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1.1. General introduction

With the drastic increase in industrial development and in public health criteria, the
modern trend in health industry is that the science is needed to detect and to quantify
various analytes in complex matrixes and sophisticated conditions at sub-micron
concentrations. Thus, improved performances in analytical techniques for rapid and
reliable monitoring are needed. In order to answer severe norms in worldwide legislation,
rapid, sensitive and specific tests need to be developed with the aim to achieve accurate

results.

Sensitivity, selectivity, and rapid and cost-effective detection of target molecules are
the main drivers for the development of new chemical sensors and biosensors for their
use in a wide range of fields from environmental, pharmaceutical, agriculture or food
applications, to health care including clinical diagnosis and treatment of diseases
amongst others. During the last decade, the incorporation of nanomaterials into chemical
sensors and biosensors has boosted the advances in this area leading to relevant

enhancements in their performance.

Electrochemical techniques are powerful and versatile analytical tools that offer
high sensitivity, accuracy, precision and miniaturization as well as a long linear dynamic
range with relatively low-cost instrumentation. Electrochemical measurements are two-
dimensional, with the potential being related to qualitative properties and the current
related to quantitative properties. Thus, compounds can be selectively detected by
electrochemical methods. This selectivity depends on the accessible potential range and

the number of compounds that are active in this range.

A study on the state of art of sensors with a special attention to the chemical sensors
will be given in this chapter. A brief demonstration of different types of sensors
classified by their transduction methods will be followed by the role of nanocomposites
as a recognition layer in the chemical sensors with a brief literature report. Then, with a
description of the literature reports on the use of chemically modified electrodes (CMEs)
in the analyses of pharmaceutical drugs, the objectives and followed by research

framework will be presented.
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1.2. Chemical sensors — Overview

As per IUPAC, the definition for the chemical sensor is “A chemical sensor is a
device that transforms chemical information, ranging from the concentration of a specific
sample component to total composition analysis, into an analytically useful signal”. The
chemical information, mentioned above, may originate from a chemical reaction of the

analyte or from a physical property of the system investigated'!].

Chemical sensors contain two basic functional units: a receptor part (Recognition
element) and a transducer part (Transduction technique). In the receptor part of a sensor
the chemical information is transformed into a form of energy which may be measured
by the transducer. The transducer part is a device capable of transforming the energy
carrying the chemical information about the sample into a useful analytical signal. The

transducer as such does not show selectivity.

Chemical sensors can be classified according to the operating principle of the

transducer.

1.2.1. Optical sensors

Optical sensors, represent a group of chemical sensors in which electromagnetic
radiation is used to generate the analytical signal in a transduction element. The
interaction of this radiation with the sample is evaluated from the change of a particular
optical parameter and is related to the characteristics and concentration of the analyte.
Optical sensors can be divided based on various optical transduction principles
(absorbance, reflectance, luminescence, fluorescence), covering different regions of the
spectra (UV, Visible, IR, NIR) and allowing the measurement not only of the intensity of
light but also of other related properties, such as lifetime, refractive index, scattering,
diffraction and polarization. Optical sensors are often referred to as ‘optodes’ and the use

of optical fibres is a common feature.

The continuous monitoring of an analyte, through optical means, can be categorized
into two subcategories, named as direct sensing scheme and reagent mediated sensing
scheme. In direct sensing scheme, an intrinsic optical property (such as absorption,
fluorescence, etc.) of an analyte is monitored for sensing purposes >, Based on the
employed direct sensing spectroscopic techniques to design and fabricate an optical

chemical sensor, the optical chemical sensor divided into various subcategories, namely
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e Absorption — based Sensing
e Fluorescence — based Sensing

e Raman and Surface Enhanced Raman Scattering (SERS) — based Sensing

When the analyte does not have an adequate intrinsic optical property which may
be monitored directly, a reagent mediated sensing scheme is applied. In the situations
when an analyte does not have enough spectroscopic optical response to monitor it
directly in the sample, sensing can be accomplished by introducing a suitable indicator
into the sensing system whose spectral properties reflect the analyte’s concentration (681,
Practically all known indicator mediated sensors are based either on absorption or on

luminescence measurements.

¢ Indicator — mediated Colorimetric Sensing

e Indicator — mediated Luminescence Sensing

1.2.2. Mass sensors
Surface Acoustic Wave Sensors

These make use of the piezoelectric effect. Change in the mass on the surface of a
vibrating piezoelectric quartz crystal causes a proportional decrease in the vibrational
frequency of the crystal. They rely on a change in mass on the surface of an oscillating
crystal which shifts the frequency of oscillation !, The extent of the frequency
shift is a function of the amount of material absorbed on the surface. Piezoelectric

sensors have received their widest use in gas phase analyses.

Quartz Crystal Microbalance (QCM) based sensors

QCM is an ultrasensitive mass sensor. The piezoelectric AT-cut quartz crystal is
sandwiched between a pair of electrodes. The electrodes are connected to an oscillator
and an AC voltage is applied over the electrodes. The quartz crystal oscillates at its
resonance frequency due to the piezoelectric effect. The cut angle with respect to crystal

orientation determines the mode of oscillation ['2-13],

Microcantilever sensors

Microelectromechanical systems can be composed of multiple micron-thick
cantilevers (visualize miniature diving boards) that respond by bending due to changes in
mass 1611 Appropriate coatings are applied to the cantilevers to adsorb chemicals of

interest.
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1.2.3. Thermal sensors

Generation of heat during enzyme/substrate reactions can be used in a calorimetric
based biosensor. Danielsson and colleagues did the pioneering work on this technique
which is applicable to a wide range of analytes 2**]. Changes in solution temperature
caused by the enzyme/substrate reactions are measured using a thermistor or transistor
and compared to a sensor with no enzyme to determine the analyte concentration 24261,
Utilizing this approach for receptor-ligand reactions has received little interest because
there is no temperature change at steady-state and transient measurements are very
difficult to make. Calorimetric microsensors have been manufactured for detection of
cholesterol in blood serum based on the enzymatically produced heats of oxidation and

[27,28

decomposition 1. Industrial applications are possible for monitoring sugars and

amino acids for biotechnology processes 1?1,

1.2.4. Electrochemical sensors
Electrochemical sensors operate by reacting with the analyte of interest and

n %311 There are

producing an electrical signal proportional to the analyte concentratio
several types of electrochemical sensors: such as; conductometric, potentiometric,

amperometric and voltammetric sensors.

Conductometric sensors or Chemiresistor

This is based on the inflection of resistivity of the selective material whereas
resistivity is the reciprocal of conductivity. In a typical chemiresistor, the conductivity of
a material can be changed upon contact with chemical species when clamped between
two contact electrodes at which the resistivity of the entire device can be measured, and
this is commonly used in gas sensing 2734, In conductometric sensors, the chemically
interactive layer is at the top of an electrode and immersed in the solution of electrolyte
and a suitable counter electrode is then provided to complete the electrical circuit. This is
typically found in various biosensors, where the selectivity of the response comes from

some biological interactions >8],

Potentiometric sensors

Potentiometric sensors have found the most widespread practical applicability since
early 1930’s due to their simplicity, familiarity and cost. They involve the establishment
of a local equilibrium at the sensor surface, where either of the electrode or membrane

potential is measured, and information about the composition of the sample is obtained

=-
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from the potential difference between reference electrode and the indicator electrodes [
42 Basically, in potentiometric sensors, the potential difference between the reference
electrode and the indicator electrode is measured without polarizing the electrochemical
cell, that is, very small current is allowed. The reference electrode is required to provide
a constant half-cell potential. The indicator electrode develops a variable potential
depending on the activity or concentration of a specific analyte in solution. The change
in potential is related to the concentration of the analyte in a logarithmic manner.

Potentiometric devices can be categorized into three basic types:
1) lon-selective electrodes (ISE)

i1) Coated wire electrodes (CWE)

ii1) Field effect transistors (FET).

Ion-selective electrode is an indicator electrode capable of selectively measuring the
activity of a particular ionic species. In classic configuration, ISE are mainly membrane-
based devices, consisting of permselective ion-conducting materials, which separate the
sample from the inside of the electrode. One of the electrodes is the working electrode
whose potential is determined by its environment while the second electrode is a
reference electrode whose potential is fixed by a solution containing the ion of interest at
a constant activity. Since the potential of the reference electrode is constant, the value of
the potential difference (cell potential) can be related to the concentration of the
dissolved ions 41 Under classical CWE design, a conductor is directly coated with an
appropriate ion-selective polymer (usually poly(vinyl chloride), poly (vinylbenzyl
chloride) or poly(acrylic acid)) to form an electrode system that is sensitive to electrolyte
concentration [“7-5% The field effect transistor (FET) is a solid-state device that exhibits
high input impedance and low output impedance hence capable of monitoring charge
build up on the ion sensing membrane. Polymer matrix (electrode modifiers) of the
potentiometric sensors can be altered by the immobilization of biological/biomedical

materials leading to the development of potentiometric biosensors 1734,

Voltammetric / Amperometric Sensor
Voltammetry/amperometry is a method of electrochemical analysis in which the
signal of interest is a current that is linearly dependent upon the characteristics and

concentration of the analyte. As certain chemical species are oxidized or reduced (redox

[ s-
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reactions) at inert electrodes, electrons are transferred from the analyte to the working
electrode or to the analyte from the electrode. The direction of flow of electrons depends
upon the properties of the analyte and can be controlled by the electric potential applied

3155571 The basic instrumentation of these sensors requires

to the working electrode !
controlled applied potential equipment, and the electrochemical cell consists of
three—electrode cell; namely, working electrode, reference electrode and counter
electrode. The working electrode is the electrode at which the reaction of interest occurs,
the reference electrode provides a stable potential compared to the working electrode
while an inert conducting material (e.g. platinum, graphite) is used as the counter
electrode (auxiliary electrode). A supporting electrolyte is required in controlled

potential experiments to eliminate electromigration effects, decrease the resistance of the

solution and maintain the ionic strength constant 58601,

A voltammetric sensor can operate in other modes such as linear or cyclic or pulse
voltammetric modes. Consequently, the respective current potential response for each
mode will be different. Usually, voltammetric sensors examine the concentration effect
of the detecting species on the current-potential characteristics of the reduction or
oxidation reaction involved, the mass transfer rate of the detecting species in the reaction
onto the electrode surface and the kinetics of the faradaic as well as the charge transfer
reaction at the electrode surface that are directly affecting the current potential
characteristics. This mass transfer can be attributed to; (a) an ionic migration as a result
of an electric potential gradient, (b) diffusion under a chemical potential difference or
concentration gradient and (c) a bulk transfer by natural or forced convection. In
electrochemical cell, the electrode reaction kinetics and the mass transfer processes
contribute to the rate of the faradaic process and this provides the basis for the operation

[58-60] " A situation where a voltammetric sensor operates with

of the voltammetric sensor
a small overpotential, the rate of faradaic reaction is also small; as a result, a high-
precision instrument for the measurement is needed. An amperometric sensor is usually
operated under limiting current or relatively small overpotential conditions. If operated
under an imposed fixed electrode potential, then the cell current can be correlated with
the bulk concentration of the detecting species (the solute). This operating mode is

commonly classified as amperometric in most sensor work, but it also is referred to as

the chronoamperometric method, since time is involved.
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The analyte molecules interact with the immobilized layer interface (e.g polymers,
nanoparticles, enzymes etc.) in a lock and key mechanism to generate an electrical signal

r 191764 The generated signal is amplified and monitored

through the chosen transduce
with an artificial intelligence such as computer hardware/software to produce measurable
analytical signal. The signal can be in the form of current, potential or impedance.
Furthermore, it is possible to change the properties of the sensor by changing parameters
(e.g. sensing material or temperature) during manufacturing or operation of the sensor in
order to improve selectivity and sensitivity. If the signal is in the form of current, the
current can be measured at a fixed potential or potential difference across an
electrochemical cell is scanned from one pre-set value to another and the cell current is
recorded as a function of the applied potential. The rate of flow of electrons is
proportional to the analyte concentration. The working electrode can be modified with
different materials such as polymers, nanoparticles or composites of polymers and
nanoparticles etc., to increase its sensitivity and reduce electrode fouling of reduced or

oxidized species (0367,

Optical Mass sensitive Thermal Electrochemical

Fluorescence

Chemiluminescence

Surface Plasmon

Quartz crystal
microbalance

Thermistors

Piezoelectric
sensors

Calorimetric
sensors

Cantilever

Potentiometric

Conductometric

Voltammetric/

Resonance based sensors Amperometric

Figure 1.1. Various transduction techniques applied in chemical sensor systems.

1.3. Electrochemical techniques employed in this research

Electrochemistry affords some of the most sensitive and informative analytical
techniques in the chemist’s tools. Electroanalytical methods such as cyclic voltammetry,
stripping voltammetry, differential pulse voltammetry, square wave voltammetry,
impedance spectroscopy and chronoamperometry complements other analytical
techniques such as chromatography and spectroscopy, and are not only capable of

assaying trace concentrations of an electroactive analyte but also supply useful

7-



Chapter 1

o
v y
v

information concerning its physical and chemical properties. Electrochemical methods of
analysis include all methods of analysis that measure current, potential and resistance
and relate them to the analyte concentration. Quantities such as oxidation potentials,
diffusion coefficients, electron transfer rates, and electron transfer numbers, which are
difficult to extract using other techniques, are readily obtained using electroanalytical

methods.

Electrochemical methods of detection are based on electrochemical processes that
take place on the electrode surface. There are different modes of electrochemical
detection. Voltammetric and amperometric assays are based on the measurement of
current at the working electrode resulting from the application of a voltage at the
electrode-solution interface. In case of voltammetry, the current is measured as a
function of changing potential that can be applied in different ways (linear, cyclic, pulse
modes). Amperometric measurements are performed by maintaining a constant potential
at the working electrode with respect to a reference electrode and measuring the
generated current wit time. Impedance spectroscopy involves the use of a small-
amplitude perturbing sinusoidal voltage signal to the electrochemical cell and measuring

the current response in the form of impedance.

Among the various electroanalytical techniques, cyclic voltammetry and differential
pulse voltammetry are two commonly and widely used techniques. Along with them,
electrochemical impedance spectroscopy provides critical information related to the
electrode—solution interface and electron transfer behaviour between electrode and
electroactive species and chronoamperometry provides the diffusion behaviour of the

analyte towards the specific electrode system.

In this section, we have provided basic principles and brief information of the most
widely used electroanalytical techniques such as cyclic voltammetry,
chronoamperometry, electrochemical impedance spectroscopy and differential pulse
voltammetry, which are used in our investigations in the development of electrochemical

sensor system.

Cyclic voltammetry
This technique works by varying the applied potential of the working electrode at a
particular scan rate (v) in both forward and reverse directions while monitoring the

current. The resultant trace of current against potential is termed as a voltammogram.
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During cyclic voltammetry measurement, the potential is ramped from an initial
potential, E;, to a more negative or positive potential but, at the end of the linear sweep,
the direction of the potential scan is reversed, usually stopping at the initial potential, E;
(or it may commence an additional cycle). The potential is applied between the reference
electrode and the working electrode, and the resultant current between the working
electrode and the counter electrode (auxiliary electrode) is measured. This data is then
plotted as current versus potential as shown in Figure 1.2. The forward scan produces a
current peak for any analyte that can be either reduction current or oxidation current
depending on the initial scan direction over the range of potential scanned. The current
increases as the potential reaches the reduction potential of the analyte, but then
decreases as the concentration of the analyte is depleted close to the electrode surface. If
the redox couple is reversible, then reversing the applied potential makes it to reach a
potential that re-oxidizes the product formed in the first reduction reaction, thus
producing a current of reverse polarity from the forward scan. The oxidation peak
usually has the same shape as that of the reduction peak. As a result, the information
about the redox potential and the electrochemical reaction rates of compounds can be
obtained. For instance, if the electron transfer is fast at the electrode surface and the
current is limited by the diffusion of species to the electrode surface, then the peak

current is proportional to the square root of the scan rate.

Important parameters are usually obtained from cyclic voltammograms for analysis
of redox properties of an electroactive sample. These parameters include peak potentials
(Epe, Epa) and peak currents (ipe, ipa) of the cathodic and anodic peaks, respectively.
Consequently, important information about the sample under investigation can be
obtained from the above peak parameters. This includes whether the electrochemical
process displayed by the sample is reversible, irreversible or quasi—reversible. It also
gives an insight into how fast the electron process is, relative to other processes such as
diffusion. For instance, if the electron transfer is fast relative to the diffusion of
electroactive species from the bulk solution at the surface of the electrode, the reaction is
said to be electrochemically reversible and the peak separation (AE;) is given by

equation below;

AE, = |Epq — Epc| = 2.303 RT/nF
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where AE, is the peak separation (V), Epa is the anodic peak potential (V), Ej. is the
cathodic peak potential (V), n is the number of electrons, F is the Faraday constant
(96486 C mol™!), R is the gas constant (8.314 J mol! K') and T is the absolute
temperature of the system (K). The number of electrons (n) involved in the
electrochemical process can be estimated from the above equation. Thus, for a reversible
redox reaction at 25 °C (298 K) with n electrons, AE, should be (0.0592/n) V or about
60 mV for one electron. In practice, this value is difficult to attain because of cell
resistance. Irreversibility due to a slow electron transfer rate results in AE, > (0.0592/n)

V, possibly, greater than 70 mV for a one-electron reaction.
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Figure 1.2. Profile of applied potential in CV and a typical cyclic voltammograms.

For reversible reaction, the concentration is related to peak current by the Randles-

Sevcik equation (at 25 °C).
i, =2.69 x 105nY/2ADY2v1/2 ¢

where iy, is the peak current in amperes, v is the potential sweep rate in V s7!, A is the
electrode surface area (cm?), n is the number of electrons transferred, D is the diffusion
coefficient (cm? s!), and C is the concentration in mol cm™. Several voltammograms
performed at different scan rates can lead to the preparation of linear plots whose slopes
could give further information about the redox properties of the sample in question. For
instance, when the peak current is plotted against the square root of the scan rate, the
slope of the linear plot can be used to estimate the diffusion coefficient according to the

Randles- Sevcik equation'®®! shown above.
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For an irreversible electrode process of the electrochemical reaction of an analyte,

the Laviron’s equation'® was used to estimate an and k° values as follows:

RTk°
anF

Ep=E°+RT ln[ ]+[RT]ln(v)
anF anF

where o is the electron transfer coefficient, k° is the standard rate constant of the
electrode surface reaction, v is the scan rate, n is the electron transfer numbers and E° is
the formal potential. The values of k° and an can be calculated from the intercept and
slope of the linear plot of E, with respect to In(v), if the value of E° is known. The value
of E° can be obtained from the intercept of the E, vs. v plot by extrapolation to the
vertical axis at v = 0. From the slope of the E, vs. In(v) plot, an can be calculated.
Generally, o can be assumed to be 0.5 for an irreversible electrode process. So the
electron transfer number (n) for the electrochemical oxidation of analyte also can be

calculated, and the k° value is determined from the intercept of E;, vs. In(v).

Chronoamperometry

Chronoamperometry (CA), another commonly used electroanalytical technique, is a
useful tool for determining diffusion coefficients and for investigating kinetics and
mechanisms. Chronoamperometry experiments are most commonly either single
potential step, in which only the current resulting from the forward step as described
above is recorded, or double potential step, in which the potential is returned to a final

value (Er) following a time period, usually designated as t, at the step potential (Es).

The most useful equation in chronoamperometry is the Cottrell equation,®® which
describes the observed current (planar electrode) at any time following a large forward

potential step in a reversible redox reaction (or to large overpotential) as a function of
12

i = nFACn~Y2p1/2¢-1/2
where n = stoichiometric number of electrons involved in the reaction;
F = Faraday’s constant (96,485 C/equivalent),
A = Electrode area (cm?),

C = Concentration of electroactive species (mol/cm?),
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and D = Diffusion constant for electroactive species (cm?/s).

Using this Cottrell equation, the diffusion coefficient can be calculated by simply
rearranging the equation, providing the number of electrons obtained from the CV
experiment and providing values for the other variables. Another useful parameter to
calculate is the “true” area of the electrode. In many cases the geometric area of an
electrode is not the same as the electrochemically active area. Geometric area
calculations assume a smooth surface, but any surface roughness actually increases the

available area of the electrode.
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Figure 1.3. Profile of applied potential in double - step CA and a typical double - step
CA plot.

Electrochemical Impedance Spectroscopy (ELS)

Electrochemical Impedance Spectroscopy (EIS) or ac impedance methods have
seen tremendous increase in popularity in recent years. Initially applied to the
determination of the double-layer capacitance!’”) but now a days it is applied to the
characterization of electrode processes and complex interfaces. EIS studies the system
response to the application of a periodic small amplitude ac signal. These measurements
are carried out at different ac frequencies and, thus, the name impedance spectroscopy
was later adopted. Analysis of the system response contains information about the

interface, its structure and reactions taking place there.

Macdonald, in his review!”!

1 outlined the foundation of electrochemical impedance
spectroscopy (EIS). Electrochemical impedance spectroscopy is an excellent, non-

destructive, accurate and rapid in situ technique for examining processes occurring at
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electrode surfaces. Impedance spectroscopy involves the use of a small-amplitude
perturbing sinusoidal voltage signal to the electrochemical cell and measuring the
current response. The resulting faradic impedance spectrum, known as a Nyquist plot,
corresponds to the dependence of the imaginary number on the real number, and
contains extensive information about the electrified interface and the electron transfer
reaction. Nyquist plots commonly include a semicircle region lying on the X-axis
followed by a straight line. The semicircle portion (observed at higher frequencies)
relates to the electron-transfer-limited process, while the straight line (characteristic of
the low-frequency range) signifies the diffusion-limited process. Such spectra can be
used for extracting the electron transfer kinetics and diffusional characteristics. Fast
electron transfer processes include only a linear part in the impedance spectrum, while
at slow electron transfer processes are characterized by the presence of a large
semicircular region. The diameter of the semicircle equals the electron transfer or charge
transfer resistance (Rct). The intercepts of the semicircle with the Z' axis correspond to
those of solution resistance (Rs). Another representation of EIS data is Bode plot, where
the impedance is plotted with log (frequency) values on the X-axis and both the absolute
values of the impedance (|Z| = Zo) and the phase-shift on the Y-axis. Unlike the Nyquist
Plot, the Bode Plot does show frequency information. Bode plots contain all the
necessary information and that is why they are mainly used in the circuit analysis. The

Bode magnitude plots may be easily predicted from the circuit impedance.

Impedance is the total complex resistance encountered when a current flows
through a circuit made of combinations of resistors, capacitors, or inductors.
Electrochemical transformations occurring at the electrode—solution interface can be
modelled using components of the electronic equivalent circuitry that correspond to the
experimental impedance spectra. A particularly useful model to interfacial phenomena is
the Randles electronic equivalent-circuit model. This includes the double-layer
capacitance Cai, the ohmic resistance of the electrolyte solution Rs, the charge transfer
resistance Rct and the Warburg impedance W resulting from the diffusion of ions from

the bulk solution to the electrode surface.
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Figure 1.4. Typical spectra of EIS measurements (A) Nyquist plot (Inset: Randles
Equivalent circuit with Warburg) and (B) Bode plot.

Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) involves the application of a linear potential
ramp with fixed magnitude pulses to the working electrode (Figure. 1.1). The current is
sampled twice, just before the pulse application and again late in the pulse life, when the
charging current has decayed. The first current is subtracted from the second, and this
current difference is plotted against the applied potential. The use of the pulse minimizes
the effect of charging current which gives more reliable oxidation or reduction current of
analyte. The resulting differential pulse voltammograms consists of current peaks that are
directly proportional to the concentration of the corresponding analytes. By changing the

pulse height and pulse width, the sensitivity and the selectivity of the analysis increases.
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Figure 1.5. Profile of applied potential in DPV and a typical differential pulse

voltammogram.
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1.4. Chemically Modified Electrodes (CMEs)

A chemical sensor involves a sensing layer together with a transducer. The sensing
layer represents the main part of the sensor. Many organic, inorganic or hybrid organic-
inorganic based materials can be used as active sensing layers, provided that the analytes
can diffuse into the sensing matrix and be trapped, thus modifying the physical or/and
chemical properties of the material. The active layer can also be doped with specific
probe-molecules that are able to interact selectively with the target analytes, thus
providing the selectivity of the sensor. The role of the transducer is to convert the
variation of a physical property associated with a chemical interaction into a measurable

signal which is proportional to the analyte concentration.

