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There is an enormous demand for chemical sensors in many areas and
disciplines including chemistry, biology, clinical analysis, environmental science.
Chemical sensing refers to the continuous monitoring of the presence of chemical
species and is a rapidly developing field of science and technology. They are
analytical devices which transform chemical information generating from a
reaction of the analyte into an measurable signal. Due to their high selectivity,
sensitivity, fast response and low cost, electrochemical and fluorescent sensors
have attracted great interest among the researchers in various fields.

Development of four electrochemical sensors and three fluorescent
sensors for food additives and neurotransmitters are presented in the thesis.
Based on the excellent properties of multi walled carbon nanotube (MWCNT),
poly (L-cysteine) and gold nanoparticles (AuNP) four voltammetric sensors
were developed for various food additives like propyl gallate, allura red and
sunset yellow. Nanosized fluorescent probes including gold nanoclusters
(AuNCs) and CdS quantum dots (QDs) were used for the fluorescent sensing of
butylated hydroxyanisole, dopamine and norepinephrine.

The thesis entitled “Novel Electrochemical and Fluorescence Sensors for
Food Additives and Neurotransmitters” is divided into nine chapters. Brief

outlines of the chapters are given below:

Chapter 1 outlines a concise introduction to different types of chemical sensors
and discusses in detail about voltammetric and fluorescent sensors. A detailed
review on the research work in the field of voltammetric and fluorescent
sensors is also incorporated in this chapter.

Chapter 2 gives a brief sketch of the materials and methods used for the
fabrication of various sensors. The instruments used for the studies are also



mentioned. Preparation of different kinds of buffer solutions are also included
in this chapter.

Chapter 3 discusses the fabrication of a voltammetric sensor for propyl gallate
(PG) using MWCNT modified glod electrode (MWCNT/GE). The experimental
conditions such as supporting electrolyte, pH, amount of MWCNT-nafion
suspension and scan rate were optimized. Fundamental kinetic parameters for
the electrochemical oxidation of PG were established. A plausible two electron
mechanism was suggested for the oxidation of PG which involves the formation
of a quinone structure. Application studies of the developed sensor were carried
out in commercially available vegetable oil samples.

Chapter 4 details the electrochemical oxidation of allura red (AR) on poly
(L-cysteine) modified glassy carbon electrode (poly(L-cys)/GCE) and the sensing
of AR using the polymer film modified electrode. The modified electrode was
characterized by electrochemical impedance spectroscopy, cyclic voltammetry
and scanning electron microscopy. Experimental conditions for sensor fabrication
were optimized. The kinetic parameters of the electrochemical reaction such as
heterogeneous rate constant, charge transfer coefficient, number of electrons, and
diffusion coefficient were determined. The proposed method has been
successfully applied for the determination of AR in soft drinks.

Chapter 5 describes the development of two electrochemical sensors for the
quantification of sunset yellow (SY) based on MWCNT and MWCNT-AuNP
nanocomposite film on GCE. The fast electron transfer ability of MWCNT and
synergistic effect between MWCNT and AuNP accounts for the improved
sensitivity of the modified electrodes. Various kinetic and thermodynamic
parameters of the redox reaction such as standard heterogeneous rate constant,
electron transfer coefficient, number of electrons exchanged, diffusion coefficient
and free energy of activation (AG) were calculated. The response parameters and

practical applications of the proposed sensor discussed in this chapter.



Chapter 6 presents the fluorescent sensing of butylatedhydroxy anisole (BHA)
based on the protein template gold nanoclusters (AuNCs). FTIR spectroscopy,
UV-Vis spectroscopy and high resolution transmission electron microscopy
were used for the characterization of synthesized AuNCs. Based on the
luminescence enhancement of AuNCs by BHA, a turn on fluorescence sensor
was designed for the determination of BHA. The possible mechanism for the
fluorescence enhancement of AuNCs by the addition of BHA was explained
based on the aggregation of nanoclusters. The analytical application of the
sensor was demonstrated by the successful determination of BHA in coconut
oil samples.

Chapter 7 is on the development of CdS QDs based fluorescence sensor for
dopamine (DA), a principal biomarker of Parkinson’s disease. The fluorescence
intensity of thioglycolic acid capped CdS QDs enhanced dramatically in the
presence of DA. Based on this an efficient turn on sensor was developed for the
quantification of DA. The addition of DA increases the passivation of surface
traps of QDs and thereby increasing the fluorescence emission intensity. The
developed fluorescence assay was employed for the selective and sensitive
determination of DA in biological fluid (urine sample).

Chapter 8 describes the application of bovine serum albumin protected AuNCs
as a fluorescent probe for the quantification of norepinephrine (NE), an
important neurotransmitter. Upon addition of norepinephrine, the fluorescence
emission intensity of gold nanoclusters increased remarkably, which is
attributed to the restricted intramolecular rotation resulting from the
aggregation of gold nanoclusters. The developed turn on sensor exhibits good
analytical figures of merit and shows promising practical applications.

Chapter 9 gives the summary and important conclusions of the work presented
in the thesis. An overview of the work is given in brief. Future prospects of the
work are also presented.
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Chapter 1

INTRODUCTION

1.1 Electrochemical sensors

$Y1.2 Optical sensors

Sensors have become an indispensable part of our technology driven
society and have found potential applications in pharmaceutical industry,
clinical analysis, food quality control, environmental monitoring etc. The
development of chemical sensors is currently one of the most active areas of

research in analytical chemistry.

There are two types of sensors, chemical sensors and physical sensors.
Chemical reactions involving the analyte give informations in chemical
sensors while physical sensors are sensitive to physical responses like

temperature, pressure, force etc.

Chemical sensors are analytical devices used for the qualitative and
quantitative determination of a species, through a selective chemical
reaction. Each chemical sensor consists of a sensing element and a
transducer. The sensing element selectively recognizes the analyte and the
transducer converts the chemical information to an amplified analytical
signal which is proportional to the concentration of analyte.! Chemical

sensors are catagerized, according to the type of transducer as’
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(a)

(b)

(©)

(d)

Electrochemical sensors: the electrochemical interaction taking
place between the electrode and analyte is transformed into
electric signal (potential or current). They are classified as
potentiometric, voltammetric/amperometric and conductometric

Sensors.

Optical sensors: changes in optical properties, as a result of
chemical interaction are monitored mainly by photometry in

optical sensors.

Mass sensitive sensors: they record the change in mass on the
surface of an oscillating piezoelectric crystal as a function of

concentration of analyte.

Heat sensitive sensors: also known as calorimetric sensors since
they measure the heat of a chemical reaction involving the
analyte. Heat of the reaction is monitored with the help of

transducers like thermistor or a platinum thermometer.

1.1 Electrochemical sensors

Electrochemical sensors have become an active area of research due to

their rapidly growing applications in clinical chemistry, food industry, and

environmental monitoring. Here electrode is acting as a probe to measure

electrochemical reaction that occurrs directly or indirectly at the surface of

the electrode. This gives information about the electrode process.® In

voltammetric sensors current resulting from the electrochemical reaction is

registered as a function of applied potential.

L2 {4
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1.1.1 Electrodes in voltammetry

Voltammetric measurements are carried out in a three electrode cell
system involving the working electrode, reference electrode and auxiliary

(counter) electrode immersed in an electrically conducting solution.

1.1.1.1 Working electrode

The working electode is the electrode on which the electrochemical
reaction under study is taking place. Electrochemical inertness over a broad
potential window, low residual current, high overvoltage towards hydrogen
and oxygen evolution, low ohmic resistance and the possibility of simple
surface regeneration are the important characteristics of a good working
electrode.” Good stability is also a desirable property of the working electrode
especially for long term in situ monitoring purposes. Commonly used
working electrodes in voltammetry are glassy carbon, gold, platinum etc.

(a) Glassy carbon electrode

Due to its excellent electrical and mechanical properties, solvent
resistance, wide potential window and reproducible performance glassy
carbon electrode (GCE) has become very popular among electrochemists.” It
is an isotropic and hard conductor having low porosity.® The glassy carbon
material is prepared by a controlled heating program of a polymeric resin
body in an inert atmosphere.” Electrochemical, chemical, heat and laser
treatments are employed for the creation of active sites and improvement of

analytical performance of GCE.

(b) Gold and platinum electrodes

Gold and platinum are the most widely used metallic solid electrodes.®

Noble metals are ususlly preferred as electrode materials to avoid reaction
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between the electrode and components of electrolyte.” Large anodic
potential range and fast electron transfer Kinetics are the advantages of these
electrodes. However, low hydrogen over voltage restricts the cathodic
potential window and limits their application. Self assembled monolayers
can be easily formed on the surface of gold electrode which has many

potential scientific and technological applications.™

1.1.1.2 Reference electrode

The potential of the working electrode is measured against the reference
electrode. The necessary condition for a reference electrode is that its
potential should not be changed by the electrolyte species, temperature and
passage of current. Standard hydrogen electrode (SHE) is the most commonly
used reference electrode. However, SHE is not often preferred in voltammerty
because of the difficulty in construction and maintanace. Ag/AgCl and

calomel electrodes are widely used in voltammetric techniques.

1.1.1.3 Auxiliary electrode

The role of counter/auxiliary electrode is to allow the passage of
current through the cell without disturbing the potential of the reference
electrode. Counter electrode serves as a source or sink for electrons.'* Due
to its inert character platinum wire is commonly used as counter electrode in

electrochemical measurements.

1.1.2 Chemically modified electrodes (CMESs)

The progress and wide—spread use of CMEs has created a variety of
new and potentially powerful avenues in the field of electroanalysis. Before

1970’s, electrochemistry was confined with electrode materials like C, Pt,

( Department of Applied Chemistry, CUSAT



Introduction

Hg and Au. By the functional group transformation to SnO, and Pt-OH

Murray and coworkers opened the field of CMEs. "

Direct electrochemical determinations at conventional electrodes
generally face problems such as high overpotential, sluggish electrode kinetics,
fouling of electrode surface, little selectivity and poor sensitivity.** Fouling of
the electrode surface, due to the adsorption of analyte molecules or their
reaction products, is the main drawback of bare electrodes, which greatly affect
the stability of electrode response. These drawbacks could be minimized by
changing the surface of electrode with suitable modifier. Through surface
modification, we can exert more direct control over the chemical nature of an
electrode surface. One of the most distinguishable features of CMEs is their
capability to catalyze the electrode process via considerable decrease of
overpotential in comparison with unmodified electrodes. These electrodes can
significantly enhance the selectivity in the electroanalytical methods by
facilitating selective interaction of the electron mediator with the target analyte.

All the important analytical parameters of the electrodes such as
sensitivity, selectivity, reproducibility and even applicability are found to be
enhanced by the careful use of modifiers. These remarkable properties of
surface modified electrodes have been exploited in many different ways to

yield amazing and exciting results.
Electrodes are usually chemically modified by the following approaches

1.1.2.1 Silanization

Due to the sensitivity of silane compounds to water, electrode
modification with these reagents is possible. The electrode surface is

pretreated with concentrated NaOH or atmospheric oxygen which produces
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surface hydroxyl groups. This hydroxyl groups react with trialkoxy or

trichloro silanes to form one to three bonds with the electrode surface.'*

1.1.2.2 Sorption

Physical and chemical interaction properties are utilized in the
formation of sorption-based CMEs. Easy modification of electrode and
functional group attachment are the main advantages of this method.

Sorption may be either physisorption or chemisorption.

(@) Physisorption

Many substances spontaneously adsorb on electrode surface from
solution, generally because the environment is energetically more favorable
than the solution. Pure organic or organometallic complexes can be
physisorbed on porous carbon bases like graphite and ordinary pyrolytic
graphite by simple coating with nonagueous solution followed by droplet
evaporation. Carbon nanotubes (CNT), a fast developing nano material

adsorbed on the electrode surface in the same way by simple drop casting.*

(b) Chemisorption

Stability is always a serious problem of physisorbed systems even though
they are useful for analytical applications. By a chemisorbed route, the stability
problem can be solved. A good example is self-assembled monolayers (SAMS)

of organosulphur compounds with long chain groups on gold electrode.

1.1.2.3 Covalent binding

Stronger attachment to the electrode surfaces can be accomplished by
covalent linking of the desired component to surface groups present on the
electrode surface to form a monolayer. Functionalization of the electrode

m( Department of Applied Chemistry, CUSAT
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surface enables the formation of covalent bonds with molecules, through
chemical reaction. Carbon surface is found to be efficient for the covalent
modifications due to its alterable functionalities.'® Monolayer coverage
sometimes can restrict the amount of active species at the electrode surface

is the limitation.

1.1.2.4 Polymer layer

Polymer based multilayer CMEs provide an attractive route to resolve
the problem due to the monolayer coverage. Modification of electrode by

polymeric films is a fascinating branch in electroanalytical chemistry.

Polymer film can be introduced on the electrode surface by the

following methods

a) Dip casting- the electrode is dipped into a solution containing a

dissolved polymer and allowing the solvent to evaporate.

b) Droplet evaporation- a droplet of polymer solution is applied to

the electrode surface and the solvent is allowed to evaporate.

c) Spin coating- a droplet of a dilute solution of the polymer is
applied to the surface of a rotating electrode. Excess solution is
spun off the surface and the remaining thin polymer film is
allowed to dry. Multiple layers are applied in the same way until

the desired thickness is obtained.’

d) Electrochemical polymerization- a solution of monomer is
oxidized or reduced to an activated form that polymerizes to form
a polymer film directly on the electrode surface under the

influence of applied potential.
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e) Radiofrequency polymerization- vapors of the monomer are
exposed to a radiofrequency plasma discharge. The high energetics
of the radiofrequency discharge may result in chemical damage,
thereby producing functionalities and structural modifications to

the polymer.*’

1.1.2.5 Electrodeposition

Adsorption is carried out under the influence of an applied potential
and a uniform film is obtained. Electrodeposition of metal nanoparticles on
the electrode has been found very beneficial in the field of electroanalysis.
One of the most significant advantages of electrochemical deposition is the
ability to control size and distribution of nanoparticles by varying potential,

time or concentration of solution.®

1.1.2.6 Langmuir-Blodgett method

Langmuir-Blodgett assembly technique offers a versatile way to
prepare modified electrodes. Attractive noncovalent interactions hold the
film in a cohesive unit on the electrode surface. However the weak nature of

these forces limits layer stability.

In the present work, carbon nanotube (CNT), conducting polymer

and gold nanoparticle were used as modifiers for the fabrication of CMEs.

1.1.3 Carbon nanotubes

Recently, nanomaterials have received tremendous interest in different
areas due to their versatile applications in the fields of physics, chemistry and
materials science. The discovery of carbon nanotube (CNT) in 1991 by Lijima,

is an important milestone in the world of scientific research which gave rise to a
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new era in material science and nanotechnology. Currently, the study of
CNT modified electrode is a forefront topic of research that offers enormous
possibilities in the field of electorchemical analysis. The ease of its
preparation and functionalization of CNTs makes them potential material
for the fabrication of chemically modified electrodes. Due to the faster
electron transfer rate over other carbon based materials, CNTs exhibit
excellent electrocatalytic activity in the voltammetric response of various

compounds.

The first ever application of CNTSs in electrochemistry was carried out
by Britto et al. Since then there has been numerous reports of fabrication of
voltammetric sensors with CNTs.'® Carbon nanotubes are molecular scale
wires which are several nanometers in diameter and many microns in length
with hexagonal honey comb lattices built from ‘sp®” carbon units. Owing to
their special properties such as high electrical and thermal conductivity,
good chemical stability, excellent mechanical strength, large specific
surface area, excellent biocompatibility, flexible surface chemistry, ability
to accelerate electronic transfer etc. CNTs behave as excellent materials
for sensor fabrication.?®** Depending on the diameter and the degree of
helicity, CNTs behave as either metals or semiconductors. CNTs are half-
fullerene-like molecule with closed structures, having topological defects.
The two regions of CNTs; the tube and the cap have different properties.
Chemical and physical treatments cause the formation of edge-like defect
sites and oxygen containing functional groups at both the caps and side
walls resulting in a significant enrichment of the sensing application of

CNTs. Among the two forms of CNTs (single walled and multi walled
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CNTs), MWCNT has greater application because they can be prepared in
bulk in the presence of a catalyst with high purity.*

The chief advantage of the incorporation of CNTSs in electrochemical
sensors is the significant reduction in overpotential and improvement of
sensitivity. Compton’s group proposed that the enhanced electrocatalytic
activity of CNTs is due to the occurrence of edge-plane like sites located at
the end and in the “defects” areas of the tubes.®** Ab-initio calculations
verified that the curvature of the tubes which creates changes in the energy
bands close to the Fermi level is responsible for the enhanced electron
transfer capacity of CNTs.2 CNTs have huge length to diameter ratio which
allows them to be used as molecular wires for facilitating electron transfer
between analyte and electrode. Hence they are extensively used as the

carrier platforms for fabricating electrochemical sensors.

The above mentioned outstanding properties of CNTs make them an
exciting alternative for the construction of novel electrochemical sensors.
High signal to noise ratio, reduction of overpotentials, high sensitivities, and
resistance to surface fouling are the highlights of analytical sensing using
CNTs based electrodes.

1.1.4 Conducting polymers

Extensive research on the ‘conducting polymer’ (discovered in 1963)
was initiated by Mac Diarmid in 1976 for their possible applications in
sensors, energy storage and actuators.?*? They have numerous analytical
and technological applications on account of their conducting properties and

unigue chemical and biochemical properties. Their straight forward
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preparation methods, unique properties and stability in air make conducting

polymers an attractive material in electroanalysis.

Polymer-modified electrodes (PMEs) have received enormous
interest in the electroanalytical field due to their advantages such as
excellent selectivity, sensitivity and homogeneity in electrochemical
deposition, strong adherence to electrode surface and chemical stability of
the film.?*?® The exciting properties such as high mechanical flexibility,
electrical conductivity and ability to be electrochemically switched between
electronically insulating and conducting states makes conducting polymers
an important material for sensing devices. A thin film of conducting
polymer, deposited onto the surface of a conventional electrode is able to

improve the kinetics of electrode reaction.?

Conducting polymers (CPs) exhibit fascinating electrochemical and
optical properties due to the presence of delocalized n electrons which can
move around the whole system and become the charge carriers to make
them conductive.*® Electropolymerisation of a variety of monomers onto
high-work function electronic conductors such as platinum, gold and carbon
produce an ideal platform for the sensing of numerous chemical and
biological analytes. The important feature of CPs used in amperometric and
voltammetric sensors is their ability to behave as electron transfer
mediators. Depending on the charge, size and chemical structure of the
analyte (guest) as well as the conducting polymer (host) electroactive
species may go into the polymer film, resulting the preconcentration of

compounds before electrochemical oxidation or reduction.®
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1.1.5 Gold nanoparticles

Nowadays, the incorporation of nanoparticles on to the sensor design
has been attracting great interest because of the exciting new opportunities
that they offer to the field of sensing. Because of their fascinating properties,
nanoparticles have found broad range of applications in a variety of areas
including clinical diagnostic, food safety and environmental protection. Metal
nanoparticles are usually used for signal amplification in electrochemical
sensors as its large surface area provides greater number of binding sites
available for the detection of a particular analyte.®* Gold nanoparticles
(AuNPs) exhibit interesting physical, chemical and electronic properties
such as size and shape dependent surface plasmon resonance, high surface
energy and surface to volume ratio and tunable surface properties.**>** Due to
their catalytic properties, AuNPs are extensively used in electrochemical
sensors to enhance the performance of the analytical device.

The first ever preparation of colloidal gold was carried out by Faraday
during 19™ century.®® Nowadays, the commonly used methods for the synthesis
of gold nanoparticles are the Turkevich®® (1951) and Frens®’ (1973) methods.
Functionalized AuNPs simplifies the sensor design by improving the sensitivity
and can function as both molecular receptor and signal transducer in a single
sensing platform. AuNPs in electrochemical sensors takes the role of “electron
antenne” which effectively tunnel electrons between electrode and the analyte
and thus shows exceptional electrocatalytic activity towards various analytes.®
Different methodologies such as the anchoring by electrostatic interaction,
covalent linkage, electrochemical deposition etc. have been used for the

tailoring of AuNPs on electrode surfaces.*
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1.1.6 Mass transport processes
1.1.6.1 Diffusion

Diffusion occurs in solutions where there is an uneven concentration
of reagents. Balancing the uneven distributions of concentration, maximizes

the entropy which is the main driving force for the process.*

1.1.6.2 Convection

This is a process in which the species is transferred from one part of
the solution to the other part by the mechanical motion of solution itself

(as a result of pumping, flowing, vibrating, stirring etc.).

1.1.6.3 Migration

The movement of ions under the influence of electric field is called
migration. By the application of potential to an electrode, a charged
interface will be created. This can either attract or repel charged species near

the interface by an electrostatic force.

1.1.7 Voltammetric techniques

Linear sweep voltammetery, square wave voltammetry, differential pulse
voltammetry, cyclic voltammetry, electrochemical impedance spectroscopy
and chronoamperometry were used for the development of sensors and

extraction of kinetic parameters of electrode processes.

1.1.7.1 Linear sweep voltammetry

Linear sweep voltammetry (LSV) is one of the simplest voltammetric
techniques, in which potential applied to the working electrode is swept
linearly with time. The main difference between cyclic voltammetry (CV)

and LSV is that in LSV, the potential is swept linearly only in one direction
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while in CV potential is scanned in the reverse direction also. Hence LSV

technique is mainly applied to study irreversible reactions.

1.1.7.2 Differential pulse voltammetry

Differential pulse voltammetry (DPV) is a popular technique for
measuring trace amounts of inorganic and organic species. Fixed magnitude
pulses (superimposed on a linear potential ramp) are applied to the working
electrode. Current is measured twice (1) just before the application of pulse and
(2) at the end of the pulse. The first current is instrumentally substracted from

the second and the resulting current is registered in the output signal.**

1.1.7.3 Square wave voltammetry

Square wave voltammetry (SWV) is an excellent tool to study the
mechanisms of electrode processes and kinetic parameters.*? Square wave
voltammetry can be used to perform an experiment much faster than normal

and differential pulse techniques.

1.1.7.4 Cyclic viltammetry

Cyclic voltammetry (CV) has become an important and widely used
electroanalytical technique for initial electrochemical studies of new systems
and has proven very useful in providing information about fairly complicated
electrode reactions.”® CV has been applied to investigate multistep electrode
processes and those involving coupled homogeneous reactions. It is also
employed to study the presence of intermediates in redox reactions, electron
transfer kinetics and reversibility of a reaction. Conventional CV is principally
informative about the qualitative aspects of an electrode process since the

response waveform provides poor information about quantitative parameters.**
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CV is a kind of potentiodynamic technique in which the potential of
the electrode is ramped linearly vs time.”> In CV technique, a triangular
potential sweep is applied to the working electrode whereby the initial
potential rise to a final potential, and returns back to the starting potential.
Starting from an initial potential E; a staircase potential sweep is applied to
the working electrode in CV. After reaching a switching potential Es, the
sweep is reversed and potential ramped to its initial value. The shape of
cyclic voltammograms revealed the type of electrode reaction and about the

additional phenomena coupled to the electrochemical reaction.*°

In a cyclic voltammogram the current is plotted against the applied
voltage of the working electrode. If there are reducible species in the
system, as the potential is increased in the forward scan, the cathodic current
increase over this time. Since the concentration of the reducible species is
depleted after the reduction potential of the species is reached, the cathodic
current will decrease. If the reaction is reversible, during the reversible scan
the reduced species will start to be re-oxidized, giving rise to an anodic
current having reverse polarity to before. In fact, CV is a simple extension
of the linear sweep voltammetric technique. CV is a commonly used technique
in electrochemical analysis for the evaluation of mechanism of charge transfer

reactions and the measurement of kinetics of electrode reactions.

1.1.7.4.1 Reversible systems

When the electrode kinetics is much faster than the rate of diffusion,
such systems are described as “reversible”. The Nernst equation is the final

boundary condition for a reversible system.
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, RT ¢,
Ee = Ee +ﬁlnC—R

where E, and E? are the equilibrium potential and standard potential. n is
the number of electrons involved in the electrochemical reaction. R, T and F
have their usual meaning. C, and Cy represents the surface concentrations
of the oxidized and reduced species. The peak current is given by Randles

Sevcik equation
i, = (2.69 x 105)n324DV/2Cv1/?

where A refers to the surface area of electrode (in cm?), D refers to the
diffusion coefficient (in cm?s™), C refers to the concentration (in molecm™)
and v refers to the scan rate (in V/s™). The separation of the peak potentials,
AE, (Epq — Epc), is the most important parameter in CV which can be used
to calculate the reversibility of the electrode process. The peak potential

separation for a reversible electron transfer reaction is expressed as
AE,=E E, . =2.218 RT
p— Tpa pc — =~ nF

The numerical value of AE, at 298 K is approximately 59 mV.
Another important parameter of reversible systems is the ratio of the peak
currents, which is one. For reversible systems both the peak potential
separation and the ratio of the peak currents are independent of scan rate.
The formal potential which provides valuable thermodynamic information
related to the electrode process, is calculated from the average of the

cathodic and anodic peak potentials for a reversible system
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_ (Epa + Epe)
B 2

This parameter is specific for the system studied, but independent of the

EO

concentration of the substance studied.

