and NIP/EPPG sensors in the phosphate buffer of pH 7.2 at scan rate of 

100 mV/s. A single irreversible oxidation peak was observed for 8-OHdG at both the sensing 

surfaces. A comparison of voltammograms has been presented in Fig. 3.5. A  well defined 

oxidation peak is observed at the imprinted sensor in comparison to the NIP/EPPG sensor at less 
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positive potentials. The large anodic peak current at imprinted sensor represents the higher 

sensitivity of the sensing surface towards the oxidation of 8-OHdG. 

     

Fig. 3.5: Comparative cyclic voltammograms corresponding to 1 µM 8-OHdG in phosphate buffer 

of pH 7.2 at 100 mV/s scan rate using (A) NIP/EPPG and (B) MIP/EPPG. 

 

To ascertain the nature of the electron transfer process at the MIP sensor, scan rate study 

was performed for 1μM 8-OHdG in the range of 10–250 mV/s. It was found that peak current (ip) 

of 8-OHdG was increased with increasing the sweep rate (v). The linear relation between ip and v 

can be expressed by the relation (Inset Fig. 3.5); 

ip = 0.0547 v + 0.5167, R² = 0.994 

where, ip is the oxidation peak current in µA, v is the sweep rate in mV/s
 
and R

2
 is 

correlation coefficient. The linear plot between ip vs. v, indicates that the oxidation of 8-OHdG at 

imprinted sensor is adsorption controlled, which is further confirmed by the dependence of log ip 

on log v. The plot between log ip and log v was linear and the dependence can be expressed by the 

equation; 

 log ip = 0.9521 log v - 1.109, R² = 0.992 

The slope value (d log ip)/ (d log v) near to ~1 for log ip vs. log v plot further confirmed that 

the electron transfer process for oxidation of 8-OHdG proceeded by an adsorption controlled 

pathway [34,39]. 
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3.3.4 Square Wave Voltammetry 

The detailed electrochemical study of the 8-OHdG was carried out by using square wave 

voltammetry (SWV). To analyze the extent of electro-catalytic behavior of imprinted sensor, 

square wave voltammograms were recorded for 0.5 μM 8-OHdG solutions in pH 7.2 phosphate 

buffer using unmodified EPPG, 1,5-DAN/EPPG,  GA/1,5-DAN/EPPG, NIP/EPPG and MIP/EPPG 

sensors as shown in Fig. 3.6 (A). A weak anodic peak for the electrochemical oxidation of 8-

OHdG was observed at bare EPPG sensor, whereas, at MIP/EPPG a sharp anodic peak at ~339 mV 

with the highest peak current (ip) as demonstrated in Fig. 3.6 (A) was noticed. In addition, no peak 

was noticed, if the voltammogram is extended for the reverse direction. Since, the best response for 

the oxidation of the 8-OHdG was obtained at MIP/EPPG, hence, further studies were performed by 

using this imprinted sensor. Fig. 3.6 (B) demonstrates the oxidation response of 0.5 µM 8-OHdG 

at imprinted sensor in the first scan and second scan. It can be clearly seen that in the first scan 

oxidation of 8-OHdG takes place however, in the second scan no oxidation peak of 8-OHdG was 

observed. This clearly demonstrates that the oxidation of only entrapped 8-OHdG occurs at the 

MIP/EPPG surface. 

 

 

Fig. 3.6: A) Comparative SW voltammograms recorded for 0.5 µM 8-OHdG at pH 7.2 phosphate 

buffer at (a) unmodified EPPG, (b) 1,5-DAN/EPPG,  (c) GA/1,5-DAN/EPPG, (d) NIP/EPPG and  

(e) MIP/EPPG sensors. The dotted line represents the background current  B) Effect of number of 

scans on the oxidation of 8-OHdG at MIP/EPPG sensor. 
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3.3.4.1 Effect of pH 

The effect of pH on peak potential of 8-OHdG was studied in the pH range 2.4–10.0 by 

using SWV at MIP sensor. The SW voltammograms were recorded at a fixed concentration of 1 

µM 8-OHdG. It was observed that the anodic peak potential (Ep) of 8-OHdG shifted toward the 

less positive potential with the increasing pH of the supporting electrolyte as demonstrated in Fig. 

3.7. The linear dependence of anodic peak potential (Ep) on pH can be expressed by the relation: 

                                        Ep = -58.07 (pH, 2.0–10.0) + 768.23, R² = 0.994 

having a correlation coefficient of 0.994. The slope value dEp/dpH close to 59 (~58 mV/pH) 

suggests that equal number of electrons and protons are involved in the electro-oxidation of 8-

OHdG. 

 

Fig. 3.7: Dependence of peak potential (EP) on the pH of the supporting electrolyte for 1 µM 8-

OHdG. 

 

  The Laviron‘s equation has also been used to further calculate the electron involved in the 

oxidation of 8-OHdG [40]. For this purpose, the oxidation of 8-OHdG was examined by using 

cyclic voltammetry. The cyclic voltammograms were recorded for 1 μM 8-OHdG at different scan 

rates (v) between 10–250 mVs
−1

. The anodic peak potential (Ep) was found to increase with the 

increasing scan rate (v) for 8-OHdG and the linear variation can be expressed by the expression: 

  Ep = 52.863 log v + 257.23, R² = 0.991 



Chapter 3 

 

87 
 

According to the Laviron‘s equation, the slope (dEP/dlog v) of the plot Ep vs. log v gives the value 

of αn, where α is the electron transfer coefficient. For a totally irreversible electron transfer, the 

value of α is usually assumed as 0.5 [41]. Using the laviron equation, The number of electrons 

involved in the oxidation of 8-OHdG was found to be 2.23. The obtained results indicates the 

participation of 2e
-
, 2H

+
 in the electro-oxidation of 8-OHdG following the mechanism as shown in 

Scheme 3.1 [35]. 

 

Scheme 3.1: Proposed oxidation mechanism of 8-OHdG. 

 

3.3.4.2 Effect of frequency 

The effect of frequency on the oxidation of 1µM 8-OHdG was evaluated in the range 5–75 

Hz by using the SWV. It was found that with the increasing square wave frequency, the oxidation 

peak current of 8-OHdG increased. The linear relation of frequency (f) and peak current (ip) was 

witnessed, which indicated the adsorption controlled oxidation of 8-OHdG at the imprinted sensor 

(Fig. 3.8). The linear relation between ip vs. f and log ip vs. log f can be represented by the 

equations; 

                                        ip = 1.003 f - 3.5503, ……..... R² = 0.992 

log ip = 1.2587 log f - 0.4617, ….. R² = 0.984 

where, f  is the square wave frequency in Hz and R
2
 is correlation coefficient. The log plot having 

a slope ~ 1 further indicated the adsorption controlled electron transfer process in the oxidation of 

8-OHdG at the imprinted sensing surface [34,39]. 
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Fig. 3.8:  Variation of (A) anodic peak current (ip) with the square wave frequency (f) and (B) log 

(ip) with log (f) for 1 µM 8-OHdG. 

 

3.3.4.3 Effect of concentration  

The concentration study was performed to determine the sensitivity and the limit of 

detection of the developed MIP sensor. The SW voltammograms were recorded for the different 

concentration of 8-OHdG at the unmodified EPPG and imprinted sensor at pH 7.2 phosphate 

buffer at the optimal SWV conditions. The optimized incubation time of 20 min was used for the 

concentration studies. It was found that the peak current increased with increase in concentration 

of 8-OHdG (Fig 3.9). At unmodified EPPG, no peak was observed at concentration < 0.5 µM. The 

quantitative determination of 8-OHdG was carried out by measuring the oxidation peak current. A 

linear relation was found between peak current (ip) and increasing concentration of the 8-OHdG in 

the range of 0.020–3 μM at the  imprinted sensor as demonstrated in the inset of Fig. 3.9. The 

linear dependence can be expressed by the equations: 

ip = 10.59 [C, 0.02-3] + 2.2783, R
2
 = 0.9934……………… MIP/EPPG 

         ip = 1.0183 [C, 0.5-80] + 0.0702, R
2
 = 0.9969…………… unmodified EPPG 

Where, C is the concentration of 8-OHdG in µM. From the regression equations, it is observed that 

the imprinted sensor has ~ 10 fold higher sensitivity towards the 8-OHdG in comparison to the 

unmodified sensor. The analytical parameters found for the quantitative analysis of 8-OHdG at 

MIP/EPPG and bare EPPG sensors have been summarized in Table 3.1. 

http://www.sciencedirect.com/science/article/pii/S0925400516313557#tbl0005
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Fig. 3.9: Square wave voltammograms recorded for (a) 0.02 µM, (b) 0.03 µM, (c) 0.05 µM, (d) 0.1 

µM, (e) 0.25 µM, (f) 0.5 µM, (g) 1 µM, (h) 2 µM and (i) 3 µM 8-OHdG using MIP sensor. 

Background current is demonstrated by the dotted line. A calibration plot of 8-OHdG 

concentration in inset is the range of 0.020–3 µM. 

The limit of detection (L.O.D.) for 8-OHdG has been calculated by using formula 3σ/b, 

where σ is the standard deviation of ‗n‘ (n=3) blank voltammograms and b is the sensitivity 

observed in the calibration plot. The limit of detection was found to be 3 nM at MIP/EPPG.  

Table 3.1: A comparison of analytical parameters obtained for the quantitative analysis of 8-

OHdG at MIP/EPPG and bare EPPG. 

S.No. Validation Parameters MIP BARE 

1 

2 

3 

4 

5 

Concentration (µM) 

Sensitivity (μA/μM) 

Correlation coefficient (R
2
) 

Standard error of slope 

Standard error of intercept 

0.020–3 

10.67 

0.9923 

0.3544 

0.4472 

0.5–80 

1.0205 

0.9970 

0.0227 

0.8164 

 

A comparison of  the L.O.D values reported in recent year for 8-OHdG are presented in Table 3.2 

and it is found that the L.O.D. value is lower than reported earlier. 
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Table 3.2: A comparison of limit of detection (L.O.D.) observed with the reported for 8-OHdG in 

recent years. 

 S.No. Technique Linear  

range 

  Detection  

Limit 

Real 

Sample 

Reference 

1. CE-ED 10–100 nM 20 nM Yes [20] 

2. MWCNT/GCE (CV) 0.08–5 µM 9 nM No [28] 

3. CNT-PEI/GCE (DPASV) 0.5–30 µM 100 nM No [29] 

4. DNA/P3MT /GCE (CV) 0.28–4.2 μM,  

4.2–19.6 μM 

56 nM Yes [30] 

5. P3MT/GCE (CV) 0.7–35 µM 

35–70 μM 

100 nM Yes [31] 

6.   SWCNT-Nafion/GCE (DPV)  0.03–1.25 µM 8 nM No [32] 

7. 

8. 

  SWCNT-Lysine /GCE (VAS) 

EPPG (SWV) 

0.30–10.0 µM 

0.5–100 µM 

97 nM 

28 nM 

     No 

No 

[33] 

[34] 

9.   MWCNT/ErGO/GCE (SWV) 3–75 µM 35 nM No [35] 

10. MIP Sensor (SWV) 0.020–3 μM 3 nM Yes Present work 

CE-ED: Capillary electrophoresis with electrochemical detection; DPASV: Differential pulse anodic stripping 

voltammetry; PEI: Polyethylenimine; P3MT: Poly(3-methylthiophene); DVP: Differential pulse voltammetry; VAS: 

Voltammetric adsorptive stripping 

 

3.3.5 Interference study  

To determine the selectivity of the proposed imprinted sensor in the presence of potential 

interfering substances, which are normally present in the biological fluids such as UA, X, AA and 

HX are evaluated. For this purpose, the SW voltammetric peak current response of 1 µM 8-OHdG 

was recorded in the presence of 10–100 fold concentration of interfering substances. The 

experimental results indicate that no effect of the interfering substances was obtained on the peak 

current response of 8-OHdG upto 100 fold concentration as depicted in Fig. 3.10. These observed 

results expressed appreciable sensitivity and specificity of the binding cavity of the imprinted 

sensor towards the 8-OHdG. These results demonstrated that the imprinted sensor can be 

successfully applied for the quantitative analysis of 8-OHdG in biological fluids. 
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Fig. 3.10: Effect of interfering substances on the peak current of 1 µM 8-OHdG in presence of  (A) 

400 µM uric acid, (B) 600 µM ascorbic acid, (C) 300 µM hypoxanthine and (D) 400 µM xanthine.  

 

3.3.6 ANALYTICAL APPLICATION 

3.3.6.1 Real sample assay 

 In order to examine the biological applicability of the developed method, imprinted sensor 

has been used for the analysis of 8-OHdG content in complex matrix such as urine by using the 

standard addition method.  The urine sample of a renal failure patient was collected for performing 

the biological assay. The collected urine sample was diluted four times by using a phosphate buffer 

solution of pH 7.2 in order to reduce the matrix complexity. The square wave voltammograms 

were recorded in the dilute urine sample spiked with the known 8-OHdG concentration. An 

oxidation peak of 8-OHdG was observed at 339 mV with a small additional peak at 304 mV 

corresponding to UA in the urine samples. A calibration curve was plotted between the peak 

current and spiked content of 8-OHdG and on extrapolating the graph the concentration of the 8-

OHdG was evaluated as indicated in the Fig. 3.11.  
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Fig. 3.11: The observed standard addition plot for 8-OHdG in urine sample of renal failure patient. 

 

The observed results are listed in Table 3.3. The negative intercept value of x-axis is insignificant. 

By considering the dilution factor, the detected concentration of 8-OHdG was found to be 26 nM 

in urine sample. The lower value of RSD (±1.63%) demonstrates the good accuracy and reliability. 

 

Table 3.3: Biological assay data for determination of 8-OHdG in urine sample of a renal failure 

patient. 

S.No. Spiked (µM) Observed (µM) Actual (µM) Recovery % Error% 

1 0 0.026 0.026 ___ ___ 

2 0.01 0.036 0.026 100.00 0 

3 0.02 0.0459 0.0259 99.61 -0.39 

4 0.05 0.0761 0.0261 100.03 +0.03 

*RSD for the determination was ±1.63 % for n=3 

The observed values are sum of 8-OHdG present + spiked amount.  

The actual amount is observed - spiked amount. 
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3.3.6.2 Recovery study 

To examine the utility of the imprinted sensor in urine samples, 8-OHdG recovery studies 

were also carried out in the two healthy human urine samples. The collected urine samples were 

diluted two times by using pH 7.2 phosphate buffer solutions. SW voltammograms of urine 

samples were recorded after spiking with different concentrations of the 8-OHdG. The peak of 8-

OHdG was noticed at ~339 mV in addition to the peaks of common metabolites in urine samples. 

The amount of 8-OHdG was back calculated by using the peak current in the calibration equation 

and the results observed are presented in Table 3.4. The recovery data of spiked 8-OHdG were 

observed in the range of 98.4–101% (Table 3.4). The robustness test has also been used to 

investigate the results obtained during recovery studies by examining the effect of pH. From this 

study, it was found that no significant effect was observed in the results of recovery studies by 

consciously altering the pH from 7.2 to 5.0. 

             

Table 3.4: Recovery data of 8-OHdG determined in a healthy human urine samples. 

S.No.  Spiked amount (μM) Detected amount (μM)
* 

Recovery % Error % 

Sample 1 

1 

2 

3 

 

0.05 

0.10 

0.25 

 

0.0499 

0.101 

0.249 

 

99.80 

101.00 

99.60 

 

-0.20 

+1.00 

-0.40 

Sample 2 

1 

2 

3 

 

0.5 

1 

2 

 

0.497 

1.020 

2.010 

 

99.40 

100.20 

100.50 

 

-0.60 

+0.20 

+0.50 

*RSD for the determination was 1.56% for n=3 

 

3.3.7 Stability and reproducibility of imprinted sensor 

To evaluate the stability of the imprinted sensor, the peak current response at a fixed 

concentration of 8-OHdG (1μM) was examined in phosphate buffer of pH 7.2 by recording the 

four consecutive voltammograms per day for 25 days. The experimental results show the minimal 

variation in anodic peak current response at the imprinted sensor for first 15 days. However, the 
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current response dropped upto 6.2% for next 10 days, which indicated the excellent stability of the 

fabricated imprinted sensor.  

In order to investigate the intraday reproducibility of the imprinted sensor, five successive 

voltammograms were recorded for 8-OHdG at an interval of 1 h, and the R.S.D was calculated. 

From the calculations, R.S.D came out to be 4.53% (n=5), which suggested the excellent 

reproducibility of the developed imprinted sensor. Hence, it is concluded that the presented 

imprinted sensor shows appreciable stability and reproducibility. To examine the sensor to sensor 

variation, five different MIP/EPPG were fabricated independently by following the same 

modification protocol. By using each of the imprinted sensor, voltammograms were recorded in 1 

µM 8-OHdG solution and variation in the peak current response was calculated. It was observed 

that the current of the five imprinted sensors varied by a RSD 2.43%. Hence, it‘s concluded that 

the developed imprinted sensor shows excellent stability and reproducibility. 

 

3.3.8. Ruggedness studies 

The ruggedness test was performed to examine the problems in interlaboratory studies of 

the developed method. For this purpose two electrochemical systems of different laboratories were 

used by two different analysts. The voltammetric studies were performed at  two voltammetric 

analyzers viz., Epsilon EC-USB and CV-50 (BAS, West Lafayette, USA) to examine the 

intermediate precision and performance of the MIP sensor. The obtained results of two different 

instruments were compared and the fluctuation in the electrochemical response at sensor was 

found to be < 1.6%, indicating the excellent precision of the proposed protocol. There was no 

significant difference in the observed recovery results from the two instruments as summarized 

in Table 3.5. Hence, MIP sensor was found to be a reliable, rugged and robust tool for the 

determination of 8-OHdG in the complex matrix.  
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Table 3.5: The Robustness and ruggedness of the MIP sensor for recovery data of 8-OHdG 

determination in human urine samples. 

Variables Recovery % ± R.S.D 

Robustness at pH=7.2 98.72 ± 1.41 

Ruggedness Analyst 1  

Instrument: Epsilon EC-USB 99.18 ± 1.12 

Instrument: CV 50W 

Ruggedness Analyst 2 

98.59 ± 1.47 

Instrument: Epsilon EC-USB 98.26 ± 1.58 

Instrument: CV 50W 99.34 ± 1.23 

 

3.4. CONCLUSION  

The proposed protocol deals with the fabrication of suitable and extremely selective 

imprinted sensor for monitoring of 8-OHdG in urine samples. The developed method is based on 

an imprinted technique in which melamine was electro-polymerized with 8-OHdG at the surface of 

the GA/1,5-DAN modified EPPG. The surface of the molecular imprinted sensor has been 

characterized using CV, SWV, FE-SEM and EIS. The proposed sensor can be successfully applied 

for the quantitative as well qualitative analysis of 8-OHdG. A linear  relation was observed 

between the peak current and 8-OHdG concentration in the range of 20×10
-9

 – 3×10
-6

 M with a 

detection limit of 3×10
-9

 M. Such a low detection limit is sufficient for the determination of 

excreted 8-OHdG in the urine of patients suffering from various diseases. The fabricated sensor 

exhibited excellent selectivity, sensitivity, long term stability and reproducibility. Thus, it is 

concluded that the developed protocol can be successfully employed for the electrochemical 

measurement of 8-OHdG content in the urine samples and other complex biological fluids. 
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SECTION B: NANO PALLADIUM DECORATED CARBON NANOTUBE MODIFIED 

SENSOR FOR SENSITIVE DETERMINATION OF 5-HYDROXYTRYPTOPHAN 

5-Hydroxy-L-tryptophan (5-HTP, 2-amino-3-(5-hydroxy-1H-indol-3-yl) propanoic acid, I) 

is a naturally occurring aromatic amino acid, produced by one of the essential amino acid L-

tryptophan. Its synthesis in the human system is catalyzed by the enzyme, ‗tryptophan 

hydroxylase‘, present in the serotonergic neurons. 5-HTP is an intermediate precursor in the 

biosynthesis of an important neurotransmitter, Serotonin (5-HT) [42-44]. It is also considered as 

over the counter medicine in several developed countries as a dietary supplement. Past clinical 

research studies have proved that 5-HTP can easily cross the blood-brain barrier and can bypass 

the routine rate-limiting step of 5-HT biosynthesis, leading to the abnormally increased serotonin 

level in the brain and central nervous system (CNS) which is responsible for many disturbed 

physiological conditions, like insomnia, depression, pain, sexual behavior, anxiety and 

temperature. [42-43,45-47]. The estimation of 5-HTP is thus directly related to the level of 5-HT 

and its altered concentration can result in the elevated levels of some clinically important 

hormones in the living body, such as prolactin and serum corticosterone [45]. It also plays a 

significant role in the various mental disorders and has also been employed in the effectual 

treatment of a number of clinical conditions, such as depression, cerebellar ataxia, fibromyalgia, 

chronic headaches, obesity and insomnia [42, 45-49]. 5-HTP not only maintains the serotonin level 

but is also used as a dietary supplement in the case of weight loss and body building [46], 

excessive use of which can result in extreme muscle tenderness (myalgia), blood abnormalities 

(eosinophilia), sexual problems, heart burns, nausea, vomiting, diarrhea etc. As a result, 

determination of 5-HTP in biological fluids is of prime importance. For the quantification of 5-

HTP, various types of technique have been developed such as liquid chromatography–mass 

spectrometry (LC–MS) [50], high-performance liquid chromatography [51-52], UV- 

Spectrophotometry [53], fluorescence spectrometry [54], liquid chromatography–ionspray tandem 

mass spectrometry (LC–MS) [55], capillary electrophoresis (CE) [56] etc. However, most of these 

techniques suffer from disadvantages like expensive instrumental setup, sophisticated and time 

consuming procedure, lengthy processing of samples prior to analysis, large solvent requirement, 

hectic pre cleaning steps etc. due to which the interest of analytical community is shifting towards 

finding a more simple, accurate, sensitive and fast technique. Electrochemical methods especially 

voltammetry has attracted interest in the recent years as it offers a more feasible, cost-effective and 

selective determination of electro-active analytes [57]. Various types of the surface modified 
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electrodes such as Indium tin oxide/nanoscale pores sol–gel/cobalt hexacyanoferrate 

(ITO/npSG/CoHCF) electrode [58], RuOx/GCE [59], carbon disk electrode [60], gold modified 

pencil graphite electrode [61] etc. have been used to electrochemically determine 5-HTP. 

However, the previously reported methods have lower sensitivity, higher detection limit, small 

linear concentration range and complex modification procedure. Thus, fabrication of a simple 

sensor for assaying the trace amount of 5-HTP in biological samples has been attempted in the 

present section. 

Recently, studies have demonstrated that due to the effective catalytic activity, unique 

electrical properties and biocompatibility, palladium nanoparticles can be used as modifiers for the 

electrode surface for the analysis of the drugs and bio-molecules [62-64]. However, the isolated 

nanoparticles (NPs) are unstable due to their small particle size, as a result of which they undergo 

agglomeration. In order to avoid the agglomeration of the NPs, a support material for the 

nucleation and growth can be employed, which can result in a new hybrid nanomaterial [65-66]. 

Among the support materials, carbon nanotubes (CNTs) are one of the most widely used candidate. 

The literature has shown that growth of metal nanoparticles on CNTs not only prevents 

agglomeration but also results in their enhanced catalytic-ability [67]. Last decade has witnessed 

crucial application of CNTs in the development of sensitive and selective electrochemical sensors. 

Multi-walled carbon nanotubes (MWCNT), the cylindrical molecules with sp
2
 carbon, have been 

of considerable interest to researchers majorly because of their excellent electrical conductivity, 

unique physical properties, high surface area and chemical stability [68-69]. MWCNT are also 

known to improve the electrical properties of the sensing surface as they exhibit electro-catalytic 

properties and thus results in improved electrochemical response of the analyte [69-70]. Hence, 

MWCNT has been chosen as the support for the deposition of PdNPs so as to fabricate a 

nanohybrid material having properties superior then both MWCNT and PdNPs alone. 