An active area of research in electrochemical sensors is the development of
electrodes produced by chemical modification called chemically modified electrodes
(CMEs) using a various type of materials of desired qualities. Such electrodes have been
tailored to accomplish a broad range of functions. Modifications include applying
irreversibly adsorbing substances with desired functionalities, covalent bonding of
components to the surface and coating the working electrode with polymer films or
films of other substances. One of the most important properties of CME:s is their ability
to catalyze the oxidation or reduction of solute species that exhibits high over potential
at unmodified surfaces. Thus CMEs play an important role in reducing the over potential

required for the voltammetricsdetermination of analyte without its major interferences.

Modified electrodes have many applications. A primary interest has been in the
area of electrocatalysis. Another application is in the production of electrochromic
devices that change colour on oxidation and reduction. Finally the most important
analytical use for such electrodes is the development of analytical sensors those are
selective for particular species or functional groups. Various substrates such as carbon
nanotubes (CNT), gold nanoparticles (AuNPs), polymer films, metalloporphyrins,
calixarenes etc. are used for the modification of electrode surface. For the present study,
the modification techniques adopted are CNT based modifications incorporating AuNPs,

AgNPs and electropolymerization.

Modifications based on Carbon Nanotubes
Carbon nanotubes (CNTs), discovered by Iijima,’? are an interesting class of

nanomaterials offering high electrical conductivity, high surface area, significant
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mechanical strength and good chemical stability. CNTs constitute a new structure of
graphitic carbon consisting of one or several concentric tubules each with a helically
wound hexagonal honeycomb lattice and can be divided into multi-wall carbon
nanotubes (MWCNT) and single wall carbon nanotubes (SWCNT) according to the
carbon atom layers in the wall of the nanotubes. CNTs have an aspect ratio ranging

from 100 to 1000.

Carbon nanotubes have been known to promote electron transfer reactions when
used as electrode modification material. In addition to enhanced electrochemical
reactivity, CNT-modified electrodes have been shown useful to accumulate important
biomolecules (e.g., nucleic acids) and to alleviate surface fouling effects. Since the first
use of the CNT based electrode by Britto et al. for the detection of dopamine,”! research
on the application of both MWCNT and SWCNT for electrode modification has
expanded into many areas. Electrode modification with CNTs usually involves their
direct immobilization on the surfaces of carbon electrodes (mostly glassy carbon
electrodes, GCEs) via drop-cast or by abrasive immobilization (mostly on pyrolytic
graphite electrodes) methods. The remarkable sensitivity of CNT conductivity to the
surface adsorbates permits the use of CNT as highly sensitive nanoscale sensors. These
properties make CNT extremely attractive for a wide range of electrochemical biosensors
ranging from amperometric enzyme electrodes to DNA hybridization biosensors. To take
advantages of the remarkable properties of these unique nanomaterials in such
electrochemical sensing applications, the CNT need to be properly functionalized and

immobilized.

After synthesis, CNTs may be treated to functionalize their surfaces. The most
common treatment with strong acids removes the end caps and may also shorten the
length of the CNTs. Acid treatment also adds oxide groups, primarily carboxylic acids, to
the tube ends and defect sites. Further chemical reactions can be performed at these
oxide groups to functionalize with groups such as amides, thiols or others. Altering the
nanotube surface strongly affects solubility properties, which can affect the ease of
fabrication of CNT sensors. Non-covalent functionalization by small molecules, grafting
to or wrapping nanotubes with polymers or DNA can also alter the electrochemical
properties of the material, as reviewed by Zhao and Stoddart.’¥ A review by
Balasubramanian and Brughand discusses many of the functionalizations that have

commonly been used”®!. The CNT ends and sidewall “defect” sites have been proposed
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to act similar to pyrolytic graphite edge planes and therefore have greater
electrochemical activity. Recent works however have contended that the sidewall defects
may be responsible for the electrochemical activity of CNTs. Covalent and non-covalent
sidewall and defect site functionalizations have also been demonstrated to play a role in

the electrocatalytic properties of CNTs.

Modifications based on metal nanoparticles

The design of new nanoscale materials has acquired great importance in recent years
owing to their wide-ranging applications in various fields. Among these materials,
metallic nanoparticles such as gold, silver, platinum, palladium, etc. are of great interest
due to their important properties and their numerous possible applications. The metal
nanoparticles have size-dependent unique chemical, electrical and optical properties and

76191 The nanoparticles

are very promising for practical applications in diverse fields [
are very different from bulk materials and their electronic, optical and catalytic
properties originate from their quantum scale dimensions. The electrocatalytic activity
of metal nanoparticles is strongly dependent on their composition, size, surface area and
surface morphology.l®3!1 Noble metal nanoparticles have been extensively utilized in
recent years, owing to their extraordinary catalytic activities for both oxidation and
reduction reactions. To obtain high surface area, metal nanoparticle catalysts are usually
dispersed in organic polymers such as nafion, colloids, surfactants and porous substrates,
which enable metal particles to be highly dispersed and stable against aggregation!®> 51,
In recent years, metal nanoparticles (MNPs) have been extensively studied in
electrochemistry because of their special physico-chemical characteristics. The use of
MNP based superstructures for the creation of electrochemical devices is an extremely
promising prospect. Various methodologies have been used for tailoring MNPs on
electrode surfaces, which include the anchoring by electrostatic interaction, covalent
linkage, electrochemical deposition etc. Arrays of MNPs have been utilized for
electrochemical sensors as they exhibit excellent catalytic activity towards various

reactions. Here, the MNPs function as electron antennae efficiently tunnelling electrons

between the electrode and electrolyte.

The catalytic activity of metal nanoparticles is known to depend highly on their
dispensability and surface properties. As usual, for many catalytic processes, a high

degree of dispensability and large surface area are desirable. Conducting polymers are
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often considered to be useful matrices for the immobilization of the dispersed nano
metal catalysts.®?] Because of a relatively high electrical conductivity of some polymers,
it is possible to shuttle the electrons through polymer chains between the electrodes and

dispersed metal nano particles, where the electrocatalytic reaction occurs.

In addition to linker molecules, capping reagents should also affect the electron-
transfer reactions and electrocatalytic functions of metal NPs. In the development of the
synthesis of AuNPs, the Brust—Schiffrin®®! method would really be a breakthrough to
prepare a large amount of very small AuNPs with uniform-size utilizing thiols. Because
the synthesized MNPs get easily segregated, the thiol-capped gold or silver NPs might be
assumed to be a component of the MNP-modified electrode.l*”-38] However, thiol capping
is too strong to obtain good electrochemical results, though the electrochemistry of thus-
formed monolayer-protected Au/Ag clusters was extensively studied. Along with the
thiol capping, stabilization of NPs with amine functional groups is also good for

electrocatalytic activity!® 1.

To enhance the performance of metal NP-modified
electrodes toward electrocatalysis, we should also take note the selection of capping or
stabilizing reagents. The electrocatalytic activities of CMEs are further increased by
using composites of MNPs with various other electrocatalytic materials such as CNTs,

graphene, conducting polymers, metal oxide frameworks, etc.l*>%"!

Modifications based on conducting polymers

Since the discovery of organic conducting polymers more than 20 years ago, these
materials are finding an increasing use in various branches of technology, such as
metallization of dielectrics, primary and secondary batteries, antistatic coatings,
electromagnetic shielding, electrochromic systems, etc. Organic conjugated polymers
(conducting polymers) are mainly organic compounds that have an extended p-orbital
system, through which electrons can move from one end of the polymer to the other.[*®!
Common classes of organic conducting polymers include polyacetylenes, polypyrroles,
polythiophenes, polyanilines, poly(3-alkylthiophene)s, poly(p-phenylene sulfide), etc.
One of the most striking properties of conducting polymers is their ability to catalyze
some electrode reactions. A thin layer of a conducting polymer deposited onto the
surface of substrate electrode is able to enhance the kinetics of electrode processes.*®1%%]
In an electrochemical polymerization, the monomer, dissolved in an appropriate solvent,
is oxidized at the surface of an electrode by applying of an anodic potential (oxidation).

Choice of the solvent and electrolyte is of particular importance in electrochemistry
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since both should be stable at the oxidation potential of the monomer and provide an

ionically conducting medium.

Electropolymerization is generally achieved by potentiostatic (constant potential),
galvanostatic (constant current) and potentiodynamic (potential scanning i.e. cyclic
voltammetry) methods. These techniques are easier to be described quantitatively and
therefore have been commonly utilized to investigate the nucleation mechanism and the
macroscopic growth. Potentiodynamic techniques such as cyclic voltammetry have been
mainly used to obtain qualitative information about the redox processes involved in the
early stages of polymerization reaction and to examine the electrochemical behaviour of
the polymer film after electrodeposition. Polymer modified electrodes (PMEs) prepared
by electropolymerization have received extensive interest in the detection of analytes
because of their selectivity, sensitivity and homogeneity in electrochemical deposition,
strong adherence to electrode surface and chemical stability of the film.[!93-105]
Selectivity of PMEs as sensors can be attained by different mechanisms such as size
exclusion, ion exchange, hydrophobic interaction and electrostatic interaction.

Information concerning the hydrophobicity of coating films can help in better evaluation

of the sensitivity of the examined sensor to the desired analytes.

Along with above CNT, metal nanoparticles and conducting polymers, there are a
good number of other materials that the researchers focused are listed in the below

figure.
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Figure 1.6. Various types of materials used in CMEs.
1.5. Literature reports on CMEs as Sensors for Pharmaceutical Drugs

In this section, literature reports are critically reviewed on the applications of
biosensors for the detection of pharmaceutical drugs. Both research and development of
pharmaceutical analysis embraces innovative procedures in a bid to combine accuracy,
precision, selectivity and sensitivity with simplicity, rapidity and low cost. Hence, the
interest in biosensors has increased over recent years, since such devices consolidate
many of these qualities, including simplicity and rapidity. Indeed, due to these
characteristics, biosensors have been applied to many fields of chemical analysis

including biomedical, pharmaceutical, food and environmental.

The electrochemical techniques, especially voltammetry, have gained steadily an
importance during recent years. They have been applied for the determination of
pharmaceutical compounds in dosage forms (tablets, capsules, injections and suspension)
and biological samples (real and spiked urine samples, blood and serum). There are
various reviews available in the literature on electrochemical detection of pharmaceutical
compounds. Cavalheiro, in his review, outlined on the detection of various

pharmaceutical drugs on different types of electrode materials and on modified
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electrodes.['! Gil and Melo has reported a review on the use of electrochemical
biosensors on pharmaceutical drugs and the development of new material transducers as
well as immobilization techniques of recognizing agents can be found on the
literature.['%7) Siddiqui et al. have discussed the various analytical techniques including
electrochemical methods towards the detection of pharmaceutical drugs of different
categories.['®®! Various types of pharmaceutical compounds analyzed by voltammetric
techniques at different CMEs using various electrochemical techniques have been
discussed by Farghaly et al.['®1 Hereby, we have reviewed some electrochemical sensors
for pharmaceutical compounds of selected categories analyzed by voltammetric

techniques and CMEs.

Anti-inflammatory and analgesic drugs

The drugs belonging to NSAID (Non-Steroidal Anti-inflammatory Drug)
therapeutical class are the most consumed in the world. In view of the number of
analyses carried out every day, extensive research further in the development of

alternative methods that combine rapidity and simplicity with low cost is needed.

Acetaminophen, also known as paracetamol, is a medication used to treat pain and
fever. Mohsen et al. reported a simple, rapid and sensitive electrochemical method for
simultaneous determination of acetaminophen and atenolol in Britton-Robinson buffer
on a gold nanoparticles incorporated carbon paste electrode !9, Sanghavi et al. have
fabricated a carbon nanotube paste electrode modified in situ with Triton X 100 for the
individual and simultaneous determination of acetaminophen, aspirin and caffeinel!!!],
Recently, Gui Ting et al. developed an electrochemical sensor of acetaminophen based
on an electrochemically reduced graphene (ERG) loaded nickel oxides (Ni2O3-NiO)
nanoparticles coated onto glassy carbon electrode (ERG/Ni2O03-NiO/GCE) prepared by a
one-step electrodeposition process''!?!. Very recently, Adhikari et al. published a high-
performance electrochemical sensor for the sensitive detection of acetaminophen based
on graphene, which was simultaneously electrochemically reduced and deposited onto a

113

glassy carbon electrode (GCE) [!'3], There is a plenty of research has been done on the

electrochemical detection of paracetamol 14116,

Ibuprofen, from isobutylphenylpropanoic acid, is another important nonsteroidal
anti-inflammatory drug (NSAID) used for treating pain, fever and inflammation. Sorina

et al. describes the electrochemical behaviour of ibuprofen on two types of multi-walled
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carbon nanotubes based composite electrodes comprising epoxy resin and silver-

17" Later, Sidra and group reported the potential of square wave

modified zeolite!
voltammetry for the determination of ibuprofen in aqueous solution with screen printed
graphite electrodes, especially pretreated for this purpose, and to investigate the
electrochemical oxidation of ibuprofen!''®l. Recently, two groups have reported on
aptasensor based electrochemical detection of ibuprofen, one is reported by Roushani
and Shahdost-fard on the development of an ultrasensitive nanoaptasensor based on the
covalent attachment of an aptamer to gold-nanoparticles deposited on glassy carbon
electrode as the unique platform'!®! and another is reported by Shahdost-fard and
Roushanion on an impedimetric aptasensor for ultrasensitive detection of ibuprofen using
water soluble cadmiumtelluride quantum dots as the efficient electrochemical

platform!2],

Naproxen, [(+)-2-(6-metoxy-2naphthyl)propionic acid], is a non-steroidal anti-
inflammatory drug and it is extensively used in the treatment of many diseases like
rheumatoid arthritis, degenerative joint disease, ankylosingspondylits, acute gout and
primary dismenorrea. Parviz et al. investigated on the electrochemical oxidation of
naproxen and paracetamol using dysprosium nanowire modified carbon paste electrode
by square wave voltammetry as a new rapid, convenient and sensitive method ['*!],
Tashkhourian et al. reported on ZnO nanoparticles and multiwalled carbon nanotubes
(MWCNTs) modified carbon paste electrode (CPE) as a fast and sensitive tool for the
investigation of electrochemical oxidation of naproxen in biological pH ['?2l. Later, a
chiral electrochemical sensor was developed using a gold electrode modified with gold
nanoparticles and L-cysteine self-assembled monolayers to study the difference between
the interactions of naproxen enantiomeric composition with the chiral modified electrode

surface [123],

Recently, Alizadeh and group reported a nanostructured conducting
molecularly imprinted polypyrrole film which electrochemically synthesized on a quartz
crystal microbalance (QCM) gold electrode and overoxidized for increased selectivity as

recognition element for QCM detection of NAP.!124]

So many other anti-inflammatory drugs investigated were electrochemically by
using various types of CMEs, such as celecoxib investigated by polyaniline grafted
multiwall carbon nanotubes modified electrode!'?’! and dextromethorphan is investigated
by reduced graphene oxide modified screen-printed electrode!!?*! and carbon nanotube-

carbon microparticle-ionic liquid composite modified electrode!'?”].
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Anti-cancer drugs

Anticancer, or antineoplastic, drugs are used to treat malignancies and to control the
growth of cancerous cells. There is a variety of electrochemical sensors developed to
detect anticancer drugs by chemically modified electrodes. Liu and group developed an
enzyme modified electrodes with Glutathione-s-transferase for detecting various
anticancer drugs such as glutahione, 1-chloro-2,4-dinitrobenzene, cis-diamminedichloro
platinum (II), pirarubicin, gemcitabine hydrochloride, carboplatin, oxaliplatin,

pirarubicin, doxorubicin hydrochloride!'?*].

Doxorubicin also known as daunomycin is an anthracycline glycoside used in
treatment of a variety of cancer diseases. Flechsig et al. examined the analytical response
of daunomycin at different types of electrodes such as hanging mercury drop, gold,
gold/bismuth, gold/mercury and silver mercury!!*”). Zima et al. has reported on
differential pulse voltammetric determination of doxorubicin at a carbon paste

electrode! '3

. Junjie and group developed a sensitive electrochemical method for the
determination of doxorubicin using a glassy carbon electrode modified with a nano-
titania/nafion composite film as sensor platform!3!l. Later, Zanoni et al. developed a
sensor for doxorubicin using poly-L-glutamic acid modified glassy carbon electrode as a
sensor interface!'¥?]. Chuan and research group have proposed an electrochemical sensor
based on a cyclodextrin-graphene hybrid nanosheet modified glassy carbon electrode for

the ultrasensitive simultaneous determination of doxorubicin and methotrexate!'33!,

Mitoxantrone is an anthracycline used as an antitumour antibiotic for leukaemia and
breast cancer treatment, due to its interaction with DNA. Initially, Brett and group
established the electrochemical oxidation of mitoxantrone, as a complex, pH-dependent,
irreversible electrode process involving several metabolites at glassy carbon electrode
and at DNA biosensor!!*#133] Hong and Cheng developed a novel chitosan dispersed
graphene modified glassy carbon electrode to study the electrochemical characteristics of
mitoxantrone [*, Afterwards, Agrawal et al. fabricated a nanobiosensor to determine

the toxicological behaviour of mitoxantrone and to study its interaction with DNAI37],

5-Fluorouracil is an antineoplastic agent which acts as an antimetabolite to uracil
and used primarily for the treatment of solid tumours of breast, colon and rectum.
Khodari developed a cathodic stripping voltammetry method to determine 5-fluorouracil

in the presence of traces of Cu(Il) to enhance the peak current of the adsorbed
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molecule!!'*¥]. Mirceski et al. reported the electrochemical behaviour of 5-fluorouracil at a
hanging mercury drop electrode by employing square-wave voltammetry method!'*"),
Hou and group fabricated an electrochemical sensor for 5-fluorouracil using an ionic

(1401 and Wang developed a disposable gold

liquid modified carbon paste electrode,
nanoparticles modified screen-printed electrode for sensitive determination of 5-
fluorouracil'*!l. Prasad and Co-researchers have developed two types of molecularly
imprinted polymer (MIP) based modified electrodes for 5-fluorourcil detection, one is
MIP-modified hanging mercury drop electrode!'*?! and another is nonhydrolytic sol-gel

derived imprinted polymer—multiwalled carbon nanotube composite fiber electrode!'**,

Topotecan is an anticancer drug and has been widely used in the treatment of
ovarian and cervical cancers. Li et al. reported a sub-picomolar level determination of
topotecan and have first proposed sodium dodecyl sulfate as a sensitizing reagent at an
improved disposable wax-impregnated graphite electrode!!**. Recently, Srivastava and
his research group fabricated a highly sensitive and stable TiOz/graphene/chitosan
modified glassy carbon electrode and the sensor exhibited excellent electrocatalytic

activity with fast response and convenient determination of topotecan!!*’!,

Dacarbazine, an important chemotherapeutic agent, in particular for the treatment of
malignant melanoma. Ordieres et al. have investigated the electrochemical behaviour of
dacarbazine by differential pulse polarography at the dropping mercury electrode!!*®!.
Rodriguez and Co-researchers have studied the electrochemical behaviour of the
dacarbazine and its major metabolite, S-aminoimidazole-4-carboxamide, on carbon paste
electrodes using linear sweep voltammetry and differential pulse voltammetry!4’],
Temerk et al. have developed an indirect method to examine the electrochemical
reduction of the dacarbazine-Cu*" complex using cyclic voltammetry and square wave
voltammetry at a hanging mercury drop electrode. Along with this, many of the
researchers focused on the electrochemical studies on dacarbazine and DNA interactions

and binding behaviour at various modified electrodes!!43150],

Various other anticancer drugs were also examined at various CMEs for their
sensitive detections. Gemcitabine was electrochemically studied at gold electrode and at
polyaniline-gold nanocomposite modified electrode!'*""!32. Carboplatin examined at

DNA modified glassy carbon electrode!'>*! and electrochemical sensor for cisplatin was
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developed using several metals (Ag, Co, Ru, Pd, Os, Pt, Cu, Pb) deposited carbon paste

155]

1541 and multi-walled carbon nanotubes modified screen-printed electrodes!'>>,

electrodes!

Cardiovascular agents
Cardiovascular agents are drugs, which are used to treat the conditions of heart or

the circulatory or vascular system.

Atenolol is one of the most widely used Pl-receptor blocking agent, which is of
immense therapeutic use in the treatment of various cardiovascular disorders, such as
angina pectoris, cardiac arrhythmia and hypertension. Cervini has developed a graphite-
polyurethane composite electrode as an amperometric detector in the flow injection

1561 Electrochemical behaviour

determination of atenolol in pharmaceutical formulations
of atenolol at a carbon paste electrode modified with mordenite zeolite was described by
Arvand and group!'*”). Pruneanu fabricated a novel nanostructured assembly based on
poly(glutamic) acid/cysteine/gold nanoparticles to study the atenolol oxidation U3,
Ghoreishi et al. developed a differential pulse voltammetry method for simultaneous
determination of betaxolol and atenolol at the surface of a multi-walled carbon nanotube

modified carbon paste electrode!!>].

Verapamil, is commonly used for the treatments of supraventricular arrhythmias,
angina and hypertension. The electrooxidative behavior and determination of verapamil
on a glassy carbon disc electrode were investigated by S Demircan and group!'®®!. Brett
et al. developed a solid graphite-polyurethane composite electrode to determine the
release profiles and the characteristics of electro-oxidation process of verapamil [161],
Oliveira and co-researchers described the individual determination of verapamil and
propranolol in pharmaceutical formulations using a glassy carbon electrode modified
with functionalized multiwalled carbon nanotubes within a poly (allylamine
hydrochloride) film!!'®?, Jouyban et al. investigated the electrochemical behavior of
verapamil using cyclic voltammetry, differential pulse voltammetry and square wave
voltammetry at the sulfonic acid functionalized magnetic mesoporous silica impregnated

carbon paste electrode!'®*.

Clopidogrel, an oral thienopyridine-class antiplatelet agent used to inhibit blood
clots in coronary artery disease, peripheral vascular disease, cerebrovascular disease, and

to prevent myocardial infarction (heart attack) and stroke. A very few reports found on
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this drug. Dermis et al. examined the electroanalytical behaviour of clopidogrel bisulfate
was investigated by cyclic voltammetry and differential pulse voltammetry techniques
using a glassy carbon electrode!'®. Later, Khorshid fabricated a carbon paste electrode
comprised of an ion-pair based on clopidogrel with silicotungstate for sensitive,

selective, simple, and rapid determination of clopidogrel bisulfatel!],

Another important cardiovascular agent Acebutolol was investigated
electrochemically at various CMEs. Electrochemical detection of acebutolol was carried
out at a hanging mercury drop electrode!!®?! and at the three types of modified electrodes
viz. conventional polymer, carbon paste and modified carbon nanotubes carbon paste

electrodes!'¢7],

Gastro-intestinal drugs
Gastro-intestinal drug is a medicine for the gastrointestinal organs and diseases
relating to them. This includes any part of the digestive tract from mouth to anus, liver,

biliary tract and pancreas.

Ranitidine, a very important drug in this category, is a histamineH2 receptor
antagonist and has been used for the short-term treatment of active duodenal ulcer. Many
researchers have focused on the electrochemical detection of ranitidine. Salimi et al.
fabricated a SWCNT modified glassy carbon electrode for efficient electrocatalytic
reduction of ranitidine and metronidazole with relatively high sensitivity, stability and
life time!'%®]. Araujo and Paixao have developed a simple analytical method for ranitidine
quantification based on the electrocatalytic oxidation of ranitidine on a glassy carbon
electrode modified with the electrochemical deposition of ruthenium oxide
hexacyanoferrate!'”), Lee et al. developed a sensitive electrochemical sensor for
simultaneous and quantitative detection of ranitidine and metronidazole using

poly(thionine)-modified anodized glassy carbon electrode 7%,

Omeprazole, a substituted benzimidazole compound and prototype anti-secretary
agent, belongs to a new class of potent and clinically active inhibitors of gastric acid
secretion. Radi has studied the electrochemical oxidations of lansoprazole and
omeprazole at a carbon paste electrode.l!'’! Later, Jorge et al. was investigated the

1721 Salimi et

electrochemical redox behavior of omeprazole at a glassy carbon electrode!
al. reported a sensitive amperometric sensor of omeprazole and pantoperazole at

electrodeposited nickel oxide nanoparticles modified glassy carbon electrode!!”!.
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Priyanka et al. have developed a simple, sensitive and highly selective omeprazole sensor
based on the synergistic effect of polyaniline (PANI) and multiwalled carbon nanotubes
(MWCNTs)!' 74, Recently, Shahrokhian et al. investigated the voltammetric performance
of edge-plane pyrolytic graphite (EPG) electrode via adsorptive stripping voltammetry

for the study of electrochemical behavior of omeprazole (OMZ) in aqueous solution!7*,

Zheng Li et al examined the voltammetric behavior and electrochemical reaction
mechanism of cisapride, another important gastro-intestinal drug, at a multi-wall carbon

nanotube paste electrode using cyclic and differential pulse voltammetry!!7%),

Anti-depressant drugs
Antidepressants are drugs used for the treatment of major depressive disorder and
other conditions, including dysthymia, anxiety disorders, obsessive compulsive disorder,

eating disorders, chronic pain and neuropathic pain.