1.1.7.4.2 Irreversible systems

When the electrode kinetics are slower than the rate of diffusion the
system is termed as “irreversible”. The peak potential separation and the ratio
of the peak currents are dependent of scan rate in irreversible systems. For

totally irreversible systems the peak potential shifted with scan rate.

The equilibrium between the oxidized and reduced species is not
maintained at the surface of electrode in the case of irreversible systems, hence
the Nernstian boundary condition is substituted by kinetic boundary condition

i[9
— =D [T = k(DGO

where k; is the rate constant of forward reaction.
The peak current for a irreversible system is expressed as
i, = (2.99 x 10%)a'/2AC, D/ *v1/?
where « is the charge transfer coefficient.

1.1.7.4.3 Quasi- reversible systems

Matsuda and Aybe introduced the new term ‘quasi-reversible’ for
reactions that show electron-transfer kinetic limitations. These systems are
intermediate between reversible and irreversible systems. Both charge

transfer and mass transfer controls the current in a quasi-reversible system.*’
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The boundary condition is given by

D, (aco(x, t)

= kOe—af[E@®-E°] _ FE©-E]
ox )x=0 ke« {CO(O,t) Cr(0,t)e }

where f = % and Y(E) is a function of quasi reversible system. The peak

current is given by the following equation

i = FADY2Cof'/2v'/2 ¢ (E)
1.1.7.4.4 Kinetics of electrode reaction
Consider the following reversible reaction
O+ne =R

Butler-Volmer formulation of electrode kinetics can be applied to describe
the kinetics of electrode reaction,*® the anodic and cathodic rate constants

are expressed by
k, = kgexp[a,nF(E — E*)/RT]
k, = kgexp[a.nF(E — E)/RT]

where k, is the standard rate constant and E°’ is the formal potential of the
redox system. a,and a, represents the cathodic and anodic charge transfer

coefficients respectively.
The total current at the electrode surface under kinetic control is given by
I=1,+1,=nFA(k,R]— k. O])

where I, and I. denotes the anodic and cathodic peak currents.
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1.1.7.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) offers significant
contributions in fields such as electrocatalysis, sensors, semiconductors,
corrosion and dielectrics as well as in the rapidly growing fields of
nanomaterials and nanotechnology, energy storage and conversion. EIS is a
powerful and sensitive tool for examining charge transfer properties and
mechanisms of electrochemical reactions occurring at the electrode/
electrolyte interphase.

In recent years, popularity of EIS methods has increased tremendously
in the arena of electroanalytical chemistry because it can provide more
accurate kinetic and mechanistic informations with less error. Since small
amplitude excitation wave forms are used in EIS, only minimal perturbation
occur in the electrochemical system thereby reducing errors caused by
measurement technique. In the initial stages, EIS technique was generally
used for the determination of double-layer capacitance and in ac
polarography.“®*® Now they are applied to study complex interfaces and for

the characterization of electrode processes.

Both the terms impedance and resistance represents an opposition to
the flow of current. In DC circuits only the resistor is responsible for the
resistance, while in AC circuits capacitors and inductors, impede the flow of
electrons. In such cases, the term impedance is used and it can be denoted
by a complex number where the resistance is the real component and the
combined capacitance and inductance is the imaginary component. In the
electrochemical cells slow electrode Kinetics, slow proceding chemical

reactions, diffusion etc. impede the flow of electrons, and can be considered
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similar to the resistors, inductors and capacitors that impede the electric
current in AC circuits. In otherwords, Impedance is the opposition to the

flow of electrical current in a complex system.>

EIS technique measures the variation of the impedance of the
electrochemical cell with the frequency of a small amplitude AC perturbation.
The time domain of the input and output signals are converted into a complex

quantity which is a function of frequency.

EIS data for electrochemical reactions are most often presented in
Nyquist and Bode plots of which Nyquist plots are more popular. Bode plots
depicts the real or imaginary components of the impedance and phase angle
as a function of frequency. Nyquist plot represents the imaginary impedance
(indicative of the capacitative and inductive character of the cell) versus the
real impedance of the cell. In a typical Nyquist plot, Z’ represents the real
part of measured impedance and Z” represent the imaginary part of the
measured impedance. The real and imaginary components of the impedance
data provide useful information about the Kkinetic and mass transport
properties of the reaction. The Nyquist plot consists of a semicircular part at

higher frequencies and a straight line at lower frequencies.

1.1.7.6 Chronoamperometry

Chronoamperometry is an important electroanalytical tool for the
determination of diffusion coefficients and for studying Kkinetics and
mechanisms of redox reactions. Chronoamperometry is also useful for
determining the catalytic rate constant of electrochemical reactions. Another
application of chronoamperometry is the estimation of electrode area, by the

use of well defined redox couple (known D and C).
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Chronoamperometry is an electroanalytical technique, which involves
the application of a step potential and the measurement of current as a
function of time using the same three electrode cell configuration as with
voltammetry. The resulting current — time relationship is recorded which
represents the change in concentration of electroactive species at the surface
of electrode since the mass transport process during the reaction is governed
by diffusion. The observed i-t response is a result of two components: one due
to the charging the double layer and the other due to the faradaic current (due
to electron transfer reaction between the electroactive species and electrode).
As time progress, there is a continuing growth of diffusion layer coupled with
the depletion of reactant and there is a decrease in the concentration gradient.
Like other pulsed techniques, chronoamperometry generates high charging

current, which decay exponentially with time.>?

The variation of current as a function of t /2

is described by Cottrel
equation®

I =nFADYV*Cr~1/2¢1/2

where n is the number of electrons involved in reaction, A4 is the surface area
of electrode, F is the Faraday’s constant, D is the diffusion coefficient of

electroactive species and C is the concentration of electroactive species.

Two types of chronoamperometric techniques are usually employed in
electroanalytical field- the single potential step or the double potential step
chronoamperometry. Measurements are carried out using planar electrodes,
in unstirred condition and a potential sufficient to oxidize or reduce the
electroctive species is applied. The potential of the working electrode is
stepped from a value at which no electrochemical reaction occurs (E;) to a
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potential at which surface concentration of analyte is effectively zero (E,).
When potential goes from its initial value, the reaction occurs and current
rapidly reaches its maximum value. In the end current decrease to zero value
due to the increase of thickness of diffusion layer and depletion of electroactive
species. Compared to other amperometric techniques, better signal to noise

ratio is observed in chronoamperometry.**

1.1.8 Literature review of electrochemical sensors based on carbon
nanotubes, conducting polymers and gold nanoparticles

The voltammetric behavior of butylated hydroxyanisole (BHA) has
been studied by Rasheed et al. at MWCNT modified platinum electrode.*
0.1 M phosphate buffer solution of pH 4 was used as supporting electrolyte.
Linear relation between the concentration of BHA and oxidation peak
current was obtained in the range 1.00 x 10° to 1.00 x 10" M. The detection
limit of the developed sensor was 9.49 x 10" M. The sensor was found to be
tolerant against the high concentrations of common coexisting species. This
method was successfully applied for the determination of BHA in
commercially available vegetable oil and mayonnaise samples, providing a
promising and effective method to monitor the large scale use of this

synthetic phenolic antioxidant.

Electrochemical response of amaranth, an artificial colourant, was
studied on a MWCNT film modified gold electrode in acetate buffer
solution (pH 5) by Chandran et al.®® On the MWCNT modified electrode, a
well defined anodic peak was observed at 792 mV for the oxidation of
amaranth. Experimental conditions for the sensor fabrication were optimized.

Under optimum conditions, linear range and limit of detection of the
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MWCNT modified gold electrode sensor was found to be from 1.00 x 107 to
1.00 x 10° M and 6.81 x 10® M respectively. Practical application of the
proposed method was demonstrated by the determination of amaranth in soft
drink samples and the recoveries were compared with spectrophotometric

method.

Moheimanian and coworkers fabricated a novel voltammetric sensor
for nitrite by the immobilization of hemoglobin and octylpyridinium chloride
on MWCNT modified electrode.>” The electrochemical behaviour of nitrite
on modified electrode was studied by amperometry and CV. The linear
concentration range was from 1.52 x 10™ to 1.00 x 10 M, with a detection
limit of 1.46 x 10°® M. Influence of foreign compounds on the determination
of nitrite was studied. The developed method showed low detection limit,
fast response and excellent sensitivity.

Wu et al. reported a simple and sensitive electrochemical method for
the determination of sudan | using a glassy carbon electrode (GCE)
modified with a chitosan/carbon nanotube composite.®® At the MWCNT/
chitosan-modified GCE, sudan | showed oxidation peak at 720 mV. Various
experimental conditions such as pH, scan rate and chitosan: MWCNT mass
ratio at the modified electrode were optimized. The detection limit of the

developed sensor was found to be 3.00 x 1078 M.

A sensitive electrochemical sensor for neotame, an artificial sweetner,
was reported by Bathinapatla et al. based on nanoparticles modified
electrode.®® Copper nanoparticles decorated MWCNTSs were used for the
surface modification of GCE and an oxidation peak was observed at 1300 mV

in pH 3 on the modified electrode. The modified electrode showed excellent
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catalytic property towards the oxidation of neotame. Various techniques
such as transmission electron microscopy (TEM), Fourier transform infrared
specrosopy (FTIR), thermogravimetric analysis and CV were used to
characterize the developed sensor. Practical application of the developed
sensor in food samples were carried out and good results were obtained
compared to capillary electrophoresis method with a confidence level
of 96%.

A new voltammetric method for simultaneous determination of tert-
butylhydroquinone (TBHQ) and BHA in biodiesel was developed by

Caramit et al.®°

MWCNT modified screen printed electrode was employed
for the simultaneous detection and quantification of TBHQ and BHA. The
electrochemical measurements were carried out in Britton—Robinson
buffer (0.04 M) containing 2.0% methanol and the cationic surfactant
cetyltrimethylammonium bromide. The addition of surfactant increases the
peak current and resolution of voltammetric response. The modified
electrode showed a linear response in the concentration range of 1.00 x 10~
M to 5.00 x 10" M for TBHQ and BHA with detection limits of 3.40 x 10’
M and 1.76 x 107 M, respectively. The developed method was effectively
applied for the determination of TBHQ and BHA in biodiesel samples with
recoveries in the range 97 — 110 % and 91 - 101 %, respectively. Also the
results are compared with high-performance liquid chromatography (HPLC)

and satisfactory results were obtained.

Thomas et al. investigated the electrochemical response of TBHQ on
MWCNT modified gold electrode (GE) using CV.** TBHQ exhibited redox
behaviour on MWCNT/GE in 0.10 M phosphate buffer solution of pH 2.
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The reversible oxidation of TBHQ occurred at a lower potential on the
modified electrode compared to the bare GE. This lowering of oxidation
potential of TBHQ proved the electrocatalytic effect of MWCNT. Based on
this a sensitive voltammetric sensor was fabricated for TBHQ. The linear
range and limit of detection of the sensor was 1.00 x 10~ to 4.00 x 10°® M
and 3.24 x 107® M respectively. The proposed method was employed for the
quantification of TBHQ in coconut oil samples and the results are compared
with the standard method.

Caramit et al. successfully employed MWCNT coated GCE for the
simultaneous determination of synthetic food colourants sunset yellow and
tartrazine based on the unique properties of MWCNT film.®> MWCNT
dispersed in water by the addition of surfactant dihexadecyl hydrogen
phosphate. The anodic peak currents of sunset yellow and tartrazine
enhanced remarkably owing to the significant features of MWCNT such as
large surface area, high sorption capacity and subtle electronic properties.
The detection limits for sunset yellow and tartrazine were determined to be
2.21 x 108 M and 1.87 x 10" M respectively. The developed sensor was

used to determine sunset yellow and tartrazine in soft drink samples.

A simple electrochemical sensor was developed by Zhang et al. for
the monitoring of ponceau 4R and allura red using MWCNT film modified
electrode as the sensing element.®® Electrochemical behaviour of ponceau
4R and allura red was studied in phosphate buffer solution (pH 7). Oxidation
signals of ponceau 4R and allura red increased remarkably on MWCNT film
sensor due to its high surface area and large accumulation efficiency. The

sensor parameters were optimized which includes accumulation potential and
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time, amount of MWCNT and pH. Detection limit of 2.53 x 10> M for
ponceau 4R and 5.06 x 10~ M for allura red was obtained using the
proposed sensor. The determination of ponceau 4R and allura red was

successfully carried out using MWCNT sensor in various soft drinks.

The electrochemical oxidation of amaranth, a widely used food colour
was investigated at MWCNT modified GCE by Wang et al.** Various
operational conditions were optimized and the calibration graph was linear
in the concentration range 0.82 x 10° M to 4.00 x 10°® M with a limit of
detection 3.56 x 10°® M. Application studies were carried out in commercially

available soft drink samples and the recoveries were compared with HPLC.

CNT modified GCE was employed for the electrochemical determination
of phenolic antioxidants like hydroquinone, catechol, pyrogallol and its

derivatives by Ziyatdinova et al.*®

Atomic force microscopic technique was
used for the characterization of modified electrode surface. Surface roughness
of the modified electrode increased by a factor of 20 fold and high degree of
homogeneity obtained upon modification with nanotubes. Phosphate buffer
solution of pH 7.4 was used as a supporting electrolyte in voltammetric

studies.

Electroreduction of synthetic food colourants such as tartrazine, sunset
yellow and allura red was investigated on polyallylamine modified tubular
electrode by Silva et al.®® Prevention of surface fouling and enhanced
intensity of voltammetric signal were the advantages of polymer modified
electrode. For the referred colourants a linear concentration range up to
2.00 x 10* M was found using the polyallylamine modified tubular electrode
with a limit of detection of 1.80 x 10° M for tartrazine, 1.40 x 10° M
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for allura red and 3.51 x 10° M for sunset yellow. The modified electrode
was successfully used for the analysis of these colourants in different food
samples and satisfactory results were obtained compared to HPLC.

Zhang and coworkers fabricated an electrochemical sensor for sunset
yellow by polymerizing L-cysteine on the surface of GCE.®” The chemically
modified electrode was characterized by the techniques like CV and EIS.
CV and chronoculometry was used to investigate the electrochemical
behavior and kinetic parameters of sunset yellow. The sensor exhibited a
working linear range 7.00 x 10”7 —8.00 x 10~ M. The minimum detectable
concentration of sunset yellow using this method was found to be
4.00 x 10° M. The developed sensor has advantages such as extreme

simplicity, high sensitivity, low cost, good stability and reproducibility.

Electrochemical behavior of vanillin was studied on a poly(valine)
modified electrode using CV.%® It was observed that in phosphate buffer
solution (pH 7), the oxidation peak current is linearly proportional to
concentration of vanillin over the range of 6.61 x 10® - 9.60 x 10°® M, with
a limit of detection of 1.00 x 10°® M. This method is simple, highly sensitive
and shows good reproducibility. The proposed method has been efficiently

applied for the determination of vanillin in infant formula samples.

Poly(L-cysteine) film modified electrode was fabricated by
electropolymerization technique and effectively used as a sensor for ascorbic

acid by Zhengz et al.?

The anodic peak potential of ascorbic acid shifted
negatively along with an enhancement in peak current, on poly(L-cysteine)
modified electrode compared to bare GCE. This proved the efficient

electrocatalytic property of polymer film to the oxidation of ascorbic acid.
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The anodic peak current of ascorbic acid varied linearly with its concentration
over the range from 5.00 x 10~ to 1.00 x 10°® M. The limit of detection was
calculated to be 4.00 x 107 M.

Ma et al. reported a sensitive electrochemical sensor for sudan Il
based on poly(aminosulfonic acid) modified GCE using CV." Electrochemical
polymerization technique was effectively employed for the construction of
modified electrode. The polymer layer enhanced the voltammetric redox
signal of sudan Il through its electrocatalytic effect. The sensor exhibited
two dynamic linear ranges 1.00 x 10°° - 4.00 x 10°® M and 1.21 x 10° -
1.00 x 10°® M respectively. The detection limit of the proposed sensor was
found to be 4.00 x 10°° M.

Polydiphenylamine platinum composite modified GCE was prepared
by electrochemical method and used for the successful determination of

nitrite by Unnikrishnan et al.”

EIS and scanning electron microscopy were
used for characterization studies. Cyclic voltammogram of nitrite showed an
anodic peak at 850 mV due to the irreversible oxidation of nitrite which
330 mV lower than that on bare GCE. The sensor exhibited a wide range of
detection from 9.51x 10 to 1.00 x 10° M. Several water samples were
tested to check the application of the sensor and good recoveries were

achieved.

Divya et al. studied the electrochemical behaviuor of BHA at a GCE
modified with poly(L-cysteine).”? BHA showed a pair of well defined redox
peaks on the polymer modified electrode with Epa = 69 mV and E,c = 4 mV.
Under optimal conditions, poly(L-cysteine) modified electrode exhibited a
linear response in the range from 1.00 x 10° M to 1.00 x 10°® M with
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a correlation coefficient of 0.998. The detection limit was found to be
411 x 107" M. Kinetic parameters for the electrochemical redox process
were evaluated and the average surface concentration of BHA on the
modified electrode was calculated. The analytical application of the
proposed method was evaluated by the effective quantification of BHA in

coconut oil and seasame oil samples.

Jing studied the oxidation behaviour of nitrite on a GCE chemically
modified with gold nanoparticles-polypyrrole nanocomposite.”® CV, DPV
and chronoamperometric techniques were used for the determination of
diffusion coefficient, electron transfer coefficient and charge transfer rate
constant. Reduction of the oxidation overpotential and enhancement in peak
current indicated that gold nanoparticles-polypyrrole nanocomposite has
excellent electrocatalytic activity for the oxidation of nitrite. The linear
dependency of peak current vs concentration of nitrite was in the range
2.51 x 10 M t0 8.00 x 107 M with a detection limit of 1.00 x 107 M. The
practical utility of the nanocomposite sensor was established by the
determination of nitrite in water samples. The developed sensor exhibited

good sensitivity, reproducibility and excellent stability.

Electrocatalytic determination of nitrite was carried out on Fe3O4
nanoparticles/poly(L-cys) /MWCNTS/GCE in PBS (pH 5.5) by Qu et al.”
Cyclic voltammetric studies were performed to investigate the electrochemical
behaviour of nitrite on the sensor. The oxidation peak current of nitrite
increased linearly with concentration in the range 3.32 x 107 t0 7.57 x 10° M
(R = 0.9998), under optimized conditions. The developed sensor has potential

applications due to its good sensitivity, stability and repeatability.
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Ghoreishi et al. proposed AuNPs modified carbon paste electrode as
an effective sensor for the determination of sunset yellow and tartrazine,
which has potential harmfulness to human health.” Two well resolved
oxidation signals for sunset yellow and tartrazine was obtained at modified
electrode using DPV and CV. AuNPs based carbon paste electrode has high
selectivity and sensitivity, sub micromolar detection limit and excellent
reproducibility. The developed sensor exhibited a detection limit of
3.00 x 10® and 2.00 x 10™° M for sunset yellow and tartrazine respectively,

which is lower than the previous reports.

Based on the electrocatalytic activity of AuNPs deposited on GCE,
Thomas et al. developed an electrochemical sensor for sudan I in food
samples.”® VVoltammetric response of sudan | was studied by CV and SWV.
The nanoparticle modified electrode exhibited a pair of well-defined quasi-
reversible redox peaks with a formal potential of 295 mV at a scan rate of
100 mV/s. The sensor exhibited two linear response ranges 1.00 x 1072 —
4.00 x 10° M and 2.00 x 10° — 7.00 x 10" M. The kinetic parameters such
as the number of electrons, the electron transfer coefficient and the standard
rate constant were determined. Also the surface coverage of sudan | on the
modified electrode was calculated. The proposed sensor has been successfully

used to determine sudan I in ketchup and chilly sauce.

Zhang et al. applied AUNP/MWCNT composite film modified GCE
for the voltammetric determination of vitamin Be.”” Surface morphology of
the modified electrode was studied by SEM analysis. Vitamin Bg exhibited
an irreversible oxidation peak at 620 mV in 0.1 M phosphate buffer solution

(pH 7). The oxidation peak current was linearly proportional to the
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concentration of vitamin Bg in the range 6.13 x 10 *— 9.46 x 10 °® M with a
detection limit of 3.32 x 10"° M. Nano composte film modified electrode has
good stability and reproducibility. The developed method has potential

application in the field of pharmaceutical analysis.

Electrochemical behaviour of meclofenoxate hydrochloride was
studied by Zhu et al. on a AuNP/CNT modified GCE.”® Atomic force
microscopy was used for the characterization of the modified electrode. The
nanocomposite film exhibited good electrocatalytic ability towards the
oxidation of meclofenoxate hydrochloride with high sensitivity and stability.
The peak current showed a linear relationship with concentration in the
range of 2.00 x 10 - 5.00 x 10" M, with the detection limit of 1.00 x 10" M.
The electrochemical oxidation mechanism of meclofenoxate hydrochloride
involves the transfer of two protons and two electrons. The developed
sensor was employed to determine the meclofenoxate hydrochloride

concentrations in capsule and tablet. The results were validated with HPLC.

Shahrokhian et al. fabricated a novel voltammeric sensor for cefotaxime
based on GCE modified with AUNP/MWCNT film.” The modified electrode
was prepared by the electrodeposition of AUNP on a MWCNT/GCE. Drop
casting method was used for the incorporation of MWCNT film on GCE
surface. EIS, CV and SEM were employed for the characterization studies of
modified electrode. The influence of pH of electrolyte, electrodeposition
condition, accumulation time and scan rate on the electrochemical
response of cefotaxime was studied and the experimental conditions were
optimized. The linear range and limit of detection of the sensor was
8.00 x 10° — 4.00 x 10® M and 4.00 x 10° M respectively. Satisfactory
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results were obtained when the proposed method was applied for the

determination of cefotaxime in pharmaceutical and clinical samples.

1.2 Optical sensors

An optical sensor measures the changes in optical properties, as a
result of chemical interaction between recognition element and analyte by
spectrophotometry. Colourimetric sensors and fluorescence sensors comes

under the category of optical sensors.

Many materials especially nanoparticles undergo colour changes in
response to stimuli (after exposure to some analytes), making them attractive
candidates for use as sensor platform. Analyte induced aggregation of
nanoparticles results a significant change in absorbance (colour) which can

be employed for the sensing application.

Fluorescence involves the emission of photons, that occurs nanoseconds
after the absorption phenomenon. Luminescent materials (fluorophores) act
as recognition probe in fluorescence sensors. Interaction of analyte alters
either the electronic structure or molecular structure of the fluorophores,
which causes changes in the intensity or wavelength of light emission.®
Many features like simplicity, versatility and excellent sensitivity make
fluorescence one of the most powerful transduction mechanisms to report

the chemical recognition event.

1.2.1 Jablonsky diagram or electronic transition diagram

When a molecule absorbs a photon, electrons are promoted from the

singlet ground electronic level S, to an excited state S,. A molecule in the
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excited state can return to the ground state by following two successive

steps (Figure 1.1)%*

1) Internal conversion - the phenomenon of nonradiative transition,
from a higher excited state (S,) to a lowest excited state (S;) of a
molecule by dissipating a part of its energy to the surrounding
environment. This occurs when a vibrational state of an excited
electronic state coupled to the vibrational state of a lower
electronic state. This type of nonradiative transition is not
observed in isolated molecules since this process involves the

dissipation of energy from molecules to surroundings.

2) From the excited state S;, the molecule can return to the ground

state Sy via different competitive processes

» Radiative emission of a photon from S; to Sp through

fluorescence

= Excited molecule can transfer some of their energy to the
molecules which are located nearby through collisional

quenching.

= For each excited state S, there is an energetically unstable
excited state T of lower energy. When electronic transitions
takes place between spin states of different multiplicity the

process is known as inter system crossing (ISC).

The de-excitation of the molecule from T to So occurs via a radiative
process, known as phosphorescence. Processes like absorption and

fluorescence do not involve the reorientation of spin; however ISC and
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phosphorescence are accompanied by spin reorientation. Therefore
fluorescence occurs much faster than phosphorescence. Absorption takes
place within a time of 10™ s while the fluorescence lifetime ranges from
107 to 10 s. Since the phosphorescence being a long transition, it can last

from milliseconds to seconds, minutes or even hours.
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Figure 1.1: Jablonsky diagram showing fluorescence, phosphorescence, internal
conversion, intersystem crossing and vibrational relaxation

1.2.2 Fluorescent probes or fluorophores

The sensing element in fluorescent sensor is a luminescent material
which can re-emit radiation upon excitation and are called fluorescent
probes or fluorophores. The intensity, life time and the position of emission
wavelength are the important characteristic parameters of a fluorophore.
Each fluorophore has its own intrinsic fluorescent properties which can be

changed with the change in environment. Temperature variations influence
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the local motions of fluorophore and its environment, thereby modifying the
fluorescence features. Fluorescence intensity is dependent on the molar
extinction coefficient, optical path length, concentration and quantum yield
of fluorophore. The plot of fluorescence intensity as a function of wavelength
is called a fluorescence spectrum. The fluorophore interacts with the target

and translates the molecular recognition to fluorescence signal.®?

1.2.3 Stokes shift

The energy absorbed (E,)and emitted (E,.,,) by a fluorophore is

expressed as™

E = hc
a — Aa

E - hc
em — Aem

where 1, and A, are the absorption and emission wavewlengths. h is the
planks constant and c is the velocity of light.

