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ABSTRACT 

Last few years have seen a great proliferation of research interest by electrochemists at 

the interface of nanotechnology and electrochemistry. Advancements in electrochemistry make 

it possible to study and understand the principles as well as different aspects of nanoscience 

and nanotechnology. Electrochemical determination of variety of biomolecules, medicines, and 

doping agents in biological samples using electrodes modified with 

nanocarbon/nanoparticles/polymer film has been performed using various voltammetric 

techniques. Determination of physiologically important biomolecules always remains an uphill 

task for researchers as their concentration in biological fluids is normally very low. However, 

in the case of metabolic disorders and diseases, the concentration of these biological 

compounds gets abnormally altered. In such cases, detection of their concentration level proves 

out to be of diagnostic value. Voltammetric sensors have been found to show consistently good 

results with high sensitivity and selectivity. Quantification of common drugs is important for 

pharmaceutical industry, and studies on doping agents is needed to keep a check on the doping 

cases in competitive games. An endeavor has been made in the present investigation to develop 

simple, selective, and sensitive electroanalytical methods for qualitative and quantitative 

determination of biologically important molecules and drugs at nanomaterial/polymer film 

modified electrodes. An outline of the present research with a chapter-wise concise summary of 

the thesis is given below.  

 The first chapter of the thesis gives a panoramic view on conventional materials, types 

of nanomaterials, polymeric materials and an introductory background of related materials. The 

chapter also presents the discussions on the application of nanomaterials and polymer films in 

various chemical and biosensing applications using electroanalytical techniques. This chapter 

also briefly adumbrates the methodology used during the investigation. 

The second chapter of the thesis has been divided into two parts. The first part 

represents the comparison of basal and edge plane pyrolytic graphite sensors towards the 

determination of norfloxacin (NF). The compound NF, a member of fluoroquinolones, is the 

first choice drug for the treatment of diseases caused by Campylobacter, E. coli, Salmonella, 

Shigella and V. colera. It is used for the doctoring of gonorrhoea as well as eye and urinary 

tract infections. The non-target toxicity of antibacterials, including NF, has also been 

documented in literature. The determination of NF in biological samples and medicine is 

considered of great importance for human health, food assurance and quality control because of 

its potential toxicity. When equating with the bare basal plane pyrolytic graphite sensor, the 
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edge plane pyrolytic graphite sensor gave better response towards the determination of NF, 

both in the terms of sensitivity and detection limit. The difference in the surface morphology of 

the two electrodes has been studied. Also, the edge-plane pyrolytic graphite sensor delivered an 

analytical performance for NF with a sensitivity of 0.9064 μA μM
−1 

and limit of detection of 

28.3×10
−8

 M in the concentration range 0.5-50 μM. The method is successfully utilized for the 

detection of NF in pharmaceuticals formulations and human urine samples. 

The second part of the chapter throws light on voltammetric investigation of a well-

known sulfonamide drug, sulfamethoxazole (SMZ) at poly-1,5-diaminonaphthalene modified 

glassy carbon electrode. The oxidation of SMZ occurred in a well-defined peak having peak 

potential ~850 mV at pH 7.2. The modified electrode showed an excellent catalytic response 

presenting much higher peak currents than those measured at a bare glassy carbon electrode. 

The modified sensor was characterized by Field Emission Scanning Electron Microscopy, 

electrochemical impedance spectroscopy and cyclic voltammetry. Under optimized conditions, 

SMZ showed linear response in the concentration range of 0.5-150 µM by using square wave 

voltammetry and the detection limit was found to be 0.05 nM with a sensitivity of 0.085 μA 

μM
−1

. In order to assess the pertinency of the proposed sensor, different commercial samples as 

well as human biological samples containing SMZ have been analyzed.  

In third chapter, electrochemical and peroxidase-catalyzed oxidation of epinephrine is 

documented. The hormone epinephrine (adrenaline) is commonly used as the drug of choice as 

a vasoconstrictor, cardiac stimulator and bronchodilator. It subsists in protonated form at 

physiological pH. It is synthesized in the human system from L-tyrosine and exuded by the 

medulla of the adrenal gland along with norepinephrine. Ratiocination of concentration of the 

monoamine neurotransmitters such as epinephrine is crucial for the canvassing of 

neurotransmission, for diagnosis of neurological disorders, such as Parkinson's, and for 

developing medicines to cure the diseases. In view of the importance of epinephrine in the 

human physiology, an attempt has been made to compare the electrochemical and peroxidase 

catalyzed oxidation of epinephrine in this chapter. In the electrochemical studies a single well-

defined, 4e
−
, 4H

+
, pH-dependent oxidation peak was observed in square wave and cyclic sweep 

voltammetry at edge plane pyrolytic graphite electrode. The decay of the UV-absorbing 

intermediate and the first-order rate constants were calculated at different pH. At pH 7.2, the 

electrooxidation product was characterized using NMR and DEPT studies as 

leucoadrenochrome. The peroxidase catalyzed oxidation was carried out using horseradish 

peroxidase and initiated by adding H2O2. The identical spectral changes, rate constants for the 

decay of the UV-absorbing intermediate and product formed during electrochemical and 
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enzymatic oxidation suggest that the same intermediate species is generated during both the 

oxidations. It is concluded that the electrochemical pathway and peroxidase-catalyzed 

oxidation of epinephrine proceed by an identical mechanism. 

The fourth chapter throws light on simultaneous voltammetric investigation of adenine 

and adenosine monophosphate at single-walled carbon nanotubes (SWNT) modified edge plane 

pyrolytic graphite electrode (EPPGE). Under optimized conditions, well-defined oxidation 

peaks are observed at SWNT modified EPPGE where the peak shifted negatively and the peak 

current increased remarkably in comparison to bare edge plane pyrolytic graphite electrode. 

The significant enhancement in current response followed by a decrease in peak potential 

indicates that SWNT modified EPPGE acts as a promoter to enhance the electrochemical 

reaction, considerably accelerating the rate of electron transfer. The electrocatalytic activity of 

SWNT has been assigned due to the metallic impurities present within it. The electrode process 

is adsorption-controlled and irreversible in nature. The effect of pH revealed that the oxidation 

of adenine and 5′-AMP at SWNT modified EPPGE involved equal number of electrons and 

protons. Linear calibration curves are obtained over the concentration range of 5-100 nM for 

adenine and 10-100 nM for 5′-AMP with sensitivity of 677 and 476 nA nM
−1

 for adenine and 

5’-AMP, respectively. The limit of detection for adenine and 5′-AMP was found to be 37×10
−10

 

M and 76×10
−10

 M, respectively. The modified electrode exhibited high stability and 

reproducibility. In order to assess the pertinency of the proposed method, different plasma 

samples have been analyzed using standard addition method. 

     

Epinephrine      Tryptophan 

The fifth chapter of the thesis elaborates the effect of surface modification of indium 

tin oxide (ITO) by the use of multi walled carbon nanotubes (MWNT/ITO) and gold 

nanoparticles attached carboxylated multi walled carbon nanotubes (AuNP-MWNT/ITO) for 

the electrochemical oxidation of tryptophan. Tryptophan (2-amino-3-(1H-indol-3-yl)-propionic 

acid) is an important and essential amino acid for humans and herbivores, and is also a potent 

precursor of several metabolites such as serotonin, melatonin and niacin. A detailed comparison 

has been made among the voltammetric response of bare ITO, MWNT/ITO and AuNP-
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MWNT/ITO in respects of several essential analytical parameters viz. sensitivity, detection 

limit, peak current and peak potential of tryptophan. It is observed that the oxidation peak 

current of tryptophan was found to increase significantly along with a substantial shift in peak 

potential towards less positive potentials by using AuNP-MWNT/ITO in comparison to bare 

ITO and MWNT/ITO electrodes. Under optimum conditions linear calibration curve was 

obtained over tryptophan concentration range 0.5-90.0 µM in phosphate buffer solution of pH 

7.2 with detection limit and sensitivity of 0.025 μM and 0.12 μA μM
−1

, respectively. The 

oxidation of tryptophan occurred in a pH dependent, 2e
−
 and 2H

+
 process and the electrode 

reaction followed adsorption controlled pathway. The origin of electrocatalytic properties of 

nanotubes has been assigned to the embedded metal impurities in CNT samples and edge-

plane-like defects which are present at the open ends of nanotubes. The AuNP-MWNT/ITO has 

also been utilized for the electrochemical determination of tryptophan in human blood plasma 

and urine samples with reproducible results. 

                 

Paracetamol            Aspirin 

                         

                    1,5-diaminonapthalene                                  Caffeine 

Sixth, the last chapter of the thesis is devoted to the simultaneous monitoring of 

aspirin, paracetamol and caffeine in human urine at poly-1,5-diaminonapthalene modified 

pyrolytic graphite sensor. Recently, conductive polymers have acquired much attention due to 

their potential applications to battery electrodes, electrochromic devices, electroluminescent 

devices, and biological sensors. Of these, aromatic compound possessing two amine groups has 

been studied for polymer film-coated electrodes in this chapter. Poly-1,5-diaminonapthalene 

has shown incredible interest due to its fascinating properties. The main advantage of the 

present method is that poly-1,5-diaminonapthalene layer contributes to its efficiency leading to 
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the lowering of oxidation peak potential and marked enhancement in the peak current. The 

electrooxidation of aspirin, paracetamol and caffeine occurred in well-defined peaks at pH 7.2. 

After optimization of analytical conditions exploiting this sensor, the peak currents for the three 

compounds were found to increase linearly with increase in their concentration in the range of 

0.1-120
 
nM and detection limits of 0.93×10

−10
, 0.57×10

−10 
and 0.64×10

−10 
M were observed for 

aspirin, paracetamol and caffeine respectively. The proposed sensor exhibited good stability 

and reproducibility towards the determination of aspirin, caffeine and paracetamol in urine 

samples and tablets. The sensor can also be recommended for detecting doping cases of 

caffeine at the site of competitive games due to its rapid response and accuracy. 

 

********** 
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1 

 

1.1 ELECTROCHEMISTRY: AN OVERVIEW 

The term electrochemistry is delineated as the study of the chemical changes, which occur 

at the interface of an electrode (a metal or a semiconductor) and an ionic conductor (the 

electrolyte). In other words, the term electrochemistry deals with the transfer of electron between 

the electrode interface and electrolyte. The oxidation or reduction phenomenon in various chemical 

reactions is conspicuously based on the electrochemistry. A marked mounting ascends in the field 

of electrochemistry, as it has played a key role in technologically important areas including 

biomedical research, pollution control, corrosion, energy storage devices, semiconductors and 

extraction of metals. Electrochemistry is considered as a powerful and invaluable tool for probing 

the various electrochemical reactions, particularly in living systems. In nature, a number of 

physiological processes and phenomena are based on electrochemical changes 

(oxidation/reduction) such as photosynthesis and nerve conductions. There are sufficient evidences 

showing that electrochemical reactions convincingly resemble biological reactions, such as both 

reactions are essentially heterogeneous in nature and, specific orientation of the substrate 

molecules is required for enabling electron transfer at electrode (in electrochemical reactions) or at 

an active site of enzyme (in biological reactions). Electrochemical reactions occur at the electrode-

solution interface similarly in biological reactions, these occur at an enzyme-solution interface. 

Further, both types of reactions can effectively occur at similar pH as well as at similar 

physiological temperature. Additionally, Electrochemical as well as biological processes occur 

adequately in non-aqueous solutions and in the presence of similar concentration of inert 

electrolyte. Hence, the analogies between electrochemical and biological reactions instigate the ex-

situ use of electrochemical techniques for the determination of biomolecules and drugs in 

biological fluids.  

Biomolecules have significant consequences in the transmission of genetic information as 

well as various important metabolic activities. Any alteration in their concentrations leads to 

metabolic disorders. Therefore, selective and accurate determination of biologically important 

molecules always remains a challenging task for researchers due to the fact that these molecules 

have very low concentration in biological fluids. However, in the case of metabolic disorders and 

diseases, the concentration of these molecules gets abnormally altered. In such cases, detection of 

their concentration level is very important from the clinical point of view. Quantification of 

common drugs in biological fluids and pharmaceutical dosage forms is highly desirable for 

pharmaceutical industries, biomedical research and healthcare. Molecular diagnosis in clinical 

http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Electrolyte
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laboratories relies on technologies, which are generally expensive and time consuming and often a 

reason for delaying medical treatments. Hence, still there is a strong demand to design fast, less 

expensive and more sensitive techniques for the diagnosis of biologically important molecules and 

drugs in biofluids. 

Electrochemical techniques offer a unique access about the nature of electrons to get 

mechanistic information of reactions occurring in biological systems. These techniques have a 

wide range of applications including characterization, fabrication, redox properties of biomolecules 

or drugs, and understanding of various electrochemical interfaces or electrochemical 

processes. Voltammetric techniques are powerful and versatile electrochemical techniques 

that provide cost-effective instrumentation, large linear dynamic range and great sensitivity with 

accuracy and precision. These techniques have been the center of interest for scientific 

communities which belong to the rapidly emerging areas of science and technology, 

mainly nanosciences (nanoelectrochemistry) and life sciences (bioelectrochemistry).   

Over the last decade, technological advancements in electrochemistry have contributed 

significantly to study and understand the principles of nanoscience and nanotechnology. 

Nanotechnology has numerous fascinating applications in the areas of energy, electronics, 

environment, and biomedical, particularly in the development of sensing devices. Nanomaterials 

frequently display unusual physical (structural, electronic, magnetic and optical) and chemical 

(catalytic) properties and also have large surface-to-volume ratios that make these materials an 

appealing choice for sensor applications and, it is currently a focal point of nanoscience and 

nanotechnology. Sensor can be defined as a small device, which is used to measure chemical or 

molecular target by a chemical interaction or process between the analyte and the sensor and 

transforms chemical or biochemical information of a quantitative or qualitative type into a 

meaningful analytical signal.  Nanotechnology is currently evolving in discovery of useful new 

materials to deal with challenging bioanalytical problems, including stability, selectivity and 

sensitivity. In recent years, electrically conductive polymers have been exploited as an excellent 

tool to prepare nanofilms or nanocomposites for the detection of biomolecules and drugs in human 

biological fluids and pharmaceutical formulations. Due to the simple preparation methods and 

unique catalytic or affinity properties, conducting polymers can be easily utilized to energy 

storage, electrochemical devices, memory devices, electrocatalysts, especially to design the sensors 

(electrochemical sensors and biosensors). Conducting polymers as well as nanomaterials based 
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sensors play a vital role in the improvement of environmental and human health due to the small 

size, rapid detection, specificity and excellent sensitivity. 

Voltammetric sensors have extensively served as a whole or an integral part of 

environmental monitoring and clinical diagnostics tools and are used to analyze various samples 

including biological fluids, food samples, cell cultures samples and pharmaceutical samples. For 

instance, voltammetric electronic tongue (taste sensor), blood gas sensor, glucose sensor, oxygen 

sensor are well-established voltammetric sensors, which are based on electrochemical principles. 

Voltammetric, conductivity or capacitance, potentiometric, and amperometric sensors are some 

important categories of electrochemical sensors. Among these, voltammetric sensors are widely 

used and are based on the current-potential characteristics of an analyte, resulting from the 

reduction or oxidation reaction. The signal transduction process is accomplished by measuring the 

current as a function of varying potential that serves as the driving force for the mass transfer 

processes of the detecting species. The resulting current is directly proportional to the 

concentration of the target species and provides the basis for the voltammetric sensors. The 

construction of voltammetric sensor is very robust that makes it suitable in different aspects of 

industrial applications. Hence, an endeavor has been made in the present investigations to develop 

simple, selective electroanalytical methods for qualitative and quantitative analysis of biologically 

important molecules and drugs using nanomaterial or polymer film modified electrodes. The 

foremost aim of the present investigation is to assess the utility of the voltammetric techniques 

using various conventional electrodes and surface modifiers for the determination of biomolecules 

and pharmaceuticals in human physiological fluids (urine or plasma) with low cost, high speed and 

sensitivity [1-20]. 

1.2 WORKING ELECTRODES BASED ON CONVENTIONAL MATERIALS 

In electrochemical experiments, the central place is occupied by an electrode due to the fact 

that the performance of various electrochemical techniques depends on the nature of electrode 

used, hence it is necessary to select appropriate electrode material for a particular investigation. 

Vast varieties of materials have been applied as working electrode in different voltammetric 

techniques over the years. The selection of a working electrode depends on several parameters 

involving available potential window, electrochemical stability, electron transfer rate, mechanical 

properties, cost availability, toxicity, redox behavior of the target analyte and background current 

in the potential region under experimentation. Additionally, adsorption and coatings applied to the 
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electrode surface in order to enhance the detection of analyte are some other features which need a 

due consideration while selecting a suitable material to be used as working electrode. An ideal 

electrode should exhibit following specific characteristics, (1) higher electrical conductivity; (2) 

low back ground current with stable response; (3) hard and durable (4) good electrochemical 

inertness (5) rapid kinetics of electron transfer reaction (5) easily shaped and modified (6) low 

priced (7) morphological and structural stableness over a wide potential range and (8) reproducible 

physical, electronic and chemical properties. Commonly used conventional working electrodes are 

based on mercury, semiconductor, noble metals or carbon surfaces. 

In voltammetric analysis, platinum, gold, mercury, semiconductor (e. g. indium tin oxide) 

and carbon surfaces including highly ordered pyrolytic graphite, pyrolytic graphite and glassy 

carbon are most often employed as a working electrode. Other carbon based working electrodes 

such as pencil graphite electrode, carbon paste electrode, doped carbon electrode and carbon fiber 

electrode have also been well documented in literature. In last few decades, electroanalytical 

chemistry at solid electrodes has become excessively famous with the development of new 

electrode materials, as many interesting mechanistic and analytical applications have been 

investigated at their surface, which are not accessible at mercury surface. Thus, choosing an 

electrode material as a working electrode is very significant for the voltammetric studies of 

specific molecules.  

High hydrogen overvoltage and a highly reproducible, readily renewable and smooth 

surface of the working electrodes based on mercury are some notable reasons for their popularities 

and reliabilities in electroanalytical chemistry, despite their serious limitations in anodic range 

(mercury itself oxidizes) and mechanical inconvenience. Different types of mercury based working 

electrodes including dropping mercury electrode, amalgam electrodes, hanging mercury drop 

electrode and mercury film electrode have been reported. Hanging mercury electrodes and mercury 

film electrodes are used for stripping analysis and cyclic voltammetry, while dropping mercury 

electrodes are commonly used in polarography and electrocapillary studies. The wide applicability 

of the dropping mercury electrode is due to the fact that the electrode is self-renewing, so there is 

no need of cleaning or polishing before each experiment. In addition, every drop of mercury 

provides uncontaminated and uniform surface for electrochemical experiments. However, 

application of the mercury based electrodes is severely decreased in the last decade due to toxicity 

and inconvenience of handling the mercury.  
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Solid electrodes based on metals such as platinum, gold, nickel, copper, silver and carbon 

have attracted considerable attention during last few decades due to their extended potential 

window and favorable electron transfer kinetics. Pure gold or platinum are simply acquired, and 

the electrodes can be easily prepared and hence, this is one of the reasons for the popularity of 

these electrodes. Gold electrodes are commonly used for self-assembled mono layers or for 

stripping analysis of trace metals and are also employed for the determination of carbohydrates. 

Platinum electrodes are mostly applied in fuel cells due to their catalytic mechanism. Silver is also 

a good electrode material, which is commonly used for the determination of cyanide or sulfur 

compounds as well as for the development of chemically modified electrodes. Moreover, 

cytochrome c (protein) possesses the ability of direct electron transfer on silver, hence, silver metal 

can be directly employed for protein analysis. Copper and nickel substrates are commonly used in 

the detection of amino acids or carbohydrates due to their stable response. Though, metal based 

electrodes satisfactorily overcome the limited anodic potential range and toxicity of mercury 

electrode, but low hydrogen over voltage strictly limits the cathodic potential window. High 

background current is another drawback associated with these electrodes. Both these 

disadvantages, along with the toxic effects of mercury electrode, can be circumvented by using 

carbon electrodes. Carbon electrodes are most widely used in electroanalysis as they incorporates 

almost all the features of a good electrode material like large potential window, low background 

current, low cost, chemical inertness and competency of sensing and detection of various 

physiologically important molecules. Some carbon materials, though, show slightly slower 

electron transfer rates, but the shortcoming is negligible in comparison to the advantages carbon 

offers as an electrode material. Carbon electrodes are broadly classified into glassy carbon, 

pyrolytic graphite, screen printed carbon strips, carbon paste, carbon films, pencil graphite and 

carbon fiber electrodes [21-23]. 

Glassy carbon electrodes (GCE) (Fig. 1.1) have good mechanical strength and excellent 

electrical conductivity. In addition, wide potential range, chemically passive, and reproducible 

performance are some attractive features for their extensive use in the electrochemical 

investigation of various molecules. Glassy carbon is an amorphous form of carbon and is formed 

by carbonizing phenolic resins, which are made by reacting phenols with cellulosic aldehydes and 

ketones. The premodeled polymeric resin body is used for the preparation of glassy carbon using 

carbonization process at inert atmosphere [24]. In this process, oxygen, nitrogen and hydrogen are 

completely removed by very slow heating in the temperature range 300-1200 °C. The resultant 
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glassy carbon has high density and small pore size and exhibits labyrinthine ribbon like cross-

linked graphite like sheets. It is a kind of synthetic polymer of carbon that can substitute graphite 

as an electrode. GCE are used in various electrochemical technologies, including electroanalysis, 

energy storage devices and electrosynthesis. GCE has also been used in the simultaneous oxidation 

of natural antioxidants [25], detection of insulin [26], sonoelectrocatalysis of oxygen reduction, 

hydrogen peroxide formation [27] and electroanalysis of hydrazine [28]. Many electrochemical 

DNA biosensors and glucose biosensor [29] based on modified GCE have an advantage over other 

electrodes in electroanalytical studies as their surface can be easily renewed after every run. 

 

Fig. 1.1 Glassy carbon electrode used for electrochemical studies. 

Carbon based electrodes have multiplied in their forms and nature in the last few decades. 

A close observation reflects that there are different types of carbon based working electrodes 

originated over the last few years, considerably changing the scope and sensitivity of 

electroanalytical techniques. Carbon electrodes are most extensively used working electrodes in 

electroanalytical chemistry [30] because of the fact that besides other electrode properties this 

material also has a wide potential window, surface functional groups for chemical modification 

and controllable surface activity resulting from pretreatment [31-34]. It is morphologically diverse; 

existing in a variety of forms suitable for electrochemical applications such as glassy carbon [35-

38], carbon fibres [39-42], carbon films, graphite pastes and composites [43-47]. Moreover, carbon 

materials are economical and easy to use. In the present studies, pyrolytic graphite electrode (PGE) 

is used as the working electrode hence, its general characteristics are described below. 

Pyrolytic graphite is a highly oriented polycrystalline form of carbon, which is widely used 

as a substrate for electrode modification and high temperature substance due to its thermal and 

conducting properties. In the temperature range 1900-2500 ºC, the thermal decomposition 



                                                                                                                                           Introduction 

7 

 

(pyrolysis) of carbonaceous gases under reduced pressure is most popular method used for the 

production of pyrolytic graphite. The pyrolytic graphite thus produced is anisotropic in nature with 

highly ordered hexagonal carbon rings parallel to the surface of the substrate. Edge and basal plane 

pyrolytic graphite are fabricated from highly oriented pyrolytic graphite (HOPG). In the 

construction of edge plane pyrolytic graphite electrode (EPPGE) from HOPG, the perpendicular 

graphite layers to the disc surface are used, and the exposing edges of the graphite layers contain 

surface defects, while a basal plane pyrolytic graphite electrode (BPPGE) is prepared by the 

graphite layers that lie parallel to the surface. The nature of chemical bonding present in graphite is 

responsible for the different electrochemical properties of the two planes, edge and basal. Different 

carbon materials have different density of the edge and basal planes. For electrochemistry, the edge 

plane of pyrolytic graphite layers displays considerably high electrocatalytic activity in comparison 

to the basal plane. The present studies are mainly based on using EPPGE as the working electrode 

and the two planes of pyrolytic graphite are represented in Fig. 1.2. 

 

 

Fig. 1.2 A typical representation of layered structure of pyrolytic graphite. 

The applicability of PGE in electrochemical investigations, such as norfloxacin detection 

[48], direct electron transfer reaction of proteins (e.g. fructose dehydrogenase, hemoglobin, 

myoglobin and cytochrome c3) [49-51], oxidation of deoxyribonucleic acid [52], direct 

voltammetric determination of glycoprotein [53], determination of guanine in the presence of 

guanosine [54], and electroanalytical chemistry of various small biological molecules [55, 56] is 

attributed to its wide available potential window [57]. It has also been successfully applied as 

biosensors [58, 59] and electrochemical atomic force microscopic studies of DNA (ssDNA or 

dsDNA) adsorbed at pyrolytic graphite surface have also been reported in literature [60, 61]. 
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1.3 SURFACE MODIFIERS 

The development of various sensors using nanomaterials and electroactive polymers 

ushered electroanalytical chemistry into its present shape to investigate various electrochemical 

phenomena occurring in the living systems. In the present investigation, different types of 

nanomaterials and electroactive polymers are employed for the surface modification. Single wall 

carbon nanotubes (SWNT), multi wall carbon nanotubes (MWNT), gold (Au) nanoparticles and 

electroactive polymers play an important role in the fabrication of different electrodes. An 

overview of these materials exercised in the present dissertation is given in following paragraphs. 