Thioridazine is a phenothiazine neuroleptic drug used in the treatment of
schizophrenia, psychiatric disorders and short-term treatment of adults with major
depression. Shahrokhian et al. fabricated a cobalt nanoparticle bound multi-walled
carbon nanotube modified glassy carbon electrode for the electrochemical oxidation of
thioridazine!'””!. Mashhadizadeh and Afshar have fabricated a novel ZnS nanoparticle-
modified carbon paste electrode and used to study the electrooxidation of
thioridazine!!’®!. Recently Amiri et al. synthesized the nickel (II) incorporated
aluminophosphate and it was used as a modifier in carbon paste electrode for the

selective determination of thioridazine!'”"!.

Fluvoxamine is a selective serotonin re-uptake inhibitor (SSRI), primarily used as an
antidepressant drug but also used to treat other psychological problems, such as
obsessive—compulsive, panic, and post-traumatic stress disorders. Nouws et al. examined
the electrochemical behaviour of fluvoxamine at a mercury drop electrode!!®"). Recently,
Madrakian et al. introduced an effective electrochemical sensor for the determination of
fluvoxamine using mercury nanoparticles multi walled carbon nanotube modified glassy

carbon electrodel'3!,

Along with the above, several other anti-depressant drugs also examined at different
types of CMEs. Desipramine was determined electrochemically at nanoTiOz-amberlite

XAD-2 modified glassy carbon paste electrode!'®?! and at lipid modified carbon paste
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electrode!'®). Citalopram was examined at zinc oxide nanoparticles and multi-walled

carbon nanotubes modified carbon paste electrode!!34].

1.6. The aims, scope and objectives of the research

The quality of a drug is determined after establishing its authenticity by testing its
purity and quality of the pure substance in the drug and its formulations. A number of
methods including physical, chemical, physico-chemical and biological ones are
employed for determining the quality of the drugs. Among the physico-chemical
methods, electrochemical methods are the most widely used one. In continuation to the
development of spectrophotometric and electrochemical methods for the determination
of drugs in our laboratory, the present investigation involve the fabrication of
electrochemical sensors for drugs such as Isoniazid, 5-Fluorouracil, Clopidogrel and
Dacarbazine. For all the sensors developed, the various parameters studied include linear
response range, detection limit, effect of pH, scan rate study and interference study.
Along with these are the mechanistic parameters of the electrodic reactions such as
number of electrons involved, electrochemical reaction rate, diffusion coefficient and
reaction mechanism. The developed sensors have been then applied for the determination
of the drugs in pharmaceutical formulations and in artificial physiological solutions to
establish the applicability of these sensors for direct, on-site determination in real-world

samples.

Electroanalytical chemistry can play a very important role in the protection of our
environment. In particular, electrochemical sensors and detectors are very attractive for
on-site  monitoring of priority pollutants and as well as for addressing other
environmental needs. Such devices satisfy many of the requirements for on-site
environmental analysis. They are inherently sensitive and selective towards electroactive
species, fast and accurate, compact, portable and inexpensive. A central advantage of
electrochemical signal transduction is the promise of the sampling, analysis, detection

and readout of biological binding data in a self-contained portable system.

The purpose of an electrochemical sensor is to provide real-time reliable
information about the chemical composition of its surrounding environment. Ideally, the
sensor is capable of responding continuously and reversibly and does not agitate the
sample. Such devices consist of a transduction element covered with a biological or

chemical recognition layer. In the case of electrochemical sensors, they are concerned
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with the interplay between electricity and chemistry, namely the measurements of
electrical quantities, such as current, potential or charge and their relationship to
chemical parameters. Analytical information is obtained from the electrical signal that

results from the interaction of the target analyte with the recognition layer.

The main objectives of the present study are as follows. The overall goal of the
present study is to design and present a novel electrochemical sensor technology that can
rapidly detect the specified pharmaceutical drugs in real samples such as formulations

and urine samples at applicable/physiological concentration limits.

1. To fabricate an electrochemical sensor for the detection of Isoniazid using

bionanocomposite (MWCNT-Chitosan) based electrodes.

2. To develop an electrochemical sensor for the detection of S-Fluorouracil using

biopolymer stabilized nanogold decorated carbon nanotube based electrodes.

3. To fabricate an electrochemical sensor for the detection of Clopidogrel using silver

nanoparticles embedded chitosan layered carbon nanotube based electrodes.

4. To fabricate an electrochemical sensor for the detection of Dacarbazine using a

conducting polymer coated carbon nanotube paste electrodes.

The developed electrochemical sensors with the above mentioned objectives would
offer a substantial scope towards the real time analysis of the specified drug molecules

from artificial urine samples and pharmaceutical formulations successfully.
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1.7. Research framework

In line with the study objectives, the research framework is shown in the scheme below.

Selection of
Analyte

Selection of
Nanocomposite as
Sensor layer

Synthesis of
nanocomposites

FESEM, Raman
Characterization spectroscopy, XRD
and EDX analysis

Electrochemical
deposition, -
Coatings...etc.

Electrode

Drop and Cast
Preparation # method

Electrochemical
process, Reaction h
parameters (k, n,

D), mechanism

Electrochemical Electroactive
behaviour of sensor & # Surface area &
analyte Surface interfacial
properties

Scheme 1.1. Research framework.
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2.1. Introduction

Carbon nanotubes (CNTs) have been recognized as an important material in
recent years in various fields due to their unique electrical, mechanical and structural
properties. CNTs can easily promote electron transfer between the electroactive species
and electrode surface due to its unique long and tubular geometry "2, The remarkable
property of CNTs conductivity to the surface adsorbates permits the use of CNTs in the
fabrication of highly sensitive nanoscale sensors. Their use as electrode modifiers can
lead to a decrease of the overpotential, a decrease in the response time, enhanced
electrocatalytic activity and an increase in available active surface area in comparison
with conventional carbon electrodes. The electrocatalytic effect of CNTs has been
attributed to the activity of edge-plane-like graphite sites at the CNT ends and it would
be further increased by functionalization of CNTs. CNTs also reduce the electrode
fouling which can greatly improve the reuse of such sensors *#. The low solubility of
CNTs in most solvents is the major problem to control for their use as modifiers in the
fabrication of chemical sensors and/or biosensors. In order to overcome it, several
strategies have been proposed for effective immobilization of CNTs on electrochemical
transducers, like dispersion in different solvents or polyelectrolytes or incorporation in

composite matrices using distinct binders 5%,

Chitosan (chit) is a linear B-1,4-linked polysaccharide (similar to cellulose) that
is obtained by the partial deacetylation of chitin, which is the structural element in the
exoskeleton of crustaceans (such as crabs and shrimp) and cell walls of fungi ). It
possesses many advantages such as excellent strong film forming ability but with high
permeability towards water, biocompatible, good adhesion and high mechanical
strength. In this investigation, chitosan has been used as a dispersant to bind CNTs with
the electrode surface and to form a stable CNT—chitosan composite film on the GCE

surface for sensing isoniazid in-vitro.

Isoniazid (Isonicotinylhydrazine, INH) is one of the most widely used first-line
clinical drug for the treatment of all kinds of tuberculosis. Overdoses of the drug during
the chemotherapy can cause hepatotoxicity, and there has been a global increase in the
prevalence of drug-resistant tuberculosis. The large scale therapeutic use of this drug
necessitated the need for the development of rapid, simple and on-site analytical method

for determining isoniazid in drug formulation for quality control and in biological fluids
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for medical diagnosis. Various analytical methods based on titrimetric ['”), spectroscopic

[16,17]

[11-13] chemiluminescence , and electrochemical

chromatographic ~ ['413],

techniques!!82"

have been aimed for quantitative determination of isoniazid.
Electrochemical methods are interesting as they require in expensive, miniaturized
portable equipment, and the analytes could be detected in trace levels without any
preconcentration steps and without adding any special reagents. The major problem
towards the detection of isoniazid using an electrochemical method is the large
overpotential required for oxidation/reduction of isoniazid at bare electrodes. Various
mediator and polymer based electrodes have been used to decrease the overpotential 211,
Gao et al. have investigated electrocatalytic oxidation of isoniazid using a ferrocenyl
derivative as electrocatalyst at Pt electrode *?!. Recently, Jena and Raj have reported
nanoAu decorated sol-gel based Au electrode for amperometric detection of isoniazid
and the overpotential is reduced here by ~ 450 mV [?*). Carbon nanomaterials are highly
interested for tailoring of electrode surface due to the fact that they provide low
background currents, low-cost and wide-potential windows. Shahrokhian et al. * have
investigated CNT based electrode for the determination of isoniazid and have obtained
good sensitivity; but the overpotential was not much reduced. Very recently, Yan et al.
(251 have investigated hexagonally ordered mesoporous carbon incorporated Nafion
polymer electrode for amperometric detection of isoniazid. In this present work,
multiwall carbon nanotubes have been ensembled into chitosan biopolymer matrix for
the fabrication of a simple and cost effective electrochemical sensor of isoniazid.
MWCNT is functionalized and dispersed in chitosan solution to form a stable thin film
on GCE. Optimum conditions for highly sensitive and selective determination of
isoniazid are established, and this method has been effectively applied to determine

isoniazid in drug formulations and physiological liquids.

2.2. Experimental
2.2.1. Chemicals and materials

Isoniazid and ascorbic acid were purchased from Tokyo chemical industry,
Japan. Chitosan of low molecular weight range (from crab shells, 60 — 120 kDa,
minimum 85 % deacetylation) was obtained from Sigma Aldrich, USA. MWCNTs
(95%, 20-50 nm OD and 2-5 pum length) were purchased from Sisco research
laboratories, India. All other chemicals were of analytical grade (>99.5 % purity) and

were used without further purification. Britton-Robinson buffer (B-R buffer) was
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prepared using a mixture of 0.04 M CH3COOH, 0.04 M H3BOs and 0.04 M H3POj4. The
desired solution pH was obtained by adding 0.1 M NaOH. Artificial urine solution was
prepared according to the procedure provided by Brooks and Keevil [*61. The artificial
urine solution was prepared using a mixture of 1.1 mM lactic acid, 2.0 mM citric acid,
25 mM sodium bicarbonate, 170 mM urea, 2.5 mM calcium chloride, 90 mM sodium
chloride, 2.0 mM magnesium sulfate, 10 mM sodium sulfate, 7.0 mM potassium
dihydrogen phosphate, 7.0 mM dipotassium hydrogen phosphate, and 25 mM
ammonium chloride in distilled water. The pH of the solution was adjusted to 6.0
through the addition of 1.0 M hydrochloric acid. All aqueous solutions were prepared

using double distilled water.

2.2.2. Functionalization of MWCNTs

MWCNTs were functionalized with —-COOH group by using a method similar to
that described by Gouveia-Caridade et al.l*”). MWCNTs (120 mg) were added to 10 mL
of 3 M nitric acid solution and stirred for 24 h at 60 °C. The black solid product was
filtered and then washed several times with double distilled water until the filtrate
solution became neutral (pH = 7). The obtained solid product was collected in a petri
dish and dried in an oven at 80 °C for 24 h. Nitric acid oxidizes CNTs and introduces -
COOH groups at the ends and at the sidewall defects of the nanotube structure, which
increases the electrocalytic activity of CNTs. In order to characterize the functionalized
MWCNT, the number of -COOH groups per gram of functionalized MWCNT has been
determined by acid-base back titration method and it is 2.14 + 0.08 mmol/g (n = 4).

2.2.3. Preparation of MWCNT-chtiosan modified electrodes

At first, GCE (3 mm diameter) was polished with alumina slurry (down to 0.04
um), and then washed thoroughly with double distilled water, then sonicated in 1:1 aq.
HNO3, ethanol and double distilled water consecutively and finally dried at room
temperature. A solution of chitosan (1 % w/v) was prepared by dissolving 1 g of chitosan
powder in 100 mL aq. acetic acid (1 % v/v) solution and sonicated for 30 min. Different
amounts (1, 2, 3 and 4 mg) of oxidized MWCNTs were added to 1 mL chitosan solution
and sonicated for 1 h. Then, 10 pL of the resulting homogeneous suspension was cast on
the surface of cleaned GCE and dried for 24 — 30 h at room temperature and the resulting

electrodes were denoted as MWCNT-Chit/GCE.
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2.2.4. Instrumentation

Cyclic voltammetry, chronoamperometry and differential pulse voltammetry
measurements were carried out using CHI 6132¢ electrochemical analyzer, and
electrochemical impedance measurements were carried out using Zahner-elektrik
workstation (Model IM6e, GmbH, Germany) equipped with Thales 3.08 USB software.
All the electrochemical measurements were performed in a conventional electrochemical
cell of 20 mL with bare or modified GCE as working electrode, Pt spiral wire as
auxiliary electrode and Ag|lAgCl (3 M KCI) electrode as reference. All the potentials
were referred against Ag|AgCl (3 M KCI) electrode throughout the manuscript.
Electrochemical experiments were carried out in B-R buffer at room temperature, and
the experimental solution was purged with nitrogen gas for 10 min prior to the start of

the experiment to de-aerate the solution.

Pristine- (as received) and functionalized CNT were characterized by vibrational
Raman spectroscopy. Raman spectra of the samples were recorded using a HR800
LabRAM confocal Raman spectrometer operating at 20 mW laser power using a peltier
cooled CCD detector. The spectra were collected using a He—Ne laser source having an
excitation wavelength of 633 nm and with an acquisition time of 10 s using
a 5% objective. The Raman spectral data were acquired in a mixture (4:1 v/v) of

acetonitrile and water using a quartz cuvette.

Scanning electron microscope (SEM) images of MWCNT-chitosan
nanocomposite film were recorded using TESCAN VEGA 3 scanning electron
microscope. MWCNT-chitosan nanocomposite film was prepared by casting 1 % w/v
chitosan solution dispersed with MWCNT at 4 mg/mL level. A thin layer of gold was

sputtered on the nanocomposite film to avoid the charging during SEM analysis.
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2.3. Results and discussion

2.3.1. Raman spectra of CNT and functionalized CNT
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Fig. 2.1: Raman spectra of pristine MWCNT and functionalized MWCNT.

Pristine- and functionalized-CNT were characterized by Raman spectroscopy.
Both Pristine- and functionalized-CNT each show four characteristic peaks namely
D, G, D' and G' bands in their Raman spectral data (Fig. 2.1). The peak at ~1330 cm™' is
related to the defect derived D band which represents the defect sites or disordered
graphitic structure of MWCNT. The peak at ~1580 cm™! is assigned as graphitic structure
derived G band which represents the >C=C< bond nature in the graphitic plane of CNT.
The peak at ~1610 cm™ represents D' band which indicates the defective sites in the
manufacture of CNT. The peak at ~2660 cm™ is overtone of the D band originated from a
double-resonance process [**3%. Smaller D band indicates high purity of CNT whereas
larger D band is likely due to the influence of terminal groups. Quality of CNT could be
decided based on the ratio of these peak intensities, in other words Ip/Ig values would be
considered in determining the quality of CNT. When compared the Ip/Ig values of
functionalized MWCNT (1.46) with that of pristine MWCNT (1.18), the high Ip/Ig value
for functionalized MWCNT suggests that the formation of some sp’ carbons by
oxidation in the case of functionalized MWCNT, which confirms the successful

functionalization of MWCNT with -COOH groups.3-3I
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2.3.2. Morphology of MWCNT-chitosan nanocomposite electrode

Figure 1 shows the scanning electron microscope (SEM) images of the
MWCNT-chitosan nanocomposite electrode at two different magnifications. As shown
in Fig. 1(a), the MWCNT-chitosan film is of porous nature with large surface area, and
thus it could enhance the electrodic current for an analyte and thus the sensitivity. The
nanocomposite has been distributed uniformly and homogenously all over the electrode.
SEM image obtained at the higher magnification (Fig. 2.2b) clearly reveals that the
MWCNTs are well dispersed on the electrode surface and have formed a good network
on the electrode, which could promote a facile electron transfer. Fine individual strips of
MWCNTs with a range of 20 to 50 nm diameter are seen. The porous nature with well
dispersed homogenous structure all over the surface is expected to favour the fabrication

of reliable and reproducible nanocomposite film on the electrode.

g
e ST

SEM HV: 10.0 kV ~ WD: 15.03 mm VEGA3 TESCAN SEM HV: 10.0 kV WD: 15.03 mm
SEM MAG: 1.70 kx Det SE 20 pm SEM MAG: 17.5 kx Det: SE
%a Date(m/dly): 09/12/113 NIT, Warangal 9d Date(mi/dly): 09/12/13 NIT, Warangal

Fig. 2.2. SEM images of MWCNT-chitosan nanocomposite at two different
magnifications.
2.3.3. Electroactive surface area of MWCNT-Chit/GCE

Active surface area of bare GCE and MWCNT-Chit/GCE was determined by
electrochemical method. Cyclic voltammograms of 2 mM Kj;[Fe(CN)s] in
aq. 0.1 M KCl were recorded at both MWCNT-Chit/GCE and bare GCE at different scan
rates. Further calculations have been carried out using Randles-Sevcik equation (Eq. 2.1)

for a reversible process:

i,=2.69 x 10>5An32DpYV2cv/2 . ... ... (Eq2.1)
P
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where i, refers to the peak current, n is the number of electrons transferred, A is the
surface area of electrode, D is diffusion coefficient, ¢ is the concentration of K3[Fe(CN)s]
and v refers to the scan rate. The surface area can be calculated from the slope of the
ip vs. vV2 plot, using the D value of K3[Fe(CN)s], 6.7 x 106 cm? s™! 34 Active surface
area for bare GCE was found to be 0.071 cm? which is equal to the geometrical surface
area of a 3 mm diameter electrode, whereas it is 0.262 cm? for MWCNT-Chit/GCE.
From these observations, we can conclude that the surface area of MWCNT-Chit/GCE
was nearly four times higher than that of bare GCE and it is due to the distribution of

nanostructural MWCNT on the surface of GCE.
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Fig. 2.3. (A) CVs of K3[Fe(CN)g] recorded at bare GCE (a) and MWCNT-Chit/GCE (b)
in ag. 2 mM K;[Fe(CN)s] + 0.1 KCI; potential scan rate = 100 mV s™'.(B) Plot of the
anodic peak current against the square root of scan rate.
2.3.4. Electrocatalytic oxidation of isoniazid

Cyclic voltammograms (CVs) obtained for the oxidation of isoniazid at bare
GCE and MWCNT-Chit/GCE in B-R buffer of pH 6.0 are shown in Fig. 2.4. Isoniazid
exhibits irreversible CV with an anodic peak at both GCE and MWCNT-Chit/GCE and
no peaks are observed in the reverse scan. While the anodic peak is obtained at ~ + 0.97
V at bare GCE, it is obtained at a very less positive potential of + 0.17 V. at MWCNT-
Chit/GCE. A large decrease in overpotential for the oxidation of isoniazid is obtained at
MWCNT-Chit/GCE, and the decrease in overpotential is as much as 800 mV compared
to bare GCE. Moreover, the anodic peak current of isoniazid at MWCNT-Chit/GCE is
about 3 times larger than that of bare GCE. These phenomena are clear evidences for
electrocatalytic effect of the MWCNT-chitosan modified electrode towards isoniazid

oxidation. These results suggest that the MWCNT-chitosan film might be forming a
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better electron conducting pathway on the electrode surface and the formed film is able

to accelerate the rate of isoniazid electron transfer.
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Fig. 2.4. CVs recorded at (a, b) bare glassy carbon electrode and at (c) MWCNT-
Chit/GCE in the (a) absence and (b, c) presence of 0.1 mM isoniazid in B-R buffer (pH

6.0). Scan rate = 100 mV s,
2.3.5. Optimization of pH and the amount of MWCNT

The effect of pH on the electrochemical response of 0.1 mM isoniazid at
MWCNT-Chit/GCE was investigated in B-R buffer solution of different pH (pH 4.0 to
10.0) by cyclic voltammetry as shown in Fig. 2.5. The solution pH obviously influenced
the oxidation peak of isoniazid. The peak current is maximum in the pH range of 5.0 —
6.0, and it decreased to minimum at pH 9.0 and 10.0. Moreover, in the pH range of 8.0
to 10.0, isoniazid shows an additional irreversible anodic peak with low intensity and the
peak currents are relatively low. In the overall pH range of 4.0 to 10.0, the peak currents
are very high at pH 6.0. Considering these observations, B-R buffer of pH 6.0 has been

chosen for all further experiments.
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Fig. 2.5. (A) CVs of 0.1 mM isoniazid recorded at MWCNT-Chit/GCE in B-R buffer at
different pH values (4.0 — 10.0). Scan rate = 100 mV s™. (B) Plot of ip vs. pH of B-R
buffer.

Different amounts of MWCNTs were dispersed in chitosan solution to prepare
the modified electrodes, and electrochemical studies have been carried out to optimize
the amount of MWCNTs for modification of GCE. Figure 2.6 shows the CVs observed
for the oxidation of isoniazid on these modified GCEs. The oxidation peak current is
increased with increasing amount of MWCNTs (1 - 3 mg/mL). At further higher
amounts (above 3 mg) of MWCNT, solidification of MWCNT suspension takes place
which inturn results in less stable MWCNT-chitosan film on the electrode surface. From

these results, 3 mg/ml of MWCNTs is found to be optimum for the efficient oxidation of
isoniazid at MWCNT-Chit/GCE.

100

n
=
1

Current / pA
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Fig. 2.6. CVs of 0.1 mM INH in B-R buffer (pH 6.0) using MWCNT-Chit/GCE fabricated
with (a) 1 mg mL™" (b) 2 mg mL" and (c) 3 mg mL™ of MWCNT. Scan rate 100 mV s7.
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The influence of scan rate on the electrochemical response of 0.1 mM isoniazid

| 4

L 3

at MWCNT-Chit/GCE was investigated by cyclic voltammetry, and the respective
results are shown in Fig. 2.7. The oxidation peak currents are gradually increased with
increasing scan rate, and the peak current is linearly proportional to the square root of
scan rate in the range of 20 to 500 mV s (Fig. 2.7(A)). When peak current values were
plotted against the square root of scan rate (v'?), a linear relationship with a regression
coefficient of 0.995 was obtained (Fig. 2.7(B)). This behavior suggests that the oxidation
of isoniazid at nano-biocomposite MWCNT-chitosan modified electrode is diffusion
controlled and that the permeation of isoniazid and electrolyte across the nanocomposite

film is very facile (vide infra).

For an irreversible electrochemical reaction, the relationship between the peak

potential Ep and the scan rate v is expressed in Eq. (1) by Laviron %! is shown I Eg. 2.2.