Since E,; > E,,,, it is observed that A,,, > 1,

Thus the wavelength of emission is red shifted compared to the
absorption maximum. This phenomenon was first time observed by Sir
George Stokes in 1852 and is known as stokes shift. The larger the stokes

shift, the more useful the fluorophore in sensing application.

1.2.4 Life time

An important characteristic feature of a fluorophore is its fluorescence
lifetime. When a fluorophore absorbs a photon and it is excited to higher
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energy states, it remains in the excited state for a short time before it
returns to the ground state. This time is known as fluorescence life time.
Usually the life time ranges from nanoseconds to picoseconds and is

denoted by 7.84%

1
T ki
where k; is the rate of different decay processes.

1.2.5 Quantum Yield

When the molecules in the ground state absorb photons and move to
excited state, different types of processes compete with each other to de-
excite the molecules to the ground state. The quantum yield (¢) is the

number of emitted photons relative to the number of absorbed photons.®

No.of quanta emitted

¢:=

No.of quanta absorbed

The quantum vyield of a fluorescent molecule can be determined by
comparing its fluorescence intensity with that of a reference compound whose

¢ value is known. The following equation is used for the calculation of ¢

E _ AsIp 77121

dr  Aplsn}
where ¢y is the quantum yield of reference. I and I, are the integrated
fluorescence intensities of sample and reference respectively. Az and Ag are
the absorbance of the reference and sample, ng and ny are the refractive
indices of the solvents used. The quantum efficiency of most of the

fluorophore is independent of the wavelength of exciting light.
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1.2.6 Fluorescence sensors

Fluorescence sensing is a fascinating field of research due to its

versatility and simplicity.

The recent progress in nanotechnology and nanomaterials has been
incorporated into analytical chemistry for the design of highly sensitive
fluorescent sensing probes. Eventhough no valuable structural information
Is gained from fluorescence measurements, this technique has become more
popular because of its high sensitivity to the changes in the structural and
environmental changes of fluorophores through any type of interaction with
other molecules. Any phenomenon that results in a change of fluorescence

intensity, lifetime or anisotropy can be used for sensing.

Interaction between analyte and fluorophore produces perturbation in
the electronic structure of fluorescent probe leading to changes in their
emission parameters. Analyte induced luminescence emission intensity
change is the basic principle of fluorescence sensors. Mechanisms of such
target binding are variable and include intra and intermolecular electron
transfer and energy transfer processes. The fluorophore is mixed with the
analyte solution and subjected to the corresponding excitation wavelength.
The fluorescence intensity changes (enhancement or quenching) as a

function of the concentration of the analyte.

During the early 1980’s Tsien et al. first reported the fluorescence
sensing of calcium. They synthesized 1,2-bis(o-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid as a calcium ion chelate receptors and employed

as a selective probe for calcium over magnesium.®’
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As the luminescence of fluorescent probes like nanoparticles, QDs etc.
are very sensitive to their surface states; the fluorescence sensing is based on
the principle that chemical or physical interactions occurring at the surface
of probes change the efficiency of radiative electron-hole recombination
process, either leading to fluorescence enhancement or quenching.® That is,
there are two types of fluorescent sensors, one based on enhancement of
fluorescence (turn on) and other based on quenching of fluorescence (turn
off) (Scheme 1.1).

1.2.6.1 Turn off and turn on fluorescence sensors

In turn off sensors the fluorescence emission intensity of the fluorophore
decreases upon analyte binding. In contrast, if the fluorescence intensity
of the probe is enhanced due to the interaction with analyte, it is termed
as turn on sensors. Molecular interactions with fluorophores resulting
different processes like excited state reactions, energy transfer, molecular
rearrangements, ground state complex formation, collisional quenching,

aggregation etc.®®

Most of the fluorescence sensors are based on the quenching of
fluorescence signal. These are comparatively less sensitive than turn on
sensors. Because it is quite easier to detect a bright signal in a dark
background (turn-on) rather than diminishing of an already bright signal
(turn-off). Hence the turn on sensors will offer high sensitivity together

with low background signal.®

Turn on sensors are preferable for more
sensitive measurements since the chance of false positives are less in turn

on sensors.
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Scheme 1.1: Representation of turn off and turn on fluorescence sensors

In the present work gold nanoclusters (AuNCs) and quantum dots

(QDs) were utilized as fluorescence probes for the development of sensors.

1.2.7 Gold nanoclusters

Recent developments in nanotechnology produced a new class of photo
luminescent materials called noble metal nanoclusters possessing size below
2nm which is comparable to the Fermi wavelength of electrons (Figure 1.2).*
They are composed of a few to about 100 atoms and have attracted significant
interest among the researchers around the world since they bridge the missing

link between the atomic and nanoparticle behaviour.

c & @

atom :nanocluster; nanoparticle bulk

10" 10° 10" 102  10%(nm)

Figure 1.2: Hierarchy of materials from atoms to bulk
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The striking properties of AUNCs such as long life time, biocompatibility,
ease of conjugation, large stokes shift and size together with ligand dependent
fluorescent properties are suitable for the development of sensitive and
selective sensing systems.”% Compared with traditional fluorescent probes
such as semiconductor QDs, dyes, lanthanide doped nanoparticles and
carbon nanodots AuNCs offer advantages like good water solubility,
simple method of preparation, biocompatibility, low toxicity and ease of
surface functionalization which gave them growing popularity in the

analysis of biological and environmental samples.®**°

Electrons in the conduction band of nanoparticles can undergo
collective oscillation which leads to the surface plasmon resonance (SPR)
band in the visible region.® Such SPR band vanish in AuNCs, where the
small size of AuNCs leads to significant quantization of conduction band.
AUNCs exhibit molecular type properties such as large surface to volume
ratio, facile surface modification ability and colour tunability due to the
presence of discrete energy levels as a result of strong quantum confinement

of free electrons.®>’

The synthesis strategies of AUNCs can be generally categorized in to
two routes “Atoms to Clusters” and ‘“Nanoparticles to Clusters” (Figure 1.3).
In “Atoms to Clusters” approach the gold ions are first reduced to zero
valent atoms by appropriate ligands like polymers, biomolecules, dendrimers
etc. Then the nucleation of Au atoms takes place leading to the formation
of AuNCs. Since AuNCs have a tendency for aggregation compared to
nanoparticles, the synthesis of AuNPs is easier than AuNCs. So the other

route is based on the conversion of “Nanoparticles to Clusters.” This
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technique involves etching surface atoms of AuNPs by excess ligands
such as alkylated thiols and glutathione. The surface of nanoparticle
undergoes ligand exchange and generates etchant-gold complex.®

Aut/Au® Au NP

‘ Reduction Etching \

Ligand protected Au NC

Figure 1.3: Synthesis strategies for fluorescent AuNCs

Even though the detailed mechanism of the origin of fluorescence
of AuNCs is not completely understood yet, free electron theory is
considered as a basic model to explain the fundamental optical properties
of AuNCs.*® According to this theory, the size dependent plasmonic
optics of AuNCs depends on the number of free electrons. The free
electrons on the surface of nanoparticles generate the polarization in an
electric field.'® However when the nanoparticles size come close to the
Fermi wavelength and free electron number decreases to a critical value,
the continuous band breaks up into discrete energy levels.!®* The
fluorescence of AuNCSs is attributed to the excitation of electrons into the
‘sp’-conduction band and subsequent radiative electron-hole recombination

process (Figure 1.4).2%
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Figure 1.4: Energy diagram of fluorescence in AuNCs

The most important parameter that influences the luminescence of
AUNC:s is the value of energy level spacing (Es). An electron can undergo
transition to excited state by absorbing an energy greater than Es. According
to Spherical Jellium Model developed by Zheng et al. the value of Es5 and

number of Au atoms (N) related to the Fermi energy (E;) as follows'®

E
Es= f/N1/3

As the size of the AuNCs increases, a red shift was observed in the
fluorescence spectrum and when N is greater than 30, no emission peak was
observed in the visible region. The numbers of atoms and the capping agents

have a crucial role in the emission energy of AuNCs.

It is known that size and structure of the cluster, nature of surface ligand
and environmental parameters (temperature, pH, ionic strength etc.) affects the
optical properties of AUNCs. The fluorescence of AuNCs is enhanced through
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the binding of ligands having strong electron donation ability. It was reported
that ligands with electron rich groups (e.g. -COOH, -NH,) or atoms (e.g. O, N)
can significantly enhance the fluorescence of AuNCs.'™ Jin and coworkers
proposed that surface ligands of AUNCs can greatly affect the luminescence of
nanoclusters by charge transfer from ligand to Au core.® For example, ligands
containing S atoms can enhance fluorescence behaviuor of AuNCs through
charge transfer from S atom to the Au center (LMCT).*®

Wen et al. suggested that there are two bands coupled in the luminescence
spectrum of AuNCs. Band | arises from the icosohedral core of Au atoms
while band Il originates from the [-S-Au-S-Au-S-] semirings (Figure 1.5a).%
Additionally the fluorescence emission spectrum of AuNCs consists of prompt
fluorescence (ns timescale) and delayed fluorescence (us timescale) as depicted
in Figure 1.5b. Since the energy gap between the singlet and triplet states

are very small in AuNCs, there is an efficient reverse 1SC.*®

P |

Prompt PL
Delayed PL

-

(b)
Figure 1.5: (a) A schematic diagram showing the fluorescence of AuNCs
originates from two transitions that are correlated to the structure.

(b) Schematic representation of prompt and delayed fluorescence
in AUNCs
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Compared to QDs noble metal nanoclusters are more preferable for
bioimaging and biolabelling applications because of their low toxicity and
ultra-fine size. The heavy metal core of QDs is toxic, making them improper
for in vivo clinical analysis which creates risks to human health.’®® Due to their
remarkable properties AUNCs have found various analytical applications such

as determination of metal ions, inorganic anions, biomolecules, proteins etc.

AuNC@PAMAM AuNC@MUA AuNC@DHLA AuNC@BSA AgNC@DNA

00 ------mememmeemeeeecceeeeeee Visible - > 700
A (nm) <+——AUNC@DHLA —
<«— AUNC@MUA —»
< AUNC@BSA -+
——— AUNC@PAMAM
<+—AgNC@PMAA—»

AgNC@DNA

Figure 1.6: Effect of protecting agents on the fluorescence emission wavelength
of AuNCs

Various substances like proteins, dendrimers, polymers and thiol
containing organic compounds have been widely employed as protecting
agent for the synthesis of AUNCs (Figure 1.6). Biomolecules like peptides
and proteins have been established as excellent scaffolds to induce the
nucleation and growth of AuNCs. Several proteins such as BSA,'?

12 transferrin-family proteins,™

lysozyme,*** horseradish peroxidase (HRP),
deoxyribonuclease | (DNase 1),*** and ribonuclease A (RNase A)' have
been widely employed to prepare AUNCs with strong fluorescence emission.
Among these, BSA protected AUNCs (AUNCs@BSA) are of particular interst
because of its facile synthesis, biocompatibility and high photostability.’® The

tyrosine residues in BSA can reduce Au®* ions while the cysteine and
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histidine residues in BSA can coordinate with Au atoms, to form BSA
templated AuNCs. The reducing strength of tyrosine residues can be
increased by adjusting pH of the reaction medium to a value greater than 10.

1.2.8 Quantum dots (QDs)

Nanostructured materials have gained great attention during the last two
decades because they can bridge the gap between the bulk and molecular levels
and are found to have versatile applications in various fields such as
electronics, sensing, optoelectronics and biology. They are catagerized as
two dimensional (quantum wells), one dimensional (quantum wires) and
zero dimensional (quantum dots). Although nanotechnology is a new branch
of science, people have been exploiting nanomaterials for over a thousand
years. The Romans and Greeks used PbS QDs as cosmetics to dye their hair
more than 2000 years ago. In the early stages of 20" century CdSe and CdS

QDs were mixed into silicate glasses to impart red and yellow colors.**®

Colloidal quantum dots were discovered by Louis E. Brus in 1982 and
the term “quantum dot” was introduced by Mark Reed. Brus in 1983, first

characterized the QDs as semiconductor spheres in a colloidal suspension.**’

Quantum dots are semiconductor nanocrystals, in which excitons
confined in all three spatial dimensions and have a diameter typically ranges
from 2 to 10 nm.**® The core structure of QDs is normally made up of
elements from groups I1-VI (CdSe, CdS or CdTe) groups I11I-V (InP or
InAs) or groups IV-VI (PbSe). Because of the similarities of quantized
electronic states of QDs to atomic electronic states, they are also referred as
“artificial atoms”. QDs exhibited electronic properties which lie between

that of bulk semiconductors and of discrete molecules. QDs possess unique
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properties such as broad excitation spectra, narrow size-tunable emission
spectra, high photochemical stability and negligible photobleaching due to
quantum confinement effects.'**'?° As a result of their zero dimensions,
QDs have sharper density of states than higher dimensional structures and

exhibited superior optical properties.**

Valence band (filled with electrons) and the empty conduction band of
QDs are separated by a band gap E;. When photon having energy larger
than the band gap fall on the surface of QDs, an electron is excited into the
conduction band which left a hole of opposite charge in the valence band.
These electron and hole together form an exciton by the columbic forces of
attraction. This radiative combination of excited state electron in the
conduction band and hole in the valence band is responsible for the origin of

both linear and nonlinear optical properties of semiconductor nanocrystals.'?

The electron in the conduction band and its hole in the valence band
are separated by a distance known as the Bohr radius. QDs have a diameter
which is in the same order as its exciton Bohr radius. If the radii of the QDS
are on the order of the exciton Bohr radius, they are said to be in the ‘weak
confinement regime' and if the radii of the QDS are smaller than the exciton

Bohr radius, they are said to be in the ‘strong confinement regime'.*??

In the zero dimensional QDs, the electron being more confined, its
allowed energy states are more restricted and more size dependent. Size
dependent quantum confinement effects observed in the nanocrystals when
the radius of the semiconductor sphere is smaller than the bulk-exciton
Bohr radius. Electronic and optical features of QDs are strongly dependent

to the size and shape of the individual crystal. Henglein discovered that the
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optical properties of colloidal QDs were dependent on their size, almost two
decades ago.'?® As the size of the crystal is made smaller, the band gap
energy increases and the colour of QDs shifts from red to blue (Figure 1.7a).
That is their electric and optical properties are highly tunable. Life time of
fluorescence is dependent on the size of the QDs. Electron-hole pairs in
larger dots live longer since they have more closely spaced energy levels in

which the electron-hole pair can be trapped resulting a longer life time.
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Figure 1.7: (a) Emission spectra of CdSe/ZnS QDs (excited at 350 nm)
(b) Hlustartion of size tunable emission of QDS and creation of
exciton followed by radiative recombination or relaxation through
trap states
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Brus has developed a relationship between particle size and band gap

energy of a semiconductor QDs expressed by the following equation

E4(QD) = Eg(bulk) + (h*/8R*) (1/m, + 1/m;) — 1.8e*/4me, €R

where E; is the band gap energy, R is the radius of quantum dot, m, is the

effective mass of electron, m,, is the effective mass of the hole and € is the
dielectric constant of the solid. The above equation is based on the effective
mass model where special correlation effects are neglected.’**!*> Cyclic
voltammetric studies are usually employed to determine the band gap

energies of QDs.'?®

Luminescence in QDs originates from the radiative recombination of
electron-hole pair. Small defects in the solid such as impurities, vacancies
and adsorbates at the surface of QDs lead to the formation of ‘surface
defects’ or ‘trap states’ into which photo-excited electron can fall or the
photo-excited hole can ‘float’ (Figure 1.7b). Presence of surface defects
increases the non radiative electron-hole recombination and decreases the
efficiency of fluorescence. Since the energies of these surface states usually
lie in the band gap of the QDs they can trap electrons, holes or excitons and

behave as reducing and oxidizing agents.**’

The surface coating of QDs with wider band gap semiconductor
quantum shell decreases the trap state emission (eg. CdSe coated with ZnS
as a core shell-nanocomposite) thus increases the photostability of the core
and increases the quantum yield. Another way to increase the quantum yield
and photostability of QDs is the passivation of surface of QDs by the
introduction of capping ligands. Both organic and inorganic molecules are
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used as capping agents during the synthesis of QDs.® Optical properties of
QDs can be improved by doping which affects the band gap energies of
QDs. The impurities or dopants perturb the band structures by creating local
quantum states. The nature and amount of dopant also influences the optical
properties of QDs. Numerous elements such as P, Na, Cr, Mn, Fe and Ag

were doped in QDs for various applications.'?®

1.2.9 Literature review of fluorescence sensors based on gold
nanoclusters and CdS quantum dots

The photoluminescence of AuNCs is a promising sensing tool for
various analytes such as drugs, metal cations, anions, food additives and
biomolecules. Protein templated AuNCs are of particular interest because of

its facile synthesis, biocompatibility and high photostability.

Chen et al. successfully utilized protein templated AuNCs as efficient
fluorescent probe for the determination of methotrixate, an antimetabolite
used in the treatment of certain types of cancer.'?® BSA was selected as the
capping agent which also act as reducing agent during the synthesis of
AUNCs. The addition of methotrixate decreased the fluorescence intensity of
AUNCs. The linear range and detection limit of the sensor was found to be
5.28 x 102 -3.52 x 10°Mand 1.98 x 10° M respectively. Application studies

were performed in injections, serum and urine with satisfactory results.

Aswathy et al. fabricated Cu** modified BSA protected AuNCs for the
fluorescence sensing of dopamine, an important neurotransmitter.** The turn
on sensing mechanism and mode of interaction was studied using techniques
such as fluorescence life time, IR spectroscopy and circular dichorism. The
luminescence of AuNCs was found to be decreased upon addition of Cu®* due
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to its interaction with the surface of AuNCs. The fluorescence of AuNCs
retrieved in the presence of dopamine, as Cu®* ions which were removed from
the surface of nanoclusters binds with dopamine. The assay showed a high
selectivity over other catecholamines with a limit of detection of 1.00 x 10® M.
The feasibility of the developed sensor was demonstrated in different real

samples such as blood serum and urine samples.

Li et al. reported a turn on fluorescence sensing method for Ag (I)
using BSA stabilized AuNCs."*" Addition of Ag (1) to the AUNC@BSA
solution, resulted in enhancement of fluorescence intensity, along with a
blue shift in the emission wavelength. X-ray photoelectron spectroscopy,
high resolution mass spectroscopy and MALDI -TOF mass spectrum
measurements were used to characterize the nanoclusters. Gold core in
AUNC@BSA reduces Ag* to Ag® and form a stable hybrid Au@AgNCs
species which is responsible for enhanced fluorescence intensity and blue
shift of wavelength of emission. The other metal ions do not enhance the
fluorescence intensity under identical conditions indicating high selectivity
of the developed sensor.

Fluorescent biosensing platform was developed by Chen et al. for the
determination of cholesterol using BSA protected AuNCs.**> The protein
stabilized nanocluster probe was dissolved with cholesterol oxidase in a
surfactant emusion system. Cholesterol oxidase selectively oxidizes cholesterol
to cholest-4-en-3-one and produces stoichiometric amounts of H,O, byproduct.
This quenches the fluorescence signal of AuNCs significantly. Calibration
plot between the fluorescence intensity and concentration of cholesterol was

achieved in the range 0 — 3.00 x 10 M, with a correlation coefficient of
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0.986 and a limit of detection of 1.20 x 10° M. This sensing assay has

relevant applications in clinical analysis.

lllegal feeding of clenbuterol (CLB) to domestic animals and its
health risk to human beings lead an urgent requirement for the efficient
detection of CLB, especially in edible meat. Fluorescent determination
method using AUNCs@BSA was designed for the sensing of clenbuterol by
Cao et al."® The linear response range and limit of detection of proposed
assay was 3.00 x 10— 4.00 x 10° M and 3.00 x 10 M respectively. The
developed sensor was applied to determine clenbuterol in pork mince and
satisfactory results were obtained when compared with HPLC method.

Moreover the method was rapid, simple and cost effective.

Hemmateenejad et al. presented a simple and rapid method for the
quantification of folic acid, based on the fluorescence quenching of protein
modified AuNCs. The common protein, BSA was selected to protect
AUNCs from aggregation. The fluorescence quenching intensity was fitted
to Stern-Volmer equation in the linear concentration range 0.75 x 10° M -
0.27 x 10° M with a limit of detection 4.15 x 10”7 M. The fluorescence
quenching was due to the crosslinking of folic acid with BSA, which
induced intensity changes in the fluorescence of AuNCs. The practical
utility of the sensor was demonstrated by the determination of folic acid

content in pharmaceutical tablets and good results were obtained.*3*

BSA protected gold nanoclusters as fluorescent sensor for selective
and sensitive determination of pyrophosphate was developed by Liu et al. in
2013. BSA capped AuNCs exhibited strong fluorescence emission in the

visible region, which was quenched by the addition of Cu®*. Cu®" ions
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undergo chelation with glycine residues in BSA, therby reducing the
fluorescence intensity of AUNCs. Upon the addition of pyrophosphate the
fluorescence intensity of AuNCs was restored, as Cu?* formed chelated
rings with pyrophosphate and thus removing Cu®* from the surface of
BSA. The sensor showed a wider linear range between 7.8 x 10° M and
1.63 x 10" M and detection limit of 8.32 x 10® M respectively. Morphology
of AuNCs in the presence of Cu** and pyrophosphate was studied using high
resolution transmission electron technique and mechanism of quenching

was also discussed.**®

Chen and coworkers successfully employed BSA stabilized AuNCs as
a fluorescent probe for the sensitive determination of ciprofloxacin, the third
generation member of quinoline antibiotics. *® The fluorescence intensity of
AuNCs at 635 nm was quenched in the presence of Cu®*. Meanwhile the
fluorescence intensity of Cu?*-AuNC system was restored by the addition of
ciprofloxacin. The enhancement in the fluorescence intensity of Cu**- AUNC
system induced by ciprofloxacin was linear to concentration of ciprofloxacin
in the range 1.51 x 107 M - 1.27 x 10 M. The limit of detection of the
nanocluster based sensor was 9.05 x 10%° M. Application studies were
carried out in real samples such as human urine, ciprofloxacin tablets and

human serum with satisfactory results.

A simple fluorescent sensing method was developed for the
determination of sodium dodecyl sulphate using glutathione capped AuUNCs by

Zheng et al.*¥

Glutathione acted as both reducing and stabilizing agent during
the synthesis of AUNCs. The fluorescence of AUNCs enhanced dramatically

upon the addition of poly(diallyldimethylammonium) chloride due to its
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electrostatic interactions with nanoclusters. However, the fluorescence
intensity decreased by the addition of sodium dodecyl sulphate due to its
strong affinity to poly(diallyldimethylammonium)chloride. All experiments
were conducted in 0.1 M tris-HCI buffer of pH 5. Under optimized
experimental conditions, linear range between 5.25 x 10° M and 8.76 x 10" M
was achieved with detection limit 8.76 x 10° M. Influence of other
coexisting species on the fluorescence of AuNCs was studied and no
significant interference was observed. Application studies were done in real

water samples with satisfactory results.

Yang et al. incorporated DNA templated AuNCs for the development
of fluorescence sensor for tetracycline. Plot of increase of fluorescence
intensity against the concentration of tetracycline was linear in the range
5.00 x 10° M to 1.00 x 10® M with a correlation coefficient of 0.99.
Detection limit of 4.00 x 10° M was found. Substances such as amino
acids, glucose, vitamins and common metal ions did not interfere the
performance of the sensor. Human urine and milk samples were used to
study the practical application of the developed turn on sensor and
satisfactory results were obtained. The developed sensor was simple, cost

effective and exhibiting excellent sensitivity.**®

A simple, selective and cost effective determination method was
reported for Cu?* by Xu et al. in 2014, using highly fluorescent lysine
capped AuNCs.*® The fluorescence of lysine stabilized AuNCs was found
to be quenched remarkably by the addition of trace amount of Cu?*. The
observed quenching effect was due to the coordination of Cu®* with the —

NH, and —-COOH groups of lysine. Developed fluorescent turn off sensor
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displayed a linearity between the fluorescence intensity and concentration of
Cu®* from 7.00 x 10°M to 1.00 x 10® M with a limit of detection of
3.00 x 10 M. To validate the analytical application of the method, analysis
of Cu®* was carried out in tap water and river water samples. Application

studies were conducted based on standard addition method.

Hu et al. used BSA protected AuNCs for the selective determination
of Hg (11).2*° Determination is based on the fluorescence quenching of probe
by Hg (I1). Photo-induced electron transfer based quenching mechanism was
proposed for the observed variation in fluorescence intensity. There exist a
linear relationship between the decrease of fluorescence intensity and
amount of Hg®* over the range of 4.36 x 10° M — 4.00 x 10" M and the
corresponding detection limit was found to be 8.00 x 10® M. The proposed
method exhibited high selectivity for Hg** over other metal ions and anions.
Real water samples were selected for application studies and satisfactory

results were obtained.