Carbon nanotubes (CNTs), one of the allotropes of carbon are hollow cylindrical structures 

formed by the rolling of graphene sheet with sp
2 

and sp
3 

bonding. Circular curvature causes 

quantum confinement and σ-π rehybridization with three σ bonds out of plane and π orbitals 

delocalized outside the tube, which gives them most interesting properties like high mechanical 

strength, high thermal and electrical conductivity [62]. The length of the tube can be several 

hundred times more than its width, which gives CNTs a high aspect ratio. CNTs are mainly 

classified as SWNT and MWNT. SWNT are constructed of a single sheet of graphite of diameter 

0.4-2 nm (Fig. 1.3(A)), while MWNT consists of multiple concentric graphite cylinders of 

increasing diameter of 2-100 nm (Fig. 1.3(B)). In terms of electronic properties, SWNT are well-

defined system as compared to MWNT. SWNT also have quantum dots and wires at very low 

temperatures. Several methods are employed for the synthesis of CNTs, which include carbon arc 

process, chemical vapour deposition and pulse laser deposition technique. CNTs are highly 

attractive for research due to their remarkable properties like small size, high strength to weight 

ratio, high transport coefficient etc., which make them appropriate candidate for different 

applications [63]. Due to their highly desirable properties, CNTs have profound applications such 

as catalyst support materials for different types of fuel cells [64], nanoelectronics [65], field 

emission [66], nanofluids [67], chemical as well as physical sensors [68] and hydrogen storage 

[69]. Recently, attention has been focused on the investigation of the properties and applications of 

novel nanocomposites made up of one dimensional functionalized CNTs and three dimensional 

nanocrystalline metals, nanocrystalline metal oxides and polymers. CNTs can serve as an excellent 

material for the development of biochemical sensors and as a modifier to enhance the electrode 

kinetics between various electroactive species and the underlying electrode [70]. 

In recent years, various metal based nanoparticles have been synthesized and these 

materials provide new dimensions to the electrochemical sensing and other growing field such as 
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catalysis [71-81]. Among these nanosized materials, gold nanoparticles having sizes from 1.5 to 

~100 nm are probably the most extensively investigated systems as a result of their intriguing 

properties and fascinating applications [82]. Various properties of Au nanoparticles such as 

excellent chemical stability, biocompatibility, surface plasmon resonance effect and unique 

catalytic activity have enabled a broad range of applications in areas that include biomedical 

research [83], electronics [84], information storage [85] and photovoltaic devices [86]. Notable 

examples include cancer diagnosis [87], molecular ruler [88], DNA sequence detection [89], low-

temperature catalysis for the conversion of CO to CO2 [90] as well as thermal [91] and 

colorimetric sensing [92]. Not surprisingly, these fascinating applications have fueled research 

related to the preparation of Au nanoparticles with different sizes, shape, and assorted 

functionalities [93]. 

 

Fig. 1.3 Conceptual diagram of (A) single wall carbon nanotube and (B) multi wall carbon 

nanotube. 

Electroactive polymers have attained remarkable attention from researchers since their 

discovery in 1977. Since then technological applications including artificial muscles, modification 

of electronic devices, energy storage and solar cells have bestowed new avenues for scientific 

communities to investigate and develop new materials based on electroactive polymers. Most 

frequently used electroactive polymers are shown in Fig 1.4. High thermal and chemical stability, 

mechanical flexibility as well as good electrical conductivity are the most important features, 

which are attributed to the widespread use of these materials. Also, ease of preparation of polymer 

films is another important factor.  The advantage of electroactive polymers modified electrodes 

over conventional materials (metal or GCE electrodes) is attributed to the electrocatalytic 
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ability. Wide multifunctionality leads to the diverse possibilities in applications of electroactive 

polymers in specialized field such as biosensors, light emitting diodes (LEDs), field effect 

transistor (FETs), electrochromic displays and smart windows, toxic waste cleanup, 

supercapacitors, corrosion inhibitors and electromagnetic interference (EMI) shielding etc. [94-

104]. 

 

Fig 1.4 Some common electroactive polymers used for the surface modification. 

1.4 MODIFIED ELECTRODES  

In analytical chemistry, electron transfer mediators used for the modification of electrodes 

are often responsible for the enhancement of the sensitivity (current) and selectivity of the 
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electrochemical method. In addition, these mediators improve the electrochemical stability, as well 

as offer a larger usable potential window and decrease the fouling effect. Electrochemical 

quantification utilizing mercury-based electrodes, for example, has been used for the detection of 

thiols and disulfides in complex matrices, including biological fluids [105]. The electrodes based 

on carbon substrates are preferentially used modified electrodes in electrochemical techniques due 

to their commercial feasibility, wide potential range, low electrical resistivity and versatility of 

chemical modification. Various applications of nanomaterials in the field of electronic, optical and 

mechanical devices and sensors are attributed to their structure-, size- and shape- dependant 

electronic, optical and magnetic properties, which are different from those of the bulk materials 

[106, 107]. These nanomaterials significantly contribute to the enhancement of electrocatalytic 

responses towards the electrochemical reactions of biomolecules such as dopamine [108-116], 

ascorbic acid [117], adenosine [118], epinephrine [119], norepinephrine [120], uric acid [121], 

nicotinamide adenine dinucleotide [122], deoxyribose nucleic acid [123, 124] and proteins [125-

131]. Above examples extensively demonstrated and regarded as one of their characteristics, 

resulted from the excellent electrical conductivity, ultra-small size, high surface area, and good 

biocompatibility of these materials. Among these, Au nanoparticles are the most stable metal 

nanoparticles and have been exploited as one of the most popular nanomaterials due to their ability 

to enhance the electrode conductivity by facilitating electron transfer and thus, improve the 

electrochemical sensitivity and selectivity [132]. The electrochemical and electrocatalytic 

properties of modified electrodes strongly depend on the novel fabrication procedures and 

nanomaterials as well as substrate because a slight change in the modification approach can alter 

the properties of the modified electrode. For instance, the Au nanoparticle-modified indium tin 

oxide (ITO) electrode prepared by thiol linker molecules, such as (3-mercaptopropyl) 

trimethoxysilane shows different morphological structure and electrochemical behavior in 

comparison to the electrode prepared by direct deposition of Au nanoparticles e.g. 

electrodeposition [133, 134]. Moreover, in the presence of ascorbic acid, it is also found that ITO 

electrode has good selectivity for the voltammetric determination of neurotransmitters, which is 

hardly achieved using Au [113, 114], or platinum [135] electrode. Recently, Natan and co-

workers have developed Au nanoparticle modified SnO2 electrode for the direct electron transfer 

(DET) of redox protein (horse heart cytochrome c) to the surface of electrode [125]. Another 

important work by Pingarron et al. and Chen et al. using Au nanoparticles immobilized cysteamine 

modified gold electrode have discussed different strategies for the construction of amperometric 
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enzymic biosensor [136, 137]. In recent time, Merkoci et al. successfully applied Au nanoparticles 

for the electrochemical sensing of DNA [138]. Furthermore, the authors also discussed some novel 

strategies using Au nanoparticles, for the detection of DNA. In addition, Au nanoparticles are 

widely used as an excellent therapeutic agent due the fact that these particles have non-cytotoxicity 

as well as good biocompatibility, and bear the ability to conjugate with small biomolecules 

including proteins, enzyme and amino acids. Hence, the development of Au nanoparticles with 

different morphologies and electrochemical properties provides more novel and sensitive 

electrochemical sensing strategies, which results in the deeper development of 

nanobioelectrochemistry. 

 The usefulness of carbon nanotubes (CNT) is attributed to their extraordinary mechanical 

and unique electrochemical properties, which have garnered much attention in the past 5 to 10 

years. [139]. CNTs present the most common carbon based nanomaterial for the surface 

modification of electrodes. These have single layer cylinder extending from end to end with 

excellent uniformity in diameter (down to 7 nm). An ab initio study of water adsorbed on single 

walled carbon nanotubes shows purely repulsive interaction without any charge transfer, which 

indicates that intrinsic electronic properties of carbon nanotubes remain unaffected even when they 

are in direct contact with water. This finding revealed new avenues for the application of carbon 

nanotubes film modified electrodes as biosensors in aqueous medium. Metal impurities in CNTs 

samples have been proposed as a potential reason for the high electrocatalytic activity of CNTs. 

Incorporation of gold nanoparticles in the CNTs has been found to enhance the electrocatalytic 

properties of the modified electrodes. Recent studies have revealed that CNTs exhibit strong 

electrocatalytic activity for various compounds, including neurotransmitters [140], NADH [141, 

142], hydrogen peroxide [143, 144], ascorbic acid [145], amino acids [146], DNA [147] etc. It is 

suggested that the ends of CNTs are responsible for their electrocatalytic properties [141]. 

Since last 20 years, electroactive polymers including polyDAN, polyaniline, polypyrrole, 

polythiophene and polyindole have been exclusively utilized in sensing applications for 

biomolecules as signal transducers. The most important example of polymer based sensor is 

commercially available glucose sensing meters used by diabetic patients. These sensors contain a 

film of glucose oxidase or glucose dehydrogenase and polymeric mediators. Another significant 

example is of electronic noses, which are used in quality control and environmental monitoring 

and use thin film arrays of electroactive polymers [148]. These technologies are now under process 

in clinical trials for the determination of volatile biomarkers for diseases, especially lung cancer. 
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Recently, P3MTH films have been applied for the electrochemical oxidation of neurotransmitters 

in the presence of catechols and ascorbic acid. In the voltammograms, it is observed that the peaks 

of ascorbic acid, catechol, and p-aminophenol are separated from each other, which are contrary to 

glassy carbon electrodes and thus, these polymeric films offer selectivity to the sensor. 

Furthermore, electrocatalytic activity of P3MTH films for the detection of dopamine, l-dopa, 

ascorbic acid and chlorpromazine has also been investigated. The oxidation of these molecules was 

catalyzed by the electroactive polymer film. These compounds showed a linear voltammetric 

response for their respective oxidation in the concentration range 10
−6

 to 10
−5

 M. Detection of 

some biomolecules, such as dopamine, serotonin, uric acid, epinephrine and nitrite in the presence 

of ascorbic acid are notable examples reported using modified electrodes based on the 

electroactive polymers incorporating nanoparticles or CNTs. The nanoparticles are responsible for 

the improved sensitivity of the electrodes, whereas electroactive polymers play an important role in 

the improvement of peak separation in voltammograms [149-151]. 

1.5 ELECTROCHEMICAL TECHNIQUES 

 Electrochemical techniques, in a nutshell, are cost effective and more sensitive and can be 

used for the rapid and trace analysis of various electrochemically active species. These techniques 

have tremendous commercial potential in various fields such as pharmaceuticals, biotechnology 

and energy storage. Electroanalytical techniques are rationally based on the principle of 

polarography, which was discovered by Czech scientist Jaroslav Heyrovsky in early 1920s. The 

term “polarography” is generally referred to the technique employing a dropping mercury 

electrode as a working electrode. In 1959, Heyrovsky was awarded the Nobel Prize in chemistry 

for his authoritative work on this electroanalytical technique. Later, more advanced techniques 

were developed using solid electrodes for studying the oxidation/reduction reactions. Among these 

techniques, voltammetry is the most extensively used due to the following distinct advantages:  

1. These techniques have been widely used and have made incredible contributions in the study of 

electrochemical reactions, electrochemically generated free radicals, enzymatic catalysis, solar 

energy conversion, environmental monitoring, industrial quality control and for the 

determination of trace concentration of biological and clinically important compounds because 

they fulfill the requirements of accuracy and sensitivity.  

2.  The sensitivity of the voltammetric techniques is proficient and can be enhanced more by the 

modifications of techniques (fabrication of electrodes using nanomaterials, composite 
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membrane and polymer films) that significantly increase the selectivity as well as the 

sensitivity of the method. 

3. Analytical properties for the analysis of complex mixtures in different compounds are 

increased by incorporating these techniques with various separation methods such as flow 

injection, high performance liquid chromatography and capillary electrophoresis. 

4. These techniques can be applied for the analysis of turbid and colored solutions, which are 

difficult to analyze by other methods. In pharmaceutical analysis, the separation of the 

excipients is generally not required and this simplifies the procedure of analysis. 

5. Only small volumes of samples are required for the analysis of analytes. 

6. These techniques (especially voltammetric methods) continue to be a versatile tool for studying 

redox processes in various media, adsorption processes and electron transfer mechanism on the 

surfaces of modified electrodes. 

7. These procedures have been developed for determining the very low concentration of analytes 

up to sub-μg/L level. 

8. Also, these techniques require low cost of maintenance and environment friendly solvents are 

used in most of the cases. 

These techniques are based on the measurement of current with varying potential due to the 

oxidation or reduction of chemical spices. The voltammetric experiments are carried out by using a 

three electrode single compartment electrochemical cell equipped with a working (indicator) 

electrode, a reference electrode, and usually a counter (auxiliary) electrode (Fig. 1.5). At the 

suitable applied potential, the reduction or oxidation of an analyte is the main cause for the mass 

transport of new material to the surface of a working electrode and current is generated. In general, 

surface of the electrode acts as an interface, across which, the charge transfer takes place and its 

effects are felt. 

At the first glance, various types of voltammetric techniques may appear to be very 

different but their fundamental principles and applications are derived from the same 

electrochemical concept. An overview of the electrochemical techniques used in the present 

investigation is described below. 
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Fig. 1.5 Electrochemical cell setup commonly used in voltammetric experiments.  

1.5.1 Linear Sweep Voltammetry (LSV) 

LSV is based on the principle of linearly varying potential from an initial value (Initial E) 

to a final (Final E) value at a constant sweep rate, and the resulting current is measured as a 

function of applied potential. Fig. 1.6 represents the potential wave form used in LSV. 

 

Fig 1.6 Potential wave form used in LSV. 

Cyclic voltammetry (CV) is most commonly used variation of LSV. In CV, the scan 

direction is reversed at the final potential and it is swept again in the opposite direction. Hence, the 

product of the electrochemical reaction formed in the forward direction of scan can be analyzed in 

the reverse direction of scan. This characteristic feature is one of the important reasons for the 

widespread use of CV. The initial potential (Initial E), and High E and Low E (two switching 

potentials i.e., the potential where the direction of the scan is reversed) are normally required 

parameters in CV. Fig. 1.7 depicts the potential wave form for CV. In the simplest I-E curve of 
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CV, diffusional mass transport is responsible for the asymmetry in the curve. However, there are 

many other factors that can affect the shape of this curve, which includes rate of heterogeneous 

transfer kinetics, stability of the oxidized or reduced species and adsorption. In a reversible 

electrochemical redox process, the rate of heterogeneous electron transfer is rapid (with respect to 

the timescale of the experiment) and both the oxidized and reduced species are stable (again, on 

the timescale of the experiment). The mean of the two peak potentials (Epa and Epc) is known as 

standard redox potential. The separation of the peak potentials is 59/n mV, where n stands for the 

number of electrons transferred per molecule).  

 Cyclic voltammetry (CV) has become an extraordinary and broadly applied 

electroanalytical technique in many areas of chemistry. It is widely used for obtaining information 

regarding the redox processes, reaction intermediates and products. However, for quantitative 

determinations, it is rarely used. 

 

Fig 1.7 Potential wave form used in CV. 

The study of the reactions of electrolyzed species is another important application of CV.  

These species are generated during the forward scan, and their reactivity can be monitored on the 

reverse and subsequent scans. It is often used as the first technique to characterize a redox system 

due to its simplicity and speed, and it is a very effective technique for qualitative analysis of 

kinetics and mechanism of an electrochemical reaction. However, digital simulation is generally 

required for the quantitative kinetic measurements utilizing CV, since there is no other way to 

separate the effects of slow electron transfer and chemical reactivity. Existence of charging current 
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in CV and LSV limits their usefulness as techniques for quantitative analysis in electroanalytical 

chemistry [152, 153].  

 In voltammetry, for a reversible reaction, the relation between concentration and peak 

current is expressed by the Randles-Sevcik (at 25 ºC) equation: 

ip = (269,000) n
3/2

A D
1/2

C ν
1/2                                                                           

(1.1)
 

where,  ip = peak current (A) 

n = number of electrons transferred per molecule 

A = electrode surface area (cm
2
) 

D = diffusion coefficient (cm
2
/s) 

C = concentration (mol/cm
3
) 

ν = scan rate (V/s) 

Therefore, for a reversible process, ip is proportional to the concentration, C, and the square 

root of the scan rate, ν
1/2

. The basis of determination by the voltammetry is the linear ip vs. C 

relation. 

1.5.2 Square Wave Voltammetry (SWV) 

Square Wave Voltammetry (SWV) is interconnected with both A.C. voltammetric 

techniques and differential pulse techniques. In differential pulse voltammetry (DPV), a symmetric 

peak (current response) is observed as a result of effective discrimination against background 

charging currents. The foremost advantage of SWV is its high speed and sensitivity. The potential 

wave form used in SWV is shown in Fig. 1.8.  

It depicts a square wave overlapped on a staircase wave form and can also be viewed as a 

series of pulses alternating in direction (hence, the relation to both DPV and A.C. techniques). At 

the end of each of the pulses or half-cycles, current is measured. The difference between the 

forward and reverse currents (ifor – irev) is used for the determination of net current (inet), which is 

centered on the redox potential. The obtained current is directly proportional to the concentration 

of the electrochemically active molecules and hence, detection limits as low as 10
–8 

M is possible. 

The greater sensitivity of SWV in comparison to DPV is due to the fact that the difference in 

current is greater than either the forward or reverse currents for a reversible system. To investigate 

the reversibility of the electron transfer reaction, the magnitude of the reverse current can be used. 

The details of square wave voltammetry have been reported by many workers [154-157]. In the 
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present investigations, a bioanalytical system (BAS CV-50W) controlled via a computer is being 

used for carrying out voltammetric studies (Fig. 1.9). 

 

Fig. 1.8 Potential wave form used in SWV. 

 

 

Fig. 1.9 Equipment set up used for electrochemical studies. 

1.5.3 Controlled Potential Electrolysis (CPE)  

 Controlled potential electrolysis is performed at a constant potential and can be utilized to 

monitor the value of n (number of electrons transferred per molecule) and to prepare sufficient 

amount of oxidation or reduction products to allow their isolation and characterization [158-162]. 
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 The information regarding the number of electrons involved in a process is essential for the 

elucidation of mechanism of reaction. During this process, a potential is set at a constant value 

(sufficiently positive to the peak potential) for oxidation to proceed at rapid rate. This value of 

potential is maintained to oxidize the only species present in the electrolytic solution. The 

calculation of the total charge (Q) passed during the controlled potential electrolysis is carried out 

by using Faraday’s law: 

Q = n F N          (1.2) 

Where, F stands for the Faraday’s constant (96500 C mol
-1

), n is the number of electrons 

transferred per molecule and N refers the number of moles of the initially present species. 

In controlled potential electrolysis, the cell is significantly different from the voltammetric 

experiments (in which electrolysis of a very small amount of electroactive analyte is carried out). 

Working electrode with large surface area (for example a pyrolytic graphite plate) and an auxiliary 

electrode with a large surface area (for example, platinum gauze) enhance the rate of electrolysis. 

Additionally, the rate of the mass transfer to the working electrode is increased by stirring of 

electrolytic solution. 

 The principles and other applications of controlled potential electrolysis are summarized by 

Lingane [163], Meites [164] and Bard and Santhanam [165]. Specific reviews cover the 

application of coulometry to clinical analysis [166], analysis of drugs [167] and general industrial 

analysis [168]. CPE has also been used for the oxidation of amino acids [169], study on bovine 

erythrocytes [170], elucidation of organic electroreduction mechanism [171] and determination of 

dyes [172]. The technique also finds its application in electrochemical gas sensor [173, 174] and 

methods adopted for the separation of actinide ions at the interface [175] of two immiscible 

electrolyte solutions. 

1.6 ANALYTES OF INTEREST 

Biomolecules are crucial organic molecules, which are found in all living systems. The 

functioning of normal life of a living system highly depends on the activity of these molecules. A 

small change in their concentration causes the alteration in their metabolic and biological activity 

that reflects as mental and physical disorders. Pharmaceutical drugs produce a biological signal or 

response as a result of their interaction with macromolecular targets. The resultant biological 

signals are used for diagnosis, prevention and treatment of diseases. The overdose of these drugs 

may cause several abnormalities and side effects because of their potential toxicity. Therefore, the 
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determination of biomolecules and drugs in biological samples and medicines is considered of 

great importance for human health, food assurance and quality control. 

Antibiotics, also known as antibacterials, are the chemical substances, which are entirety or 

partially produced by chemical pathway or microorganisms. They are responsible for inhibition or 

destruction of microorganisms by intervening in their metabolic processes. Hence, they are most 

frequently prescribed medicines for the treatment of infections. In recent time, a number of 

antibiotics are available in the market and are used according to their course of action against an 

infection caused by microorganisms. Among them, fluoroquinolones (FQs) have emerged as one 

of the most extensively used synthetic antibiotics due to their broad-spectrum antibacterial activity 

and good oral absorption as well. Moreover, they are extensively used as both human and 

veterinary medications. These FQs selectively inhibit the replication of bacterial DNA by 

interfering with enzyme DNA gyrase or topoisomerase, which is necessary for the replication of 

DNA (Fig. 1.10). Generally, a unit of FQs consist of 4-oxo-1,4-dihydroquinoline, a piperazinyl 

group and a fluorine atom. Norfloxacin (NF) is an important member of FQs and is most 

frequently used for the treatment of gonorrhoea as well as eye and urinary tract infections. 

Overdose of NF may cause several side effects including nausea, diarrhea, dizziness, stomach 

cramp and headache. Recently, toxicity of FQs in human has been reported. Another important 

broad spectrum antibacterial drug is sulfamethoxazole (SMZ), which belongs to sulfa drugs or 

sulfonamides. Sulfonamides inhibit the enzyme dihydropteroate synthetase (converts PABA to 

dihydrophorate) by competitive antagonism of p-aminobenzoic acid (PABA) due to their analogy 

with PABA. The conversion of PABA to dihydrophorate by dihydropteroate synthetase is a key 

step for the synthesis of folic acid. Sulfonamides are commonly prescribed in combination with 

trimethoprim (TMP), which competitively inhibits the enzyme dihydrofolate reductase and blocks 

the folic acid metabolism. Hence, both the drugs synergistically prevent the synthesis of folic acid, 

which is necessary for the DNA synthesis. A schematic representation of the combined action of 

SMZ and TMP is shown in Fig 1.11. Sulfonamides are used for veterinary care as well as the 

treatment of human infections such as meningitis, acute otitis media, Whipple’s disease, chronic 

bronchitis and rheumatic fever. They can accumulate in the food products such as eggs, milk, 

meat, honey and fish and cause several side effects including hypersensitivity reaction, gastro-

intestinal distribution and hematological disorders. In addition, antibiotics in the environment may 

lead the development of antibacterial resistance in microorganisms. In the light of their positive as 

well as negative effects on the human health and environment, novel techniques for the 



                                                                                                                                           Introduction 

21 

 

determination of antibiotics are needed to be developed. Hence, an attempt has been made in the 

present work to develop voltammetric sensors for the sensitive determination of NF and SMZ in 

human urine and pharmaceuticals [48, 176-178]. 

 
 

Norfloxacin    Sulfamethoxazole 

 

 
 

Fig 1.10 Mode of action of fluoroquinolones 

Catecholamines are a class of biogenic amines that act as neurotransmitters. The 

catecholamines such as epinephrine, norepinephrine, and dopamine are all educed from L-tyrosine 

and contain a catechol (3, 4-dihydroxyphenyl) nucleus and an amine group. Aberrations in 

catecholamine concentrations have been implicated in the etiology of depression and related 

disorders. The hormone epinephrine (EPI, adrenaline) is commonly used as the drug of choice as 

a vasoconstrictor, cardiac stimulator and bronchodilator. In the condition of psychological stress, 
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EPI is exuded by the medulla of the adrenal gland along with norepinephrine. The important steps 

involved in the biosynthesis of EPI are shown in Scheme 1.1. Catecholamine levels are also used 

for the diagnosis and management of pheochromocytoma, a neuroendocrine tumor of the adrenal 

medulla. This tumor is signalized by elevated catecholamine levels in plasma, typically 

epinephrine and norepinephrine. EPI is a potent doping agent which has been banned by World 

Anti-Doping Agency (WADA). EPI plays a crucial role in the treatment of neurological disorders 

such as Parkinson’s disease and Alzheimer’s disease. In view of the importance of EPI in the 

human physiology and pharmacological process, an attempt has been made to compare the 

electrochemical and peroxidase catalyzed oxidation in this study [179-182]. 

 
   

Fig. 1.11 A schematic representation of mechanistic pathway of Sulfonamides. 
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Scheme 1.1 Important steps involved in the biosynthesis of epinephrine. 
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Scheme 1.2 Metabolism of tryptophan in biological systems. 
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Purine and pyrimidine nucleosides are integral part of nucleotides as well as 

deoxyribonucleic acid (DNA). Hence, they are considered as fundamental molecules in all 

biological system. They also exert metabolic and physiological effects in human system. The 

quantitative determination of these nucleosides is increasingly significant in the field of biomedical 

research and clinical diagnosis as small alteration in the level of these nucleosides in biological 

fluids indicate the presence of various diseases and genetic disorders. The increasing concentration 

of adenine nucleoside in biological fluids can be attributed to the damage of DNA. Adenosine and 

adenosine-5′-monophosphate (5′-AMP) have been found to quantitatively metabolize to end 

product (uric acid) within 15 to 30 min. after administration. The study of the formation of adenine 

nucleosides also helps to understand the consequence of DNA interactions with pharmaceuticals. 

Adenine combines with the sugar ribose to form adenosine, which in turn can be bonded with, 

from one to three phosphoric acid units, yielding the three nucleotides adenosine monophosphate 

(5′-AMP), adenosine diphosphate (5′-ADP) and adenosine triphosphate (5′-ATP) respectively. The 

most common isomer of adenosine monophosphate is 5′-AMP and is a component of several 

important coenzymes and in addition, plays a crucial role in the incorporation of amino acids into 

proteins. Thus, the simultaneous determination of adenine and 5′-AMP is the subject of 

considerable interest as these compounds occur simultaneously in body fluids [183, 184]. Thus, 

keeping in consideration the efficacy of these biomolecules in pharmaceutical industries and their 

application for biotechnology, a need was felt to develop a fast and sensitive method for the 

detection of these compounds. 

 

Amino acids contain a basic amino group (−NH2), an acidic carboxyl group (−COOH), and 

an organic R group (or side chain), that is unique to each amino acid. The polymerization of amino 

acids results in a specific protein. Each protein has a specific sequence of amino acids held 

together by peptide bonds. Hence, amino acids are denoted as building blocks of all vegetable and 
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animal protein. They also play important role as intermediates in metabolic reactions.  Amino acids 

are categorized as essential and non-essential amino acids. A non-essential amino acid is defined 

as an amino acid that is synthesized in the body, whereas an essential amino, also known as 

indispensable is the one we must get through the food we eat because our body cannot make them. 