In the last few years, several methodologies had been opted to achieve the Pd/CNT 

nanocomposites, such as microemulsion [72], electro-less deposition [73], surfactant self-reduction 

[74], arc-discharge in solution [75], solid state H2 reduction [76] and ethylene glycol reduction 

[77]. However, some of them exhibit sophisticated synthetic procedure or complex equipment to 

achieve Pd/CNTs nanocomposite. In the present section, a facile, simple and effective chemical 

method has been used to achieve the Pd decorated MWCNT (PdNP:MWCNT) surface. The 

fabricated surface has been applied as surface modifier for the fabrication of a sensitive, selective 

and robust electrochemical sensor for assaying 5-HTP. 
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3.5 EXPERIMENTAL 

3.5.1 Materials and instrumentation 

5-Hydroxytryptophan (5-HTP; Code H9772 Sigma), uric acid (UA), ascorbic acid (AA), 

hypoxanthine (HX), xanthine (X), sodium borohydrate (NaBH4), multi-walled carbon nanotubes 

(MWCNT; code 773840 Sigma), palladium chloride were purchased from the Sigma Aldrich 

(USA). The phosphate buffer solutions of different pH in the range 2.4–10.0 were used. All the 

stock solutions used throughout the experimental procedure were prepared in the double distilled 

water. The voltammetric studies and characterization techniques used were essentially similar to 

that reported in the section A of this chapter. X-ray diffraction (XRD) data were obtained by using 

Bruker D8-advance X-ray powder diffractometer and energy dispersive X-ray analysis (EDX) 

were carried out using Zeiss ultra plus 55 instrument.  

 

3.5.2 Synthesis of PdNPs- MWCNTs  

The aqueous solution of dihydrogen tetrachloropalladate (II) (H2PdCl4, 0.50 M) was 

prepared by dissolving required palladium chloride in minimum amount of concentrated HCl and 

double distilled water was then used for making up the solution. The MWCNT suspension was 

prepared by suspending 0.5 mg MWCNT in 1 mL of ethanol. The suspension so obtained was 

sonicated for 15 minutes in order to get the maximum dispersion. For synthesizing the palladium 

nanoparticles modified MWCNT, 20 µL of H2PdCl4 aqueous solution was added to 100 µL of 

MWCNT suspension and to this, 200 µL of freshly prepared NaBH4 solution (0.5 mg/200 µL in 

double distilled water) was added. The final mixture was then stirred for 60 s at room temperature. 

NaBH4 was used to reduce the PdCl2 and MWCNT were used as a supporting material for growing 

the palladium nanoparticles. After stirring, the solution was centrifuged, washed several times with 

double distilled water and dissolved in 0.3 mL of water to get a suspension of PdNP modified 

MWCNT. 

 

3.5.3 Fabrication of modified sensors 

The glassy carbon electrode (GCE) surface was firstly polished to a mirror like finish by 

mechanically rubbing it on a micro cloth pad having slurry of ZnO and alumina. The above 

prepared PdNP:MWCNT suspension was then dropcasted on pre cleaned GCE surface. The 

volume of PdNP:MWCNT to be drop casted was optimized in the range of 5–35 μL. The best 

results were found when 15 µL of suspension was dropcasted onto the GCE surface. Thus, for the 
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fabrication of PdNP:MWCNT/GCE, 15 µL of PdNP:MWCNT suspension was drop-casted on the 

pre cleaned GCE surface and dried at room temperature. The final sensing surface was then 

characterized using voltammetry, FE-SEM, EDX, EIS and XRD.  

 

3.5.4 Voltammetric procedures and sample preparation 

Cyclic voltammetry (CV) and square wave voltammetry (SWV) have been applied to 

investigate the electrochemical oxidation of the 5-HTP. To prepare the stock solution of 5-HTP 

(1.0 mM), the required amount was dissolved in the double distilled water. For preparing the test 

solution, the required volume of the 5-HTP stock solution was added to the cell already containing 

2 mL of pH 7.2 phosphate buffer and the final volume was made to 4 ml by using double distilled 

water. The optimized experimental conditions used for the square wave voltammetry (SWV) were: 

initial potential (Ei): 100 mV, final potential (Ef): 1200 mV, square wave amplitude (Esw): 25 mV, 

square wave frequency (f): 15 Hz, potential step (E) 4 mV and the optimized operating parameters 

for the cyclic voltammetry were initial potential (Ei): 150 mV, switching potential (E): 800 mV, 

final potential (Ef): 150 mV and scan rate 100 mV/s. The modified sensor surface was cleaned 

after every run by applying a potential of -400 mV for 100 s in the blank solution.  

 

3.5.4.1 Urine Sample Preparation:  

 Urine samples of two healthy volunteers (Male, age 24 and Female, age 29) were collected 

from the Institute hospital of I.I.T. Roorkee and filtered using the whatman 42 filter paper. The 

filtrate was then diluted twice by using pH 7.2, phosphate buffer. The test solution for the recovery 

experiments were prepared by spiking the diluted urine sample with the required volume of 5-HTP 

stock solution (1mM). 

 

3.6 RESULT AND DISCUSSION  

3.6.1 Characterization of composite  

The FE-SEM micrographs were recorded in order to investigate the nano scale surface 

changes occurring at the different stages of modification protocol. Fig. 3.12 clearly shows the 

different topology of the modified surface in comparison to the bare electrode. It was found that 

the bare GCE surface was smooth and flat before the drop cast as shown in Fig. 3.12(A). The tube 

shape structure in Fig. 3.12(B) belongs to the MWCNT casted on the GCE surface. Whereas, the 

simultaneous presence of both PdNPs (>15 nm) and MWCNT can be seen in Fig. 1(C), which 

http://pubs.rsc.org/en/content/articlehtml/2015/ra/c5ra04942c#imgfig1
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corresponds to the PdNPs decorated MWCNT. From Fig. 3.12(C), it can be visualized that 

MWCNT acts as a support for the nucleation and growth of PdNPs. The energy dispersion X-ray 

spectroscopy (EDX) data further indicated the existence of 35.31 atomic % of Pd in the 

PdNP:MWCNT as represented in Fig. 3.12 (D).  

 

Fig. 3.12: FE-SEM images demonstrating surface morphology of (A) unmodified GCE, (B) 

MWCNT/GCE, (C) PdNP:MWCNT/GCE and (D) EDX data demonstrating the presence of Pd in 

PdNP:MWCNT/GCE. 

The X-ray diffraction (XRD) spectra of MWCNT, bare Pd and PdNP:MWCNT are 

presented in Fig. 3.13. A broad peak at 2θ = 26° was observed in the MWCNT spectrum which 

corresponded to the (0 0 2) plane lattice of the MWCNT. Whereas, the diffraction spectrum of 

PdNP:MWCNT exhibited the major diffraction peaks of Pd at 40.1°, 46.65°, 69°, which 

corresponds to the (1 1 1), (1 1 0), (1 0 0) planes of crystalline Pd(0) respectively [69, 77], along 

with a broad peak at 2θ = 26° indicating thereby successful modification of the MWCNT surface 

with PdNPs and further supports the conclusion made from FE-SEM micrographs. 
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Fig. 3.13: XRD pattern for PdNP:MWCNT. 

 

The EIS experiments have also been carried out for investigating the effect of modification 

on the electron transport behavior of GCE. The experiment was carried out in the 1:1 mixture of 5 

mM K3[Fe(CN)6] and 0.1 M KCl solution over 1000 kHz to 0.001 Hz frequency range. A typical 

Nyquist plot for Randle‘s circuit consisted of two portions, one is the semi-circular and another is 

the linear portion. The linear portion represents mass transfer diffusion limited process at lower 

frequency, while at a high frequency the diameter of the semicircle represents the charge transfer 

resistance (RCT) [62]. Fig. 3.14 shows the results of impedance studies carried out using 

PdNP:MWCNT/GCE, MWCNT/GCE and unmodified GCE. The RCT was calculated by fitting 

Randle's circuit as shown in the inset of Fig. 3.14. The RCT values for PdNP:MWCNT/GCE, 

MWCNT/GCE and bare GCE were 822 Ω (curve a), 1124 Ω (curve b) and 1525 Ω (curve c) 

respectively, which indicates that the  rate of electron transfer between the sensor and electrolyte 

has been promoted by PdNP:MWCNT and thus facilitated the redox processes at the 

PdNP:MWCNT/GCE.  
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Fig. 3.14: Typical Nyquist plots obtained for (a) PdNP:MWCNT/GCE, (b) MWCNT modified 

GCE and (c) unmodified GCE in 1:1 mixture of 5 mM K3[Fe(CN)6] and 0.1 M KCl solution over 

the frequency range 1000 kHz to 0.001Hz. 

 

3.6.2 Cyclic Voltammetry  

Cyclic voltammetry (CV) is commonly applied to investigate the redox behavior of electro-

active species, and for analyzing the nature of the electrochemical reaction involved. Thus, for 

investigating the electrochemical characteristics of 5-HTP and to study the electro-catalytic ability 

of PdNP:MWCNT, cyclic voltammograms were recorded for 100 μM 5-HTP in phosphate buffer 

solution of pH 7.2 using unmodified and PdNP:MWCNT/GCE. As shown in Fig. 3.15, a feeble 

anodic peak at 370 mV was observed at unmodified GCE. On the other hand, a sharp, intense peak 

at 356 mV with enhanced peak current was observed using PdNP:MWCNT/GCE. As no reduction 

peak was observed in the reverse scan, it was concluded that 5-HTP oxidation is irreversible in 

nature. The decrement in the peak potential and significant increment in the peak current of 5-HTP 

clearly showed the electrocatalytic activity of the nanocomposite, which facilitated the electron 

transfer reaction and thus created interest to carry out the further investigations of 5-HTP using 

PdNP:MWCNT/GCE.  
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Fig. 3.15: Comparative cyclic voltammograms corresponding to 100 µM 5-HTP in pH 7.2 

phosphate buffer at 100 mV/s scan rate using (A) unmodified GCE and (B) PdNP:MWCNT/GCE. 

Dotted line represents the CV of blank solution at modified sensor. 

 

To examine the nature of the electron transfer process involved in the oxidation of 5-HTP, 

scan rate study was performed in the range of 5–250 mVs
-1 

and the cyclic voltammograms 

obtained are shown in Fig. 3.16. It is found that on increasing the sweep rate (v), oxidation peak 

current (ip) of 5-HTP increases. A linear relation was found between ip and ν that can be 

represented as: 

                                ip = 0.1608 v + 0.9784, R² = 0.9959 

where, ip is the anodic peak current in µA and v is the sweep rate in mVs
-1

. The linear plot of ip vs v 

demonstrates the fact that oxidation of 5-HTP at PdNPs:MWCNT/GCE is adsorption controlled 

which is further confirmed by the linear plot between log ip vs. log v as shown in inset of Fig. 3.16. 

The linear relation can be represented by the following equation:  

                             lop ip = 0.8464 log v - 0.4554, R² = 0.9905 

The slope value (~ 1 and > 0.5) for log ip vs. log v plot further confirmed that the electron 

transfer in oxidation of 5-HTP proceeded by an adsorption controlled path [78]. 
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Fig. 3.16: Cyclic Voltammograms observed for 50 µM 5- HTP recorded at (a) 10, (b) 20, (c) 40, 

(d) 50, (e) 100 and (f) 150 mVs
-1

 scan rates using PdNP:MWCNT/GCE. Inset is the variation of 

log (ip) with log (v). 

 

3.6.3 Square wave voltammetry  

  The square wave voltammetric technique (SWV) was used for the detailed electrochemical 

analysis of the 5-HTP due to its several advantages, including high sensitivity, low background 

currents and better peak resolution.  For examining the extent of electro-catalytic tendency of 

PdNP:MWCNT, square wave voltammograms were recorded for 10 μM 5-HTP in pH 7.2 

phosphate buffer using unmodified GCE, MWCNT/GCE and PdNP:MWCNT/GCE (Fig.3.17). At 

unmodified electrode a weak oxidation peak was observed for 5-HTP. While in the case of 

PdNP:MWCNT/GCE, a sharp anodic peak at ~338 mV was observed with several fold high peak 

current (ip) response in comparison to the unmodified sensor as shown in Fig. 3.17. As, the 

oxidation of the 5-HTP exhibited best results at PdNP:MWCNT/GCE, further studies were 

performed using PdNP:MWCNT modified glassy carbon electrode.  
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Fig. 3.17: Comparative square wave voltammograms recorded for 10 µM 5-HTP in pH 7.2 

phosphate buffer using (a) unmodified GCE,  (b) MWCNT/GCE and (c) PdNP:MWCNT/GCE. 

 

3.6.3.1 Concentration study 

Concentration study has been carried out in order to prepare a calibration plot for the 

quantification of 5-HTP as well as for calculating the limit of detection. The SWV technique has 

been used for the quantitative analysis of 5-HTP and the voltammograms obtained are shown in 

Fig. 3.18. A calibration curve was plotted in the concentration range 2–400 µM. The peak current 

versus concentration plot exhibited a break at around 100 μM. A linear relation was found between 

peak current and the 5-HTP concentration in the range of 2–100 µM. However, at higher 5-HTP 

concentration, a different linear relation was noticed as demonstrated in the inset of Fig. 3.18.  

The dependence can be documented using following equations: 

                                ip =  0.032 [C 5-80 µM] - 0.0045, R² = 0.9891 - - - - - -  bare electrode 

           ip = 0.212 [C 2-100 µM] + 4.2994, R² = 0.9889 - - - - - -PdNP:MWCNT/GCE 

             ip = 0.072 [C 150-400 µM] + 17.76, R² = 0.9805 - - - - - PdNP:MWCNT/GCE 

where, C is the 5-HTP concentration in µM and R² is the regression coefficient.  
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Fig. 3.18: Square wave voltammograms recorded for (a) 2 µM (b) 5 µM, (c) 10 µM, (d) 20 µM, 

(e) 30 µM, (f) 50 µM, (g) 75 µM, (h) 100 µM, (i) 150 µM, (j) 200 µM, (k) 300 µM and (l) 400 µM 

5-HTP concentrations using PdNP:MWCNT/GCE. The dotted line demonstrates the background 

current. Inset is the calibration plot in the 5-HTP concentration range of 2–400 µM. 

 

The statistical parameters obtained for the quantitative analysis of  5-HTP at PdNP:MWCNT/GCE 

and bare GCE have been tabulated in Table 3.6. From the above equations, it can be seen that 

modified sensor is ~7 fold more sensitive to 5-HTP in comparison to the unmodified sensor. 

Table 3.6: Statistical parameters obtained for the quantitative analysis of  5-HTP at 

PdNP:MWCNT/GCE and Bare GCE. 

Validation Parameters PdNP:MWCNT/GCE Bare 

I II 

Concentration range (µM) 2–100 μM 150–400 μM 5–80 

Correlation coefficient (R
2
) 0.989 0.980 0.989 

Sensitivity (µA/µM) 0.212 0.072  0.032 

Standard error of slope  0.009 0.007         0.002 

Standard error of intercept  0.454 2.007         0.070 
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 The limit of detection (L.O.D.) was calculated by using the formula 3σ/b, where σ is the 

standard deviation of the three consecutive blank readings and b is the slope of the calibration plot. 

L.O.D. as low as 77 nM was obtained at PdNP:MWCNT/GCE for concentration range 2–100 µM 

of 5-HTP. This detection limit is much lower in comparison to the many recently reported 

investigations on 5-HTP as shown in the Table 3.7. 

 

Table 3.7: Comparison of Limit of Detection (L.O.D.) obtained for 5-HTP at 

PdNP:MWCNT/GCE with previously reported electroanalytical methods. 

S.No. Modification/electrode LOD (µM) Linear range Reference 

1 Capillary electrophoresis 0.091 0.18–6 µM [56] 

2 ITO/npSG/CoHCF (LSV) 2.1 10–1000 µM [58] 

3 RuOx/GCE (Amperometric) 0.16 5–50 µM [59] 

4 Carbon disk electrode (CE-ED) 0.097 0.1–200 µM [60] 

5 Gold modified pencil graphite 

electrode (DPV) 

--- 10–60 µM [61] 

6 PdNP:MWCNT/GCE (SWV) 0.077 2–100 µM Present work 

LSV: Linear sweep voltammetry, SWV: square wave voltammetry, DPV: Differential pulse 

voltammetry, CE-ED: Capillary electrophoresis with electrochemical detection 

 

3.6.3.2 Effects of pH 

To investigate the influence of pH on the electrochemical behavior of 5-HTP, the pH study 

was carried out using SWV in the pH range 2.4 to 10.0. It was found that both the oxidation peak 

current and the peak potential of 30 μM 5-HTP were affected by the pH of the phosphate buffer 

solution and it was found that with increasing pH, a negative shift in the anodic peak potential was 

observed. A linear relation was found between Ep and pH, which is presented in Fig. 3.19 and can 

be expressed by the equation; 

Ep(mV) = -46.813 pH[2.0–10.0] + 664.45, R² = 0.9988 

where, R² is the correlation coefficient. The slope (dEP/dpH) value of 46.813 mV/pH suggests that 

the electro-oxidation of 5-HTP proceeds with a mechanism involving equal number of electrons 

and protons as shown in Scheme 3.2 [78-79].  
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Fig. 3.19: Dependence of peak potential on the pH of the supporting electrolyte. 

 

  

Scheme 3.2. Proposed mechanism for the oxidation of 5-HTP.  

 

3.6.3.3 Frequency study 

The effect of the frequency on the peak current (ip) of 5-HTP was studied in the frequency 

range 5–15 Hz. The peak current of 5-HTP was found to increase with increasing frequency and 

showed a linear variation with square wave frequency (Fig. 3.20 (A)) indicating the involvement 
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of adsorption controlled electron transfer process on the surface of PdNP:MWCNT/GCE. The 

dependency of ip on the frequency (f) can be expressed as: 

                                  ip (μA) = 0.5022 f - 1.192, ….. …R² = 0.9918 

                                  log ip = 1.327 log f - 0.7558, ……R² = 0.9979 

Where, ip is the peak current in µA, f is the square wave frequency in Hz and R
2
 is the correlation 

coefficient. The slope value > 0.5 of log ip versus log f (Fig. 3.20(B)) confirmed that the electro-

oxidation of the 5-HTP was adsorption controlled and supported the results obtained from the scan 

rate study [78].  

 

Fig. 3.20: Variation of (A) ip with the square wave frequency (f) and (B) log (ip) with log (f) for 10 

µM 5-HTP. 

 

3.6.4 Interference study  

The presence of several metabolites such as uric acid (UA), ascorbic acid (AA), 

hypoxanthine (HX), xanthine (X) etc. in the human biological fluids can interfere in the selective 

determination of the 5-HTP, hence, it is considered desirable to check the ability of the developed 

sensor to analyze 5-HTP in the presence of such metabolites. For this purpose, SW 

voltammograms were recorded in the solutions having fixed 5-HTP concentration (10 μM) and 

increasing amount of interfering metabolites. The voltammograms thus obtained are shown in Fig. 

3.21. From the figure, it can be seen that well defined, separated peaks were observed at 258, 343, 

631 and 976 mV corresponding to the oxidation of UA, 5-HTP, X and HX respectively. From Fig. 

3.21, it can be clearly seen that neither the anodic peak potential nor the peak current of the 5-HTP 

gets affected by the oxidation of interfering molecules. Hence, the developed sensor can be 
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successfully employed for the selective investigation of 5-HTP in biological samples such as blood 

and urine.  

 

Fig. 3.21: Square wave voltammograms observed for a solution containing 10 µM 5-HTP (a) 50 

µM UA + 400 µM X + 100 µM HX, (b) 100 µM UA + 200 µM X + 150 µM HX and (c) 150 µM 

UA + 125 µM X + 50 µM HX. Background is represented by the dotted line.  

 

3.6.5. ANALYTICAL APPLICATION  

3.6.5.1 Urine sample assay  

To examine the practical application of the developed analytical method, the 

PdNP:MWCNT/GCE was applied for the analysis of 5-HTP in the complex matrix like urine 

sample. In human systems 5-HTP is converted to serotonin in nervous tissues as well as in liver 

and excess 5-HTP is believed to be excreted. The normal urinary excretion of 5-HTP in the healthy 

adults is less than 0.3 to 0.7 μmol/24h [80]. Despite of our best efforts, we were not able to find 

patients on medication of 5-HTP, hence, only recovery studies were carried out. For the recovery 

measurements, the urine samples of the two healthy volunteers were collected, filtered and diluted 

2 folds with pH 7.2 phosphate buffer in order to reduce the complexity of the urine sample. Since 

the urine samples were taken from healthy person, no peak corresponding to the oxidation of 5-

HTP was observed. Thus, in order to carry out the recovery studies, test samples were prepared by 

spiking the urine samples with the known concentration of the 5-HTP stock solution and SW 
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voltammograms were recorded. The oxidation peak of 5-HTP was observed at 338 mV with an 

additional oxidation peak corresponding to uric acid at 258 mV as shown in Fig. 3.22.  

 

Fig. 3.22: Square wave voltammogram corresponding to the oxidation of 20 µM 5-HTP in urine 

sample.  

The concentration of the 5-HTP was then back calculated by putting the peak current value 

in the calibration plot equation and results thus obtained are tabulated in Table 3.8. The results 

demonstrated a recovery > 99%, indicating the excellent application of the developed method for 

the quantification of 5-HTP in complex matrix like human physiological fluids.  
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Table 3.8: Recovery data of 5-HTP determination in human urine samples 

S.No. Spiked amount (µM) Detected amount (μM)
*
 Recovery % Error % 

Sample 1 

1 

2 

3 

 

5 

10 

20 

 

4.960 

9.970 

19.90 

 

99.20 

99.70 

99.50 

 

-0.80 

-0.30 

-0.50 

Sample 1 

1 

2 

3 

 

30 

50 

100 

 

29.97 

49.89 

99.81 

 

99.90 

99.78 

99.81 

 

-0.10 

-0.22 

-0.19 

*RSD for the determination was 1.23% for n=3 

 

 The robustness of the results obtained during recovery studies has also been investigated by 

studying the effect of pH on the electrochemical determination of the analyte. From the studies, it 

was found that the results of the recovery studies were not significantly affected by deliberately 

altering the pH from pH 7.2 to 5.0. 

 

3.6.6 Stability and Intermediate Precision  

To investigate the stability of the PdNP:MWCNT/GCE, the oxidation response of 5-HTP at 

a fixed concentration was examined in pH 7.2 phosphate buffer solution over a period of 30 days. 

The SW voltammograms were recorded daily. For the first 20 days the peak current response 

shows a fluctuation of ±4.0%, while after 20 days, a decrement up to 6.5% of the peak current was 

noticed. Thus, sensor can be safely used for first 20 days after its preparation. 

 

3.6.7 Ruggedness Studies 

 To further ensure the accuracy of the results, ruggedness was also examined by carrying 

out the same studies at different voltammetric instruments and by different analysts. To investigate 

the equipment related variations, voltammetric studies have been carried out using two 

voltammetric analyzers viz., CV-50 and Epsilon EC-USB (BAS, West Lafayette, USA). In order to 

examine the intermediate precision of the modified sensor, its performance has been examined at 

different electrodes on different days. When the results from the two instruments were compared, 

the electrochemical response of the sensor was found to exhibit a deviation of ±1.18% 
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demonstrating excellent precision of the protocol followed. The results obtained have been 

tabulated in Table 3.9, which demonstrates that there is no substantial difference between the 

observed recovery results. Hence, it is concluded that the proposed method presents a reliable, 

robust and rugged approach for assaying 5-HTP in the complex matrix like urine and other 

biological fluids. 

 

Table 3.9: The Robustness and ruggedness of the proposed method for the recovery data of 5-HTP 

determination in human urine samples. 

Variables    Recovery % ± R.S.D 

Robustness at pH=5 98.70 ± 1.45 

Ruggedness Analyst 1  

Instrument: CV 50W 98.48 ± 1.12 

Instrument: Epsilon EC-USB  

Ruggedness Analyst 2                     

99.19 ± 1.07 

Instrument: CV 50W 99.26 ± 1.18 

Instrument: Epsilon EC-USB                      99.64 ± 1.03 

 

To check the electrode to electrode variation and the associated precision, four GCE were 

modified independently by following the same modification protocol. By using each of the 

modified GCE, voltammograms were recorded in 10 μM 5-HTP solution and RSD was found to be 

2.89%. For calculating the intermediate precision of the protocol at different days, five consecutive 

voltammograms were recorded for 10 μM 5-HTP and a R.S.D value of 2.13% for n=5 was found. 