Tao et al. reported a fluorimetric and colorimetric sensor for dopamine
employing BSA protected AuNCs as sensing element.*** Developed assay
exhibited good selectivity and sensitivity for determination of dopamine. Due
to the electrostatic attraction between dopamine and AuNCs@BSA, photo
induced electron transfer process occurred and fluorescence of AUNCs
decreased dramatically. The detection limit of the method was found to be
1.00 x 10® M. The system exhibited good selectivity for dopamine over other
foreign species including ascorbic acid, uric acid, 3,4-dihydroxyphenylacetic

acid, homovanillic acid, metal ions and amino acids. Application of sensor was
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demonstrated in injection sample, human serum sample and PC12 cells. The

developed method has a great potential for diagnostic purpose.

Tian et al. reported a novel microwave assisted method for the synthesis
of water soluble BSA templated AuNCs and they applied AUNCs@BSA for
the selective determination of glutathione.'* The synthesized nanoclusters
displayed a large stokes shift value of 140 nm. Linear concentration range
between 1.61 x 10° M and 4.02 x 10® M was obtained under optimized
experimental conditions. Detection limit of 7.00 x 10° M was obtained
using the proposed sensor. The proposed turn on fluorescent sensor was
used for the selective sensing of glutathione in human blood samples and

living cells.

AUNCs@BSA based fluorescent sensor with a detection limit of
3.00 x 10® M for determination of histidine in biological samples was
designed by He et al. in 2012.* In the presence of Ni**, due to static
guenching, the fluorescence intensity of probe decreased which was restored
upon the addition of histidine. The primary amine, carboxylic and imidazole
side chains have tendency to bind with Ni®*, thus removing Ni?* from the
surface of nanocluster resulting the activation of fluorescence. Other amino
acids did not produce noticeable interference in the sensing of histidine.
Application studies were carried out in human urine samples and good

recoveries were obtained.

Cui and coworkers prepared AUNCsS@BSA and characterization studies
were carried out using FTIR and HRTEM techniques.** The photoluminescence
intensity of AUNCs was increased greatly in the presence of cysteine, a sulphur

containing amino acid. Based on this a turn on sensor was fabricated for
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cysteine with a limit of detection of 1.20 x 10°° M. The working linear range of
the method was 8.00 x 10™* M to 2.00 x 10° M. The cysteine molecules
adsorbed on the core of AuNCs through S atoms reduced the surface defects
and enhanced the fluorescence intensity. The developed sensor was applied to
the analysis of cysteine content in human blood serum. The obtained results

were compared with electrochemical biosensor.

Lysozyme capped AuNCs having average size of 1 nm were prepared
in aqueous medium by Wei et al.*** The synthesized AuNCs showed a strong
fluorescence emission at 657 nm. Hg** quenches the fluorescence of AuNCs
strongly and a linear relation was obtained between the fluorescence intensity
and concentration of Hg* in the range 5.00 x 10° M — 1.00 x 10°® M. Effect
of other divalent metal ions on the fluorescence behavior of AuNCs was
tested under identical conditions. The proposed sensor exhibited good

selectivity for Hg®* determination in presence of other metals.

Selective and sensitive sensor for Hg** was developed by Kawasaki
et al. based on trypsin protected AuNCs. X-ray photon electron spectroscopy,
circular dichorism and TEM were employed to characterize the nanoclusters.
The prepared AuNCs exhibited high photochemical stability comparable to that
of CdSe QDs. Based on the fluorescence quenching of trypsin template
AUNCs a turn off sensor for Hg** was fabricated which exhibited a linear
range 6 .00 x 107 M - 5.00 x 10® M. The limit of detection was calculated
to be 5.00 x 10 M. As Hg®* have strong binding interaction with thiol sites
in trypsin, it deposited on the surface of AuNCs resulting in the quenching

of fluorescence.'*®
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Near infrared luminescent AUNCs@BSA were synthesized through
sonochemical method by Liu et al. and these nanoclusters were employed
for the selective determination of nitrite.**’ The fluorescence of AUNCs was
found to be selectively quenched in the presence of nitrite because of nitrite
induced aggregation. The luminescence intensity decreased linearly upon
increasing the amount of nitrite in the range 5.00 x 107> M to 2.00 x 107® M.
The limit of detection as low as 1.00 x 10" M was obtained. The developed
sensor displayed excellent analytical performances such as good selectivity,
wide linear range, high sensitivity and applicability in neutral medium. The
analytical application of the proposed method was demonstrated in real

water samples.

A sensitive and simple method was developed by Wang et al. for the
determination of melamine using thioglyclic acid capped CdS QDs.'*® The
fluorescence intensity of CdS QDs increased greately in the presence of
melamine. Based on this fluorescence enhancement, a turn on sensor was
designed for the quantification of melamine. The fluorescence enhancement
was due to the amine group induced passivation of surface states of QDs. A
good linear relationship was obtained between the fluorescence intensity
and concentration of melamine in the range 5.00 x 10> M to 2.00 x 10 ° M
with a detection limit of 1.00 x 10™° M. The sensor was successfully applied

to the analysis of melamine in raw milk.

Tedsana et al. demonstrated cysteamine capped CdS QDs as a selective
probe for the sensing of adenosine-5'-triphosphate (ATP) in agueous
solution.**® It was observed that the photoluminescence of QDs was increased

by the addition of ATP and the fluorescence enhancement was directly
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proportional to the concentration of ATP. The proposed sensor was selective
to ATP in the presence of other phosphate metabolites and anions. The
linear working range was 8.0 x 10° M— 2.0 x 10™° M. The limit of detection
was 1.7 x 10° M. Good results were obtained when the method was

employed for the monitoring of ATP in urine samples.

Determination of Pb®* and Cr®* were carried out by Abolhasani et al.
using water soluble CdS QDs modified with thioglycolic acid.**® Fluorescence
intensity of the prepared QDs quenched effectively in the presence of Pb**
and Cr** which was due to the aggregation of nanocrystals. The luminescence
intensity of CdS QDs is proportional to the concentration of Pb®* from
1.22 x 10°M t0 9.75 x 10° M and for Cr** from 1.66 x 10°Mto 1.25x107' M
with a detection limit of 3.66 x 10° M (Pb*" ) and 5 x 10® M(Cr*"). Other ions
such as iron, calcium, sodium, potassium and magnesium have no influence on
the fluorescence intensity of CdS QDs. The developed method has a lower

limit of detection compared to other methods.

More recently Abolhasani et al. reported a simple and sensitive turn off
sensor for Cu?* and Ni** using water soluble thioglycolic acid stabilized CdS
QDs. Transmission electron microscopy, absorption and fluorescence
spectroscopy were used for the characterization of prepared QDs. The
fluorescence intensity of synthesized QDs decreased dramatically by the
addition of Cu®* and Ni**. The decrease in fluorescence intensity of CdS QDs
had a linear relationship with concentration of Cu?* and Ni?* in the range of
8.33 x 10° M - 2.07 x 10°M and 8.93 x 10° M to 3.57 x 10° M with
detection limits of 5.17 x 10° M and 1.43 x 10® M, respectively. Other

cations like iron, sodium, potassium, calcium and magnesium did not interfere
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the determination of Cu®* and Ni?*. Application studies were conducted in

real water samples.’*

A novel sensor for sulfadiazine was reported by Liu et al. based on the

152 Microwave

fluorescence quenching of thioglycolic acid capped CdS QDs.
assisted synthesis was used for the preparation of QDs. Electrostatic
interaction between sulfadiazine and the surface of QDs changes the
luminescence intensity of QDs. Stern-Volmer equation was fitted in the
linear range2.34x103and 1.21x10°M with a limit of detection
8.00 x 10°® M. Application studies were carried out in sulfadiazine injections

and satisfactory results were obtained.

A novel turn on fluorescent sensor was developed for cysteine by
Wang et al. in 2011 using citrate capped CdS QDs as fluorescent probe.™
The citrate capped CdS QDs exhibited an emission spectrum at 540 nm with
a full width at half maximum of 130 nm. The fluorescence enhancement
was due to the passivation of surface states of CdS QDs in the presence of
cysteine. In the range 5.00 x 10° M to 1.00 x 10 ® M, a linear relationship
between the fluorescence enhancement and concentration of cysteine was
obtained. Langmuir binding isotherm equation was applied to find out the
binding constant of cysteine on the surface of QDs. The detection limit of
the sensor was found to be 5.43 x 10° M. No interference was observed
from various cations, anions, amino acids and carbohydrates in the analysis
of cysteine. The sensor was successfully employed for the determination of

cysteine in human urine samples.

Chanu et al. reported a novel fluorescent sensor based on histidine

stabilized CdS QDs for the determination of adenine and guanine.* Particle
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size of the prepared colloidal QDs was calculated using equation developed
by Brus et al. and was found to be 4.2 nm. Quantum yield of CdS QDs
were found to be 1.5% by taking acridine yellow as a reference. The
fluorescence intensity of QDs enhanced in the presence of adenine and
quenched in the presence of guanine. The fluorescence quenching by
guanine was due to its interaction with the surface of QDs. On the other
hand, the interaction between QD stabilizer histidine and adenine was
responsible for the fluorescence enhancement of CdS QDs.

Jiang and coworkers used glutathione capped aqueous CdS QDs as a
fluorescent probe for the determination of BSA.™® HRTEM was used to study
the size of CdS QDs. A broad excitation spectrum in the range 200-480 nm was
obtained for glutathione protected QDs. It was observed that the fluorescence
intensity of QDs enhanced in the presence of BSA and this increment was
proportional to the concentration of BSA in the range 1.0-10 mg/L.

Han et al. prepared BSA protected CdS QDs in aqueous media at room
temperature and successfully applied for the determination of Cu®*.**® Other
physiologically important cations like Zn** and K" do not influence the
fluorescence response of the system. The plausible sensing mechanism was
discussed. A good linear relationship was observed between the concentration
of Cu?* and the fluorescence response in the range 0.00 — 8.00 x 107 M. The
developed sensor displayed a high sensitivity with a limit of detection
5.00 x 10° M. Since hair analysis attracted great importance in biological,
medical, environmental and forensic sciences, application studies of the sensor
were conducted in human hair and recoveries in the range 98 - 104 % was

obtained.
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Scope of the present investigation

There is a continuing demand for the fast and simple analytical
methods for the determination of many clinically important biomarkers,
food additives, environmental pollutants etc. In this respect, electrochemical
and fluorescence sensors provide a promising means of analysis owing to

their simplicity and reliability.

Quality control of food products is a hot area of research all over world.
Most of the commercially available food items consist of a wide variety of
different chemical additives. Electrochemical sensors, especially voltammetric
sensors are widely used in food analysis due to its simplicity, reliability, fast
analysis, relatively low instrument costs and suitability for in-situ determination
etc. Integration of nanotechnology with electroanalytical chemistry will bring

considerable progresses in the field of voltammetric sensors.

Clinical analysis, particularly the determination of biologically
relevant compounds in physiological fluids, is a great challenge for
researchers. Fluorescence sensing is a dominant analytical tool in medical
diagnosis and bioimaging. The field of optical sensors is rapidly growing
because of its advantages like simplicity, versatility and high sensitivity.
Incorporation of nanomaterials in to the sensor design is expected to

produce improvements in the analytical performance of the sensor.

With this point in view, an attempt has been made to develop viable
and sustainable chemical sensors for food additives and neurotransmitters.
Four electrochemical sensors and three fluorescence sensors were developed

for analytes propyl gallate, allura red, sunset yellow, butylated hydroxyl
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anisole, dopamine and nor epinephrine. Various experimental conditions for
sensor fabrication were optimized. Analytical figures of merit for each
sensor were determined and effect of foreign species on the analytical
response of developed sensors was studied. Kinetic parameters and
mechanism of electrochemical process were discussed in the case of
voltammetric sensors. Based on the interaction between the probe and
analyte, the fluorescence enhancement mechanism was studied. All the
developed sensors were applied for the real sample analysis and the results

were compared with existing method.
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MATERIALS AND INSTRUMENTATION

©

2.1 Reagents
j2.2 Instruments
2.3 Preparation of Buffer Solutions
2.4 Preparation of Urine Sample
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This chapter gives a brief description of materials and methods used
for the electrochemical and optical studies. The instruments employed for
the characterization of sensing probes and analysis of food additives and
neurotransmitters are included in this chapter. Also the preparation of

various buffer solutions is explained.

2.1 Reagents

All the solvents and reagents used for the studies were of analytical
grade. Water purified through a Millipore system (resistivity greater than
18 MQcm) was used for the preparation of solutions. All the experiments
were carried out at room temperature. MWCNT, nafion, sunset yellow and
allura red were purchased from Sigma Aldrich. L-cysteine and chloroauric
acid were purchased from SRL Chemicals. Dopamine, norepinephrine,
cadmium chloride and sodium sulfide were purchased from s.d. fine

Chemicals. Propyl gallate and butylated hydroxyanisole from Otto
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chemicals was used for the analysis. Vegetable oil samples and soft drink

samples for application studies were purchased from local super market.

2.2 Instruments

Electrochemical measurements were carried out using CH Instruments
(USA) and BAS Epsilon electrochemical analyzer (USA) on IUPAC mode
with anodic positive. A conventional three electrode cell system was employed.
Nanomaterials and polymer film modified electrodes were used as working
electrodes. Ag/AgCI electrode and platinum wire were used as the reference
and auxiliary electrodes respectively. Various voltammetric techniques such as
cyclic voltammetry, square wave voltammetry, differential pulse voltammetry,
linear sweep voltammetry, electrochemical impedance spectroscopy and
chronoamperometry were employed for various studies. Electrode cleaning was

done with the help of Ultrasonicator (Oscar Ultrasonics Pvt. Ltd. Mumbai).

JAZ-EL-200-X spectroflurimeter was used for fluorescence
measurements. Absorption studies were performed on a Spectro-UV-Visible
double beam UVD-3500 instrument. Fourier transform infrared spectra were
recorded on FTIR spectrometer (JASCO-4100 JAPAN) using KBr discs.
Scanning electron microscopic images were obtained on a JEOL 6390LV.
The morphology of the nanocrystals was investigated by TEM (JEM-
2100HRTEM). pH measurements were carried out in a Metrohm pH meter.

2.3 Preparation of buffer solutions
2.3.1 Preparation of acetate buffer solutions (ABS)

By mixing sodium acetate trihydrate and acetic acid in different
amounts, ABS of various pH values was prepared. The amounts of sodium

acetate trinydrate and acetic acid used for the preparation are listed in Table 2.1.
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2.3.2 Preparation of phosphate buffer solutions (PBS)

Monosodium  dihydrogen phosphate and disodium hydrogen
phosphate weighed in different amounts as listed in table, dissolved in water
and diluted to 100 mL to prepare PBS of different pH values (Table 2.2).

2.3.3 Preparation of citrate buffer solutions (CBS)

CBS of different pH was prepared by mixing trisodium citrate and
citric acid in varying amounts. The corresponding amounts of reagents are
listed in Table 2.3.

2.4 Preparation of urine sample

Urine sample was prepared by mixing the chemicals listed in

Table 2.4 in their corresponding weights.

Table 2.1: Preparation of 0.1 M acetate buffer solution

CH;COOH CH;3;COONa.3H,0

PH (in grams/100 mL) (in grams/100 mL)
2 1.3799 0.0001
3 1.3790 0.0003
4 1.3780 0.0036
5 1.3615 0.0360
6 1.2143 0.3218
7 0.5836 1.5466
8 0.0940 2.4970
9 0.0100 2.6605
10 0.0010 2.6781
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Table 2.2: Preparation of 0.1 M phosphate buffer solution

NaH,PO, Na,HPO,
PH (in grams/100 mL) (in grams/100 mL)
2 0.5994 0.0024
3 0.5900 0.0237
4 0.5098 0.2054
5 0.2161 0.8711
6 0.0319 1.2885
7 0.0036 1.3534
8 0.0034 1.3602
9 .00038 1.3609
10 0.0000 1.3609

Table 2.3: Preparation of 0.1 M citrate buffer solution

oH . Citric acid _ Sodium citrate
(in grams/100 mL) (in grams/100 mL)
2 2.0544 0.0652
3 1.7963 0.4265
4 1.3115 1.1051
5 0.7819 1.8642
6 0.2650 2.5700
7 0.0375 2.8880
8 0.0039 2.9355
9 0.0004 2.9405
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Table 2.4: Preparation of urine sample

No: Compound Quantity
1 NH,H,PO, 0.7725¢g
2 NaCl 1.2700 g
3 KCI 0.7150 g
4 CaCO;, 0.0780¢g
5 MgCl,.6H,0 0.1045¢g
6 HCI 2.1750 mL
7 H,SO, 0.1675 mL
8 Urea 4.6250 mg

TR, ...
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MULTI WALLED CARBON NANOTUBE BASED
VOLTAMMETRIC SENSOR FOR PROPYL GALLATE

] 3.1 Introduction

N 3.2 Experimental

é 3.3 Results and discussion
3.5 Conclusions

Development of a voltammetric sensor for the determination of propyl
gallate, a synthetic food antioxidant, is discussed in this chapter. Determination
of propyl gallate was carried out using multiwalled carbon nanotube
(MWCNT) modified gold electrode in a solution of 0.1 M acetate buffer
solution (pH 7) as supporting electrolyte. Surface characterization of the
modified electrode was carried out using scanning electron microscopy and
electrochemical impedance spectroscopy. The developed sensor showed an
excellent catalytic activity and stability for electrooxidation of propyl
gallate. Effect of possible interfering ions, amount of MWCNT-nafion
suspension, pH of the supporting electrolyte and scan rate were studied.
Fundamental kinetic parameters such as charge transfer coefficient (@),
heterogeneous rate constant (ks), and diffusion coefficient (D) were determined
by a detailed analysis of square wave voltammograms and chronoamperograms.
Under optimized conditions, the nanotube film modified electrode exhibited a
linear range of 1.00 x 10™ - 1.00 x 10 M with a limit of detection of
6.31 x 107 M. The determination of propyl gallate in vegetable oils with the
proposed sensor was in good agreement with the results obtained by
spectrophotometric method.
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3.1 Introduction

Man had been using additives and preservatives in food for several
decades and its use has increased tremendously in the past 30 years.*’ Since
prehistoric times natural preservatives have been used in foods without
understanding the underlying chemistry. In ancient cultures sulfites were
used to preserve wine whereas vinegar was used to preserve pickle. The
introduction of more additives, both natural and artificial origin took place
with the advent of processed foods in the second half of the 20™ century. As
of today it has been estimated that each person consumes on an average of
3.6 - 4.5 kg of food additives per year because 75% of the Western diet is

made up of various processed foods.**®

Food additives are substances added to food to preserve flavor or
enhance its taste and appearance. They can be divided into several groups,
such as anticaking agents, antioxidants, antifoaming agents, colourants,
emulsifiers, flavor enhancers etc. The risks and benefits of food additives
have been going through significant controversies over a while. Diseases
such as cancer, digestive problems, neurological disorders, heart problems
or obesity are linked with the excessive use of certain artificial food
additives. Due to the increase in the usage of food additives, there has been
a considerable scientific evidences linking food additive intolerance with
various physical and mental disorders, particularly with childhood
hyperactivity.™® Though food additives may be linked with these diseases
and health risks, they also preserve nutrient value which normally would not

be retained in their natural levels.
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To regulate the use of these additives, a unique number termed as
“E numbers” is assigned to each additive by European Union. The Food and
Drug Administration (FDA) and European food safety authority (EFSA)
have set safety standards, for determining whether a substance is safe for its

intended use.

Antioxidants (natural and synthetic) play a significant role in retarding
or preventing the autooxidation reactions in food products. The development
of antioxidants as intentional food additives began in 1920s and became a
full-fledged industry in the 1940s. Prpoyl gallate (PG) [Figure 3.1] is a
synthetic phenolic antioxidant commonly added to food and pharmaceutical
products to improve their stability, especially to prevent rancidity in products
containing lipids or fats.***!%! PG suppresses the chain initiation or breaks the
chain propagation steps taking place during the peroxidation of unsaturated
fatty acids. Therefore it is commonly used as additive in a variety of products,
particularly in food, in order to prevent the oxidative damage of fats and oils.
These antioxidants appear as preservatives in food stuffs like edible oils,

margarine, food concentrates and cookies. ®?

OH
HO

9]
HO \‘\.//\\
@]

Figure 3.1: Structure of PG

Various studies have shown that antioxidants could enter human body

through the intake of food, pharmaceutical etc. Recently people have also
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found that excessive use of these artificial antioxidants may cause a loss of
nourishment and even produce toxic substances that harm health. Therefore
the use of additives is subject to regulations which defines the permitted
compounds and their concentration limits.***!®* Recent results have shown
that the antimutagenic properties of some phenolic compounds such as
gallates may be due to their inhibiting action on the cytochrome P-450
enzymes.*®*®" Therefore, the quantitative determination of PG is of immense

importance, especially for food safety and quality control.

Since PG is suspected of being responsible for liver damage and
carcinogenesis in laboratory animals, their harmful effects on health have been
extensively discussed and studied. Therefore in several countries the use of
these additives is subject to regulations, which define specific approved

antioxidants, establish permitted levels, and include labeling requirements. 13

Many methods for determining PG individually or simultaneously have
been published, based on spectrophotomery,’® HPLC with amperometric

detection,*®® micellar electrokinetic capillary chromatography*®

and liquid
chromatography.*"®*"* But they are prone to many drawbacks, such as high
cost, complicated and lengthy procedures, use of carcinogenic reagents and

unsuitability for field use.

Electrochemical techniques are promising alternative to classical
approaches due to their relatively low operational cost, good miniaturization
possibility, and rapid and sensitive detection procedures, which are suitable
for faster analysis.'®* Direct determination of electroactive compounds on
unmodified electrode requires high overpotential. Also bare electrodes
possess some disadvantages like low stability, easy deactivation or fouling
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of the surface, poor sensitivity etc. These defects can be minimized by the
application of chemically modified electrodes which attracted considerable
interest over the past decades.

Carbon nanotubes (CNTS) possess various novel properties that make
them useful material in various fields. Owing to their unique structural,
mechanical and electronic properties, CNTSs, especially multi walled carbon
nanotubes (MWCNTS) have been recognized as attractive candidates for the
design of electrochemical sensors.!*'”® The three dimensional spacial
arrangement of nanotubes is favorable for the high loading of electroactve
species to the electrode surface, thus increasing the sensitivity of the
chemically modified electrodes. They can act as molecular wires, through
which electrons can tunnel between electrode and analyte. Compton’s group
reported that the enhanced electrocatalytic activity of CNTs is due to the
occurrence of edge-plane like sites located at the end and in the ‘defects’

areas of the tubes.?%*"

An attempt has been made to develop a convenient and sensitive
method for the determination of PG using MWCNT modified gold electrode
(GE). Kinetic analysis of the electrochemical process was carried out by
determining the parameters such as charge transfer coefficient, heterogeneous
rate constant, diffusion coefficient and number of electrons involved in the
oxidation reaction. Although there are reports of other sensors for PG, there is
no report in the literature on a sensor based on MWCNT. Owing to the
importance of MWCNT, a novel sensor has been developed. Further, the
kinetic parameters of the electrode process have also been studied. A
plausible mechanism for the electrooxidation of PG has also been proposed.
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The developed method is applied for the determination of PG in commercial

vegetable oils.

3.2 Experimental
3.2.1 Pre-treatment of GE

Pre- treatment of the working electrode is common in electrochemical
measurements. This ensures reliable electrode performance. GE acquired from
CH Instruments (USA), was used for sensor fabrication. Prior to modification,
the electrode surface was mechanically polished with alumina slurries on
flat pads, followed by rinsing with ultra-pure water and successive
ultrasonication in ethanol and water for 3 min each. The electrode was then
cleaned electrochemically by cycling the potential between 0 - 1500 mV in

0.5 M H,SQ,, afterwards it was rinsed with water and allowed to dry.

3.2.2 Functionalization of MWCNT

The oxidation of CNTs by strong acids, shorten the nanotubes and
introduce carboxylate and hydroxyl groups, mainly at the tube tips and the
defect sites.'” Due to the presence of —OH, and —COOH groups the CNTs

becomes more dispersible in polar solvents.*

Acid treatment of MWCNT was carried out as described in
literature.X’"1®  MWCNT was refluxed in conc. HNO3 for 48 hrs and the
resulting suspension was diluted with water. The MWCNT was then filtered,
washed with double distilled water and dried in air. As a result of this process,
length of MWCNT got shortened and functional groups are introduced,
which make them hydrophilic. The peaks at 1703 and 1558 cm™ of the
FTIR spectrum (Figure 3.2) demonstrated that carboxyl groups and

carboxylate groups are present on the surface of acid treated MWCNT.
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Figure 3.2: FTIR spectrum of acid treated MWCNT

3.2.3 Preparation of MWCNT modified gold electrode

The insolubility of MWCNTSs in aqueous media is a main technical
barrier, concerned with the development of CNTs based sensors.}”® To
overcome this drawback, nafion, a sulphonated tetrafluoroethylene based
polymer, discovered in 1960s by Walther Grot has been employed. The
structure of nafion contains two regions: the hydrophobic polymer backbone
and hydrophilic sulphonate groups outside the hydrophobic area. Due to this
special amphiphilic structure, hydrophobic interactions exist between the
hydrophobic backbone of nafion and the side wall of CNTs, and dispersing
them in water by the hydrophilic groups.’® Also nafion strengthen the

mechanical connection of the CNTs with the electrode surface.*®*

5.0 mg of acid treated MWCNT was dispersed in a mixture of 2 mL

water and 0.3 mL nafion (13% nafion — water solution) with the aid of
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ultrasonicate agitation to form a 0.22% (w/v) black homogeneous suspension.