Hence, the intake of essential amino acids is necessary as a part of the food products and 

pharmaceutical preparations. Essential amino acids are associated with several functions in our 

body, such as muscle protein anabolism, protein synthesis, cell signaling, and regulation of 

hormone secretion. Among these essential amino acids, tryptophan (Trp) has  an  important  place 

as  a  potent  precursor  of  several  metabolites  including serotonin,  melatonin  and  niacin as 

shown in Scheme 1.2. Clinically, it is used for the treatment of depression, schizophrenia and 

hypertension. Trp also influences the hair pigmentation. The concentration  of  amino acids  

present  in  the biological fluids is very low and their altered level causes metabolic disorders, 

therefore, the rapid and consistent  quantitative determination of these amino acids  in  human  

body  fluids  and  food products is highly desirable from the point of view of biochemical  research  

and  clinical purposes [185-188]. In view of this an attempt has been made in this dissertation to 

develop a sensitive sensor for the determination of Trp. 

The most commonly used drugs for relieving the pain are analgesic drugs, also known as 

pain killer. Analgesics eliminate pain without affecting the brain (consciousness) are commonly 

known as non-steroidal anti-inflammatory drugs (NSAID). Paracetamol (PAR) and aspirin (ASP) 

are the most familiar example of NSAID and they relief from the pain by inhibiting the synthesis 

of prostaglandins. In addition, these drugs also exhibit antipyretic effect and PAR is also used to 

reduce fever and thus also acts as antipyretic drug. ASP in small quantity is used to prevent the 

heart stroke due to its anti-blood clotting property. Caffeine is a stimulant drug and is also used as 

analgesic adjuvant in combination with some other analgesic drugs (commonly PAR and ASP). It 

is most widely used stimulant drug that can be considered as a doping agent as its high doses 

produce ergogenic effects. Despite their several benefits, many disadvantages are also associated 

with their use, as their overdose cause several abnormalities, such as liver failure, sepsis, 

hypotension, arrhythmia and tachycardia. The multidrug formulations have been found to be more 

effective in relieving mild to moderate pain from certain muscle problems. They work by 

decreasing pain and inflammation, which helps muscle to relax. The combination of PAR, ASP 

and caffeine is used to treat pain caused by tension headaches, muscle aches, menstrual cramps, 

arthritis, toothaches, nasal congenstion and many more. The combination was one of the top-
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selling over the counter medicine brands in the United States till late 2005 [189]. The caffeine has 

been found to increase the analgesic effect of ASP or PAR. However, these drugs may cause 

stomach and intestinal bleeding if taken more than recommended by a doctor. In few cases ASP 

may even cause a severe skin reaction. Hence, an attempt has been made in the present work for 

the simultaneous monitoring of the trace quantities in human body fluids and pharmaceutical 

preparations using voltammetric sensor and it is believed that the development of these 

voltammetric sensors will provide new insights to the biomedical research and quality control 

[190, 191]. 

1.7 SUBJECT MATTER OF THE THESIS 

Determination of biological compounds of physiological importance always remains a 

challenging task for researchers as their concentration in biological fluids is normally very low. 

However, in the case of metabolic disorders and diseases, the concentration of these biomolecules 

gets abnormally altered. In such cases, detection of their concentration level proves out to be of 

diagnostic importance. Voltammetric sensors have been found to show consistently good results 

with high sensitivity and selectivity in such cases. Quantification of common drugs is important for 

pharmaceutical industry, and studies on the doping agents are needed to keep a check on the 

doping cases in sports. An attempt has been made in the present dissertation to develop simple, 

selective and sensitive sensors for the qualitative and quantitative analysis of biologically 

important compounds and drugs at nanomaterial/polymer film modified electrodes. 

The results of the investigation have been organized in the dissertation as follows: 

Chapter 1 Introduction. 

Chapter 2 Voltammetric sensors for the determination of norfloxacin and sulfamethoxazole. 

Chapter 3 Electrochemical and peroxidase-catalyzed oxidation of epinephrine. 

Chapter 4 Application of modified pyrolytic graphite electrode as a sensor in the simultaneous 

assay of adenine and adenosine monophosphate. 

Chapter 5 Effect of surface modification of indium tin oxide by nanoparticles on the 

electrochemical determination of tryptophan. 

Chapter 6 Simultaneous monitoring of aspirin, paracetamol and caffeine in human urine at 

poly-1,5-diaminonapthalene modified pyrolytic graphite sensor. 
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2.1 INTRODUCTION 

 Antibiotics can be divided into two classes based on their mechanism of action: 

 Bacteriostatic antibiotics 

 Bactericidal antibiotics 

 The first type of antibiotics kill bacteria by inhibiting the cell wall synthesis, whereas, the 

second type slow the growth and reproduction of bacteria by interfering with DNA replication or 

other aspects of bacterial cellular metabolism. However, there is not a very well defined difference 

between the two types of antibiotics as high concentration of some bacteriostatic antibiotics may 

also act as bactericidal. Similarly low concentration of some bactericidal may act as bacteriostatic. 

In general, both the types of antibiotics are able to effectively treat a bacterial infection. 

 Bactericidal antibiotics include variety of compounds such as, β-lactam antibiotics, 

daptomycin, fluoroquinolones, nitrofurantoin, cotrimoxazole (sulfamethoxazole/trimethoprim), 

telithromycin and many more. All these compounds have been found to inhibit the growth of 

micro-organisms and are widely used by the physicians for treatment of infections. This chapter 

has been devoted to the studies involving determination of two important bacteriostatic antibiotic, 

norfloxacin and sulfamethoxazole. The results of these studies are divided into two parts, part (A) 

deals with the determination of norfloxacin and part (B) deals with the determination of 

sulfamethoxazole. 

(A) DETERMINATION OF NORFLOXACIN 

Norfloxacin (NF) is a member of fluoroquinolones and is chemically named as 1-ethyl-6-

fluoro-1, 4-dihydro-4-oxo-7- (piperazin-1-yl) quinoline-3-carboxylic acid. It is the first choice drug 

for the treatment of diseases caused by Campylobacter, E. coli, Salmonella, Shigella and V. colera. 

It is used for the doctoring of gonorrhoea as well as eye and urinary tract infections [1-4]. Outcome 

of the antibiotic NF on hyperdynamic circulation, vascular contractility, and extrahepatic vascular 

protein kinase-G activity in cirrhotic rats has been manifested [5]. NF has a broad spectrum with 

antibacterial activity against both Gram-positive and Gram-negative aerobic pathogens. The 

fluorine atom at the 6
th 

position provides increased potency against Gram-negative organisms and 

the piperazine moiety at the 7
th 

position is responsible for the antipseudomonal activity of NF [6]. 

It is well known that antibacterials in the environment may elevate the development of 

antibacterial resistance in organisms [7]. The non-target toxicity of antibacterials, including NF, 

has also been documented in literature [8]. NF is a fluoroquinolone antibacterial agent that is 
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extensively used in both human and veterinary medicine. In recent years, NF has been ranked as 

the second most prescribed fluoroquinolone antibacterial just next to levofloxacin in China. It is 

the first fluoroquinolone which was synthesized by converting nalidixic acid into a quinolone 

structure, adding a fluorine atom and a piperazine ring [9]. The determination of NF in biological 

samples and medicine is considered of great importance for human health, food assurance and 

quality control because of its potential toxicity. A series of analytical methods have been reported 

for the determination of NF by spectrophotometry [10], fluorometry [11], electrochemical analysis 

[12] and high performance liquid chromatography (HPLC) [13-19]. Although, HPLC has been 

widely applied because of its high sensitivity and selectivity and the ability to minimize 

interferences, it is time consuming, solvent-usage intensive and expensive (requires expensive 

devices and maintenance) which limited its use in quality control laboratories for analysis of NF in 

pharmaceutical dosage forms and human body fluids. Several of the spectrophotometric 

procedures published, show disadvantages such as heating or extraction step, narrow range of 

linear response and also need special reagents. Electrochemical detection of analyte is a very 

elegant method in analytical chemistry. Very few studies involving electrochemical determination 

of NF have been reported [20, 21]. Therefore, novel techniques for the determination of NF are 

still needed to be developed. Electrochemical methods have been found as a highly-sensitive, 

convenient and effective tool for the analysis of important biomolecules including drugs in 

pharmaceutical formulations and human body fluids owing to their simplicity, low cost and 

relatively short analysis time as compared to the other routine analytical techniques. Thus, the aim 

of this study is to develop a simple and rapid method for the analysis of NF in blood samples and 

also to quantitate the compound in marketed formulations. The square wave voltammetry (SWV) 

is a pulse technique that offers the advantage of great speed and sensitivity.  

The pyrolytic graphite material comprises both edge plane and basal plane graphite, with 

the basal/edge ratio and graphite monocrystal size depending on the quality of the pyrolytic 

graphite used [22]. For a large variety of redox couples, electron-transfer rate constants at basal-

plane graphite have been found to be over 10
3
 times slower than for edge-plane graphite [22]. 

Compton et al. [23] and Goyal et al. [24] recently reported the analytical use of a carbon electrode 

populating largely of edge plane-active sites for electroanalytical detection of thiols and steroids 

respectively. The better analytical performance of edge plane pyrolytic graphite with faster 

electrode kinetics in comparison to basal plane and other carbon electrodes has been previously 

reported in literature [25, 26]. The edge plane has been found to give low background currents and 
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improved electrocatalytic signals as compared to that obtained at basal plane pyrolytic graphite. 

Edge plane pyrolytic graphite is constructed from HOPG where the graphite layers are 

perpendicular to the disc surface and are separated with an interlayer spacing of 0.335. Hence, in 

the present method, edge plane pyrolytic graphite has been used as a sensor to attain a very low 

detection limit, high sensitivity, and decreased over potentials coupled with increased current 

values for NF by using SWV. 

2.2 MATERIAL AND METHODS 

2.2.1 Chemicals 

NF (I) was acquired from Ishita Drugs & Industries Ltd., Dehradun, (U.K.) India. It was 

employed without further purification. The NF containing tablets marketed by different 

pharmaceutical companies were purchased from the local market of Roorkee. Different 

commercial samples in combination or in pure form containing NF like Norflox-TZ, Norflox-400 

(Okasa Pvt. Ltd., Distt.-Nainital, (U.K.), India) and Powerflox (Coronet labs Pvt. Ltd., Distt.- 

Haridwar, (U.K.), India) were canvassed. Phosphate buffer solutions of ionic strength 1 M were 

prepared according to the method of Christian and Purdy [27]. Double distilled water was used 

throughout the investigation. All other reagents and solvents used were of analytical grade. 

 

        (I) 

2.2.2 Apparatus 

The voltammetric experiments were accomplished using a three electrode single 

compartment cell equipped with edge plane pyrolytic graphite sensor (EPPGS) or basal plane 

pyrolytic graphite sensor (BPPGS) as the working electrode, platinum wire as the counter electrode 

and an Ag/AgCl (3 M NaCl) reference electrode (BAS Model MF-2052 RB-5B). The edge and 

basal plane pyrolytic graphite pieces were obtained from Pfizer Inc., New York, USA. 

Experiments were carried out using a BAS CV-50W voltammetric analyzer (Bioanalytical 
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Systems, West Lafayette, USA). All the potentials quoted are versus Ag/AgCl electrode at an 

ambient temperature of 25±2 C. Cyclic voltammograms were recorded in the sweep range 10-

1000 mVs
−1

 with initial sweep to positive potentials. The solutions were deaerated by bubbling 

nitrogen for 12-15 min before recording the cyclic voltammograms. 

2.2.3 Procedure 

NF is insoluble in water, hence, the stock solution of NF (1 mM) is prepared by dissolving 

the required amount of the compound in minimum amount of concentrated hydrochloric acid 

(~100 µl) and then diluting it with double distilled water upto mark. The solution was 

ultrasonicated for 30 min. The required amount of the stock solution was added to 2 mL of 

phosphate buffer solution (µ = 1.0 M, pH 7.2) and the total volume was made to 4.0 mL with 

double distilled water. The electrode surface was cleaned after each run by abrading it on an emery 

paper (No. P400). Instrumental conditions for square wave voltammetry were: Initial E: 200 mV, 

Final E: 1200 mV, Square wave amplitude (Esw): 25 mV, Potential Step (E): 4 mV, Square wave 

frequency (f): 15 Hz. Human urine samples from the patients undergoing pharmacological 

treatment with NF were obtained from the hospital of Indian Institute of Technology, Roorkee. 

Urine samples were used after ten times dilution with buffer to reduce the matrix complexity. 

2.2.4 Preparation of electrode 

A Pyrex glass tube of appropriate length and diameter (10 mm×0.6 mm) was cleaned 

thoroughly and dried. Thin glass rod was used to apply epoxy resin (Araldite (Ciba)) inside the one 

end of Pyrex glass tube. An edge plane pyrolytic graphite piece (1×1×3 mm
3
) was then slided 

carefully from the open end of the tube with the help of wire till it gets covered with epoxy resin to 

avoid any air pocketing between the tube and the graphite piece. The sensor was then dried for 24 

h at room temperature, after which the glass tube end was rubbed on an emery paper till the 

graphite piece was exposed. The surface was then washed with distilled water several times in 

order to remove fine carbon particles, adhered to the surface of pyrolytic graphite electrode. A 

sufficient amount of mercury was then placed into the glass tube and a platinum wire of 

appropriate length was inserted to make proper contact of electrode to the outer circuit. The 

electrode surface was cleaned after each run by rubbing it on an emery paper followed by washing 

with a jet of distilled water and touching with soft tissue paper. As the electrode surface area 

change each time due to the cleaning process, hence, voltammetric measurements are performed in 

triplicate and an average value of the current is reported. 
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2.3 RESULTS AND DISCUSSIONS 

2.3.1 Determination of surface area 

The effective surface area of EPPGS and BPPGS was calculated. For this purpose, cyclic 

voltammograms for 1 mM K3Fe(CN)6 using 0.1 M KCl as the supporting electrolyte were recorded 

at different scan rates. A well-defined redox couple was observed at both the electrodes due to the 

presence of Fe
+3

/Fe
+2

. For a reversible process, the following equation (1) applies: 

 
2/12/12/32/13 )/(4463.0 vCDAnRTFi Rp        (1) 

 where F is Faraday‟s constant (96485 C/mol), R is the universal gas constant (8.314 J/mol K), A is 

the electrode surface area (cm
2
), ip refers to the peak current (Ampere), n = 1 for K3Fe(CN)6, T is 

the absolute temperature (298 K), DR = 7.6 × 10
-6

 cm
2
 s

-1
, v is the scan rate (Vs

-1
) and Co is the 

concentration of K3Fe(CN)6 in molL
-1

. The slope of ip versus v
1/2

 plot was then used to calculate 

the surface area of EPPGS and BPPGS and found as 0.085 cm
2
 and 0.084 cm

2
 respectively. Thus, 

it was found that the effective working area of both the sensors is essentially similar.  

2.3.2 Voltammetric behavior of NF 

2.3.2.1 Cyclic voltammetry 

The cyclic voltammograms recorded for 20 μM NF using EPPGS and BPPGS in 1 M 

phosphate buffer solution of pH 7.2 is illustrated in Fig. 2.1. A well-defined single oxidation peak 

at ~950 mV was obtained at EPPGS which shifted to more positive potentials (~1075 mV) with a 

marked decrease in peak current at the BPPGS. These results clearly reveal that edge plane sites 

enhance the kinetics of the electrochemical oxidation of NF. The absence of reduction peak in the 

reverse scan clearly indicated that the oxidation of NF at this particular voltammetric sensor is 

irreversible in nature. To ascertain the nature of the electrode reaction, sweep rate studies were 

performed in the range 10-1000 mVs
−1

. The peak current was found to increase with increasing 

sweep rates and the plot of ip/v
1/2 

versus log v clearly indicated that the electrode process is 

adsorption controlled [28, 29]. As SWV is considered to be a more sensitive technique in 

comparison to cyclic voltammetry, hence it is used for the further studies of NF. 
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Fig. 2.1 Typical cyclic voltammograms observed for 20 μM NF in phosphate buffer solution 

of pH 7.2 at EPPGS (───) and BPPGS (− − −) at 20 mVs
-1

. 

2.3.2.2 Square wave voltammetry 

Initially, square wave voltammograms were recorded for 20 μM NF at pH 7.2 at the 

EPPGS and BPPGS. Both the sensors had almost the same effective surface area exposed to the 

solution. Fig. 2.2 represents a comparison of square wave voltammograms observed for the drug at 

different sensors. In the case of BPPGS, a small peak is observed at ~944 mV which shifts to ~821 

mV at EPPGS, indicating thereby that the exposed edge plane sites in EPPGS contribute in making 

it a better substrate for sensing NF than BPPGS. The increase in peak current confirms that the 

adsorption is much stronger on EPPGS than BPPGS. Thus, the increase in current response along 

with the lowering of peak potential is a clear evidence of the electrocatalytic activity of edge plane 

sites of EPPGS towards the oxidation of NF. The different behavior of the NF oxidation on the 

edge and basal orientations reflects the difference in the surface electrocatalytic properties. A 

strong interaction between the reactant and the electrode surface is required to facilitate the 

electron transfer and to provide the adsorption sites for the intermediates. 
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Fig. 2.2 Comparison of square wave voltammograms of 20 μM NF (pH 7.2) at (a) EPPGS 

(), (b) BPPGS (− − −), and (c) background phosphate buffer solutions at pH 7.2 at EPPGS 

(…...). 

2.3.3 Influence of pH and square wave frequency 

 

Fig. 2.3 Observed dependence of peak potential on pH for 20 μM NF at EPPGS. 

The electrochemical behavior of NF at different pH values and square wave frequencies 

was studied at EPPGS. The voltammetric oxidation of 20 μM NF was studied in the range 2.4-11.0 

in phosphate buffer solution. The pH of the solution strongly affects the peak potential (Ep) of NF, 
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with the Ep shifting linearly towards less positive potential values with increase in pH as shown in 

Fig. 2.3. The relationship between Ep and pH is represented by the following equation (2): 

 Ep (pH) / mV = 1273.6 – b pH           (2) 

Where slope b = dEp / dpH = (60±2) mV/pH, having correlation coefficient 0.991. The slope of 

60.73 mV/pH indicates that the number of protons and electrons involved in the oxidation is equal. 

             The effect of square wave frequency on peak potential was examined in the range 5-200 

Hz at pH 7.2 at EPPGS. The plot of Ep versus log f was linear and the peak potential of NF was 

found to shift towards more positive potentials with increase in square wave frequency. The 

variation of Ep with log f can be expressed by the equation (3): 

 Ep / mV = 138.99 log f / Hz + 656.63          (3) 

with a correlation coefficient of 0.9916. 

              The peak current (ip) of NF was found to increase linearly with the increase in square 

wave frequency in the range 5-200 Hz at pH 7.2 as presented in Fig. 2.4 and the relation between ip 

and f can be expressed by the equation (4): 

 ip (f) / µA = b  f + 4.9967           (4) 

Where slope b = dip/df = 0.4556±0.0044 Hz having a correlation coefficient 0.9892. These 

observations are in agreement with the properties of an adsorption controlled irreversible 

electrochemical process [30-32]. The results obtained also supported the inferences obtained from 

cyclic voltammetry studies. 

 

Fig. 2.4 Plot of anodic peak currents as a function of square wave frequency for 20 μM NF at 

pH 7.2 at EPPGS.    
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2.3.4 Concentration study 

 

Fig. 2.5 Square wave voltammograms recorded for (i) phosphate buffer solutions 

(background) at the EPPGS (…...)  and (ii) increasing concentrations of NF at the  EPPGS 

electrode () [Curves are recorded at (a) 0.5, (b) 1, (c) 5, (d) 10, (e) 20, (f) 30 and (g) 40 μM 

concentration in phosphate buffer solutions of pH 7.2]. 

The quantitative analysis of the drug is based on the dependence of the peak current on the 

concentration of NF. Typical square wave voltammograms depicting the systematic increase in the 

peak current values with increasing concentration of NF in the range 0.5-50 μM at EPPGS is 

presented in Fig. 2.5. The linear calibration plot at EPPGS along with error bars is presented Fig. 

2.6. In the case of BPPGS, the observed concentration range is 5-200 μM. The peak current is 

found to increase linearly with increasing concentration of NF at both the sensors and the linear 

regression equation (5) and (6) is expressed as: 

 ip / µA = 0.9064 [NF] + 1.433                       at  EPPGS    (5) 

 ip / µA = 0.0733 [NF] + 4.619                       at  BPPGS    (6) 

where ip is peak current in μA and [NF] is the concentration of NF in μM. The correlation 

coefficients for the expressions were 0.9967 and 0.9943 for EPPGS and BPPGS respectively. The 

current values are obtained by subtracting the background current and are reported as an average of 

at least three replicate determinations. The detection limit of the proposed method has been 

calculated by using the formula 3σ/b, where σ is the standard deviation of the blank and b is the 

slope of the calibration curve and has been found as 28.3×10
−8

 M and 237×10
−8

 M for EPPGS and 
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BPPGS respectively. The sensitivity is estimated to be 0.9064 μA μM
−1

 and 0.0733 μA μM
−1 

for 

EPPGS and BPPGS respectively. The repeatability was examined by performing ten replicate 

measurements for 0.5 µM NF under the same operational conditions. The mean value of the 

current was observed as 0.495 with R.S.D. of 0.8 %, which indicates repeatability and high 

precision of proposed procedure. 

2.3.5 Specificity 

The specificity of the optimized procedure for the assay of NF has been investigated by 

observing any interference encountered from endogenous substances present in complex matrices 

such as biological fluids (e.g. urine and plasma). The effect of the interferents (viz. uric acid, 

ascorbic acid, xanthine, and hypoxanthine) was examined by carrying out the determination of 20 

μM NF in the presence of different concentrations of the interferents. The tolerance limit was 

defined as the concentrations of foreign substances, which gave an error less than ± 5.0% in the 

detection of the drug. It was observed that up to 10-fold excess of each of the interferents there was 

no significant change in the peak current response. This indicates that the method can be safely 

applied for the determination of NF in biological fluids. 

 

Fig. 2.6 Calibration plot with error bars observed for NF using EPPGS showing relation 

Ip(NF) = b[NF] + 1.433, where slope b = dIp(NF)/d[NF] = 0.9064(+/−0.0240) μA/μM. 

2.3.6 Pharmaceutical formulations 

The tablets were powdered and dissolved in distilled water. The medicinal samples were 

further diluted so that the concentration of NF was in the working range. Pursuing the proposed 

method the concentration of NF in the various pharmaceutical preparations was ascertained. 

Results summarized in Table 2.1 show that the content for all examined tablets falls within the 

tagged amount suggesting good agreement with the proposed voltammetric method. 
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Table 2.1 Determination of NF in pharmaceutical preparations using edge plane pyrolytic 

graphite sensor. 

Sample Stated content Detected content* Error (%) 

Norflox-TZ 400 mg                              395.32 mg - 1.17 

Norflox-400 400 mg                              392.48 mg - 1.88 

Powerflox 400 mg                              389.81 mg - 2.55 

*The RSD. value for determination was less than 2.7 % for n=3. 

2.3.7 Real sample analysis 

2.3.7.1 Determination of NF in human urine 

 

Fig. 2.7 A comparison of voltammograms observed for urine sample of patient being treated 

with NF (—) and after spiking with NF (- - - -) at pH 7.2 at EPPGS. Control urine is 

represented as (…...). 

The applicability of the proposed method was examined on human urine samples obtained 

from patients undergoing treatment with NF. Urine sample of healthy volunteer was used as 

control. The urine samples of patients undergoing treatment with NF in the hospital of Indian 

Institute of Technology Roorkee were collected after 4 h of oral administration of 400 mg tablet of 

NF. The samples were used for analysis after 10 times dilution with phosphate buffer solution (pH 

7.2) to minimize matrix complexity. A typical SWV of the urine sample of the patient being 

treated with NF at EPPGS is depicted in Fig. 2.7. A well-defined oxidation peak of NF at EPPGS 
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was observed at ~821 mV. The other voltammetric peak at ~310 mV is due to the presence of uric 

acid, which does not interfere in the determination of NF. The oxidation peak for ascorbic acid 

appears around 100 mV. The urine sample of the patient was then spiked with a known 

concentration of NF. The voltammograms in Fig. 2.7 clearly depict that the peak current increases 

significantly for the peak at Ep ~821 mV thereby confirming that it corresponds to the oxidation of 

NF. The concentration of NF was determined using the regression equation and the results 

obtained for different urine samples, before and after spiking, are tabulated in Table 2.2.  

Table 2.2 A comparison of observed concentration of NF in human urine after 4 h of NF 

administration at EPPGS. 

Spiked (µM) Observed
a
 (µM) Actual concentration (µM)* Recovery (%) 

Sample 1    

0.0 5.10 5.10 ─ 

15.0 20.15 5.25 100.25 

30.0 34.42 4.42 98.06 

Sample 2    

0.0 5.32 5.32 ─ 

15.0 20.48 5.48 100.79 

30.0 36.02 6.02 101.98 

Sample 3    

0.0 5.48 5.48 ─ 

15.0 20.35 5.35 99.36 

30.0 36.25 5.42 102.17 

* The R.S.D. value for the determination of NF was less than ± 3.2 % for n=3. 

2.3.8 Oxidation mechanism 

Since NF oxidation occurred by the transfer of the same number of electrons and protons, 

therefore, two electrons and two protons transfer was involved in the electrode reaction. The 

electrochemical reaction process for NF at EPPGS can therefore be summarized as in Scheme 2.1 

and reported in literature [33]. Though, the detection limit reported for NF at carbon nanotube 

modified glassy carbon electrode [33] is about ten times lower than observed in the present studies, 

however, the main advantage is that no complicated modification of the electrode surface is 

required. In addition the purity of carbon nanotubes used significantly affects the peak current and 
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hence detection limit is affected [34, 35]. The use of EPPGS has been found satisfactory for the 

determination of NF and the detection limit is found to be 28.3×10
-8

 M. The half-life of NF is ~4 h 

and is excreted through urine. A comparison of response of various electrodes towards 

determination of NF in recent years is presented in Table 2.3 and it can be seen that EPPGS can be 

easily used for the determination of NF. 