RTk°

Ep = E° + [
p anF anF

] [anF]ln(v) e (EQ.2.2)

where a is the charge transfer coefficient, k° is the standard rate constant for the
heterogeneous electron transfer, n is the number of electrons involved in the reaction and
E° is the formal potential. According to Eq. (1), the an value can be determined from the
slope of Ep vs. In(v) plot (Fig. 2.7(C)), and k° can be calculated from the intercept of the
plot if the value of E° is known. The value of E° can be obtained from the intercept of
the Ep vs. v plot (Fig. 2.7(D)) by extrapolation to the vertical axis at v =0 and is 0.128
V. From the slope of the Ep vs. In(v) plot, an was calculated to be 0.81. Generally, a can
be assumed to be 0.5 for an irreversible electrode process. So the electron transfer
number (n) for the electrochemical oxidation of INH becomes 2, and the k° value is

determined from the intercept to be 0.55 s\

By considering all the above results, we could conclude that the electrochemical
oxidation of INH is a two-electron diffusion controlled process and the plausible

mechanism for the oxidation of INH has been proposed (Scheme 2.1).
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Fig. 2.7. (A) CVs of 0.1 mM isoniazid in B-R buffer (pH 6.0) using MWCNT-Chit/GCE
at scan rates 20, 50, 75, 100, 150, 200, 300, 400 and 500 mV s, B) Plot of ip vs. square

root of scan rate. (C) Plot of peak potential against In(scan rate), (D) Plot of peak
potential against scan rate.
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Scheme 2.1: Mechanism for electrochemical oxidation of INH

Diffusion coefficient (D) of INH for the electrochemical oxidation at MWCNT-
Chit/GCE is determined using chronoamperometric measurements (Figure 2.8(A)) by

adopting the Cottrell’s equation (Eq. 2.3).1%¢

i = nFACDY?m=1/2¢71/2 | eeeenennnnee. (Eq. 2.3)
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where D and C were the diffusion coefficient (cm? s™!) and bulk concentration (mol

P
v

cm ) of INH, respectively; A was the electrode area (0.262 cm?); i was the current
controlled by the diffusion of INH from the bulk solution to the electrode/solution
interface. The plot of i vs. t 2 at various INH concentrations was found to be linear (Fig.
2.8(B)). Further, the diffusion coefficient calculated from the slope obtained from the
plot of (slope of i vs. t %) against concentration of INH (Fig. 2.8(C)) and it is found that
the diffusion coefficient of INH at MWCNT-Chit/GCE is 3.7 x 10 cm? s!. The
diffusion coefficient obtained for INH at present electrode is well comparable to the

previous reported values (3.6 x 10° to 5.4 x 10% cm? s') at various modified

electrodes. 2037381
10
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Fig. 2.8. (4) CA plots of INH in B-R buffer (pH 6.0) at different concentrations (20, 30,
40, 50, 60 uM) at MWCNT-Chit/GCE. (B) i vs. t'? plot and (C) plot of slope of
(i vs. ') against concentration of INH.

2.3.6. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful tool for studying
the interfacial properties of surface-modified electrodes®***°l. The charge transfer
resistance (Ret) of the electrode provides vital insight into the nature of interface. EIS
analysis of bare GCE and MWCNT-Chit/GCE is carried out 1| mM K3[Fe(CN)s] + 0.1 M
KCl in the frequency range of 60 kHz to 10 mHz. The results were found to best fit with

a simple Randles equivalence circuit. The Randles circuit consists of the ohmic
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;esistance (Rs) of the electrolyte solution, the double layer capacitance (Cai), electron
transfer resistance (Rc;) and the Warburg impedance (Zw) resulting from the diffusion of
analyte molecules from the bulk of the electrolyte to the interface. Figure 2.9 shows the
Nyquist plots of the MWCNT—chitosan modified electrode and bare GCE in aqueous
I mM Ki3[Fe(CN)s] + 0.1 M KCI. The Nyquist plot of MWCNT-Chit/GCE (Fig. 2.9a) is
nearly a straight line and represents Warburg impedance alone, which indicates the good
conductivity of the modified electrode whereas a large electron-transfer resistance was

observed at bare GCE (Fig. 2.9b).

Tk 100k
A) B)
a —#— Bare GCE a —=— Bare GCE
6k
b —e— MWCNT-Chit/GCE b —e— MWCNT-Chit/GCE
5k 10K
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N 3k 2 1k
] b
2K - 2
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100
0 T T T T T T - - T - - T ™
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Fig. 2.9. A) Nyquist B) Bode plots for EIS measurements of bare GCE (a), and MWCNT-
Chit/GCE (b) in 1 mM K3[Fe(CN)s] in 0.1 M KCI.

The cyclic voltammetric and EIS experimental results show that the CNTs—
chitosan composite film formed a better electron conduction pathway on the electrode
surface. That is to say, the CNTs played an important role as electron-transfer mediator
thus made the electron-transfer easier. This is due to the nano level surface structural and
morphological features of the modified CNTs, the large surface area and excellent
electrical conductivity. The fabricated MWCNT-Chit/GCE is investigated further for

quantitative analysis of isoniazid.

2.3.7. Differential pulse voltammetry (DPV)

The voltammetric response of the MWCNT—Chit/GCE electrode to the presence
of INH was investigated by DPV. At the MWCNT-chitosan modified electrode, the
anodic peak at +0.15 V was monitored and the experimental conditions were optimized
to obtain a good voltammetric profile with high peak current, low background current

and sharp peak with low full-width-half-maximum values. The optimized experimental
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parameters for a good voltammetric profile were scan rate of 50 mV s~!, pulse amplitude

of 50 mV and pulse period of 0.5 s. After optimizing the operating conditions,
differential pulse voltammetric measurements were carried out at the MWCNT-
Chit/GCE in B-R buffer containing different INH concentrations and the results are
shown in Fig. 2.10(A). The dependence of the oxidation peak currents on the
concentration of isoniazid is shown in Fig. 2.10(B). The results showed that the
oxidation peak current (ip) linearly increased with the concentration of isoniazid. The
linear regression equation is expressed as: i (WA) = 1.1104 + 1.673 Cinu (uUM) with the
regression coefficient R?= 0.987; the detection limit is found to be 5.5 x 1078 M (S/N =
3) which is equivalent to ~7.5 ng mL™! with a linear determination range of 1.0 x 1077 M
to 1.0 x 107> M. The performance of the present electrochemical sensor is compared

with other electrochemical sensors and also with other analytical methods reported in the

literature (Table 2.1).
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Fig. 2.10. (A) DPVs of different concentrations of INH (0.1, 0.2,....3 uM) in B-R buffer
(pH 6.0) using MWCNT-Chit/GCE. (B) Plot of the peak current against the

concentration of INH. Inset shows the plot of peak current at higher concentrations of
isoniazid.







Table 2.1. Detection of INH using electrochemical and various analytical methods

Decrease in

Method Electrode overpotential Linear range Limit of detection Reference
(mV)

Carbon paste / Poly-L- , _ R
DPV hli)stidine Y 50x10 —1.1x10 'M 17x107 M Bergamini et al., 2010
swv* Pt/ Ferrocene mediator 50%x10°-60x10 "M - Gao et al., 2006
DPV MWCNT / Thionine 1.0x10°=1.0x10 ' M 50x10 M Shahrokhian et al., 2010

Amperometry GC / Polypyrrole 345 40%x10°-20%x10°"M 32x10°M Majidi et al., 2006 -

GC / Nafion-Ordered , - _

Amperometry Mesoporous carbon 480 1.0x10 =37x10 "M 84x10°M Yan et al., 2011
DPV GC/ MWCNT-carbon paste 150 1.0x10°~1.0x10 "M 50%x10° M Shahrokhian et al., 2007 -
HPLC n.a. n.a. 0.002 —20 pg mL " 0.5ngmL Zhou et al., 2009 >

MEKC n.a n.a 3.0-100.0 mgmL 1.0 mgmL Nemutlu et al., 2007 >

UV-VIS . » . -
Spectrophotometry n.a n.a 0.3-3.5ugmL 0.26 pg mL Safavi et al., 2004

UV-VIS . . , “
Spectrophotometry n.a n.a 0.6 —6.2 pgmL 0.15 pg mL Safavi et al., 2008

=7 -6 -8
DPV MWCNT-Chit/GCE 800 102107 =3.010 °M 35x10°M Present Work
(0.014-0411 pgmL ) (7.5ngmL )

“SWV - Square-wave voltammetry, MEKC — micellar electrokinetic capillary chromatography, n.a. — Not applicable
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The low-detection-limit of INH obtained by the present electrochemical sensor using
MWCNT-Chit/GCE is highly significant and superior compared to the detection-limits
reported previously by using various electrochemical?®3%3! chromatographic!**** and

spectrophotometric!!2#3 methods.
2.3.8. Interference studies

Electrochemical response of INH in the presence of the possible electroactive
physiological components such as ascorbic acid (AA), uric acid (UA) and dopamine
(DA) has been carried out at MWCNT-chitosan modified electrode using DPV method.
Figure 2.11 shows the DPVs at MWCNT-chitosan modified electrode at different
concentrations of INH in the presence of ~4 times higher concentration of 20 uM of AA,
and the results show that the concentration of INH could be determined accurately even
in the presence of higher concentrations of AA. Higher concentrations of other
interferents UA and DA also did not influence the current response of INH significantly
(signal change < 5%). From the experimental observations, it is clearly evident that the
proposed electrochemical method using MWCNT-Chit/GCE can be used effectively for
the detection of INH even in the presence of higher concentrations of possible

interferents.
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INH
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Fig. 2.11. DPVs of different concentrations of isoniazid (5 uM, 10 uM, 15 uM, 20 uM)
in B-R buffer (pH 6.0) using MWCNT-Chit/GCE in the presence of 20 uM ascorbic acid.
2.3.9. Repeatability and Reproducibility

Reusability of the MWCNT-chitosan modified electrode towards the
electrochemical oxidation of INH was investigated by repetitively recording DPV at a

fixed INH concentration of 5 uM. The relative standard deviation (RSD) for the anodic

| -54-



Chapter 2

o
v y
v

peak currents in six determinations is only 2.5 %, indicating excellent reusability of the
nanocomposite modified electrode. Furthermore, the anodic peak currents for the
determination of INH in multiple experiments over a time period of 10 days decreased
only by 3.0 %. Also, no much change is observed in the oxidation peak potential of INH
at modified electrode even after one month of its fabrication though the modified
electrode kept at ambient conditions. Moreover, the reproducibility of the MWCNT-
chitosan nanocomposite electrode was investigated by analyzing the DPV response of
five different electrodes prepared independently. The peak potential for the oxidation of
isoniazid is identical with all the electrodes, and the peak currents of the DPVs recorded
by using the five independent electrodes at the isoniazid concentration of 1 uM vary only
a little with a standard deviation of 2.2 %, indicating that the MWCNT-chitosan
nanocomposite electrode is highly reproducible. From the results, it is clear that the
MWCNT-chitosan composite formed a stable and reproducible nanobiocomposite film

on GCE for the determination of isoniazid.
2.3.10. Determination of INH in pharmaceutical and artificial urine samples

Pharmaceutical samples of isoniazid (300 mg/tablet), which were diluted
appropriately, were analyzed with the proposed electrochemical method by the standard
addition method. In Fig. 2.12, the curve “e” shows the DPV of analytical sample
containing 0.5 pM of pure INH and 0.5 uM of INH from pharmaceutical tablet at
MWCNT-Chit/GCE, which gives a good recovery of 102 % with low RSD (1.6 %). The
recovery of isoniazid from tablet samples at different concentrations was listed in Table
2 and it varies from 96.7 % to 102.0 %. Recovery of INH in artificial urine was also
examined by direct addition of INH into undiluted artificial urine without any buffer.
Isoniazid metabolizes rapidly with a half-life of 1 — 3 h. Isoniazid and its derivatives are
excreted in urine with 75 — 95% of the drug excreted in 24 h. The concentration of
isoniazid in urine 10 h after administration of the drug decreases to as low as 0.26 ug
mL!, ie, 1.9 uM*4 Lactic acid and uric acid present in urine would interfere
effectively in the electrochemical analysis. Artificial urine sample was prepared with the
presence of lactic acid and uric acid, etc. at normal urine concentrations levels (see
Experimental section) and was examined by DPV analysis. The MWCNT-Chit/GCE did
not show any peak to the artificial urine sample in the absence of isoniazid (Fig. 2.12c).

It clearly shows that the fabricated nano-biocomposite electrode did not respond to any
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of the electroactive interferents present in the urine sample. The nanocomposite matrix
comprising —COOH groups in the functionalized MWCNTSs might have strongly retarded
the electroactive interferences in urine such as lactic acid and uric acid. The electrode
was then investigated for detection of isoniazid directly in artificial urine sample. DPV
of MWCNT-Chit/GCE electrode in artificial urine sample with the presence of 0.5 uM
INH was recorded (Fig. 2.12d), and it shows one peak corresponding to the oxidation of
isoniazid. These results clearly indicate that the developed sensor chip could detect INH
selectively from urine sample as low as 5 x 10”7 M. This detection limit is nearly four
times superior compared to the concentration of isoniazid in urine 10 h after
administration, and thus diluted urine samples could also be investigated for the
determination of isoniazid by the present method. The recovery of isoniazid from
undiluted artificial urine samples at different concentrations (5.0 — 15.0 x 10”7 M) was
listed in Table 2.2, and it varies from 97.0 % to 101.4 %. From the results of the recovery
analysis, we conclude that the fabricated sensor can be used efficiently for selective
determination of isoniazid from pharmaceutical formulations and from urine samples
in-vitro.

15

—— a - B-R buffer
——b - Pure INH
—— ¢ - Urine sample
——d -INH in Urine

< 10 4 - Pure INH + Tablet
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0.0 0.1 0.2 0.3 0.4 0.5
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Fig. 2.12. DPVs in the (a, c) absence and (b, d) presence of 0.5 uM INH in (a, b) B-R
buffer of pH 6.0 and in (c, d) artificial urine. e) Mixture of 0.5 uM pure INH and 0.5 uM
INH from tablet in B-R buffer (pH 6.0) at MWCNT-Chit/GCE.
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Table 2.2. Determination of INH in pharmaceutical tablet and in artificial urine samples

using MWCNT-Chit/GCE.

Tablet R a
INH aple Found  Average  "RSD of
Sample M Added - Recovery  recovery
X -
( ) w10’y 1OM (%) (%)
5.0 5.0 10.20 102.0 1.6
Tablet
(Solonex, 5.0 10.0 14.50 96.7 2.4
300
mg) 5.0 15.0 20.10 100.5 1.8
5.0 ; 5.07 101.4 0.8
Urine
Sample 10.0 ; 9.80 98.0 12
15.0 ; 14.55 97.0 3.1

4 Mean value of six measurements

2.4. Conclusions

In this work, we fabricated a stable and effective electrochemical sensor for
sensitive determination of INH with MWCNT-chitosan nanocomposite modified
electrode using simple drop and cast method. MWCNT-chitosan nanocomposite film
remarkably enhances the voltammetric signal response and lowers the oxidation
overpotential of INH. In this nanocomposite modified electrode, the MWCNTSs act as
good electrocatalytic mediator and MWCNT—chitosan composite film generates a better
electron conduction pathway on the GCE surface. The nanocomposite film was highly
stable for multiple analysis over a long period due to the unique binding character of
chitosan biopolymer. The fabricated MWCNT-chitosan modified electrode can be used
for the detection of ppb levels (ng/mL) of INH in the presence of biological interferents.
The proposed sensor has good stability, high sensitivity and simple fabrication
procedure. From all these advantages, we conclude that this nanocomposite electrode
could be extended to the determination of pharma drugs in biological fluids and

pharmaceutical formulations.
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CHAPTER 3

Gold Nanoparticles Decorated Carbon Nanotubes
based Sensor for Electrochemical Detection of
5-Fluorouracil in-vitro
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Chapter 3

3.1. Introduction

In recent years, various antitumor active compounds are widely used in the
treatment of cancer, and one of the most widely used drugs for chemotherapy of solid
tumours is S-fluorouracil (5-FU). It is an antineoplastic agent used for the treatment of
solid tumour based cancers. Generally, high serum concentrations of drugs are
necessitated to effect a pharmacological activity against tumours, but 5-FU metabolizes
rapidly in the body. Determining safe and effective dosage of drugs for chemotherapy is
still a substantial challenge in the treatment of neoplastic diseases. Frequent
measurement of the concentration of 5-FU in physiological fluids is extremely demanded
to maintain an optimal concentration of 5-FU. It is noteworthy that an overdose of 5-FU
may cause very high toxicity by accumulation in cancer patients. Controlling the amount
of 5-FU in a given formulation and the dose to the sufferers is important in
pharmaceutical quality control and for clinical diagnosis. Various analytical methods
have been aimed for the detection of 5-FU based on spectroscopic [?], chromatographic

341 electrophoresis ) and electrochemical methods [¢®. Electrochemical

capillary [
transduction methodologies are advantageous because they offer miniaturization,
portable analysis, rugged instrumentation with no movable parts, high sensitivity, on-site
analysis, etc. However, the major problem towards the detection of 5-FU by an
electrochemical method is the poor oxidation of 5-FU at bare electrodes and only a few
electrochemical sensors have been reported so far for the detection of 5-FU. Therefore,
highly sensitive and selective sensor systems are still in need for the determination of 5-

FU at nano molar levels.

Carbon nanotubes (CNTs) are investigated immensely in a wide variety of
research fields because of their salient features, such as high mechanical strength,
nanowires of few hundred micrometer long tubular geometry and chemically inert nature

(9191 'However, low dispersion and high aggregation

with high electrical conductivity
impediment the effective usage of CNTs for electrochemical sensor applications.
Incorporation of functional reactive groups into the backbone of CNTs and combined
use with ionic liquids, polymer electrolytes, etc. could alleviate the drawbacks. In
electrochemical sensor systems, CNT based electrodes are less susceptible to electrode

fouling and thus the reuse of such sensors would be greatly improved [!!-1?],

Another interesting nanomaterial for the modification of electrode surface is gold

nanoparticles (GNPs), because of the high surface area along with high conductivity.
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GNPs allow electrons to flow freely into the material and have demonstrated high
catalytic activity for both oxidation and reduction reactions. The major problem with the
nanoparticles is aggregation of particles, which could lead to the decrease of both active
surface area and also conductivity. Therefore, it is necessary to develop effective
methods to synthesize gold nanoparticles which could be free from aggregation. Several
strategies have been developed to prevent the nanoparticles from aggregation such as
polymer coatings, surfactant stabilizers, thiol-ligand coatings and polymer agents
capping 131, Considering the advantages of both MWCNTs and GNPs towards
electrode modification, a hybrid composite between MWCNTs and GNPs is intended to

avoid aggregation and also to bring some special features by synergistic effect.

Chitosan (chit) obtained by partial deacetylation of the natural biopolymer,
chitin, is used here to form a linkage between MWCNTs and GNPs. Chitosan polymer
has attracted here for the dispersion of CNTs because of the presence of a large number
of functional groups such as hydroxyl and amine groups in addition to its very good film
forming ability, hydrophilicity and biocompatibility. In our previous work, we fabricated
a MWCNT-chitosan nanocomposite based electrode which exhibited an excellent
catalytic activity, and there chitosan formed a very good linkage between MWCNT and
electrode substrate ['®. In this investigation, MWCNT decorated with GNPs is
synthesized in the presence of chitosan. The functional groups present in chitosan are
responsible for both the reduction and stabilization of the GNPs with which the
nanoparticles become stable and free from aggregation. Chitosan can also be chosen to
avoid the use of toxic reductants such as hydrazine and sodium borohydride. By
combining these advantages of chitosan, we fabricated an electrochemical sensor for the

important anti-cancer drug 5-flourouracil using a nanocomposite of MWCNT and GNPs.

3.2. Experimental
3.2.1. Chemicals

5-Fluorouracil, ascorbic acid, uric acid, dopamine and serotonin were obtained
from Tokyo chemical industry, Japan. Chitosan (60 — 120 kDa, 85% deacetylation) and
gold (III) chloride (HAuCls4) were purchased from Sigma Aldrich, USA. MWCNTs
(95%, 20-30 nm OD and 10-30 pum length) were purchased from Sisco research
laboratories, India. Other chemicals used in this investigation were analytical grade
reagents (minimum 99% purity). Britton-Robinson buffer (B-R buffer) was prepared by

mixing boric acid, phosphoric acid and acetic acid 40 mM each, followed by the addition
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;)f 0.1 M NaOH to adjust the pH (pH 4.0 to 11.0). Artificial urine solution was prepared
following a procedure reported in the literature 7). It consists urea (170 mM), citric acid
(2.0 mM), lactic acid (1.1 mM), sodium chloride (90 mM), ammonium chloride (25
mM), sodium sulphate (10 mM), sodium bicarbonate (25 mM), calcium chloride (2.5
mM), potassium dihydrogen phosphate (7.0 mM) and dipotassium hydrogen phosphate
(7.0 mM), and the solution was adjusted to pH 8.0 by the addition of 1.0 M NaOH.
Double distilled water filtered finally through a 0.2 um Millipore cartridge was used to

prepare aqueous solutions throughout the experiment.

3.2.2. Functionalization of MWCNTs

Functionalization of MWCNT with carboxyl groups was carried out by treating
with hot nitric acid, following a procedure reported in the literature '8, MWCNT (120
mg) was taken in 10 mL of 3 M nitric acid and heated at 60 °C for one day. Then, the
black solid product was filtered, washed with water until the filtrate becomes neutral and
dried at 80 °C for one day. On treatment with nitric acid, MWCNT is introduced with
carboxyl groups at the sidewall defects and at the ends of the nanotubes. The resultant
functionalized MWCNT was characterized by Raman spectroscopy. The number of
carboxyl groups present in the functionalized MWCNT was determined by acid-base

titration method, and it is 2.1 mmol g!.

3.2.3. Synthesis of GNP-MWCNT nanocomposite

The nanocomposite of GNP and MWCNT was prepared by adopting major
changes in the recipe reported previously for GNP [, A solution of chitosan (1% w/v)
was prepared by dissolving it in aqueous acetic acid (1% v/v). MWCNT (5 mg) was
added to 10 mL of the chitosan solution and ultrasonicated until a homogeneous black
suspension was obtained. Then, 5 mL of aq. 10 mM HAuCl4 was added to the resultant
MWCNT-chitosan mixture and heated for 1 h at ~80 °C. Wine red coloured gold
nanoparticles can be observed in the black suspension which are protected by chitosan
biopolymer. The homogeneous mixture was then stirred for 1 h to allow the chitosan
protected GNPs to attach with MWCNTs through the functional -COOH groups of
MWCNT and the amine groups of protecting chitosan layer. The GNP-attached
MWCNTs are collected by centrifugation of the above mixture, and the GNPs which are
not attached to MWCNTs and remaining in the supernatant are discarded. The collected

solid product is denoted hereafter as GNP-MWCNT nanocomposite.
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3.2.4. Fabrication of modified electrodes

Glassy carbon electrodes of 3 mm diameter (CH Instruments, USA) were
polished with alumina powder of 1 pm size and down to 50 nm and washed well under
ultrasonication with water, aq. 1:1 nitric acid, ethanol and finally with water. GNP-
MWCNT nanocomposite or MWCNT (3 mg) was dispersed into a solution of chitosan
(1% w/v, 1 mL) under ultrasonication at RT for about 30 min. The resultant dispersions
of GNP-MWCNT and MWCNT (10 puL) were used to form a thin film on the GCE
surface by drop-casting method. The resultant electrodes were dried at RT for 24 h and
denoted hereafter as GNP-MWCNT-Chit/GCE and MWCNT-Chit/GCE.

3.2.5. Instrumentation

UV-Visible spectra were recorded on PerkinElmer LAMBDA2S5
spectrophotometer. Raman spectra of MWCNT samples were recorded using a confocal
spectrometer (Model: LabRAM, HR800). A He-Ne laser source (633 nm; 20 mW power)
was used for excitation, and the data were collected for 10 s using a 5x objective. Powder
X-ray diffraction (XRD) of GNP-MWCNT composite was recorded in the range of 10° —
90° 20 on a Brucker AXS D8 diffractometer, and Cu was used as the target (K = 1.5406
A) with a step size of 0.002° and a scan speed of 0.5 s per step. Surface morphological
studies were carried out on an FEI Quanta 200F field emission scanning electron
microscope (FESEM) operating at 15 kV. For FESEM analysis, the samples were cast on
a conducting carbon tape and sputtered with a thin layer of gold to avoid charging during

the analysis.

3.2.6. Electrochemical analysis

Voltammetry, chronoamperometry experiments were carried out using an
Electrochemical Potentiostat/Galvanostat (Model 6132e, CH Instruments, USA).
Electrochemical impedance measurements were carried out using an electrochemical
workstation (Model: IM6e, Zahner, Germany) equipped with Thales software. A
conventional two-compartment three-electrode cell of 20 mL volume was used with bare
or modified GCE as the working electrode, spiral Pt electrode as the counter electrode
and Ag|lAgCl (3 N KCl) as reference electrode. Electrode potentials were referred
against Ag|AgCl (3 N KCl) throughout the manuscript. B-R buffer (pH 4.0 — 11.0) was
used as the electrolyte for electrochemical experiments. For electrochemical analysis, the
experimental solutions were purged with nitrogen gas for 10 min prior to the start of the

experiment.
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3.3. Results and Discussion

3.3.1. Characterization of GNP-MWCNT nanocomposite

o
v

Formation of gold nanoparticles is usually first examined by UV—Visible spectra
of the colloidal gold solution. UV-Visible spectra of the colloidal solution of chitosan
protected GNPs, chitosan solution and aq. HAuCls solution were recorded. The
absorption maxima (Amax) of the GNP colloidal solution is observed at 525 nm (Fig.
3.1(A)), which indicates that the size of gold nanoparticles is about ~30 nm in

diameter?%21,

XRD was used to further confirm the size of GNP in the GNP-MWCNT
composite. The powder XRD patterns of MWCNT and GNP-MWCNT are shown in Fig.
3.1(B). XRD pattern of GNP-MWCNT has all Bragg’s reflections associated to
crystalline gold, which were observed at 38.2°, 44.4° 64.6°, 77.5° and 81.8°,
representing (1 1 1), (200),(220),(311)and (2 2 2) planes of FCC crystalline gold
(JCPDS No. 04 - 0784). The crystalline size of GNP was calculated using Scherrer
formula, and the average crystalline size obtained from the calculation is ~28.7 nm. The
results clearly indicate that the GNPs are of finite size and that the aggregation of

nanoparticles is well controlled.