3 pL of the dark suspension was dropped on to the surface of cleaned GE.

3.2.4 Preparation of solution of PG

Stock solution of PG (1.00 x 10 M) was prepared in methanol. PG
solutions of various concentrations were prepared by diluting the stock

solution using acetate buffer solution (ABS).

3.2.5 Analytical procedure

10 mL acetate buffer solution (0.1 M, pH 7) containing appropriate
amount of PG was transferred into an electrochemical cell, incorporating a
three electrode system. The solution was then stirred for 60 s to reduce the
variation between each measurement. Differential pulse voltammogram was
recorded from -100 to 700 mV at a scan rate of 100 mVs™, with pulse
amplitude of 50 mV, pulse period of 0.5 s, pulse width of 0.2 s and potential
step of 4 mV. PG gave an oxidation signal at 196 mV on MWCNT modified
GE. No reduction peak was observed for PG in the reverse sweep of CV
indicating an irreversible electrochemical oxidation process. Since DPV
gave more sensitive voltammograms than CV and SWV, DPV approach was

selected for all the experiments.

3.2.6 Preparation vegetable oil sample

5.0 g of a vegetable oil sample was placed into an Erlenmeyer flask
(with a screw cap) and 5.0 mL of pure methanol was added. After agitating
in a laboratory shaker for 5min, the mixture was transferred to a 10 mL
centrifuge tube, and centrifuged at 3000 rpm for 5 min. The extracts were

transferred into a 25 mL flask after allowing to set for 2 min. The above

( Department of Applied Chemistry, CUSAT



Multi Walled Carbon Nanotube Based Voltammetric Sensor for Propyl Gallate

extraction procedure was repeated twice, all the extracts were collected and
transferred into the 25 mL flask; and then the solution was diluted to the
mark with methanol.*® 1 mL aliquot of this sample solution was made up

to 10 mL with buffer solution and analyzed for PG.

3.3 Results and discussion

3.3.1 Surface characterization

Evidences for the effective modification of electrode surface by
MWCNT obtained from scanning electron microscopy (SEM) images,
surface area calculations and electrochemical impedance spectroscopic
studies.

3.3.1.1 Surface morphology studies

SEM was used to study the surface morphology of bare and
modified electrode. SEM images of bare and MWCNT modified GEs are
shown in Figure 3.3. From the SEM images it is clear that the surface
character of GE has changed upon modification with MWCNT film and
MWCNT distribute almost homogeneously at the electrode surface.
MWCNT provides increased number of catalytic sites for the oxidation
of PG. The particle diameter obtained from SEM images is of the order
of 2-5 microns, which is due to the hydrophobic nature of CNTSs.
Spontaneous aggregation is caused by the hydrophobic nature, which
increases the possibility of bundling and close packing on the electrode

surface.'®®
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Figure 3.3: SEM images of (a) bare GE (b) MWCNT/GE

3.3.1.2 Surface area study

2 mM Ks3Fe(CN)g was taken as a probe to measure the microscopic
areas of the MWCNT maodified and bare GE. Cyclic voltammograms were
recorded in KzFe(CN)g solution using the bare and modified electrode at
different scan rates (Figure 3.4). For a reversible system the relationship

between the current and scan rate is given by the Randles-Sevcik equation®
i, =2.69 x 105An®2DV/2Cv'/?

where i, refers to the peak current, n is the number of electron transferred,
A is the surface area of the electrode, D is the diffusion coefficient, C is the
concentration of KsFe(CN)s and v refers to the scan rate. Here n = 1,
D =7.60 x 10° cm?s™. Thus, from the slope of i,, vs v1/2 relation (Figure 3.5),
the effective surface area of the MWCNT modified GE was calculated to be
1.9932 cm? which is about two times greater than the bare GE (0.9842 cm?).
The increased surface area of the modified electrode could offer more
number of binding sites for PG, resulting the greater sensitivity of MWCNT/
GE compared to unmodified electrode.
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Figure 3.4: Surface area study of (a) bare GE and (b) MWCNT modified GE in
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Figure 3.5: Plot of square root of scan rate vs peak current for bare GE and
MWCNT modified GE

3.3.1.3 Electrochemical impedance analysis

Electrochemical impedance spectroscopy (EIS) is a sensitive
technique for investigating the changes in conducting properties of an
electrode surface. EIS measurements were conducted to study the charge
transfer resistance of bare and modified electrode and the result is generally
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expressed by Nyquist plot. The semicircle appeared in the Nyquist plot
corresponds to the parallel combination of charge transfer resistance and
double layer capacitance resulting from electrode impedance.’®® EIS
studies were carried out at bare and MWCNT modified GE surfaces and
the corresponding Nyquist plots are depicted in Figure 3.6. Both the
modified and unmodified electrodes show semicircles with various
diameters. The results show that the area of semicircle for bare GE is
greater than MWCNT film modified GE, indicating that the charge
transfer resistance decreased upon modification with MWCNT. In other
words electron transfer rate increased between the electrode and PG which

may be attributed to the topological defects present in MWCNT.
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Figure 3.6: Nyquist plots for (a) bare GE and (b) MWCNT/GE

3.3.2 Electrochemical behaviour of PG on MWCNT/GE

The electrochemical behavior of PG was studied on bare GE and
MWCNT film modified GE in 0.1 M ABS (pH 7). It was observed that, at
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bare GE stable oxidation peak for PG was not obtained, may be due to
surface fouling effect (probably due to the adsorption of reaction products
at the surface). Under the same conditions, a well defined and sensitive
irreversible oxidation peak appeared at 196 mV on MWCNT modified GE,
which was 316 mV less than that obtained, on bare GE. Also the oxidation
peak current of PG increased from 0.59 pA to 3.70 pA on the modified
electrode. Figure 3.7 shows the DPV for the oxidation of 1.00 x 10* M
PG in ABS (pH 7) at bare GE (curve a) and MWCNT/GE (curve b).The
observed peak may be due to the oxidation of hydroxyl group present in
PG. The significant enhancement in peak current and considerable
negative shift in oxidation overpotential of PG on the modified electrode
undoubtedly proved the electrocatalytic activity of MWCNT towards the
oxidation of PG, suggesting that MWCNT/GE is an excellent sensor for

determination of PG.
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Figure 3.7: Differential pulse voltammograms of PG at (a) bare GE
(b) MWCNT/GE
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3.3.3 Optimization of experimental conditions

The conditions for sensor fabrication were optimized, which
included effect of various supporting electrolytes, influence of the pH
of the supporting electrolyte and the amount of MWCNT-nafion

suspension.

3.3.3.1 Influence of supporting electrolyte and pH

Electrochemical behaviour of PG in various media such as 0.1 M
solutions of phosphate buffer, acetate buffer, nitric acid, sulphuric acid,
perchloric acid, NaCl and NaOH were studied by DPV and results are shown
in Table 3.1. Lowest oxidation potential and highest peak current was
obtained with acetate buffer solution and hence it was selected for further

studies.

The effect of solution pH on the electrochemical response of PG was
investigated in the pH range 2.0 to 8.0 in 0.1 M acetate buffer solution. The
anodic peak potential showed a linear negative shift on increasing the pH of
the solution (Figure 3.8). A slope of 0.0532 is obtained, which is
approximately close to the theoretical value of 0.0576;*% indicating that
electron transfer is associated with an equal number of protons on the
electrochemical oxidation of PG. It was found that minimum peak potential
and maximum peak current appeared at pH 7.0. Therefore, pH 7.0 was chosen

as the optimum pH.
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Figure 3.8: Effect of pH on the oxidation potential of PG

3.3.3.2 Effect of amount of MWCNT - nafion dispersion

The relationship between the amount of MWCNT- nafion suspension
(1-6 pL) and the oxidation peak current (ip) of PG was studied (Figure 3.9).
As the amount of MWCNT- nafion suspension was increased from 1 to 3 pL,
oxidation peak current increased gradually, and thereafter decreases. The
maximum current was obtained when 3 pL of suspension was dropped on
GE. This enhancement of current indicates that the specific surface area and
number of catalytic sites increases with an increasing amount of MWCNT.
Further increase in the amount of MWCNT-nafion suspension caused a
decrease in the peak current. This may be due to the insulating property
of nafion which blocks the electron transfer by lowering the charge
transfer rate.’®” Hence the amount of MWCNT- nafion disperson was
fixed as 3 pL.
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Figure 3.9: Effect of volume of MWCNT-nafion suspension

3.3.4 Effect of scan rate and characteristics of oxidation process

Linear sweep voltammograms of PG (1.00 x 10™* M) was recorded at
different scan rates between 10-100 mVs™® (Figure 3.10a). Study of the
oxidation process showed that the plot of the peak current versus square root
of scan rate (v'/2) is linear over the whole range of the scan rate studied
(Figure 3.10b), which indicates that it is a typical diffusion-controlled
process. Moreover, the peak potentials shift to more positive values as the
scan rate increases, and also become slightly positive with the increase of
concentration of the analyte. This behavior indicates the irreversible
character of the oxidation process for PG.*®

m{ Department of Applied Chemistry, CUSAT



Multi Walled Carbon Nanotube Based Voltammetric Sensor for Propyl Gallate

Current (pi)

'2‘0I""i""l""'l"'

T T T T T T T T T T T T

s
0.10 0 0.10 0.20 0.30 040 0.50 0.60 0.70
Potential (V)

Figure 3.10a: Overlay of linear sweep voltammograms for oxidation of PG at
various scan rates
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Figure 3.10b: Plot of square root of scan rate vs peak current

3.3.5 Calibration plot and limit of detection

The relationship between the anodic peak current and the concentration
of PG was studied by DPV (Figure 3.11a). Under optimized experimental
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conditions, the oxidation peak current increased linearly with concentration
of PG in the range 1.00 x 10 - 1.00 x 10° M (Figure 3.11b). The
corresponding regression equation can be expressed as i, = 68.32C +
0.443 (R? = 0.998).
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Figure 3.11a: Overlay of difference pulse voltamograms for oxidation of PG at
various concentrations
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Figure 3.11b: Plot of various concentrations of PG vs peak current
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The analytical performance of the MWCNT/GE was compared with
other reported voltammetric sensors for PG and the results are summarized
in Table 3.2. The limit of detection (LOD) obtained using the proposed
MWCNT modified GE sensor is 6.31 x 107 M, which is much lower than

that of the reported voltammetric works.

To estimate the reproducibility of the electrode, six electrodes were
fabricated by same procedure and used to determine 1.00 x 10* M PG. The
relative standard deviation (RSD) of the peak current was 2.96 %, implying
good reproducibility.

3.3.6 Evaluation of kinetic parameters
3.3.6.1 Charge transfer coefficient

The charge transfer coefficient (o) is a significant parameter commonly
employed in the Kinetic investigation and mechamistic interpretation of
electrode process. The term charge transfer coefficient was introduced in

188189 and by Erdey-Gruz and Volmer;**® and was

electrochemistry by Butler
defined as the fraction of the electrostatic potential energy affecting the

oxidation/reduction rate in an electrode reaction.

The value of a for an irreversible electrode process can be estimated

from Bard and Faulkner equation®®*

47.7

= ——mV
Ep - Ep/Z

(14

where E, /, denotes the potential where the current is at half the peak value
E, represents the peak potential. Using the above equation, the value of o

was calculated to be 0.459.
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3.3.6.2 Heterogeneous rate constant

The kinetic analysis of an electrochemical process involves two
important steps: the validation of the proposed mechanism and extraction of
kinetic parameters from the experimental data. The study of rates of electron
transfer at the electrode/electrolyte interface gave information on the
kinetics of the reaction at the electrode surface. In 1993, it was first pointed
out by Alexander N. Frumkin that the kinetics of electrochemical reactions

should strongly depend on the nature of electrode surface.

For an irreversible electrode process the relation between peak

potential and the scan rate can be expressed by the Laviron equation®

Ep, = E” +

RT RTk,
(ln

anF B lnv)

anF

where E,, is the anodic peak potential, E®' is the formal potential. The
variation of E,,, with Inv was shown in the Figure 3.12a. From the intercept
of the plot the value of ks was calculated. From the intercept of E,,, vs. scan
rate plot (Figure 3.12b), by extrapolating to the vertical axis at v = 0, the
value of E9" was obtained. The value of ks for bare and modified electrodes
was calculated to be 0.427 and 1.653 respectively. ks is a very important
parameter in electrode kinetics which is a measure of the ‘kinetic facility’ of
the electrochemical process. In other words, systems with small values of ks,
have sluggish electron transfer. Here bare GE has a ks value which is lower
than MWCNT film modified GE indicating that the slow electron transfer is

taking place at the bare electrode surface.
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3.3.6.3 Chronoamperometric measurements: Determination of diffusion
coefficient

The electrocatalytic oxidation of PG at MWCNT/GE was studied by

chronoamperometry. Figure 3.13a depicts the chronoamperograms for
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different concentrations of PG at MWCNT modified GE. A plot of | vs t
for different concentrations of PG at the surface of MWCNT/GE gave
straight lines (Figure 3.13b) with different slopes. The slopes of the
resulting straight lines were then plotted vs the various concentrations of PG
(Figure 3.13c) which was used to estimate the diffusion coefficient (D). For
an electroactive material with a diffusion coefficient of D, the current for the
electrochemical reaction (at a mass transport limited rate) is expressed by

the Cottrell equation'***%

I = nFADY2Cr1/2¢71/2

where C is the bulk concentration and D is the diffusion coefficient. Other
symbols have their usual meaning. The mean value of the D for PG on
MWCNT/GE was found to be 3.68 x 10 cm?%™.

Current (10%A)

L | " T
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Figure 3.13a: Chronoamperometric response of PG in 0.1 M ABS (pH 7) for
different concentration of PG (7.00 x 10* - 1.00 x 10" M)
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Figure 3.13c: Plot of the slope of the straight line against the concentration of PG
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3.3.6.4 Determination of the number of electrons

The number of electrons involved in the reaction (n) can be calculated

from the scan rate study using the Laviron’s equation’®®

AE,  RT
Inv anF

It was found that E varies linearly with the In v (Figure 3.12a). The
slope of this plot (Tafel slope) is equal to, RT/anF, where a = 0.459 and R,
T, F have their usual meaning. For the irreversible oxidation of PG, value of
n was calculated to be 1.9. It indicates that the oxidation of PG involves two

electrons per molecule as other similar substituted phenols.*®

3.3.6.5 Reaction mechanism

The observed anodic peak may be due to the oxidation of hydroxyl
group present in PG. The mechanism is based on the well described route
for the anodic oxidation of phenols, hydroquinones and derivatives.'*> The
alkyl gallate radical formed in the first step is immediately converted into a
quinone. The existence of alkyl gallate radical species, as proposed in the
first de-electronation step reaction, has been previously proved by ESR
measurements.’*® Futhermore, the resonance structures of the semiquinone

radical have also been proposed for di-catechols™®”’

with strong oxidative
character. The net reaction involves a 2e~, 2H™* transfer as explained in

the Scheme 3.1.
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Scheme 3.1: Mechanism of electrooxidation of PG

3.3.7 Interference study

In order to evaluate the selectivity of the MWCNT/GE sensor towards
the determination of PG, effect of common coexisting substances was tested
(Table 3.3). It was found that even up to 100-fold excess of sodium sulfite,
butylated hydroxyl anisole (BHA), butylated hydroxytoluene (BHT), citric
acid, NaCl, CH3COOH, and EDTA did not interfere with the performance
of the sensor (signal change below 5 %). However ascorbic acid interferes

severely when present even in 1:1 concentrations.
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3.3.8 Application study

To assess the analytical applicability, the developed sensor was applied
for the determination of PG in spiked vegetable oil samples. The obtained
results are in good agreement with those of standard spectrophotometric

method*®

(ferrous tartrate and ammonium acetate were used to impart colour to
PG solutions and absorbance was measured at 540 nm) and results are listed in
Table 3.4. Application study was conducted by spiking the sample with
different concentrations of PG, ie at the lowest, average and maximum
concentration value in the linear range. It can be seen that the proposed method

display sufficient accuracy and precision for real sample analysis.

3.4 Conclusions

Electrochemical determination of PG was carried out using MWCNT
modified GE. Compared to bare GE, on the modified electrode lower
oxidation overpotential and enhanced peak current was obtained for PG due to
the electrocatalytic ability of MWCNT film. Voltammetric studies indicated
that the oxidation of PG at the MWCNT modified electrode surface take
place through a two electron, irreversible pathway and controlled by
diffusion. Optimizations of experimental parameters yield a detection limit
much better than those reported in the literature. The increased sensitivity,
lower limit of detection, good percentage recovery, ease of fabrication and
regeneration of the electrode surface make this sensor a better alternative
over the existing methods for the determination of PG. Furthermore it is
very rapid, simple and cost effective method. The developed sensor can be
successfully applied for the quantitative determination of PG in commercially

available vegetable oils.
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Table 3.1: Peak potential and peak current of PG (1.00 x 10 M) in different
supporting electrolytes

electsrltj)?ytzgt(lgﬁ M) E, (mV) ip (MA)
HNO, 408 7.93
HCI 404 9.07
HCIO, 384 14.20
NaCl 364 8.41
NaOH nopeak -
ABS 180 13.80
PBS 320 6.74

Table 3.2: Comparison of different voltammetric sensors for PG

Electrode Ep (mV) Linear range (M) LOD (M) References

GCE 509 0.70x10°%t04.71x 10 254 x 10° 182

Pt/Ppy/NiPcTs 550  4.00 x 10°t0 4.00 x 10*  7.23x 10° 187

GCE 580 5.00x10°t00.10x 10% 9.90 x 10°® 161
GE/MWCNT 180  1.00x 10%t0 1.00 x10°  6.31 x 107 ngﬁggfd

LOD- limit of detection
Pt/Ppy/NiPcTs - Pt/ polypyrrole electrode modified with tetrasulfonate nickel (II)
phthalocyanine complex
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Table 3.3: Effect of foreign species on the voltammetric signal of PG (1.00 x 10 M)

Foreign species Concentration (M) Signal change %
Sodium sulphite 1.00 x 10 3.45
Citric acid 1.00 x 10° 2.39
Acetic acid 1.00 x 10 1.89
EDTA 1.00 x 10 4.09
NaCl 1.00 x 107 2.78
BHA 1.00 x 10 3.99
Ascorbic acid 1.00 x 10™ 8.65

Table 3.4: Determination of PG in vegetable oil samples

Spectrophotometric Proposed method
Samples  Added (M) method
Found Recovery Found Recovery

(M+RSD) (%)* (M+RSD) (%)*
200x10° 201x10°+0.13 1005 2.02x10°+0.19 101.0

Samplel ¢ 0x105 496x10°+041 992  510x10°+0.26  102.0
9.00x10° 9.08x10°+0.24 1009 898x10°+0.11 99.8
200x10° 1.99x10°+0.09 995 2.05x10°+0.06 1025
Sample 2

5.00x 10° 5.04x10°+0.13 1008 5.07x10°+0.12 101.4

9.00x10° 9.11x10°+0.18 1012 8.97x10°+0.17  99.7

* average of six replicates
RSD = relative standard deviation
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POLY(L-CYSTEINE) BASED VOLTAMMETRIC SENSOR
FOR ALLURA RED

W 4.1 Introduction

4.2 Experimental

% 4.3 Results and discussion
N 44 Conclusions

Fabrication of a voltammetric sensor by polymerizing L-cysteine (L-cys) on
glassy carbon electrode for the determination of allura red (AR), a synthetic
food colourant is explained in this chapter. The electropolymerized film of
poly(L-cys) provides a stable matrix for the fabrication of a sensing interface.
The electrochemical behavior of AR was investigated in 0.1 M citrate buffer
solution (pH 6) by cyclic voltammetry, square wave voltammetry and
chronoamperometry. Electrochemical impedance spectroscopy, cyclic voltammetry
and scanning electron microscopy were used to characterize the modified
electrode. The electrochemical reaction of AR at the modified electrode was a
reversible process controlled by adsorption. Under optimum conditions, the
poly(L-cys) modified electrode showed a linear response in the range from
3.00 x 1079 M to 1.00 x 10~ M with a limit of detection of 3.61 x10~? M. The
average surface concentration of AR on modified electrode was found to be
1.94 x 107" molem™. The kinetic parameters of the electrochemical reaction
such as heterogeneous rateconstant (ky) charge transfer coefficient (@), number
of electrons (n) and diffusion coefficient (D) were calculated to be 2.386 s,
0.496, 1 and 1.39 x 10™ cm?s™ respectively. This method has been successfully
applied for the determination of AR in soft drinks.
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4.1 Introduction

Colour is an important sensory attribute that influences a person’s
perception of quality of food. Addition of natural extracts to improve the
colour and appearance of food and food products was practiced from ancient
times in Egypt, China and India.'*® The use of synthetic food colourants
started with the development of first artificial colour additive mauveine by
Sir William Henry Perkin in 1856.The advent use of synthetic colorants in
the late 1800s and early 1900s unfortunately prompted their misuse in
popular foods. Because of the superior qualities of artificial colorants over
natural extracts, the development of synthetic colorants became attractive to
the food industry. A colourant or colour additive is any dye, pigment or
substance which when added to a food, cosmetic or drug, is capable of
imparting color by itself or through reactions with other substances.
Artificial colours are frequently associated with adverse health effects when

consumed excessively.?%

Among the various food additives, synthetic colourants have been
widely used to make food more attractive and to enhance the aesthetic appeal
of foodstuffs to the consumer.®?* Synthetic azo dyes have found broad
applications in food industry due to the in expensive production, wide
spectrum of colours, high stability and low microbial contamination
compared to natural colourants.?**?® But some of these colourants and their
metabolites create potential health risk to human beings such as allergies,
migrains, eczema, anxiety, diarrhea and may provoke cancer, especially when
they are consumed in excessive amounts.”®* Therefore, the use of synthetic

dyes in foodstuff is strictly controlled by legislation throughout the world.
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Poly(L-Cysteine) Based Voltammetric Sensor for Allura Red

Allura red (AR), E 129 (Figure 4.1) is a water soluble synthetic
azodye, which is usually added to syrups, drinks and sweets to give them
fascinating red colour.?® EU Scientific Committee for Food and Joint
FAO/WHO Expert Committee on Food Additives have evaluated the harmful
effects of AR and established an acceptable daily intake (ADI) of 0-7 mg/kg
body weight/day.?® Thus it is necessary to develop more sensitive, accurate
and reliable analytical methods for the quantification of trace levels of
colourants for the assurance of food safety and consumer health.

HO
OCH;
Y
H3C

SO3N3
Figure 4.1: Structure of AR

Numerous methods have been reported for the determination of

synthetic dyes in foodstuffs which include capillary electrophoresis, "%

209 spectrophotometry?®? and high performance

thin layer chromatography,
liquid chromatography.?*? But these methods have shortcomings such as
complex sample treatment, time consuming procedures and expensive
instrumentation. Electrochemical methods are fast, convenient, low-cost, highly
sensitive, easily adapted for in-situ determination and are environmentally

friendly in comparison with other methods.”***

Direct electrochemical determinations at conventional electrodes

generally show problems such as high overpotential, sluggish electrode
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kinetics, fouling of electrode surface, little selectivity and poor sensitivity.?**

These drawbacks could be minimized by changing the surface of electrode
with suitable modifier. Chemically modified electrodes created new
opportunities in the development of electrochemical sensors because of their
ability to catalyze the electrode process via significant decrease of
overpotential and enhancement of peak current with respect to conventional
unmodified electrodes.””> Polymer modified electrodes have received
enormous importance in the electroanalytical field because of their selectivity,
sensitivity, homogeneity in electrochemical deposition, strong adherence to
electrode surface and good chemical stability of the film.?%?*" A thin layer
of conducting polymer deposited on to the surface of conventional electrode

is able to augment the kinetics of electrode process.?*®

Research on the application of amino acid polymers for the modification
of electrodes has received immense attention in recent years.”*® L-Cysteine
(2-amino-3-mercaptopropionic acid, L-cys), one of the sulfur containing
amino acids, is a non-essential amino acid present in the human body. Due
to the presence of functional groups such as sulfhydryl, amine and carboxyl,
L-cys could effectively modify the glassy carbon electrode (GCE).}’ Amino
acids modified electrodes have many merits such as good biocompatibility,

ease of preparation and excellent stability.*%%%

The excellent electrocatalytic  properties of poly(L-cys) film is
utilized in the present work to develop a sensitive and accurate method for
the determination of AR. Electrochemical behavior of AR was examined at
poly(L-cys) film coated GCE. Cyclic voltammetric technique was used to

study various Kinetic parameters of the redox reaction such as standard
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heterogeneous rate constant (ks), electron transfer coefficient (o) and number of
electrons exchanged (n). Diffusion coefficient of AR on poly(L-cys)/GCE
was determined using chronoamperometric measurements. The average
surface coverage of AR on the polymer modified electrode was calculated to
be 1.94 x 10" molcm™. Compared to GCE, the oxidation peak potential
of AR shifts negatively and peak current increased drastically at the
poly(L-cys)/GCE, indicating efficient catalytic ability and high sensitivity of
the polymer film. The practical application of the polymer film modified
electrode was verified by determining AR in soft drink samples and the

proposed method has been validated using spectrophotometry.