Table 2.3 A comparison of voltammetric response of EPPGS with previously reported 

electrodes for the determination of NF. 

Electrode ref. no. Conc. range (μM) Detection limit (μM) Real samples 

GCE [20] 15-150 3.5 No 

MWCNT/GCE[12] 0.1-100 0.05 Urine 

HMDE [21] 6-54 0.02 No 

EPPGS present work 5-50 0.28 Urine 

2.4. CONCLUSIONS 

The electroanalytical determination of NF using an edge plane pyrolytic graphite sensor has 

been carried out. The results obtained suggest that EPPGS has a high density of states conferring 

good electrical conductivity and electron transfer kinetics; possibly allied to „active sites‟ for 

adsorption [36]. This simple, sensitive, selective and quick analytical protocol reported suggests 

that NF can be detected at EPPGS via direct voltammetry in biological matrices. The peculiar 

catalytic activity of an EPPGS relies on the crystal orientation on its surface and edge plane defects 

[37]. The high percentage of the edge orientation results the high catalytic activity. The edge 

orientation on the surface of an EPPGS serves as an „„active site‟‟ for the oxidation of NF. Highly 

ordered pyrolytic graphite (HOPG) is used to fabricate the edge and basal plane pyrolytic graphite. 

Edge plane pyrolytic graphite sensor is constructed from HOPG where the graphite layers are 

perpendicular to the disc surface and are separated with an interlayer spacing of ~3.35 Å. Surface 

defects occur in the form of steps exposing the edges of the graphite layers. Conversely a basal 

plane pyrolytic graphite electrode is fabricated such that the layers of graphite lie parallel to the 

surface [37]. The difference between the edge and basal orientations may account for the fact that 

functional groups are easier to adsorb on the edge plane. 

Thus, it can be concluded on the basis of these investigations that NF is also oxidized in 

biosystems leading to the formation of products, which could serve as an important tool for the 

http://www.sciencedirect.com/science/article/pii/S1567539411001204#bb0100
http://www.sciencedirect.com/science/article/pii/S1567539411001204#bb0060
http://www.sciencedirect.com/science/article/pii/S1567539411001204#bb0105
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biochemists to deeply understand the medicinal applications of the products formed under 

oxidative conditions in the human physiology. Thus, the present method has been satisfactorily 

employed for the determination of NF in pharmaceuticals and human urine samples obtained from 

patients being treated with the drug using SWV. The developed protocol is simple, rapid, sensitive 

and reproducible for the determination of NF at EPPGS. 

 

Scheme 2.1 A tentative mechanism suggested for the electro-oxidation of NF at pH 7.2. 

 (B) DETERMINATION OF SULFAMETHOXAZOLE  

Sulfamethoxazole (SMZ) [N1-(5-methylisoxazol-3-yl) sulfanilamide] (II), a sulfonamide 

drug with anti-bacterial properties, is used for the treatment of human infections. Sulfonamide 

drugs are pervasively used in veterinary care and their use without a proper withdrawal period can 

cause accumulation of sulfonamides in eggs, milk, meat and honey as well as in fish [38-40].  

Sulfonamide drugs were used as a first chemotherapeutic agent and employed for systematic 

prevention and cure of bacterial infection in human beings. Activity of the sulfonamide drugs has 

been associated with their competition with p-aminobenzoic acid (PABA) in the synthesis of folic 

acid for the growth of bacteria. Therefore, sulfa drugs act by inhibiting the bacterial growth rather 

than directly affecting the bacteria [41]. Recently, it is reported that modern classes of 

sulfonamides and related sulfonyl derivatives are served as an effective inhibitor for growing 

tumor cells, or for the medication of different types of cancer [42-44]. SMZ has been extensively 

used for the treatment of bacterial infections including urinary tract, pneumocystis carinii 

pneumonia, chronic bronchitis, meningococcal meningitis, acute otitis media, Whipple‟s disease 

and toxoplasmosis as well as in the treatment of opportunistic infection in transplantation and for 

AIDS related infection. Nevertheless, SMZ has also been reported to exhibit different types of side 

effects, like hypersensitivity reaction, gastro-intestinal distribution (mainly nausea and vomiting) 

and various hematological disorders such as thrombocytopenia, sulfhemoglobinemia, 

megaloblastosis, eosinophilia and agranulocytosis [45-49]. Hence, the determination of SMZ in 
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various biological samples and pharmaceutical formulations has been considered of great 

significance for human health and quality control. 

Literature survey reveals that various techniques have been used for the determination of 

SMZ, such as spectrophotometry [50], ratio spectra derivative spectrophotometry [51], flow 

injection spectrophotometry [52], gas chromatography-mass spectrometry [53], capillary 

electrophoresis [54], liquid chromatography [55], high performance liquid chromatography 

(HPLC) using an on-line clean-up column [56], high performance thin layer chromatography [57], 

liquid Chromatography-mass spectrometry (LC-MS) [58] and visible and UV spectrophotometry 

[59]. Most of these methods were time consuming, expensive and required tedious extraction and 

separation steps. Recently, electrochemical methods have also attracted attention towards the 

determination of biomolecules and drugs due to their high sensitivity and selectivity, low cost and 

possibility of analysis without requirement of sample pretreatment. Hence, electrochemical 

methods have also been explored in the recent years for the determination of SMZ using 

[5,10,15,20- tetrakis(3-methoxy-4-hydroxy phenyl)porphyrinato] Cu (II) modified carbon paste 

sensor (TMHPP Cu (II)) [60], boron-doped diamond electrode [47, 61], multi-wall carbon 

nanotubes-nafion modified glassy carbon electrode (MWCNTs-Nafion/GCE) [62], CeO2-chitosan-

nanocomposite modified glassy carbon electrode (nano-CeO2/CHIT/GC electrode) [63], multi-

walled carbon nanotubes modified with antimony nanoparticles (MWCNT-SbNPs nanocomposite) 

[64] etc. In all these studies analysis of SMZ in biological samples has been carried out by spiking 

and recovery is reported and hence, the studies are of little significance. In addition, all these 

studies were carried out to determine SMZ concentration in food products, water and milk samples 

and pharmaceutical tablets. To the best of our knowledge, no effort has been made for the 

determination of SMZ in human urine samples using voltammetry. Hence, the aim of this study is 

to fabricate an electrochemical sensor for the simple and rapid determination of SMZ in human 

urine samples as well as in pharmaceutical formulations with high selectivity and sensitivity.  

In last few years, application of conducting polymers in electrochemical sensors and 

biosensors has increased due to their reproducibility, electrochemical reversibility, low cost and 

good stability. Conducting polymers like polyaniline, polypyrrole, polythiophenes, polyazulenes 

and poly-1,5-diaminonapthalene (p-DAN), have been used to prepare electrochemical sensors for 

the monitoring of compounds of biological interest. These polymeric materials have played 

important role in improving the sensitivity and selectivity of the sensor, and to decrease fouling 

effects [65-69]. p-DAN is found to have versatile applications in the construction of chemically 
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modified sensors due to its electroactive nature in both acidic and aqueous solutions and also bears 

free NH2 groups as shown by FT-IR analysis [70]. The application of p-DAN conducting polymer 

has been studied at different surfaces, such as platinum and glassy carbon, pyrolytic graphite 

electrode with gold nanoparticles and glassy carbon electrode with multi-walled carbon nanotube 

in the selective monitoring of compounds [71, 72]. p-DAN has been considered as a promising 

candidate to form polymer drug conjugate for drug delivery purposes and it is successfully applied 

for the determination of various drugs as earlier reported by our group [73-75]. Here, we used only 

p-DAN film to fabricate the electrode due to some of great advantage such as easy synthesis, low 

cost in comparison to other conducting polymers, good adhesive property and dense structure [76-

78]. 

In the present study, the electropolymerization of 1,5-DAN (III) in the acidic medium at 

glassy carbon electrode (GCE) has been carried out. The modification has been confirmed by 

various techniques including field emission scanning electron microscopy (FE-SEM), 

electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). The p-DAN/GCE 

sensor has been used for the determination of SMZ in biological samples. The experimental 

parameters, which affect the response of the modified GCE were optimized in terms of pH, 

frequency, scan rate and applied potential. 

 



                                                                           Determination of Norfloxacin and Sulfamethoxazole    

61 

 

2.5 MATERIAL AND METHODS 

2.5.1 Chemicals 

Sulfamethoxazole, sulfuric acid, potassium chloride, potassium ferricyanide and 1,5-DAN 

were purchased from Sigma Aldrich, USA and used without further purification. The studies were 

accomplished in the pH range of 2.4-11 using 1.0 M phosphate buffer solution [27]. 

Sulfamethoxazole containing tablets were purchased from the local market of Roorkee. Human 

urine samples of patient treated with SMZ were collected from the hospital of Indian Institute of 

Technology, Roorkee after the permission of ethical clearance committee.  All other solvents and 

reagents used in the experimental work were of analytical grade. Double distilled water was used 

throughout the experiments. 

2.5.2 Apparatus 

All the electrochemical work was performed by computerized bio-analytical system (BAS, 

West Lafayette, USA) CV-50 voltammetric analyzer. The electrochemical cell setup was equipped 

with p-DAN/GCE as a working electrode, Ag/AgCl (Saturated 1 M KCl) as a reference and 

platinum wire as a counter electrode, respectively. 

Field emission scanning electron microscopic (FE-SEM) images were recorded by using 

Zeiss ultra plus 55. Galvanostat VersaSTAT-3 (PAR, USA) was used for the electrochemical 

impedance spectroscopic (EIS) studies. The pH of the phosphate buffer was measured using a 

Thermo Fischer, scientific Singapore digital pH meter (Eutech pH 700). 

2.5.3 Fabrication of p-DAN film at the surface of GCE 

GCE was polished to mirror like surface with alumina slurry and ZnO on polishing cloth, 

and thoroughly washed with double distilled water. The p-DAN/GCE was prepared by 

electropolymerization of 1 mM 1,5-DAN  in 0.5 M H2SO4 using cyclic voltammetry, in which the 

potential range between −0.2 to +0.9 Vs
-1 

(vs. Ag/AgCl) was applied at the surface of the GCE for 

7 cycles (scan rate: 0.1 Vs
-1

) as reported in the literature [79]. After electropolymerization, a 

potential of −100 mV was applied for 100 s to facilitate the removal of adsorbed analyte to get a 

clean modified surface and, then it was cleaned well with double distilled water. The surface 

morphology of the bare GCE and p-DAN/GCE was studied by recording FE-SEM. A comparison 

of the FE-SEM images observed for bare GCE and p-DAN/GCE is presented in Fig. 2.8 which 

clearly indicates that p-DAN has been deposited at the surface of GCE. 
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2.5.4 Experimental procedure 

The stock solution of sulfamethoxazole (1 mM) was prepared by dissolving required 

amount in minimum amount of methanol (1 mL) and volume was made up to 25 mL in a 

volumetric flask. For voltammetric experiments, the desired volume of sulfamethoxazole was 

added to 2 mL of phosphate buffer of pH 7.2 (1.0 M) and the total volume was made to 4.0 mL 

with double distilled water. The optimum instrumental conditions for square wave voltammetry 

were: initial (E): 0.200 V, final (E): 1.400V, square wave amplitude (Esw): 25 mV, square wave 

frequency (f): 15 Hz, potential step (E): 4 mV. Optimized cyclic voltammeric (CV) parameters 

used were: initial (E): 0.200 V, switching potential (E): 1.400 V final (E): 0.200 V, scan rate (v): 

50 mVs
-1

 and full scale (+/-): 10 µA. CV studies were performed after bubbling high-

purity nitrogen through the solutions for 12-15 min. All the potentials reported are versus Ag/AgCl 

(3 M NaCl) at an ambient temperature of 25±2 °C. The surface of p-DAN/GCE was cleaned after 

each run by using time based technique by applying a constant potential (-100 mV) for 100 s in 

buffer solution of pH 7.2. 

 

Fig. 2.8 Typical FE-SEM images of (A) p-DAN/GCE (B) bare GCE. 

2.6 RESULTS AND DISCUSSIONS 

2.6.1 Electrochemical characterization of p-DAN/GCE film 

The electrochemical properties of  bare and p-DAN coated GCE surfaces, were 

characterized by recording impedance spectra in 1:1 solution of 5 mM K3[Fe(CN)6] and 0.1 M KCl 

solution in the frequency range of 0.1-100 KHz. Fig. 2.9 shows the impedance spectra of bare 

GCE and p-DAN/GCE. A Randle's equivalent circuit was utilized for the impedance data as 
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represented in inset of Fig. 2.9, where Rct is parallel combination of resistance to charge transfer 

and Cdl is interfacial capacitance. The values for Rct were obtained by fitting the experimental data 

to the Randle's equivalent circuit. The value of Rct for p-DAN/GCE (850 Ω) was lower than that 

for the bare GCE (1100 Ω). These values confirmed the conductive nature of the p-DAN film. 

These results also revealed that the p-DAN film successfully adhered to the surface of electrode.  

 

Fig. 2.9 Electrochemical impedance spectra at (A) p-DAN/GCE (B) bare GCE. The inset 

shows Randle's equivalent circuit. 

2.6.2 Cyclic voltammetry 

The cyclic voltammograms for 40 µM SMZ were recorded using bare GCE and p-

DAN/GCE in the phosphate buffer solution (1 M) at pH 7.2 as represented in Fig. 2.10.  A well-

defined oxidation peak at ~980 mV was observed for the oxidation of SMZ at bare GCE, which 

shifted to less positive potential by ~50 mV, with a marked enhancement in peak current, at p-

DAN/GCE. These results clearly indicated that p-DAN film efficiently enhanced the kinetics of the 

electrochemical oxidation of SMZ. In the reverse scan, no peak was observed, which clearly 

suggested that the oxidation of SMZ is irreversible in nature at p-DAN/GCE. To ascertain the 

nature of the electrode reaction, sweep rate studies were performed in the range 10-300 mVs
−1

. 

The peak current of SMZ was found to increase with increasing sweep rates at p-DAN/GCE. The 

plots of ip/v
1/2 

versus log v for SMZ was linear and clearly indicated that the electrode process of 

SMZ is adsorption controlled at p-DAN/GCE [28, 80].  
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Fig. 2.10 Observed cyclic voltammogram for 40 µM SMZ at scan rate of 50 mVs
-1

 at p-

DAN/GCE () and bare GCE (- - - -) at pH 7.2. 

 

Fig. 2.11 Comparative cyclic voltammograms of 1 mM K3[Fe(CN)6] in 0.1 M KCl using (a) 

bare GCE and (b)  p-DAN/GCE at scan rate of 100 mVs
-1

. 

 Electrochemical response of bare GCE and p-DAN/GCE was also examined by recording 

the cyclic voltammograms in the solution of 1 mM K3[Fe(CN)6] and 0.1 M KCl to determine the 

effective surface area of the sensors. The enhancement in peak current and negative shift in peak 

potential was found at p-DAN/GCE (Fig. 2.11) in comparison to bare GCE. The surface area was 

calculated from the slopes of ip versus v
1/2 

plots using Randles-Sevcik equation and found as 0.039 
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and 0.124 cm
2
 for bare GCE and p-DAN/GCE, respectively. Thus, the effective surface area of 

modified sensor was nearly three times larger than bare GCE. 

2.6.3 Square wave voltammetry 

Initially, square wave voltammograms were recorded for the 40 µM SMZ at bare GCE and 

p-DAN/GCE in phosphate buffer solution of pH 7.2 under optimal SWV parameters. A broad peak 

is obtained at the bare GCE having peak potential ~910 mV (curve a), whereas, at p-DAN/GCE the 

peak potential is shifted to ~850 mV (curve b), with significant enhancement in the peak current 

(Fig. 2.12). The shift in peak potential to less positive potential and enhancement in peak current 

indicate that the p-DAN film exhibits efficient electrocatalysis towards oxidation of SMZ. Hence, 

p-DAN/GCE sensor has been employed for further detailed studies of SMZ determination using 

SWV. 

 

Fig. 2.12 Comparison of square wave voltammograms of 40 µM SMZ at pH 7.2 (i) curve a 

represents bare GCE, (ii) curve b represents p-DAN/GCE and (iii) (- - -) shows (background) 

phosphate buffer solution at p-DAN/GCE. 

2.6.4 Effect of pH and sqare wave frequency 

The electrochemical behavior of SMZ at different square wave frequencies and pH values 

was studied using p-DAN/GCE. The electrochemical oxidation of SMZ was studied in the 

phosphate buffer solutions ranging between 2.4-11.0. The pH of the solution strongly influenced 

the oxidation peak potential (Ep) of SMZ and the Ep shifted towards less positive potential values 

(a) 

(b) 
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with increase in pH of solution. The linear relationship between Ep and pH can be presented by the 

equation: 

 Ep / mV=1272– 58.10 pH         

having a correlation coefficient 0.982. The slope value of dEp/dpH of (58.10 mV/pH) indicates that 

the number of protons and electrons involved in the oxidation is equal. 

The influence of square wave frequency (f) on the oxidation peak current (ip) was examined 

at pH 7.2 using p-DAN/GCE. It was observed that the peak current for the electrooxidation of 40 

µM SMZ was increased linearly with increase in square wave frequency in the range 5-200 Hz. It 

is suggested that adsorption of SMZ occurred at the surface of p-DAN/GCE, which also confirmed 

the inference obtained from cyclic voltammetry. The variation of ip with f can be expressed by the 

equation: 

 ip / µA = 0.190 f  (Hz) + 0.681 

having a correlation coefficient of 0.989. 

2.6.5 Concentration study 

 To analyze the effect of SMZ concentration on the oxidation peak current, square wave 

voltammograms were recorded in the concentration range 0.05 μM to 150 μM using p-DAN/GCE 

at pH 7.2 under optimized parameters of square wave voltammetry. Systematic increase in the 

peak current was observed with increase in concentration of SMZ as represented in Fig. 2.13. It 

was observed that when the concentration of SMZ increased, the peak current linearly increased at 

p-DAN/GCE sensor. The observed linear calibration curve between peak current (ip) and 

concentration of SMZ at p-DAN/GCE sensor is illustrated in Fig. 2.14.  Linear dependence of 

SMZ (after subtracting background current) can be represented by the equation: 

 ip / µA = 0.085 C [µM] + 1.050 

having correlation coefficient 0.995. The limit of detection for SMZ is calculated by using the 

relation 3σ/b, where σ is the standard deviation of blank and b is slope of the calibration curve and 

found to be 0.05 nM at p-DAN/GCE sensor. The limit of detection for SMZ at bare GCE is found 

to be 0.1 µM, Thus, it can be seen that electropolymeriztion by p-DAN significantly lowered the 

detection limit as compared to the bare GCE. For any analytical technique, it is necessary to 

validate the method using validation characteristics such as linearity, range, accuracy, precision, 
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limit of detection and quantification. The typical validation parameters of present method are 

shown in Table 2.4. 

 

Fig. 2.13 Observed square wave voltammograms for (i) blank phosphate buffer solution 

(background) (…..) and (ii) increasing concentration of SMZ at (a) = 0.5; (b) = 5; (c) = 10; (d) 

= 20; (e) = 40; (f) = 80 and (g) 150 µM using p-DAN/GCE in phosphate buffer solution of pH 

7.2. 

Table 2.4 Validation characteristics for the determination of SMZ using P-DAN/GCE sensor. 

Validation Parameters  Values 

Concentration range (µM) 0.5-150 

Correlation coefficient (R
2
) 0.995 

Detection limit (nM) 0.05 

Limit of quantification (nM) 0.16 

Sensitivity (µA/mM) 0.085 

Standard error of slope (α, 0.05) ±0.0054 

Standard error of intercept (α, 0.05) ±0.3407 

 In order to prove the accuracy and precision of the proposed method, analysis of varying 

concentration (low, medium and high concentrations) was done for three days (n = 3/day for within 

day and n = 5/day for between days). The results of precision are expressed as relative standard 

deviation and the accuracies were expressed as the Bais %. The results of precision and accuracy 

parameters are described in Table 2.5. The RSD obtained was in the range of 0.18-3.03 % and the 
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Bais % was in the range of 0.34-1.92 % for varying concentrations, which indicates good accuracy 

and precision of the method [81-84]. 

 

Fig. 2.14 Calibration plot observed for SMZ using p-DAN/GCE at pH 7.2.  

Table 2.5 Precision and accuracy, within day and between days for the determination of 

different concentrations of SMZ at p-DAN/GCE sensor 

SMZ (µM) Within day (n = 3) Between days (n = 5) 

 RSD (%) Bais (%) RSD (%) Bais (%) 

0.5 3.03 -1.00 2.07 0.72 

50 1.53 -0.34 2.59 -1.92 

150 0.67 -0.47 0.18 -0.25 

2.6.6 Effect of interferents 

The effect of common interfering molecules, such as ascorbic acid, uric acid, xanthine 

present in urine and trimethoprim (commonly given in combination with SMZ) has been analyzed 

on the determination of SMZ. These molecules can alter the electrochemical sensitivity of p-

DAN/GCE sensor for SMZ determination by influencing its peak potential and peak current 

response. Interference study was carried out by measuring the voltammetric peak current response 

for fixed concentration of SMZ (5 µM) and varying the amount of interfering molecules up to 100 

fold excess at pH 7.2. In voltammograms, peak potential of SMZ was obtained at +850 mV and 

other additional peaks were obtained at +100, +340, +720 and +1140 mV corresponding to the 

oxidation of ascorbic acid, uric acid, xanthine and trimethoprim respectively as shown in Fig 2.15. 

It was found that there is no change in the peak current as well as in the peak potential for SMZ 

oxidation up to 100 fold excess of the interfering molecules. These results clearly indicate the 
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specificity of p-DAN/GCE sensor towards the electrochemical oxidation of SMZ. Hence, p-

DAN/GCE can be utilized for the determination of SMZ in biological samples and medicines. 

 

Fig. 2.15 Square wave voltammograms showing interferences of (A) ascorbic acid, (B) uric 

acid, (C) xanthine and  (E) trimethoprim at fixed concentration of SMZ (D) (5 µM). 

2.6.7 Analytical applicability 

2.6.7.1 Determination of SMZ content in pharmaceutical formulations 

Table 2.6 Determination of SMZ in tablets using p-DAN/GCE. 

Sample Reported 

amount 

(mg/Tablet) 

Observed 

amount[a] 

(mg/Tablet) 

RSD (%) Bias (%) 

Septran tablet 400.0 395.10 0.92 -1.20 

Co-trimoxazole 

tablet 

800.0 780.54 1.51 -2.43 

[a] The R.S.D. for the determination was for n = 3. 

In order to assess the utility of p-DAN/GCE sensor in pharmaceutical industries, different 

commercially available pharmaceutical samples containing SMZ, like Co-trimoxazole tablet 

double strength (Cadila, industrial Growth centre, Samba, State of J & K) and Septran 

(GlaxoSmithKline, D-5, M.I.D.C. Area, Paithan, Maharashtra) were acquired from the local 

market of Roorkee. The tablets were powdered and then dissolved in minimum amount of 

methanol and volume was made up to 25 mL with double distilled water. The samples were 

subsequently diluted with phosphate buffer solution upto the working range of SMZ. Applying the 
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identical conditions, which were used in the concentration study, the concentration of SMZ in the 

various pharmaceutical samples was ascertained by recording square wave voltammograms at p-

DAN/GCE sensor. The obtained results are summarized in Table 2.6. It can be seen that the 

labeled values of SMZ on tablets were in good agreement with the results obtained using p-

DAN/GCE sensor and hence suggested the good accuracy of the proposed sensor. 

To check the validity of purposed method, results were compared with reported HPLC 

method using student t-test and F-test [40]. At the 95 % confidence level, calculated t-value and F-

value were less than the tabulated values, indicating that there are no significant differences 

between the data obtained using the two methods. The results are shown in Table 2.7. Hence, these 

results show the excellent performance of the electroanalytical method using the p-DAN/GCE 

sensor when compared to the HPLC method. 

Table 2.7 Validation of data by comparing with reported HPLC method. 

Labeled amount 

(mg) 

Found amount (mg) [a] t-test [b] F-test [c] 

Proposed method Published 

method 

 

400 395.1±3.65 409±9 2.33 2.33 6.08 

[a] Mean ± SD, n=3. 

[b] Tabulated t-value at P (0.05) is 2.78. 

[c] Tabulated F-value at P (0.05) is 19.00. 

2.6.7.2 Determination of SMZ in human urine 

In order to evaluate the applicability of the proposed sensor in human urine samples, 

determination of SMZ was carried out in urine of patients undergoing treatment with SMZ. The 

urine samples of patients were obtained from the hospital of Indian Institute of Technology 

Roorkee. The samples were collected after 6 h of oral administration of 800 mg Co-trimoxazole 

tablet. Prior to the analysis, the samples were diluted three times with phosphate buffer solution 

(pH 7.2) to minimize matrix complexity and square wave voltammograms were recorded. A well-

defined anodic peak (Ep ~850 mV vs. Ag/AgCl) at p-DAN/GCE sensor was obtained 

corresponding to the oxidation of SMZ. The other voltammetric peaks at ~340 mV and ~1140 mV 

in the voltammogram are due to the oxidation of uric acid and trimethoprim respectively, which do 

not affect the determination of SMZ in urine samples. Ascorbic acid, which remains present in the 

urine samples, did not interfere in the determination of SMZ, as it oxidized at ~100 mV. The SMZ 

oxidation peak at ~850 mV is further confirmed by the spiking of urine samples with the known 
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amount of SMZ. It was observed that the oxidation peak current of SMZ increased on spiking with 

SMZ, confirming thereby that it corresponded to the oxidation of SMZ, while peak currents due to 

uric acid and trimethoprim remained unchanged. The results of SMZ obtained in different urine 

samples are tabulated in Table 2.8. The SMZ concentration in urine samples of patients was 

calculated by preparing standard addition plot as demonstrated in Fig. 2.16 and was found to be 

3.2 μM. 