Raman spectroscopy is an important and powerful technique for characterization
of CNTs and other nanomaterials!®»*}l. Structural changes caused by the
functionalization of MWCNT and by the decoration with GNPs can be observed by
changes in Raman spectroscopy bands. Figure 3.1(C) shows the Raman spectra recorded
for pristine MWCNT, functionalized MWCNT and GNP-decorated MWCNT, where all
the three samples are exhibiting D-band (~1,330 cm™) related to structural disorders of
carbon based materials, G-band (~1,580 cm™) related to graphitized carbon and G'-band
(~2,660 cm™) is the first overtone of the D-band. The intensity ratio (Ip/Ig) is an
indicator of the quantitative measure of structural defects. Functionalization of
MWCNTs is evident from the Ip/lc peak intensity ratio, where we observed a
remarkable increase in Ip/Ig value from pristine (1.18) to functionalized MWCNT (1.46).
This observation clearly confirms that the graphitized carbon content relatively
decreased in functionalized MWCNT obviously owing to the functionalization process,
which involves in the formation of carboxyl groups at the defect sites and at the end of
the nanotubes. Further, the decoration with GNPs on functionalized MWCNT is
confirmed by the peak position and intensities of D, G, and G' bands. At first, there was
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;10 significant difference in the Ip/Ig ratio between GNP-MWCNT and functionalized
MWCNT. It indicates that the decoration of GNPs onto the surface of functionalized
MWCNTs did not affect the core CNT structure. However, there is a little shift in the G-
band to higher wavenumber by GNP decoration onto MWCNT (Fig. 3.1(C) inset), and it
indicates the chemical interaction between GNPs and the functionalized MWCNT. A

similar trend is also observed with the G' band.
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Fig. 3.1. A) UV-Visible spectra of a) aq. 1 wt.% chitosan, b) aq. HAuCly, ¢) gold colloid
in aq. 1 wt.% chitosan. (B) XRD spectra of MWCNT and GNP-MWCNT composite. (C)
Raman spectra of pristine MWCNT, functionalized MWCNT and GNP-MWCNT.

The field emission scanning electron microscope (FESEM) was used to
characterize the surface morphology of GNP-MWCNT nanocomposite. Figure 3.2
shows the FESEM images of MWCNT and GNP-MWCNT nanocomposite. The FESEM
image of GNP-MWCNT composite is seen to have sharp crystallites continuously
throughout the CNT structure. Obviously, the FESEM image of plain MWCNT shows
simple thread like structures of MWCNT. Figure 3.2 clearly illustrates that the gold
nanoparticles are distributed all over the surface of MWCNT as sharp crystallites and
have formed a good network on MWCNT. Furthermore, the GNP-MWCNT film is of
very much porous nature with a fine distribution of MWCNTs all over the matrix, and in

overall the nanocomposite could promote the electron transfer across the film efficiently.
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Fig. 3.2. FESEM image of (A) MWCNT (B) GNP-MWCNT nanocomposite; Inset shows
a magnified section of the image.
3.3.2. Electroactive surface area of modified electrodes

The cyclic voltammetry analysis is a very basic method to study the
electrochemical characteristics of an analyte at modified electrodes. At first, the
electroactive areas of the modified electrodes were estimated by cyclic voltammetry and
compared with that of bare GCE. For the purpose, cyclic voltammograms (CVs) of
K;3[Fe(CN)s] were recorded at bare GCE, MWCNT-Chit/GCE and GNP-MWCNT-
Chit/GCE electrodes in aq. 2 mM K3[Fe(CN)¢] + 0.1 M KCI at various scan rates (10 to
150 mV s). For the three electrodes, the CVs obtained at the scan rate of 100 mV s
and the plot of peak currents against the square root of scan rate are shown in Fig.
3.3(B). The peak currents observed with the modified electrodes are higher than that
observed with bare GCE. The results were analyzed, and the effective surface areas of
the modified electrodes were determined by applying the Randles-Sevcik equation and
by considering the diffusion coefficient of K3[Fe(CN)s] as 6.7x10° cm™s!, according to
the procedure recorded elsewhere *. The effective surface area of bare GCE is 0.078
cm?, which is nearly equal to the geometrical surface area of 3 mm diameter electrode.
The electroactive surface areas of MWCNT-Chit/GCE and GNP-MWCNT-Chit/GCE
are nearly 4 to 7 times higher than that of bare GCE and are 0.26 and 0.58 cm?,

respectively.
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Fig. 3.3. (A) CVs of K3[Fe(CN)¢] recorded at bare GCE (a), MWCNT-Chit/GCE (b) and
GNP-MWCNT-Chit/GCE (c) in aq. 2 mM Ks[Fe(CN)s] + 0.1 KCI; scan rate = 100 mV
s, (B) Plot of the anodic peak current against the square root of scan rate.
3.3.3. Electrocatalytic oxidation of 5-fluorouracil

Cyclic voltammograms of 5-fluorouracil were recorded at bare GCE, MWCNT-
Chit/GCE and GNP-MWCNT-Chit/GCE in B-R buffer (pH 8.0) containing 0.5 mM 5-
FU, and the CVs are shown in Fig. 3.4. In the absence of 5-FU, no characteristic peak
was observed at any of the electrodes in B-R buffer. In the presence of 5-fluorouracil, an
irreversible anodic peak was observed at all the electrodes. The anodic peak potential for
the oxidation of 5-FU at bare GCE is ~ +1.25 V. At both MWCNT-Chit/GCE and GNP-
MWCNT-Chit/GCE electrodes, a well-defined anodic peak was observed at a less
positive potential, +1.10 V. The decrease in the overpotential for the oxidation of 5-FU
at GNP-MWCNT-Chit/GCE is advantageous. Furthermore, the peak currents for the
oxidation of 5-FU at MWCNT-Chit/GCE and GNP-MWCNT-Chit/GCE electrodes are
respectively higher by 4 and 15 times than that at bare GCE. These observations are
clear evidences for the enhanced effect of GNP-MWCNT nanocomposite towards 5-FU
oxidation. Moreover, the GNP-MWCNT modified electrode shows a large background
charging current compared with MWCNT-Chit/GCE and bare GCE, owing to a
significant increase in the active surface area of the electrode. These results clearly
reveal that the GNP-MWCNT nanocomposite film formed a better electron conduction
pathway for the oxidation of 5-FU and helped to accelerate the electron transfer across

the electrode interface.
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Fig. 3.4. CVs of 5-FU recorded in B-R buffer (pH 8.0) in the presence (b, d, f) and
absence (a, c, e) of 0.5 mM 5-FU at bare GCE (a, b), MWCNT-Chit/GCE (c, d) and
GNP-MWCNT-Chit/GCE (e, f). Scan rate = 100 mV s

Effect of pH on the electrochemical characteristics of 5-FU at GNP-MWCNT-
Chit/GCE was investigated by cyclic voltammetry in B-R buffer of different pH values

(pH 4.0 to 11.0) (Fig. 3.5). The pH of the buffer solution obviously influenced the
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Fig. 3.5. (4) CVs of 0.5 mM 5-FU in B-R buffer of different pH values (4 — 11) at GNP-
MWCNT-Chit/GCE; scan rate = 100 mV s. (B) Plot of peak potential and peak current
against pH.

oxidation peak of 5-FU. The peak currents are high in the pH range of 7.0 — 9.0, and it
decreased to a minimum at pH > 10.0. The peak potential (Ep) was gradually changing
to less positive potentials as the pH varied from 5.0 to 11.0. The plot between Ep and pH
(Fig. 3.5(B)) shows that Ep is linearly dependent on pH. The slope of the Ep vs. pH plot
is 0.062 V and is very close to the theoretical Nernstian value of 0.059 V, which
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indicates that the number of protons and the number of electrons transferred in the
electrochemical oxidation of 5-FU are equal to each other. In the overall pH range of 4.0
to 11.0, the peak current was very high at pH 8.0. Considering these observations, B-R
buffer of pH 8.0 has been chosen for further analysis.
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Fig. 3.6. (4) CVs of 0.5 mM 5-FU in B-R buffer (pH 8.0) at GNP-MWCNT-Chit/GCE
with different scan rate (20, 40, 60, 100, 150, 200, 250, 300, 350 mVS'I) (B) Plot of peak
current against square root of scan rate. (C) Plot of peak potential against In(scan rate),
(D) peak potential against scan rate.

Influence of the scan rate on the voltammetric behaviour of 5-FU was studied.
Cyclic voltammograms of 0.5 mM 5-FU at GNP-MWCNT-Chit/GCE were recorded
with different scan rates (20 — 350 mV s™') and are shown in Fig. 3.6(A). The peak
currents for the oxidation of 5-FU gradually increased with the scan rate. The plot
between the anodic peak current and the square root of scan rate was linear, passing

through the origin (Fig. 3.6(B)). It clearly indicates that the electrochemical oxidation of
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5-FU is a diffusion controlled process and that the permeation of 5-FU across the GNP
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nanocomposite film is very facile (vide infra).

For an irreversible electrochemical reaction, the relationship between the peak
potential Ep and the scan rate v expressed by Laviron® is shown in Eq. 2.2 of Chapter
2. According to the equation, the an value can be determined from the slope of Ep vs.
In(v) plot (Fig. 3.6(C)), and k° can be calculated from the intercept of the plot if the
value of E° is known. The value of E° can be obtained from the intercept of the Ep vs. v
plot (Fig. 3.6(D)) by extrapolation to the vertical axis at v =0 and is 1.08 V. From the
slope of the Ep vs. In(v) plot, an was calculated to be 0.56. Generally, a can be assumed
to be 0.5 for an irreversible electrode process. So the electron transfer number (n) for the
electrochemical oxidation of 5-FU becomes 1, and the k° value is determined from the
intercept to be 0.82 s, Diffusion coefficient of 5-FU for the electrochemical oxidation at
GNP-MWCNT-Chit/GCE is determined using chronoamperometry (Figure 3.7) by
adopting the Cottrell’s equation and its value is determined to be 9.62 x 10 cm? s,
The diffusion coefficient obtained for 5-FU at the present electrode is well comparable
to the previous reported values (7.60 x 107, 7.02 x 10° cm? s!) at different modified
electrodes!®”]. Taking into consideration of the results obtained in Ep vs. v and Ep vs. pH
(vide supra) studies together, we could conclude that the electrochemical oxidation of 5-
FU is a one-electron one-proton transfer process, and these results are in well agreement
with the mechanism for the oxidation of 5-FU (Scheme 3.1)!”! proposed in previous
reports.
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Scheme 3.1: Mechanism for electrochemical oxidation of 5-FU
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Fig. 3.7. (A) CA plots of 5-FU in B-R buffer (pH 8.0) at different concentrations (100,
150, 200, 250, 300 uM) at GNP-MWCNT-Chit/GCE. (B) i vs. t? plot and (C) plot of the
slope of (i vs. ') against the concentration of 5-FU.

3.3.4. Electrochemical Impedance Spectroscopy (ELS)

Electrochemical impedance spectroscopy of the GNP nanocomposite electrode
was examined to study the interfacial properties of the electrode and to examine the
characteristics of the nanocomposite film. Charge transfer resistance (R¢t) determined
here is an important characteristic of electron-transfer across the electrode interface.
Electrochemical impedance spectra of bare GCE, MWCNT-Chit/GCE, GNP-MWCNT-
Chit/GCE in aq. 1 mM K3[Fe(CN)s] + 0.1 M KCIl were examined at the open circuit
potential over the frequency range of 100 kHz to 10 mHz. The open circuit potential was
approximately equal to the redox potential of K3[Fe(CN)s] at its respective electrode.
The results were analyzed with various equivalent circuit models, and the observed
results were found to best fit with Randles equivalent circuit. The resulting Nyquist and
Bode plots are shown in Fig. 3.8. The Nyquist plot of bare GCE shows a semi-circular
pattern followed by a linear plot, and the charge-transfer resistance (R¢) for electron-
transfer at bare GCE is determined to be 2.3 kohm. However, the Nyquist plots of both
MWCNT-Chit/GCE and GNP-MWCNT-Chit/GCE (Fig. 3.8(A)) exhibit only a linear
plot relevant to a mere diffusion behaviour alone, indicating the very good conductivity
of the nanocomposite modified electrode with negligible charge transfer resistance. The

Bode plots clearly show that the diffusion behaviour of redox species towards the GNP-
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MWCNT-Chit/GCE was very high compared to MWCNT-Chit/GCE and that the active
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surface area was increased by decorating MWCNT with gold nanoparticles.
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Fig. 3.8. (A) Nyquist and (B) Bode plots of EIS analysis at bare GCE, MWCNT-
Chit/GCE and GNP-MWCNT-Chit/GCE in aq. 1 mM K3[Fe(CN)s] + 0.1 M KCI. Inset:
Randles circuit.

Both the cyclic voltammetry and EIS analysis results show that the GNP-
MWCNT nanocomposite film provided a facile electron conduction pathway for
catalyzed oxidation of 5-FU. That is to say, the GNP-MWCNT-Chit composite
comprising long tubular conductive CNT coupled with gold nanoparticles and the fine
dispersion of nanotubes in the chitosan matrix together made the electron transfer easier.
The enhanced electron transfer could be ascribed to the nanolevel surface structural and
morphological features of GNP and MWCNT, such as porous surface structure,
continuous network of GNPs on MWCNT and excellent electrical conductivity of the
GNP-MWCNT composite. The fabricated GNP-MWCNT-Chit/GCE is investigated for

quantitative analysis of 5-FU.

3.3.5. Differential pulse voltammetry (DPV)

Differential pulse voltammetric analysis of 5-FU at the GNP nanocomposite
electrode was carried out for quantitative analysis of 5-FU. Optimum experimental
parameters for a good voltammetric profile with high peak current and minimal
background current are established to be 100 mV pulse amplitude, 100 ms pulse width
and 10 mV step increment. Differential pulse voltammograms of 5-FU at GNP-
MWCNT-Chit/GCE electrode were recorded in B-R buffer (pH 8.0) over the
concentration range of 0 — 10 uM 5-FU, and the results are shown in Fig. 3.9(A). A well-
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defined anodic peak was observed at +0.95 V. The peak current increased gradually with
the increase in the concentration of 5-FU. The DPV measurements were repeated four
times with independent electrodes, and the peak current was plotted against the
concentration of 5-FU. A linear plot with a regression coefficient of 0.99 was obtained,
as shown in Fig. 3.9(B). Low-detection-limit of the sensor system is defined as the
change in peak current by three relative standard deviations, and it is determined from
the plot to be 20 nM. The linear determination range is 3 x 10® — 10 x 10°® M. The
performance of the GNP nanocomposite electrode were compared with those reported
1,2,4,6-8,27-30

previously ! 1 as shown in Table 1. The low-detection-limit of our study is very

much comparable with those reported by various electrochemical methods, different

modified electrodes and chromatographic and other analytical methods (Table 3.1).
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Fig. 3.9. (A) DPVs of 5-FU in B-R buffer (pH 8.0) at different concentrations (0, 0.03,
0.06, 0.2, 0.5, 1, 2, 3, 4, 5,6, 7,8, 9, 10 uM) at GNP-MWCNT-Chit/GCE. (B) Plot of
peak current against concentration of 5-FU.




Table 3.1: Detection of 5-FU using electrochemical and various analytical methods

Method Electrode Linear range Limit of detection Reference
SWV AuNP-SPE 0.2 50 ug mL™! 0.1 pgmL"! S. Wang et al. (2012)
Potentiometry Membrane electrode 1.3-130 ug mL"! 10 uM S.S. Hassan et al. (1998)
DPASV MIP-fiber electrode 9.99-426.46 ng mL ! 1.30 ng mL ™! B.B. Prasad et al.(2012)
DPV IL-CPE 0.5 uM — 800 uM 13 nM W.Hou et al. (2011)
Cyclic voltammetry MWNT/BTB/GCE 0.8 uM -5 mM 0.26 uM S. Guijun et al. (2013)
SWV HMDE 10 pM - 90 pM 7.7 pM V. Mirceski et al. (2000)
Vibrational
n.a. -- 2 ugmL-! S. Farquharson et al.(2005)
Spectroscopy
Spectrophotometry n.a. 30— 100 pg mL ! 0.5 ug mL ! M. M. Amer et al. (1997)
HPLC n.a. 4-160 pg L 4pugL?! D. Chu et al. (2003)
HPLC n.a. 0.2-40 ug mL ! 0.6 ng mL ! W. Chen et al. (2012)
50 nM — 10 uM 2x10°%M
DPV GNP-MWCNT-Chit/GCE Present work
(6.5ngmL"'— 1.3 pgmL™") (2.6 ngmL™)

BTB — Bromothymol blue, SWV — Square-wave voltammetry, HMDE — Hanging mercury drop electrode, AuNP-SPE - Gold nanoparticle-
modified screen-printed electrode, DPASV — Differential pulse adsorptive stripping voltammetry, HPLC — High performance liquid

chromatography, n.a. — Not applicable.
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3.3.6. Interferences

Electrochemical response of 5-FU in the presence of potentially electroactive
biological compounds such as ascorbic acid (AA), uric acid (UA), dopamine (DA) and 5-
hydroxytryptamine (5-HT) has been investigated at the GNP-MWCNT nanocomposite
electrode by DPV method. Figure 3.10 shows the DPVs at the GNP-MWCNT
nanocomposite electrode in the mixture of AA, UA, DA and 5-HT 5 uM each and
different concentrations of 5-FU at micromolar concentration levels (2, 4, 6, 8 uM) in B-
R buffer (pH 8.0). At the GNP-MWCNT-Chit/GCE, distinct peaks for AA, DA, 5-HT
and 5-FU each were observed with a merged peak of UA (Fig. 3.10). The peak currents
for 5-FU increased as the concentration of 5-FU increases in the presence of these
interferences. Even higher concentrations of AA, DA, UA and 5-HT together could not
affect the current response of 5-FU in B-R buffer. From the experimental results, it is
clearly evident that the proposed electrochemical sensor can be used effectively for the

detection of 5-FU even in the presence of various possible electroactive interferents.
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Fig. 3.10. DPVs recorded at GNP-MWCNT-Chit/GCE with 5-FU at different
concentrations (2.0, 4.0, 6.0, 8.0 uM) in the presence of AA, DA, UA and 5-HT 5 uM
each in B-R buffer (pH 8.0).
3.3.7. Reproducibility and Reusability

The stability, reusability and reproducibility of the GNP nanocomposite
electrodes for the detection of 5-FU was investigated by DPV analysis. DPVs of 20 uM
5-FU were recorded at a single GNP-MWCNT-Chit/GCE electrode over a period of 7
days, while storing the modified electrode at ambient laboratory conditions. The peak

currents of the recorded DPV's decreased merely by 3.8% in about 25 measurements, and
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this observation clearly indicates the stability and reusability of the fabricated GNP
nanocomposite electrode. Further, reproducibility of the modified electrode was
examined by recording DPVs of 5-FU in multiple measurements with the use of six
GNP-MWCNT-Chit/GCE electrodes fabricated independently. The peak currents of the
DPVs of 20 uM 5-FU recorded at these electrodes varied to an extent of only 2.4%. It
clearly reveals that the nanocomposite electrode is highly reproducible for the analysis of
5-FU. In overall, all the observations conclude that the reusability and reproducibility of

the GNP nanocomposite electrode are quite satisfactory.

3.3.8. Determination of 5-FU in pharmaceutical and artificial urine samples
Pharmaceutical samples of 5-FU (Fluracil 250 mg/5 mL injection) were analyzed
by using the fabricated nanocomposite sensor with the standard addition method. In Fig.
3.11, curves “a, b and ¢” show the DPVs of the analytical samples containing 0.5 pM of
pure 5-FU together with different concentrations (0.5, 1 and 3 uM) of 5-FU of the
pharmaceutical injection at the GNP-MWCNT-Chit/GCE. The experimental time for a
DPV analysis is as low as 25 s. The recovery values obtained in these experiments varied
from 98.3% to 102.6% (Table 3.2) and are quite satisfactory. Recovery of 5-FU from
artificial urine was examined by the addition of 5-FU into undiluted artificial urine of pH
8.0 without any buffer. In Fig. 3.11, curves “d, e and f’ show the DPVs of the GNP-
MWCNT-Chit/GCE electrode recorded in the artificial urine sample in the presence of
1.0, 2.0 and 4.0 uM 5-FU. The recovery of 5-FU from undiluted artificial urine samples
at different concentrations of 5-FU (1.0 - 4.0 uM) varied from 97.6% to 101.4% (Table
32). In physiological samples of clinical patients, the mean concentration of 5-FU varies
over a wide concentration range of 0.106 — 3.77 ug mL"! (0.82 — 29.2 uM) in serum
samples [1*2) and as high as 10 — 60 pg mL™! (77.4 — 464.2 pM) in urine samples 33,
The linear determination range of the developed sensor (0.03 — 10 uM) along with the
very good recovery limits for physiological urine and pharmaceutical samples clearly

confirms that the developed nanocomposite sensor would of biomedical interest.
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Fig. 3.11. DPVs recorded at GNP-MWCNT-Chit/GCE in the presence of a mixture of 0.5
uM pure 5-FU and different concentrations of 5-FU (a = 0.5 uM, b = 1.0 uM and c =
3.0 uM) from pharmaceutical formulation in B—R buffer (pH 8.0) and in the presence of
(d=1.0e=20andf=4.0uM) 5-FU in artificial urine.