Hence, it is concluded that the developed sensor shows excellent stability and reproducibility. 

 

3.7. CONCLUSION 

A simple, rapid and single step modification of GCE with PdNP:MWCNT has been 

presented in the current section. The sensing surface of the modified sensor has been characterized 

by using Voltammetry, FE-SEM, EDX, EIS and XRD. The electro-catalytic ability of 

PdNP:MWCNT has been investigated by employing the modified sensor for the qualitative as well 

as quantitative analysis of 5-HTP. A linear dependency of the peak current on 5-HTP 

concentration was obtained in the concentration range of 2 to 400 μM with a sensitivity and L.O.D. 



Highly sensitive sensors for the determination of biomolecules 

 

114 
 

of 0.212 µA/µM and 77 nM respectively. The fabricated sensor also showed successful estimation 

of 5-HTP in the presence of potential interfering substances like uric acid, hypoxanthine and 

xanthine. The developed sensor also demonstrated excellent recovery of 5-HTP in the complex 

matrix like human urine samples and thus creates a interest in extending its application as a 

analytical tool for the quantification of 5-HTP in pharmaceutical, and medicinal fields. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

 

115 
 

SECTION C: GRAPHENE NANORIBBONS–SILVER NANOPARTICLES (GNRs-AgNPs) 

COMPOSITE MODIFIED SENSOR FOR ESTIMATION OF HISTAMINE; AN 

IMPORTANT BIOGENIC AMINE 

Histamine (2-(1H-Imidazol-4-yl)ethanamine, HTM) is known as an important biogenic 

amine present in many food products and acts as chemical messenger in biological systems. HTM 

is known as a neurotransmitter, which is a product of microbial degradation of histidine (α-amino 

acid) in the presence of histidine decarboxylase [81-82]. It plays an important role in regulating the 

biological circadian rhythm and wakefulness in mammals and flies [83-84]. The concentration of 

histamine is associated with food quality index and the level of the HTM in food samples depends 

upon the hygienic conditions of food processing and storage. Due to the bacterial action HTM is 

usually present in vegetables, certain fish species such as tuna fish, fermented foodstuffs and 

beverages. The biogenic amines are responsible for the human foodborne intoxications caused by 

the histamine. The presence of the secondary amines, like cadaverine or putrescine in tuna fish can 

increase the toxicity of HTM [82, 85-86]. The intoxication of HTM is associated with headaches, 

itching, vomiting, diarrhea, red rash, nausea and hypertension  [87-88]. Histamine is also 

involved in regulations of numerous pathological and physiological functions, like secretion of 

some hormones, regeneration, differentiation, cell proliferation, wound healing, hematopoiesis, 

regulation of gastrointestinal, inflammatory reactions and circulatory functions [89-90]. Different 

methods have been reported for the determination of histamine, such as thin-layer chromatography 

(TLC) [91], colorimetry [92], gas chromatography [93], HPLC [94-96], and capillary zone 

electrophoresis [97] etc. However, most of these methods are having disadvantages, like expensive 

and sophisticated instrumental setup, require time consuming process, large solvent requirement, 

hectic pre cleaning process, slow sample throughput etc. Hence, attempts were made to find the 

simple, sensitive, accurate and fast analytical method for the determination of HTM. A number of 

unmodified [98] and modified sensors have been reported for sensing of histamine [82, 86, 99-

102]. However, most of these sensors involve complex modification protocol and the detection 

limit was high and hence, a simple, sensitive and cost effective sensor is still needed to monitor 

HTM. 

Last few years have seen the important role of metal nanoparticles in the preparations of 

the energy storages devices, super-capacitors, and chemical and biological sensing due to their 

extensive optical, electric and catalytic properties [103-104]. Silver nanoparticles have unique 

properties, such as chemical stability, high electrical and thermal conductivity, excellent catalytic 
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activity and antimicrobial activity. The isolated silver nanoparticles are unstable because of the 

small particles size, hence, they easily undergo agglomeration [105-107]. To avoid agglomeration 

and increase the growth of the nanoparticles, carbon nanotubes and graphene nano ribbons (GNRs) 

have been found useful, which leads to a new hybrid material. In recent years, carbon nanotubes 

and graphene related materials have been found to play an important role in academia and industry, 

due to their unique electronics, thermal and mechanical properties [108-110]. GNRs is a class of 

graphene nano-materials with sp
2
-hybridized carbon and is proved as a promising material in the 

energy storage devices [111-113], electrical and optical devices [113-114], sensors and biosensors 

[115-117] etc. GNRs can be prepared by variety of methods, however, unzipping of single/multi-

walled carbon nanotubes has been extensively used [118-121]. In the present studies GNRs has 

been chosen as supporting material to grow the silver nano-particles to get superior properties. 

The objective of the present studies was to combine the properties of GNRs and AgNPs to 

fabricate a nano hybrid material, which was then casted on the sensing surface to investigate a 

sensitive and selective analysis of HTM. The fabricated sensor exhibited good performance with 

excellent selectivity and sensitivity for the detection of HTM. 

 

3.8. EXPERIMENTAL  

3.8.1 Materials and Instrumentation  

HTM, xanthine (XT), ascorbic acid (AA), uric acid (UA) and silver nitrate were obtained 

from Sigma-Aldrich (USA). Potassium chloride (KCl), and potassium ferricyanide (K3[Fe(CN)6]) 

were bought from E. Merck (India). Single wall carbon nanotubes (SWCNT; code 519308-

250MG) was purchased from Bucky, USA. Red wine (Yvon Man, France) was purchased from the 

local market of Roorkee. Phosphate buffers (1.0 M) in the pH range of 5.0–9.40 were prepared by 

the previously reported method [36]. The voltammetric analyzer Epsilon EC-USB (BAS, West 

Lafayette, USA) was used to carry out electrochemical studies. A glass cell having three electrodes 

namely, an edge plane pyrolytic graphite (EPPG) as a working electrode, Ag/AgCl (Model; BAS 

MF-2052RB-5B, 3M NaCl) as a reference electrode and a platinum wire as an auxiliary electrode 

were used. The EPPG pieces (15×3×3 mm
3
) were obtained from Pfizer (USA) as a gift. The details 

of the equipment used for EDX and FE-SEM studies are already described in the section A. Raman 

Spectroscopy experiments were executed by using Renishaw Invia Raman microscopy at 540 nm. 

Transmission Electron Microscopy (TEM, model; Technai G
2
 20S-TWIN) and High Resolution 

Transmission Electron Microscopy (HRTEM, model; JEOL, JEM-300FS Field Emission electron 
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microscope) were used for recording the TEM and HRTEM images. Electrochemical Impedance 

Spectroscopy (EIS), using VersaSTAT 3 Galvanostat (PAR, USA), was used to evaluate the 

charge transfer resistance of the modified surface. The X-ray diffraction (XRD) patterns of the 

composite thin film were characterized by using X-Ray diffractometer (Bruker AXS, D8-advance).  

 

3.8.2 Synthesis of Graphene nano-ribbons (GNRs)  

Graphene nanoribbons were prepared from the SWCNT according to the method described 

in literature [120]. Briefly, 50 mg of SWCNT were added into the mixture of 50 mL of 

concentrated H2SO4 and HNO3 (3:1) and the mixture was kept in ultrasonic cleaner for 8 h at 45 

o
C. Finally GNR‘s obtained were washed with water until the filtrate obtained was neutral. The 

GNRs obtained were  then dried in an oven at 100 
o
C. 

 

3.8.3 Composite of GNRs-AgNPs  

To prepare the composite of silver nano-particles (AgNPs) and GNRs, the 100 µL of GNRs 

(1mg/1mL) in double distilled water and 50 µL of 10 mM AgNO3 (aq) solution were mixed. To 

reduce silver nitrate freshly prepared 50 µL of sodium borohydride solution (1.2 mg in 200 µL) 

was added drop wise to reduce silver on GNRs surface and the mixture was sonicated for 120s at 

room temperature 25 ± 3 
o
C. Some oxygen containing groups on GNRs also reduced by using 

sodium borohydride and helped to grow the Ag nano-particles [122-123].  

 

3.8.4 Fabrication of GNRs−AgNPs composite sensor  

Firstly, the EPPG sensor was mechanically scratched using an emery paper (P-400) to get 

the fresh surface and washed well with double distilled water to remove adhered particles. The 

prepared GNRs-AgNPs composite material was then drop casted in different volumes (2–20 μL) 

on the sensor surface and after completely drying voltammetric response of HTM was recorded. 

The best results were found, when 5 μL was drop casted on the sensor surface, hence, 5 μL 

optimized composite materials was used for subsequent studies. When  lower than 5 µL  was used, 

the peak response for HTM was very small due to the limited binding sites available at the 

electrode surface. At volume 5 µL, the thickness of the composite increased (optimal) at the 

electrode surface. The results of optimization studies are presented in Fig. 3.23. 
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Fig. 3.23: Optimization of the volume of the GNRs-AgNPs (2–20 µL) drop casted by studying the 

variation of peak current of HTM (10 µM). 

 

3.8.5 Sample preparation and voltammetric procedures  

HTM stock solution (1.0 mM) was prepared by dissolving the required amount in deionized 

water. To prepare the solution for analysis, the required volume of stock solution was added in a 

cell having 2 mL of phosphate buffer (pH 7.2) and the total volume was made to 4 mL using 

deionized water. For SWV studies the parameters used were; initial potential (Ei): -100 mV, final 

potential (Ef): 1200 mV, potential step (E): 4 mV, square wave frequency (f): 15 Hz, square wave 

amplitude (Esw): 25 mV and for CV studies scan rate 100 mV/s, initial potential (Ei): 200 mV, 

switching potential (E): 1400 mV and the final potential (Ef): 0 mV were used. The GNRs-

AgNPs/EPPG sensor surface was renewed each time by applying the controlled potential at -800 

mV for 100 s in pH 7.2 phosphate buffer. At -800 mV, the response of EPPG and GNRs-

AgNPs/EPPG sensors was  essentially similar and no reduction peak was noticed in both the cases. 

The samples for TEM and HRTEM were prepared by drop casting of suspension of GNRs in 

double distilled water onto the copper grid (coated with carbon). The grid was dried in an oven for 

30 min. and then used for TEM and HRTEM analysis  

The blood plasma samples of three healthy volunteers were collected from the Institute 

Hospital of I. I. T. Roorkee and filtered through the Whatman 42 filter paper. The filtered samples 
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were diluted 2 times with the pH 7.2 phosphate buffer. The samples were spiked with required 

amount of the HTM and recovery studies were carried out.  

 

3.8.6 HPLC studies 

 HPLC studies for validation were carried out using Shimadzu LC-2010A HT system 

equipped with C18 Bondpack 125 Å, 10 µm) reverse phase column. HPLC grade acetonitrile was 

used as the solvent at the flow rate of 0.8 mL/min. The injection volume was 40 µL and the 

wavelength of eluent was monitored at 254 nm. 

 

3.9. RESULTS AND DISCUSSION 

3.9.1 Characteristics of GNRs−AgNPs 

Fig. 3.24(A) represent the TEM image observed for the GNRs. TEM measurements 

provided the evidence for GNRs produced by unzipping of SWCNT in the presence of strong acid. 

Fig. 3.24(A) indicates the multi-layered graphene sheet nanoribbons, a part of which is normally 

aggregated to form wide platelets as described by Valentini et. al [124]. Fig. 3.24(B) presents the 

HRTEM image of GNRs and it is observed that the SWCNT were opened due to the effect of the 

strong acid and long and thin graphene sheets like structure (GNRs) were formed. Fig. 3.24, shows 

FE-SEM images observed at different stages of modification. Fig. 3.24 (C) shows flat and smooth 

sensor surface before the modification. Fig. 3.24 (D) presents the composite of GNRs and silver 

nanoparticles at the sensor surface, which gives different topology in comparison to other stage of 

modifications. The atomic percentage of the different elements observed by using the EDX is 

presented in Fig. 3.24(E) and the presence of C, O and Ag atoms was clearly visible.   
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Fig. 3.24: (A) and (B) TEM images observed for GNRs. FE-SEM images demonstrating surface 

morphology of (C) bare/EPPG, (D) GNRs-AgNPs/EPPG and (E) EDX data of the GNRs-AgNPs 

nanocomposite at modified sensor surface. 

Raman spectroscopy has been applied to characterize the GNRs prepared by using 

SWCNT. Fig. 3.25 (A) presents the Raman spectrum of pure SWCNT and a characteristic peak of 

SWCNT due to the sp
2
 symmetry is observed as G band at 1590 cm

−1 
(curve b).  The curve a 

demonstrates the spectrum observed for GNRs prepared and a broad D band (in curve a) is 
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observed at 1358 cm
-1

, due to the formation of GNRs and presence of defects in nanoribbons and 

edges of SWCNT. The increment in the intensity ratio of the ID/IG, indicates that formation of 

GNRs as earlier reported [120, 125]. X-ray diffraction (XRD) analysis of the GNRs-AgNPs shown 

in Fig. 3.25 (B) indicated the crystalline nature of the particles. A peak was observed for GNRs at 

2θ = 25.94
o
, which corresponded to the (0 0 2) plane lattice [126]. The diffraction spectrum of 

GNRs-AgNPs displayed the major peaks of Ag in the form of nanocrystal  at 38.25°, 44.42°, 

64.55
o
 and 77.30°, corresponding to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes respectively 

[127].  

 

Fig. 3.25: (A) Raman spectrum observed for GNRs (a) and SWCNTs (b), and (B) XRD pattern 

observed for GNRs-AgNPs nanocomposite at modified surface.  

 

The EIS studies were carried out in 0.01 M KCl and 5 mM K3[Fe(CN)6] solution  (1:1) 

over the 1000 kHz to 0.001 Hz frequency range. To evaluate the Rct value, Randle‘s circuit (inset 

Fig. 3.26) has been used. The typical Nyquist plots observed consisted two portions, one is the 

semi-circular indicating the charge transfer resistance (Rct) and the linear portion indicating the 

mass transfer effect at lower frequency [128]. The Nyquist plots observed corresponding to the 

unmodified/EPPG, GNRs/EPPG and GNRs-AgNPs/EPPG sensors are presented in Fig. 3.26. The 

RCT values for unmodified/EPPG, GNRs/EPPG and GNRs-AgNPs/EPPG were observed as 

1172 Ω (curve a), 768.1 Ω (curve b) and 597 Ω (curve c) respectively. The decrease of the Rct 

value of GNRs-AgNPs/EPPG in comparison to GNRs/EPPG and bare/EPPG indicated that the 

GNRs-AgNP/EPPG modified sensor has high electrocatalytic activity and facilitated the electron 
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transfer reaction. Thus, the GNRs-AgNP/EPPG modified sensor was used for further 

electrochemical investigations. 

 

Fig. 3.26: Typical Nyquist plots observed for (a) bare/EPPG, (b) GNRs/EPPG and (c) GNRs-

AgNPs/EPPG in 1:1 mixture of 5 mM K3Fe(CN)6 and 1 mM KCl solution over the frequency 

range 1000 kHz to 0.001Hz. 

 

3.9.2 Cyclic voltammetry 

 The redox behavior of HTM was initially studied using cyclic voltammetry (CV). The 

voltammograms were recorded for 75 µM HTM at the unmodified, GNRs modified and GNRs-

AgNPs modified EPPG sensor at 100 mV/s scan rate in pH 7.2 phosphate buffer. A small broad 

bump at 1000 mV was observed for oxidation of HTM at bare/EPPG as shown in Fig 3.27 (a). The 

anodic response of HTM at GNRs/EPPG is demonstrated in Fig 3.27 (b), and almost similar peak 

is observed, whereas for GNRs-AgNPs/EPPG a well defined peak is observed at 952 mV as shown 

in Fig 3.27 (c). No reduction peak was observed in the reverse scan, indicating that oxidation of 

HTM is irreversible. Thus, the best result was noticed at GNRs-AgNPs modified sensor, hence 

further study of the HTM was carried out by using the GNRs-AgNPs/EPPG sensor. Ikhsan et. al., 

Shin et al. and Donini et al. used composite of graphene oxide and AgNPs modified ITO and GCE 

electrode for determination of nitric oxide, dopamine and estriol but no oxidation peak was 
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observed for Ag
0
/Ag

+1
 in phosphate buffer (pH 2.5, 7.4 and 9.0). Graphene oxide is suggested to 

play an important role in protecting the surface oxidation of AgNPs [129-131]. 

 

Fig. 3.27: A comparison of cyclic voltammograms observed for 75 µM HTM in phosphate buffer 

of pH 7.4 using at 100 mV/s (a) bare/EPPG, (b) GNRs/EPPG and (c) GNRs-AgNPs /EPPG.  

 

 To determine the information about the nature of the redox reaction involved in the electro-

oxidation of HTM, the scan rate studies were performed. The effect of sweep rate on the electro-

oxidation of HTM was studied at different scan rates (10–250 mV/s) as shown in insert of Fig 

3.27. The peak current (ip) increased with increasing scan rate (v) and a linear relation was 

observed between the peak current and scan rate. Such behaviour clearly indicated that the electro-

oxidation of HTM followed adsorption controlled pathway, which was further supported by the 

linear log plot between ip vs. v. The linear relations observed between ip vs v and log (ip) vs log (v) 

are as follows: 

ip = 0.221 v + 0.508, ……… R² = 0.996 

log (ip) = 0.885 log v - 0.413, ……… R² = 0.994 

The slope value (dlog ip/dlog v) was > 0.5 and hence, further confirmed the adsorption 

controlled pathway for the electro-oxidation of HTM [128]. 
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3.9.3 Square wave voltammetry 

The SWV technique was applied for the detailed examination of HTM due to high 

sensitivity, high peak resolution, and low background current. A comparison of SW 

voltammograms for 75 µM HTM recorded at unmodified/EPPG, SWCNT/EPPG, GNRs/EPPG, 

GNRS-AgNPs/EPPG and AgNPs-SWCNT/EPPG at optimised conditions is presented in Fig. 3.28. 

The GNRS-AgNPs modified sensor exhibited a sharp oxidation peak (Ep ~940 mV) in comparison 

to the small peak at bare/EPPG (Ep ~1000 mV), SWCNT/EPPG (Ep ~1004 mV), GNRs/EPPG (Ep 

~996 mV) and AgNPs-SWCNT/EPPG (Ep ~998 mV). The experiments were also performed at 

AgNPs-SWCNT modified EPPG and only AgNPs modified electrode (Control) to find out the 

utility of GNRs. An oxidation peak of silver at around 790 mV was observed at only AgNPs 

modified electrode, however, when AgNPs-SWCNT or GNRs-AgNPs modified sensor was used, 

no peak of silver oxidation was observed upto +1.0 V. This indicated that SWCNT and GNRs 

stabilize the AgNPs. This is common and has been reported earlier [106]. In the case of SWCNT, 

the peak current is increased in comparison to bare and GNR modified sensors, but when GNRs 

and AgNPs are used a shift in the peak potential to less positive potentials was also noticed. Hence, 

all the subsequent studies of the HTM were carried out by using the GNRs-AgNPs/EPPG sensor.  
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Fig. 3.28: A comparison of SW voltammograms recorded for 75 µM HTM in pH 7.4 phosphate 

buffer at (A) bare EPPG, (B) SWCNT/EPPG, (C) GNRs/EPPG, (D) GNRs-AgNPs/EPPG and (E) 

AgNPs-SWCNT/EPPG. 

 

3.9.3.1. Effect of Frequency 

 The effect of the square wave frequency on the oxidation peak current of HTM (75µM) at 

GNRs-AgNPs/EPPG was examined in the range 5–30 Hz. The peak current response was recorded 

at pH 7.2 and the peak current increased with increase in the frequency (Fig. 3.29). A linear 
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relation was observed between frequency (f) and anodic peak current (ip) and the dependency of ip 

on f can be represented by the relation; 

ip = 0.603 f + 5.933, ……….. R² = 0.997 

where, R
2
 is the correlation coefficient. The log plot between ip vs. f  was also found linear and can 

be presented as  

log ip = 0.568 log f + 0.525, ………. R² = 0.996 

As the value of dlog ip/dlog f was > 0.5, it further confirmed that electro-oxidation of HTM at 

GNRs-AgNPs/EPPG sensor was adsorption controlled [128]. 

 

Fig. 3.29: Variation of (A) oxidation peak current (ip) with the square wave frequency (f) and (B) 

log (ip) with log (f) for 75 µM HTM using GNRs-AgNPs /EPPG sensor. 

 

3.9.3.2 Effect of concentration 

 To study the effect of concentration on the peak current of HTM, SW voltammograms were 

recorded at pH 7.2 in the range of 1–500 µM at GNRs-AgNPs/EPPG sensor as depicted in Fig. 

3.30. The peak current increased with the increase in the HTM concentration. The background 

current was subtracted to calculate the oxidation peak current (ip) values and the plot of ip vs 

concentration displayed a break between 50–60 μM.  The dependence of ip vs. concentration in the 

two linear ranges can be expressed by the relations: 

ip = 0.158 [C, 1–50] + 1.370, …….. R² = 0.993 

ip = 0.083 [C, 60–500] + 13.84, ……… R² = 0.990 

where, R
2
 is the correlation coefficient and [C] is HTM concentration in µM. The sensitivity of 

GNRs-AgNPs/EPPG sensor was found to be 0.158 and 0.083 µA/µM. In the quantitative 

determination of HTM, the analytical parameters observed are documented in Table 3.10. 
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Fig. 3.30: Square wave voltammograms recorded for (a)1 µM, (b) 5 µM, (c) 10  µM, (d) 20 µM, 

(e) 30 µM, (f) 40 µM, (g) 50 µM, (h) 60, (i) 75 µM, (j) 100 µM, (k) 150 µM, (l) 200 µM, (m) 300 

µM, (n) 400 µM and (o) 500 µM HTM concentrations using GNRs-AgNPs/EPPG. The 

background current is represented by the dotted line. A calibration plot of HTM is presented in the 

inset. 

The formula 3σ/b was used to calculate the limit of detection of HTM at GNRs-

AgNPs/EPPG sensor, where σ is the standard deviation of the peak current of five repeated blank 

readings and b is the slope of the calibration plot. The limit of detection (L.O.D.) was observed as 

0.049 µM in the linear range.  

 

Table 3.10: Statistical parameters obtained for quantitative analysis of HTM by using SWV. 

Validation Parameters Determination of HTM 

Concentration (µM) 5–50  60–500  

Sensitivity (μA/μM) 0.152 0.083 

Correlation coefficient (R
2
) 0.994 0.990 

Standard error of slope (α, 0.05) 0.006 0.003 

Intercept 1.563 13.840 

Standard error of intercept (α, 0.05) 0.178 0.901 
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A comparison of the L.O.D. observed with recently reported by electrochemical methods 

for HTM are tabulated in Table 3.11 and it can be clearly seen that the present sensor is highly 

sensitive in comparison to the ones reported.  

 

Table 3.11: A comparison of Limit of Detection (LOD) obtained for HTM using the proposed 

method with the previously reported sensors 

S.No. Electrode/Technique LOD (µM) Concentration 

range (µM) 

Reference 

1. nAu-GCE, PAD 0.60 2–100 [82] 

2. MWCNTs/p-(AHNSA)/GCE, 

DPV 

0.076 0.1–100 [86] 

3. Diamond electrode, FIA 0.50 0.5–100 [98] 

4. Lignin/GCE, SWV 0.28 5–200 [99] 

5. SPCE with ReO2, Amperometry 1.80 4.5–90 [100] 

6. SWCNT/CPE, DPV 1.26 4.5–180 [101] 

7. DAO-MBs/ carbon electrode, 

Amperometry 

8.25 4.5–5.3 [102] 

8. GNRs-AgNPs/EPPG, SWV 0.049 1–50, 60–500 Present work 

PAD: pulsed amperometric detection, DPV: differential pulse voltammetric: diamine oxidase (DAO) 

conjugated to magnetic beads (MBs), CPE: carbon paste electrodes, p-AHNSA: poly (a-amino-3-

hydroxynapthalene sulfonic acid), FIA: flow injection analysis 

 

To demonstrate the utility of GNRs over SWCNT at the sensor surface with AgNPs, 

SWCNT-AgNPs/EPPG modified sensor was similarly prepared. Voltammograms were then 

recorded for different concentrations of HTM under identical conditions. A linear calibration curve 

was observed in the concentration range 10–60 µM. The LOD was observed as 0.112 µM, which 

was higher than the LOD observed at GNRs-AgNPs/EPPG. Thus, it is concluded that GNRs-

AgNPs/EPPG sensor is more sensitive than SWCNT-AgNPs /EPPG. 