 

Fig. 2.16 The observed linear calibration curve between peak current and spiked SMZ 

concentration at p-DAN/GCE in urine sample.  

Table 2.8 Recovery analysis of SMZ in urine sample of patient at p-DAN GCE. 

Spiked 

(µM) 

Observed 

(µM) 

Actual [a] 

(µM) 

Recovery 

(%) 

RSD [b] 

(%) 

Bias (%) 

0 3.20 3.20 __ __ __ 

10 13.23 3.23 100.93 2.43 0.93 

20 23.05 3.05 95.31 3.46 -4.69 

40 43.15 3.15 98.43 1.54 -1.56 

[a] The actual amount is observed – spiked amount. 

[b] RSD value for the determination was for n = 3.
 

2.6.8 Stability and reproducibility 

To determine the reproducibility of p-DAN/GCE sensor, successive square wave 

voltammetric measurements of 20 µM SMZ were recorded at pH 7.2 daily for 15 days. The 

modified electrode was used daily and stored in air. Marginal decrease of current sensitivity with a 

relative standard deviation of about 3.52 % was observed, which represented the excellent stability 

of the p-DAN/GCE. The results of ten repetitive measurements during intraday studies showed a 
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relative standard deviation (R.S.D.) of 1.96 % in current response of SMZ, which confirmed the 

excellent reproducibility of the developed sensor. Hence, the p-DAN/GCE exhibits efficient 

stability and reproducibility for the determination of SMZ. 

2.7 CONCLUSIONS 

In the present work, we described a method for the nanomolar concentration determination 

of SMZ in human urine samples as well as in pharmaceutical preparations employing a p-

DAN/GCE sensor. A well-defined peak for the oxidation of SMZ appeared at ~850 mV at p-DAN 

coated GCE surface. Further, p-DAN film increased the electrocatalytic activity due to its high 

specific surface area in comparison to the bare GCE surface. The performance of p-DAN/GCE 

sensor towards SMZ determination is evaluated by a comparison of the detection limit and 

calibration range reported in the last few years as shown in Table 2.9.  

Table 2.9 A comparison of various electrodes used for the determination of SMZ. 

S. 

No. 

Electrode used Detection 

limit [M] 

Sample Reference 

1 Boron-doped diamond electrode 1.15×10
-6

 Tablet [47] 

2 MWCNT paste electrode 3.94×10
-7

 Tablet [46] 

3 MWCNT-SbNPs nanocomposite 24×10
-9

 Water [64] 

4 Nano CeO2/CHIT/GC electrode 12×10
-10

 Food [63] 

5 p-DAN/GCE sensor 5×10
-11 

 

Human urine
 

and tablet 

This work 

It can be concluded that the detection limit at p-DAN/GCE is superior than papers reported 

in recent years. The developed sensor also demonstrated the efficient ability to quantify SMZ 

concentration in various pharmaceutical formulations with reliable accuracy. The modified sensor 

has also been employed for the successful analysis of SMZ in urine samples of patients undergoing 

treatment with SMZ and good selectivity and sensitivity is observed. 
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3.1 INTRODUCTION 

Catecholamines are of particular interest because they have a significant role in biological 

and pharmacological processes. They are engrossed in certain types of chemical neurotransmission 

processes that occur in the synaptic gaps of the primary central nervous system [1, 2]. The 

hormone epinephrine (EPI, adrenaline) (I) is commonly used as the drug of choice as a 

vasoconstrictor, cardiac stimulator and bronchodilator. It subsists in protonated form at 

physiological pH. It is synthesized in the human system from L-tyrosine and exuded by the 

medulla of the adrenal gland along with norepinephrine. Ratiocination of concentration of the 

monoamine neurotransmitters such as EPI is crucial for the canvassing of neurotransmission, for 

diagnosis of neurological disorders, such as Parkinson's, and for developing medicines to cure the 

diseases [3]. Various approaches for their analysis include methods such as fluorescence [4], 

chemiluminescence [5], polarography/voltammetry [6], optic fiber biosensor coupled to 

chromatographic separation [7], capillary electrophoresis [8] and chromatography coupled with 

several types of detection methods [9, 10]. Some of these methods have been applied to analyze 

biological and pharmaceutical samples as shown and compared in a recent review [11]. The HPLC 

and fluorescence detection, however, has a disadvantage of requiring derivatization. 

Electroanalytical methods can bypass such additional procedures of derivatization because the 

monoamines themselves are electro-active at a certain potential [11]. Thus, electroanalytical 

methods have gained wide popularity in recent years [12, 13] for the analysis of the 

neurotransmitters and their metabolites in vivo or in vitro. Because of their simplicity, speed and 

sensitivity, numerous electroanalytical techniques have been reported for the determination of EPI 

and other catecholamines [14-18].  

Peroxidases are abundant in both animal and plant systems [19]. EPI and related 

catecholamines are also significant constituents of plants and animals. EPI acts on target tissues 

through circulation in high concentrations during stress to furnish a rapid metabolic adjustment to 

emergencies. After functioning, EPI is quickly metabolized to sustain the normal physiological 

condition. Besides monoamine oxidase, cellular and extracellular soluble peroxidases (salivary 

peroxidase, lacrimal peroxidase, etc.) also play a vital role in EPI metabolism. Horseradish 

peroxidase can catalyze EPI oxidation at a very high rate in the presence of H2O2 [20, 21]. Many 

attempts have been made to study the enzymic oxidation of EPI. The oxidation of EPI by 

lactoperoxidase has been reported by Lovstad [22] and coloured aminochrome has been suggested 

as the product. Several other enzymes have also been explored for the oxidation of EPI [23-25]. 
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Dryhurst et. al. have studied the oxidation chemistry of dopamine as well as of EPI in presence of 

cysteine [26, 27]. It has been found that the oxidation of dopamine leads to the formation of toxic 

2,3’-linked indole-indoline dimer, whereas, in the case of EPI formation of cysteinyl conjugates is 

reported. The peroxide-catalyzed oxidation of purines has attracted considerable attention in past 

[28-32] and it has been reported that electrochemical and peroxide-catalyzed oxidation of simple 

purines follow the same pathway. Although the physiological functions and mechanism of action 

of EPI have been extensively analyzed, all of the details of its catabolism are still not clear even 

today.  

In view of the importance of EPI in the human physiology, an attempt has been made to 

compare the electrochemical and peroxidase catalyzed oxidation of EPI in this chapter. The main 

objective of the present work was to compare the kinetics of UV-absorbing intermediate generated 

during electrochemical and enzymic oxidation of EPI and characterize the products formed during 

both the oxidations. A tentative mechanism for the oxidation of EPI is also presented. 

 

3.2 EXPERIMENTAL 

3.2.1 Materials 

The EPI was incurred from Sigma Aldrich, Germany. Phosphate buffers of appropriate pH 

and ionic strength were prepared from analytical grade chemicals (NaH2PO4 and Na2HPO4 from 

Merck) according to the reported method [33]. Methanol (HPLC grade) was obtained from Merck. 

Enzymatic oxidation of EPI was carried out using horseradish peroxidase type VIII (Rz ~3.0) 

obtained from Sigma Chemical Co., USA. H2O2 was purchased from Qualigens Fine Chemicals, 

Galaxo India ltd., Mumbai. 

3.2.2 Instrumentation 

The pyrolytic graphite electrode used for the voltammetric studies was fabricated by using 

the method reported in the literature [34] so that the edge plane of the pyrolytic graphite (2×2 
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mm
2
) was exposed to the solution. The surface of the pyrolytic graphite electrode was renewed 

after recording each voltammogram, by rubbing it with an emery paper. The surface was washed 

with a jet of distilled water and gently dried by touching onto tissue paper. The surface renewal 

was necessary to remove the adsorbed material on the electrode surface. As the effective surface 

area available changed each time due to rubbing, the peak current values showed a variation of ± 

10 %. Hence, an average of at least three voltammetric runs was taken for the determination of the 

peak current values. Cyclic sweep voltammetric studies were carried out by using BAS CV-50W 

Voltammetric analyzer. All potentials are referred to Ag/AgCl (3 M NaCl) at an ambient 

temperature, 25±2 °C. Controlled potential electrolysis was carried out in a single compartment 

cell equipped with three electrode system using pyrolytic graphite plate (1×4 cm
2
) as working 

electrode, cylindrical platinum gauze as auxillary electrode and Ag/AgCl as reference electrode. 

The spectral changes associated with the electro-oxidation and the kinetic studies of the 

decomposition of the UV-absorbing intermediates generated during oxidation were monitored 

using Perkin-Elmer-Lambda 35 UV–vis spectrophotometer. The 
1
H NMR and DEPT 135 spectra 

were recorded in D2O using Avance 500 digital NMR spectrometer from Brucker (500 MHz). 

Chemical shifts (δ) are reported in ppm of the applied field and coupling constants (J) are 

expressed in Hertz (Hz). 

3.2.3 Procedure 

A stock solution (1 mM) of EPI was prepared in double distilled water. Working solutions 

of EPI were prepared by adding required volumes of the respective stock solution to the phosphate 

buffer solution and then the voltammograms were recorded. The solutions were deoxygenated by 

bubbling nitrogen gas for 8-10 min before recording the cyclic voltammograms. UV-vis spectral 

changes associated with the electro-oxidation of EPI were monitored in 200-400 nm region by 

applying a potential ~50 mV more positive than the peak potential. Nearly 2-3 ml of the 

electrolyzed solution was withdrawn from the working compartment of the electrolytic cell at 

different time intervals. In the second set of experiments, when the absorbance at  λmax reduced to 

about 50 %, electrolysis was turned off by open circuit relaxation and spectral changes were 

monitored at different time intervals to detect the generation of the UV-vis absorbing intermediate.  

The products of the electro-oxidation of EPI were characterized at pH 7.2. For 

identification of the oxidation products, about 10 mg of the compound was exhaustively 

electrolyzed at a potential ~50 mV more positive than oxidation peak potential. The progress of the 
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electrolysis was monitored by recording UV-spectra at different time intervals. When the 

absorbance at λmax reached to minimal, the exhaustively electrolyzed solution was removed from 

the cell, filtered using Whatman filter paper 42, lyophilized and extracted using methanol. The 

dried material was then analyzed by 
1
H and DEPT 135 NMR. 

3.2.4 Enzymatic oxidation 

Stock solutions of horseradish peroxidase type VIII (2 μM), H2O2 (600 μM) and EPI (0.1 

mM) were prepared fresh each day in an appropriate buffer. Usually, 0.7 mL each of the EPI and 

peroxidase solutions was mixed in a 1.0 cm quartz spectrophotometer cell. The enzymatic reaction 

was initiated by the addition of 0.7 mL of the H2O2 stock solution. The course of the oxidation was 

monitored by repetitively recording the UV-spectrum of the solution. When about 95 % of the EPI 

had been oxidized the reaction was terminated by addition of 0.7 mL of buffer solution containing 

0.7 mg catalase (2000 units mg
-1

, Sigma). The solution was thoroughly stirred. The reference cell 

for spectrophotometric studies contained all buffer, reagents and enzymes except EPI. The kinetics 

of decay of the UV-absorbing intermediate was usually followed at a single preselected 

wavelength with absorbance readings generally being taken every 5.0 s. 

3.2.5 Characterization of enzymatic oxidation product 

The major oxidation product formed upon peroxidase-catalysed oxidation of EPI was 

identified following the enzymatic oxidation of the latter species. The stock solutions of EPI (1 

mM), peroxidase (2 μM) and H2O2 (1 mM) were prepared in an appropriate buffer. Then, 4.0 mL 

of the EPI solution was placed in a beaker and to it, 4.0 mL of the peroxidase solution was added. 

The resulting solution was stirred and the oxidation reaction initiated by addition of 4.0 mL of 

H2O2 solution. In order to identify the final product, the oxidation reaction was allowed to proceed 

for 20-25 min. The oxidized solution was removed from the cell, filtered using Whatman filter 

paper 42 and lyophilized. The dried product obtained was extracted with methanol and analyzed by 

1
H and DEPT 135 NMR. 

3.3 RESULTS AND DISCUSSIONS 

3.3.1 Voltammetric studies 

Cyclic voltammetric studies of 10 μM EPI at pH 7.2 exhibited a well-defined oxidation 

peak ∼157 mV at a sweep rate of 100 mVs
−1

, when the sweep was initiated in the positive 

direction. In the reverse sweep, EPI exhibits a reversible couple with peak potentials of −243 
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(IIc)/−214 (IIa) mV. While at pH 4.9 same concentration of EPI exhibited an oxidation peak Ia 

∼320 mV and in the reverse sweep, a reversible couple with peak potentials of −160 (IIc)/−135 

(IIa) mV was observed. Fig. 3.1A shows a typical cyclic voltammogram observed for 10 μM EPI at 

sweep rate 100 mVs
−1

 in phosphate buffer at pH 4.9 at a pyrolytic graphite electrode. To check 

whether the reversible couple IIc/IIa are related to peak Ia, cyclic voltammograms were also 

recorded by initiating the initial sweep in negative direction. It was observed that no reduction 

peak is observed in this case as shown by curve B in Fig. 3.1. Thus, it is concluded that it is 

necessary to record peak Ia to see the redox couple IIc/IIa. 

 

Fig. 3.1 Typical cyclic voltammograms observed for 10 μM EPI at sweep rate 100 mVs
−1

 in 

phosphate buffers at pH 4.9 at pyrolytic graphite electrode. Curve A () with initial sweep 

in the positive direction. Curve B (-----) with initial sweep in the negative direction.  

The effect of pH on the ease of oxidation of EPI was studied at a sweep rate of 100 mVs
−1

 

in the pH range 2.4-11.0. It was found that the peak potential of oxidation peak shifted to less 

positive potential with increase in pH. The plot of Ep vs. pH was linear with slope (dEp/dpH) 57.6 

mV/pH. Thus, it was concluded that oxidation of EPI involves equal number of electrons and 

protons. The peak potential of peaks (IIa) and (IIc) were also dependent on pH and shifted to less 

positive potentials with increase in pH. The ΔEp value for the redox couple in the entire pH range 

was close to 30 mV. The ratio of peak currents of IIa/IIc was close to 0.9 in the entire pH range. 

Thus, it was concluded that the redox couple IIa/IIc is reversible in nature. The oxidation of EPI 

occurs in an overall 4e
─
, 4H

+
 process to give adrenochrome as shown in Scheme 3.1. To ascertain 
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the nature of electrode reaction, sweep rate studies were performed in the range 10-1000 mVs
−1

. 

The peak current of EPI was found to increase with increasing sweep rates and the plot of ip/v
1/2

 vs. 

log v clearly indicated the adsorption of the reactant and thus it is concluded that the electrode 

process is adsorption controlled [35] and [36]. Cyclic voltammograms was recorded at different 

concentrations of EPI. It was found that the oxidation peak Ia increased with increase in 

concentration. The plot of ip vs. concentration of EPI was linear up to 25 μM after which a 

deviation was observed. The peak current for the redox couple initially increased with increase in 

concentration of EPI and then became practically constant. 

 

Fig. 3.2A Square wave voltammograms recorded at pyrolytic graphite electrode for (a) 

phosphate buffer solution (background) (…...)  and (b) increasing concentration of EPI () 

[Curves were recorded at (a) 0.25, (b) 1, (c) 5, (d) 10, (e) 15 and (g) 20 µM concentration of 

EPI in phosphate buffer solution of pH 7.2].  

As SWV is considered to be a more sensitive technique in comparison to cyclic 

voltammetry, hence it is used for the further determination of EPI. With increasing concentration 

of EPI, the peak current (ip) for peak Ia was found to increase in the range 0.25-20 μM at pH 7.2. 

The graph between (ip) and concentration obtained was found to be linear. The dependence of (ip) 

on concentration can be expressed by the relation: 

 ip (10
-6

A) = 2.325 C (μM) + 2.956              

where C is the concentration (μM), having correlation coefficient 0.994. Typical square wave 

voltammograms depicting the systematic increase in the peak current values with an increase in the 
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concentration in the range 0.25-20 μM using pyrolytic graphite electrode are presented in Fig. 

3.2A. The linear calibration plot along with error bars is presented in the Fig. 3.2B. The limit of 

detection and sensitivity of EPI are estimated to be 17×10
-8

 M and 2.325 μA μM
-1

 respectively. 

 

Fig. 3.2B Calibration plot observed for epinephrine using EPPGE at pH 7.2. 

The effect of square wave frequency on the peak potential of EPI was studied in the 

frequency range 5 to 200 Hz. The peak potential of EPI was found to shift towards more positive 

potentials with increase in square wave frequency. The plot of Ep versus log f was linear. The 

dependence of Ep on log f can be represented by the relation having correlation coefficient 0.994: 

 Ep (mV) = 96.13 log f + 16.294                                                   

The effect of square wave frequency (f) on the peak current (ip) of analyte was also studied 

in the square wave frequency range 5 to 200 Hz. The oxidation peak current (ip) of EPI was found 

to increase with increase in square wave frequency (f). The dependence of peak current on square 

wave frequency was linear and can be expressed by the relation: 

 ip (10
-6

A) = 2.841 f + 8.315                                                

having correlation coefficient 0.996. All these observations are in agreement with the properties of 

adsorption controlled electrochemical process [37-39] which also supported the results obtained 

from cyclic voltammetry. 

The effect of pH on the oxidation of EPI was also studied in the pH range 2.4-11.0 using 

SWV. It was found that the peak potential shifted towards less positive potentials with increase in 

pH. The dependence of Ep on pH obeys the relation:  

 Ep = [566.08 – 57.332 pH] mV versus Ag/AgCl                     
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having correlation coefficient 0.992 for the analyte. The slope of Ep versus pH plot for EPI is close 

to 60 mV/pH and hence, suggests that equal number of protons and electrons are involved in the 

electrode reaction. 

3.3.2 Spectral studies 

The UV-vis spectral changes of 0.1 mM EPI were recorded at pH 4.9 and 7.2. At both the 

pH, EPI exhibited well-defined absorption bands at λmax 285 and 310 nm (Fig. 3.3). On the 

application of a potential 50 mV more positive than peak Ia, the absorbance at 285 nm 

systematically decreases and an increase in absorbance is observed in the regions 240-260 nm and 

300-360 nm (curves 1-10, Fig. 3.3). Curve 10 represents the spectrum of 0.1 mM EPI after 1 h of 

electrolysis and absorption maximum at 285 nm turned to a shoulder. During electrolysis the 

colorless solution of EPI was changed to dark brown color.  

 

Fig.3.3 UV spectrum of 0.1 mM EPI observed in phosphate buffer of pH 7.2. Curves were 

recorded at: (1) 0 min, (2) 5 min, (3) 10 min, (4) 20 min, (5) 30 min, (6) 50 min, (7) 70 min (8) 

100 min (9) 130 min and (10) 170 min of electrolysis after application of 0.175 V vs SCE. 

The progress of electrolysis of EPI was also monitored by recording the cyclic 

voltammograms at different times. At pH 7.2, when a potential ~50 mV more positive than peak Ia 

was applied, the peak current of peak Ia systematically decreased. Peaks IIa and IIc also followed a 

systematic decrease. The exhaustively electrolysed solution of EPI showed only small bumps 

corresponding to redox couple. The kinetics of the decay of the UV-absorbing intermediate 

generated was studied at different pH values in the pH range 4.9 to 7.2. For this purpose, electro-

oxidation was carried out and when the absorbance at λmax = 285 nm reached to ~50 % of its value 



                                                            Electrochemical and Peroxide-catalyzed Oxidation of Epinephrine                       

89 

 

(normally after 25-30 min of electrolysis), the applied potential was switched to zero and the decay 

of the absorbance at selected wavelengths was monitored as a function of time. At all the pH 

values studied, the nature of plots of the absorbance vs. time is exponential. The plots of log (A − 

A∞) vs. time are linear, indicating that the decay follows first-order kinetics (Fig. 3.4). The values 

of the rate constants calculated at different pH values are practically independent of pH and are 

presented in Table 3.1. 

 

Fig. 3.4 Plot of the absorbance vs. time and log (A−A∞) vs. time (inset) measured at 310 nm 

for the first-order decay of the UV-absorbing intermediates generated during electro-

oxidation of EPI at pH 7.2. 

3.3.3 Enzymatic oxidation 

The progress of peroxidase-catalysed oxidation of EPI was studied in phosphate buffers of 

pH 4.9, 6.0 and pH 7.2. At pH < 4.9 and > 7.5, the decay of the intermediate was very slow. To 

detect whether the species responsible for reversible couple in cyclic voltammetry is also generated 

during the enzymatic oxidation of EPI, cyclic voltammograms were recorded by initiating the 

sweep in the negative direction. The initial negative sweep was necessary otherwise it would be 

difficult to decide whether species responsible for IIc/IIa are formed due to electrochemical or 

enzymic oxidation. A cyclic voltammogram of 0.1 mM solution of EPI at pH 7.2 with initial 

negative sweep direction is shown by curve A in Fig. 3.5 and no peaks corresponding to the 

reversible couple are observed. However, the reversible couple was obtained in the second sweep 

indicating thereby, that redox couple IIc/IIa was observed only after scanning peak Ia. The redox 

couple IIc/IIa is observed due to the 2e
−
, 2H

+
 reduction of leucoadrenochrome (III) to 

adrenochrome (IV) as shown in Scheme 3.1. Fig. 3.5 (curve B) depicts a cyclic voltammogram of 
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0.1 mM solution of EPI at pH 7.2 with initial sweep in the positive direction. The voltammogram 

recorded after adding peroxidase (2 μM) is basically similar to curve A. Thus, in both the curves, 

reversible couple was observed only after recording peak Ia. However, if enzymatic oxidation is 

initiated by adding H2O2 (0.6 mM), reversible couple starts to appear in the first negative sweep. 

        

 

Fig. 3.5 Cyclic voltammngrams observed during the electrochemical and enzymatic oxidation 

of EPI at pH 7.2 (sweep rate-100 mVs
-1

). Curve A represents a cyclic voltammogram of 0.1 

mM solution of EPI with initial sweep in the negative direction. Curve B depicts a cyclic 

voltammogram of 0.1 mM solution of EPI with initial sweep in the positive direction. 

Fig. 3.6 represents a set of cyclic voltammograms recorded after different times of the 

addition of H2O2 and a well-defined reversible couple (IIc/IIa) was observed with initial negative 

sweep in cyclic voltammetry. The peak current of the reversible couple initially increased and then 
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decreased with progress of enzymic oxidation and then became constant (Fig 3.6, curve 6). The 

peak Ia was systematically decreased with progress of enzymic oxidation and almost disappeared 

after 10 min of addition of H2O2. It is interesting to note that the Ep values of the redox couple 

IIc/IIa during enzymatic oxidation and electrochemical oxidation are the same. Thus, it is inferred 

that the enzymatic oxidation of EPI produces a species similar to that obtained in electrochemical 

oxidation. The spectral changes during enzymatic oxidation were also monitored to detect the UV-

visible intermediate.  

 

Fig. 3.6 Cyclic voltammograms recorded after the addition of H2O2 (0.6 mM) to EPI solution 

+ peroxidase (2 μM). Curves were recorded at 0 (1); 2 (2); 4 (3); 6 (4); 8 (5) and 10 (6) min of 

initiation of enzymic oxidation. 

 Fig. 3.7 represents the UV spectrum of EPI containing peroxidase soon after the addition of 

H2O2. Curves 1-10 were recorded at different time intervals after initiation of enzymic oxidation. A 

systematic decrease in absorbance at λmax = 285 nm and an increase in absorbance in the regions 

300-320 nm (curves 1-10, Fig. 3.7) are observed. The kinetics of decomposition of the UV-

absorbing intermediate generated during enzymatic oxidation was studied at different pH values by 

adding catalase (1 mg/mL) to terminate the oxidation. The changes in absorbance at selected 

wavelengths were monitored at different times. The absorbance vs. time plot exhibits an 

exponential decay, and the rate constants calculated from the linear plots of log (A − A∞) vs. time 

are presented in Table 3.1. Clearly, the rate constants of enzymic oxidation are similar to those 

observed during electrochemical oxidation. The identical spectral changes and rate constants 
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suggest that the same intermediate species is generated during enzymic and electrochemical 

oxidation to give the same product. Hence, it is concluded that the electrochemical and enzymatic 

oxidations of EPI proceed by identical mechanisms. 

 

Fig. 3.7 Spectral changes observed during the enzymatic oxidation of EPI at pH 7.2. Curves 

were recorded at an interval of 4 min after the initiation of oxidation by the addition of H2O2. 

Table 3.1 Observed k values for the decomposition of the UV–vis absorbing intermediate 

generated during electro-oxidation and enzymic oxidation of EPI. 

pH λmax / nM Rate/ k × 10
−3

 s
−1

 
a
 

Electrochemical Enzymatic 

4.9 310 0.6328 0.6297 

6.0 310 0.6462 0.6401 

7.2 310 0.6410 0.6521 

a
 
Average of at least three replicate determinations.

                

3.3.4 Product characterization 

For product identification, 15-20 mg of the compound (I) was exhaustively electrolyzed at 

pH 7.2 by applying a potential of ~ 50 mV more positive than the oxidation peak potential. The 

progress of the electrolysis was monitored by recording cyclic voltammograms and UV spectra at 

different time intervals. With progress of electrolysis colourless solution of EPI changed to dark 

brown and the oxidation peak in voltammetry disappeared at the end of electrolysis. 
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Fig. 3.8 
1
H NMR spectrum observed for the EPI (A) and its oxidation product (B) in D2O 

solvent. 
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Fig. 3.9 DEPT 135 spectrum observed for the EPI (A) and its oxidation product (B) in D2O 

solvent. 
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The 
1
H NMR of the product in D2O exhibited signals at 

1
H δH (500 MHz; D2O) 6.865 (1H, 

s), 6.784 (1H, s), 4.843 (1H, t), 3.261 (2H, d) and 2.685 (3H, s). The presence of two protons as 

singlets with high δH values indicate that the cyclization of EPI to epinephrinechrome has occurred 

(Fig 3.8). To reconfirm the characterization, DEPT 135 studies were also done. DEPT 135 of the 

product in D2O exhibited signals at 
13

C δH (500 MHz; D2O) 117.45 (C-H aromatic), 101.16 (C-H 

aromatic), 77.23 (C-H aliphatic), 58.36 (CH2 aliphatic), 41.71 (CH3 aliphatic). Due to the presence 

of two aromatic C-H in the product, it is concluded that EPI has been cyclized into 

epinephrinechrome (IV) (Fig. 3.9). The final product formed in enzymatic oxidation of EPI 

exhibited similar NMR and DEPT signals and was same as formed during electrochemical 

oxidation. 