Table 3.2: Determination of 5-FU in pharmaceutical injection and in artificial urine

samples using the GNP-MWCNT-Chit/GCE

Sample f;FlIé6 M) K‘;Z?:’n :f‘;‘:;;dM) 3:2;3%:; :(I;SD
(< 10 M) (%) V)
Injection 1.0 1.0 2.06 102.6 1.8
(Fluracil, 250 1.0 2.0 3.05 100.7 1.3
mg/S ml) 1.0 3.0 3.96 98.3 1.4
1.0 - 0.98 98.9 0.9
Urine Sample 2.0 - 1.98 97.6 0.7
4.0 - 4.02 100.2 1.2

2 Mean of six measurements

3.4. Conclusions

In this work, we synthesized chitosan biopolymer protected GNPs and decorated
on the surface of MWCNT with an effective linkage between them. Further, a stable and
efficient electrochemical biosensor based on GNP-MWCNT nanocomposite electrode
was fabricated for sensitive determination of 5-FU by simple drop-cast method. The
GNP-MWCNT nanocomposite film remarkably enhanced the current response and

decreased the oxidation overpotential of 5-FU. In the GNP nanocomposite modified
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electrode, both fine dispersion of MWCNT in the nanocomposite film and the continuous

network of GNPs of finite size (~28.7 nm) on the CNT chain helped for a facile electron-

transfer across the film and for a good -electrocatalytic activity. The present

electrochemical biosensor was efficient for the detection of ppb levels (ng mL™') of 5-FU

despite the presence of potential electroactive interferents and had shown good recovery

limits for direct determination from biological fluids and pharmaceutical formulations

with the analysis time of as low as 25 s. The fabricated biosensor exhibited good

stability, high sensitivity and simple fabrication procedure. All the advantages obtained

with the present biosensor system confirm that the nanocomposite based biosensor

coupling CNT, nanometallic particle and a green biopolymer chitosan could be explored

and extended for selective determination of various pharmaceutical drugs.
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Silver Nanoparticles Impregnated Chitosan
Layered Carbon Nanotubes as a Sensor
Interface for Sensitive Detection of Clopidogrel
in-vitro
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4.1. Introduction

In the last decades, a lot of research work has been carried out to incorporate a
variety of nanomaterial into sensing layers with unique properties for biosensors to
fabricate novel analytical tools. The development of sensing layers in order to detect
trace amounts of chemical, biochemical and biological analytes selectively and
sensitively have attracted a great interest. Intense research has been developed for the
use of biosensors in a wide range of application fields like food industry, environmental

monitoring, biotechnology, pharmaceutical chemistry and clinical diagnostics ['-!,

Among various nano structured materials, carbon nanotubes (CNTs) have been
recognized as an important material in recent years in various fields due to their unique
electrical, mechanical and structural properties. Their use as electrode modifiers can lead
to a decrease of the overpotential, a decrease in the response time, enhanced
electrocatalytic activity and an increase in available active surface area in comparison
with conventional carbon electrodes*”l. The electrocatalytic effect of CNTs has been
attributed to the activity of edge-plane-like graphite sites at the CNT ends and it would
be further increased by functionalization of CNTs and making composites with other
electrocatalytic materials such as metal/metal oxide nanoparticles, conducting polymers,

6-9

and redox mediators (). CNTs also reduce the electrode fouling which can greatly

improve the reuse of such sensors %121,

In this research work, we aimed to develop CNT based hybrid nanocomposites
by coupling with silver nanoparticles (SNPs) to obtain improved active surface area and
amplified flow of electrons across the interface. Our interest on silver nanoparticles for
the reason that they demonstrate high catalytic activity for both oxidation and reduction
reactions '3, Moreover, the preparation of SNPs is very inexpensive compare to that of
Au and Pt nanoparticles because the precursor for SNPs (silver nitrate or silver acetate)
is cheaper than gold and platinum precursors. But, by simply mixing these materials it
cannot simply be possible to develop a highly electrochemically active hybrid material.
The high performance of these combinations possible only when the SNPs formed on the
surface of CNTs by making a strong linkage between CNT and SNPs that can enhance
the electron flow with a faster rate. On the other hand, it is necessary to develop simple
and effective synthesis route to produce stable SNPs which is protected from aggregation

and of homogenous size. In this context, there are various schemes developed for the
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stabilization of nanoparticles such as polymer coatings, some surfactant stabilizers, and

polymer agents capping 1417,

Another interesting material, chitosan (chit) is a linear, [-1,4-linked
polysaccharide (similar to cellulose) obtained by the partial deacetylation of chitin and
provides the above requirements to make an active linkage between the SNP and
MWCNT. Along with our requirements, chitosan possesses many other advantages, such
as excellent strong film forming ability but has high permeability towards water and
biocompatible. It shows good adhesion and high mechanical strength which makes the
sensor highly stable and reusable for multiple analysis. In chitosan, the amine groups are
responsible to well accommodate the SNPs which make nanoparticles stable and free

from aggregation and also facilitate the interactions between MWCNT and SNP.

In the present work, we have tried to develop a highly sensitive and selective
SNP embedded chitosan and MWCNT hybrid composite based sensor for important anti-
platelet drug, clopidogrel. Clopidogrel (methyl (+)-(S)-a-(o-chlorophenyl)-6,7-dihydrothieno-
[3,2-c]pyridine-5(4H)-acetate) antiplatelet agent used to blood clots in coronary artery
disease, peripheral vascular disease and cerebrovascular disease. It is closely related to
ticlopidine and appears to have a slightly more favourable toxicity profile with less
frequent thrombocytopenia and leukopenia, although TTP (thrombotic thrombocytopenic
purpura) has been reported. Considering all these factors, determination of clopidogrel
concentration levels in body fluids as well as in pharmaceutical formulations is very

important in quality control and in clinical diagnosis.

4.2. Experimental
4.2.1. Chemicals and materials

Clopidogrel bisulphate (CLP), ascorbic acid, uric acid, dopamine and serotonin
were purchased from Tokyo chemical industry, Japan. Chitosan of low molecular weight
range (from crab shells, 60 — 120 kDa, minimum 85% deacetylation) and silver nitrate
were obtained from Sigma Aldrich, USA. MWCNTs (95%, 20-50 nm OD and 2-5 pm
length) was purchased from Sisco research laboratories, India. All other chemicals were
of analytical grade (>99.5 % purity) and were used without further purification. Britton-
Robinson buffer (B-R buffer) was prepared using a mixture of 0.04 M CH3COOH, 0.04
M H3BO3 and 0.04 M H3PO4. To dissolve clopidogrel bisulphate, initially the buffer

solution was added with 5 ml of methanol for 100 ml of B-R buffer. The desired solution
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pH was obtained by adding 0.1 M NaOH. Artificial urine solution was prepared
according to the procedure provided by Brooks and Keevil ?°! (Chapter 2).

4.2.2. Synthesis of AgChit-CNT nanocomposite

AgChit nanocomposite was prepared by adopting a recipe reported previously 2!
with a major change and in the presence of MWCNT. 1 wt% of chitosan solution was
first prepared by dissolving chitosan powder in aq. 1.0% (v/v) acetic acid solution.
MWCNTs are at first treated with 3 M aqueous nitric acid to remove the impurities and
to functionalize the MWCNTs with carboxylic groups. Then 5 mg of this fuctionalized
MWCNTs was added into 10 mL of the above chitosan solution and ultrasonicated until
homogeneous black suspension obtained. Then, 4 mL of aq. 10 mM AgNOs3 solution was
added to the resultant CNTs—chitosan mixture and stirred for 30 min. Then 2 ml of 10
mM freshly prepared NaBH4 was added quickly to the above mixture, consequently then
a pale green coloured silver nano particles can be observed in the black suspension
whereas yellow coloured nanoparticle were observed in the absence of MWCNT. The
resulting mixture was kept stirring for another 90 min. The chitosan forms a strong
linkage with the -COO™ groups of functionalized MWCNT through the amine groups of
chitosan and the SNPs are embedded in the matrix of chitosan. Consequently, the SNPs
strongly implanted into the chitosan are bonded with MWCNTs and the AgChit-CNT
hybrid composite was centrifuged and collected from the above mixture leaving the
SNPs which are not embedded in the chitosan composite in the supernatant. The AgChit-

CNT composite was kept in a refrigerator at 4 °C in the dark for a week before use.

4.2.3. Fabrication of electrode systems

At first, GCE (3 mm diameter) was polished with alumina slurry (down to 0.04
um), and then washed thoroughly with double distilled water, then sonicated in 1:1 aq.
HNO;, ethanol and double distilled water consecutively and finally dried at room
temperature. A solution of chitosan (1 % w/v) was prepared by dissolving 1 g of chitosan
powder in 100 mL aq. acetic acid (1% v/v) solution and sonicated for 30 min. A 3 mg of
AgChit-CNT nanocomposite was added to 1 mL chitosan solution and sonicated for 1 h.
Then, 10 pL of the resulting homogeneous suspension of the nanocomposite was cast on
the surface of cleaned GCE and dried for 24 — 30 h at room temperature and the resulting
electrode was denoted as AgChit-CNT/GCE. Similarly, CNT alone dispersed in chitosan

solution (1% v/v) was used, and resulting electrode was denoted as CNT/GCE.
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4.2.4. Characterization

UV-Visible spectra were recorded on Perkin Elmerl00 UV-Visible
spectrophotometer. Raman spectra of the prepared nanocomposites were recorded using a
HR800 LabRAM confocal Raman spectrometer operating at 20 mW laser power using a
peltier cooled CCD detector. The spectra were collected using a He—Ne laser source
having an excitation wavelength of 633 nm and with an acquisition time of 10 s using a
5x objective. The Raman spectral data were acquired in a mixture of acetonitrile and
water (4:1 v/v) using a quartz cuvette. Powder X-ray diffraction (XRD) patterns of the
samples were recorded in 20 range of 10°-90° on a Brucker AXS D8 diffractometer, and
Cu was used as the target (k = 1.5406 A) with a step size of 0.002° and a scan speed of
0.5 second per step. Morphological studies of the samples were carried out on a FEI
Quanta 200F scanning electron microscope equipped with energy-dispersive X-ray
analyser (EDX) operating at 10 - 20 kV. For the FESEM-EDX analysis, the samples
were smeared on a conducting carbon tape and samples were coated with a thin layer of

gold by sputtering method to avoid charging during analysis.

4.2.5. Electrochemical analysis

Cyclic voltammetry, chronoamperometry, differential pulse voltammetry and i-t
curve measurements were carried out using CHI 6132e electrochemical analyser (CH
Instruments, USA), and electrochemical impedance measurements were carried out
using Zahner-elektrik workstation (Model IM6e, GmbH, Germany) equipped with
Thales 3.08 USB software. All the electrochemical measurements were performed in a
conventional electrochemical cell of 20 mL with bare or modified GCE as working
electrode, Pt spiral wire as auxiliary electrode and Ag|/AgCl (3 N KCl) electrode as
reference. All the potentials were referred against AglAgCl (3 N KCI) electrode
throughout the manuscript. Electrochemical experiments were carried out in B-R buffer
at room temperature, and the experimental solution was purged with nitrogen gas for 10

min prior to the start of the experiment to de-aerate the solution.

4.3. Results and Discussion
4.3.1. Characterization of AgChit-CNT composite

Colloidal nanoparticles are initially examined by UV-visible spectroscopic
analysis to know the basic confirmation of nanoparticles formation and its size range. In

the present study SNP colloidal solution in the presence of MWCNT is in greenish
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colour and the absorption maxima (Amax) is about ~396 nm whereas in the absence of
MWCNT it is in yellowish colour with the Amax about ~408 nm (Fig. 4.1). From UV—
visible spectroscopic studies, it is inferred that the presence of MWCNTs decreased the

particle size of SNPs and it is in the range of 30-40 nm diameters!?].
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Fig. 4.1. UV-Visible spectra of aq. AgNOjs (a), silver colloid prepared in chitosan in the
absence (b) and presence (c) of MWCNT.

XRD was used to further confirm the presence of silver nanoparticles in AgChit-
CNT composite. The powder XRD patterns of CNT and AgChit-CNT are shown in Fig.
4.2. XRD pattern of AgChit-CNT has all Bragg’s reflections due to crystalline silver,
which were observed at 38.2°, 44.4°, 64.6°, 77.5° and 81.8° representing (1 1 1), (2 0 0),
(220),(311)and (2 2 2) planes of face centred cubic crystalline silver nanoparticles
(JCPDS No. 04-0783). The SNP size was calculated using Scherrer formula, and the

average crystalline size determined from the calculation is about 35.6 nm.

o - MWCNT — MWCNT
A-Ag - —— SNP - MWCNT
A
o

5 ~ =
o N o
-~ o A N T A
z MNP w -~
‘@ % A A
§ Aa
=]
L)

a

10 20 30 40 50 60 70 80 90
20/ degree

Fig. 4.2. XRD spectra of MWCNT and AgChit-CNT composite.
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Fig. 4.3. Raman spectra of pristine MWCNT (a), functionalized MWCNT (b) and
AgChit-CNT (c).

Structural changes caused by functionalization of the hybrid composite with
AgChit can be observed by changes in Raman spectroscopy bands. Figure 4.3 shows the
obtained spectra from pristine CNT, functionalized-CNT and AgChit-CNT, where all the
three samples are exhibiting D-band (~ 1,330 cm™) related to structural disorders of
carbon based materials, G-band (~1,580 cm™) related to graphitized carbon and G'-band
(~ 2,660 cm) is the first overtone of the D mode peaks. The In/IG ratio is an indication
of the quantitative measure of structural defects. Functionalization of pristine CNTs was
confirmed by the peak intensity ratios of D-band and G-band (Ip/lg), where we could
observe a remarkable increase in Ip/lg values from pristine (1.18) to functionalized CNT
(1.46). Further, the SNPs decoration on functionalized-CNTs was confirmed by the peak
shift of D and G! bands. The Raman shift of D band for AgChit-CNT composite is at
1348 cm! and it is higher than the D band of functionalized CNT (1325 cm™') which

indicates the formation of AgChit layer over the surface of functionalized CNTs.

Surface morphological studies of CNT and AgChit-CNT nanocomposite has been
examined by Field emission scanning electron microscope (FESEM). Figure 4.4 (A & B)
shows FESEM images of plain CNT and AgChit-CNT nanocomposite respectively.
Figure 4.4(B) clearly illustrates that the SNPs which have been embedded in the chitosan
are well-distributed along the surface of CNTs and have formed a good network on

CNTs, which could promote a facile electron transfer. Figure 4.4(B) also shows that the
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AgChit-CNT film is of porous nature with large surface area, and thus it could enhance

the electrodic current of the nanocomposite electrode.

T T T —T T T T T T T T T T T r 1
D 2 4 6 8 10
Full Scale 1526 cts Cursor: 4.186 (20 cts) ke

Fig. 4.5. EDX elemental mapping of (A) carbon and (B) silver in AgChit-CNT composite.
(C) Elemental composition of the AgChit-CNT composite from EDX analysis.

The chemical composition of the AgChit-CNT was determined using EDX

measurements. As shown in Fig. 4.5, EDX elemental mapping clearly reveals that the Ag
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element is evenly distributed throughout the AgChit-CNT matrix. The elemental
composition of the AgChit-CNT composite obtained from EDX analysis is shown in Fig.
4.5 and it indicated the presence of C, O, and Ag as the major elemental components
with the weight percentage of 91.29%, 5.11%, and 3.60%, respectively, over the entire

region of the prepared sample.

4.3.2. Electroactive surface areas of modified electrodes

Initially, the electroactive surface areas of the modified and bare GCE were
determined by cyclic voltammetry. Here, ag.2 mM K3[Fe(CN)g] in 0.1 M KCI was taken
as a probe to measure the active surface area of bare GCE, CNT/GCE and AgChit-
CNT/GCE electrodes, and CVs of K3[Fe(CN)s] were recorded with these electrodes at
different scan rates. The CVs of K3[Fe(CN)s] at bare GCE, CNT/GCE and AgChit-
CNT/GCE electrodes at 100 mV s! and the plot of peak currents against the square root
scan rate are shown in Fig. 4.6. The peak currents observed at the modified electrodes
were higher than that of bare GCE. The results were analyzed, and the effective surface
area of the modified electrodes was determined by applying the Randles-Sevcik equation
and by considering the diffusion coefficient of K3[Fe(CN)s] as 6.7x10° cm? s,
according to the procedure recorded elsewhere %31, The effective surface area of bare
GCE is 0.074 cm? which is nearly equal to the geometrical surface area of a 3 mm
diameter electrode. The electroactive surface areas of CNT/GCE and AgChit-CNT/GCE
are calculated to be 0.26 and 0.48 cm?, respectively, and the active surface areas of the

modified electrodes are a few times higher than of bare GCE.

A) 300
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—— CNT/GCE (b) Bare GCE 111.41 0.999
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Fig. 4.6. (A). CVs of K3[Fe(CN)g] recorded at bare GCE (a), CNT/GCE (b) and AgChit-
CNT/GCE in aq. 2 mM K;3[Fe(CN)s] + 0.1 KCI; potential scan rate = 100 mV s™. (B)
Plot of the anodic peak current against the square root of scan rate.
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4.3.3. Electrocatalytic oxidation of Clopidogrel

Cyclic voltammograms (CVs) obtained for the oxidation of CLP at bare GCE,
CNT/GCE, and AgChit-CNT/GCE in B-R buffer are shown in Fig. 4.7(A). Clopidogrel
exhibits an irreversible CV with an anodic peak at bare GCE, CNT/GCE and AgChit-
CNT/GCE and no peaks was observed in the reverse scan. The anodic peak current of
CLP at AgChit-CNT/GCE is about 4 folds higher than that at CNT/GCE and is nearly 10
folds higher than that of bare GCE. These phenomena are clear evidences for enhanced
electrochemical behaviour of the AgChit-CNT nanocomposite towards CLP oxidation.
These results inferred that the silver nanoparticles embedded nanocomposite film might
be forming a highly constructive electric network on the electrode surface and

accelerating the electron flow through it.

The amount of silver nanoparticles in the nanocomposite film of AgChit-CNT is
optimized by preparing the AgChit-CNT nanocomposite with different amounts of silver
precursor (I — 5 ml of 10 mM AgNO3) during the synthesis, and the respective
nanocomposites were examined by cyclic voltammetric analysis in the presence of 0.5
mM CLP (Fig. 4.7(B)). The peak current of nanocomposite prepared with 4 ml of
AgNO;s is the highest compared to that of all other composites. So, the sensor system
fabricated by using a AgChit-CNT nanocomposite prepared with 4 ml of silver precursor

has been considered for the analysis of CLP here after.

A) B) =1 ml of AgNO3
2004 — 2 ml of AgNO3 e

—— 3 mlof AgNO3
1504 —— 4 mlof AgNO3 \

=5 ml of AgNO3
100 - a

Current / pA

b
a
50 -50 .| T

0.0 0?2 0?4 0?6 0j8 1?0 ljZ 1?4 1.6 0.0 0.2 0:4 0:6 0?8 1j0 1j2 1:4 1.6
Potential / V'vs. AglAgCl (3 N KCI) Potential / V vs. Ag/AgCI (3 N KCI)

Fig. 4.7. (A) CVs of 0.5 mM CLP in B-R buffer (pH 3.5) at bare GCE (a, b), CNT/GCE
(c, d) and AgChit-CNT/GCE (e, f). (B) AgChit-CNT nanocomposite modified GCE
prepared with different amounts of AgNOj3 precursor (a=1, b=2, c=3, d=4, e=5 ml of 10
mM AgNO3). Scan rate = 100 mV 57
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The effect of pH on the electrochemical response of 0.5 mM CLP at AgChit-
CNT/GCE was investigated in B-R buffer solution of different pH (pH 1.8 to 5.0) by
cyclic voltammetry (Fig. 4.8(A)). The buffer solution pH is obviously influencing the
oxidation peak of clopidogrel and it is observed that the oxidation peak current is
maximum at pH 3.5 (Fig. 4.8(B)). Hence, the B-R buffer of pH 3.5 has been chosen for
all further investigations. Moreover, the pH of the buffer shows a linear relationship with
the oxidation potential of CLP at AgChit-CNT/GCE (Fig. 4.8(C)), and the slope
obtained is about 54 mV which infers that the number of protons involved in the

oxidation of CLP is equal to the number of electrons.

A) —pH 1.8

——pH 20
2501 —pH 25
——pH3.0
200{ —pH35
——pH 4.0
——pH 45
1—npH50

Current / pA
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0.0 0?2 0f4 016 078 1f0 1?2 174 1.6 15 2.0 2.5 3.0 3.5 4.0 45 5.0 55
Potential / V vs. Ag/AgCl (3 N KCI) pH

0 y=-0.054 x + 1.362
120 R*=0.96
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Fig. 4.8. (4) CVs of 0.5 mM CLP in B-R buffer of different pH values (1.8 — 5.0) at

AgChit-CNT/GCE. (B) Plot of peak current against pH. (C) Plot of peak potential
against pH.

The influence of scan rate on the electrochemical response of 0.5 mM CLP at

AgChit-CNT/GCE was investigated by cyclic voltammetry, and the respective results
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are shown in Fig. 4.9(A). The oxidation peak currents gradually increase with increasing
scan rate, and the peak current is linearly proportional to the square root of scan rate in
the range of 20 to 250 mV s' (Fig. 4.9(B)). This behaviour infers that the
electrochemical oxidation of CLP at the AgChit-CNT nanocomposite modified electrode

is diffusion controlled process.

For an irreversible electrochemical reaction, the relationship between the peak
potential Ep and the scan rate v is as expressed in Laviron equation ?* (Chapter 2, Eq.
2.2). According to that equation, the na value can be determined from the slope of Ep vs.
In(v) plot (Fig. 4.9(C)), and heterogeneous electron-transfer rate constant, k°, can be
calculated from the intercept of the plot if the value of E° is known. The value of E° can
be obtained from the intercept of the Ep vs. v plot (Fig. 4.9(D)) by extrapolation to the
vertical axis at v = 0 and is 1.08 V. From the slope of the Ep vs. In(v) plot, an was
calculated to be 0.56. Generally, o can be assumed to be 0.5 for an irreversible electrode
process. So the electron transfer number (n) for the electrochemical oxidation of CLP
becomes 1, and the k° value is determined from the intercept to be 0.71 s™'. Considering
the results of Ep vs. pH studies together, we could conclude that the electrochemical

oxidation of CLP is a one-electron one-proton transfer process
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Fig. 4.9. (A) CVs of 0.5 mM CLP in B-R buffer (pH 3.5) at AgChit-CNT/GCE with
different scan rates (10, 25, 50, 75, 100, 150, 200, 250 mV s™). Plots of the peak current
against square root of scan rate (B), the peak potential against In(scan rate) (C) and the

peak potential against the scan rate (D).

Diffusion coefficient of CLP for the electrochemical oxidation at AgChit-

CNT/GCE 1is determined using chronoamperometry (Figure 4.10) by adopting the

Cottrell’s equation®! (See Chapter 2, Eq. 2.3), and its value is determined to be 6.12 %
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Fig. 4.10. (4) CA plots of CLP at different concentrations (a=20, b=40, c=60, d=80,
e=100 uM) in B-R buffer (pH 3.5) at AgChit-CNT/GCE. (B) i vs. t'? plot and (C) plot of
the slope of (i vs. ') against the concentration of CLP.
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4.3.4. Electrochemical impedance spectroscopy (ELS)

Electrochemical impedance spectra of bare GCE, CNT/GCE, AgChit-CNT/GCE
in aq. 1 mM K3[Fe(CN)g] + 0.1 M KCl were examined at the open circuit potential over
the frequency range of 100 kHz to 10 mHz. The resulting Nyquist and Bode plots are
shown in Fig. 4.11. The obtained data were analyzed with various equivalent circuit
models, and the observed results were found to best fit with Randles equivalent circuit
(Fig. 4.11). The Nyquist plot of bare GCE shows a semi-circular pattern followed by a
linear plot, and the charge-transfer resistance (Rct) for electron-transfer at bare GCE is
determined to be 2.3 kohm. However, the Nyquist plots of both CNT/GCE and AgChit-
CNT/GCE (Fig. 4.11(A)) exhibit only a linear plot relevant to a mere diffusion behaviour
alone, indicating the very good conductivity of the nanocomposite modified electrode
with negligible charge transfer resistance. The Bode plots (Fig. 4.11(B)) clearly show
that the diffusion behaviour of redox species towards the AgChit-CNT/GCE was higher
compared to CNT/GCE and that the active surface area was increased by making

composite with SNP embedded chitosan.
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Fig. 4.11. EIS measurements (A) Nyquist and (B) Bode plots of EIS analysis at bare
GCE, CNT/GCE, SNP-CNT/GCE in 1 mM Ks[Fe(CN)s] + 0.1 M KCI. Inset: Randles
circuit.

From the cyclic voltammetry and EIS analysis results it can be inferred that the
AgChit-CNT nanocomposite film providing a facile electron transfer to catalyze the
electrochemical oxidation of CLP. This is to say that the AgChit-CNT-Chit composite
comprising SNP implanted chitosan layered CNTs has provided a good linkage and the

fine dispersion of nanotubes in the chitosan matrix enhanced the electrochemical activity
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of electrodic system. The fabricated AgChit-CNT/GCE is further investigated for

quantitative analysis of CLP.

4.3.5. Differential pulse voltammetry (DPV) and Amperometry

Differential pulse voltammetric and amperometric (i vs. t analysis) analysis of
CLP at the SNP implanted chitosan and CNT hybrid nanocomposite electrode was
carried out for quantitative analysis of CLP. Optimum experimental parameters for a
good voltammetric profile with high peak current and minimal background current are
established to be 100 mV pulse amplitude, 100 ms pulse width and 10 mV step
increment. Differential pulse voltammograms of CLP at AgChit-CNT/GCE electrode
were recorded in B-R buffer (pH 3.5) over the concentration range of 0 — 12 uM, and the
results are shown in Fig. 4.12(A). A well-defined anodic peak was observed at +0.92 V.
The peak current increased gradually with the increase in the concentration of CLP. The
peak current was plotted against the concentration of CLP. A linear plot with a
regression coefficient of 0.99 was obtained, as shown in Fig. 4.12(B). Low-detection-
limit of the sensor system is defined as the change in peak current by three relative
standard deviations, and it is determined from the plot to be 30 nM. The linear

determination range is 5 x 108 — 10 x 10¢ M.