4.2 Experimental
4.2.1 Pretreatment of GCE

Prior to the polymerization of L-cysteine on the surface of GCE, bare
GCE was polished using 0.05 micronalumina slurry on a polishing pad,
rinsed thoroughly with water and sonicated successively in methanol, 1:1
HNO3 solution, acetone and double distilled water to remove any adsorbed

alumina particles on the electrode surface.

4.2.2 Preparation of poly(L-cys)/GCE

The cleaned GCE was immersed in phosphate buffer (pH 7) containing
5.00 x 10° M L-cys, and the electro polymerization was carried out by
cycling the potential between -800 mV and 2000mV at a scan rate of
100 mV/s (Figure 4.2).”® Then the film was washed with ethanol and
double distilled water to remove the remaining L-cys monomers and the
resulting blue coloured poly(L-cys) film modified GCE was used to carry

out the measurements.
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Current (mA)

Potential (V)
Figure 4.2: Electropolymerization of L-cys on GCE

L-cys contains amino and the carboxyl groups. In the anodic scan, amino
group of L-cys is easily oxidized to its corresponding free radical by one
electron transfer, and then the free radical reacts with carbon of the electrode
surface forming a carbon-nitrogen covalent linkage. An oxidation peak was
observed at 1300 mV in the first anodic scan, and a reduction peak was
observed at -500mV in the reverse scan.?”*** By varying the number of

voltammetric scans, thickness of the poly(L-cys) film can be controlled.

4.2.3 Preparation of solution of AR

A stock solution (1.00 x 10? M) of AR was prepared by dissolving 0.496 g
analyte in 10 mL water. Solutions of various concentrations of AR were

prepared by diluting the stock solution using the supporting electrolyte.

4.2.4 Analytical procedure

0.1 M citrate buffer solution (pH 6) was used as the supporting
electrolyte for all electrochemical measurements. A desired volume of AR

solution was pipetted into an electrochemical cell containing 10 mL of
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citrate buffer solution. Then square wave voltammograms were recorded
from -500 mV to 600 mV at a scan rate of 100 mV/s with pulse amplitude
of 25 mV, quiet time of 2 s, frequency of 15 Hz and increment of 4 mV.
The peak corresponding to the oxidation of AR was measured at 52 mV.
To regenerate the electrode surface, activation of poly(L-cys)/GCE was
done by successive cyclic voltammetric sweeps from -500 mV to 600 mV

in the buffer solution until the voltammograms remain unchangable.

4.2.5 Sample treatment

Two soft drink samples were purchased from local super market and used
without any pre-treatment.®® 1 mL of sample solution was added into 9.0 mL
of 0.1 M citrate buffer solution (pH 6), for the determination of AR using a
poly(L-cys)/GCE and then examined according to the analytical procedure

4.3 Results and discussion
4.3.1 Surface characterization

Scanning electron microscopic (SEM) images, surface area calculations
and electrochemical impedance spectroscopy (EIS) gave evidences for the

modification of GCE surface by polymer film of L-cys.

4.3.1.1 Surface morphology studies of poly(L-cys)/GCE

SEM analysis was carried out to study the surface morphology of the
of GCE surface before and after modification. Figure 4.3a and 4.3b shows
the changes in surface morphology obtained from SEM images for bare
GCE and poly(L-cys)/GCE respectively. From SEM images it is clear that a
homogenous film was formed on the surface of the GCE, after the

electrochemical polymerization.
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Figure 4.3: SEM images of (a) bare GCE (b) poly(L-cys)/GCE

4.3.1.2 Surface area study

Randles-Sevcik equation was applied for the determination of
effective surface area of GCE before and after modification with polymer

film. 184

i, =2.69 x 105An®/2DV/2Cv'/2

Cyclic voltammograms were recorded in 2 mM KsFe(CN)g in the
potential range of 0-600 mV using bare GCE and polymer film modified
GCE at different scan rates (Figure 4.4). From the slope of ipvs v2 plot
(Figure 4.5), the effective surface areas of the bare GCE and poly(L-cys)/
GCE were calculated as 0.1643 cm? and 0.4791 cm? respectively, ie on
modification there is a three fold increase in surface area. This enhancement
in surface area of modified electrode compared to bare GCE, could give
more catalytic sites, thereby increasing the sensitivity of determination of
AR. This is a strong evidence for the effective and successful modification
of GCE.
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Figure 4.4: Surface area study of bare GCE and poly(L-cys)/GCE in K;Fe(CN),
solution
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Figure 4.5: Plot of square root of scan rate vs current for bare GCE and poly
(L-cys) modified GCE

4.3.1.3 Electrochemical impedance analysis

EIS is a powerful technique for convenient determination of kinetic
parameters, mass transport and the charge transfer coefficient.?® The
impedance spectra consist of a semicircle portion and a linear portion. The
semicircle part at higher frequency corresponds to the electron transfer

limited process and the semicircle diameter equals electron transfer
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resistance (Ret).??> This resistance controls the electron transfer kinetics of
redox probe at the electrode/electrolyte interface. The electrochemical
impedance of AR was investigated on GCE and poly(L-cys)/GCE in citrate
buffer (pH = 6) and corresponding Nyquist plots are shown in Figure 4.6.
The diameter of the semicircle decreased after the modification of the
polymer film, indicating that the modified electrode can effectively reduce
the charge transfer resistance and increase the electronic exchange rate
between the electrode surface and the electrolyte solution,?” which can
offer a high sensitivity for the determination of AR using poly(L-cys)/GCE.
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Figure 4.6: Nyquist plots for bare GCE (a) and (b) poly (L-cys)/GCE

4.3.2 Electrochemical behaviour of AR on the poly(L-cys) film modified
electrode

The electrochemical response of AR on the poly(L-cys) modified
GCE was examined using CV. Figure 4.7 shows the cyclic voltammograms
of 1.00 x 10° M AR on the bare GCE (curve a) and poly(L-cys)/GCE
(curve b) in 0.1M citrate buffer solution of pH 6. A pair of redox peaks
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with anodic and cathodic peak potentials at 139 mV (ipa = 5.04 pA) and
49 mV (ipc = -7.37 pA) was observed at unmodified GCE. The peak to peak
separation (AE, - Epa -Epc) was 90 mV, indicating a quasi-reversible
electrochemical reaction, which may be due to the slow electron transfer
kinetics on bare GCE. Under the same experimental conditions a couple of
well defined reversible redox peaks (formal potential, E® = 50 mV) were
observed on the polymer film modified electrode with an anodic potential at
76 mV (ipa = 34.47 pA) and cathodic potential at 24 mV (i,c = -29.14 pA).
Interestingly, upon modification along with the enhancement of peak
currents, the peak potential separation (AE,) was reduced to 52 mV from
90 mV, suggesting that the electron transfer process occurring at the
electrode/electrolyte interface has accelerated significantly in the presence
of polymer film. The chemical and physical stability and three dimensional
structure of polymer film provide more reaction sites and effective potential

for the electrode reaction.??®
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Figure 4.7: Cyclic voltammograms of AR at (a) bare GCE and
(b) poly(L-cys)/GCE
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Compared with GCE, poly(L-cys)/GCE remarkably increases the peak
current and decreases the oxidation overpotential of AR. This can be
attributed to the fast electron transfer ability and large surface area of
polymer film modified electrode. To sum up, compared with the bare GCE,
poly(L-cys) modified GCE enables a lower limit of detection ie, a higher
sensitivity which is in great demand for the quantification of trace amounts
of AR.

4.3.3 Optimization of experimental conditions

Effect of various factors such as supporting electrolyte, pH of the
supporting electrolyte, accumulation time and the number of segments of
electropolymerization of L-cys on the performance of the sensor have been

studied and the suitable conditions were optimized.

4.3.3.1 Effect of supporting electrolyte and pH

The electrochemical response of AR at poly(L-cys) /GCE, was studied
in various media such as 0.1 M solutions of phosphate buffer, acetate buffer,
nitric acid, sulphuric acid, perchloric acid, NaCl and NaOH to study the
influence of supporting electrolytes and results are shown in Table 4.1.
Highest peak current was observed in citrate buffer solution (CBS) and hence it
was selected as supporting electrolyte for further studies. (Eventhough high
current was observed in perchloric acid, due to unstable response it was not

selected for further studies).
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Figure 4.8a: Effect of pH on tth(')xidation potential of AR
Figure 4.8a shows the influence of pH on the oxidation peak potential
of AR on poly(L-cys)/GCE. Both the oxidation and reduction peak
potentials shifted negatively with increasing pH of the CBS, implying the
participation of protons in the oxidation of AR. Based on the Nernst
relation®”’

dE,  2.303mRT _0.059m
dpH anF ~ an

where n is the number of electrons and m is the number of protons involved
in the reaction, a is the charge transfer coefficient. The value of m/n was
calculated to be nearly 1, which was in accordance with previous report.”®*
A linear relationship could be obtained between the peak potential and pH

of the solution. pH dependence of E,, is represented by the equation
as E,, (V) = 0.0537 pH — 333.24 (R? = 0.996). The slope is close to the

theoretical value -57.6 mV/pH, indicating that electrochemical oxidation

reaction of AR involves an equal number of protons and electrons.?°22%*

| Novel Electrochemical and Fluorescence Sensors for Food Additives and Neurotransmitters ) 109 |



Chapter 4

The influence of pH (2 to 9) on the oxidation peak current of AR is
shown in Figure 4.8b. On increasing pH from 2 to 6 the anodic peak current
gradually increases, but on further increasing pH from 6 to 9 the anodic
peak current gradually decreases. A maximum peak current was obtained at
pH 6. Hence CBS of pH 6 was selected as the optimum pH for further
studies.
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Figure 4.8b: Effect of pH on the oxidation current of AR

4.3.3.2 Effect of accumulation time

The influence of accumulation time on the anodic peak current of
1.00 x 10° M AR was investigated. The oxidation current of AR enhanced
greatly with increasing the accumulation time in the first 4 min and then
remained stable and the results are illustrated in the Figure 4.9. Taking into
account both the sensitivity and the efficiency, an accumulation time of

4 min was selected in further studies.
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Figure 4.9: Effect of accumulation time

4.3.3.3 Effect of number of segments of electropolymerization

Relation between the peak current and number of segments of
electropolymerization was studied from 10 to 50 segments and the results

are shown in Figure 4.10.
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Figure 4.10: Effect of number of segments of electropolymerization

| Novel Electrochemical and Fluorescence Sensors for Food Additives and Neurotransmitters ) 111 |



Chapter 4

The peak current increased drastically with augment in number of
segments from 10 to 30, and thereafter showed a gradual decrease. The
maximum current was observed at 30 segments, hence polymerization by 30

segments was chosen for further experiments.

4.3.4 Effect of scan rate and characteristics of oxidation process

The influence of scan rate on the redox peak current of AR on
poly(L-cys)/GCE was studied by CV and the results are shown in
Figure 4.11a. Both the oxidation peak current and reduction peak current of AR
increased linearly with the scan rate in the range of 40 - 400 mV/s
(Figure 4.11b), suggesting that the electrochemical oxidation of AR is
adsorption controlled. The linear regression equations could be expressed

as follows;

= 0.0871v + 4.2115 (R* = 0.991) and

~= ~=
< =
a Q

= —0.0626 — 1.9254 (R? = 0.991).
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Figure 4.11a: Overlay of Cyclic voltammograms for oxidation of AR on poly
(L-cys)/GCE at various scan rates
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Figure 4.11b: Variation of anodic and cathodic currents of AR with scan rate
Also the trends of peak shift as a function of the scan rate (with the
increase of scan rate, anodic peak potential shifted positively, while the
cathodic peak potential shifted negatively, ie AE, increases with scan rate)
revealed that the reversibility of the electrode reaction decreased at higher

scan rates.

In addition, plot of log ipvs logv yielded a straight line (Figure 4.11c)
with slope of 0.867 for anodic peak and 0.873 for cathodic peak in the scan
rate range 60-300 mVs™ and the value of slope is close to the theoretical
value of 1.00, which is expected for an ideal reaction condition for adsorption

controlled electrode process.??®
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Figure 4.11c: Plot of log ipvs log v

4.3.5 Calibration plot and limit of detection

Since square wave voltammetry gave a much higher current sensitivity
than CV, it was used for the quantification of AR on poly(L-cys)/GCE,
under optimized experimental conditions. Figure 4.12a shows the square
wave voltammograms of the different concentrations of AR at the polymer film
modified GCE. The linear dependence of peak currents on the concentration
of AR obtained was in the ranges 3.00 x 10° — 1.00 x 107 M (Figure 4.12b).
The linear regression equation can be expressed as i, =90.12C +

10.33 (R% = 0.997). The limit of detection was found to be 3.61 x 10° M.
The modified electrode showed a wider linear range and lower detection
limit than bare GCE, which can be attributed to the introduction of the
conducting layer of poly(L-cys) on the surface of GCE. The analytical
performance of the developed sensor is further compared with some other

reported determination methods of AR (Table 4.2). An examination of
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Table 4.3 reveals that the proposed method is superior to other

quantification methods for AR, especially with respect to limit of detection.
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Figure 4.12a: Overlay of Square wave voltammograms for oxidation
of AR at various concentrations
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Figure 4.12b: Plot of peak current vs concentration of AR
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The repeatability as well as the reproducibility of the modified
electrode have been evaluated in CBS (pH 6) containing 5.00 x 107 M AR.
It was found that the oxidation peak current of AR remained almost
unchanged with a relative standard deviation (RSD) of 1.57 % for 8 repeated
measurements. Reproducibility of the modified electrode was tested with six
modified electrodes prepared by the same fabrication procedure and RSD was
found to be 2.13%. These results illustrated that the proposed method could
offer good repeatability and reproducibility for the determination of AR.

4.3.6 Evaluation of kinetic parameters
4.3.6.1 Charge transfer coefficient

Cyclic voltammetry has been recognized as the electrochemical
method of choice for the evaluation of the kinetics of charge transfer redox
reactions. In a reversible reaction, the symmetry between the forward and
reverse electron transfer reactions can be expressed in terms of a, the charge
transfer coefficient.** The following equations are used to find out anodic
charge transfer coefficient (0,) and cathodic charge transfer coefficient (o),

where a and b are constants®*

E,, = a+ {2.303RT|(1 — a)nF}logv
E,. = b— {2.303RT|anF}logv

From the slope of the plot of the anodic and cathodic peak potentials
with the logarithm of scan rate (Figure 4.13), the value of o was calculated
as 0.496 (0, = 0.531, a. = 0.461) for poly(L-cys)/GCE. The linear regression

equations of the E,, and E,. vs the logarithm of the scan rates are expressed

as Ep, = 0.1113logv — 138.31 and E,, = —0.1282logv + 342.97, in the

( Department of Applied Chemistry, CUSAT



Poly(L-Cysteine) Based Voltammetric Sensor for Allura Red

scan rate range 360-600 mV/s. Similar studies were carried on bare GCE
and the value of a was calculated as 0.513. For bare GCE the values of o,

and o were found to be 0.437 and 0.589 respectively.
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Figure 4.13: Variation of E,,, and E, with log scan rate

4.3.6.2 Heterogeneous rate constant

For reversible systems, Nernstian equilibrium is always maintained at
the electrode surface, since the electron transfer rates are significantly
greater than the mass transport rate.”** ks, the heterogeneous rate constant is
the most significant parameter to explain electron transfer rate between an
electrode surface and the redox system, hence the value of kswas evaluated
using the following equation. Laviron model which is based on the amount
of peak separation between the forward and reverse scans in a cyclic

voltammogram was applied for the calculation of k,>***

RT «a(1- a)nFAE,
logk; = alog(1—a) + (1 —-a)loga —log B S 3RT
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the rate constant k; for poly(L-cys)/GCE was calculated to be 2.386 s™ (by
taking charge transfer coefficient a = 0.496, v =100 mV/s, AE, = 52 and
n = 1). kg value for poly(L-cys) modified electrode is higher than those
obtained for bare GCE (1.553 s™), shows that the feasibility of the reaction
increased on the modified electrode. From these results it is clear that
poly(L-cys) layer can greatly enhance electron transfer rate between the
electrode and AR. In addition to this, presence of conducting layer of poly(L-
cys), increases the effective surface area of GCE and leads to an increase in the

surface concentration of AR, resulting in a high value of kg .

Consider the electron transfer reaction occurring at the electrode

surface at a fixed potential (chemically reversible system)®*®%*’

Ox +ne = Red

The forward and reverse rate constants, ks and k;, are given by the equations
[—anF(E—EO')]
k; = ksexpl "

(1—a)nF(E—E°’ )
RT ]

k, = ksexp[

From the above equations the values of ks and ky, for the redox couple of AR
were calculated to be 1.393 s™, 1.378 s™ respectively at 100 mVs™ on
poly(L-cys)/GCE.

4.3.6.3 Chronoamperometric studies: Determination of diffusion coefficient

The catalytic oxidation of AR at the surface of conducting film
modified GCE was also studied by chronoamperometry and diffusion
coefficient of AR for a poly(L-cys)/GCE was determined. For an electroactive
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compound with a diffusion coefficient of D, the current of the electrochemical

reaction (at a mass transport limited condition) is expressed by the Cottrell

equation®*1%*

I = nFADY2Cm~1/2¢71/2

where D is the diffusion coefficient and C is the bulk concentration. The
value of D can be calculated from the slope of I vs t*2 plots (Cottrell plots).
Chronoamperometric measurements were carried out in various concentrations
of AR (1.00 x 10 ™ to 1.00 x 10 > M) on poly (L-cys)/GCE (Figure 4.14a)
and the Figure 4.14b shows the corresponding 1 vs t*/2 plots. The slopes of
the resulting straight lines were then plotted against the concentration of AR
(Figure 4.14c). From the resulting slope and Cottrell equation the mean
value of the D was calculated to be 1.39 x 10®° cm?s™.
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Figure 4.14a: Chronoamperometric response of AR in 0.1 M CBS for different
concentrations (1.00 x 10— 1.00 x 10”° M)
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Figure 4.14¢: Plot of the slope of the straight line against the concentration of AR

4.3.6.4 Average surface concentration of AR on poly(L-cys)/GCE

The relationship between the amount of AR adsorbed on the surface

of poly(L-cys)/GCE (I') and the peak current (i,) can be expressed as**®
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. n?F?Alv

' = T4RT
where A is the effective surface area of poly(L-cys)/GCE; n is the number
of electrons; v is the scan rate; R, T and F have their usual meaning. Based

on the slope of peak current versus scan rate plot, the value of I' was

calculated to be 1.94 x 10™° molcm™.

4.3.6.5 Number of electrons

The redox potential of AR shifted positively with scan rate and the

relationship is expressed with the following equation®®®

y 1/2
_ 0r RT D’z anFv
Ep= E”+ 22210.780 + In>— + In (% )l

=K+ Inv

2anF

where E% is the formal potential, and other symbols have their usual
meaning. The value of n can be calculated from the slope of E,, vs In v plot

(Figure 15) and it was found that the oxidation of AR involves one electron.

The number of electrons (n) involved in the electrochemical oxidation
of AR can also be calculated using the equation®®
59

AE = —
n

The potential difference of 52 mV was observed between the redox peaks
(AE = Epq — Epc) of AR on poly(L-cys)/GCE at a scan rate of 100 mV/s.

Using the above equation the number of electrons involved in the oxidation

of AR was calculated to be 1.
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4.3.6.6 Reaction mechanism

pH study gives significant information about the electrochemical
reaction of AR on poly(L-cys)/GCE. As pH increases the oxidation potential
of AR shifted positively, indicating that protons are involved in the reaction.
From slope of the plot E,,, against pH (53.7 mV/pH), it was clear that equal
number of protons and electrons are taking part in the process. It was
calculated that number of electrons involved in the oxidation of AR was
one. Naphthols are known to undergo electrochemical oxidation to
naphthyloxy radical by a one electron transfer process (Scheme 4.1).2%°
Based on this the observed oxidation peak may be due to the oxidation of

hydroxyl group present in AR, by a one proton, one electron reaction.®

Scheme 4.1: Electro oxidation of naphthols to naphthyloxy radical

This radical may further undergo non electrochemical reactions,

resulting in the formation of a quinone.

O e OO Y
+H20 ; OO OH:_E’_ OO

OCH,
R= Na0,s N=N— R' = s0,Na
HyC

Scheme 4.2: Mechanism for the formation of quinone
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4.3.7 Interference study

To evaluate the selectivity of the proposed sensor, the influence of
various species on the oxidation peak current of AR was studied. The
voltammetric signal was recorded for 1.00 x 10° M AR in the presence of
various concentrations (1:1 fold, 1:10 fold and 1:100 fold) of foreign species
such as quinoline yellow, sodium sulphite, amaranth, citric acid, tartrazine,
aspartame, fructose and ascorbic acid (Table 4.3). The results demonstrated
that even up to 100 fold excess concentration of quinoline yellow, sodium
sulphite, citric acid, tartrazine, aspartame and fructose had no influence on the
electrochemical signal of AR. However ascorbic acid interferes the
determination even when present in 1:1 concentration of AR. A signal change
greater than 5 % was observed when amaranth was present 50 fold in excess of
AR. This suggested that poly(L-cys)/GCE had good selectivity for the
determination of AR.

4.3.8 Application study

In order to further verify the performance and feasibility of the
developed sensor, it was used for the analysis of AR in soft drink samples.
The percentages of recovery values were calculated by comparing the
concentrations obtained from the samples with actually added concentrations.
The results are listed in Table 4.4. The results indicate that there are no matrix
interferences in the analysis of the samples. The recoveries were obtained in
the range from 98.5 t0103.5 %, which revealed that the developed sensor has
good accuracy and could be effectively used for the determination of AR in
real samples. The obtained results are in good agreement with that of the

spectrophotometric method.?**
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4.4 Conclusions

The electrochemical behavior of AR has been studied on a GCE
modified with electropolymerized film of L-cys in 0.1 M CBS (pH 7). A
reversible redox process was observed for AR with a formal potential of
50 mV on the poly(L-cys) modified electrode. The conducting layer of
poly(L-cys) showed excellent electrocatalytic activity for the oxidation of
AR. In addition, the modified electrode exhibited satisfactory stability,
sensitivity and reproducibility, and could be applied to the determination
of AR in soft drink samples. The results were comparable with that of

spectrophotometric method.

Table 4.1: Peak potential and peak current of AR (1.00 x 10®° M) in different
supporting electrolytes

Supporting

electrolytes (0.1 M) Epa (MV) ip (LA)
KNG, 56 14.96
HCIO, 308 24.08
NaOH 472 6.32

CBS 52 18.78

ABS 140 5.74

PBS 40 8.71
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Table 4.2: Comparison with other methods for the determination of AR

Linear range

Method E, (MmV) (M) LOD (M) References
Voltammetry 1.07 x 107 - 8
(MWCNT/GCE) 680 1o1x10e 50410 205
Voltammetry 1.50 x 10 - %
(polyallylamine/GCE) > 100x10°  140*10 66
Differential pulse -596 9.06 x 10° - "
polarography 4.03 x 10 8.66 x 10 229
Ads\‘j;?tt;‘r’ﬁ r;zr;tr;/plng 620 e, 760x 1070 230
-7
HPLC-MSIMS ... CanlosT 290x10° 206
3.00x107°- Proposed
poly L-cys)/GCE -52 mV 100 x 107 3.61 x10 Sensor

Table 4.3: Effect of foreign species on the voltammetric signal of AR (1.00x10° M)

Foreign species Concentration (M) Signal change %
Quinoline yellow 1.00 x 10 3.56
Sodium sulphite 1.00 x 10 2.24
Citric acid 1.00 x 10" 4.89
Tartrazine 1.00 x 10" 4.68
Aspartame 1.00 x 10™ 4.74
Fructose 1.00 x 10" 3.72
Amaranth 5.00 x 10 4.04
Ascorbic acid 1.00 x 10° 8.65
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Table 4.4: Determination of AR in soft drink samples

Spectrophotometric

Proposed method

method
Samples  Added (M) Found Recovery Found Recovery
(M+RSD) (%) (M£RSD) (%0)*
200x107 202x107+019 1010 1.98x107+0.07 99.0
Samplel  500x107 511x107#026 1022 506x107+0.13 101.2
900x107 898x107+011 998  889x107+0.06 98.8
200x107 205x107+006 1025 203x10'+0.14 1015
Sample2  500x107 507x107+012 1014 509x107+0.07 1018
900x107 897x107+017 997 893x10"+ 004  99.2
*average of five replicates
RSD: relative standard deviation
SOMR.....
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MULTIWALLED CARBON NANOTUBE AND GOLD
NANOPARTICLE BASED VOLTAMMETRIC SENSORS
FOR SUNSET YELLOW

5.1 Introduction
5.2 Experimental

5.3 Results and discussion

)

5.4 Conclusions

Two electrochemical sensors were developed for the determination of synthetic
food colourant, sunset yellow (SY), based on the electrocatalytic properties of
gold nanoparticles (AuNPs) and multiwalled carbon nanotubes (MWCNTS).
The electrochemical oxidation of SY was studied on AuNP modified glassy
carbon electrode (GCE). On further modification of AUNP/GCE with MWCNT,
the nanocomposite film modified sensor exhibited excellent electron transfer
ability towards the oxidation of SY with high sensitivity and stability. Various
kinetic and thermodynamic parameters of the redox reaction such as standard
heterogeneous rate constant (ks = 7.944 x 10™ s, electron transfer coefficient
(a. = 0.487), number of electrons (n = 1) exchanged, diffusion coefficient and
free energy difference between forward and reverse reactions (125 J) were
calculated. Average surface concentration of SY on modified electrodes was
found out. Under optimum conditions, the nanocomposite film modified
electrode showed a linear response in the concentration range from 1.00 x 10°
to 1.00 x 10°® M, with a limit of detection 4.03 x 10® M. Analytical application
of the developed sensor for quantitative determination of SY in commercially
available soft drink samples was investigated.
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5.1 Introduction

Synthetic colourants are usually added to foodstuffs and soft drinks to

202203 and the use of these dyes in food industry,

make them more attractive
is strictly controlled by different national legislations.**° If colourants are
consumed above the acceptable daily level, it may result in allergic reactions,
migraine, eczema, anxiety, diarrhoea and even cancer.”*** Sunset yellow
(SY), E 110 (Figure 5.1) is one of the most commonly used synthetic dye
which is added to many food products. The maximum permissible level of
SY in food stuffs should not be more than 100 pgmL™ either individually or
in combination with other dyes.” Consequently, accurate and reliable methods
for the determination of SY are essential for ensuring the quality and safety

of food products.