The initial oxidation of EPI thus occurs in a 2e
−
, 2H

+
 reaction at hydroxyl groups to give 

corresponding o-quinone (II). The quinone (II) cyclizes to species (III) and the reversible couple 

observed is attributed to the formation of adrenochrome/ leucoadrenochrome couple (IV/III) in a 

2e
−
, 2H

+ 
process. The first order rate constant observed for the decay indicate the rate of 

cyclization. A tentative mechanism suggested for the electro-oxidation of EPI at pH 7.2 is shown 

in Scheme 3.1. 

 

Scheme 3.1 A tentative pathway suggested for the oxidation of EPI at pH 7.2. 
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3.4 CONCLUSION  

Table 3.2 A comparison of various electrodes used for the determination of epinephrine. 

S. 

No. 

Electrode used Detection 

limit (mol/L) 

Analytical range 

(mol/L) 

Reference 

1 Glassy carbon electrode modified 

with valine 

7.6×10
-7

 1.0×10
-5

-1.4×10
-4

 [33] 

2 CTAB modified carbon paste 

electrode 

7.2×10
–6

 0.01-0.27×10
–3 

                [34] 

3 White rot fungi cells based 

microbial biosensor 

1.04                                  5-100                                 [35] 

4 Glassy carbon electrode modified 

by electrodeposited films of caffeic 

acid 

6×10
-7

 2×10
-6

-3×10
-4

 [36] 

5 p-Tetra-butyl calix [6] arene-L- 

Histidine chemically modified 

electrode 

0.74×10
-7

                  1.0×10
–6

-1.3×10
–4                      

 [37] 

6 Over oxidized poly pyrrole/   

MWCNT modified glassy carbon 

40×10
-9

 1-8 and 10-100×10
-9

 [17] 

7 Ni macrocyclic complex modified 

glassy carbon 

1×10
-7    

 8×10
-7

-2×10
-4

 [38] 

8 MWCNT modified basal plane  

pyrolytic graphite             

2×10
-8                                 

 1×10
-8

-1×10
-6

                      [39] 

9 Edge plane pyrolytic graphite     17×10
-8                        

   25×10
-8

-20×10
-6      

   Present 

method 

It is believed that it would be difficult to identify and isolate the intermediates and products 

by direct investigations of enzyme-mediated oxidation of EPI.  However, a combination of 

electrochemical and spectral studies may lead to a full understanding of the enzymatic oxidation of 

catecholamines. A comparison of the electrochemical behaviour of EPI indicates that the cyclic 

voltammetric and spectral behaviour are essentially same in both the cases. The investigation 

clearly reveals that the electrochemical oxidation of EPI proceeds via a 4e
−
, 4H

+
 mechanism. The 
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formation of UV- absorbing intermediate at longer wavelength (290-360 nm) supports the view 

that species (II) is more conjugated than the starting molecule (I). The major product of oxidation 

has been characterized as epiadrenochrome (IV) by 
1
H and DEPT 135 NMR. 

The use of pyrolytic graphite electrode has been found to be satisfactory for the 

determination of EPI and the detection limit is found to be 17×10
-8

 M. A comparison of detection 

limit at other electrodes reported in recent literature is presented in Table 3.2 and indicates that the 

electrode is satisfactory for the determination of EPI and is better than several electrodes reported 

in last few years. In addition, the edge plane pyrolytic graphite electrode does not require any pre-

treatment and can be easily used as received. Thus, it can be concluded on the basis of these 

investigations that EPI is also oxidized in biosystems leading to the formation of products, which 

could serve as an important tool for the biochemists to deeply understand the medicinal 

applications of the products formed under oxidative conditions in the human physiology. Overall, 

mechanistic pathway of EPI can serve as a reasonable model to enlighten the complex biological 

reactions occurring at the enzyme-solution interface in the biosystem. 
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4.1 INTRODUCTION 

Purines are six-membered rings attached to five membered rings whose derivatives play an 

essential role in various biological processes. Adenine (6-aminopurine) (I), an organic base of the 

purine family is one of the most primal organic molecules for life as we know it today. Adenine is 

one of the five main nucleobases and is cardinal to the coding of genetic information within 

biological systems. It is believed to be the first nucleoside base to have been synthesized [1] and is 

considered as an essential component in biological molecules and polymers such as nucleic acids 

and coenzymes [2]. Adenine combines with the sugar ribose to form adenosine, which in turn can 

be bonded with one to three phosphoric acid units, yielding the three nucleotides adenosine 

monophosphate, adenosine diphosphate and adenosine triphosphate. These adenine derivatives 

perform important functions in oxidative phosphorylation and trans-membrane signaling processes, 

and as secondary substrate or modulator for other enzymatic processes [3]. The phosphate 

derivative of adenosine (9′-β-D-ribosidoadenine) is called as adenosine monophosphate, which is 

also known as adenylic acid. The most common isomer of adenosine monophosphate is adenosine-

5′-monophosphate (5′-AMP) (II) or „muscle adenylic acid‟ in which the phosphate group is 

attached to the fifth carbon of the ribose moiety. 5′-AMP is regarded as the parent compound of 

adenosine di- and tri-phosphate.  

 

Nucleic acid plays a crucial role in the storage of genetic information and protein 

biosynthesis. Determining adenine concentration in nucleic acids is important to the measurement 

of nucleic acid concentration itself. Indeed, the presence of adenine in physiological fluids, tissues, 

and cells is related to the catabolism of nucleic acids, enzymatic degradation of tissues, dietary 

habits, and various salvage pathways [4, 5]. Therefore, the quantitative determination of adenine is 

a challenging and important task owing to the fact that it can be an indicator of important 

information on certain disease [6] and genetic diagnosis [7]. Myocardial 5′-AMP catabolism in 

perfused guinea pig, rat and mouse has been reported by Headrick et al. [8]. 5′-AMP is also a 
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component of several important coenzymes and in addition plays a crucial role in the incorporation 

of amino acids into proteins. Haug et al. [9] have accounted changes in the concentration of 

adenosine nucleotides in the blood of the pulmonary artery before and after the administration of 

theophylline ethylenediamine. The effects of 5′-AMP on oxidative phosphorylation in the liver 

have also been analyzed by Rudichenko and Dumanskii [10]. Nucleotides of adenine are found in 

the skeletal muscle and an estimation of their contents in normal human skeletal muscle is also 

reported in the literature [11, 12].  

Simultaneous determination of adenine and 5′-AMP has great significance to bioscience 

and clinical diagnosis since both these compounds occur simultaneously in body fluids. 

Intracellular levels of adenine and 5′-AMP are important, because their altered concentration 

stimulate metabolic disorders in human system. The purine salvage enzyme, adenine 

phosphoribosyl-transferase (APRT) is the key enzyme that metamorphoses adenine into adenosine 

monophosphate [13, 14]. In patients with APRT deficiency, xanthine oxidase rapidly oxidizes 

accumulated adenine first into 8-hydroxyadenine and then into 2,8-dihydroxyadenine, which is 

then egested by the kidneys through tubular secretion and can lead to the formation of stones in 

urinary tract. The simultaneous determination of 5′-AMP and adenine is the subject of considerable 

interest, especially in human body fluids. Many chromatographic and electrochemical methods 

have been developed for detection and quantification of both compounds individually or with other 

compounds [15-22]. However, to the best of our knowledge, no attempt has been made for the 

simultaneous determination of these two compounds in biological fluids by voltammetry. The 

present study deals with the simultaneous determination of adenine and 5′-AMP employing SWV 

at SWNT modified EPPGE. The usefulness of carbon nanotubes (CNT) is due to their 

extraordinary mechanical and unique electrochemical properties, which have garnered much 

attention in the past few years. The CNT based electrodes are generally prepared by casting SWNT 

suspension on conventional electrode surface [23-25]. In the present study, SWNT modified 

EPPGE has been used for the simultaneous determination of adenine and 5′-AMP using SWV 

procedure. 

4.2 EXPERIMENTAL 

4.2.1 Apparatus and procedure 

The square wave voltammetric experiments were carried out using a three electrode single 

compartment cell furnished with SWNT modified pyrolytic graphite electrode as the working 
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electrode, platinum wire as the counter electrode and an Ag/AgCl (3 M NaCl) as reference 

electrode (BAS Model MF-2052 RB-5B) respectively. The pyrolytic graphite electrode practiced 

as the working electrode for the electrooxidation studies was prepared in the laboratory by the 

reported method [26]. Experiments were executed using a BAS CV-50W voltammetric analyzer 

(Bioanalytical Systems, West Lafayette, USA). All the potentials quoted are versus Ag/AgCl 

electrode at an ambient temperature of 25±2 °C. The pH measurements were performed using a 

Century India Ltd. Digital pH-meter (Model CP-901) after due standardization with 0.05 M 

potassium hydrogen phthalate (pH 4.0 at 25 °C) and 0.01M borax (pH 9.2 at 25 °C). Optimized 

square wave voltammetry parameters used were: initial E: 700 mV, final E: 1300 mV, square wave 

amplitude (Esw): 25 mV, potential step (E): 4 mV, square wave frequency (f): 15 Hz. Cyclic 

voltammograms were recorded in the sweep range of 10-1000 mVs
−1

 with initial sweep to positive 

potentials. The solutions were deoxygenated by bubbling high-purity nitrogen for 12-15 min 

before recording the cyclic voltammograms. Working solutions of adenine and 5′-AMP were 

prepared by adding required volumes of the respective stock solution (1 μM) to the phosphate 

buffer solution and then the voltammograms were recorded. A smaller sample amount (<0.5 ml) 

was required for the studies. Human blood and urine samples from healthy volunteers were 

obtained from the Indian Institute of Technology Hospital, Roorkee. The blood sample with EDTA 

as anticoagulant was centrifuged and the supernatant was taken for analysis. 

4.2.2 Reagents 

Adenine and 5′-AMP were incurred from Koch Light, U.K. and Sisco Research Laboratory, 

Mumbai respectively. They were utilized without further purification. SWNT of purity >98 % was 

purchased from Bucky, USA. All solvents and chemicals were of analytical grade. The studies 

were accomplished in the pH range of 2.4-11.0 using 1.0 M phosphate buffer solution prepared by 

mixing the stock solutions of Na2HPO4 and NaH2PO4, according to the method of Christian and 

Purdy [27]. All solutions were prepared in double distilled water. 

4.2.3 Preparation of SWNT modified electrode 

A 0.5 mgmL
−1

 suspension was prepared by dispersing 0.5 mg SWNT in 1.0 mL N,N-

dimethylformamide (DMF) by ultrasonic agitation. Prior to modification, the bare EPPGE was first 

deliberately scratched on an emery paper followed by washing with double distilled water. It was 

then touched gently with tissue paper. Eventually, the EPPGE surface was coated with a known 

volume (40 μL, optimized) of this suspension and permitted to dry at room temperature. This 
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amount has been found as the optimum amount on the basis of peak current studies. The working 

electrode surface with a well-coated layer of SWNT was then ready for use. The modified 

electrode surface was cleaned after each run by applying a potential of −200 mV for 60 s to 

remove the adsorbed analyte. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Cyclic voltammetry 

 

Fig. 4.1 Cyclic voltammogram obtained for 60 nM adenine and 5′-AMP at pH 7.2 at bare 

EPPGE (- - - - -) and SWNT modified EPPGE (—) at 20 mVs
−1

. 

The cyclic voltammograms were recorded for a mixture of 60 nM adenine and 5′-AMP at 

the bare and SWNT modified EPPGE in 1 M phosphate buffer solution at pH 7.2 as illustrated in 

Fig. 4.1. Well-defined oxidation peaks at ∼920 and ∼1210 mV were obtained for adenine and 5′-

AMP respectively at SWNT modified EPPGE, which shifted to more positive potentials with a 

marked decrease in peak current at the bare EPPGE. These results clearly reveal that SWNT acts 

as a very efficient promoter to enhance the kinetics of the electrochemical oxidation of both 

adenine and 5′-AMP. The absence of cathodic peaks in the reverse scan clearly indicated that the 

oxidation of both adenine and 5′-AMP at this particular voltammetric sensor is irreversible in 

nature. To ascertain the nature of electrode reaction, sweep rate studies were performed in the 

range of 10-1000 mVs
−1

. The peak current was found to increase with increasing sweep rates and 

the plot of ip/v
1/2

 versus log v clearly indicated that the electrode process is adsorption controlled 
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[28, 29]. As SWV is considered to be a more sensitive technique in comparison to cyclic 

voltammetry, hence it is used for the further determination of adenine and 5′-AMP. 

4.3.2 Square wave voltammetry 

Fig. 4.2 compares typical square wave voltammograms of 60 nM adenine and 5′-AMP in 

phosphate buffer solution at pH 7.2 recorded at two different working electrodes i.e., SWNT 

modified EPPGE and bare EPPGE. At bare EPPGE small peaks were observed at high potentials. 

Under identical conditions, well-defined oxidation peaks are observed at SWNT modified EPPGE, 

where the peak potential shifted negatively and the peak current increased remarkably. The 

significant enhancement in current response followed by a decrease in peak potential indicates that 

SWNT modified EPPGE acts as a promoter to enhance the electrochemical reaction and 

considerably accelerates the rate of electron transfer. It also indicates that the observed 

voltammetric response at the SWNT modified EPPGE is due to the presence of significant amount 

of metal impurities within the nanotubes [30, 31]. 

 

Fig. 4.2 Comparison of square-wave voltammograms of 60 nM adenine and 5′-AMP (pH 7.2) 

at SWNT modified EPPGE (—), bare EPPGE (- - -) and background phosphate buffer 

solution at pH 7.2 at SWNT modified EPPGE (. . . .). 

4.3.2.1 Electrochemical investigation of adenine 

The calibration curve for adenine was measured by using SWV mode and the plot of ip 

versus concentration (Fig. 4.3a) was linear in the range of 5-100 nM at pH 7.2. The dependence of 

peak current (after subtracting background current) can be represented by the equation: 
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ip (10
−5

 A) = 0.0677 C (nM) + 0.2517 

where C is the concentration of adenine having a sensitivity of 677 nAnM
−1

 and a correlation 

coefficient of 0.9979. This indicated that adenine can be safely estimated in the given 

concentration range. The detection limit of adenine was found to be 37×10
−10

 M. The effect of pH 

was studied on the peak potential (Ep) of oxidation peak of 20 nM adenine in the range of 2.4-11.0 

(Fig. 4.3b) at a square wave frequency of 15 Hz. The peak potential was found to be dependent on 

pH and shifted to less positive potentials with increasing pH. The linear dependence of the peak 

potential of oxidation peak of adenine on pH can be represented by the relation: 

Ep (pH 2.4-11.0) = (1245.2–59.12 pH) mV versus Ag/AgCl 

having correlation coefficient 0.991. The effect of SWV frequency on peak current and peak 

potential of adenine was studied in the range of 5-200 Hz. The peak current increases with an 

increase in SWV frequency (Fig. 4.3c) which suggests the adsorption nature of electrode process 

[32, 33]. The peak potential shifted to more positive values with increasing frequency and the plot 

of Ep versus log f was linear with a correlation coefficient of 0.992 (Fig. 4.3d) and this behavior 

suggested the nature of electrode reaction as irreversible in which electron transfer was coupled 

with a follow up chemical reaction [34]. The variation of Ep with log f can be expressed by the 

equation: 

Ep (mV) = 305.48 log f + 518.68 

4.3.2.2 Voltammetric determination of 5′-AMP 

 The voltammetric behavior of 5′-AMP was similarly studied at SWNT modified EPPGE. 

The peak current (ip) of the oxidation peak (after correction of background current) increased with 

the increase in concentration of 5′-AMP at pH 7.2 as depicted in Fig. 4.3a. The plot was linear in 

the range of 10-100 nM with a correlation coefficient of 0.9986. The linear regression equation is : 

ip (10
−5

 A) = 0.0476 C (nM) + 0.081 

where C is the concentration of 5′-AMP having a sensitivity of 476 nAnM
−1

. The detection limit of 

5′-AMP at pH 7.2 is calculated by using the formula 3σ/b, where σ is the standard deviation of the 

blank and b is the slope of the calibration curve and was found to be 76×10
−10

 M. The peak 

potential of 5′-AMP at modified electrode was dependent on pH and shifted to less positive 

potential with increase in pH (Fig. 4.3b). The dependence of Ep on pH can be expressed by the 

relation: 
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Ep (pH 2.4-11.0) = (1595.3 – 58.34 pH) mV versus Ag/AgCl 

with a correlation coefficient of 0.9873. The Ep of 5′-AMP was also dependent on the square wave 

frequency (f) and shifted towards more positive potential with increasing frequency (Fig. 3d). The 

nature of the plot of Ep versus log f is linear having a correlation coefficient of 0.9912 and is 

expressed by the relation: 

Ep (mV) = 226.16 log f + 880.7 

which suggests the nature of electrode reaction as irreversible in which electron transfer is coupled 

with a follow up chemical reaction [34]. It was found that the peak current increased linearly with 

an increase in the square wave frequency (Fig. 4.3c). The linear nature of these plots suggested 

that adsorption played a significant role in the electrode process [32, 33]. 
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Fig. 4.3 (a) Dependence of observed peak current (ip) against concentration of adenine (■) 

and 5′-AMP (▲) at SWNT modified EPPGE at pH 7.2. (b) Observed dependence of peak 

potential (Ep) on pH for 20 nM adenine (■) and 5′-AMP (▲) at SWNT modified EPPGE. (c) 

Linear dependence of peak current (ip) on square wave frequency for 20 nM adenine (■) and 

5′-AMP (▲) at pH 7.2 at SWNT modified EPPGE. (d) Ep versus log f plot observed for 20 

nM adenine (■) and 5′-AMP (▲) at SWNT modified edge plane pyrolytic graphite electrode 

at pH 7.2. 
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4.3.3 Simultaneous determination of adenine and 5′-AMP 

The main aim of present study is to investigate the electrochemical responses when 5′-

AMP and adenine co-exist using the SWNT modified EPPGE. Fig. 4.4a shows square wave 

voltammograms for different concentrations of 5′-AMP keeping the concentration of adenine 

constant (20 nM). It clearly depicts that 5′-AMP signal increases with increase in its concentration 

without affecting the adenine signal. Similarly, Fig. 4.4b shows square wave voltammograms 

obtained by varying the concentration of adenine keeping the concentration of 5′-AMP constant 

(20 nM). It was found that the voltammetric peak of 5′-AMP was unaltered and the peak current 

remained almost constant. The voltammetric signal of adenine increased with increase in its 

concentration. Individual voltammetric curves of adenine and 5′-AMP are identical to the 

voltammetric curves observed in the mixture of both the compounds. It was found that neither 

adenine nor 5′-AMP interfere with the oxidation signals of each other and thus, the proposed 

method can be successfully used for the simultaneous quantitative determination of adenine and 5′-

AMP. 

4.3.4 Stability and reproducibility of the modified electrode  

The long-term stability of the SWNT modified EPPGE was evaluated by measuring the 

voltammetric current response of fixed concentration of adenine (60 nM) and 5′-AMP (60 nM) 

after the modified electrode was stored for approximately 1 week. Only a minimal decrease of 

current sensitivity with a relative standard deviation (R.S.D.) of about 3.82 % for adenine and 4.45 

% for 5′-AMP was observed which can be attributed to the excellent stability of the modified 

electrode. The reproducibility of the modified electrode has also been investigated. The intra-day 

precision of the method was evaluated by repeating six experiments in the same solution 

containing 60 nM of adenine and 60 nM of 5′-AMP using the same SWNT modified EPPGE. The 

R.S.D. was found to be 0.74 % and 1.26 % for adenine and 5′-AMP, respectively, and hence 

indicated excellent reproducibility of the modified electrode. Further, inter-day precision was 

investigated by measuring the current response of the modified electrode for 6 consecutive days for 

the same concentration of adenine (60 nM) and 5′-AMP (60 nM) and the respective relative 

standard deviations were found to be 1.37 % and 2.43 %. Thus, it demonstrated the good 

reproducibility of the method at the SWNT modified EPPGE. 
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Fig.4.4 Square wave voltammograms of a mixture of adenine and 5′-AMP at SWNT modified 

EPPGE at pH 7.2. (a) Concentration of 5′AMP was changed (i) 10, (ii) 20, (iii) 40, (iv) 60, (v) 

80, and (vi) 100 nM keeping the concentration of adenine constant (20 nM). (b) 

Concentration of adenine was changed (i) 5, (ii) 10, (iii) 20, (iv) 40, (v) 60, (vi) 80, and (vii) 

100 nM keeping the concentration of 5′AMP constant (20 nM). 

4.3.5 Effect of the amount of SWNT 

The effect of different quantity of SWNT on the peak current response of adenine and 5′-

AMP was studied. Different volumes of the suspension prepared by dispersing SWNT in N,N-

dimethylformamide were casted on the electrode surface. It was observed that up to 40 μL there 

was an increase in the peak current response of both the compounds. At SWNT volume more than 
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40 μL, the peak current response of both the analytes became almost constant. Therefore, it can be 

stated that the optimum amount of SWNT required to catalyze the oxidation of these compounds is 

40 μL and is used in these studies. 

4.3.6 Effect of interferents 

Ascorbic acid, uric acid, xanthine and hypoxanthine are common biological metabolites 

present in living systems, which can interfere in the electrochemical studies of adenine and 5′-

AMP by influencing their peak potential and peak current response. The effect of these metabolites 

on the voltammetric peak response of 60 nM adenine and 60 nM 5′-AMP was studied. The 

tolerance limit was defined as the concentrations of foreign substances, which gave an error less 

than ±5.0 % in the detection of the compound. It was observed that up to 10-fold excess of each of 

the interferents there was no remarkable change in the peak current response. This indicates that 

the method can be safely applied to the determination of adenine and 5′-AMP in biological fluids. 

4.3.7 Real sample analysis 

4.3.7.1 Human blood plasma 

Table 4.1 Recovery data of adenine and 5′-AMP added to human blood plasma. 

Added 

(nM) 

Found (nM) Recovery (%) 

Adenine 5′-AMP Adenine 5′-AMP 

Sample 1     

30.0 30.14 30.29 100.47 100.97 

50.0 50.72 50.48 101.44 100.96 

70.0 69.89 69.72 99.84 99.60 

Sample 2     

30.0 29.76 29.68 99.20 98.93 

50.0 50.39 50.13 100.78 100.26 

70.0 70.87 71.07 101.24 101.53 

Sample 3     

30.0 31.15 30.57 103.83 101.90 

50.0 50.26 51.57 100.52 103.14 

70.0 69.79 68.76 99.7 98.23 

The R.S.D. value for determination was less than 2.1% for n=3. 
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The utilization of the SWNT modified EPPGE for the determination of adenine and 5′-

AMP in a real sample was tested by measuring their concentration in three human blood plasma 

samples. Purines present in the blood can pass through the cell membrane and enter the blood 

stream and thus can be measured in plasma. Literature survey reveals that adenine and 5′-AMP 

concentration in normal human blood plasma is very low. Hence, it was decided to detect the 

concentration of adenine and 5′-AMP in human blood plasma by standard addition method. The 

voltammograms in Fig. 4.5 depicts the peak at Ep ∼850 and ∼1165 mV thereby confirming that it 

corresponds to the oxidation of adenine and 5′-AMP respectively. The concentration of adenine 

and 5′-AMP in the plasma was calculated after spiking the samples with a measured amount of 

their standard solutions. The results obtained are presented in Table 4.1. The recoveries were 

found to be 99.20-103.83 % for adenine and 98.23-103.14 % for 5′-AMP. 

 

Fig. 4.5 Voltammograms observed for (a) normal human blood plasma (. . . . . .) and (b) 

blood plasma sample 1 spiked with adenine and 5′-AMP (—). 

4.3.7.2 Human urine 

The practical analytical application of the method was further established by the selective 

measurement of adenine and 5′-AMP in human urine without any preliminary treatment. Two 

human urine samples obtained from laboratory personnel were used for determination. Then, the 

samples were spiked with certain amounts of adenine and 5′-AMP subsequently followed by 

recording their square wave voltammograms. The results are summarized in Table 4.2. The 
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recovery rates ranged from 98.43 % to 103.04 % for adenine and 97.90 % to 103.93 % for 5′-

AMP, respectively. 

Table 4.2 Recovery data of adenine and 5′-AMP added to human urine samples. 

Added 

(nM) 

Found (nM) Recovery (%) 

Adenine 5′-AMP Adenine 5′-AMP 

Sample 1     

30.0 29.53 29.37 98.43 97.90 

50.0 51.17 51.84 102.34 103.68 

70.0 70.74 70.38 101.06 100.54 

Sample 2     

30.0 30.84 31.18 102.80 103.93 

50.0 51.52 51.21 103.04 102.42 

70.0 69.83 69.17 99.76 98.81 

The R.S.D. value for determination was less than 3.5% for n=3. 