 

3.9.3.3. Effect of pH 

The effect of pH on the Ep of 75 µM HTM  was studied in the pH range 4.19 to 9.41. A 

well-defined oxidation peak was observed in the entire pH range studied. The oxidation potential 
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of HTM was shifted towards the less positive values with the increase of pH (Fig. 3.31). The plot 

of Ep versus pH was linear and can be expressed by the relation: 

Ep = -65.213 pH (4.19–9.41) + 1419.9, …….. R² = 0.993 

where, R² is the correlation coefficient and Ep is the peak potential in mV. The slope (dEp/dpH) 

value of the plot was 65.213 mV/pH and suggested the involvement of equal numbers of protons 

and electrons in the oxidation of HTM. A mechanism involving 4e, 4 H
+
 for the oxidation of HTM 

has already been proposed by Degefu et. al [99].  

 

Fig. 3.31: Dependence of peak potential of HTM observed on pH. 

 

3.9.4 Interference study 

Under the optimized experimental conditions selectivity of GNRs-AgNPs/EPPG sensor 

was examined with commonly present interfering substance like UA, XT and AA on the 

voltammetric response of a fixed concentration of analytes. The SW voltammograms were 

recorded at different concentration of interferents having a fixed concentration of 30 µM HTM. 

The anodic peaks for AA and XT were found at -10 and 650 mV respectively, whereas, UA 

exhibited two oxidation peaks at 300 and 1025 mV as reported by Dryhurst et. al [132]. The 

second oxidation peak of the uric acid at higher potentials at concentration > 5 µM interfered in the 

determination of HTM because of close oxidation potential (Fig. 3.32), whereas AA and XT did 

not interfere in the determination even upto 250 and 300 µM concentration respectively.  
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Fig. 3.32: Square wave voltammograms recorded in the presence of 30 µM HTM with (a) 150 µM 

UA + 100 µM XT + 100 µM AA, (b) 300 µM UA + 200 µM  XT + 200 µM AA and (c) 400 µM 

UA + 300 µM XT + 250 µM AA at pH 7.4. Background current is represented by the dotted line. 

  

3.9.5 ANALYTICAL APPLICATION 

3.9.5.1 Recovery study 

The applicability of the proposed voltammetric GNRs-AgNPs/EPPG sensor for the 

determination of HTM in spiked plasma samples was examined. The plasma samples were diluted 

two times by using the phosphate buffer (pH 7.2) to reduce the complex behaviour of the samples. 

The diluted plasma samples were spiked with known amount of histamine and used for further 

studies. The obtained results are shown in Table 3.12, indicating the good recovery in human 

blood plasma samples with low RSD (2.46%). The observed results indicated the good recovery 

and practical applicability of the GNRs-AgNPs/EPPG sensor for quantification of HTM in 

biological samples. 
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Table 3.12: Recovery data observed for HTM in human blood plasma samples 

S.No. Spiked amount 

(μM) 

Detected 

amount (μM)
* 

Recovery % Error % 

Sample 1 

1 

2 

3 

 

10 

20 

30 

 

9.96 

19.86 

29.65 

 

99.60 

99.30 

98.83 

 

-0.40 

-0.70 

-1.17 

Sample 2 

1 

2 

3 

 

10 

20 

40 

 

9.98 

20.06 

39.86 

 

99.80 

100.30 

99.65 

 

-0.20 

+0.30 

-0.35 

*RSD for the determination was 1.57% for n=3 

 

3.9.5.2 Analysis of HTM in red wine 

The concentration of the biogenesis HTM has been found to be present in red wines (11.1 

mg/L), which is higher than any fruits wines, ice-wine and white wines [133]. Hence, the 

applicability of the proposed voltammetric sensor was examined for the determination of HTM in 

wine sample. The standard addition method was applied to investigate the HTM concentration in 

red wine sample. For this purpose, the wine sample was filtered and the different concentrations of 

the HTM were spiked in the diluted wine sample and the square wave voltammetric response was 

recorded. A standard addition, curve was plotted in between the observed peak current and spiked 

concentration of HTM (Fig. 3.33). The negative intercept on x-axis demonstrated the presence of 

the HTM concentration in the wine sample. The amount of the HTM was observed as 12.8 µM in 

the red wine sample. The lower value of RSD (±1.73%) shows the good reliability and accuracy of 

the developed sensor.  
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Fig. 3.33:  The standard addition plot observed for HTM concentration in red wine sample. 

 

The results of analysis were validated using HPLC. A sharp peak at 16.721 min was 

observed in HPLC chromatogram for HTM (Fig. 3.34). Different concentrations of HTM were 

then analyzed and the area under the peaks was plotted against concentration. The red wine sample 

was then injected in HPLC and the area of the peak observed at 16.741 min was determined. The 

concentration of HTM calculated from the calibration plot was determined and found to be 12.7 

µM. Thus, the practically similar values of HTM by the two methods indicated that the sensor is 

sufficiently sensitive. 



Chapter 3 

 

133 
 

 

Fig. 3.34: A comparison of HPLC chromatogram observed for (A) red wine and (B) 5 µM HTM. 

 

3.9.6. Stability and reproducibility of the sensor 

The stability of GNRs-AgNPs/EPPG sensor was investigated under optimized SWV 

parameters. The current response at a fixed HTM concentration (10 µM) was recorded once daily 

for 30 days. The results demonstrated that current deviated < ±3.8%  for first 24 days, after which 

a drop in the current up to 5.8% was noticed. Therefore, the developed GNRs-AgNPs/EPPG sensor 

can be employed safely for 24 days after its modification. The developed sensor can be used for 30 

scans. The results indicate that after the 30 scans the response deviate up to 6.8%. So the 

developed sensor successfully works till 30 scans.  
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Similarly for intra molecular stability, voltammograms were recorded at an interval of 1 h 

within a day. The R.S.D. was found to be ±2.16% for n=8 measurements, which suggested good 

stability and reproducibility of the developed sensor. To investigate the sensor to sensor deviation, 

three GNRs-AgNPs/EPPG sensors were fabricated under the same protocol used for the 

modification. The voltammetric experiments were performed at pH 7.2 in 10 µM HTM solutions 

for each sensor individually. A small deviation was noticed in the current response of HTM having 

RSD as ±2.48%. Hence, it is concluded that the proposed sensor has high reproducibility and 

stability. 

 

3.9.7. Ruggedness studies 

To avoid the variation during interlaboratory studies of GNRs@AgNPs/EPPG sensor, 

ruggedness study has been executed under the identical parameter. To investigate the instruments 

related problems in the term of voltammetric response, two voltammetric analyzers viz., CV-50W 

and Epsilon (Bioanalytical system, WL, USA) were applied. The intermediate precision of 

GNRs@AgNPs/EPPG sensor was executed on different days by using two different analysts. The 

results observed at different instruments and sensor showed a deviation of ±1.68% in the current 

response of HTM and the observed results are summarized in Table 3.13. Thus, presented 

GNRs@AgNPs/EPPG sensor shows the robust, reliable and rugged system for the analysis the 

HTM. 

 

Table 3.13: The robustness and ruggedness of the proposed method for the recovery data of HTM 

determination in blood plasma samples 

Variables    Recovery % ± R.S.D 

Robustness at pH=7.2 99.23 ± 1.47 

Ruggedness Analyst 1  

Instrument: CV 50W 98.57 ± 1.67 

Instrument: Epsilon EC-USB  

Ruggedness Analyst 2                     

99.43 ± 1.53 

Instrument: CV 50W 99.32 ± 1.61 

Instrument: Epsilon EC-USB                      98.43 ± 1.34 
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3.10 CONCLUSION 

GNRs and composite of GNRs-AgNPs were synthesized and characterized by using the 

FE-SEM, EDX, TEM, HRTEM, film XRD and EIS. The electrochemical investigation of HTM at 

the surface of GNRs-AgNPs fabricated edge plane pyrolytic graphite sensor were carried out using 

SWV. The observed oxidation of HTM was adsorption controlled and involved equal number of 

electrons and protons. Linear calibration curves between peak current and HTM concentration 

were noticed in the range 1–50 µM and 60–500 µM. The GNRs-AgNPs/EPPG sensor exhibited 

superiority in the term of high sensitivity and low limit of detection in comparison to sensor 

reported in recent years. The low Rct value at GNRs-AgNPs/EPPG sensor has shown the high 

catalytic ability of the developed protocol. The sensitive response of GNRs-AgNPs/EPPG sensor 

to HTM is most likely due to the increase of effective surface area and catalytic activity of AgNPs 

and GNRs. The analysis of HTM in blood plasma samples indicated the good recovery and the 

HTM observed in red wine was validated using HPLC and the values were practically similar. 

Thus, the proposed sensor can be successfully used for the determination of HTM in real samples. 
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4.1 INTRODUCTION 

 Graphene and related materials are attracting the interest of scientific community from 

more than a decade because of their exceptional properties like 2D morphology, high electronic 

conductivity, large surface area [1,2] and their ability to interact strongly with different materials 

such as metals, π- conjugated system etc. [3,4]. Amongst the graphene like carbon materials, ideal 

defect free graphene is difficult to prepare, bears high cost and suffers from many processability 

issues like, poor solubility, absence of groups that facilitate chemical interactions and limited 

number of active sites [3,5,6]. Thus, electrochemically reduced graphene oxide (ErGO) is used for 

the electrochemical purposes [2] because of its easy synthesis [7], comparatively more 

dispersability, and presence of number of surface defects and oxygen functionalities like epoxides, 

hydroxides and carboxylates, which endow ErGO the ability to strongly interact with other 

materials [3,6]. The combination of rGO and metallic nanoparticles can lead to the development of 

rGO based nanohybrids exhibiting enhanced sensitivity and catalytic properties. Such nanohybrid 

assemblies are known to have larger electrochemically active surface area, and functional sites for 

the adsorption of analytes and thus results in more rapid and effective electron transfer processes 

[3,8]. Hence, in the last few years, the number of investigations reporting the use of noble metal 

nanoparticles in combination with reduced graphene oxide (rGO) in electrochemistry has 

exponentially increased. The presence of the extended π- orbitals further supports the metal-rGO 

interaction as it provides the possibility of overlap between the π- orbitals of rGO and the d orbitals 

of metallic substrates. Such metal-rGO interactions results in stable graphene based metal 

nanohybrid assemblies and facilitate the charge transfer which is reflected by the enhanced 

performance of such modifications in sensing. Among the noble metals, gold (Au) interacts weakly 

with rGO and only gets physisorbed on the rGO surface, which is attributed to its completely filled 

d orbitals [3] but the oxygen functional groups present on rGO helps in the nucleation and growth 

of gold nanoparticles (AuNPs) [9]. AuNPs also acts as seeds for the growth of other metal clusters 

and is also known to improve the electronic conductivity tremendously [9,6]. On the other hand, 

palladium (Pd) forms strong bonds with rGO, which results in altered electronic configuration and 

band structures near the dirac points [10]. The strong interaction between the rGO and Pd 

nanoparticles prevents metal leaching and thus imparts stability in the configuration as well as size 

distribution [3]. Thus, both the metals are chosen for constructing a stable rGO based bimetallic 

nanohybrid assembly as the electrochemical sensing platform in which AuNP contributes 
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enhanced electronic conductivity and Pd provides the required stability for the fabrication of a 

stable, rapid and efficient voltammetric sensor [11]. The AuNP-PdNP decorated rGO films and 

related composite material have also been reported with several different synthetic strategies in the 

recent literature, but all these involve the use of toxic chemicals and reducing agents [12,13]. In 

this chapter, we are proposing a single step, green electrochemical method for the preparation of 

Au-PdNP decorated rGO sheets, which does not require any reducing agent. 

Lomefloxacin (LMF) and amoxicillin (AMX) are the broad range antibiotics effective 

against large number of gram positive and gram negative bacteria [14, 15]. Both are frequently 

administered for the treatment of urinary tract infections, bronchitis and other infections of the 

nose, throat, eye etc. [14- 18]. Inspite of their frequent use both the drugs are known to pose severe 

harmful effects to humans. LMF, a fluoroquinolone not only results in some mild side effects like 

nausea, diarrhea, headache, dizziness etc., but it also undergoes serious phototoxic reactions in 

melanin containing tissues resulting in severe allergies, retinal degeneration, and toxic dermatitis 

and in some adverse conditions may end up in mitochondrial and DNA damage [19-22]. LMF has 

also been reported to induce cardiotoxicity [20], Central nervous system (CNS) disorders [21] etc.  

Similarly, AMX results in CNS related disorders, spermatogenesis and many more side effects like 

nausea, diarrhea etc. [17, 23]. Flouroquinone antibiotics have been used in combination with AMX 

and rabeprazole as triple therapy for the eradication of helicobacter pylori infection [24, 25]. The 

LMF-AMX combination has also been found effective in the patients infected with Chlamydia 

trachomatis infections [26]. However, in many cases drug-drug interaction has been found harmful 

particularly in the elderly patients [27]. In view of this it is necessary to develop methods for the 

simultaneous determination of drugs in biological fluids. Thus, techniques for the analysis of these 

two antibiotics in food samples, biological fluids and pharmaceutical samples require an 

investigation. Enzyme-linked immuno sorbent assay (ELISA) has been proposed for the 

determination of some flouroquinones and β–lactam antibiotics in milk samples, however, the 

method requires tedious preparation of protein conjugates and anti serum of flouroquinones and 

sulfonamides [28]. The adsorption spectroscopy has been the most commonly and widely used 

technique for the analysis of such drugs but both LMF and AMX exhibits overlapping bands and 

show an absorption maximum at ~280 nm [15, 29,30] thus, limits the application of UV 

spectroscopy for the quantification of AMX and LMF together. Other techniques like capillary 

electrophoresis [31], HPLC [32], differential pulse anodic stripping voltammetry [33-35], linear 

sweep voltammetry [36], cyclic voltammetry [34, 36, 37], potentiometry [38], square wave 
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voltammetry [39], spectrophotometry [40] etc. have been used for the analysis of LMF and AMX 

individually. But, no attempt for the simultaneous determination of LMF and AMX has been made 

within the limits of our knowledge. Hence, in the present chapter, the application of enhanced 

electronic and sensing properties of AuNP-PdNP-ErGO modified GCE have been explored for the 

quantitative and qualitative determination of both LMF and AMX in the presence of each other 

using square wave voltammetry.  

 

4.2 EXPERIMENTAL 

4.2.1 Instrumentation 

AMX, LMF, uric acid (UA), hypoxanthine (HX), ascorbic acid (AA), graphite powder (< 

20 µm), sulphuric acid, phosphoric acid, KMnO4, PdCl2, HAuCl4 were purchased from Sigma 

Aldrich Inc. (USA). Phosphate buffers (from pH 2.4–10.0) were used as the supporting electrolyte 

and were prepared following the previously reported paper of Christian and Purdy [41]. Double 

distilled water was used throughout the experimental procedure for making up the stock solutions.  

 The details of the instruments used for electrochemical studies, FE-SEM, EDX and EIS 

were same as reported in chapter 2. Transmission electron microscopic images were recorded 

using Technai G
2
 20S-TWIN microscope. Raman Spectra were obtained using Renishaw Invia 

Raman microscope with an excitation laser wavelength of 540 nm and X-ray diffraction (XRD) 

was performed by using Bruker D8-advance X-ray diffractometer.  

 

4.2.2 Synthesis of graphite oxide  

Graphite oxide was synthesized using graphite powder ( >20 µm) by adopting improved 

Hummers method as reported previously [42]. Briefly, 1.5 g of the graphite powder was suspended 

in 20: 180 mixture of H3PO4 and H2SO4 and stirred for 2 h. After 2 h, 9 g of KMnO4 was slowly 

added to the graphite suspension and the final mixture so obtained was then stirred and heated at 

50 C for 12 h, which resulted in a dark brown mixture. The mixture was allowed to cool down 

and 100 mL of water was added followed by the drop by drop addition of H2O2 (1.5 mL, 30%), 

which resulted in a colour change from dark brown to yellow. The yellow solution was then 

centrifuged and the sediment so obtained was washed with 200 mL of water, 100 mL of 30% HCl 

and finally with 200 mL of ethanol. The final sediment so obtained was dried and characterized to 

finally label it as GO. 
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4.2.3 Preparation of metallic nano particles decorated ErGO sheets  

 For carrying out the surface modification, a dispersion was prepared by suspending 1 mg of 

GO in 2 mL of 1 mM HAuCl4 and 2 mL PdCl2 aqueous solution followed by ultrasonic agitation 

for 300 s. AuNP-PdNP-ErGO nanocomposite was directly electrodeposited on the precleaned 

surface of GCE by cycling the potential between - 800 to 1500 mV at a scan rate of 100 mVs
-1 

in 

the above prepared suspension [43]. After the completion of optimized number of cyclic 

voltammetric runs the GCE was taken out, rinsed with double distilled water and dried at room 

temperature to get the final sensing surface for the characterization as well as analysis. 

 

4.2.4 Fabrication of different surface modified sensors for comparing the electrocatalytic 

activity 

To compare the properties of AuNP-PdNP-ErGO/GCE, electrodes modified individually 

with the components of the composite that is ErGO, PdNP and AuNP were also prepared. For the 

preparation of ErGO/GCE, 1mg GO was suspended in 4 mL pH 7.2 phosphate buffer and placed 

under ultrasonic agitation for 300 s. In the above suspension, 15 cyclic voltammograms were 

recorded in the potential window of -800 to 1500 mV at 100 mVs
-1

 scan rate, which resulted in 

electrochemical reduction of GO and finally to the ErGO/GCE. Similarly PdNP modified GCE 

(PdNP/GCE) and AuNP modified GCE (AuNP/GCE) were prepared by scanning 15 runs of cyclic 

voltammetry in 1mM PdCl2 and 1 mM HAuCl4 solution respectively by applying the same 

potential window. 

 

4.2.5 Preparation of Stock Solution  

 2 mM stock solutions of LMF and AMX each were prepared by dissolving the required 

amount in the double distilled water. Test solutions (4 mL) of different concentrations were 

prepared by transferring the required volume of the stock solution in a voltammetric glass cell 

already holding 2 mL of phosphate buffer as supporting electrolyte. The sensing surface was 

cleaned after every run by applying a potential of -600 mV for 180 s in blank solution.    

 For the analysis of pharmaceutical formulations different commercially available tablets 

containing 400 mg of LMF (Lomaday and Floxaday) and 500 mg of AMX (Sensiclav-625 and 

Erox 500) were purchased from the local market of Roorkee. The tablets were grounded 

individually to a fine powder in a mortar and pestle, weighed and dissolved in the double distilled 
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water to prepare a stock solution of 2 mM. This stock solution has been further used to prepare test 

samples lying in a defined concentration range.  

 For the determination of LMF and AMX in the biological samples, human urine samples 

from two healthy volunteers (1 Male; age 27 yrs and 1 Female; age 25 yrs) were collected and 

filtered using whatman 42 filter paper. The supernatant was further diluted two folds using pH 7.2 

phosphate buffer in order to reduce the complex matrix. The diluted urine samples were then used 

to prepare solutions of different concentration by spiking it with a known amount of the analyte.   

 

4.3. RESULTS AND DISCUSSION  

4.3.1 Optimization of number of scans required for AuNP-PdNP-ErGO fabrication 

The number of cycles for electrodepositing AuNP-PdNP-ErGO nanocomposite directly on 

the precleaned surface of GCE were optimized in the range of 1–30 (Fig 4.1) and it was found that  

best electrochemical response for the oxidation of 30 μM LMF was obtained when 15 number of 

scans were used as higher number of scans resulted in the agglomeration of GO, whereas, lower 

number resulted in the inhomogeneous dispersion of nanoparticles on the ErGO film. Thus, the 

best results in terms of electrochemical response as well as surface characteristics were observed 

when 15 scans were carried out for the fabrication of AuNP-PdNP-ErGO nanocomposite modified 

GC sensor. Hence, throughout the fabrication protocol the potential was scanned 15 times for the 

electrodeposition of the nanocomposite on the surface of GCE. 
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Fig. 4.1:  The optimization of the experimental parameter; variation of peak current of LMF 

(30μM) with the number of scans used to carry out electrochemical modification of AuNP-PdNP-

ErGO on the surface of GCE. 

 

4.3.2 Characterization of composite   

Exploiting the concept of electrochemical deposition, an ErGO based nanocomposite 

modified GCE has been generated. The one step synthesis of nanocomposite involving 

electrochemical reduction of GO to ErGO and the decoration of ErGO sheets with the AuNP and 

PdNP has been achieved. Fig. 4.2 indicates the consecutive cyclic voltammograms observed 

during the electrochemical deposition of AuNP-PdNP-ErGO at the GCE. The peak I around ~ -500 

mV corresponds to the electrochemical reduction of GO to ErGO as can be seen in the inset of Fig. 

4.2 and was similar to the ones reported earlier [43,44]. While, the other three  peaks  II, III and IV 

were observed due to the deposition of PdNP in accordance to earlier studies [45].  The peak V at 

around ~800 mV corresponds  to the  reduction of Au(III) to Au(0) at the surface of electrode, 

which is attributed to the reduction of absorbed AuCl4
-
 to Au (0) [46]. 
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Fig. 4.2: Cyclic voltammograms observed during electrochemical fabrication of AuNP-PdNP-

ErGO nanocomposite modified GCE at a sweep rate of 100 mV s
−1

. Inset represents the 

consecutive cyclic voltammograms observed during electrochemical reduction of GO to ErGO. 

 

In order to investigate the efficacy of the surface modification, surface area of unmodified 

GCE, AuNP-PdNP/GCE and AuNP-PdNP–ErGO/GCE sensors were calculated. For this purpose, 

cyclic voltammograms were recorded in the mixture of 2 mL of 2 mM K3[Fe(CN)6] and 2 mL of 

0.1M KCl at different scan rate. At the surface of the bare and modified electrode, a well defined 

redox couple was observed due to the presence of Fe
+3

/Fe
+2

, however, enhancement in the peak 

current of both the peaks was noticed at AuNP-PdNP–ErGO/GCE in comparison to the bare and 

AuNP-PdNP/GCE. The surface area was calculated by using the Randles–Sevcik equation. The 

slope of plot ip vs. ν
1/2

  was used for calculating the surface area of bare, AuNP-PdNP/GCE and 

AuNP-PdNP–ErGO/GCE and the effective surface area for the three electrodes was found to be 

0.10, 0.13 and 0.15 cm
2
  respectively.   

The changes produced on the surface of GCE after modification have been witnessed using 

FE-SEM and are presented in Fig. 4.3.  From the figure, it can be concluded that the proposed 

protocol has successfully altered the GCE surface and resulted in small spherical structures 
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uniformly distributed all over the surface. On carefully analyzing Fig. 4.3(B), the presence of 

wrinkled, crumbled thin films encapsulating the nanoparticles can be seen, which indicates the 

interaction of metallic nanoparticles with the reduced GO films. Elemental mapping was also done 

to check the distribution of Au and Pd nanoparticles on the modified surface. Fig.4.3, shows four 

distinguished colours corresponding to the Au, Pd, C and O. From the images a uniform 

distribution of red and green colour corresponding to Pd and Au respectively ensures the 

homogenous deposition of nanoparticles on the surface. Because of the homogenous distribution, 

similar sized nanoparticles are evenly placed on the sensing surface which results in much 

enhanced surface area that has also been concluded from the surface area calculations as discussed 

in the above text. The increased surface area is expected to result in substantially enhanced 

electrochemical sensitivity and is also expected to influence the electron transfer kinetics 

positively.  