The sensitivity of the AgChit-CNT/GCE towards CLP detection also examined
by amperometric i—t curve analysis. Figure 4.12(C) shows the amperometric i—t curve
obtained for CLP at AgChit-CNT modified electrode in a mildly and uniformly stirred
50 mM PBS by applying a potential of +1.15 V. The modified electrode showed the
initial current response due to 50 nM CLP and further addition of various concentrations
of CLP in each step with a sample interval of ~50 s. The current response increases and a
steady state current response was attained within 3 s. The dependence of amperometric
current with respect to the concentration of CLP was linear from 50 nM to 8300 nM with
a correlation coefficient of 0.99 (Fig. 4.12(D)). Even an addition of 10 nM concentration
of CLP has given a good current response with an acceptable signal to noise ratio (Inset
of Fig. 4.12(D)). Hence, the detection limit of CLP at AgChit-CNT/GCE was determined
to be 10 nM (S/N=3).
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Fig. 4.12. (4) DPVs of different concentrations of clopidogrel (0.0, 0.05 — 12.0 uM) in
B-R buffer (pH 3.5) at AgChit-CNT/GCE. (B) Plot of the peak current against the
concentration of clopidogrel. (C) Amperometric i—t curve at AgChit-CNT/GCE in B-R
buffer (pH 3.5). Each addition increases the concentration of CLP at regular interval of
~60 s. Eapp = +1.15 V. (D) The plot for anodic peak current vs. concentrations of CLP;
Inset: current response of AgChit-CNT/GCE with addition of 10 nM CLP.
4.3.6. Interference studies

Electrochemical response of CLP in the presence of possible electroactive
biological compounds such as ascorbic acid (AA), uric acid (UA), dopamine (DA) and 5-
hydroxytryptamine (5-HT) has been investigated at the SNP embedded chitosan layered
CNT nanocomposite electrode by DPV method. Figure 4.13 shows the DPVs at the
AgChit-CNT/GCE in the mixture of AA, UA, DA and 5-HT 5 uM each and different
concentrations of CLP at micromolar concentration levels (1, 2 and 3 uM) in B-R buffer
(pH 3.5). At the present electrode system, distinct peaks for AA, DA, UA, 5-HT and
CLP each were observed (Fig. 4.13). The peak currents for CLP increased as its

concentration increases in the presence of these interferences. Even higher
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concentrations of AA, DA, UA and 5-HT together could not affect the current response
of CLP in B-R buffer. From the experimental results, it is inferred that the proposed
electrochemical sensor could be used for the selective detection of CLP even in the
presence of major electroactive biological interferents.
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Fig. 4.13. DPVs recorded at AgChit-CNT/GCE in presence of CLP at different
concentrations (1.0, 2.0 and 3.0 uM) in the presence of AA, DA, UA and 5-HT 5.0 uM
each in B-R buffer (pH 3.5).
4.3.7. Reproducibility and Reusability

The stability, reusability and reproducibility of the present sensor system for the
detection of CLP was investigated by DPV analysis. DPVs of 10 uM CLP were recorded
at a same AgChit-CNT/GCE over a week time period. The peak currents of the recorded
DPVs decreased merely by 2.6% in about 15 measurements, and this observation clearly
indicates the quite good stability and reusability of the fabricated nanocomposite
modified electrode even on storing at ambient laboratory conditions. Further,
reproducibility of the modified electrode was examined by recording DPVs of CLP in
repeated measurements with the use of six AgChit-CNT/GCE electrodes fabricated
individually. The peak currents of the DPVs of 10 uM CLP recorded at these electrodes
varied to an extent of only 2.8%. It obviously infers that the SNP implanted chitosan and
MWCNT nanocomposite electrode shows impressive reproducibility for the analysis of
CLP. In overall, all the observations conclude that the reusability and reproducibility of

the present sensor system are quite acceptable.
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4.3.8. Determination of CLP in pharmaceutical and artificial urine samples

Finally the developed sensor has been examined for practical applicability.
Pharmaceutical samples of CLP (Lotclop 75 mg tablet) were analyzed by using the
fabricated nanocomposite sensor with the standard addition method. In Fig. 4.14, the
curves “a and b” show the DPVs of the analytical samples containing 0.5 uM of pure
CLP together with different concentrations (0.5, 1.5 uM) of CLP from the
pharmaceutical injection at AgChit-CNT/GCE. Recovery of CLP from artificial urine
was examined by the addition of CLP into undiluted artificial urine of pH 3.5 without
any buffer. In Fig. 4.14, curves “c and d” show the DPVs recorded at AgChit-CNT/GCE
electrode in artificial urine sample in the presence of 1.0 and 2.0 uM CLP, respectively.
The obtained recovery results of CLP from pharmaceutical and urine samples with the
developed sensor have been tabulated below (Table 4.1), and the recovery values are
quite satisfactory. The linear determination range of the developed sensor (0.03 — 10 uM)
along with the very good recovery limits from physiological urine and pharmaceutical
samples clearly confirms that the developed nanocomposite sensor would be of

biomedical interest.
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Fig. 4.14. DPVs recorded at AgChit-CNT/GCE in the presence of a mixture of 0.5 uM

pure CLP and different concentrations of CLP (a = 0.5 uM and b = 1.5 uM) .from a

pharmaceutical formulation in B-R buffer (pH 3.5). Graphs c-f represents the DPVs of

pure CLP in B-R buffer (pH 3.5, e, f) and in artificial urine (pH 3.5; ¢, d) with the

concentrations of CLP at 1.0 uM (c, e) and 2.0 uM (d, f) concentrations.
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Table 4.1: Determination of CLP in pharmaceutical tablets and in artificial urine

samples using the AgChit-CNT/GCE.

Clp Tablet a Average a
Sample added added Found Recovery ROSD
(M) (M) (uM) (%) (%)
Tablet 0.5 0.5 0.95 95.2 1.2
(Lotclop 0.5 1.5 2.06 102.6 1.8
75 mg) 0.5 2.5 2.96 98.3 1.4
0.5 -- 0.49 98.9 0.9
Artificial
) 1 -- 0.99 97.6 0.7
Urine
2 -- 1.95 99.2 1.2

4 Mean value of six measurements.

4.4. Conclusions

In this work, we have developed a sensor system utilizing the SNP embedded
chitosan layered MWCNT nanocomposite for sensitive determination of CLP by simple
drop-cast method. The synthesised AgChit-CNT hybrid nanocomposite film
extraordinarily enhanced the electrochemical oxidation current of CLP. The synthesized
hybrid nanocomposite provided a continuous network of finite sized SNPs embedded
chitosan layer on the surface of MWCNT, and this constructive linkage helped for a
facile electron-transfer across the film and for a good electrocatalytic activity. The
present electrochemical biosensor was efficient for the detection of nanogram levels of
CLP despite the presence of major electroactive biological interferents together and had
shown good recovery limits for direct determination from biological fluids and
pharmaceutical formulations. The fabricated biosensor exhibited good stability, high
sensitivity and simple fabrication procedure. All the advantages obtained with the present
biosensor system confirm that the nanocomposite coupling CNT, inexpensive silver
nanoparticle and a biocompatible biopolymer chitosan could be explored and extended

for selective determination of various pharmaceutical drugs.
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5.1. Introduction

Dacarbazine [5-(3,3-dimethy-1-triazenyl)imidazole-4-carboxamide, DTIC] is a
commonly used anticancer drug to treat some malignant diseases. The drug is normally
administered to the patient via veins with the dosage of 250 mg per day. The half-life of
DTIC in human plasma is ca. 35 min, and 43% of the DTIC injected dosage excreted
from urine within a period of 6 h. The major side effects are nausea and vomiting. Thus,
periodical monitoring/determination of physiological concentrations of DTIC is
immensely essential. Various analytical methods such as UV-Visible spectroscopy and
HPLC have been employed to determine DTIC from pharmaceutical formulations and
physiological liquids. On the other hand, there are only a few reports available for the
detection of DTIC using simple and rapid direct in-vitro analytical methods like
electrochemical technique. Most of the electrochemical studies of DTIC have focused on
the binding interaction of DTIC with DNA 3], Rodriguez et al. ! reported the detection
of DTIC at micromolar concentrations. Blanco et al. ) reported good detection limits
with a complex analytical system containing HPLC integrated with amperometric
methods, and Temerk et al. [! reported an indirect method to the detection of DTIC via
Cu*" complex. Here, we have investigated completely a direct electrochemical analysis
and detection of DTIC, which is applicable as reagentless in-vitro analysis for the quality

control and clinical applications.

Carbon paste-based electrodes (CPE) have been widely employed in fields of
electroanalysis of pharmaceutical formulations, drugs, environmental pollutants, as well
as other biologically active organic compounds. In CPE, the graphite powder is used as
the electrocatalytic material. In fact, a major reason for developing carbon paste
electrodes was the ease of surface renewal and reproducibility. From the past decade, a
tremendous interest received among this paste electrodes by replacing and/or mixing
nanostructured carbon materials such as mesoporous carbons 4! carbon nanoparticle
carbon nanofibers ['% and carbon nanotubes 2 with the graphite powder to increase
the electrocatalytic activity. Among this, carbon nanotube has unique properties such as
high mechanical strength, nanotubes of few hundred micrometer long tubular geometry
and chemically inert nature with high electrical conductivity. Carbon nanotubes provide
highly nanostructured surfaces and enhanced electron transfer rate to improve the
electrode kinetics which leads to low detection limits, high sensitivities and fast

responses 13141,

| -101-



Chapter 5

y ~
v

| 4

L 2

Conducting polymer is considered as one of the emerging material in the field of
electrochemical sensors/biosensors due to its compatibility with biological molecules in

15-171 Conducting polymers are mainly organic compounds with an

physiological fluids !
extended p-orbital system through which electrons can move from one end of the
polymer to the other, which improves the electrocatalytic properties of the sensor
system. A thin layer of a conducting polymer deposited onto the electrode surface is able
to enhance the kinetics of electrodic processes. The thickness of the conducting polymer
over the electrode surface controls the efficiency and biocompatibility of the
sensor/biosensor. The electrochemical polymerization technique is a best and simple
method for the formation of conducting polymers with a desirable thickness compared to
all other chemical methods ['¥!. Combining the advantages of the both carbon nanotubes
and conducting polymer, we fabricated an electrochemical sensor for the important anti-

cancer drug, dacarbazine, using a composite of carbon nanotube and conducting polymer

as electrode material.

In this present work, we have fabricated a sensitive and biocompatible
electrochemical sensor system for DTIC using the binary system with the combination
of the conducting polymer and carbon nanotubes. Low-detection-limit, stability,
reproducibility and applicability for physiological and pharmaceutical samples are

investigated.

5.2. Experimental
5.2.1. Chemicals and materials

Dacarbazine, ascorbic acid, uric acid, dopamine and serotonin were obtained
from Tokyo chemical industry, Japan. 2-amino-1,3,4-thiadiazole was purchased from
Sigma Aldrich, USA. MWCNTs (95%, 20-30 nm OD and 10-30 um length) were
purchased from Sisco research laboratories, India. Other chemicals used in this
investigation were analytical grade reagents (minimum 99% purity). Britton-Robinson
buffer (B-R buffer) was prepared by mixing boric acid, phosphoric acid and acetic acid
40 mM each, followed by the addition of 0.1 M NaOH to adjust the pH (pH 3.0 to 10.0).
Atrtificial urine solution was prepared following a procedure reported in the literature ['*),
It consists urea (170 mM), citric acid (2.0 mM), lactic acid (1.1 mM), sodium chloride
(90 mM), ammonium chloride (25 mM), sodium sulphate (10 mM), sodium bicarbonate

(25 mM), calcium chloride (2.5 mM), potassium dihydrogen phosphate (7.0 mM) and
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dipotassium hydrogen phosphate (7.0 mM), and the solution pH was adjusted to pH 8.0
by the addition of 1.0 M NaOH. Double distilled water filtered finally through a 0.2 pm

Millipore filter was used to prepare aqueous solutions throughout the investigation.

5.2.2. Fabrication of electrode system

At first, functionalization of MWCNT with carboxyl groups was carried out by
treating with hot nitric acid, as discussed in chapter 2. Then, the CNPE electrode was
fabricated as follows. A 50 mg of MWCNT and 100 pL of paraffin oil were mixed to get
a homogeneous paste. Then, the paste was filled into a Teflon tube of diameter 4 mm and
inserted a copper rod from the top of the tube for electrical contact, and finally it is
denoted as CNPE. The active surface area of the electrode is polished with a butter paper
before the experiment. The fabricated CNPE is then coated with poly-ATD by applying
the potentiodynamic polarization technique. In this technique, the CNPE electrode was
treated with multiple cycles over the potential window of -0.2 to 1.7 V in the solution of
2 mM ATD in 0.1 M HSO4 with the scan rate of 50 mV s™!. The resultant electrodes
were dried under RT for 12 h and denoted hereafter as poly-ATD/CNPE.

5.2.3. Characterization

FT-IR spectroscopy studies were carried out on Perkin-Elmer FT-IR spectrometer
using KBr pellet method for powder samples of ATD and attenuated total reflection
(ATR) method using HRATR setup for poly-ATD/CNPE electrode. The formed layer of
poly-ATD film on CNPE was separated by cutting the electrode surface by nearly 2 mm
of thickness, and it was used for the FTIR analysis using ATR setup. Similar process was
followed for the surface morphological studies of CNPE and poly-ATD/CNPE electrodes
by scanning electron microscopy. Here, the separated layer was fixed on a conducting
carbon tape and sputtered with a thin layer of gold to avoid charging during the analysis.
Surface morphological studies were carried out on TESCAN VEGA 3 scanning electron

microscope (SEM) operating at 10 - 20 kV.

5.2.4. Electrochemical analysis

Cyclic voltammetry, chronoamperometry, differential pulse voltammetry and i-t
curve experiments were carried out using an Electrochemical Potentiostat/Galvanostat
(Model 6132e, CH Instruments, USA). Electrochemical impedance measurements were
carried out using an electrochemical workstation (Model: IM6e, Zahner, Germany)

equipped with Thales software. A conventional two-compartment three-electrode cell of
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20 mL volume was used with bare or modified CNPE as working electrodes, spiral Pt
wire as counter electrode and AglAgCl (3 N KCI) as reference electrode. Electrode
potentials were referred against Ag|AgCl (3 N KCl) throughout the chapter. B-R buffer
(pH 3.0 — 10.0) was used as the electrolyte for electrochemical experiments. For
electrochemical analysis, the experimental solutions were purged with nitrogen gas for

10 min prior to the start of the experiment.

5.3. Results and Discussion
5.3.1. Electropolymerization of ATD on CNPE

A thin film of poly-ATD was coated on the surface of CNPE by applying
potentiodynamic polymerization method. Figure 5.1 shows the typical cyclic
voltammograms (CV) during the potentiodynamic polymerization of ATD in 5 mM
ATD + 0.1 M H2SOg4 by applying 15 cycles in the potential window of -0.20 to +1.70 V.
In the first cycle, the oxidation peaks of ATD appeared at +1.52 V. In the next cycle, the
oxidation peak current decreased considerably and its potential was slightly shifted to
~+1.48 V. From the third cycle onwards, an increase in the oxidation peak current of
ATD was observed in each cycle, which indicates that the oxidative ATD monomer
undergoes polymerization on the electrode surface with each additional potential cycle
and that the amount of the electroactive polymer increases on the electrode surface with
each new cycle. During the oxidation of ATD at +1.52 V, it will generate the radical
cation at the amine functional group. The amine radical cations forms the dimers and
these dimers are more easily oxidizable than the monomer, resulting in polymerization.
The layered conducting polymer of ATD exhibits a redox peak and a quasi-reversible
redox peak of weak current intensity nearly at 0.32 V and 0.70 V, respectively, which
were not observed in the first segment (Fig. 5.1, inset). The capacitance current
increased as the number of cycles increases, indicating that the polymer film grows on
the electrode surface. The redox characteristics of the polymer film could enhance the
electrocatalytic activity of the sensor system. The formed poly-ATD is strongly linked
with the carboxyl functional groups of CNTs (Scheme 5.1) and it is confirmed by FTIR
analysis vide-infra. This linkage could be helpful for a facile electron transfer between
the electroactive species and electrode surface, which could lead to an increase in the

sensitivity of sensor system
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Fig. 5.1. Potentiodynamic polymerization of ATD (15 cycles) on a CNPE in 5 mM ATD
+ 0.1 M H>SOy at a scan rate of 50 mV s~ .
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Scheme 5.1. Mechanism of functionalization of MWCNT and electropolymerization of
ATD over CNPE.

5.3.2. FTIR spectral studies and SEM analysis of poly-ATD/CNPE

The formation of poly-ATD on CNPE examined by FTIR spectroscopy. Figure 2
shows the FT-IR spectra of pure ATD (Fig. 5.2a), poly-ATD/CNPE (Fig. 5.2b) and
CNPE (Fig. 5.2¢c). ATD shows a weak stretching doublet band at 3090 and 3110 cm!
(Fig. 5.2a) attributed to a primary amine group, and these bands were not appeared in the

ATR-FTIR spectra of poly-ATD/CNPE film, which infers that the amine groups present
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in ATD were involved in the electropolymerization. There is a new peak observed at
1661 cm’!, which represents the stretching band of the carbonyl group attached to a
tertiary amino group of the polymer link. Furthermore, there is a shift in all FTIR peaks
of poly-ATD compared to ATD monomer.

a ——ATD
b poly-ATD/CNPE
C ——CNPE

C
b\—‘\/[ Vv
a

% T

4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm™!

Fig. 5.2. FTIR spectrum of the ATD in a KBr pellet (a), and ATR-FTIR spectrum of poly-
ATD film on CNPE (b) and CNPE (c).

Surface morphology studies of CNPE and poly-ATD/CNPE by SEM have been
shown in Fig. 5.3(A and B). In Fig. 5.3(A), a network of well distributed carbon
nanotubes was observed over the matrix of CNPE, whereas in Fig. 5.3(B), the CNTs are
covered with a polymer layer of ATD evenly all over the surface of CNPE. Due to the
reason, we could not see any thread like structures of CNTs in Fig. 5.3(B). From these
observations, it is inferred that there is a formation of a thin film of poly-ATD all over
the CNPE. Figure 5.3(C) represents the EDX analysis of poly-ATD/CNPE, and the
spectrum clearly shows the peaks of carbon, oxygen, nitrogen and sulphur with the
weight ratios of 90.88, 4.61, 3.39 and 1.12, respectively. From these observations, it is
confirmed that the formed layer is a polymeric film consisting of ATD. By the results of
FTIR and also combining the observations of SEM-EDX, the plausible mechanism for
the polymerization process of ATD over CNPE presented in scheme 5.1 is further

confirmed.
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Fig. 5.3. SEM images of (A) CNPE and (B) poly-ATD/CNPE electrodes. (C) EDX
spectra of poly-ATD/CNPE, and (D) Bar representation of weight percentage of major
elements (C, N, O and S) present in poly-ATD/CNPE.
5.3.3. Electrocatalytic oxidation of Dacarbazine

Initially, the amount of polymer coating over the surface of CNPE is optimized.
Figure 5.4 shows the electrochemical behavior of poly-ATD coated CNT paste
electrodes formed by various number of potentiodynamic polymerization cycles (5, 10,
15, 20) towards the electrochemical oxidation of K3[Fe(CN)s] in 0.1 M KCI. The poly-
ATD/CNPE formed by 15 potentiodynamic cycles exhibited a good cyclic
voltammogram with high peak current and less peak-to-peak separation values. Hence,
the polymer coated electrode formed with 15 potential cycles is selected for the
electrochemical detection of DTIC. The electrocatalytic behavior of the fabricated poly-
ATD/CNPE towards the oxidation of DTIC has been investigated using cyclic
voltammetric method. Figure 5.5 shows the electrochemical oxidation of DTIC at CPE,
poly-ATD/CPE, CNPE, and poly-ATD/CNPE in B-R buffer (pH 6.0) containing DTIC
at 0.5 mM. In the absence of DTIC, no characteristic peak was observed at any of the
electrodes in B-R buffer. In the presence of DTIC, an irreversible anodic peak was
observed at all the electrodes. The anodic peak potential for the oxidation of DTIC at
CPE, poly-ATD/CPE and CNPE is ~ +0.93 V, whereas at poly-ATD/CNPE the anodic
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peak was observed at a less positive potential, +0.86 V. Further, the oxidation peak
current of DTIC at poly-ATD/CPE is higher than that at uncoated CPE. Similar
phenomena was observed at poly-ATD/CNPE compared to CNPE. The thin-film ATD
polymer coated carbon paste electrode (poly-ATD/CPE) also has not shown an
enhancement in the peak current of DTIC compared to bare CNPE, whereas this
enhancement is very high at poly-ATD coated CNPE. This is due to the well
constructive linkage between poly-ATD and carboxyl functional groups of carbon
nanotubes. The poly-ATD/CNPE has shown superior performance compared to all the

other electrodes in the form of the increase in peak current and less positive potential for

the oxidation of DTIC.

o
=3

1= —S5cycles
=+ 10 cycles
J—— 15 cycles
= == =20 cycles

=
=

[
>
1

Current / pA
>

%)
=3
1

&
=N
X

=90 4

0.4 02 0.0 0.2 0.4
Potential / V vs. Ag|AgCl (3 N KCI)

0.6

Fig. 54. CVs of 1 mM K;[Fe(CN)s] in 0.1 M KCI at poly-ATD-CNPE formed by
potentiodynamic polymerization with various number of cycles (5, 10, 15, 20).
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Fig. 5.5. CVs in the presence (b, d, f, g) and absence (a, c, e) of 0.5 mM DTIC in B-R

buffer (pH 6.0) at poly-ATD/CNPE (e, f), CNPE (c, g), poly-ATD/CPE (d), CPE (a, b).
Scan rate 100 mV s~ .
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The influence of pH on the oxidation behavior of DTIC at poly-ATD/CNPE was
examined by varying the pH (pH 3.0 to 10.0) of the B-R buffer solution. The obtained
cyclic voltammetric results are shown in Fig. 5.6. The pH of the B-R buffer obviously
influenced the oxidation peak of DTIC. The oxidation over potential of DTIC is
decreased with the increase in pH, and the plot between Ep and pH (Fig. 5.6(B)) shows
that the decrease in Ep is linearly dependent on pH (Fig. 5.6(B)). The slope of the Ep vs.
pH plot is 0.032 V, which indicates that the number of protons involved in
electrochemical reaction of DTIC are twice the number of electrons transferred in the
electrochemical oxidation reaction ?°!. The plot of the oxidation peak current on the pH
is shown in fig. 5.6(B). The oxidation peak current is nearly equal over the pH range of
3.0 to 6.0, and then it decreases gradually with the increase in pH. By considering the
peak current and the peak potential, B-R buffer of pH 6.0 has been considered optimum

for all further experiments.

A) 80 B) 70 T T T T T T T T
y=-0.032x +1.07
. R*=0.96 s
60 < 60-
3
< ~ <
=5 = :
Zu g 509 -0.9-};3
: : :
A =< 40 =
0.8 A%
30
0+
= T T T T 20 T T T T T T T T 0'7
0.0 02 0.4 0.6 0.8 1.0 2 3 4 5 6 7 8 9 10 1
Potential / V vs. Ag|AgCl (3 N KCI) pH

Fig. 5.6. (A) CVs of 0.2 mM DTIC in B-R buffer with different pH values (3 — 10) at
poly-ATD/CNPE. (B) Plots of the peak current vs. pH and peak potential vs. pH.

Influence of the scan rate on the peak potential of DTIC was studied. Cyclic
voltammograms of 0.5 mM DTIC at poly-ATD/CNPE were recorded with different scan
rates (25 — 300 mV/s) and are shown in Fig. 5.7. The peak currents for oxidation of
DTIC gradually increased with the scan rate. The plot between the anodic peak current
and the square root of scan rate is linear and is passing through the origin (Fig. 5.7(B)).
It clearly indicates that the electrochemical oxidation of DTIC is a diffusion controlled
process and also that the permeation of DTIC across the poly-ATD film is very facile
(vide infra).
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For an irreversible electrochemical reaction, the relationship between the peak

potential Ep and the scan rate v is expressed in Eq. (5.1) by Laviron [2!1:

RTk°
anF

Ep =E° + RT ln[ ] + [ RT ] In(v) (Eq.5.1)

anF anF
where o is the charge transfer coefficient, k® is the standard rate constant for
heterogeneous electron transfer, n is the number of electrons involved in the reaction and
E° is the formal potential. According to Eq. (1), the an value can be determined from the
slope of Ep vs. In(v) plot (Fig. 5.7(C)), and k® can be calculated from the intercept of the
plot, if the value of E° is known. The value of E° can be obtained from the intercept of

the Ep vs. v plot (Fig. 5.7(D)) by extrapolation to the vertical axis at v =0, and it is 0.831
V. From the slope of the Ep vs. In(v) plot, an was calculated to be 1.12.
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Fig. 5.7. (A) CVs of 0.5 mM DTIC in B-R buffer (pH 6.0) at poly-ATD/CNPE with
different scan rates (25 - 300 mV s~!). (B) Plot of the peak current against the square
root of scan rate. (C) Plot of the peak potential against In(scan rate) and (D) the peak
potential against scan rate for the CVs of DTIC at poly-ATD/CNPE.
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Generally, a can be assumed to be 0.5 for an irreversible electrochemical process, and
thus the electron transfer number (n) for the oxidation of DTIC becomes 2. Additionally,
the k° value is also determined from the intercept of Ep vs. In(v). It is found to be 1.44 s!
and the obtained value is comparable with those reported at various other carbon paste

22241 Considering the results of Ep vs. pH and Ep vs. In(v)

and modified electrodes [
studies together, we could conclude that the electrochemical oxidation of DTIC is a two-
electron four-proton transfer process. The plausible -electrochemical oxidation
mechanism of DTIC is provided by adopting the mechanism reported elsewhere [

(Scheme 5.2).