4.4 CONCLUSIONS 

This work describes an extremely sensitive electroanalytical procedure for the simultaneous 

determination of adenine and 5′-AMP based on SWV utilizing SWNT modified EPPGE. The 

modified electrode not only shifted the peak potentials of the oxidation of adenine and 5′-AMP 

towards lower positive values but also increased the peak currents significantly in comparison to 

bare EPPGE. The electrocatalytic activity of SWNT has been assigned to the metallic impurities 

present within it in the recent times [30, 31]. The determination of adenine in presence of guanine 

or 2′-deoxyadenosine has also been carried out at C60 modified glassy carbon [35, 36]. The 

determination of purine free bases in acid hydrolyzed DNA has been reported at mechanically 

roughened pyrolytic graphite electrode [37]. In all these cases the peak potential of adenine was 

observed at 100-150 mV more positive potential than observed in the present studies. In addition, 

the peak observed is well-defined with much higher peak current (at least three times) at SWNT 

modified EPPGE. The detection limit reported earlier for adenine was in the range of 10-50 nM, 

whereas, in the proposed sensor the detection limit for adenine was found to be 3.7 nM. Thus, a 

comparison indicates that the detection limit for adenine is about two times lower, however, the 

peak with larger currents is observed at less positive potentials in the present case. 5′-AMP was 

also found to be oxidizable at pyrolytic graphite at ∼1.4 V at pH 7.2 and the peak was close to 
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background discharge [38], however at modified EPPGE, the Ep shifted to less positive potentials 

by ∼200 mV. As the adenine nucleotide 5′-AMP is much more difficult to oxidize in comparison 

to adenine, hence, no attempt has been made so far for the simultaneous determination of these two 

compounds. The SWNT modified EPPGE catalyzes the oxidation of these two purine derivatives 

and make their determination possible. 

The method is a promising alternative to the commonly reported chromatographic methods 

on account of its rapidity, good recovery, reliability and low detection limit. In contrast to other 

reported approaches, the present method requires less sample amount, financial input and permits 

the combined analysis of nucleotides and nucleobases. Thus, in the present study an 

electroanalytical approach for the simultaneous determination of adenine and 5′-AMP using 

SWNT modified EPPGE is reported. 
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5.1 INTRODUCTION 

Tryptophan (2-amino-3-(1H-indol-3-yl)-propionic acid), Trp (І) is an important and 

essential amino acid for humans and herbivores, and is also a potent precursor of several 

metabolites such as serotonin, melatonin and niacin [1]. It is an indispensable ingredient of various 

types of proteins, therefore, must be added in human nutrition for establishing and maintaining 

positive balance of nitrogen. The intake of Trp is necessary as food products and pharmaceutical 

preparations, since, it is not synthesized in our body [2]. It has been reported that improper 

metabolism of Trp produces a toxic product in brain which is the possible reason of hallucination, 

delusions and schizophrenia [3]. Literature survey reveals that Trp is the major constituent of drugs 

which are used for the treatment of various types of brain related disorders such as depression, 

schizophrenia and hypertension [3, 4]. The distribution of Trp content in human hair has been 

found to influence the hair pigmentation [5]. Recent reports have indicated that the concentration 

of Trp present in biological fluids is very low and its altered level causes metabolic disorders, 

therefore, the rapid and consistent determination of Trp in human body fluids and vegetable food 

products is of great significance in biochemical research and clinical purposes [6]. 

Several techniques have been used for the determination of Trp including high performance 

liquid chromatography [7-10], ion exchange chromatography [11], liquid chromatography with 

fluorescence detection [12, 13], thin layer chromatography with fluorescence detection [14], 

capillary electrophoresis [15, 16], fluorometry [17], chemiluminescence [18-20] and spectrometric 

techniques [21]. Most of these techniques require heavy and expensive instrumentation along with 

complicated, tedious and time consuming derivatization, sample preparation and extraction steps. 

In the last decade electroanalytical techniques have attracted considerable attention for the 

determination of biomolecules and drugs due to their simplicity, low cost, high sensitivity and 

rapidness. Several types of modified electrodes have also been used for the determination of Trp 

including haemin-modified glassy carbon electrode [22], glassy carbon electrode modified with 

butyrylcholine [2], nafion modified electrode [23], carbon paste electrode incorporating 1-[4-

(ferrocenyl ethynyl) phenyl]-1-ethanone (4FEPE) [24] and many more [25-33]. In recent years 

multi walled carbon nanotubes have attracted generous interest as electrode surface modifier due to 

their fascinating electronic, chemical and mechanical properties [34]. Further, the fuctionalization 

of CNTs improved their solubility in biological fluids as well as selectivity of binding to bio-

targets of interest [35]. Nanostructure network of nanoparticals have unusual charge/mass transport 

mechanisms which improved the charge and mass transfer [36]. Gold nanoparticles have been 
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found to enhance the electrode conductivity by facilitating electron transfer thus, improve the 

electrochemical sensitivity and selectivity [37].  

In this chapter, effect of surface modification of ITO by the use of multi walled carbon 

nanotubes (MWNT) and gold nanoparticles attached carboxylated multi walled carbon nanotubes 

(AuNP-MWNT) has been studied for the electrochemical oxidation of Trp. A detailed comparison 

for oxidation of tryptophan has been made for the electrochemical response at bare ITO, 

MWNT/ITO and AuNP-MWNT/ITO. It is expected that such imperative and fascinating 

comparison concerning the electro-catalytic activity of the combination of functionalized 

nanotubes with gold nanoparticles towards the oxidation of tryptophan will provide information 

about the catalytic activity of MWNT and gold nanoparticles. Good sensitivity, selectivity, 

reproducibility and stability of AuNP-MWNT/ITO make it attractive for further developments in 

the field of electrochemical sensors for monitoring similar type of biomolecules in human body 

fluids as well as in pharmaceutical formulations. 

5.2 EXPERIMENTAL 

5.2.1 Reagents 

Tryptophan was obtained from Loba Chemie, India. Indium tin oxide electrodes spurted 

glass sheets of size 10 mm×20 mm×1.1 mm and resistivity 30 Ω cm
−2

 were obtained from 

Geomatec, Japan. MWNT (purity > 98 %, outer diameter 10-15 nm and inner diameter 2-6 nm) 

and HAuCl4 were purchased from Aldrich (USA).  Ascorbic acid was purchased from Wako pure 

chemicals industries Ltd., Japan. All solutions were prepared in double distilled water. 

The urine samples of healthy volunteers were collected from laboratory personnel’s and plasma 

samples were obtained from the hospital of Indian Institute of Technology Roorkee, Roorkee after 

getting clearance from the ethics committee of the institute. 

5.2.2 Instrumentation 

BAS (Bioanalytical systems, West Lafayette, USA) CV-50W voltammetric analyzer was 

used for the voltammetric measurements. The voltammetric experiments were performed using 

three electrodes single compartment cell equipped with an ITO or MWNT/ITO or AuNP-

MWNT/ITO electrode as working, platinum wire as counter and Ag/AgCl (3 M NaCl) as reference 

electrode. Phosphate buffers solutions of pH range 2.4-10.0 (μ = 1.0 M) were prepared according 

to the reported method [38]. The pH of the buffer solutions was measured using Eutech 

Instruments pH 510, pH meter after standardization with 0.05 M potassium hydrogen 
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phthalate (pH 4.0 at 25 °C) and 0.01 M borax (pH 9.2 at 25 °C). The optimized square wave 

voltammetric (SWV) parameters used were: square wave amplitude (Esw): 25 mV; potential step 

(E): 4 mV; square wave frequency (f): 15 Hz. Cyclic voltammograms were recorded after bubbling 

high-purity nitrogen for 12-15 min. All potentials reported are with respect to Ag/AgCl (3 M 

NaCl) at an ambient temperature of 25±2 °C. The surface morphology of the bare and modified 

ITOs was characterized by recording FE-SEM using Quanta 200-F (FEI Company) FE-SEM 

instrument. 

 

     (I) 

5.2.3 Procedure 

The gold nanoparticles (AuNP) solution was prepared by reducing Au
3+

 ions to 

Au
0
 with ascorbic acid [39, 40]. For this purpose 50 mL of 2.2 mM aqueous ascorbic acid was 

added to 50 mL of 1.34 mM aqueous HAuCl4 under stirring. The change in solution colour from 

yellow to deep red indicated the formation of gold nanoparticles which was again confirmed by 

recording FE-SEM images. In order to make MWNT water soluble, carboxylation was carried out 

according to the reported method [41].  

In order to modify the bare surface of ITO, 100 μL of 1 mg/mL carboxylated MWNT (aq.) 

was dropped on the clean surface of ITO electrode (10 mm×10 mm×1.1 mm) and dried at 60 °C. 

In the second case, 100 μL solution of the AuNP prepared was dropped on the MWNT layered 

ITO, followed by drying at 60 °C. The electrodes were prepared by connecting with a thin strip of 

copper adhesive tape, and then casing with a scotch tape that is made to have a 2 mm-diameter 

hole on one side. The electrodes were then ready to use for voltammetric experiments. Typical FE-

SEM images of the bare and modified ITO electrodes are given in Fig. 5.1. The deposition of 

MWNT on ITO surface can be clearly seen as shown in Fig. 5.1 (a). Whereas in Fig. 5.1 (b) white 

crumb parts observed are gold nanoparticles and, on the backdrop, consistently formed MWNT 

layer are clearly observed on the surface of ITO. The bare ITO {Fig. 5.1 (c)} simply shows a 

smooth surface. 
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              (a)                                                    (b) 

 

(c) 

Fig. 5.1 Typical FE-SEM images observed for (a) MWNT/ITO, (b) AuNP-MWNT/ITO and 

(c) bare ITO surfaces. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Effect of modification on surface area 

The surface area of MWNT/ITO and AuNP-MWNT/ITO was calculated to determine the 

efficacy of surface modification. For this purpose, cyclic voltammograms were recorded for 1 mM 

K3Fe(CN)6 using 0.1 M KCl as the supporting electrolyte at different scan rates. A well-defined 

redox couple was observed at both the electrodes due to the presence of Fe
+3

/Fe
+2

. The peak 
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potentials of the redox couples were 265/190 and 237/183 mV at sweep rate of 50 mVs
−1

 using 

MWNT/ITO and AuNP-MWNT/ITO electrodes, respectively. Thus, the peak separation of anodic 

and cathodic peaks at AuNP-MWNT/ITO indicates the increased reversibility of the system over 

MWNT/ITO electrode. There was an enhancement in the peak current values at AuNP-

MWNT/ITO electrode in comparison to MWNT/ITO electrode. The surface areas of modified 

electrodes were found as 0.069 cm
2
 and 0.142 cm

2
, for MWNT/ITO and AuNP-MWNT/ITO 

respectively. As the effective surface area of bare ITO electrode was 0.0314 cm
2
 the effective 

surface area of the MWNT/ITO and AuNP-MWNT/ITO increased after surface modification. The 

effective surface area of AuNP-MWNT/ITO electrode is almost 2 times larger than that of 

MWNT/ITO and 4 times larger than bare ITO electrode, thereby, indicating that carboxylated 

MWNTs are helpful towards binding AuNPs on the MWNT layer at ITO surface. 

5.3.2 Comparison of modified ITOs 

 

Fig.  5.2 A comparison of square wave voltammograms of 55 µM Trp using (a) bare ITO (- - -

), (b) MWNT/ITO (−∙−∙−∙), (c) AuNP-MWNT/ITO (—) at pH 7.2. The background is shown 

by (….). 

The electrochemical behavior of tryptophan was studied by square wave voltammetry using 

bare ITO, MWNT/ITO and AuNP-MWNT/ITO in order to elucidate the effect of surface 

modification for Trp determination. Fig. 5.2 depicts the electrochemical response of 55 µM 

tryptophan under optimal parameters in phosphate buffer of pH 7.2 using above mentioned three 
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electrodes. A broad bump is observed at bare ITO having peak potential ~870 mV (curve a). At 

MWNT/ITO tryptophan the Ep shifted to ~760 mV (curve b), whereas, at AuNP-MWNT/ITO the 

Ep further shifted to ~669 mV (curve c) with enhancement in the peak current. A comparative 

study clearly indicates that a substantial decrease (~190 mV and ~100 mV) in peak potential of Trp 

oxidation is observed as compared to bare surface of ITO using AuNP-MWNT and MWNT 

coatings on ITO, respectively. A significant enhancement in the peak current is also observed for 

modified electrodes as compared to bare ITO electrode. The shift in peak potential to less positive 

potential and enhancement in peak current indicate that the composite film containing the 

combination of carbon nanotubes with gold nanoparticles exhibits efficient electrocatalysis 

towards Trp oxidation. Hence, AuNP-MWNT/ITO electrode has been used for further detailed 

studies for tryptophan determination. 

5.3.3 Cyclic voltammetry 

 

Fig. 5.3 Cyclic voltammograms obtained for blank phosphate buffers solutions (- - - -) and 55 

µM tryptophan at pH 7.2 using AuNP-MWNT/ITO (—) at 20 mVs
-1

. 

Cyclic voltammograms were recorded for blank phosphate buffer solution (pH 7.2) for 55 

µM Trp at AuNP-MWNT/ITO electrode as presented in Fig. 5.3. A well-defined single oxidation 

peak at ~729 mV was obtained using AuNP-MWNT/ITO. The absence of peaks in the reverse scan 

clearly indicated that the oxidation of tryptophan at this electrochemical sensor is irreversible in 
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nature. To ascertain the nature of the electrode reaction, sweep rate studies were performed in the 

range 10-1000 mVs
-1

. The peak current was found to increase with increasing sweep rates and the 

plot of ip/v
1/2

 versus log v clearly indicated that the electrode process is adsorption controlled [42, 

43]. As Trp is found to be oxidised at less positive potentials (~669 mV) with increased peak 

current using square wave voltammetric technique in comparison to cyclic voltammetry (~729 

mV), hence, square wave voltammetry was used for the determination of tryptophan in real 

samples. 

5.3.4 Electrochemical behavior of tryptophan 

 The influence of pH on the voltammetric oxidation of 90 µM tryptophan was determined 

by using square wave voltammetry at AuNP-MWNT/ITO in the pH range of 2.4-10.0. It was 

observed that peak potential (Ep) of Trp shifted towards less positive potentials with increase in the 

value of pH as illustrated in Fig. 5.4 (a). The plot obtained between peak potential and pH was 

linear and the dependence of Ep on pH can be represented by the relation: 

Ep = [1044 − 53.37 pH] mV versus Ag/AgCl 

having correlation coefficient of 0.997. The value of the slope of Ep versus pH curve was close to 

59 mV/pH and indicated that equal number of electrons and protons (2e
−
 and 2H

+
) were involved 

in the oxidation of Trp. A similar oxidation reaction of Trp has been reported in the literature [2].  

 

(a) 
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(b) 

 

(c) 

Fig. 5.4 (a) Dependence of observed peak potential (Ep) on pH, (b) Plot of ip versus frequency 

(f) and (c) dependence of Ep on logarithm of square wave frequency (log f) for 90 µM Trp 

using AuNP-MWNT/ITO. 

The influence of square wave frequency (f) on peak current and peak potential of 

tryptophan was examined at pH 7.2 using AuNP-MWNT/ITO. A linear relationship was observed 

between the oxidation peak current and square wave frequency having correlation coefficient of 

0.994 as shown in Fig. 5.4 (b), which indicated adsorption of tryptophan at the electrode surface 

[44, 45]. The dependence of peak current on square wave frequency using AuNP-MWNT film 

modified ITO can be expressed by the relation: 

  ip /µA = 0.591 f  (Hz) + 1.407                                                 
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having correlation coefficient 0.994. It was found that the peak potential also shifted linearly 

towards more positive potentials with increase in frequency. The Ep versus log f plot was found to 

be linear {Fig. 5.4 (c)} and the variation of Ep can be expressed by the equation: 

Ep /mV = 36.68 log f + 625.4                                                   

having correlation coefficient 0.993. These results are in agreement with the adsorption controlled 

irreversible electrochemical process [46] and also support the observations obtained from cyclic 

voltammetric studies. 

5.3.5 Detection limit and sensitivity 

To monitor the effect of surface modification of ITO, the variation of oxidation peak 

current with Trp concentration was studied using bare ITO, MWNT/ITO and AuNP-MWNT/ITO 

electrodes in order to compare vital analytical parameters including sensitivity and detection limit. 

Square wave voltammograms representing the systematic increase in oxidation peak current with 

increase in concentration in the range 0.5-90 µM using AuNP-MWNT/ITO at pH 7.2 are 

illustrated in Fig . 5.5. It was found that when the concentration (C) increases the oxidation peak 

current (ip) linearly increases at all the three electrodes. The linear calibration curves at all the three 

electrodes are depicted in Fig. 5.6. Linear dependence of peak current (after subtracting 

background current) on concentration can be expressed by the equations: 

ip /µA = 0.119 C (µM) + 0.268                       at AuNP-MWNT/ITO 

ip /µA = 0.058 C (µM) + 0.089                       at MWNT/ITO 

ip /µA = 0.005 C (µM) + 0.003                        at bare ITO 

having correlation coefficients 0.998, 0.998 and 0.997, respectively. The detection limit was 

calculated by using the relation 3σ/b, where σ is standard deviation of blank and b is the slope of 

calibration curve and found to be 0.025 μM, 0.054 μM and 0.30 µM for AuNP-MWNT/ITO, 

MWNT/ITO and bare ITO, respectively. Thus, it can be seen that surface modification of ITO by 

MWNT and AuNP-MWNT lowered the detection limit by ~6 times and ~12 times as compared to 

bare ITO. The observed sensitivities at AuNP-MWNT/ITO, MWNT/ITO and bare ITO are 0.12 

μA μM
-1

, 0.06 μA μM
-1 

and 0.005 μA μM
-1

, respectively. Therefore, it can be concluded that 

addition of AuNP to MWNT/ITO further enhance the oxidation of tryptophan in terms of 

imperative analytical parameters such as detection limit, sensitivity, peak potential and current.  

The robustness of the method was examined by the consistency of peak height and peak shape with 



Chapter 5 

130 

 

the deliberately small changes in the experimental parameter such as square wave frequency, 

square wave amplitude and pH. It is a measure of its capacity to retain unaffected by small, but 

deliberate variations in method parameters and provides an indication of its reliability during 

normal usage. These parameters were deliberately changed one at a time and the effect of these 

changes on the assay studies was carried out. It was found that such a variation did not cause 

change in peak current and peak shape and hence, the proposed procedure was considered robust. 

Owing to comparatively better electroanalytical performance at AuNP-MWNT/ITO it is decided to 

use this electrode for electroanalysis of tryptophan in biological samples. 

 

Fig. 5.5 Observed square wave voltammograms for (i) blank phosphate buffer solution 

(background) (…..) and (ii) increasing concentration of Trp [curves were recorded at (a) = 5; 

(b) = 10; (c) = 20; (d) = 40; (e) = 55; (f) = 70 and (g) 90 µM concentration] using AuNP-

MWNT/ITO in phosphate buffers solutions of pH 7.2. 

5.3.6 Real sample analysis using AuNP-MWNT/ITO         

In order to establish the analytical utility of the proposed sensor, attempts have been made 

to determine tryptophan in urine and blood plasma samples by using standard addition method. 

Blood plasma samples were ultra-centrifuged at a speed of 1000 rpm for 5 min. and supernatant 

blood plasma was used for the determination of tryptophan. Urine and blood samples were diluted 

2 and 4 times, respectively with phosphate buffer solution of pH 7.2 prior to analysis. Three human 

plasma and urine samples obtained from healthy volunteers were spiked with known amounts of 

standard Trp ranging from 10 to 50 µM, followed by recording their square wave voltammograms. 
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In all the cases well-defined peak was observed with Ep ~669 mV corresponding to the oxidation 

of tryptophan. The concentration of Trp was calculated using calibration plot for AuNP-

MWNT/ITO and the results observed are listed in Table 5.1. The recoveries varied in the range 

from 97.6 % to 101.6 % in the case of urine and from 96.6 % to 103.3 % in the case of plasma. The 

recovery data lie in the acceptable range and hence, the proposed sensor can be utilized 

successfully for the determination of Trp in human body fluids with adequate accuracy. 

 

Fig. 5.6 Calibration plots observed for Trp using bare ITO (▲), MWNT/ITO (■) and AuNP-

MWNT/ITO ( ) at pH 7.2. 

5.3.7 Stability and reproducibility of electrode 

The stability of AuNP-MWNT/ITO electrode was evaluated by measuring the 

voltammetric current response of constant tryptophan concentration (20 µM) over a period of 8 

days. The electrode was used day by day and stored in air at room temperature. It was observed 

that during first 5 days the current response had almost remain unchanged and in the next 3 days 

the current sensitivity decreased about 2.62 % of its initial value. These results suggest that the 

modified electrode possesses adequate stability for Trp determination. To characterize the 

reproducibility of AuNP-MWNT/ITO electrode, successive voltammetric measurements of 20 µM 

Trp were carried out at pH 7.2. The results of eight repetitive measurements showed relative 

standard deviation (R.S.D.) of 1.96 % and 2.19 % for intra-day and inter-day precision, 

respectively, which confirmed the excellent reproducibility of the method using AuNP-

MWNT/ITO electrode. 
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Table 5.1 Recovery results obtained for tryptophan in human urine and plasma samples at 

AuNP-MWNT/ITO. 

Spiked 

(µM) 

Urine* Plasma* 

Detected (µM) Recovery (%)      Detected (µM) Recovery (%) 

Sample 1     

10.0 10.16 101.60 9.86 98.60 

30.0 29.85 99.50 30.26 100.87 

50.0 49.50 99.00 50.00 100.00 

Sample 2     

10.0 10.00 100.00 9.76 97.60 

30.0 30.09                     100.30                   30.16                          100.53 

50.0 49.92                      99.84                    51.09                          102.18 

Sample 3     

10.0 9.76                        97.60                    9.66                            96.60 

30.0 30.34                     101.13                   30.96                          103.20 

50.0 50.60                     101.20                   51.64                          103.28 

* The R.S.D value was < 2.3 % for urine and < 1.9 % for plasma for n = 3. 

5.3.8 Selectivity of the method 

 Tryptophan often exists together with high concentration of electroactive biomolecules like 

uric acid and ascorbic acid in natural environments that can interfere with each other. Hence, in 

order to examine the selectivity of AuNP-MWNT/ITO, influence of major interferents such as uric 

acid, ascorbic acid and dopamine was evaluated. For this purpose square wave voltammograms of 

a solution having mixture of standard ascorbic acid, dopamine, uric acid and Trp were recorded at 

pH 7.2 using AuNP-MWNT/ITO. It was found that well-separated peaks at ~50, ~150, ~300 and 

~669 mV were observed corresponding to the oxidation of ascorbic acid, dopamine, uric acid and 

Trp, respectively. In order to further confirm the selectivity of modified sensor concentration of 

each interfering substance increased from 5 to 1000 fold by keeping the tryptophan concentration 

constant. The experimental results show that no substantial changes in peak current response of 

Trp were observed for entire concentration range. Therefore, it is concluded that AuNP-

MWNT/ITO can be securely used for the determination of tryptophan in biological samples even 

in complex media. 
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5.4 CONCLUSIONS 

Table 5.2 A comparison of voltammetric response of AuNP-MWNT/ITO with previously 

reported electrodes for the determination of tryptophan. 

S. No. Electrode Linear range (μM) Detection limit (μM) Ref. No. 

1 GCE/Nafion/TiO2 5-140 0.70 25 

2 GNP/CILE 5-900 4.0 26 

3 PGA/CNTPE 0.05-100 0.01 27 

4 Macrocyclic/CPE 1.96-1000 0.098 28 

5 CILE 8-1000 4.80 29 

6 CNF-CPE 0.10-119 0.10 30 

7 Au-NPs/GCE 0.09-50 0.08 31 

8 AuNP/CNT/GCE 0.03-2.5 0.010 32 

9 4-ABA/GCE 1-100 0.20 33 

10 AuNP-MWNT/ITO 0.5-90.0 0.025 Proposed 

method 

CPE- Carbon paste electrode, CILE- carbon ionic liquid electrode.  

It has been unfold that AuNP-MWNT/ITO shows an appealing voltammetric performance 

in comparison to bare ITO and MWNT/ITO electrodes due to its high current sensitivity and low 

detection limit towards tryptophan. The oxidation peak current of Trp was found to increase 

significantly alongwith a substantial shift in peak potential towards less positive potential by using 

AuNP-MWNT/ITO in comparison to bare ITO and MWNT/ITO electrodes. The origin of 

electrocatalytic properties of nanotubes has been assigned to the embedded metal impurities in 

CNT samples and edge-plane-like defects which are present at the open ends of nanotubes [47, 

48]. Further, gold nanoparticles seems to increase the electrocatalytic activity of MWNT modified 

electrode due to their superhydrophobicity, high specific surface area and surface enhanced Raman 

scattering [49]. Carboxylated MWNTs are helpful towards binding AuNPs on the MWNT layer at 

ITO surface. Thus, the electrocatalytic activity was found to be extensively increased by using the 

noble combination of gold nanoparticles with carbon nanotubes. To further evaluate the 

performance of the AuNP-MWNT/ITO sensor towards Trp determination. A comparison of 

detection limit and calibration range reported in the last few years for Trp is presented in Table 

5.2. It can be seen that the detection limit of the proposed sensor is better than several papers 
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reported in last few years and is comparable with others. The proposed sensor has also been 

utilized for the electrochemical determination of Trp in human blood plasma and urine samples 

with reproducible results. 
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6.1 INTRODUCTION 

Multidrug pharmaceutical preparations for the remedy of pains of weaker genesis have 

attracted considerable attention in the last few years [1]. A common combination of paracetamol 

(PAR) (I), aspirin (ASA) (II) and caffeine (CF) (III) is in market for several years for pain as an 

over-the-counter medicine. This combination of analgesics has been found to exhibit a positive 

benefit to risk ratio and has been considered safe for self-medication for the relief from different 

kinds of pain [2, 3]. The clinical studies on combination analgesics have revealed that they show a 

broader spectrum of analgesic action because of different modes of action of individual 

components [1]. The synergistic effects of ASA, PAR and CF have been studied on the inhibition 

of PGE2 synthesis in microglial cells to explain the effect [4]. The combination of ASA, PAR and 

CF has also been recommended by US Headache Consortium and German Migraine and Headache 

Society for the treatment of migraine under self-medication [5, 6].  A comparison of combination 

of ASA, PAR and CF with sumatriptan, a leading prescription for migraine, in a clinical study has 

indicated the combination as more effective [7]. However, the overdoses of these compounds have 

been found to induce variety of effects. ASA overdose causes acute liver failure, sepsis, and 

hypotension [8], PAR poisoning is common in pediatrics [9] and CF overdose has been found to 

cause arrhythmia, tachycardia, coma and even death [10]. Owing to common use, misuse and 

important effects of these drugs in human system variety of analytical methods have been used for 

the determination of these compounds individually as well as simultaneously. The most common 

methods include spectrophotometric methods, chromatographic methods and solid phase molecular 

fluorescence analysis [11-14]. These methods are adequate in terms of their accuracy, but are 

usually very expensive; more complex and a long time is required for derivatization, extraction and 

purification of the species prior to their determination. Electrochemical techniques have also been 

implemented for the individual estimation of PAR [15-19], ASA [20-22] and CF [23-27] at variety 

of electrodes. However, only a single attempt has been made for their simultaneous determination 

using less sensitive electrode [28]. Thus, the development of a fast, sensitive and reliable method 

for the simultaneous monitoring of the trace quantities of these compounds in human body fluids 

and pharmaceutical preparations is still highly needed. The aim of this study was to develop a 

voltammetric sensor for simple and rapid analysis of PAR, ASA and CF in human urine samples. 