HO
NaO;S N\N

SO3Na
Figure 5.1: Structure of SY

Several analytical methods based on spectrophotomery,?*?* high

245,246 247

performance liquid chromatography, thin layer chromatography,

8 and column chromatography®*® for the

capillary electrophoresis®*
determination of SY individually or in combination with other dyes have
been reported. But they are prone to many drawbacks, such as expensiveness,

cumbersome procedures and not suitable for field use. Electrochemical
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methods are also used for the determination of SY and their advantages
include high sensitivity, simplicity and low cost and suitability for in-situ

determination over conventional classic methods.'# 7204242

Integration of nanotechnology with electrochemistry is expected to
bring about significant progress in the field of electrochemical sensors.”*
Carbon nanotubes (CNTSs), especially multiwalled carbon nanotubes (MWCNTS)
have wide range of applications in electrochemistry due to their small
dimensions, high surface area, excellent electrical conductivity, unique
structures, significant mechanical strength and good chemical stability,”*
therefore regarded as a potential material to modify the surface of conventional
electrodes. Recently, composite materials based on CNTs with metal
nanoparticles have gained growing interest among researchers across the
globe.*?*® Gold nanoparticles (AuNPs) are one of the most stable metal
nanoparticles that provide advantages such as narrow size distribution, large
surface to volume ratio, efficient surface modification, enhancement of

electron transfer kinetics and desirable biocompatibility.?>*

Establishing thermodynamic parameters for electron transfer reactions
involving redox process is essential for a complete description of these
reactions. The analyte response can be affected by the thermodynamic and
Kinetic parameters of adsorption, the rate of mass transport and electrochemical
behaviour of the adsorbed species. The free energy and the rate of adsorption,
depend on the electrode potential, the electrode material and to some extent,
on the choice of the concentration and type of supporting electrolytes. The
measurement of formal potential for a redox couple provides knowledge of

thermodynamic driving force for the electron transfer reaction.”®
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Coupling the advantages of two nanostructured materials (AuNPs and
MWCNTS) a convenient and sensitive method for the determination of SY
has been developed. A layer by layer procedure was used to modify GCE
with AuNP and MWCNT,?® and the nanocomposite film modified electrode
greatly enhanced the electron transfer rate and electrocatalytic ability compared
to bare glassy carbon electrode (GCE). Various kinetic and thermodynamic
parameters of the redox reaction such as standard heterogeneous rate constant
(ks), electron transfer coefficient (o), number of electrons exchanged (n) and
free energy of activation (AG) were calculated using cyclic voltammetric
studies. Chronoamperometric measurements were employed to determine the
diffusion coefficient of SY on the MWCNT/AuUNP/GCE. The average surface
concentration of SY on AuNP/GCE and MWCNT/AuNP/GCE were calculated
and found to be 9.12 x 10™ molcm? and 4.14 x 10™° molcm™ respectively.
The practical utility of the developed sensor was verified by determining SY in
soft drink samples and satisfactory results were obtained when compared with

standard spectrophotometric method.?*

5.2 Experimental
5.2.1 Pretreatment of GCE

Prior to modification, the GCE was polished with 0.05 micron alumina
slurry on a polishing pad, rinsed thoroughly with water and sonicated
successively in methanol, 1:1 HNO3 solution, acetone and double distilled

water.

5.2.2 Fabrication of AUNP/GCE

Electrodeposition technique was applied for the preparation of AuNP

modified GCE. Electrodeposition of AuNP film on the surface of cleaned
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GCE was carried out by potential cycling between 0 to 1300 mV at a scan
rate of 100 mV/s for a total of 40 cycles in 0.05 M H,SO, solution
containing 1 mM HAUCl,; (Figure 5.2).”" The modified electrode
(AuNP/GCE) was then washed with double distilled water and dried in air.

Current (pA)

_os ......
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Potential (V)
Figure 5.2: Electrodeposition of AUNP on GCE

5.2.3 Fabrication of MWCNT/AuNP/GCE

The major problem on the promising applications of CNTs in
electrochemical sensors is their insolubility in aqueous media, which hinder
the capacity of forming uniform and stable films.*®® To overcome this
deficiency MWCNT was first acid treated to functionalize surface with —
COOH groups and dispersed in nafion-water mixture. Drop casting method
was used for the preparation of CNT modified electrode.

Acid treatment of MWOCNT was carried out as described in
literature.>”"t"® MWCNT was refluxed in conc. HNOs for 48 hrs and the

resulting suspension was diluted with water. The MWCNT was then
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filtered, washed with double distilled water and dried in air. As a result of
this process, length of MWCNT got shortened and functional groups are
introduced, which make them hydrophilic.

5.0 mg of acid-treated MWCNT was dispersed in 13 % (v/v) nafion-
water solution (2 mL water + 0.3 mL nafion) with the aid of ultrasonicate
agitation to give a 0.22 % (w/v) black homogenous suspension. Finally, the
MWCNT/AuUNP/GCE was fabricated by dropping 4.0 uL MWCNT-nafion
suspension on AuNP deposited GCE and allowed to dry.

5.2.4 Preparation of solution of SY

Stock solution of SY (1.00 x 10 M) was prepared by dissolving
0.452 g of analyte in water (10 mL). Solutions of SY at various concentrations
were prepared by diluting the stock solution using phosphate buffer solution
(PBS).

5.2.5 Analytical procedure
0.1 M PBS (pH 8) was used as the supporting electrolyte for the

analysis of SY. The analytical procedure mainly consists of two steps:
accumulation step and determination step. Firstly, SY was accumulated at
the surface of modified electrodes. Then, square wave voltammograms
(SWVs) were recorded from -630 mV to 100 mV with following
parameters; increment of 4 mV, amplitude of 25 mV, frequency of 15 Hz,
quiet time of 2 s and an oxidation peak current at -80 mV was measured for
SY on MWCNT/AUNP/GCE. For electrode regeneration several cyclic
sacns were carried out from -700 to 200 mV in the buffer solution until a

stable voltammogram was obtained.
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5.2.6 Sample treatment

Two soft drink samples were purchased from local super market and
used without any pre-treatment. 1 mL sample solution was added into
9.0 mL of 0.1 M PBS (pH 8), for the determination of SY using a
MWCNT/AUNP/GCE and then examined according to the analytical

procedure.®®

5.3 Results and discussion
5.3.1 Surface characterization

Evidences for the effective modification of electrode surface by
MWCNT and AuNP was obtained from techniques such as scanning
electron microscopy (SEM) and electrochemical impedance spectroscopy
(EIS). Surface area calculations using cyclic voltammetric technique also

gave clear evidence for the modification of electrode surface.

5.3.1.1 Surface morphology studies

SEM is a very powerful tool which gave information about the
surface topography of the electrodes. Surface morphology studies using
SEM gave evidence for the modification of GCE surface. Figure 5.3a,
5.3b and 5.3c shows the changes in morphology obtained from SEM
images for bare GCE, AUNP/GCE and MWCNT/AuNP/GCE respectively.
A homogeneous distribution of AuNPs was observed on the surface of
AuUNP/GCE.
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Figure 5.3: SEM images of bare (a) GCE, (b) AuNP/GCE and
(c) MWCNT/AuUNP/GCE

5.3.1.2 Surface area study

Surface areas of bare and modified electrodes were calculated using
Randles-Sevcik equation.’® 2 mM KsFe(CN)s was taken as a probe to
measure the microscopic areas of electrodes and cyclic voltammograms
were recorded at different scan rates (Figure 5.4). For a reversible system,

the anodic peak current iy is linear to v*/as follows

i, =2.69 x 105An%2DV2Cv'/?

where n is the number of electron transferred, D is the diffusion coefficient, i, is
the peak current, A is the surface area of the electrode, C is the concentration of
KsFe(CN)s and v is the scan rate. Here n = 1, D = 7.60 x 10°° cm?™. Thus,
from the slope of i, vs v*2
bare GCE, AuNP/GCE and MWCNT/AuUNP/GCE were calculated to be

0.1643 cm?, 0.2783 cm?, 0.3773 cm? respectively. This enhancement of

plot (Figure 5.5), the effective surface areas of the

surface area of modified electrodes compared to bare GCE, could give more

sensitive response to the electroactive species.
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Figure 5.4: Cyclic voltammograms of (a) bare GCE, (b) AuNP/GCE and
(c) MWCNT/AuNP/GCE in K;Fe(CN);, at different scan rates
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Figure 5.5: Plot of peak current vs square root of scan rate for bare
GCE, AuNP/GCE and MWCNT/AuUNP/GCE

5.3.1.3 Electrochemical impedance analysis

EIS is an effective technique to study the interface properties of
modified electrode. Impedance data usually expressed in the form of
Nyquist plots (imaginary part Z" of the total impedance is plotted against the
real part Z'), which consist of a low semicircle at higher frequencies and a
linear portion at lower frequencies. The higher frequency semicircle
corresponds to the heterogeneous electron transfer kinetics between the
electrode and analyte species, whereas lower frequency linear part
represents the diffusive transport of the solution phase electroactive species
to the electrode surface. Moreover the real axis intercept at high frequency

is equal to the sum of tunneling and solution resistance.?*®

Figure 5.6 showed the Nyquist plots for bare GCE (a), AUNP/GCE (b)
and MWCNT/AUNP/GCE (c) in 1.00 x 102 M Fe(CN);>/~* solution.
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Nyquist plot displayed a semicircle type response for bare GCE due to the
hindrance to electron transfer and semicircle radius was obviously smaller for
AUNP/GCE indicating the reduction of charge transfer resistance. Impedance
spectra of MWCNT/AUNP/GCE exhibited a straight line which suggested
very fast electron transfer for the redox reaction. These results confirmed
that nanocomposite film effectively decrease the charge transfer resistance
and increase electronic exchange rate, which resulted in a high sensitivity
for SY on MWCNT/AuUNP/GCE.
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Figure 5.6: Nyquist plots for (a) bare GCE, (b) AUNP/GCE and
(c)MWCNT/AUNP/GCE

5.3.2 Electrochemical behaviour of SY on bare and modified electrodes

Electrochemical response of SY (1.00 x 10 M) was studied at bare
GCE (a), AUNP/GCE (b) and MWCNT/AuUNP/GCE (c) using CV, in 0.1 M
PBS at a scan rate of 100 mVs™ and the results are compared in Figure 5.7.
Bare GCE showed an irreversible oxidation peak at 156 mV (ipa = 1.34 HA)
in the first cycle of CV, but the electrochemical activity of SY was poor at
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the unmodified electrode. In the subsequent cycles, the oxidation peak
current was decreased. This may be attributed to the adsorption of oxidative
products at the electrode surface. Under identical experimental conditions, a
well defined reversible oxidation peak with lower potential (Epa = -79 mV,
Epc = -141 mV) and enhanced current (ipa = 15.59 PA, iy = -7.54 HA) was
obtained on AuNP/GCE, indicating the catalytic role of AuNPs towards the
oxidation of SY. The formal potential, E° was found to be -110 mV.
Compared to bare GCE, the AUNP/GCE has larger surface area, more active
sites and higher conductivity, which help to enhance the electrocatalytic
properties of the modified electrode. The potential difference between the
redox peaks (AE; = Epa - Epc) of SY on AuNP modified GCE is 62 mV. The

number of electrons (n) involved in the electrochemical oxidation of SY can

be calculated using the equation, AE = % . Therefore, the oxidation of SY

involves one electron transfer mechanism.%®

Further modification of AuNP/GCE with MWCNT resulted in a
tremendous increase in both anodic and cathodic peak currents, which may
be due to the electronic structure and topological defects present in
MWCNT surface.>* A pair of well defined quasi-reversible cyclic voltammetric
peaks were observed with the formal potential (E° = -108 mV) on MWCNT
/AuUNP/GCE in 0.1 M PBS at a scan rate of 100 mV/s. The anodic and cathodic
peaks were observed at -59 mV (34.40 pA) and -157 mV (30.30 pA)
respectively. AE, (98 mV) increases with increasing scan rate, a positive
shift in Epa and negative shift in Epc were observed, indicating the slower
electrode kinetics at higher scan rates. The ratio of ip, and ipc was 1.09. (On
MWCNT/GCE, SY showed a reversible cyclic voltammertic peak with
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Epa = -33 mV (ipa = 3.49 pA) and Epc = -85 mV (i, = 4.39 pA), which was
not a much better result compared to AUNP/GCE.)
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Figure 5.7: Cyclic voltammograms of SY at (a) bare GCE,
(b) AUNP/GCE and (c) MWCNT/AuNP/GCE

Although the MWCNT/AUNP/GCE has higher E,: value compared to
AuNP/GCE, it exhibited very high current signal, which may be due to
higher material porosity providing more effective surface area and active
sites, which amplifies the signal and thereby enhance the sensitivity of the
electrode. Compared to bare GCE, oxidation peak current of SY significantly
enhanced by a factor of 11.63 and 25.62 at the surface of AuNP/GCE and
MWCNT/AUNP/GCE respectively. From Figure 5.7, it is clear that
MWCNT/AuUNP modified GCE has enhanced catalytic activity and excellent

surface enhancement effects towards the electrooxidation of SY than
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AUNP/GCE, which may be attributed to the synergic properties of
MWCNTs and AuNPs. The MWCNT/AuUNP nanocomposite film may act as
a conducting layer to accelerate the electron transfer between the analyte

and the electrode.

5.3.3 Optimization of experimental conditions

The experimental conditions for the quantification of SY were
optimized such as supporting electrolyte, pH of the supporting electrolyte,
accumulation time, number of cycles for the electrodeposition of AuNP and

the amount of MWCNT-nafion suspension.

5.3.3.1 Influence of supporting electrolyte and pH

Electrochemical behaviour of SY in various media such as 0.1 M
solutions of PBS, acetate buffer, nitric acid, sulphuric acid, citrate buffer,
NaCl and NaOH were studied by SWV (Table 5.1). Highest peak current
was obtained with PBS and hence it was selected for further studies.

Voltammetric response of SY in 0.1 M PBS with different pH values
(2 to 10) was studied. The anodic peak current of SY gradually increased on
increasing the pH (2 to 8) and reached the maximum value in pH 8 both on
AUNP/GCE (Figure 5.8) and MWCNT/AUNP/GCE (Figure 5.9a). On
further increase of the pH value to 10, the peak current decreased
significantly and disappeared after pH 10. By comparing the peak currents,
it was found that pH 8 was the best pH for sensitive determination of SY.
Therefore, PBS at a pH value of 8.0 was chosen as the supporting

electrolyte for subsequent studies.
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Figure 5.8: Effect of pH on the oxidation current of SY at AuNP/GCE

Current (pA)

27
| |
24 /
| ]
214 n
\.
18 - /-
154 u
| |
124 -/
] I 1 ) 1 1 I ]
2 3 4 5 6 7 8 9 10 11
pH

Figure 5.9a: Effect of pH on the oxidation current of SY at MWCNT/

AuNP/GCE
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The anodic peak potential showed a negative shift on increasing the pH
of the solution (Figure 5.9b) on MWCNT/AUNP/GCE. The linear regression
equation can be expressed as E,, (V) = 0.0497 pH — 453.92 (R* = 0.997).
A slope of 0.0504 is approximately close to the theoretical value of 0.0576;
indicating that electron transfer is accompanied by an equal number of

protons on the electrochemical oxidation of SY.%%"
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Figure 5.9b: Effect of pH on the oxidation potential of SY at
MWCNT/AUNP/GCE

5.3.3.2 Effect of accumulation time

Accumulation can improve the amount of SY adsorbed on the
electrode surface, thus increase the sensitivity of determination. Figure 5.10a
and 5.10b depicts the influence of accumulation time on the oxidation peak
current of SY in the range 0-6 min at AuNP/GCE (1.00 x 10 M) and
MWCNT/AuUNP/GCE (1.00 x 10° M) in 0.1 M PBS. It was observed that
without accumulation (0 s) the oxidation peak current was very low, indicating

that accumulation is an effective way for the enhancement of sensitivity.
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Figure 5.10a: Effect of accumulation time on the oxidation current of
SY at AuNP/GCE
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Figure 5.10b: Effect of accumulation time on the oxidation current of
SY at MWCNT/AuUNP/GCE
On increasing the accumulation time from 0 to 4 min, peak current
progressively increased. However, the oxidation current changed only slightly

on further increase of accumulation time from 4 to 6 min, indicating
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accumulation has no further effect on the oxidation of SY on the electrode
surface. Considering both sensitivity and working efficiency, an accumulation
time of 4 min was employed for the determination of SY.

5.3.3.3 Effect of number of scan cycles for the electrodeposition of AuNPs

The influence of scan cycles of the electrodeposition of AuNPs on the
peak current of SY was studied (Figure 5.11). The amount and the size of
the deposited AuNPs can be controlled by changing the number of scan
cycles in the electrodeposition process. The oxidation peak current increases
with an increase of scan cycles and highest current was observed at a scan of
40 cycles. After 40 cycles of scan, anodic current decreased gradually, may
be due to the slow electron transfer with increase in film thickness. Also the
stability of the AuNP/GCE electrode was not good when the scan cycles
were greater than 40. Hence 40 cycles were selected as the optimum number

of scan cycles in the electrodeposition of AuNPs.
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Figure 5.11: Effect of number of cycles of electrodeposition
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SEM images of AUNP/GCE prepared at different cycles (20, 40 and 60)
of electrodeposition are shown in Figure 5.12. From SEM analysis it was
observed that AuNPs are formed on the surface of GCE homogeneously.
However, the size of the particles increased as the number of cycles of
electrodeposition increased. When the scan cycle was above 40, current was
decreased, as a result of agglomeration of large sized AuNPs which is clear
from SEM images.
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Figure 5.12: SEM images of AUNP/GCE at cycles 20 (a), 40 (b) and 60
(c) of electrodeposition

5.3.3.4 Effect of amount of MWCNT - nafion dispersion

In the case of film modified electrodes, thickness of the modified film
is an important parameter which can affect the electrochemical response of
the analyte species. Influence of volume of MWCNT-nafion suspension on
the anodic peak current of SY was studied by dropping different volumes
(from 1 to 7 pL) of a fixed concentration of MWCNT-nafion suspension
(5.0 mg MWCNT in a mixture of 2 mL water and 300 uL nafion) on the
AUNP/GCE and the results are shown in Figure 5.13. As the amount of
MWCNT-nafion suspension was increased up to 4 pL, the oxidation peak
current increased significantly. This enhancement of the current indicates
that, the specific surface area and the number of catalytic sites increased

with an increase in volume of MWCNT-nafion dispersion. When the
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amount of MWCNT-nafion dispersion was more than 4 uL, the peak current
decreased which may be because nafion acts as an insulator. This along with
excess of MWCNT may hamper electron transfer.?® Hence the amount of
MWCNT- nafion dispersion was fixed as 4 pL, for further studies.
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Figure 5.13: Effect of volume of MWCNT-nafion suspension

5.3.4 Effect of scan rate and characteristics of oxidation process

Variation of oxidation peak current of 1.00 x 10° M SY with scan rate
was studied using CV on MWCNT/AuUNP/GCE and AuNP/GCE (Figure 5.14a
and 5.15a). The anodic peak current of SY varied linearly with the scan rate
from 40 to 220 mVs™ (Figure 5.15b) with a linear regression equation
ipg = 0.2419v +4.2115 (R* = 0.996), indicating a typical adsorption
controlled process. The plot of log ip. vs logv (Figure 5.15c) yielded a
straight line with slope of 1.12 in the scan rate range 100-220 mVs™ and the
value of slope is close to the theoretical value of 1.00, which is expected for
an ideal reaction condition for adsorption controlled electrode process.”?®
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Similar adsorption controlled oxidation was observed for SY on AUNP/GCE
also (Figure 5.14b).
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Figure 5.14a:  Overlay of cyclic voltammograms of SY on AuNP/GCE
at different scan rates
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Figure 5.14b: Variation of anodic current of SY with scan rate on
AuNP/GCE

Novel Electrochemical and Fluorescence Sensors for Food Additives and Neurotransmitters )\ JRONl



Chapter 5

T T T T T
6.768 [ -
o 3636
u?l
=
—
A
-
S
@ 0808 | ZZE
=
=
@]
2627 |
5750 |
-0.700 -0.500 -0.300 -0.100 0.100
Potential (V)

Figure 5.15a: Overlay of cyclic voltammograms of SY on MWNT/
AUNP/GCE at different scan rates
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Figure 5.15b: Variation of anodic and cathodic currents of SY with
scan rate on MWCNT/AuNP/GCE
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Figure 5.15c: Plot of log ip, Vs log v

5.3.5 Calibration plot and limit of detection

Under optimized experimental conditions, linear range and limit of
detection of SY were investigated using SWV in 0.1 M PBS (pH 8).
Compared to CV and differential pulse voltammetry (DPV), SWV gave
higher current for the oxidation of SY, so SWV was selected for
concentration studies. The oxidation peak current of SY was found to
be linear to its concentration (Figure 5.16a and 5.16b) in the range
1.00 x 10* — 1.00 x 10° M on AuNP/GCE with the following linear
regression equation i, = 115.28¢c 4+ 6.2355 (R* = 0.997). The limit of

detection (LOD) was calculated to be 7.06 x 107 M.
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Figure 5.16a: Overlay of square wave voltammograms for oxidation
of SY at various concentrations on AUNP/GCE
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Figure 5.16b: Plot of anodic peak current vs concentration of SY at
AUNP/GCE
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MWCNT/AuUNP/GCE sensor showed a linear dependence between the
peak current and concentration of SY in the range 1.00 x 10™ to 1.00 x 10° M
(Figure 5.17a and 5.17b) with a limit of detection 4.03 x 10® M. The linear
regression equation obtained was i, = 201.76¢ + 3.3546 (R%? = 0.997).
The analytical figures of merit of the sensor are compared with other reported
voltammetric sensors for SY (Table 5.2). The oxidation potential obtained
using the proposed sensors (AUNP/GCE and MWCNT/AuUNP/GCE) is much
lower than that of the reported voltammetric works.
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Figure 5.17a: Overlay of square wave voltammograms for oxidation of
SY at various concentrations on MWCNT/AuNP/GCE
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Figure 5.17b: Plot of anodic peak current vs concentration at
MWCNT/AuNP/GCE

Electrochemical response of SY (8.00 x 10° M) was determined with
six modified electrodes (MWCNT/AuUNP/GCE) prepared by the same
fabrication procedure. The relative standard deviation (RSD) of the peak
currents was calculated to be 4.14 %. The high reproducibility indicates
that the developed sensor is stable. To study the repeatability of the
modified electrode, the electrochemical experiments were repeatedly
performed 8 times with the same MWCNT/AuNP/GCE in a solution
containing 3.00 x 10 M SY. RSD based on these replicates was 1.27 %.
These results indicate that the proposed sensor has a good repeatability
and reproducibility.
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5.3.6 Evaluation of kinetic parameters
5.3.6.1 Charge transfer coefficient

Cathodic and anodic peak currents in a quasi-reversible system are a
function of mass transport and charge transfer coefficients (o), where o
describe the preference of the charge transfer to either oxidation or
reduction reactions. Charge transfer coefficients for oxidation (a,) and

reduction (o) may be different, but their sum should be equal to one.”®

a, the charge transfer coefficient, (indicator of the symmetry between
the forward and reverse electron transfer steps) for the electron transfer
between the MWCNT/AUNP/GCE and the surface confined redox couple
of SY can be evaluated by CV, using the variation of the anodic and
cathodic peak potentials with the logarithm of scan rate (Figure 5.18). In
the scan rates ranging from 160-260 mVs™, the linear regression equations
of the E,, and E,. vs the logarithm of the scan rates are expressed

as Ep, = 0.1564logv + 333.51 and E,. = 0.1682logv — 148.97. The

following equations can be used to determine a, and o, Where a and b are

constants.?