 

Fig. 4.3: FE-SEM images of (A) bare GCE and (B) AuNP-PdNP-ErGO/GCE. Elemental mapping 

images corresponding to different elements on modified GC substrate. 
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 The corresponding Energy dispersive X-ray spectroscopy (EDX) for AuNP-PdNP-

ErGO/GCE surface further shows the peaks attributed to C, O, Pd, and Au elements as presented in 

Fig. 4.4(A) and thus confirms the presence of Pd and Au on the GC surface. From the results 

obtained, the atomic percentage of Pd and Au is found to be almost similar (0.62 and 0.57 % 

respectively), resulting in an atomic ratio of 1:1 which is in accordance to the molar ratio of metal 

precursors used.  From the low magnification TEM image (Fig. 4.4 B), transparent, wrinkled thin 

film of ErGO can be seen on which many small spherical structures are uniformly distributed. 

Further, the absence of free nanoparticles (without ErGO) reveals that the metal NPs interact 

strongly with the ErGO as also concluded from the FE-SEM images. 

 

Fig. 4.4 (A): EDX data obtained for AuNP-PdNP-ErGO nanocomposite modified GCE and (B) 

Low magnification TEM image of AuNP-PdNP-ErGO nanocomposite modified GCE. 

 

Raman spectroscopy was further used to characterize the carbonaceous material i.e GO and 

AuNP-PdNP-ErGO. Fig. 4.5(A) presents the Raman spectra of AuNP-PdNP-ErGO and GO. The 

frequencies at which the G and D band appears in AuNP-PdNP-ErGO are similar to those 

observed for GO. But, the intensity of D band is greater than G band in AuNP-PdNP-ErGO, 

whereas reverse was the case observed for GO which symbolizes the effective reduction of GO as 

a result of which AuNP-PdNP-ErGO exhibits higher ID/IG ratio. This change suggests the decrease 

in the average size of in-plane sp
2 

domain and also indicates the interaction between the 

nanoparticles and ErGO film as reported earlier [8,47]. To know the plane lattice and interlayer 

spacing of the ErGO, the X-ray diffraction (XRD) was performed and spectrum of ErGO is 

presented in Fig. 4.5(B). A broad peak at 2θ = 24.3° corresponding to the (0 0 2) plane lattice of 
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the ErGO along with a d-spacing value 0.37 nm was observed, which indicated the successful 

electrochemical reduction of GO at the surface of GCE [48]. 

 

Fig. 4.5: (A) A comparison of Raman spectrum observed for GO and AuNP-PdNP-ErGO 

nanocomposite and (B) XRD pattern for ErGO. 

 

The effect of surface modification on the electrochemical behavior of the developed sensor 

has also been investigated using EIS. The experiment was performed using 1:1 mixture of 5 mM 

K3[Fe(CN)6] and 0.1 M KCl solution over 1000 kHz to 1 mHz frequency range. The impedance 

data were normalized to the electrode area. Fig. 4.6 presents the comparative EIS plots 

corresponding to AuNP-PdNP-ErGO/GCE (A), AuNP-PdNP/GCE (B) and bare GCE (C). The 

normalized value of charge transfer resistance (RCT) was calculated by fitting the Randle‘s circuit 

and was found to be 115 Ω cm
2
, 162 Ω cm

2
 and 200 Ω cm

2
 for AuNP-PdNP-ErGO/GCE, AuNP-

PdNP/GCE and bare GCE sensor respectively. A significantly reduced diameter of the circular 

portion for the AuNP-PdNP-ErGO indicates the decreased charge transfer resistance (RCT), which 

may be attributed to the improved conductivity of the reduced GO in comparison to GO as well as 

the electrocatalytic effect of the surface modification. Thus, the results obtained from FE-SEM, 

EDX, TEM, Raman and EIS studies clearly demonstrated that GO was successfully reduced by the 

electrochemical means and was uniformly decorated by the AuNPs and PdNPs. 
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Fig. 4.6: Typical EIS plot obtained for (A) AuNP-PdNP-ErGO/GCE, (B) AuNP-PdNP/GCE and 

(C) unmodified GCE in 1:1 mixture of 5 mM K3Fe(CN)6 and 0.1 M KCl solution over the 

frequency range 1000 kHz to 1 mHz. Inset is the Randles circuit. 

 

4.3.3 Electrochemical behavior of AuNP-PdNP-ErGO composite  

To compare the electrochemical behavior of the AuNP-PdNP-ErGO composite with the 

individual constituents, square wave voltammograms for 100 µM LMF were recorded in pH 7.2 

phosphate buffer using bare GCE, AuNP/GCE, PdNP/GCE, PdNP-ErGO/GCE and AuNP-PdNP-

ErGO/GCE. A comparison of the observed voltammograms is presented in Fig. 4.7. Small 

oxidation peak corresponding to LMF was observed at ~990 mV for bare GCE. In the presence of 

AuNP the current signal was enhanced, but no significant change in peak potential was observed. 

Whereas, PdNP resulted in both substantially increased peak current as well as a shift of ~30 mV 

in the peak potential. However, the incorporation of AuNP and PdNP on the ErGO sheets showed 

the best response in the terms of sensitivity as significantly enhanced peak current for LMF was 

observed for the composite in comparison to the individual modifications by Au or PdNP. 

Moreover, the oxidation of LMF was witnessed at much lower potential (~880 mV), when AuNP-

PdNP-ErGO/GCE was used as the working electrode in comparison to the bare GCE (~990 mV). 

This shift in the peak potential of LMF towards less positive potentials clearly indicated the 
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efficient electrocatalytic activity of the composite that facilitated the electron transfer. Thus, 

AuNP-PdNP-ErGO/GCE has been chosen as the final sensing surface and is used for the further 

investigations.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.7: A comparison of square wave voltammograms observed for 100 µM LMF in pH 7.2 

phosphate buffer at (a) unmodified GCE, (b) AuNP/GCE, (c) PdNP/GCE, (d) AuNP-PdNP/GCE, 

(e) PdNP-ErGO/GCE and (f) AuNP-PdNP-ErGO/GCE. Background of bare GCE is presented by 

dotted line. 

 

4.3.3.1 Effect of pH 

 The effect of pH on the electrochemical oxidation of LMF and AMX has been evaluated by 

varying the pH of the supporting electrolyte i.e. phosphate buffer in the range of 2.4–10.0. On 

analyzing the oxidation peak in the square wave voltammograms, it was observed that as the pH 

value increased the oxidation potential of both LMF and AMX shifted towards less positive 

potentials. The plot of Ep versus pH was linear for LMF and AMX as represented in Fig. 4.8 (A) 

and 4.8 (B) respectively.  

                     Ep (mV) = -63.52 pH + 1358,  R² = 0.98 .………….for LMF 

                              Ep (mV) = -65.45 pH + 1212;  R² = 0.98 …………..for AMX 
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The slope of the following linear relations between the peak potential and the pH of the supporting 

electrolyte signifies the nernstian behavior of the oxidation process involving equal number of 

electron and proton transfer.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.8: The dependence of peak potential over the pH of the supporting electrolyte for (A) 25 µM 

LMF and (B) 25 µM AMX.  

 

To further calculate the exact number of electrons involved in the oxidation of analytes, 

Laviron‘s equation has been used [49]. For this purpose, the oxidation of LMF and AMX were 

investigated using cyclic voltammetry. The voltammograms were recorded for 50 μM LMF and 

100 μM AMX at scan rates (v) ranging between 10–250 mVs
-1

 and 20–250 mVs
-1

 respectively. 

The peak potential (Ep) was found to increase with the increasing scan rate for both the analytes 

and the variation can be expressed using following  expressions:  

Ep = 53.496 log v + 832.95, R² = 0.99……………. For LMF 

Ep = 58.556 log v + 667.92, R² = 0.99………….. For AMX 

According to the Laviron‘s equation, the slope of the plot Ep vs. log v gives the value of αn.  

Assuming α = 0.5 (as for a totally irreversible electron transfer, the value of α is usually assumed 

as 0.5 [50]), the number of electrons involved in the oxidation of LMF and AMX were found to be 

2.21 and 2.01 respectively. The results indicates that two electrons were involved in the electro-

oxidation of both the analytes following the mechanism shown in Scheme 4.1, which is in 

accordance with the previous literature [17, 39]. 
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Scheme 4.1. Proposed mechanism for the oxidation of LMF and AMX.  

 

4.3.3.2 Effect of frequency  

 The variation of the peak parameters (like current and potential) with the square wave 

frequency is known to be an indicator of the nature of electron transfer involved. Thus, change in 

the peak current with the change in frequency of the square wave has been investigated for LMF 

and AMX. 

For LMF, the peak current was found to increase linearly with the increasing frequency 

(Fig. 4.9 (A1)) and the dependence of ip on frequency can be documented by following regression 

equation: 

ip (µA) = 0.2896 f (5-50 Hz) - 0.7128, R² = 0.99   

The linearity of the ip with f clearly indicates the involvement of adsorption controlled electron 

transfer, which was further confirmed from the slope value of ~1 in linear log ip versus log f  plots 

(Fig. 4.9 (A2)). The dependence of log ip on log f  can be represented by the following equation: 

log ip  = 1.3501 log f - 1.0818, R² = 0.98 
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Fig. 4.9: Variation of (A1) current (ip) with the frequency (f), (A2) log (ip) with log (f) for 10 µM 

LMF and variation of (B1) current (ip) with the square root of frequency (f
1/2

), (B2) log (ip) with 

log (f) for 60 µM AMX. 

 

For AMX, the peak current was found to increase linearly with the square root of 

frequency, which demonstrated the diffusion controlled electron transfer process. The relation 

between ip and f 
1/2 

can be given by the following regression equation (Fig. 4.9 (B)). 

ip (µA) = 0.9861 f 
1/2

 (5–100 Hz) - 0.6394, …. R² = 0.99 

log ip  = 0.5428 log f - 0.1376, ………………. R² = 0.99 

A gradient of ~ 0.5 for log ip versus log f plot for AMX further supports the involvement of 

diffusion controlled electron transfer process and absence of any thin layer effect as governed by 

the Randles Sevick equation [51]. 
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4.3.3.3 Effect of Concentration  

The variation of the peak current with the analyte concentration is important for the 

quantitative estimation of the analyte as well as for the calculation of limit of detection (LOD). 

Thus, the concentration study has been carried out by recording the square wave voltammograms 

for the increasing concentration of LMF under same optimized parameters and experimental 

conditions. The peak current for LMF oxidation was found to increase with the increasing 

concentration using both bare GCE and AuNP-PdNP-ErGO/GCE (Fig. 4.10 (A)) and can be given 

by the following linear equations: 

ip (µA)  = 0.0759 [CLMF, 4–500 µM] + 3.5291, R² = 0.99:  AuNP-PdNP-ErGO/GCE. 

ip (µA)  = 0.0259 [CLMF, 15–200 µM]  + 1.5126, R² = 0.99: Bare GCE 

From the regression equations, it can be seen that the surface modification of GCE with the AuNP-

PdNP-ErGO nanocomposite resulted in approximately 3 folds enhanced sensitivity in comparison 

to the bare GCE. The LOD calculated using 3σ/b, where σ stands for the standard deviation of ‗n‘ 

background voltammograms and b is the slope of the calibration equation, was 81 nM (for n=3).  

The effect of AMX concentration on the peak current has also been investigated using 

AuNP-PdNP-ErGO/GCE and analytical curve was prepared. The peak current of AMX was found 

to increase with the increasing concentration of the AMX (Fig. 4.10). The dependence of the peak 

current on the concentration can be represented by the following linear relation (Inset of Fig. 

4.10(B)): 

ip (µA)  = 0.0376 [CAMX, 30–350 µM]  + 0.4733, R² = 0.98 

The value of LOD calculated by using relation 3σ/b was found to be 9 µM (n=3).  
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Fig. 4.10(A): Square wave voltammograms recorded for (a) 4, (b) 10, (c) 20, (d) 30, (e) 50, (f) 

100, (g) 200, (h) 300 and (i) 500 µM LMF using AuNP-PdNP-ErGO/GCE. The dotted line 

demonstrates the background current. Inset is the calibration plot of the LMF in the concentration 

range of 4–500 µM. (B): Square wave voltammograms recorded for (a) 30, (b) 40, (c) 50, (d) 75, 

(e) 100, (f) 150, (g) 200 and (h) 350 µM AMX using AuNP-PdNP-ErGO/GCE. Inset is the 

calibration plot of the AMX in the concentration range 30–350 µM. 

 

A comparison of the linear concentration range and LOD values obtained by using other 

techniques and at other electrodes and our developed sensor has been listed in Table 4.1. From the 

Table, it can be seen that the proposed method showed improved results in the terms of LOD and 

the linear dynamic range from most of the senors reported in recent years. The enhanced sensing 

properties and the improved performance of the sensor is attributed to the synergistic interaction of 

the Au and Pd nanoparticles on rGO that leads to the improved charge transfer and large number of 

adsorption sites on the modified surface of GCE [3,8]. 
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Table 4.1: Comparison of Limit of Detection (LOD) obtained for LMF and AMX using the 

proposed method with the previously reported techniques 

S.No Method/electrode LOD 

(μM) 

Concentration range 

(μM) 

Reference 

LMF 

1 

 

UV-Spectrophotometric 

 

3.6 

 

5.0–30  

 

[30] 

2 Capillary electrophoretic (CE)  0.09 0.5–130  [31] 

3 HPLC 0.438 10–62  [32] 

4 Dropping mercury electrode (DPV) 1 7–70  [33] 

5 

6 

 

7 

8 

Carbon paste electrode (DPV) 

PVC membrane Potentiometric 

sensors LOM8 

p-(melamine)/GCE (SWV) 

Two phase floatation system/HPLC 

0.42 

52.3 

 

16 nM 

0.017 

0.2–40  

50–10000  

 

0.1–500  

--- 

[34] 

[38] 

 

[39] 

[52] 

 

AMX 

AuNP-PdNP-ErGO/GCE 0.081 4–500  Present 

work 

9 

10 

11 

[VO(Salen)]/CPE (LSV) 

[VO(Salen)]/CPE (DPV) 

[VO(Salen)]/CPE (SWV) 

24.8 

16.6 

8.49 

28.5–82.6  

18.3–35.5  

18.9–91.9  

[35] 

[35] 

[35] 

12 

13 

14 

AuNP/ITO (SWV) 

ZnO NRs/gold/glass electrode 

Spectrophotometry 

0.005 

19 

15.47 

0.01–1  

50–250  

0–490  

[36] 

[37] 

[40] 

 AuNP-PdNP-ErGO/GCE 9 30–350  Present 

work 

CPE: Carbon Paste Electrode, LSV: Linear sweep voltammetry, CV: Cyclic voltammetry, DPV: differential 

pulse voltammetry, LOM – MPA (molybdophosphoric acid) ion association (LOM8), [VO(Salen)]: N,N-

ethylenebis(salicylideneaminato)] oxovanadium(IV) 
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4.3.3.4 Simultaneous voltammetric determination of LMF and AMX  

 The simultaneous analysis of LMF and AMX was done using AuNP-PdNP-ErGO/GCE. 

Firstly, analytical curve was constructed by varying the LMF concentration from 10–150 µM while 

keeping the AMX concentration fixed at 40 µM. In the second set of experiments the AMX 

concentration was increased from 50–100 µM and the LMF concentration was maintained constant 

at 20 µM. From the voltammograms as shown in Fig. 4.11 (A and B), it can be seen that the 

oxidation peak currents increased linearly with the increase in concentrations, while the peak 

current for the analyte having fixed concentration remained fairly constant. This behaviour 

demonstrated that LMF and AMX do not interfere with each other and can be successfully 

determined in the presence of each other.  

 

Fig. 4.11: Square wave voltammograms observed for a solution containing (A) fixed concentration 

of AMX (40 µM) with increasing concentration of LMF (10–150 µM), (B) fixed concentration of 

LMF (20 µM) and increasing concentration of AMX (50–150 µM) and (C) different concentrations 

of LMF and AMX in the range of 5–150 µM and 30–200 µM respectively at pH 7.2. 
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To investigate the simultaneous study of LMF and AMX at the surface of AuNP-PdNP-

ErGO/GCE, the experiment was performed by using SWV in phosphate buffer (pH 7.2) solution. 

The concentrations of LMF and AMX were increased simultaneously and SW voltammograms 

were recorded in the range of 5–150 µM and 30–200 µM respectively as shown in Fig. 4.11 (C). It 

can be seen that the oxidation peak currents of both the analytes increase consecutively with the 

increasing concentration of LMF and AMX. This behaviour shows that LMF and AMX can be 

determined successfully in the mixture of both analytes. Statistical parameters obtained for the 

quantitative investigations of LMF and AMX at AuNP-PdNP-ErGO/GCE for individual and co-

existence in the reaction mixture have been tabulated in Table 4.2.  

 

Table 4.2: Statistical parameters obtained for individual and simultaneous quantitative analysis of 

LMF and AMX. 

Validation 

Parameters 

Individual 

determination of 

LMF 

LMF 

determination in 

presence of AMX 

Individual 

determination 

of AMX 

AMX 

determination 

in presence of 

LMF 

Concentration   4–500 µM 5–150 µM 

Sensitivity 

(μA/μM) 

0.0773 0.0776 0.0376 0.0320 

Correlation 

coefficient (R
2
) 

0.99 0.99 0.98 0.99 

Standard error 

of slope 

0.0013 

 

0.0005 

 

0.0013 

 

0.0004 

 

Intercept 3.5291 2.285 1.5126 - 0.205 

Standard error 

of intercept 

 

0.2714 

 

0.0414 

 

0.2159 

 

0.0405 

 

The paired t-test has been performed for anlaysing the results of LMF and AMX 

quantification in the presence and absence of each other. The calculated and tabulated paired t 

values for the individual LMF determination and its quantification in the presence of AMX were -

0.8758 and 2.920 respectively. Whereas,  for the AMX investigations, the calculated and tabulated 
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paired t-values under a confidence limit of 95% were 1.257 and 2.353 respectively. As the 

calculated values are less than tabulated t-values, it was concluded that the results obtained for the 

individual concentration studies are not significantly different from the results obtained when both 

the analytes are varied simultaneously.  

 

4.3.4 Interference study 

 The key problem with the simultaneous determination of drugs is the overlapping 

voltammetric signals because of the presence of large excess of coexisting biological molecules 

present in human urine, like uric acid, ascorbic acid, hypoxanthine etc. Thus, it is of prime 

importance to check the selectivity of the developed sensor for the determination of LMF and 

AMX. Hence, the analysis of LMF and AMX was done by increasing the concentration of 

interfering molecules and keeping the analyte concentration fixed. From the Fig. 4.12, it can be 

seen firstly, that the peak corresponding to AMX and LMF oxidation are well separated from AA, 

UA and HX and secondly, even in the presence of excess of potentially interfering molecules, the 

voltammetric signal for LMF or AMX showed no significant deviation. Hence, the fabricated 

sensor is selective for the chosen analyte and can be extended for the determination of LMF or 

AMX in biological samples. 

 

 

 



Chapter 4 

 

169 
 

 

Fig. 4.12: Square wave voltammograms observed for a solution containing (a) 25 µM AA + 10 

µM UA + 30 µM AMX + 10 µM LMF + 10 µM HX, (b) 50 µM AA + 25 µM UA+ 30 µM AMX 

+ 10 µM LMF + 25 µM HX and (c) 100 µM AA + 50 µM UA+ 30 µM AMX + 10 µM LMF + 50 

µM HX. Background is represented by the dotted line. 

 

4.3.5 ANALYTICAL APPLICATION  

4.3.5.1 Pharmaceutical sample analysis 

 In order to check the analytical feasibility of the developed sensor, the content of the LMF 

and AMX in some commercially available pharmaceutical formulations was estimated. The 

samples were prepared as described in section 2.5 and the SW voltammograms were recorded 

under the optimized parameters. The results obtained are tabulated in Table 4.3. In all the cases, an 

error of less than 3.5% has been observed, which clearly indicated an excellent agreement between 

the calculated values with the stated ones. 
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Table 4.3: Determinations of LMF and AMX content in pharmaceutical drug formulations using 

an AuNP-PdNP-ErGO/GCE. 

Tablet Added (µM) Detected (µM) Error % 

LMF Tablets 

Lomaday 

 

 

Floxaday  

 

 

AMX Tablets 

Sensiclav-625 

 

 

Erox 500 

 

100 

125 

150 

50 

75 

100 

 

50 

75 

100 

125 

150 

200 

    

97.96 

 122.94 

151.67 

48.43 

77.29 

98.58 

 

49.07 

73.98 

102.72 

123.45 

148.34 

203.79 

                    

2.04 

1.65 

1.13 

3.14 

3.05 

1.42 

 

1.86 

1.36 

2.72 

1.24 

1.11 

1.89 

The R.S.D. value for the determination was less than 1.79% for n = 3. 

 

4.3.5.2 Recovery study  

To investigate the performance of the fabricated sensor in the complex matrix, urine 

samples were spiked with different levels of LMF and AMX concentrations and analyzed by the 

proposed method. The results obtained for the urine analysis with respect to both LMF and AMX 

in individual  (Table 4.4) and simultaneous recovery study are shown in  Table 4.5. As can be 

seen from these Tables, excellent recovery was obtained for both the analytes and thus it can be 

concluded that SWV using the AuNP-PdNP-ErGO/GCE did not suffer interference with the 

complex matrix and can be efficiently applied for the simultaneous determination of LMF and 

AMX in real biological samples. The reliability of the results obtained in recovery study were 

confirmed by using the paired t-test for LMF and AMX recovery study. Since, the calculated t-test 

values for LMF and AMX (0.9052, 0.3265) were less than the tabulated  t-values under a 

confidence limit of 95%, it was concluded that there is no significant difference between the 
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investigated data of individuals and simultaneous recovery study which indicates the validity of the 

proposed methods. 

                                                                                                                                               

Table 4.4: Recovery data of LMF and AMX determination in human urine sample 

S.No. Spiked amount (μM) Detected amount (μM)
* 

Recovery % 

LMF 

1 

 

75 

 

76.32 

 

101.76 

2 125 123.89 99.11 

3 

Sample 2 

1 

2 

3 

AMX 

1 

2 

3 

Sample 2 

1 

2 

3 

200 

 

25 

50 

75 

 

50 

150 

300 

 

75 

125 

350 

196.57 

 

23.96 

51.04 

73.75 

 

49.87 

154.69 

297.41 

 

73.47 

126.54 

347.85 

98.28 

 

95.84 

102.08 

98.33 

 

99.74 

101.13 

99.13 

 

97.96 

101.23 

99.38 

The R.S.D. value for the determination was less than 2.38% for n = 3. 
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Table 4.5: Recovery data for simultaneous determination of LMF and AMX in human urine 

sample 

S.No. Spiked 

amount 

(μM) LMF 

Spiked 

amount 

(μM) AMX 

Detected 

amount 

(μM)
*
 LMF 

Detected 

amount 

(μM)
*
 AMX 

Recovery% Recovery% 

 

 

1. 

2. 

3. 

4. 

25 

50 

75 

200 

30 

50 

75 

125 

24.84 

50.5 

74.10 

199.40 

29.80 

49.90 

75.10 

124.70 

99.36 

101.10 

98.80 

99.70 

99.33 

99.80 

100.10 

99.76 

The R.S.D. value for the determination was less than 2.43% for n = 3. 

 

4.3.6 Stability and reproducibility studies 

 The intraday reproducibility of the fabricated sensor was checked by recording five 

voltammograms in pH 7.2 phosphate buffer containing 50 µM of LMF and the calculated RSD 

value was found to be 1.97% for n=3 and 2.18% for n=5. Inter-day reproducibility was also 

examined by checking the voltammetric signals obtained for 50 µM LMF oxidation for 30 days. 

The current response showed a deviation of  4.7% for the first 15 days, however, after 15 days the 

voltammetric signal fluctuated by upto ~7.0%. Thus, the results obtained showed that the proposed 

sensor bears appreciable stability and reproducibility.  