0 0 @

H H
+H NH, -e *N NH, +Hy0 N NH + LCHs
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H 2H"/ -N, H [l]_N

Scheme 5.2. Electrochemical oxidation mechanism of DTIC

Diffusion coefficient of DTIC for the electrochemical oxidation at poly-
ATD/CNPE is determined using chronoamperometry (Figure 5.8) by adopting the

Cottrell’s equation® and its value calculated to be 8.87 x 10 cm? s™!.
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Fig. 5.8. (4) CA plots of DTIC in B-R buffer (pH 6.0) at different concentrations (25, 50,
100, 150 uM) at ploy-ATD/CNPE. (B) Plot of i vs. t" and (C) plot of the concentration
of DTIC against the slope of (i vs. t17) plots.

5.3.4. Electrochemical impedance spectroscopy (ELS)

Electrochemical impedance spectroscopy of the electrode was examined to study
the interfacial properties of the electrode and solution. Charge transfer resistance (Rct)
determined here is an important characteristic of electron-transfer across the electrode
interface ?%%71. Electrochemical impedance spectra of CPE, poly-ATD/CPE, CNPE, and
poly-ATD/CNPE in 2 mM Ki3[Fe(CN)s] + 0.1 M KCI were examined at the open circuit
potential over the frequency range of 100 kHz to 100 mHz. The results were best fit with
Randles equivalent circuit, and the resulting Nyquist plots are shown in Fig. 5.9. The
Nyquist plot of CPE, poly-ATD/CPE, and poly-ATD/CNPE shows a semi-circular
pattern, whereas the Nyquist plot of CNPE exhibits only a linear plot relevant to a mere
diffusion behavior alone, indicating the very high conductivity of the carbon nanotube
paste electrode with negligible charge transfer impedance. The carbon paste electrode
even after thin-film poly-ATD coating (poly-ATD/CPE) shows less Ret compared to
CPE, which infers that the slow electron transfer of CPE has been enhanced after the
polymerization. The poly-ATD/CNPE electrode shows a semicircular pattern, indicating
the existence of charge-transfer resistance at the polymerized electrode, however the R

of poly-ATD/CNPE is quite lower than those of CPE and poly-ATD/CPE electrodes.
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Fig. 5.9. Nyquist plots of EIS analysis at CPE (a), CNPE (b), poly-ATD/CPE (c) and
poly-ATD/CNPE (d) in 2 mM K3[Fe(CN)s] + 0.1 M KCL. Inset: Randles circuit.
5.3.5. Differential pulse voltammetry (DPV) and Amperometry

Differential pulse voltammetric analysis of DTIC at poly-ATD/CNPE was carried
out for quantitative analysis of DTIC. Optimum experimental parameters for a good
voltammetric profile with high peak current and minimal background current are
established to be 100 mV pulse amplitude, 100 ms pulse width and 10 mV step
increment. Differential pulse voltammograms of DTIC at poly-ATD/CNPE electrode
were recorded in B-R buffer (pH 6.0) over the concentration range of 0 — 24 uM DTIC,
and the results are shown in Fig. 5.10(A). A well-defined anodic peak was observed at
+0.65 V. The peak current increased gradually with the increase in the concentration of
DTIC. The DPV measurements were repeated four times with independent electrodes,
and the peak current was plotted against the concentration of DTIC. A linear plot with a
regression coefficient of 0.99 was obtained, as shown in Fig. 5.10(B). Low-detection-
limit of the sensor system is defined as the change in peak current by three relative
standard deviations, and it is determined from the plot to be 35 nM. The linear

determination range is 5 x 10® — 24 x 10 M, and the analysis time is as low as 25 s.

The sensitivity of the poly-ATD/CPE towards DTIC detection also examined by
amperometric i—t curve analysis. Figure 5.10(C) shows the amperometric i—t curve
obtained for DTIC at poly-ATD/CPE in a in a gently and uniformly stirred 40 mM B-R
buffer by applying a potential of +0.9 V. The modified electrode shows the initial current
response for 50 nM DTIC and for further addition of various concentrations of DTIC in

each step with a sample interval of ~50 s, the current response increases and a steady
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state current response was attained within 3 s. The dependence of amperometric current
with respect to the concentration of DTIC was linear from 50 nM to 10800 nM with a
correlation coefficient of 0.99 (Fig. 5.10(D)). The low-detection-limit of DTIC at poly-
ATD/CPE was determined to be 20 nM (S/N=3).The performance of the present sensor
is further examined for the detection of DTIC in the presence of various potential

biological interferents and from complex physiological and pharmaceutical samples.
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Fig. 5.10. (A)DPVs recorded at poly-ATD/CNPE of different concentrations of DTIC
(0.0, 0.05 — 24 uM). (B) Plot of i, vs. concentration of DTIC. (C) Amperometric i-t curve
at poly-ATD/CNPE in B-R buffer (pH 6.0). Each addition increases the concentration of

DTIC at regular intervals of ~50 s. Eapp = +0.9 V. (D) The plot for anodic peak current
vs. concentration of DTIC.
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5.3.6. Interference studies

Electrochemical response of DTIC in the presence of possible electroactive
physiological components such as ascorbic acid (AA), uric acid (UA), dopamine (DA)
and 5-hydroxytryptamine (Serotonin or 5-HT) has been investigated at po/y-ATD/CNPE
electrode using DPV method. Figure 5.11 shows the DPVs at poly-ATD/CNPE with
distinct peaks for DA, 5-HT (each 5 uM) and DTIC (0.0, 2.0, 3.0, 4.0, 5.0 uM). There is
no effect of above interferents on the oxidation peak of DTIC and also there is a good
peak separation observed between DA, 5-HT and DTIC. The peak currents for DTIC
increased as the concentration of DTIC increases in the presence of these interferences.
Even higher concentrations of AA, DA and UA together could not affect the current
response of DTIC in B-R buffer. From the experimental results, it is clearly evident that
the proposed electrochemical sensor can be used effectively for the detection of DTIC

even in the presence of various possible electroactive interferents.

o
[ 5]
1

Current / pA

-0.2 0:0 0:2 0:4 0:6 0:8 1.0
Potential / V vs. Ag|AgCl (3 N KCl)

Fig. 5.11. DPVs recorded at poly-ATD/CNPE in DTIC at different concentrations (0.0,
2.0, 3.0, 4.0, 5.0 uM) in the presence of DA and 5-HT 5 uM each in B-R buffer (pH 6.0).
5.3.7. Reproducibility and Reusability

Performance of the sensor system mainly depends on its reproducibility and
repeatability results. The poly-ATD/CNPE was examined in 0.02 mM DTIC for multiple
analysis by a same electrode to check the reproducibility of the fabricated sensor. During
multiple measurements for 20 times in a time period of a week, only a very slight change
in the oxidation peak current was observed with a little standard deviation, suggesting
that the fabricated sensor system exhibiting excellent stability and repeatability. Further,
reproducibility of the modify electrode was examined by recording DPVs of DTIC in
multiple measurements with the use of six poly-ATD/CNPE electrodes fabricated
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independently. The peak currents of the DPVs of 2 uM DTIC recorded at these
electrodes varied to an extent of only 2.6%. It clearly reveals that the nanocomposite
electrode is highly reproducible for the analysis of DTIC. In overall, all the observations
conclude that the reusability and reproducibility of the poly-ATD/CNPE electrode are
quite satisfactory.
5.3.8. Determination of DTIC in pharmaceutical and artificial urine samples
Pharmaceutical samples of DTIC (Decarb-200 mg injection) were analyzed by
using the fabricated nanocomposite sensor with the standard addition method. Analytical
samples containing 0.5 uM of pure DTIC together with different concentrations (0.5, 1
and 1.5 uM) of DTIC of the pharmaceutical injection were examined at poly-ATD/CNPE
(Fig. 5.12(A)). The recovery values obtained in these experiments varied from 99.3% to
102.6% (Table 5.1) and are quite satisfactory. Recovery of DTIC from artificial urine
was examined by the addition of DTIC into undiluted artificial urine sample of pH 6.0
without any buffer (Fig. 5.12(B)). The recovery of DTIC from undiluted artificial urine
samples at different concentrations of DTIC (0.5 — 1.5 uM) varied from 98.9% to
101.6% (Table 1). The observed good recovery limits of spiked DTIC concentrations
from pharmaceutical formulations and from artificial urine samples demonstrate that the

present biosensor is highly promising for determination of DTIC from real samples.
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Fig. 5.12. DPVs recorded at poly-ATD/CNPE (A) in the presence of mixture of 0.5 uM
pure DTIC and different concentrations of DTIC (a = 0.5, b = 1.0 and ¢ = 1.5 uM) from
pharmaceutical formulation in B-R buffer (pH 6.0) and (B) in the presence of (a = 0.5, b
= 1.0 and ¢ = 2.0 uM) DTIC in artificial urine.
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Table 5.1: Determination of DTIC in pharmaceutical injection and in artificial urine samples
using the poly-ATD/CNPE.

Injection

DTI aFoun Avera ARSD

Sample (% 10-6(1:\/[) ( ffg:;[) (x 10;63(/1) Reconeeryg(e%) ("Z)
Injection 0.5 0.5 1.01 102.6 1.6
(Decarb 200mg 0.5 1.0 1.51 100.7 1.1
injection) 0.5 15 1.99 99.3 15
0.5 - 0.49 98.8 0.9

Urine Sample 1.0 - 1.02 101.6 0.8
2.0 - 2.02 101.4 1.2

# Mean value of six measurements.
5.4. Conclusions

In this work, a conducting polymer (poly-ATD) coated carbon nanotube paste
electrode has been fabricated by adopting a potentiodynamic polarization method for the
electrochemical detection of an important anticancer drug dacarbazine. The formation of
poly-ATD coating on the surface of carbon nanotube paste electrode was confirmed by
FTIR and SEM-EDX analysis. The -NH group of the poly-ATD forms a strong linkage
with —COOH groups of functional carbon nanotube which promotes the facile electron
transfer through it. The poly-ATD film further increased the electrocatalytic behavior of
the carbon nanotubes by remarkably enhancing the peak current response and decreasing
the oxidation overpotential of DTIC. The present electrochemical biosensor was efficient
for the nanolevel detection of DTIC. It selectively detects DTIC against potential
electroactive biological interferents and had shown good recovery limits for direct
determination from biological fluids and pharmaceutical formulations. The fabricated
biosensor exhibited good stability, high sensitivity, reusability, and simple fabrication
procedure.
5.5. References
[1]  A.Radi, A. Eissa, H. M. Nassef, J. Electroanal. Chem. 2014, 717-718, 24-28.
[2] M. Song, R. Zhang, X. Wang, Mater. Lett. 2006, 60, 2143-2147.
[3] Q. Shen, X. Wang, D. Fu, Appl. Surf. Sci. 2008, 255, 577-580.
[4] J. R. B. Rodriguez, A. Costa-Garcia, A. J. M. Ordieres, P. T. Blanco,

Electroanalysis 1989, 1, 529-534.
[5] A. J. M. Ordieres, A. C. Garcia, P. T. Blanco, W. F. Smyth, Anal. Chim. Acta

| - 117 -



| 4

Chapter 5

L 2

[6]

[7]
[8]
[9]

[10]
[11]

[12]
[13]
[14]

[15]
[16]
[17]

[18]
[19]
[20]
[21]
[22]

[23]
[24]

[25]

[26]

[27]

1987, 202, 141-149.

Y. M. Temerk, M. M. Kamal, M. S. Ibrahim, H. S. M. Ibrahim, W. Schuhmann,
Electroanalysis 2011, 23, 1638—1644.

M. Zhou, J. Guo, L. Guo, J. Bai, Anal. Chem. 2008, 80, 4642—-4650.

X. Bo, J. C. Ndamanisha, J. Bai, L. Guo, Talanta 2010, 82, 85-91.

B. J. Sanghavi, G. Hirsch, S. P. Karna, A. K. Srivastava, Anal. Chim. Acta 2012,
735, 37-45.

Y. Liu, H. Teng, H. Hou, T. You, Biosens. Bioelectron. 2009, 24, 3329-3334.

M. Chicharro, A. Sanchez, E. Bermejo, A. Zapardiel, M. D. Rubianes, G. A.
Rivas, Anal. Chim. Acta 2005, 543, 84-91.

M. L. Pedano, G. A. Rivas, Electrochem. commun. 2004, 6, 10-16.

M. Satyanarayana, K. K. Reddy, K. V. Gobi, 4Anal. Methods 2014, 6, 3772-3778.
M. Satyanarayana, K. Koteshwara Reddy, K. Vengatajalabathy Gobi,
Electroanalysis 2014, 26, 2365-2372.

L. Zhang, L. Wang, J. Solid State Electrochem. 2013, 17, 691-700.

P. Kalimuthu, S. A. John, Talanta 2010, 80, 1686—1691.

V. Ratautaite, S. D. Janssens, K. Haenen, M. Nesladek, A. Ramanaviciene, I.
Baleviciute, A. Ramanavicius, Electrochim. Acta 2014, 130, 361-367.

S. B. Revin, S. A. John, Electrochim. Acta 2011, 56, 8934—-8940.

T. Brooks, C. W. Keevil, Lett. Appl. Microbiol. 1997, 24, 203-206.

G. Yang, F. Zhao, J. Mater. Chem. C 2014, 2, 10201-10208.

E. Laviron, J. Electroanal. Chem. 1979, 101, 19-28.

X. Zhang, S. Duan, X. Xu, S. Xu, C. Zhou, Electrochim. Acta 2011, 56, 1981—
1987.

W. Sun, Y. Li, Y. Duan, K. Jiao, Electrochim. Acta 2009, 54, 4105-4110.

M. Satyanarayana, K. Y. Goud, K. K. Reddy, K. V. Gobi, Electrochim. Acta
2015, 178, 608-616.

A. J. Bard, L. R. Faulkner, Electrochemical Methods: Fundamentals and
Applications, 2nd Ed., John Wiley & Sons, New York, 2001.
Y. Feng, T. Yang, W. Zhang, C. Jiang, K. Jiao, Anal. Chim. Acta 2008, 616, 144—

151.
R. Pauliukaite, M. E. Ghica, O. Fatibello-Filho, C. M. A. Brett, Electrochim. Acta
2010, 55, 6239-6247.

| - 118 -






CHAPTER 6

SUMMARY and CONCLUSIONS

._.__ T s e s s s e s s s e s s s e " s e s s e e s s m— s Cw— —n '... . .




Chapter 6

o
v y
v

6.1 Summary

The introduction chapter was focussed on describing the concepts of chemical
sensors starting from the principles, latest advances and the state-of-the-art. Various
types of chemical sensor were discussed based upon its principle, and applications of
chemical sensors towards the monitoring of target molecules have been discussed in
detail. A brief discussion on CMEs and literature reports on different types of materials
used in chemical modification of electrodes have been given. Various electrochemical
strategies for the detection of diverse pharmaceutical drug molecules (Anti-
inflammatory, Anti-cancer, Anti-depressant, Gastro-intestinal drugs, Antibiotic drugs,
Cardiovascular agents, etc.) were critically reviewed. Necessity for the development of
electrochemical sensors for the specific detection of vital drug molecules was realized
and the objectives of the present study were defined. Development of electrochemical
sensors for selected drugs such as Isoniazid, 5-Fluorouracil, Clopidogrel and
Dacarabazine was defined as the objective of the present study. Electrochemical
techniques have been elucidated as efficient transduction methods towards the

development of sensors for the above selected pharmaceutical drugs.

In Chapter 2, A reagent-free electrochemical sensor is fabricated for sensitive
determination of the important anti-tubercular drug isoniazid (INH). The electrochemical
response of the fabricated multiwall carbon nanotube (MWCNT)—chitosan (chit)
nanocomposite modified glassy carbon electrode (MWCNT-chit/GCE) towards the
detection of INH is investigated by cyclic voltammetry, chronoamperometry (CA),
electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry
(DPV). The carbon nanotube—chitosan nanocomposite electrode exhibits an excellent
electrocatalytic effect towards the oxidation of INH. The overpotential for the
electrochemical oxidation is reduced largely by ~ 800 mV to +0.17 V vs. Ag|AgCl at
MWCNT-chit/GCE compared to +0.97 V vs. Ag|AgCl at bare GCE, and the
electrocatalytic current is enhanced nearly four times of magnitude. Applying DPV
method at optimized conditions, a linear calibration plot is achieved over the
concentration range of 1.0 x 107 M — 1.0 x 10> M INH and the biosensor could detect as
low as 5.5 x 10® M INH in ~ 12 s. The modified electrode shows very good selectivity
towards the specific recognition of INH in the presence of important biological

interferents. The electrochemical biosensor detects INH in-vitro directly from spiked
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drug formulations and undiluted urine sample as low as 5x 10”7 M with recovery limits

of 102 % and 101.4 %, respectively.

In Chapter 3, A fast and facile electrochemical sensor for the detection of an
important anti-cancer drug, 5-fluorouracil, is fabricated using a gold nanoparticle
decorated multiwall carbon nanotube (GNP-MWCNT) composite modified electrode.
GNP-MWCNT composite has been prepared by a simple one-pot synthesis in the
presence of chitosan, which acts as a reducing as well as stabilizing agent. Synthesized
GNP-MWCNT is characterized by UV-Visible spectroscopy, Raman spectroscopy, XRD
analysis and FESEM for the structural and chemical properties of nanocomposite, and
the size of the gold nanoparticles is determined to be ~30 nm by different methods. The
electrochemical capability of the fabricated GNP-MWCNT composite modified
electrode for the detection of 5-FU 1is examined by cyclic voltammetry,
chronoamperometry (CA), electrochemical impedance analysis and differential pulse
voltammetry. The nanoAu decorated carbon nanotube electrode is found to be efficient
for electrocatalytic oxidation of 5-FU. Peak current of the DPVs exhibited a linear
relationship against 5-FU over a wide concentration range of 0.03 — 10 uM with a low-
detection-limit (36/b) of 20 nM, and the analysis time is as low as 25 s. Practical utility
of the developed GNP-MWCNT nanocomposite biosensor has been demonstrated for the
detection of 5-FU directly from artificial urine and pharmaceutical formulations with

good recovery limits.

In Chapter 4, A highly sensitive electrochemical sensor has been fabricated with
silver nanoparticles embedded chitosan (AgChit) and carbon nanotube (CNT) hybrid
nanocomposite as sensor interface for the detection of the important anti-platelet drug,
clopidogrel (CLP). Synthesized AgChit-CNT nanocomposite is characterized by UV-
Visible spectrophotometer, X-ray diffraction (XRD), Raman spectroscopy, energy
dispersive X-ray analysis (EDXA) and field emission scanning electron microscopy (FE-
SEM) for its chemical and structural information. The electrochemical response of the
fabricated AgChit and CNT nanocomposite modified glassy carbon electrode (GCE)
towards the detection of clopidogrel is investigated by cyclic voltammetry (CV),
chronoamperometry and electrochemical impedance spectroscopy (EIS). The silver
nanoparticles of about 35 nm are well distributed in the matrix of chitosan and form

constructive linkage with CNTs. The Ag nanoparticles patterned carbon nanotube hybrid
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nanocomposite electrode exhibits an excellent electron transfer mediation towards the
oxidation of clopidogrel. Differential pulse voltammetry (DPV) and amperometric i-t
curve analysis was carried out by changing the concentration of clopidogrel, a limit of
detection of 30 nM obtained with the linear concentration range of 0.05 uM — 12 uM by
DPV and the limit of detection obtained by amperometric i-t curve analysis is about
10 nM. The practical applicability of the fabricated sensor has been demonstrated for the
determination of clopidogrel in artificial urine and pharmaceutical formulation with a

good recovery.

In Chapter 5, A low-cost and reusable electrochemical sensor ensembling carbon
nanotubes and a conducting polymer together is fabricated for the detection of an
important anti-cancer drug, dacarbazine (DTIC). A thin film of a conducting polymer,
poly(2-amino-1,3,4-thiadiazole) (poly-ATD) is formed on the carbon nanotube paste
electrode (CNPE) by employing potentiodynamic polymerization technique. The
fabricated sensor surface has been characterized by FT-IR spectroscopy, scanning
electron microscopy (SEM) for the structural and chemical properties of electrode
system. The electrochemical capability of the fabricated poly-ATD/CNPE composite
modified electrode for the detection of DTIC is examined by cyclic voltammetry (CV),
chronoamperometry (CA) and electrochemical impedance spectroscopic analysis (EIS),
and the mechanism for the electrochemical oxidation of DTIC derived by CV studies
shows that it was a two-electron four-proton transfer diffusion controlled process.
Optimization and evaluation of the sensor system is examined by differential pulse
voltammetry (DPV) and amperometric i-t curve analysis. A linear relationship of DTIC
concentration over the peak current of DPVs is exhibited over a wide concentration
range of 0.05 — 24.0 uM with a low-detection-limit (3c/b) of 35 nM, and by applying
amperometric method the limit of detection obtained to be 20 nM. Practical utility of the
fabricated poly-ATD/CNPE biosensor for the detection of DTIC directly from artificial
urine and pharmaceutical formulations has been demonstrated with very good recovery

limits.

Electrochemical sensors have been fabricated here successfully for the selected
pharmaceutical drugs and the performance of each sensor has been presented in terms of
low-detection-limit, linear concentration range of detection and real time analysis. The

electrochemical reaction parameters such as number of electrons involved in the
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oxidation of analyte (n), heterogeneous electron transfer rate constant (k°) and diffusion
coefficient (D) are calculated. Together with this, the plausible reaction mechanism also
has been provided. Research findings reported in this thesis were summarized in the form

of a table (Table 6.1).

6.2. Conclusions

In this research work, a number of electrochemical sensors have been fabricated
with different carbon nanotube based hybrid nanocomposite modified electrodes, and
quite excellent low-detection-limits were established. Further, a variety of materials such
as gold nanoparticles, silver nanoparticles, proteins, carbon nanotubes and biopolymers

were investigated effectively in developing the electrochemical biosensors.

Table 6.1: Summary of the developed electrochemical sensors for selected drugs and
their respective findings.

D LOD Li
inear
Sensor y (nM) ea Real Sample
Analyte n (cm*s™) Range .
Platform (x 10%) A M) Analysis
DPV mpero n
metry
Artificial Urine
M = ’
INH WCN 2 3.80 55 - 0.1-10 Pharmaceutical
Chit/GCE
Tablet
GNP- Artificial Urine,
5-FU MWCNT- 1 9.62 20 -- 0.03—-10  Pharmaceutical
Chit/GCE Injection
CLP AgChit- 1 6.12 30 10 0.05-12 ?gziii;fcle[j:ii:;’
CNT/GCE ’ )
Tablet
; Artificial Urine,
poly- .
DTIC ATD/CNPE 2 8.87 35 20 0.05-24 Phar@acgutlcal
Injection

n — No. of electrons involved in the electrochemical oxidation of analyte.
D — Diffusion coefficient of analyte (cm? s™).

All these results clearly establish the versatility, efficiency and applicability of
the electrochemical sensors based on various hybrid nanocomposite based CMEs for
detection of selected pharmaceutical drugs and further provide confidence for efforts in
future to develop electrochemical sensors for the analysis and sensitive detections of
diverse target groups such as biomarkers, environmental pollutants and food toxins by

employing highly catalytic nanostructured materials based CMEs.
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