In this chapter, simultaneous determination of ASA, PAR and CF has been carried out 

using square wave voltammetry (SWV) that offers the advantage of great sensitivity. The 

technique has been proved to be highly sensitive for the analysis of organic molecules including 
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drugs owing to its simplicity, low cost and relatively short analysis time as compared to the other 

routine analytical techniques including chromatography. The determination has been carried out 

using poly-1,5-diaminonapthalene (p-DAN) modified pyrolytic graphite sensor (MPGS).  

Conductive polymers have acquired much attention due to their potential applications to battery 

electrodes, electrochromic devices, electroluminescent devices, and biological sensors [29]. Of 

these, aromatic compounds possessing two amine groups have been studied for polymer film-

coated electrodes [30-33]. Among them, p-DAN has shown incredible interest due to its 

fascinating properties. Recently, p-DAN and p-DAN-nanofibers have been used for electrode 

fabrication and successfully showed a great potential for sensor applications [34-35]. Therefore, 

the aim of the present work is simultaneous determination of all the three compounds in human 

urine and pharmaceutical samples using MPGS. As edge plane has been found to be a better 

substrate for modification in comparison to basal plane and other conventional electrodes like 

glassy carbon due to its strong adsorption property and wide potential window [36-38], hence the 

p-DAN was deposited at the edge plane surface of pyrolytic graphite. The electron transfer rate 

constants for a large variety of redox couples at edge surface have been found to be nearly 

thousand times faster than other conventional electrodes [39]. A comparison of the bare and p-

DAN modified graphite sensor indicated that MPGS is more sensitive towards the determination of 

these compounds.     
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6.2 EXPERIMENTAL 

6.2.1 Reagents and apparatus 

ASA was obtained from Sigma-Aldrich, USA and CF was purchased from the Adams 

Chemical Company, USA. PAR was received as a gift from Sri Krishna Pharmaceuticals Ltd., 

Hyderabad. The plane pyrolytic graphite pieces (2x2x6 mm
3
) were obtained from Pfizer Inc., New 

York, USA and electrode was prepared according to the reported procedure [40]. 1,5-

diaminonapthalene (1,5-DAN) (IV) was purchased from Sigma-Aldrich. Perchloric acid (HClO4) 

was acquired from Rankem chemicals. Ajubi (Technopharm Pvt. Ltd., Haridwar, Uttrakhand), 

Anacin (Wyeth Consumer Healthcare Division, Bandra, Mumbai), Cozy-Plus (Ind-Swift limited, 

Solan, H.P.), Ecosprin-75 (USV limited, Govand, Mumbai) were obtained from the local market of 

Roorkee. Phosphate buffers in the pH range 2.4-11.0, (μ = 1.0 M) were prepared according to the 

method of Christian and Purdy [41]. The voltammetric experiments were carried out using BAS 

CV-50W voltammetric analyzer (Bioanalytical Systems, West Lafayette, USA) equipped with 

single compartment glass cell having three electrodes. An Ag/AgCl (3 M NaCl) was used as 

reference electrode (BAS Model MF-2052 RB-5B), Pt wire as counter electrode and bare or 

MPGS as working electrodes. The pH of the buffer solutions was measured by using Century India 

Ltd., digital pH meter (Model CP-901). 

6.2.2 Procedure 

Stock solutions of ASA, PAR and CF (1 mM) were prepared by dissolving the required 

amount in double distilled water. The required volume of the stock solution was added, using 

micro pipette, to electrolytic cell containing 2 mL of phosphate buffer and the total volume was 

made 4 mL with double distilled water. Voltammograms were then recorded using voltammetric 

analyzer under optimized parameters. The optimized parameters used throughout the experiment 

using SWV were: initial (E): 200 mV, final (E): 1800 mV, step (E): 4 mV, square wave amplitude 

(Esw): 25 mV, square wave frequency (f): 15 Hz. Cyclic voltammograms were recorded in the 

sweep range 10-1000 mVs
−1

 with initial sweep to positive potentials. Cyclic voltammograms were 

recorded after deaeration of solutions by bubbling of high-purity nitrogen for 12-15 min. All the 

potentials reported are with respect to Ag/AgCl electrode at an ambient temperature of 25±2 °C. 
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6.2.3 Fabrication of p-DAN on edge surface of pyrolytic graphite 

Prior to modification the surface of pyrolytic graphite was rubbed on an emery paper (P-

400) then washed thoroughly with double distilled water and dried. p-DAN film was grown on the 

surface (area = 3 mm
2
) in 1 M HClO4 containing 10 mM 1,5-DAN. Electropolymerization was 

carried out potentiodynamically (by cyclic scanning of the potential between −0.1 and + 1.0 V vs. 

Ag/AgCl reference electrode) at scan rate of 100 mVs
-1

 for 20 scans as reported in literature [42, 

43]. After the stable polymer film was prepared on the electrode, it was rinsed with distilled water 

carefully in order to remove soluble products as well as monomer of 1,5-DAN before it was 

subjected to further experiments. 

Electrochemical response of polymer film was examined by comparing the surface area of 

bare and MPGS. For this purpose cyclic voltammograms of 1 mM K3[Fe(CN)6] were recorded at 

different scan rates using 0.1 M KCl as supporting electrolyte. The surface area was calculated 

from the slopes of ip versus v
1/2 

plots using Randles-Sevcik equation and found as 0.069 and 0.318 

cm
2
 for bare and MPGS, respectively. 

6.2.4 Analysis of real samples  

Urine sample of healthy volunteer received from the laboratory personnel was used as 

control. The human urine samples of patients undergoing treatment with Ajubi (480 mg tablet 

three times a day) containing PAR (300 mg), ASA (150 mg) and CF (30 mg) were collected after 

4h of oral administration of the first tablet each day from the hospital of Indian Institute of 

Technology, Roorkee. The samples were collected after 1, 2 and 3 days of treatment. In order to 

minimize the matrix complexity urine samples were diluted ten times with phosphate buffer of pH 

7.2 prior to recording voltammograms. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Cyclic voltammetry 

Initially, electrochemical response of a solution having 5 nM of each ASA, PAR and CF 

was recorded at a sweep rate of 50 mV/s using bare and MPGS by cyclic voltammetry. At bare 

electrode, three anodic peaks were obtained at ~530, 1318 and 1450 mV corresponding to the 

oxidation of ASA, PAR and CF respectively. In the reverse sweep a peak at ~476 mV which 

formed a quasi reversible couple with peak at 520 mV was also observed. At MPGS, three anodic 

peaks were obtained at ~520, 1310 and 1440 mV (Fig. 6.1) corresponding to the oxidation of PAR, 

ASA and CF respectively. In the reverse sweep a peak at 470 mV which formed a quasi reversible 
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couple with peak at 520 mV. However, the peak currents at MPGS were nearly two times larger in 

comparison to bare sensor for all the three compounds. To ascertain the nature of electrode 

reaction, sweep rate studies were performed in the range 10-300 mVs
−1

. The peak current of ASA, 

PAR and CF was found to increase with increasing sweep rates at bare as well as at MPGS. The 

plots of ip/v
1/2 

versus log v for all the three compounds were linear (Fig. 6.2) and clearly indicated 

that the electrode process of these compounds involves adsorption complications at these 

electrodes [44, 45].  

As SWV is more sensitive technique with well-established advantages such as 

discrimination against background current, low detection limit, hence, further study for the 

analysis of ASA, PAR and CF was carried out by using this technique. 

 

Fig. 6.1 Cyclic voltammogram of homogeneous solution of equal concentration (5 nM) of 

each PAR, ASA and CF in phosphate buffer of pH 7.2 using MPGS (—) at scan rate of 50 

mV/s and dotted CV (. . .) is the response of MPGS in phosphate buffer. 

6.3.2 Square wave voltammetry 

Initially, square wave voltammograms were recorded for a ternary mixture of ASA, PAR 

and CF at bare pyrolytic graphite and MPGS in phosphate buffer solution of pH 7.2 using the 

optimized parameters of SWV as shown in Fig. 6.3 At both the sensors, three well-defined peaks 

were observed corresponding to the oxidation of ASA, PAR and CF. The shape of peaks at 

unmodified sensor was rather broad and peak potentials were slightly more positive as compared to 

MPGS. However, the three well-separated peaks with shift of peak potential towards less positive 
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potential with a significant enhancement in peak current at MPGS clearly revealed that the 

proposed voltammetric sensor acts as a very efficient promoter to enhance the kinetics of the 

electrochemical process as compared to unmodified surface. Hence, MPGS has been utilized for 

further detailed studies. 

 

Fig. 6.2 Observed dependence of ip/√v on log v for 0.5 µM PAR (■), ASA (●) and CF (▲) at 

pH 7.2 using MPGS. 

 

Fig. 6.3 Square wave voltammograms of homogeneous solution of equal concentration of 

each PAR, ASA and CF (120 nM) using (a) bare (----) and (b) MPGS (—) at pH 7.2, and 

(−·−·−·) line is the response of MPGS in phosphate buffer of pH 7.2. 
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6.3.3 Electrochemical behavior of ASA, PAR and CF 

6.3.3.1 Effect of pH  

The effect of pH on oxidation potential of ASA, PAR and CF was evaluated in the pH 

range of 4.3-10.9 at MPGS. It was observed that peak potential of all the three compounds shifted 

to less positive potential with increase in pH. The Ep versus pH plots is linear and dependence of 

anodic peak potential of all three analytes on the pH of supporting electrolyte can be presented by 

the equations: 

Ep/mV = [1287 – 28.97 pH] versus Ag/AgCl                  for ASA 

Ep/mV = [871 – 59.73 pH] versus Ag/AgCl                    for PAR 

Ep/mV = [1773 – 59.21 pH] versus Ag/AgCl                  for CF 

for ASA, PAR and CF respectively having correlation coefficients 0.990, 0.994 and 0.998. The 

value of dEp/dpH ~30 mV/pH for ASA indicates that number of protons involved in oxidation are 

one half of the electrons, whereas, the value close to 60 mV/pH in PAR and CF suggests that equal 

number of protons and electrons are involved in the electrode reactions as reported earlier [46]. A 

comparison of slope and intercept of Ep vs. pH curves for ASA, PAR and CF at bare sensor 

indicated that the values of slope were practically similar to MPGS; however, the intercepts were 

1290, 867 and 1808 respectively.  

6.3.3.2 Effect of square wave frequency 

The variation of square wave frequency (f) with peak current (Ip) of ASA, PAR and CF was 

studied in the frequency range of 5-100 Hz at pH 7.2. The peak current (Ip) of 5 nM ASA, PAR 

and CF shows a linear increase with square wave frequency suggesting thereby, that electrode 

reaction for all three compounds is adsorption controlled [45, 47] which also supported the 

inferences obtained from cyclic voltammetry studies. Linear relations between Ip and f
 
for all three 

compounds can be expressed by the following equations: 

Ip/µA = 0.335 f + 0.110                                         for ASA 

Ip/µA = 0.348 f + 0.077                                         for PAR 

Ip/µA = 0.281 f + 1.679                                         for CF 

with correlation coefficient of 0.995, 0.990 and 0.989 for ASA, PAR and CF, respectively. 



Chapter 6 

148 

 

6.3.3.3 Effect of concentration 

 

Fig. 6.4 Calibration plots observed for (A) ASA, (B) PAR and (C) CF using MPGS at pH 7.2. 

Square wave voltammogram were recorded for various concentrations of ASA, PAR and 

CF in phosphate buffer solutions of pH 7.2 when present together at MPGS. The concentration of 

only one component was varied at a time keeping the other two fixed. It was observed that with 

increase in the concentration of these compounds, oxidation peak current increased. The peak 

current versus concentration plots showed a good linearity for ASA, PAR and CF in the 

concentration range 0.1-120 nM as depicted in Fig. 6.4. Current values were obtained by 

subtracting the background current of buffer solution and average of three replicate measurements 



                                                                                         Determination of Paracetamol, Aspirin and Caffeine                                               
                                            

149 

 

was used to plot calibration curves. Linear regression equations for calibration plots can be 

represented as: 

Ip/µA = 0.323 C [nM] + 4.007                             for ASA   

Ip/µA = 0.357 C [nM] + 4.540                             for PAR                                      

Ip/µA = 0.354 C [nM] + 4.601                             for CF 

with a correlation coefficients of 0.991, 0.986 and 0.992 for ASA, PAR and CF respectively. The 

limits of detection were calculated by using the formula 3σ/b, where σ is the standard deviation of 

blank solution and b is the slope of calibration curves and were found to be, 0.93×10
−10

, 0.57×10
−10 

and 0.64×10
−10 

M for ASA, PAR and CF, respectively. The sensitivities of ASA, PAR and CF 

determination were calculated as 0.323, 0.357 and 0.354
 
µA nM

-1
 respectively.  

6.3.3.4 Simultaneous determination of ASA, PAR and CF 

 

Fig. 6.6 Square wave voltammograms obtained at MPGS for a mixture of PAR, ASA and CF 

at equal concentrations: a = 0.1, b = 5, c = 15, d = 30, e = 60, f = 90, g = 120 nM. 

Square wave voltammograms are recorded at MPGS to evaluate the electrochemical 

response of different concentration of ASA, PAR and CF when present in the same solution. For 

this, in the first set of experiments, the concentrations of two compounds were increased 

simultaneously while keeping the concentration of the third one constant (Fig. 6.5A-6.5C). It was 

observed that the oxidation peak current for the two compounds systematically increased, whereas, 
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the oxidation current of the third compound remained constant. The plot of concentration versus 

peak current was linear and follows the same relation as observed for variation of single compound 

(Fig. 6.4). For the second case, the concentration of all the three compounds was varied 

simultaneously (Fig. 6.6) and square wave voltammograms were recorded. Three separate peaks 

for ASA, PAR and CF oxidation were observed without interfering each other. It was found that 

when concentrations of all three compounds increased simultaneously the peak current of the three 

components increased. The increase in peak current followed the same linear relation as observed 

during individual variation of ASA, PAR and CF. Thus, it can be concluded that the proposed 

MPG sensor can be successfully applied for the simultaneous determination of ASA, PAR and CF 

in real samples. 

6.3.3.5 Reproducibility and stability of MPGS 

The reproducibility of the modified sensor has been evaluated by repetitive determinations 

of ternary mixture of ASA, PAR and CF (30 nM each) at pH 7.2. The results of six replicate 

measurements showed a relative standard deviation (R.S.D.) of 2.12 % indicating that the results 

are reproducible. Further, inter-day precision was examined by measuring the current response of 

the modified sensor for six consecutive days for the same 30 nM concentration of ASA, PAR and 

CF and the R.S.D. was found to be 3.12 %. To confirm the reproducibility of the results further, 

four different modified sensors with approximately same exposed surface area were independently 

constructed. They showed an acceptable reproducibility with a R.S.D. of 1.47 % for 30 nM of 

ASA, PAR and CF.  

To characterize the stability of the MPGS, the voltammetric current response of fixed 

concentration of 30 nM of ASA, PAR and CF was measured after the modified sensor was stored 

over a period of 10 days. The sensor was used daily and stored in air. Only a minimal decrease of 

current sensitivity with a R.S.D. of about 3.52 % was observed which can be attributed to the 

excellent stability of the modified sensor. Thus, the MPGS exhibit good stability and 

reproducibility for the simultaneous determination of ASA, PAR and CF. 
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Fig. 6.5 Square wave voltammograms observed for different concentrations of (A) ASA and 

PAR at a fixed concentration of CF = 15 nM (B) CF and ASA at a constant concentration of 

PAR= 15 nM (C) CF & PAR at a constant concentration of ASA = 15 nM. The phosphate 

buffer (background) is shown by (. . .) and concentrations of two compounds were: a = 0.1, b 

= 5, c = 15, d = 30, e = 60, f = 90, g = 120 nM. 

6.3.3.6 Effect of interferents 

Ascorbic acid, uric acid, dopamine and xanthine are common biological metabolites 

present in living systems which can intervene in the electrochemical studies of PAR, ASA and CF 
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by influencing their peak potential and peak current response. The effect of these metabolites on 

the voltammetric peak response of 30 nM each of ASA, PAR and CF was studied at MPGS. It was 

observed that dopamine and ascorbic acid oxidized below +0.2 V vs. Ag/AgCl and did not affect 

the peak current of PAR even at 5 mM concentration. Uric acid (+0.28 V vs. Ag/AgCl) and 

xanthine (+0.82 V vs. Ag/AgCl) did not interfere in the determination up to 1 mM concentration. 

As concentration of ascorbic acid and uric acid in human urine is ~1 mM, whereas, dopamine and 

xanthine is in µM range, hence, these compounds do not interfere in the determination. The 

tolerance limit was defined as the concentrations of foreign substances, which gave an error less 

than ±5.0 % in the detection of the drugs. It was observed that each of the interferents do not affect 

the peak current response of ASA, PAR and CF by more than ±3.5 %. Thus, the method can be 

safely applied to the determination of ASA, PAR and CF in biological fluids. 

6.3.4 Analytical applicability 

6.3.4.1 Analysis of pharmaceutical preparations 

Table 6.1 Determination of PAR, ASA and CF in pharmaceutical tablets using MPGS. 

                           Stated content (mg)              Detected content* (mg)                     Error (%)** 

Sample             PAR       ASA        CF          PAR         ASA          CF          PAR       ASA        CF 

Ajubi               150          300         30         148.45      294.84      29.24       -1.03      -1.72       -2.53 

Anacin             500                     30         492.32                   29.51       -1.54                  -1.63 

Cozy-Plus        500                     30         489.57                   29.63       -2.09                  -1.23 

Ecosprin-75                  75                                  73.94                             -1.41           

* the RSD  value for determination was less than 2.6 % for n=3.
 

** Error (%) =[detected content – stated content]/stated content×100 

In order to assess the pertinence of the proposed method, different commercial samples in 

combination or in pure form containing ASA, PAR and CF were analyzed. The tablets were 

powdered and dissolved in 50 ml distilled water. The medicinal samples were further diluted so 

that the concentration of ASA, PAR and CF reached in the working range. Pursuing the proposed 

method the concentration of ASA, PAR and CF in the various pharmaceutical preparations were 

ascertained by recording voltammograms and the peak current measurement. Results summarized 

in Table 6.1 show that the content for all the examined tablets falls within the labelled value 

suggesting the good agreement with the proposed voltammetric method. 
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6.3.4.2 Analysis in human urine samples 

Table 6.2 Simultaneous determination of PAR, ASA and CF in urine samples of patients   

treated with tablet Ajubi using MPGS after one day of treatment. 

   

    Added           Paracetamol (µM)                    Aspirin (µM)                         Caffeine (µM)       

     (µM)     Found
 a
  Actual  Recovery      Found

 a
  Actual  Recovery     Found

 a
  Actual  Recovery     

                                                    (%)                                          (%)                                         (%)       

 Sample 1 

   0.00         1.10       1.10                       0.31       0.31                       0.57      0.57              

   0.30         1.45       1.15      103.57          0.63       0.33      103.27          0.86      0.53        98.85 

   0.60         1.71       1.11      100.58          0.92       0.32      101.09          1.15      0.55        98.29    

 Sample 2 

   0.00         1.07       1.07                        0.36       0.36                       0.63      0.63           

   0.30         1.35       1.05         98.52          0.67       0.37      101.51          0.92      0.62        98.92 

   0.60         1.64       1.04         98.20          0.94       0.34       97.92           1.26      0.66      102.43 

 Sample 3 

   0.00         1.12       1.12                        0.33       0.33                       0.60      0.60           

   0.30         1.40       1.10         98.59          0.65       0.35      103.17          0.92      0.62      102.22 

   0.60         1.75       1.15        101.74         0.91       0.31       97.85           1.23      0.63      102.25 

a
 The R.S.D. value for the determination was less than ± 3.8 % for n=3. 

The concentration of ASA, PAR and CF in urine sample of patients undergoing treatment 

with the combination drug therapy was determined due to two reasons. First is that CF is on the 

World Anti-Doping Agency’s prohibited list [47] and its use by athletes necessitates a therapeutic 

use exemption, while the second is the overdose of multidrug formulation consisting of PAR and 

ASA with CF may lead to cause various adverse effects such as vomiting, diarrhea, abdominal 

pain etc. Hence, it is considered worthwhile to analyze the three compounds at MPGS in the urine 

of patients undergoing therapy. For this purpose urine samples were diluted ten times with 

phosphate buffer solution before recording square wave voltammograms in order to reduce matrix 

complexity. The diluted urine sample of normal person (control) in the potential range scanned 

exhibited only single peak at 280 mV (Fig. 6.7) which is found to be due to the oxidation of uric 

acid, a common metabolite present in urine. Three well-defined anodic peaks (Ep ~420 , 1100 and 
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1360 mV vs. Ag/AgCl) were noticed corresponding to the oxidation of PAR, ASA and CF 

respectively in patients urine (sample 1) along with a peak at 280 mV as shown in Fig. 6.7. The 

concentration of ASA, PAR and CF was determined in urine samples using calibration plots. The 

results of analysis for urine samples collected after 1 day is presented in Table 6.2. To further 

confirm the concentration of all the three compounds in different urine samples, standard addition 

method was used. For this purpose diluted urine samples were spiked with known concentrations 

of ASA, PAR and CF followed by recording square wave voltammograms under identical 

conditions. The results obtained for urine samples of three different patients are tabulated in Table 

6.2. The actual concentration of ASA, PAR and CF in urine sample of patient undergoing 

treatment with the drug was evaluated and found to be in the range 0.33±0.03, 1.09±0.03 and 

0.60±0.03 µM respectively with relative standard deviation (RSD) ±4.0 % for n = 5. 

The urine samples collected after 2 and 3 days of the treatment were also analyzed for 

PAR, ASA and CF in similar manner and the results obtained are presented as histograms in Fig. 

6.8. It is observed that the amount of PAR, ASA and CF excreted in urine did not change 

significantly. Thus, the unmetabolized drugs are excreted and are not accumulated in the body. 

Oxidation reactions for PAR, ASA and CF are well known and the oxidation products 

found were N-acetyl-p-quinone imine for PAR, which involve two proton and two electron transfer 

reaction [48], and 3,6-dioxocyclohexa-1,4-dienecarboxylate or 5,6-dioxocyclohexa-1,3-

dienecarboxylate for ASA, which involved two electron and one proton transfer reaction [49]. The 

oxidation of CF, however, involves four electrons and four protons reaction to give 4,5-diol 

analogue which rapidly fragmented to give final products [20, 50]. 

6.3.4.3 Comparison with bare pyrolytic graphite surface 

A comparison of detection limit of PAR, ASA and CF at MPGS was made with bare 

pyrolytic graphite surface. It was observed that well-defined peaks were also observed in the entire 

pH range at bare surface. However, the peak currents at MPGS were significantly larger as 

compared to the bare surface. The detection limits observed at the bare surface were 0.035, 0.026 

and 0.031 µM for PAR, ASA and CF, which were much higher than observed at MPGS. Thus, it is 

concluded that MPGS is significantly better as compared to the bare pyrolytic graphite surface. 
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Fig. 6.7 A comparison of voltammograms observed for urine sample of patient (Sample 1) 

being treated with tablet Ajubi containing PAR, ASA and CF (—) and after spiking with 30 

nM each of PAR, ASA and CF (–·–·–·–·–·) at pH 7.2 at MPGS. Control urine is represented 

as (- - - -) and the background is represented as (……). 

6.4 CONCLUSIONS 

 

Fig. 6.8 Comparative analysis of PAR, ASA and CF excreted in human urine after different 

days of the treatment.  
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The proposed method describes an extremely sensitive electroanalytical procedure for the 

simultaneous monitoring of ASA, PAR and CF in pharmaceuticals products and human urine 

samples employing MPGS with excellent sensitivity and selectivity. These compounds oxidized at 

poly-1,5-diaminonapthalene layer and well-separated peaks are observed. The analysis of these 

drugs in urine samples clearly indicates that the amount of ASA, PAR and CF excreted is 

practically similar during the treatment. Long term stability and excellent reproducibility of the 

proposed sensor offers a good possibility for extending the method for analysis of ASA, PAR and 

CF in routine and research laboratories. The main advantage of the present method is that poly-1,5-

diaminonapthalene layer contribute to its efficiency leading to the lowering of oxidation peak 

potential and marked enhancement in the peak current. The positive charge on the amino groups of 

1,5-diaminonapthalene in p-DAN may also attract carboxylic and ─OH groups in ASA and PAR 

to cause increase in peak current as reported earlier in case of p-DAN and poly-1,10-

diaminonapthalene [30, 33] for biomolecules. In addition, the edge plane contributes considerably 

faster electrode kinetics for electrochemical reaction and is also the likely reason for the improved 

detection limit. Thus, oxidation of ASA, PAR and CF occurs at bare as well as modified sensor 

and the only difference is in the Ip and Ep of these compounds. The increased current at MPGS 

leads to the better detection limit for these compounds. The developed protocol also showed good 

ability to quantify ASA, PAR and CF contents in various pharmaceutical tablets with reliable 

accuracy and also the proposed sensor has also been utilized successfully for the analysis of urine 

samples of patients undergoing treatment with multidrug formulation of ASA, PAR and CF. The 

detection limit observed for the three components is lower than reported earlier [28]. The 

unmetabolized drugs excreted in urine samples with no special pretreatment of samples have been 

determined. Hence, the proposed sensor can also be recommended for detecting doping cases of 

CF at the site of competitive games due to its rapid response and accuracy.  
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