 

4.3.7 Ruggedness studies 

To further confirm the accuracy of the obtained results, the ruggedness of the developed 

method was evaluated by using the different voltammetric instruments and by different analysts. 

The voltammetric studies were performed by using two voltammetric analyzers viz., Epsilon EC-

USB and CV-50 (BAS, West Lafayette, USA) to examine the instruments related variation. In 

order to investigate the intermediate precision of the developed sensor, its performance has been 

evaluated at different electrodes on different days. On comparing the results obtained at different 

sensors and different instruments, the ±1.48% fluctuation was found in the electrochemical 

response. The obtained results are summarized in Table 4.6 which showed that there is no 

significant difference observed between the recovery results. Hence, the proposed method shows 
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the reliable, robust and rugged approach for assaying LMF and AMX in the complex matrix such 

as urine and other biological fluids.  

 

Table 4.6: The Robustness and ruggedness of the developed method for the recovery data of LMF 

and AMX determination in human urine samples. 

Variables Recovery % ± R.S.D 

For LMF For AMX 

Robustness at pH=5 97.70 ± 1.45 97.65 ± 1.23 

Ruggedness Analyst 1   

Instrument: Epsilon EC-USB 98.18 ± 1.12 97.52 ± 1.34 

Instrument: CV 50W 

Ruggedness Analyst 2 

98.29 ± 1.47 97.68 ± 1.27 

Instrument: Epsilon EC-USB 98.26 ± 1.58 98.26 ± 1.14 

Instrument: CV 50W 98.34 ± 1.43 97.84 ± 1.18 

 

4.4. CONCLUSION  

  A facile synthesis of AuNP-PdNP-ErGO nanocomposite based sensing platform has been 

developed for the single or simultaneous determination of LMF and AMX using SWV method. 

The proposed method showed homogenous and uniform distribution of AuNP and PdNP on the 

ErGO sheets. The beneficial interaction between noble metals and rGO allows improved charge 

transfer and provides effective catalytic effects that result in enhanced sensitivity and significant 

shift in peak potential enabling the simultaneous determination of LMF and AMX. The 

quantitative determination of LMF and AMX has been done using SWV and a linear calibration 

curve has been developed in the concentration range of 4–500 µM and 30–350 µM respectively. 

The application of the developed sensor for LMF and AMX analysis has also been demonstrated in 

the presence of excess of potentially interfering compounds commonly found in biological fluids. 

Moreover, recovery studies in the urine samples indicated no significant interference by the 

complex matrix. The excellent stability and reproducibility of the technique further proves the 

worth of the developed sensor in real sample analysis as well as in routine pharmaceutical 

investigations.  
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5.1 INTRODUCTION 

High blood pressure commonly known as hypertension is a condition in which the blood 

pressure in the arteries is increased. It does not show significant symptoms, however, long term 

hypertension leads to many diseases, such as, stroke, heart failure, coronary artery disease, loss of 

vision, kidney diseases and so on [1]. Hence, it is advisable to control hypertension by proper 

medication and changes in the life-style [2].  Antihypertensive drugs are frequently used for the 

treatment of hypertension.  These drugs are used to reduce or lower the blood pressure and prevent 

the risk of stroke, cardiovascular disease, heart failure and dementia. Antihypertensive drugs are 

classified on the basis of their action to lower the blood pressure. Most significant and main 

pharmacological classes of antihypertensive drugs are beta-blockers, thiazide diuretics, calcium 

channel blockers, angiotensin II receptor antagonists and angiotensin-converting enzyme. The 

ultimate aim of the treatment is to prevent damage like, heart attack, stroke and heart failure due to 

abnormally high blood pressure. Hydrochlorothiazide is most commonly used thiazide diutrics and 

it excretes the extra salt and water from the body. The low dose of diuretics have been shown to 

decrease the cases of coronary artery disease and total cardiovascular mortality. However, it is well 

documented that a blood pressure of 140/ 90 mm Hg is achieved only in about 50% patients treated 

with monotherapy. In many cases combination of the two or more drugs is used and include 

diuretics-beta blockers; angiotensin II antagonists-diuretics; calcium channel blockers-angiotensin 

converting enzyme and so on. Telmisartan is an angiotensin II receptor antagonist, selectively 

inhibits the action of angiotensin type I receptors. Thus, both these drugs are used extensively to 

lower the blood pressure in human system [3].  

This chapter is devoted to the determination of these drugs. The chapter is divided into two 

sections, Section A deals with the fabrication of melamine based Molecularly Imprinted sensor for 

the analysis of Hydrochlorothiazide, whereas, Section B describes the surfactant based sensor for 

simple and selective estimation of Telmisartan. In both the sections analysis has been carried out in 

pharmaceutical and urine samples.  

 

SECTION A: Molecularly Imprinted Sensor for Determination of Hydrochlorothiazide 

SECTION B: Determination of Telmisartan by using Surfactant Modified Edge Plane Pyrolytic 

Graphite Electrode 
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SECTION A: MOLECULARLY IMPRINTED SENSOR FOR DETERMINATION OF 

HYDROCHLOROTHIAZIDE 

Molecular imprinted polymers (MIPs) are a synthetic approach to design an artificial 

molecular recognition system. In the place of natural receptors, like enzymes and antibody-antigen, 

MIPs have acquired more interest due to their superior stability, affordability and simple 

fabrication. They have inherent advantages, including high sensitivity, selectivity, long term 

stability and high chemical stability. These qualities attract the researchers to establish the artificial 

and robust recognition materials [4-5]. A permanent molecular memory is imprinted in the 

polymer film, which is capable to selectively rebinding to template molecules in rebinding step. 

MIP is fabricated by polymerizing a ‗template‘ molecule recognition monomer complex together 

with a monomer. In the establishment of molecular imprinted sensor the target molecules act as a 

template molecule and initially the monomer forms complex with template molecules through the 

non-covalent or covalent interaction. Later on, removal of template molecules leave a permanent 

memory or ‗mimics‘ of similar in shape and size on the surface [4, 6-7]. MIPs have several 

applications in various disciplines, such as purification/separation [8], chemo/biosensor [9], drug 

delivery [10] etc. Recently, several methods have been employed for the fabrication of molecular 

imprinted sensors such as, spin coating [11], electrochemical [12], drop casting [13] etc. Among 

these methods, electrochemical method has some benefits over the other because it leads to the 

generation of uniform, rigid and stable film, and also the thickness and morphology of the film can 

be controlled. Hence, electrochemical method has been extensively utilized for the formation of 

the MIP film.  Nano-materials have unique attributes, such as high surface area, high catalytic 

efficiency and high surface reaction activity [14]. Magnetic nanoparticles have acquired the 

interest in the last decade as promising materials in drug delivery, biosepration, cell separation, 

enzymic assays, biosensors etc [15-19]. Iron oxide has interesting magnetic properties and is a very 

promising candidate for biochemical characteristics due to biodegradability, biocompatibility and 

non-toxicity [19-21]. Due to the unique properties of magnetic nanoparticles, iron oxide 

nanoparticles have been used for the preparation of the sensors as a supporting material due to their 

high surface area and provide the stability to the fabricated imprinted film. Various types of 

chemical methods have been reported for the preparation of iron oxide nanoparticles. However, an 

electrochemical method for the preparation of iron oxide nanoparticles in a single step is proposed 

in this chapter. Recently, conducting polymers gained enormous attention for the modification of 

electrode surface, due to its unique properties, like chemical stability of thin film, reproducibility, 
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and reactivity towards the organic compounds. Conducting polymers contain  -back bond, which 

is responsible for the electronic properties, like electrical conductivity, low ionization potential and 

high electron affinity [22-24]. Melamine (MM, 1,3,5-triazine-2,4,6-triamine) is a triazine 

compound and has nitrogen and amino groups, which are capable to prevent its aggregation and 

provide bio-compatibility and hence it is used for the surface modifications [25-26].   

Hydrochlorothiazide (HCTZ or 6-chloro-1,1-dioxo-3,4-dihydro-2H-1,2,4-benzothiadiazine-

7-sulfonamide, I) is an antihypertensive drug and helps to excrete extra salt and water from the 

human system. It is a benzothiazide diuretic medication that acts directly on the kidney and blocks 

the renal sodium chloride channel and increases the excretion of sodium chloride and a lesser 

extent of potassium ions [27-29]. It is widely used in the treatment of edema, cardiovascular 

diseases, management of diabetes insipidus, and  control of essential hypertension [30-31]. The 

half-life of HCTZ varies between 6 to 15 h and nearly 50 – 60% of the orally administered drug 

excretes through urine. Greater than 90% of the adsorbed drug also excretes as unchanged drug 

through urine. The aim of the present studies is to develop easy, selective, sensitive and stable MIP 

based sensor for the determination of HCTZ in biological fluids, such as plasma and urine. Several 

analytical methods have been described for the determination of hydrochlorothiazide, such as high 

performance liquid chromatography [32-33], spectrophotometry [33-34], differential pulse 

polarography [35] etc. However, some of these methods have disadvantages, like time consuming 

process for preparing the test samples, expensive instrument and large solvent requirement for 

processing. Electrochemical methods, especially voltammetry has gained interest in the recent 

years as it proposes a more workable, high sensitive, cost-effective, environment friendly for the 

selective determination of electro-active analytes. Various types of unmodified and modified 

electrodes have been employed for the determination of HCTZ [28-29, 31  37-42]. However, most 

of the previously reported methods have lower sensitivity and selectivity, higher detection limit 

and complex modification procedure. Thus, a simple MIP sensor based on melamine has been 

fabricated for the determination of the trace amount of HCTZ in biological samples in the present 

chapter. It is expected that the amino groups of MM will form the covalent and non-covalent bonds 

(e.g. Hydrogen bond) with the functional groups of HCTZ and lead to better sensitivity [43]. The 

recognition sites of the MIP sensor (MIP/Fe3O4/EPPG) are found highly attractive for HCTZ. 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0731708503004977#BIB1
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5.2 EXPERIMENTAL 

5.2.1 Reagents and Instrumentation 

  HCTZ, MM, ascorbic acid (AA), uric acid (UA), xanthine (X), hypoxanthine (HX), FeCl2, 

and sulphuric acid were purchased from E. Merck (India). The phosphate buffer solutions of 

different pH were prepared in the range of 2.4–10.0 by using reported method [44]. All the stock 

solutions were freshly prepared in double distilled water throughout the experiments. The 

voltammetric experiments were done by using Bioanalytical voltammetric analyzer (Epsilon, EC-

USB, USA). The pH measurements were made by using a digital pH meter (Eutech Instruments, 

model pH 700). The voltammetric studies were carried out by applying a conventional three 

electrodes system, having, Ag/AgCl, NaCl(sat) as the reference, molecular imprinted sensor as 

working and platinum wire was as an auxiliary electrode. Field Emission Scanning Electron 

Microscopy (FE-SEM) and Energy Dispersive X-ray analysis (EDX) were carried out using 

(model; Zeiss ultra plus 55) instrument. Electrochemical Impedance Spectroscopy (EIS) 

experiments were performed by using VersaSTAT 3 Galvanostat (PAR, USA) and X-ray 

diffraction (XRD) patterns of films were recorded by using Bruker D8-advance X-ray 

diffractometer. 

 

5.2.2 Fabrication of modified sensor 

 To fabricate the molecular imprinted sensor, the surface of the edge plane pyrolytic 

graphite (EPPG) electrode was firstly scratched mechanically on an emery paper (P-400) to renew 

the surface and then it was washed with double distilled water. The electrode was then dipped in 4 

mL of 4 mM FeCl2 solution prepared in water. The electrochemical deposition of iron oxide 

nanoparticles was then carried out transversing potential in the range -100 to 1500 mV at 100 mV/s 

for 15 cyclic voltammetric scans (optimized). The obtained film was then carefully rinsed with 

double distilled water and allowed to dry at room temperature. The sensor was named as Fe3O4 

nanoparticles modified EPPG. In the second step, the electro-polymerization of melamine with 

HCTZ as template was carried out. For this purpose, 2 mL of 2 mM HCTZ and 3 mL of 4 mM 

melamine (prepared in 0.1 M H2SO4) were used and then the potential was scanned in the range of 

0 to 1600 mV at 100 mV/s using cyclic voltammetry for optimized 20 scans. The obtained film 

was carefully rinsed with distilled water to remove the unreactive substances [26]. Finally, 

modified sensor was cycled between -1.0 to 1.5 V at 100 mV/s sweep rate for 25 cycles in 0.25 M 

H2SO4 to release the imprinted HCTZ template molecules. A non-imprinted polymer 
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(NIP/Fe3O4/EPPG) sensor was also prepared under identical conditions without the template 

molecules solution. The sensing surface of the developed MIP sensor was characterized by using 

voltammetry, FE-SEM, EDX, EIS and XRD studies.  

  

5.2.3. Voltammetric procedures 

 The stock solution of HCTZ (1.0 mM), was prepared by dissolving the required amount in 

the double distilled water. To prepare the test solution, the required volume of the HCTZ stock 

solution was added into the electrochemical glass cell, which already contained 2 mL of pH 7.2 

phosphate buffer and the total volume was made to 4 mL by using double distilled water. The 

optimized experimental conditions used for the square wave voltammetry (SWV) were: initial 

potential (Ei): 0 mV, the final potential (Ef): 1200 mV, square wave amplitude (Esw): 25 mV, 

square wave frequency (f): 15 Hz, potential step (E): 4 mV, and the optimal operating conditions 

for the cyclic voltammetry (CV) were initial potential (Ei): 0 mV, switching potential (E): 

1600 mV, the final potential (Ef): 0 mV and sweep rate 100 mV/s. The MIP sensor surface was 

cleaned after every run by using a potential of -800 mV for 100 s in the phosphate buffer (pH 7.2). 

 

5.2.4 Analysis of Pharmaceutical samples  

 To test the pharmaceutical samples, three tablets viz., Xstan-H (Blue Cross PVT Ltd, 

Mumbai), Tazloc-H (USV Ltd, Baddi, Himachal Pradesh) and Tadil 40-H (Zee laboratories, 

Paonta Sahib, Himachal Pradesh) having HCTZ (12.5 mg) were purchased from the local market 

of Roorkee (India). The tablets were completely crushed and ~ 1 mg was dissolved in 10 mL 

volumetric flask by using double distilled water.  

 

5.2.5 Urine sample analysis  

 For recovery measurements, the urine samples of two healthy volunteers (Female, age 25 

and Male, age 28) were obtained from the Institute hospital of I.I.T. Roorkee. The collected urine 

samples were filtered by using the Whatman 42 filter paper and diluted twice by using phosphate 

buffer (pH 7.2). The test solutions for the recovery study were prepared by spiking the required 

volume of HCTZ stock solution (1.0 mM) into the diluted urine sample in the working range.  
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5.3 RESULTS AND DISCUSSION 

5.3.1 Characterization of composite film 

The changes occurring on the surface modification of EPPG at different level of 

modification were visualized by using FE-SEM. Fig. 5.1 represents a comparison of FE-SEM 

images and an unmodified EPPG surface  [Fig. 5.1 (a)] shows a different topography in 

comparison to the Fe3O4 nanoparticles modified/EPPG and MIP/Fe3O4/EPPG sensors. Fig. 5.1 (b) 

shows clearly the deposition of Fe3O4 nanoparticles at the sensing surface and Fig. 5.1 (c) 

represents the even distribution of cubical, crystalline structures of melamine at the Fe3O4 

nanoparticles modified EPPG surface. Fig. 5.1 (d) shows the EDX of the Fe3O4 modified surface 

and indicates the deposition of Fe.  

 

Fig. 5.1: FE-SEM images demonstrating surface morphology of (a) unmodified EPPG, (b) 

Fe3O4/EPPG, (c) MIP/Fe3O4/EPPG and (d) EDX data demonstrating presence of Iron at the sensor 

surface. 

 

The further characterization of the iron oxide nanoparticles deposition at the sensor surface 

was carried out by using  X-ray studies. The X-ray diffraction (XRD) spectrum after deposition of 
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iron oxide (Fe3O4) nanoparticles is presented in Fig. 5.2. Five peaks at 2θ = 21.2°, 30.5
o
, 35.5

o
, 

51
o
, 60.5

o
 were observed, which corresponded to the (0 1 2), (2 2 0), (3 1 1), (4 2 2) and (4 4 0) and 

indicated the successful deposition of iron oxide nanoparticles at the sensing surface [45-46].  

 

Fig. 5.2: Observed XRD pattern for Iron oxide nanoparticles. 

 

The charge transfer resistance (Rct) corresponding to the unmodified/EPPG, 

NIP/Fe3O4/EPPG, MIP/Fe3O4/EPPG and imprinted with template/EPPG surfaces were calculated 

by using EIS. The experiment was performed in 1:1 mixture of 0.01M KCl and 5 mM K3Fe(CN)6 

solution in the frequency range 1000 kHz to 10 mHz at a potential of 1.0 V. The typical Nyquist 

plots observed are presented in Fig. 5.3. The best fitted results were found by using a simple 

Randles equivalence circuit. The charge transfer resistance (RCT) values for unmodified/EPPG, 

NIP/Fe3O4/EPPG, Fe3O4/EPPG, MIP/Fe3O4/EPPG and MIP with template were determined as 

1142 Ω (curve A), 901.4 Ω (curve B), 954 Ω (curve C), 1005 Ω (curve D), and 811.8 Ω (curve 

E), respectively. From Fig. 5.3, it can be clearly seen that the lowest RCT value was observed for 

MIP with template, indicating the special affinity of recognition sites for the template molecules at 

sensing surface. However, MIP without template molecules has higher Rct value in comparison to 

the NIP, which may be due to the presence of cavities in MIP film, while NIP is the result of a 

continuous coating of conducting poly melamine on the sensor surface. While in case of Fe3O4 

modified sensor the Rct value is greater than MIP and bare due to the presence of the iron 
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nanoparticles and high surface area. The higher Rct value in the case of imprinted sensor appears 

to be due to the uneven surface of the conducting melamine and presence of cavities.  

 

Fig. 5.3: Typical Nyquist plots obtained for (A) unmodified/EPPG, (B) MIP/ Fe3O4/EPPG, (C) 

Fe3O4/EPPG, (D) NIP/Fe3O4/EPPG and (E) MIP with template at EPPG during EIS in 1:1 mixture 

of 5 mM K3Fe(CN)6 and 10 mM KCl solution over the frequency range 1000 kHz to 1 mHz. 

 

5.3.2 Optimization of experimental conditions 

The incubation step plays a key role in enhancing the sensitivity of molecular imprinted 

sensor. The interaction between imprinted molecular recognition cavity and analyte molecules 

were evaluated by incubating 1 µM concentration of HCTZ in phosphate buffer of pH 7.2 for 1–30 

min and current responses were measured each time. It was observed that the anodic peak current 

increased with increasing the incubation time till 15 min and then became practically constant (as 

shown in Fig. 5.4 (A)). This behaviour can be explained due to the saturation of all active sites due 

to which the peak current became practically constant. The maximum peak current was found at 15 

min and hence was used as optimized incubation time for the subsequent studies.  

To construct the imprinted molecular recognition sites on the sensor surface, the 

concentration ratio of template to monomer plays an important role. Hence, to attain the maximum 

sensitivity of the MIP sensor, the optimization was performed by varying the concentration of the 

melamine monomer up to 2 times in comparison to the template. For this purpose, 2 mL of 2 mM 
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HCTZ was taken with the different volume (1–4 mL) of 4 mM MM monomer. It was observed that 

the largest peak current response at MIP/Fe3O4/EPPG was observed, when MIP film was 

synthesized by using the solution having 2 mL of HCTZ and 3 mL of MM monomer (2 : 3) in 

comparison to other template to monomer ratios as represented in Fig. 5.4 (B). When the ratio of 

the concentration of template and monomer was 2 : 1, the peak current response for HCTZ was 

very small due to the limited amount of monomer available for binding to the template molecules. 

At the ratio of 2 : 4 the peak current decreased in comparison to 2 : 3 template monomer ratio, 

probably because of the increased thickness of the imprinted membrane, due to which the access of 

the binding sites by template molecules became difficult. 

 

Fig. 5.4: (A) Effect of incubation time and (B) polymer to template ratio on the anodic peak 

current response of 1µM HCTZ observed using the imprinted sensor at pH 7.2.  

 

5.3.3 Cyclic voltammetry  

The cyclic voltammetric studies were performed for examining the redox behavior of 

HCTZ at the sensor surface. Fig. 5.5 represents a comparison of typical cyclic voltammograms for 

the irreversible anodic oxidation of HCTZ at unmodified EPPG, NIP/Fe3O4/EPPG and 

MIP/Fe3O4/EPPG surfaces at pH 7.2 at a scan rate of 100 mV s
−1

. A weak anodic peak of HCTZ 

was found at ∼806 mV at unmodified EPPG (curve a) and at ~808 mV at NIP/Fe3O4/EPPG 

(curve b). Whereas, a sharp and well-defined peak was observed at lower potential (∼766 mV) at 

the MIP/Fe3O4/EPPG (curve c). At all the three sensors a single irreversible oxidation peak was 

observed for HCTZ.  However, the peak current enhancement and the decrement in the peak 
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potential at the MIP for HCTZ, clearly indicates the electrocatalytic behavior and sensitivity of the 

MIP/Fe3O4/EPPG towards the HCTZ.    

 

Fig. 5.5: Comparative cyclic voltammograms for 1 µM HCTZ in pH 7.2 phosphate buffer at 100 

mV/s using (a) Unmodified EPPG, (b) NIP/Fe3O4/EPPG and (c) MIP/Fe3O4/EPPG.  

 

To elucidate the nature of electron transfer reactions involved in the electrochemical 

oxidation of HCTZ at MIP/Fe3O4/EPPG, scan rate study was performed. It was observed that with 

increasing the scan rate (v), oxidation peak current of HCTZ increased in the range 10-150 mV/s as 

demonstrated in the inset of Fig. 5.5. A linear relation between the scan rate (v) and peak current 

(ip) can be represented as: 

ip = 0.0464 v - 0.2036, R² = 0.9986 

log ip = 1.181 log v - 1.7041,  R² = 0.9955 

where, ip is the oxidation peak current in μA and v is the scan rate in mVs
−1

. The linear plot 

of ip vs v indicates that anodic oxidation of HCTZ at MIP/Fe3O4/EPPG follows the adsorption 

controlled pathway. The adsorption of HCTZ was further confirmed by the linear plot between 

log ip vs. log v. The slope value (dlog ip/dlog v) of 1.181 was greater than 0.5 and thus indicated 

that the nature of electron transfer processes in the oxidation of HCTZ was adsorption controlled 

[47].  
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5.3.4. Square wave voltammetry  

 For detailed studies SWV technique was used due to its advantages such as low 

background current and better peak resolution. Fig. 5.6 represents comparative square wave 

voltammograms recorded at different stages of surface modification, such as at bare EPPG, 

Fe3O4/EPPG, NIP/ Fe3O4/EPPG and MIP/Fe3O4/EPPG at 7.2 pH containing 1 µM HCTZ. At bare 

EPPG, a broad peak is observed at 787 mV which shifted to 782 mV and 785 mV with enhanced 

peak current at Fe3O4/EPPG and NIP/Fe3O4/EPPG, respectively. On the other hand, a sharp peak 

having maximum peak current was observed at the MIP/Fe3O4/EPPG (Ep=754 mV).  The best 

result for the oxidation of HCTZ was observed at MIP/Fe3O4/EPPG, hence, subsequent 

voltammetric studies were performed by using MIP/Fe3O4/EPPG. To prove that only entrapped 

molecules of HCTZ at the sensor surface undergo oxidation two scans were recorded. Fig. 5.6 (E) 

shows the anodic response of 1 µM HCTZ at MIP/Fe3O4/EPPG in the first and second scans. It can 

be clearly seen that the oxidation of HCTZ takes place only in the first scan, while in case of 

second scan no oxidation peak was observed. This behaviour indicated that only entrapped 

molecules undergo oxidation. 
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Fig. 5.6: A comparison of square wave voltammograms recorded for 1 µM HCTZ at pH 7.2 

phosphate buffer at (A) Unmodified EPPG,  (B) Fe3O4/EPPG, (C) NIP/Fe3O4/EPPG, (D) 

MIP/Fe3O4/EPPG and (E) Effect of number of scans on the oxidation of HCTZ at 

MIP/Fe3O4/EPPG sensor 

 

5.3.4.1. Frequency study 

 The influence of the frequency on anodic peak current of HCTZ was studied at 

MIP/Fe3O4/EPPG by using the SWV. The response of 1 µM HCTZ was recorded at different 
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frequency (f) in the range of 10 – 150 Hz. The oxidation peak current (ip) was found to increase 

linearly with increasing frequency. The dependence between ip vs. f  and log ip vs. log f can be 

presented by the relations: 

ip = 0.0693 f + 0.1992, R² = 0.9917 

log ip = 1.0051 log f - 1.125, R² = 0.9926 

where, R
2 

is the correlation coefficient, and  f  is square wave frequency in Hz and ip is anodic peak 

current in µA. The slope of log ip vs log f plot being greater than 0.5 again confirmed that the 

oxidation of HCTZ at the MIP/Fe3O4/EPPG is adsorption controlled and further supported the 

results obtained using cyclic voltammetry [47]. 

 

5.3.4.2. Effect of pH 

 The influence of pH on the oxidation peak potential of the 1 µM HCTZ was evaluated in 

the range of 2.4 – 10.0. It was found that the peak potential of the HCTZ shifted to the less positive 

potentials with increase in pH (Fig. 5.7). A linear relation was obtained between the peak potential 

(Ep) and pH of the HCTZ and can be represented as: 

Ep = -62 pH [2.0-10.0] + 1222.8, R² = 0.982 

Where, Ep is the anodic peak potential in mV and R
2
 is the correlation coefficient. The slope value 

(dEP/dpH) of 62 mV/pH suggests that the equal numbers of electrons and protons are involved in 

the electro-oxidation of HCTZ [38].  
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Fig. 5.7: Dependence of peak potential (EP) on the pH of the supporting electrolyte for 1 µM 

HCTZ. 

 

Further, to calculate the number of electrons involved in the oxidation of HCTZ, Laviron‘s 

equation was used [48]. For this purpose, cyclic voltammograms were recorded for 1 μM HCTZ at 

different sweep rates (v) between 10–250 mVs
−1

. It was observed that with increase in the sweep 

rate (v), the anodic peak potential (Ep) of HCTZ shifted to more positive potentials. The Ep vs. log 

v plot was linear and dependence of Ep on log v can be expressed by the relation:  

Ep = 49.831 log v + 667.62, R² = 0.9934 

Laviron's equation was applied to obtain the value of n, number of electrons involved in the 

oxidation. The slope (dEP/dlog v) value of Ep vs. log v plot was utilized to calculate the value αn, 

where n is the number of electrons and α is the transfer coefficient. For an irreversible electron 

transfer process, the value of α is commonly assumed as 0.5 [49], hence the number of electrons 

involved in the oxidation of HCTZ was found to be ~2.30. Thus, it was concluded that two 

electrons are involved in the electro-oxidation of HCTZ. A 2e
-
, 2H

+
 mechanism for HCTZ 

oxidation can be proposed (Scheme 5.1) as reported earlier [38]. 
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Scheme 5.1: Mechanism suggested for oxidation of Hydrochlorothiazide. 

5.3.4.3. Concentration study 

The quantitative analysis of the HCTZ is based on the dependence of the anodic peak 

current on the concentration. The square wave voltammograms were recorded at different 

concentrations of HCTZ in the range 0.025–10 µM at MIP/Fe3O4/EPPG as depicted in Fig. 5.8. It 

was found that the peak current increases with the increase in the concentration of HCTZ. The 

peak current values were measured by subtracting the background current. The plot of ip vs 

concentration exhibited a break at around 0.25 µM. The dependence of peak current (ip) on 

concentration can be expressed as:  

ip = 2.3426 [C, 0.025-0.25] + 0.2061, R² = 0.985  ----------------MIP/Fe3O4/EPPG  

ip = 0.7411 [C, 0.25-10] + 0.7973, R² = 0.996  ------------------- MIP/Fe3O4/EPPG 

ip = 0.2533 [C] - 0.2296, R² = 0.996  ----------------------unmodified EPPG  

Where, [C] is the concentration of HCTZ in µM and R
2 

is the correlation coefficient. From the 

regression equations, it is found that the MIP sensor has ~10 fold higher sensitivity towards the 

HCTZ in the lower concentration range as compared to the unmodified EPPG. In the quantitative 

analysis of HCTZ, observed analytical parameters at MIP/Fe3O4/EPPG and unmodified EPPG 

sensors are summarized in Table 5.1.  

http://www.sciencedirect.com/science/article/pii/S0925400516313557#tbl0005
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Fig. 5.8: Square wave voltammograms recorded for (a) 0.025 µM, (b) 0.05 µM, (c) 0.1 µM, (d) 

0.25 µM, (e) 0.5 µM, (f) 1 µM, (g) 2 µM, (h) 3 µM, (i) 5 µM and (j) 10 µM HCTZ concentrations 

using MIP/Fe3O4/EPPG. The dotted line represents the background current. Inset are the 

calibration plots in the concentration range of 0.025–0.25 and 0.25–10.0 µM. 

 

Table 5.1: Statistical parameters obtained for quantitative analysis of HCTZ. 

Validation Parameters Determination of HCTZ 

  Unmodified/EPPG                 MIP/Fe3O4/EPPG 

Concentration 2–150 µM 0.025–0.25 µM 0.25–10 µM 

Sensitivity (μA/μM) 0.2533 2.3426 0.7411 

Correlation coefficient (R
2
) 0.996 0.985 0.996 

Standard error of slope 0.0065 0.2025 0.0195 

Intercept -0.2295 0.2061 0.7973 

Standard error of intercept 0.4043 0.0278 0.0873 

 

The detection limit of the MIP/Fe3O4/EPPG has been calculated by using the formula 3σ/b, 

where σ is the standard deviation of three repeated blank readings and b is the sensitivity obtained 

from the calibration plot. The sensitivity was estimated to be 2.3426 μA μM
− 1

 and limit of 
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detection was found to be 0.004 μM. This limit of detection for HCTZ was lowest when compared 

with the reported in literature in the recent years (Table 5.2).  

 

Table 5.2: A comparison of  limit of detection (LOD) obtained for HCTZ using the proposed 

method with the recently reported using other sensors. 

S.No. Electrode/modified Linear range 

(μM) 

LOD 

(μM) 

Reference 

1. Ferrocenedicarboxylic Acid/CPE, SWV 0.08–500 0.037 28 

2. Benzoylferrocene/CPE 0.03–0.6  0.09 29 

3. BDDE, (DPV) 3–74 1.20 31 

4. SRE/MWCNTs, DPV 5–70 2.60 37 

5. BDDE 1.97–88.1 0.639 38 

6. GR-Ferrocene/CPE 0.5–390  0.38 39 

7. BDDE 0.51–18.7  0.376 40 

8. Fe3O4@SiO2/MWCNT/ionic liquid/CPE 1–600   0.085 41 

9. 

10. 

Nickel hydroxide/Ni 

MIP/Fe3O4/EPPG 

13.9–167   

0.025–0.25 

0.25–10 

7.92 

0.004 

42 

Present 

work 

DPAV: Differential pulse anodic voltammetric, DPV: Differential-pulse voltammetry, BDDE: Boron-doped diamond 

electrode, SRE/MWCNTs: Multiwall carbon nanotube/silicone rubber  

 

5.3.5 Interference study 

The selectivity of the developed MIP/Fe3O4/EPPG was evaluated in the presence of  

interfering substances such as UA, AA, HX, X,  telmisartan (TMS) and metoprolol (MTP) with a 

fixed concentration of HCTZ (1µM). TMS and MTP were selected as HCTZ is also marketed in 

combination with these drugs, hence, interference of TMS and MTP on oxidation of HCTZ is also 

examined. The oxidation of TMS did not occur in the working potential range used in the present 

investigation, hence, no effect of TMS is observed. For other compounds, SW voltammograms of 

HCTZ at MIP/Fe3O4/EPPG were recorded in the presence of different amount of interfering 

molecules at a fixed concentration of 1µM HCTZ. Practically no effect is found on anodic peak 

current response of HCTZ in the presence of concentration of UA, AA, X, HX and MTP 
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respectively (Fig. 5.9). Hence, it is concluded that the developed MIP/Fe3O4/EPPG can be 

effectively used for the selective analysis of HCTZ in the presence of common interfering 

compounds present in biological systems. 

 

Fig. 5.9: Effect of interferents observed on the peak current of HCTZ for selectivity of imprinted 

sensor for 1 µM HCTZ. Concentration are 100 µM uric acid; 200 µM ascorbic acid; 100 µM 

hypoxanthine; 50 µM Xanthine and 100 µM metoprolol. 

 

5.3.6. ANALYTICAL APPLICATION 

5.3.6.1 Pharmaceutical Samples 

For pharmaceutical analysis, the tablets were crushed and the required amount was 

dissolved in the double distilled water to prepare 1mM stock solution of HCTZ. To bring the 

concentration of the solution in the working range, the stock solution was further diluted by using 

double distilled water and phosphate buffer. SW voltammograms were then recorded at 

MIP/Fe3O4/EPPG using optimized parameters and identical conditions as were used in above 

studies. The results obtained are presented in Table 5.3 and indicated the good similarities between 

the listed amount and observed amount of HCTZ. 
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Table 5.3: Determination of HCTZ content in pharmaceutical drug formulations using 

MIP/Fe3O4/EPPG. 

 

5.3.6.2 Recovery study 

The analytical utility of the molecular imprinted sensor was determined by carrying out 

recovery studies. The MIP/Fe3O4/EPPG was used to quantify the HCTZ in the complex matrix, 

such as human urine samples. For this purpose, the urine samples were diluted 2 fold with pH 7.2 

phosphate buffer to minimise the complexity of the samples. Initially the urine samples of the 

patients undergoing treatment with HCTZ (12–5 g) a day were used. However, no peak for HCTZ 

was noticed when urine samples collected after 4 h, 8 h and 24 h of oral administration of HCTZ 

were analyzed. One of the reasons for non-appearance of HCTZ is excretion time, which varies 

between 6 to 15 h. Hence, it was decided to carry out the recovery studies. The urine samples of 

healthy persons were spiked with HCTZ in the working range and SW voltammograms were 

recorded. An excellent agreement was found in the recovery and spiked concentration of HCTZ as 

shown in Table 5.4 with low RSD value. The obtained results demonstrated a recovery >99%, 

indicating thereby the practical utility of the MIP/Fe3O4/EPPG for the quantification of HCTZ in 

complex matrix. 

 

 

 

 

 

 

 

 

 

 

S.No. Tablet Stated content (mg) Observed content (mg) Error % 

1. Xstan-H 12.5 12.491 0.90 

2. 

3. 

Tazloc-H 

Tadil 40-H 

12.5 

12.5 

12.487 

12.493 

1.30 

0.70 
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Table 5.4: Recovery data of HCTZ determination in human urine sample. 

S.No. Spiked amount (µM) Detected amount (µM) 
*
Recovery % Error % 

Sample 

1. 

2. 

3. 

 

0.50 

1.0 

2.0 

 

0.501 

0.991 

2.010 

 

100.20 

99.10 

100.50 

 

0.2 

-0.9 

0.5 

Sample 

1. 

2. 

3. 

 

0.25 

0.75 

3.0 

 

0.251 

0.747 

2.991 

 

100.40 

99.60 

99.70 

 

-0.4 

0.4 

0.3 

  *RSD for the determination was 1.13% for n=3 

 

5.4 Stability and reproducibility of the molecularly imprinted sensor   

 To examine the stability of the MIP/Fe3O4/EPPG, the oxidation response at a fixed 

concentration of HCTZ (1 µM) was studied at pH 7.2 by recording the voltammograms over a 

period of 30 days. The observed results confirmed that MIP/Fe3O4/EPPG exhibited a variation of < 

±4.0%  during the first 20 days. After 20 days, a current drop up to 6.8% was noticed. Thus, 

MIP/Fe3O4/EPPG can be safely used for the first 20 days after its fabrication. 

In order to evaluate the intraday reproducibility of the MIP/Fe3O4/EPPG, five 

voltammograms were recorded for HCTZ solution at an interval of 1 h. The R.S.D value for n=5 

determinations was found to be ±2.32%. Hence, it is concluded that the MIP/Fe3O4/EPPG has an 

excellent stability and reproducibility. To monitor the sensor to sensor variation, five different MIP 

sensors were fabricated by following the same modification protocol. The electrochemical 

experiment was executed in 1 µM HCTZ solution by using MIP/Fe3O4/EPPG at pH 7.2. A 

negligible variation was detected in the peak potential and current response of HCTZ. The RSD for 

peak current was found to be 2.43%. Thus, from the above results it is concluded that the proposed 

protocol has long term stability and reproducibility.  

 

5.5. Ruggedness studies 

To investigate the changes in the interlabortory behavior of the developed 

MIP/Fe3O4/EPPG, the ruggedness study was performed. To examine the instruments related 
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deviation in voltammetric response, two voltammetric analyzers viz., Epsilon EC-USB and CV-50 

(BAS, West Lafayette, USA) were used. To examine the intermediate precision of the developed 

MIP/Fe3O4/EPPG, the response was evaluated by two different analysts using different MIP 

sensors on different days. From the obtained results at different sensors and at different 

instruments, a variation of ±1.58% in current response of HCTZ was found. The obtained results 

are listed in Table 5.5 and suggest that no significant difference is observed between the recovery 

results. Hence, the proposed MIP/Fe3O4/EPPG presents reliable, robust and rugged approach for 

analyzing HCTZ in the complex matrix. 

 

Table 5.5: The robustness and ruggedness of the proposed method for the recovery data of HCTZ 

determination in human urine samples. 

Variables    Recovery % ± R.S.D 

Robustness at pH=7.2 98.71 ± 1.42 

Ruggedness Analyst 1  

Instrument: CV 50W 99.38 ± 1.43 

Instrument: Epsilon EC-USB  

Ruggedness Analyst 2                     

98.59 ± 1.37 

Instrument: CV 50W 98.29 ± 1.48 

Instrument: Epsilon EC-USB                      99.44 ± 1.53 

  

5.6 CONCLUSION 

In the present section, a melamine based imprinted sensor was fabricated at the Fe3O4 

nanoparticles modified EPPG. The Fe3O4 nanoparticles layer was prepared by using 

electrochemical method at the EPPG surface. The surface of the MIP/Fe3O4/EPPG was 

characterized by using Voltammetry, FE-SEM, EDX, EIS and XRD. The electro-catalytic 

capability of the imprinted sensor has been studied by using the MIP/Fe3O4/EPPG for the 

quantitative as well as qualitative examination of HCTZ. The calibration curve observed between 

the peak current and concentration of HCTZ in range of 25×10
-9

 – 10×10
-6 

M exhibited a break at 

0.25 µM. The MIP/Fe3O4/EPPG exhibited the successful estimation of HCTZ in the presence of 

interfering substances, such as ascorbic acid, uric acid, xanthine and hypoxanthine. Thus, it is 

concluded that the MIP/Fe3O4/EPPG can be successfully used for the quantification of HCTZ in 
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biological fluids and pharmaceutical formulations with excellent selectivity, low detection limit, 

long-term stability and high reproducibility. 
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SECTION B: DETERMINATION OF TELMISARTAN BY USING SURFACTANT 

MODIFIED EDGE PLANE PYROLYTIC GRAPHITE ELECTRODE 

 Telmisartan ((2-(4-{[4-methyl-6(1-methyl-1H-1,3-benzodiazol-2-yl)-2-propyl-1H1,3-

benzodiazol-1-yl]methyl}phenyl) benzoic acid, TMS) is an angiotensin II type I receptor blocker, 

widely used for the treatment of hypertension and to regulate the blood pressure (BP). Oral 

administration of TMS dose has been found to reduce the hypertension in several animal models 

[50-51]. Hypertension increases the undesired symptoms and is associated with many 

complications like myocardial infarction, coronary heart disease and renal disease [56]. The renin-

angiotensin system plays a substantial part in the growth and maintenance of hypertension. TMS 

selectively inhibits the action of angiotensin type I receptor without affecting the action of other 

receptors in cardiovascular regulation, which leads to reduced blood pressure, and hence the 

blood flows smoothly. TMS is a potent, long-term, orally acting non-peptide antagonist, which is 

utilized for the management of essential hypertension [52-55].  The generally effective dose of 

TMS is 40-80 mg per day and can be increased to a maximum of 80 mg once a day. TMS is not a 

pro-drug and suitable for daily dose, which also has a higher half-life (~24 h) [50,52]. The 

analysis of drugs plays an important role in drug quality control. Thus, the development of simple, 

selective and reliable method for the analysis of active drug has a valuable impact in the drug 

manufacture and pharmaceutical analysis. Several methods are available, such as HPLC [57-58], 

spectrophotometry [59-62], liquid chromatography–tandem mass spectrometry (LC–MS) [63], etc 

for the analysis of drugs. However, most of these techniques suffer from disadvantages such as 

expensive, sophisticated processes, time consuming procedure and hectic pre cleaning process 

using the variety of organic solvents. The electrochemical techniques specially voltammetric 

approaches are simple, accurate, sensitive, selective and cost effective. Several types of sensors 

have been made for sensitive, faster and accurate electrochemical investigation of the TMS. 

Alarfaz [53] and Tasdemir et. al. [64] reported stripping voltammetric approaches for the 

examination of TMS by using hanging mercury drop electrode. To avoid use of mercury to avoid 

toxicity, there is still need of a highly sensitive electroanalytical method for the trace analysis of 

TMS in complex matrix such as human urine. In the present studies an attempt has been made to 

use a simple protocol to fabricate SDS modified sensor for the analysis of TMS.  

 It was noticed that TMS strongly adsorb at the surface of pyrolytic graphite. To eliminate 

adsorption complications, the electrode was dipped in a solution of 10 mM sodium dodecyl sulfate 

(SDS), an anionic surfactant. It is generally used to overcome adsorption and to improve the 



Chapter 5 

 

203 
 

sensor/solution interface in electroanalysis, which increases the rate of electron transfer between 

the sensor surface and electro-active substances. [65-70]. 

 

5.7. EXPERIMENTAL 

5.7.1 Materials and instrumentation 

 TMS, uric acid (UA), ascorbic acid (AA), xanthine (XT), hypoxanthine (HXT) and SDS 

were obtained from Sigma-Aldrich (USA). Disodium hydrogen phosphate (Na2HPO4), sodium 

dihydrogen phosphate (NaH2PO4), sodium hydroxide (NaOH), potassium chloride (KCl) and 

potassium ferricyanide (K3[Fe(CN)6]) were purchased from E. Merck (India). The studies were 

carried out in phosphate buffers (1.0 M) of pH range 2.4–8.0. A pH meter (model pH 700, Eutech) 

was utilized to assess the pH of the phosphate buffer solutions. To prepare the stock solutions 

double distilled water was used. The TMS solution (1.0 mM) was prepared by dissolving in 50 µL 

of 1M NaOH and the solution was made upto the mark using the double distilled water. The 

electrochemical experiments were performed in single glass cell equipped with three electrode 

system, a platinum wire an auxiliary electrode, pyrolytic graphite as a working electrode and 

Ag/AgCl (3M NaCl, Model; BAS MF-2052RB-5B) as a reference electrode. EPPG was obtained 

as a gift (15×3×3 mm
3
) from Pfizer, USA. The surface of the modified sensor was characterized by 

using techniques as reported for HCTZ (Section A of this chapter). 

 

5.7.2 Fabrications of sensor and influence of immersion time in SDS 

 To fabricate the sensor, firstly the EPPG sensor surface was cleaned by rubbing it on an 

emery paper (P-400) followed by washing with double distilled water. In the preliminary 

experiments, EPPG was immersed in SDS solutions of different concentrations for constant time. 

It was noticed that the peak current of TMS increased with increase in the concentration of SDS 

and became practically constant at higher concentrations (> 8 mM) as shown in Fig 5.10A. As 

critical micelle concentration of SDS is 8 mM in aqueous solution [71], it was concluded that 

negatively charged surface of micelles played an important role in the electrocatalysis during 

oxidation of TMS. The peak potential of TMS shifted to less positive values with increase in SDS 

concentration. This behaviour further indicated the electrocatalytic behaviour of the charged 

micelles towards oxidation of TMS. Thus, EPPG was immersed in a solution of 10 mM SDS for 

further studies. After this, the optimization of immersion time in the 10 mM SDS solution was 

examined. The current response of TMS was recorded using square wave voltammetry (SWV) by 
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immersing the EPPG between 5–60 s. The peak current response was found to increase till 20 s, 

after which the current response became constant (Fig 5.10B). Hence, an immersion time of 20 s 

was used in the detailed studies of TMS.  

 

Fig. 5.10: (A) Effect of SDS concentration observed on the peak current of TMS at pH 7.4  

Immersion time 20 s and (B) Effect of immersion time on the oxidation peak current response of 

100 µM TMS observed using the SDS modified sensor at pH 7.4. 

 

 In addition to the use of SDS modified EPPG, the presence of SDS in the solution was also 

found to affect the peak current of TMS. For this purpose the effect of the concentration of added 

SDS in the solution was also investigated in the range 20 to 500 µM. A well-defined peak was 

observed at 100 µM concentration of SDS in the solution and the peak current remained constant 

at higher concentrations. Hence, 100 µM SDS was also added each time with phosphate buffer in 

the solution. 

 

5.7.3 Voltammetric procedures 

 For recording voltammograms the desired concentration of the TMS was added in the cell, 

which already had 2 mL phosphate buffer. 400 µL of 1 mM SDS solution was then added and 

double distilled water was used to makes total volume 4 mL. The optimal parameters used for the 

voltammetric analysis were for experimental parameters for cyclic voltammetry (CV) were initial 

potential (Ei): 0 mV, switching potential (E): 1500 mV, the final potential (Ef): 0 mV and scan rate 

100 mV/s. For square wave voltammetry (SWV) following parameters were optimized; initial 

potential (Ei): 0 mV, the final potential (Ef): 1500 mV, square wave frequency (f): 15 Hz, square 
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wave amplitude (Esw): 25 mV, potential step (E): 4 mV. The EPPG surface was renewed each time 

and immersed in SDS (10 mM) solution for 20 s (optimized) before recording the voltammograms. 

 

5.7.4 Pharmaceutical/ biological samples 

 To analyse the pharmaceutical formulations three tablets viz; Tazloc-H (USV Ltd, Baddi, 

Himachal Pradesh), Tadil 40-H (Zee laboratories, Paonta Sahib (HP)), and Xstan-H (Blue Cross 

PVT Ltd, Mumbai) containing TMS (40 mg) were obtained from the local market of Roorkee, 

Uttarakhand. The TMS containing tablets were powdered and required amount of the powder was 

used to prepare the stock solution. 

 The urine samples of healthy persons and hypertensive patients were collected from the IIT 

Roorkee hospital after clearance of Human Ethics Committee [Permission No. 

BIOTECH/IHEC/AP/15/1]. To determine the content of TMS in urine samples after the 

administration of oral drug, the urine samples of a hypertensive patient (Male, age 67, 75 kg), were 

collected after 5 h and 24 h of oral administration of TMS tablet (40 mg). To minimize the 

complexity, the urine samples were diluted three times by using the pH 7.4 phosphate buffer 

before recording the voltammograms. 

 The recovery study in urine samples of two volunteers (Male, age 22 and Female, age, 26) 

were performed. The urine samples were filtered using the Whatman filter paper 42. The 

phosphate buffer (pH 7.4) was used to dilute the filtrate of urine samples (two times) and the 

recovery studies were executed by spiking the diluted urine samples after adding known 

concentration of TMS. 

 

5.8. RESULTS AND DISCUSSION  

5.8.1 Characterization of the sensor surface 

 The morphology of the bare and SDS immersed EPPG surfaces was studied by using the 

FE-SEM (Fig. 5.11). The SEM images clearly indicate the difference in the morphology of the 

SDS modified surface (Fig. 5.11 B) as compared to the bare EPPG (Fig. 5.11 A). The surface of 

bare EPPG was clear, whereas Fig. 5.11B represented the deposition of the surfactant in 

agglomerated form most likely due to the micelles formation as the concentration of SDS was 10 

mM (> CMC). This leads to irregular shape and size of the SDS. The irregular aggregation of SDS 

arises due to various non-covalent interactions leading to different morphologies. The granular and 

rod like morphologies have also been observed with different concentration of the SDS at the 



Sensors for the determination of antihypertensive drugs  

 

206 
 

surface of membrane as well as at glassy carbon electrode [72-74]. Fig. 5.11 C displays the EDX 

data observed at fabricated sensor and exhibits the presence of Na, O, C and S atoms. 

 

Fig. 5.11: FE-SEM images demonstrating surface morphology of (A) bare/EPPG, (B) SDS/EPPG, 

and (C) EDX data of the SDS modified sensor surface. 

 

The EIS studies have also been performed to evaluate the effect of SDS modified sensor on 

the electron transport behaviour of TMS. The experiment was performed in the equal proportion of 

1 mM KCl and 5 mM K3[Fe(CN)6] solution over the 1000 kHz to 0.001 Hz frequency range. 

Randle‘s circuit (inset Fig. 5.12) has been used to evaluate the data of the SDS immersed EPPG 

and bare EPPG. The Nyquist plots obtained consist two portions, one is the semi-circular 

indicating the charge transfer resistance (Rct) and the linear portion represents the mass transfer 

effects at lower frequency [75-76]. Fig. 5.12  demonstrates the results observed for impedance 

studies at SDS modified EPPG and bare EPPG. The RCT values for SDS/EPPG and bare/EPPG 

were found to 762 Ω (curve a), and 823.1 Ω (curve b) respectively. Though, the variation of the 

Rct for SDS/EPPG in comparison to bare/EPPG was relatively small, still a better peak for TMS 
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was noticed at the modified electrode (Fig. 5.12). Thus, the variation of Rct values before and after 

modification provides an efficient approach to characterize the conductivity at solution/electrode 

surface. Thus, it is believed that the SDS reduces the resistance at sensor/solution interface and 

facilitates the electron transfer process in comparison to bare EPPG. In the presence of the SDS at 

Pt electrode, the charge transfer resistance has also found to be lower as compared to bare earlier 

[77]. The presence of SDS surfactant showed the better homogeneity for sample preparation and 

provided better contact at glassy carbon electrode (GCE) while in case of the carbon paste 

electrode (CPE) the smooth surface with bundles like structure was obtained [78, 70]. 

 

Fig. 5.12: Typical Nyquist plots observed for (a) bare/EPPG and (b) SDS/EPPG in 1:1 mixture of 

5 mM K3Fe(CN)6 and 1 mM KCl solution over the frequency range 1000 kHz to 0.001Hz. 

 

5.8.2 Cyclic Voltammetry 

 Initial CV studies of the TMS were carried out to examine the nature of electrochemical 

reactions involved in the oxidation of TMS. Cyclic voltammograms of 100 μM TMS solution were 

recorded to investigate the effect of SDS at pH 7.4 using the bare/EPPG and SDS/EPPG by 

scanning the potential from 0 to 1500 mV at a sweep rate of 100 mV/s (Fig. 5.13). At the bare 

EPPG sensor, a small broad peak with very small current was found at 1272 mV corresponding to 

the anodic oxidation of TMS. At the SDS modified sensor the peak current increased and peak 

potential shifted to the less positive values (1165 mV).  Fig. 5.13 demonstrates that no oxidation 
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peak is found in the reverse scan at any of the two sensors, indicating thereby that the oxidation of 

TMS is irreversible. The increase in the peak current and shift of peak potential of TMS to less 

positive values clearly indicate the electro-catalytic activity of surfactant (SDS), due to which the 

oxidation of TMS is facilitated. The similar studies with cationic surfactant, cetyl 

trimethylammonium bromide and non-ionic surfactant, Tween- 40 did not exhibit any peak in the 

CV of TMS. Hence, further investigations of TMS were performed by using the SDS/EPPG 

sensor.  

 

Figure 5.13: A comparison of cyclic voltammograms observed for 75 µM TMS in phosphate 

buffer of pH 7.4 using 100 µM SDS in the solution at 100 mV/s (a) bare EPPG and (b) SDS/EPPG. 

dotted line represents the CV of blank solution at modified sensor. 

 

The behaviour of the redox reaction involved in the electro-oxidation of TMS was 

investigated by using the sweep rate study at SDS/EPPG sensor. In sacn rate study, it was found 

that with increase in the scan rate (v) in the range 10–200 mV/s, caused an increase in the peak 

current (ip) of TMS (inset Fig. 5.13). The plot of ip versus v was linear and the relation can be 

described as 

ip = 0.2338 v + 8.0127………. R² = 0.992 



Chapter 5 

 

209 
 

where, R
2
 is the correlation coefficient, v is the scan rate in mV/s, and ip is the peak current in μA. 

Further, the linearity of ip vs. v plot showed that the electro-oxidation of TMS at the surface of 

SDS/EPPG was adsorption controlled, which is further confirmed by the linear log plot between ip 

vs. v. The relation between log ip vs. log v can be represented by following equation;  

log ip = 0.6174 log v + 0.2856……….. R² = 0.993 

The slope value (> 0.5) for log plot further indicated that the electron transfer process of TMS 

proceeded via adsorption controlled path [79]. Thus, it is clear that the SDS modified EPPG and 

SDS present in the solution are not able to completely remove the adsorption of TMS. 

5.8.3 Square Wave Voltammetry 

 Square wave voltammetry (SWV) is a sensitive technique in comparison to cyclic 

voltammetry due to the better peak resolution and low background currents. Hence, the detailed 

electrochemical studies of TMS were performed by using SWV. To investigate the electro-

catalytic behavior of the SDS/EPPG, voltammograms were recorded for 75 μM TMS solutions at 

pH 7.4 with SDS and without SDS in solution. A broad peak with a small peak current was 

observed at the bare sensor as shown in the Fig. 5.14 (A). The response of the SDS/EPPG sensor 

was then recorded in both the cases i.e., with SDS and without SDS in solutions as shown in Fig. 

5.14 (B) and 5.14 (C). A sharp, well-defined SW voltammetric peak was observed with several 

fold enhancement in the peak current (ip) in case of SDS used in solution in comparison to the bare 

EPPG as represented in Fig. 5.14 (C). Thus, it is concluded that SDS presents in the solution also 

affects electrocatalysis. 
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Fig. 5.14: A comparison of SW voltammograms recorded for 75 µM TMS in pH 7.4 phosphate 

buffer using 100 µM SDS in the solution at (A) bare EPPG, (B) without SDS in solution at 

SDS/EPPG and (C) with SDS in solution at SDS/EPPG, dotted line represents the SW 

voltammograms of blank solution. 

 

5.8.3.1 Influence of Frequency 

 To examine the effect of SW frequency on the anodic peak current response of TMS, 

frequency study was performed.  It has been found that peak current of 75 µM TMS increases with 

increase in the frequency in the range of 5–50 Hz at SDS/EPPG sensor. The linearity between the 

frequency (f) and peak current (ip) at SDS/EPPG sensor indicated adsorption controlled oxidation 

of TMS. The linear relation of ip versus f and log ip versus log f  (Fig 5.15) can be expressed by the 

equations; 

ip = 0.5685 f + 6.8507…………. R² = 0.993 

log ip = 0.6083 log f + 0.4943………… R² = 0.998 
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where, f  is the square wave frequency in Hz and R
2
 is correlation coefficient. As the slope of log 

plot was > 0.5, it was concluded that the electron transfer process of the electro-oxidation of TMS 

was adsorption controlled, which supported the results observed using cyclic voltammetry [79].  

 

Fig. 5.15: Variation of (A) oxidation peak current (ip) with the square wave frequency (f), (B) log 

(ip) with log (f) for 75 µM TMS using SDS/EPPG sensor.  

 

5.8.3.2 Effect of concentration 

 The effect of concentration on the peak current of TMS was performed to investigate the 

feasibility, limit of detection and sensitivity of the developed SDS immersed sensor (SDS/EPPG). 

The SW voltammograms were recorded at different concentrations of TMS at pH 7.4. The 

concentration of SDS in the solution was kept constant at 100 µM. An increase in the peak current 

of TMS was noticed with increase in concentration (Fig. 5.16). A calibration curve was plotted 

between the peak current (ip) and concentration of TMS and a linear increase was noticed in the 

range 5–100 µM as presented in the inset of Fig. 5.16. The linear dependence of ip can be 

represented by the equation; 

ip = 0.2983 [C, 5–100] + 2.1733………. R² = 0.995  
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Fig. 5.16: Square wave voltammograms recorded for (a) 5 µM, (b) 7 µM, (c) 10 µM, (d) 20 µM, 

(e) 35 µM, (f) 50 µM, (g) 60, (h) 75 µM and (i) 100 µM TMS concentrations using SDS/EPPG. 

The background current is represented by the dotted line. A calibration plot of TMS is presented in 

the inset. 

 

The limit of detection (LOD) and sensitivity were observed as 82 nM and 0.2983 µA/µM 

respectively for TMS by using the proposed sensor. The LOD is calculated by applying the 3σ/b, 

where b is the slope value observed in calibration plot and σ is the standard deviation of the five 

consecutive blank readings (n=5). A comparison of the L.O.D. of TMS observed at the proposed 

sensor and reported in recent years by several techniques is summarized in Table 5.6. 
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Table 5.6: A comparison of linear range and Limit of Detection (LOD) observed for TMS at 

SDS/EPPG with reported methods 

S.No. Technique LOD (μM) Concentration range (μM) Reference 

 1. HPLC 2.42 4.85–49.55 57 

2. Spectrophotometric 0.1165 1.94–15.54 59 

3. Spectrophotometric 25.26 77.72–248.7 60 

4. UV Spectroscopy 0.244 1.94–62.18 62 

5. HMDE, SW-AdSV 0.0836 0.1–6  53 

6. HMDE, SWCAdSV 0.00105 0.00169–0.0275  64 

7. SDBS/AB paste electrode 0.75 0.25–20 65 

8. SDS/EPPG, SWV 0.082 5–100 Present work 

Acetylene black AB; Sodium dodecylbenzene sulfonate SDBS; Square wave cathodic adsorptive stripping 

voltammetry (SWCAdSV); Hanging mercury drop electrode (HMDE) 

 

It can be clearly seen that a sufficiently low value of L.O.D. is observed using SDS/EPPG. A 

comparable L.O.D at HMDE was also reported earlier [53,64], however, due to the toxicity of 

mercury use of HMDE has been restricted/ banned in many countries. The analytical parameters 

obtained for the proposed method are also compiled in Table 5.7.  

Table 5.7: Analytical parameters obtained for the quantitative analysis of TMS at SDS/EPPG. 

 

  

 

 

 

 

 

 

S.No. Validation Parameters SDS/EPPG 

1. 

2. 

3. 

4. 

Concentration range (µM) 

Sensitivity (μA/μM) 

Correlation coefficient (R
2
) 

Standard error of slope (α, 0.05) 

5–100  

0.2983 

0.9959 

0.0072 

5. 

6. 

7. 

Standard error of intercept (α, 0.05) 

Limit of detection (nM)  

Limit of quantification (µM) 

0.3685 

82  

0.2737 
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5.8.3.3 Influence of pH 

 The effect of pH on the electro-oxidation of TMS over the pH range 2.08–8.03 was studied 

using the SWV. In the entire pH range a well-defined peak was noticed. On observing the 

oxidation peak of TMS, it was detected that the oxidation potential of TMS shifted as the pH value 

increased towards the less positive potentials (Fig. 5.17). The linear dependence of Ep on pH 

observed the relation 

 Ep = -54.21 [pH, 2.08–8.03] + 1530…………. R² = 0.951  

The dEp/dpH value of 54.21 mV/pH  was nearby Nernst‘s value 59 mV/pH, which shows 

that number of protons and electrons contributing in the electro-oxidation of TMS are equal at SDS 

modified EPPG. 

 

 

Fig. 5.17: Observed dependence of peak potential of TMS on pH. 

 

 To elucidate the number of electrons in the electro-oxidation of TMS, Laviron‘s equation 

[48] has been applied: 

EP = E
0
 + RT/αnF − RT/αnF ln v 

where, n is the number of electrons, α is the electron transfer coefficient, F is Faraday constant 

(96485 C mol
-1

), T is absolute temperature (298 K) and R is the universal gas constant (8.314 J K
-1
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mol
-1

). For this purpose, the cyclic voltammograms of 75 μM TMS were recorded at different scan 

rates (v) in the range 10 – 150 mV/s. The electro-oxidation potential (Ep) increased with increasing 

the scan rate (v) and the variation can be represented by the relation: 

 Ep = 72.117 log v + 1023.5………. R² = 0.994 

According to the Laviron‘s equation, the slope value of the plot of Ep vs. log v is equal to 

2.303RT/αnF. For a totally irreversible reaction, the value of α (0.5) [49] and electrons are 

contributing in the oxidation of TMS were observed to be 1.74. The observed value is close to two, 

so it is concluded that total two electrons are participating in the oxidation of TMS [64]. The most 

probable oxidation site in TMS is biphenyl carboxylic acid functional moiety. The overall 2e
-
, 2H

+
 

oxidation of this moiety will give corresponding lactone. Similar oxidation mechanisms for 

biphenyl carboxylic acid have been reported by electrochemical and chemical reagents [80-81]. 

 

 

5.8.4 Selectivity of the developed sensor 

To look into the effects of the potential interfering molecules, such as UA, XT, AA, which 

are present in the biological fluids and hydrochlorothiazide (HCTZ), which is given in combination 

with TMS are evaluated on the peak current and potential of TMS. For this purpose 

voltammograms were recorded at the fixed concentration of TMS (10 μM), in the presence of 100 

fold concentration of the interference substances. The observed experimental results (Fig. 5.18 A)  

indicate that the 100 fold concentration of these interference substances does not affect the peak 

current of TMS. Hence, the proposed electrochemical method can be used successfully to detect 

the TMS in the presence of common interfering substance. 
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Figure 5.18 (A): Square wave voltammograms recorded in the presence of 10 µM TMS with (a) 

50 µM UA + 200 µM XT + 100 µM AA + 100 µM HCTZ, (b) 100 µM UA + 300 µM  XT + 200 

µM AA + 150 µM HCTZ and (c) 400 µM UA + 400 µM XT + 300 µM AA + 250 µM HCTZ at 

pH 7.4. Background current is represented by the dotted line.  (B): Square wave voltammograms 

recorded for 20 µM TMS in the presence of (a) 10, (b) 20, (c) 40, (d) 50 and (e) 100 µM HCTZ  at 

pH 7.4. 

 

TMS is also effective when used alone or in combination with other drugs in the 

treatment of hypertension. A common combination widely used is TMS-HCTZ. Hence, the effect 

of HCTZ on the oxidation of TMS was also investigated. For this purpose, a fixed concentration of 

TMS (20 µM) was used with increasing concentrations of HCTZ and voltammograms were 

recorded. It was observed that HCTZ did not affect the peak current of TMS as shown in the Fig. 

5.18 (B). Hence, the observed results indicate the high sensitivity and selectivity of the SDS/EPPG 

sensor towards TMS.  

 

5.8.5 ANALYTICAL APPLICATION 

5.8.5.1 Real sample assay  

  As TMS binds nearly 99.5% to albumin and alpha-1-acid glycoprotein, it has large half-

life (~20–24 h). The inactivation of TMS by liver is less than 3% and ~97% is eliminated in urine 

in unchanged form [82-83]. Hence, to examine the practical utility of the developed SDS based 

sensor the determination of TMS in the complex matrix, like urine samples was achieved. For the 

recovery studies the first urine of the morning of the two healthy volunteers were collected, filtered 
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and diluted twice by using the phosphate buffer of pH 7.4 in order to minimize the complexity of 

the samples. The urine samples did not exhibit peak corresponding to TMS, however, peaks of 

UA, AA were clearly seen at 260 and -100 mV. The recovery studies were carried out by spiking 

the urine samples with the known concentration of TMS. SW voltammograms were then recorded 

and a sharp oxidation peak of TMS was observed at 1156 mV with an additional oxidation peak 

related to the oxidation of uric acid at 260 mV. The concentration of the TMS was determined by 

using the peak current response. With the help of calibration plot the concentration of TMS is 

obtained and results are summarized in Table 5.8. The observed results indicate a good recovery > 

98% for both the urine samples, which demonstrate the excellent applicability of the develop 

sensor in the complex matrix like human urine. 

 

Table 5.8: Recovery data observed for TMS in healthy human urine samples. 

S.No.  Spiked amount (μM) Detected amount (μM)
* 

Recovery % Error% 

Sample 1 

1 

2 

3 

 

10 

20 

35 

 

9.86 

19.96 

34.85 

 

98.60 

99.80 

99.57 

 

-1.40 

-0.20 

-0.43 

Sample 2 

1 

2 

3 

 

50 

75 

100 

 

49.62 

74.84 

101.23 

 

99.24 

99.78 

101.23 

 

-0.76 

-0.22 

+1.23 

*RSD for the determination was 1.68% for n=3 

 

The biological applicability of the developed SDS modified sensor for TMS quantification 

in urine samples of hypertensive patients has also been evaluated. For this purpose the urine 

samples of hypertensive patient, who was under the treatment of TMS (40 mg/day) were 

obtained. The urine samples of hypertensive patient were collected after 6 h and 24 h of oral 

administration of TMS tablet. The complexity of the collected urine samples was minimized by 

diluting them three times using a pH 7.4 (phosphate buffer). As the excreted TMS was in small 

quantity, hence, standard addition method was used. The diluted urine samples were spiked with 

known concentration of TMS and SW voltammograms were recorded. A peak at 1156 mV 
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(corresponding to TMS) and a peak at 260 mV (corresponding UA) was clearly seen in the urine 

samples (Fig. 5.19). 

 

Fig. 5.19: Square wave voltammogram recorded in patient urine sample with spiked TMS. 

 

The concentration of TMS was evaluated by extrapolating the linear curve (Fig 5.20). By 

considering the dilution factor, the concentration of TMS was detected between 8.0–9.0 µM in all 

the urine samples. Some typical results of the TMS observed in urine sample after 24 h are shown 

in Table 5.9. The low RSD value ±1.83% (for n=3) in determination demonstrates the good 

reliability and accuracy of the SDS modified sensor. 
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Fig. 5.20: The observed standard addition plot for TMS in the urine sample of a hypertensive 

patient. 

 

Table 5.9: Observed concentration of TMS in human urine sample of a hypertensive patient after 

24 h of oral administration. 

S.No. Spiked (µM) Observed (µM) Actual (µM) *Recovery % Error% 

1. 0 8.82 8.82 -- -- 

2. 50 58.85 8.85 100.34 +0.34 

3. 60 68.91 8.91 101.02 +1.02 

4. 80 88.87 8.76 99.31 -0.69 

The observed value is the sum of the TMS present in urine + spiked amount 

The actual amount is observed – spiked amount 

The RSD for determination was ±1.83% (for n=3) 

 

5.8.5.2 Pharmaceutical assay 

The amount of TMS present in three tablets marketed by different pharmaceutical 

companies were also analyzed. The tablets were crushed to powder and the stock solutions (1 mM) 

were ready by dissolving the required quantity of powder in the double distilled water. Stock 

solutions were again diluted to carry the concentration in the working range. The SW 
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voltammograms were then recorded at pH 7.4 at SDS/EPPG. The TMS concentration was 

calculated using the calibration plot and is presented in Table 5.10. The good similarity between 

the listed amount and observed amount of TMS clearly indicates that SDS/EPPG can be effectively 

used for the quantitation of TMS. 

 

Table 5.10: Determination of TMS content in pharmaceutical drug formulations using SDS/EPPG 

sensor. 

S.No. Tablet Stated content (mg) Observed content (mg) Error % 

1. Xstan-H 40 39.86 -0.35 

2. Tazloc-H 40 39.62 -0.95 

3. Tadil 40-H 40 39.54 -1.15 

     

5.9 Stability and reproducibility of sensor  

The stability of SDS/EPPG sensor was examined at fixed concentration of TMS (20 µM) 

under optimized SWV conditions over a period of 30 days. The SW voltammograms were 

recorded every day, the results demonstrated that current deviated < ±2.89% for first 15 days and 

after which a deviation in the current up to ±6.32% was noticed. Therefore, the developed 

SDS/EPPG sensor can be employed safely for 15 days after its fabrication. To examine the 

intraday reproducibility of the developed sensor, five SW voltammograms were recorded at 

SDS/EPPG in the blank solution and also for 20 μM TMS at 1 h interval and R.S.D. was 

determined. By the calculations, the value of R.S.D. was observed to be ±3.72% (n=5), which 

indicated the excellent reproducibility of the SDS/EPPG sensor. Thus, it was observed that the 

SDS/EPPG sensor has an outstanding reproducibility. To investigate the sensor to sensor deviation, 

three EPPG electrodes were modified with SDS by a protocol used earlier. The square wave 

voltammograms were recorded for a fixed concentration of the TMS (20 µM) by using the each 

SDS/EPPG sensor and variation in the current response was evaluated. It was found that the 

current response of the three electrodes was varied by ±2.23%. Thus, it is concluded that the 

proposed protocol shows an excellent sensor to sensor reproducibility.   
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5.10. Ruggedness studies 

To study the interlaboratory behavior of SDS/EPPG sensor, ruggedness study has been 

performed. To inspect the instruments related variation and analyst to analyst variation in the term 

of voltammetric response, two voltammetric analyzers viz., Epsilon and CV-50W (Bioanalytical 

system, WL, USA) were applied. The intermediate precisions of different SDS/EPPG sensors were 

determined by two analysts on different days. The results observed at different instruments and 

different sensor exhibited a variation of ±1.58% in the current response of TMS and the obtained 

results are summarized in Table 5.11. Thus, presented SDS/EPPG sensor shows the reliable, 

robust and rugged approach for the determination of TMS. 

 

Table 5.11: The robustness and ruggedness of the proposed method for the recovery data of TMS 

determination in human urine samples 

Variables Recovery % ± R.S.D 

Robustness at pH=7.2 

Ruggedness Analyst 1 

Instrument: Epsilon EC-USB 

Instrument: CV 50W 

Ruggedness Analyst 2 

Instrument: Epsilon EC-USB 

Instrument: CV 50W 

99.43 ± 1.47 

 

99.27 ± 1.61 

98.53 ± 1.28 

 

99.32 ± 1.23 

98.67 ± 1.34 

 

5.11. CONCLUSION  

The present section describes, effect of anionic surfactant SDS on the oxidation of TMS; an 

anti-hypertensive drug. The layer of the SDS was deposited on the surface of EPPG by immersing 

it in the solution of SDS at a concentration greater than CMC. SDS can easily adsorb at the surface 

of EPPG via strong hydrophobic interactions and leads to various changes at the electrode/solution 

interface, due to which electrochemical behaviour of TMS is improved. It is believed that at 

concentrations greater than CMC, the monomer SDS concentration is very small and most of the 

SDS species are present in micellar form. The dodecyl sulfate anion then seems to form pseudo 

complex with cation radical of TMS (which is formed by 1e, 1H
+
 oxidation) due to which 

oxidation potential shifts to less positive potentials. The binding of cationic free radicals with 
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negatively charged surface of micelles has been reported for large number of compounds in the 

literature [84-86]. The loss of second electron and proton then gives corresponding lactone as the 

final product. The electrochemical response of electroactive compounds has been found to change 

drastically in the presence of long hydrophobic C-H chain surfactants and hence they are widely 

used to improve sensitivity and selectivity in determinations [87]. The determination of TMS in the 

concentration range of 5–100 µM at SDS/EPPG was carried out. The SDS modified surface was 

characterized by using the FE-SEM, EIS, SWV and CV. The low detection limit at SDS/EPPG 

sensor was observed. The electron transfer reaction of TMS was facilitated at the SDS/EPPG 

surface in comparison to bare EPPG. The high reproducibility of the SDS/EPPG sensor makes it a 

potential candidate for the quantification of TMS in various biological as well as pharmaceutical 

samples. The proposed method is simple, rapid, sensitive and highly selective. 
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