E,, = a+ {2.303RT|(1 — a)nF}logv
E,. = b— {2.303RT|anF}logv

Based on the above equations the value of electron transfer coefficients
a, and o are calculated to be 0.62 and 0.35 respectively. Deviation from the
ideal value of 0.5 is indicative of an asymmetrical relationship between the

oxidized and reduced forms of a compound.
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Figure 5.18: Variation of E,,, and E,. with In scan rate

5.3.6.2 Heterogeneous rate constant

The oxidation and reduction at the electrode surface is fast enough to
maintain dynamic equilibrium between the redox couple in reversible
electron transfer kinetics. The maximum current occurs when the reactant
concentration at the electrode surface is dominated by mass diffusion.?® But
in the case of quasi-reversible reactions, the electrode surface is not able to
maintain the equilibrium between the redox species, at the applied potential
of the electrode.

ks measures the intrinsic ability of an oxidized species to exchange
electrons with the electrode in order to convert to its reduced form, and
vice versa.?®! k; is the most important factor to describe the electron transfer
rate. When nAE, < 200 mV, the heterogeneous rate constant ks, which refers
to the rate of electron transfer between the analyte in solution and the

electrode, could be estimated from the following Laviron equation?**%®
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RT «a(1- a)nFAE,
logks = alog(1—a)+ (1 —a)loga — log oy 5 3RT

where o is the charge transfer coefficient (0.49), AE, is the potential difference
(98 mV), n is the number of electrons (1). The value of ks for AUNP/GCE,
MWCNT/AuUNP/GCE and GCE was calculated to be 1.567 s, 7.499 x 107 s™,
3.546 x 107 s respectively at 100 mVs™. Small values for ks indicate slow
kinetics and longer time requirement for equilibrium. For an irreversible

electrode reaction (bare GCE), the following equation is used to calculate ks

RT / RTk,
(ln

E,=E" +
p anF

anF B lnv)

where E” is the formal potential and the other symbols have their usual
meanings. The value of E® was obtained from the intercept of the E, vs v
plot, by the extrapolation to the vertical axis at v = 0.

Consider the electron transfer reaction occurring at the electrode

surface at a fixed potential (chemically reversible system) >

Ox +ne = Red

The forward and reverse rate constants (ks and k) are

[—anF(E—EO’)]
k; = ksexp RT

[(l—a)nF(E—Eo’)
k, = ksexp RT

From the above equations and the values of k¢ and kj, for the redox

couple of SY were calculated to be 1.4667 s, 1.543 s respectively at
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100 mVs? on MWCNT/AUNP/GCE. The forward and backward rate

constants can also be expressed in terms of free energy as follows %%

—AGy
kf = Ae RT
—-AGy
kb = Ae RT

From the equations (8) and (9) it was found that i—gi = —0.222, ie. AGf > >

AGy. In other words, free energy for reduction is higher than the free energy

for oxidation.

In the non equilibrium condition, the free energy of forward and

backward reactions can be expressed as 23¢%%

AG's = AGy + anF(E — E)
AG', = AGy — (1 — a)nF(E — EY)
It can be deduced from equations, that AGs — AG, correspond to a

numerical value of 125 units. This confirms that reduction of the oxidised
product of SY needs higher free energy compared to the oxidation of SY.
Due to this thermodynamic barrier, reduction may be less preferred on
MWCNT/AUNP/GCE surface; hence reduction peak appeared at higher
potential compared to AUNP/GCE.

5.3.6.3 Chronoamperometric measurements: Determination of diffusion
coefficient

For the determination of diffusion coefficient (D), the catalytic oxidation
of SY on the surface of MWCNT film modified GCE was also studied by
chronoamperometry. Cottrel equation was used to find out the diffusion

coefficient of SY. The Cottrel equation is expressed as™**'*

( Department of Applied Chemistry, CUSAT



Multiwalled Carbon Nanotube and Gold Nanoparticle Based Voltammetric Sensors for Sunset Yellow

I = nFADY*Cr1/2¢71/2

Figure 5.19a shows the chronoamperograms and the corresponding
current-time™2 plots (Figure 5.19b) for different concentrations (1.30 x 10™
to 3.00 x 10 M) of SY. The slope of the Cottrel plots was used to estimate
the value of D (Figure 5.19c) and it was found to be 5.29 x 10° cm%s™.

Current (10-*A)

Time (sec)
Figure 5.19a: Chronoamperometric response of SY at different
concentrations (1.30 x 10™ to 3.00 x 10 M)
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Figure 5.19¢c: Plot of the slope of the straight line against the
concentration of SY

5.3.6.4 Average surface concentration of SY on modified electrodes

The average surface concentration of SY on the modified electrodes

were estimated using the equation?*®

. n?F?Arv

P 4RT
where A is the effective surface area electrode, I' is the surface coverage
(molcm™), and the other symbols have their usual meanings. From the slope
of peak current vs scan rate (Figure 5.15b), the value of I' was calculated to
be 9.12 x 10™° molcm™ for MWCNT/AuNP/GCE which is higher than the
obtained I value of AuNP/GCE (4.14 x 10™° molcm™). The larger surface
area of the MWCNT/AuUNP nanocomposite film may be helpful for more
efficient entrapment of SY in the composite film, thereby providing more

active sites to take part in the electron transfer process.
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5.3.6.5 Determination of the number of electrons and reaction mechanism

The potential difference between the redox peaks (AEp = Epa - Epc) Of
SY on AuNP modified GCE was found to be 62 mV at a scan rate of
100 mVs™. The number of electrons (n) involved in the electrochemical

oxidation of SY can be determined using the equation, AE = % which

suggest that the oxidation of SY involves one electron transfer mechanism.?*

The number of electrons involved in the quasi-reversible oxidation of

SY was calculated using the Laviron equation **°

_ nFQv
= 4RT

where i, represents the anodic or cathodic peak current, Q is the
amount of charge integrated from the area of cyclic voltammetric peak, T is
the temperature in Kelvin (298 K), R is the gas constant ( 8.314 Jmol*K™),
F is the Faraday constant (96500 Cmol™) and n is the number of electrons
transferred. From the slope of i), vs v, n was calculated to be 0.96 (= 1)
which was in accordance with the previous reports. Therefore it again
confirmed to be a single electron transfer reaction. Naphthols are known to
undergo electrochemical oxidation to naphthyloxy radical by a one electron
transfer process (Scheme 4.1).%*° Based on this the observed oxidation peak
may be due to the oxidation of hydroxyl group present in SY, by a one

proton, one electron reaction.?*?4

Scheme 5.1: Electro oxidation of naphthols to naphthyloxy radical
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This radical may further undergo non electrochemical reactions,

resulting in the formation of a quinone.

Bee i °
+H20 : O O " :2?+

= NaO;S N= = S0;3;Na

Scheme 5.2: Mechanism for the formation of quinone

5.3.7 Interference study

The influence of various foreign species on the electrochemical
response of SY on the modified electrodes was examined (Table 5.3). The
voltammetric signal was recorded for 1.00 x 10° M SY in the presence of
various concentrations (1:1 fold, 1:10 fold and 1:100 fold) of foreign species
such as quinoline yellow, sodium sulphite, amaranth, citric acid, tartrazine,
aspartame, fructose and ascorbic acid. It was found that up to 100-fold
excess concentration of amaranth, fructose, quinoline yellow, aspartame and
tartrazine did not interfere the response of the developed sensors, under
optimized experimental conditions (signal change below 5%). However,
ascorbic acid interferes severely. A signal change greater than 5 % was
obtained on AuNP/GCE when 50 fold excess of sodium sulfite was present
along with SY. These results suggested that proposed sensors had good

selectivity for the determination of SY.
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5.3.8 Application study

To demonstrate the application of the developed sensors for food
analysis, the proposed method was used for the determination of SY in
commercially available soft drinks. Each spiked sample solution was
subjected to five parallel determinations and experimental results are given
in Table 5.4 (AuNP/GCE) and Table 5.5 (MWCNT/AuNP/GCE). The

results obtained by spectrophotometric method®**

and the proposed sensors
were in good agreement, revealing that this method is satisfactory. Good
recoveries were obtained, suggesting that the developed sensors display

sufficient accuracy and precision for real sample analysis.

5.4 Conclusions

Merging the unique properties of AuNPs such as high effective
surface area and efficient electron tunnelling together with intrinsic
properties of carbon nanotubes, two sensors were fabricated for the sensitive
determination of SY. A pair of quasi-reversible redox peak for SY with one
electron-transfer reaction mechanism was obtained on the nanocomposite
film modified electrode. The value of a, ks and D at the MWCNT/AuNP
modified electrode was estimated. The proposed sensor has high sensitivity,
antifouling nature, good reproducibility and lower oxidation potential. The
developed sensors have been successfully applied for the analysis of SY in

real samples.
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Table 5.1: Peak potential and peak current for SY (1.00 x 10° M) on
AuNP/GCE and MWCNT/AuUNP/GCE in different supporting

electrolytes
Supporting AUNP/GCE MWCNT/AuUNP/GCE
Electrolytes . .
0.1 M) Epa (MV) ip(MA) Epa (MV) ip(MA)

ABS 180 0.19 172 10.31
KNO, 220 0.43 214 15.42
PBS -96 18.44 -80 25.21
NaCl 316 0.25 264 18.26
NaOH 164 0.95 184 11.24
H,SO, 276 11.53 304 24.37

Table 5.2: Comparison with other electrochemical sensors for the determination
of SY

Linear range

Electrode E, (mV) (M) LOD (M) References
BDD -150 4.76 x 10° - 13.1x 10° 242
2.00 x 10°®
HMDE -600 1.99 x 107 - 1.11 x 10°® 210
1.10 x 10°®
Polyallyline/GCE 1.50 x 10 - 35x10° 75
1.00 x 107
BiFE -530 9.72x10°-  0.72x10° 243
7.73 x 107
AuNP/GCE -96 1.00 x 10*-  7.06 x 10" Proposed
1.00 x 10° sensor
MWCNT/AuUNP/GCE -80 1.00x10°-  4.03x 10 Proposed
1.00 x 10°® sensor

BDD - boron dopped diamond electrode, HMDE- hanging mercury drop electrode, BiFE-
bismuth film electrode
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Table 5.3: Effect of foreign species on the voltammetric signal of SY on
AuNP/GCE (3.00 x 10° M SY) and MWCNT/AuNP/GCE
(5.00 x 10° M SY)

AuNP/GCE MWCNT/AuNP/GCE
Foreign species Concentration Signal Concentration Signal
change % change %

Tartrazine 3.00 x 10° M 2.41 5.00 x 10 M 4.86
Aspartame 3.00 x 10° M 4.82 5.00 x 10 M 3.80
Sodium sulphite ~ 1.50 x 10° M 4.21 5.00 x 10* M 2.87
Citric acid 3.00 x 10° M 2.58 5.00 x 10* M 2.26
Amaranth 3.00 x 10° M 4.63 5.00 x 10* M 3.14
Fructose 3.00 x 10° M 1.66 5.00 x 10 M 3.52
Quinoline Yellow  3.00 x 10° M 2.74 5.00 x 10* M 3.31
Ascorbic acid 3.00 x 10° M 5.44 5.00 x 10° M 15.47

Table 5.4: Determination of SY in soft drink samples using AUNP/GCE

Proposed method

Samples Added (M) ( MquFI:sD ) Recovery (%0)*
3.00 x 10° 3.11 x 10°+0.37 103.7
Sample 1 5.00 x 10° 5.06 x 10°+ 0.22 101.2
9.00 x 10° 9.22 x 10°+0.31 102.4
3.00 x 10°® 3.04 x 10° £ 0.17 101.3
Sample 2 5.00 x 10°® 4.93x10°+0.26 98.6
9.00 x 10°° 9.24 x 10°+ 0.11 102.7

*average of five replicate measurements
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Table 5.5: Determination of SY in soft drink samples using MWCNT/ AuNP/

GCE
Spectrophotometric method Proposed method
Samples ~ Added (M) Found Recovery Found Recovery
(MzRsD) (%) (M£RSD) (%)*

3.00x10° 3.01x10°+0.12  100.3 3.02 x10°+ 0.07 100.7
Samplel 500x10® 513x10°+0.13 1027  5.10x10°+0.14  102.0
8.00 x10°  8.14x10°+0.22 1018 8.05 x10°+ 0.15 100.6
3.00 x10°  3.03x10°+0.07 101.0 3.05 x10°+0.12 101.7
Sample2  500x10® 500x10°+0.11  101.8  5.07x10°+023  101.4
8.00 x10° 8.23x10° + 0.19  102.9 8.09 x10°+ 0.15 101.1

*average of five replicate measurements
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GOLD NANOCLUSTER BASED FLUORESCECE SENSOR
FOR BUTYLATED HYDROXYANISOLE

6.1 Introduction
6.2 Experimental

K1 6.3 Results and discussion

6.4 Conclusions

A facile one pot strategy was employed for the synthesis of protein
templated fluorescent gold nanoclusters (AUNCs). Bovine serum albumin
(BSA) added during the synthesis, reduces Au®* ions and stabilizes the
AuNCs. FTIR spectroscopy, UV-Vis spectroscopy and high resolution
transmission electron microscopy (HRTEM) were used for the characterization
of AUNCs. BSA stabilized AuNCs displayed a strong fluorescence emission
at 653 nm, which was enhanced significantly on addition of butylated
hydroxyanisole (BHA). The emission spectrum of AuNCs was slightly red
shifted from the original spectrum in the presence of BHA. Based on the
luminescence enhancement of AuNCs by BHA, a turn on fluorescence
sensor was developed for the determination of BHA. The enhancement of
fluorescence intensity of AUNCs was linear over the concentration of BHA
from 4.76 x 10 t0 4.98 x 10° M and from 4.31 x 10° to 4.98 x 107 M. The
proposed method has high stability and sensitivity with limit of detection as
low as 8.99 x 10™° M. The analytical application of the proposed sensor
was demonstrated by the successful quantification of BHA in coconut oil
samples.
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6.1 Introduction

Butylated hydroxyanisole (BHA) E 320, (Figure. 6.1) is one of the
most widely used antioxidant in food industry. This synthetic phenolic
antioxidant is commonly used to prevent the oxidative rancidity of food,
cosmetics, pharmaceuticals and other commercial products.”®* BHA is
added to food products to increase their stability, especially to retard the
chain propagation of free radicals and thereby preventing rancidity in
products containing fats or lipids.?®® The conjugated aromatic ring of BHA
is able to stabilize free radicals and acting as free radical scavengers which
prevent further radical reactions.?®* Because of its high thermal stability it
is widely used in baked and fried food, to provide them extended shelf

life.2%

OH

C(CHa3)s

OCH4
Figure 6.1: Structure of BHA

According to the Joint FAO/WHO Expert Committee on Food
Additives (JECFA), the acceptable daily intake (ADI) of BHA is 0-0.5 mg/kg
of bw.?® Excess intake of BHA can cause asthma and hives, as well as

developmental disorders in children. Studies have shown that BHA can
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block cell respiration by inhibiting the activity of NADH-CoQ reductase,
succinate-CoQ oxidoreductase and complex cytochrome c-ubiquinol
reductase.”®” Due to these harmful effects on human health, use of this
artificial antioxidant is subject to regulations which define the permitted
concentration limits.’®® Hence the determination of BHA is of great

significance in the quality control of various food products.

The reported analytical methods for the determination of BHA includes
spectophotometry,?®® micellar electrokinetic capillary chromatography,?” gas
chromatography,?* HPLC coupled with different detection systems,’

voltammery?®42%

etc. Although the above mentioned methods are appropriate
to the analysis of BHA, most of them require time-consuming preliminary
steps such as extraction and clean-up. Fluorescence techniques coupled with
nanosized luminescent probe offer alternative methods to those discussed

above due to its high sensitivity and selectivity.

Fluorescent gold nanoclusters (AuNCs) offer exciting new ways for

* and photonics?” due to their remarkable

bioimaging,?”® biosensing®’
optical and electrical properties.?’®?" AuNCs exhibit discrete electronic
states and interesting optical properties due to their small size and
quantum confinement effect.®®*?®" These nanoclusters are of significant
attention because they provide the missing link between the atomic and

nanoparticles bahaviour.?

In recent times, synthesis of many protein based AuNCs has been
reported.?®>?®® Bovine serum albumin (BSA), the most ubiquitous plasma
protein widely used in biological studies was selected in the preparation of
AUNCs.”® AuNCs prepared in the presence of BSA is highly water soluble
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and stable against aggregation.®* The high stability of BSA protected
AUNCs (AuUNCs@BSA) would greatly facilitate their application in vivo and
in vitro bioimaging.®®® Furthermore, when compared with semiconductor
quantum dots (QDs) AuNCs@BSA are more biocompatible, nontoxic and

more readily bioconjugated.?®

This chapter discusses the fabrication of fluorescent sensor for the
analysis of BHA based on the luminescence enhancement effect of AUNCs
induced by BHA. AUNCs@BSA were employed as the selective fluorescent
probe for the quantification of BHA. The sensor exhibited two linear
ranges, one from 4.76 x 10 M to 4.98 x 10° M and the other from 4.31 x 10°®
M to 4.98 x 10" M and the limit of detection was found to be 8.99 x 10° M.
The observed fluorescence enhancement of AuNCs in the presence of BHA
was due to the aggregation and the resulting restricted rotation of AuNCs.
The proposed method was used for the determination of BHA in commercially

available vegetable oil samples.

6.2 Experimental
6.2.1 Synthesis of BSA stabilized AuNCs

BSA protected AuNCs were synthesized by the method described by

Chen et al.?®*

with minor modification. All glassware used in the experiments
were cleaned in a bath of freshly prepared aquaregia, and rinsed thoroughly
in water prior to use. In a typical experiment, 10 mgmL™ stock solution of
HAuUCI,.4H,0 was prepared by dissolving 1.0 g HAuCl4.4H,0 in 100 mL
double distilled water. Then aqueous HAuCI, solution (4.1 mL) was added
to BSA solution (10 mL, 50 mgmL™) under vigorous stirring. Two minutes

later, NaOH solution (1.0 mL, 1.0 M) was added, and the reaction mixture
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was incubated for 12 h at 37°C. The resulting solution was deep brown in

colour which exhibited strong red fluorescence under UV light.

It is known that amino acids specially tryptophan and tyrosine have
the ability to reduce metal ions to their metallic form and stabilize resulting
nanoparticles.”®”# BSA has a single polypeptide chain comprising of 583
amino acid residues, and act both as a protecting ligand and reducing agent
during the synthesis of AuNCs.?*® Recent studies have shown that peptides
containing tyrosine residues can reduce Au(lll) ions in alkaline medium
through their phenolic groups.”®* In BSA solution, the AUNCs might have
been stabilized by Au-S bonding with protein (via 35 Cys residues in BSA),
and the steric protection offered by the bulkiness of the protein. The
encapsulation of AuNCs in BSA molecules has no effect on the structure of
BSA scaffolds which is evident from FTIR studies.?®? Clusters composed of
25 gold atoms were formed and it has been reported that AuNCs with 25
atoms have a stable structure and corresponded to the size of most common

magic cluster.?#32%

6.2.2 Preparation of solution of BHA

Stock solution of BHA (1.00 x 10 M) was prepared in methanol by
dissolving 0.180 g of analyte. Standard solutions of BHA were prepared by

serial dilution of the stock solution with methanol.

6.2.3 Analytical procedure

AUNCs@BSA solution was mixed with phosphate buffer solution of
pH 7 in the volume ratio 1:6. Appropriate volumes of BHA solution were

added to 2 mL of the above solution and the corresponding fluorescence
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emission spectra were recorded. The luminescence intensity of AUNCs@BSA

in the absence and presence of BHA was assigned as lp and | respectively.

6.2.4 Preparation of vegetable oil sample

Vegetable oil treatment was carried out according to the procedure

described in section 3.2.6 in chapter 3.

6.3 Results and discussion
6.3.1 Characterization of AUNCs

The synthesized BSA protected AuNCs were characterized by
UV-Vis spectroscopy, fluorescence spectroscopy, FTIR spectroscopy and
transmission electron microscopy. The UV-Vis absorption spectrum of
AuNCs displayed a broad absorption band at around 500 nm (Figure 6.2).
The aqueous solution of the AuNCs was deep brown in color under
visible light and exhibited bright-red fluorescence under UV irradiation
(Figure 6.3). The fluorescence spectrum showed an emission signal at 653 nm
(Figure 6.4). The observed fluorescence emission of AUNCs at 653 nm was
attributed to electronic transitions and radiative electron hole recombination
process between excited ‘sp> bands and low lying ‘d’ bands of AuNCs.?*
The Stokes shift of AUNCs@BSA was 153 nm, which was favorable to
prevent self-quenching of fluorescence and the measurement errors caused

by light scattering.?®’
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Figure 6.2: Absorption spectrum of BSA stabilized AuNCs

Figure 6.3: Photographs of AUNCs under (a) visible light and (b) UV light

Novel Electrochemical and Fluorescence Sensors for Food Additives and Neurotransmitters ) 171 |



Chapter 6

20000

15000

10000 -

5000

Fluorescence intensity (a.u.)

0 L] LI )
500 600 700 800 900

Wavelength (nm)
Figure 6.4: Fluorescence emission spectrum of BSA stabilized AuNCs

FTIR spectra of free BSA and AUNCs@BSA are compared in Figure 6.5.
Only slight change in intensity was observed for the vibrational bands of
BSA upon the formation of AuNCs. The characteristic band of amide at
1640 cm™ was due to the C=0 stretching vibrations and out of phase C-N
stretching vibrations. This amide | band provides information about the
secondary structure of protein. A small band observed at 1450 cm™, is
attributed to the C-N stretching vibration with the N-H bending mode
(amide 11 band). No significant changes were observed in the amide | and
amide Il bands, implying that the AUNCs embedded in the BSA (Figure 6.6)
would not change the secondary structure of BSA. TEM analysis was used
to study the surface morphology of the prepared AuNCs. Figure 6.7 shows
the TEM image of BSA capped AuNCs.
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Fiaure 6.5: FTIR spectra of free BSA and BSA stabilized AUNCs

|
Figure 6.6: Structure of AUNCs embedded in BSA
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e

Figure 6.7: TEM image of BSA stabilized AuNCs

6.3.2 Fluorescence enhancement of AUNCs by BHA

The fluorescence spectrum of AUNCs@BSA showed a signal at
653 nm with a full width at half maximum (FWHM) of 116 nm when
excited at 400 nm. However, the fluorescence intensity of AuNCs increased
drastically in the presence of BHA (Figure 6.8). The fluorescence intensity
increased with the successive addition of BHA. Along with the increment in
intensity, there was a red shift of 11 nm in the emission maximum of
AUNCs. The difference in the emission wavelength of AuNCs in the
presence and absence of BHA suggests a change in the surface states of
AUNCs@BSA due to the interaction with BHA molecules.?®® Based on this
phenomenon, a novel turn on sensor was designed for the determination of
BHA.
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Figure 6.8: Fluorescence spectra of AuNCs in the absence and presence of BHA
The UV-Vis absorption spectrum of AuUNCs before and after the addition
of BHA was recorded (Figure 6.9). The absorption maximum in UV-Vis
spectrum of AUNCs@BSA disappeared on addition of BHA, which also

indicated the changes in the surface states of AUNCs, may due to aggregation.
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Figure 6.9: Absorption spectra of AuNCs in the absence and presence of BHA
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6.3.3 Effect of buffer solutions

The influence of various buffer solutions on the fluorescence
enhancement of AuNCs by BHA was studied. Citrate buffer, acetate buffer
and phosphate buffer were selected for studies and maximum fluorescence
enhancement was obtained in phosphate buffer solution (PBS). Therefore
further experiments were conducted in PBS.

The effect of the volume of PBS on the BHA induced fluorescence
enhancement of AUNCs was also examined. Relative fluorescence intensity
of AuNCs in the presence of BHA was studied at different volume ratios of
nanocluster and buffer solution. Maximum value of relative fluorescence
intensity, 1/1, was obtained when the volume ratio of AUNCs and PBS is 1:6
(Figure 6.10).

3.0

VA
241 /

/ :
W/

1.5 u

I,

0 2 4 6 8 10
Volume of phosphate buffer solution (mL)

Figure 6.10: Effect of volume of PBS on the fluorescence enhancement of
AuNCs by BHA
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6.3.4 Effect of pH

Effect of pH on the fluorescence intensity of AUNCs was studied with
PBS of pH values 2 to 9, before and after the addition of BHA (Figure 6.11a).

The maximum relative fluorescence intensity was observed in pH 7

(Figure 6.11b), hence it was chosen for further studies.

Figure 6.11a:

Figure 6.11b:

35000 -
~ 30000 —=—AuNCs
g —e— AuNCs +BHA
Z* 25000
>
=
S
E 20000
@
~
=
£ 150004
4
2
E
Z 10000 /—\
5000
T T T T T T T T
1 2 3 4 5 6 7 8 9 10

pH

Effect of pH of PBS on the fluorescence intensity of AuNCs and
AuNC:s in the presence of BHA

3.2

]
3.0 4

2.8+

2.6 1

[~
~
—

2.4 4

2.2 4

M\
y

2.0+

1 2 3 4 5 6 7 8 9
pH

Effect of pH of PBS on the fluorescence enhancement of
AuNCs by BHA

10

Novel Electrochemical and Fluorescence Sensors for Food Additives and Neurotransmitters

) 177



Chapter 6

6.3.5 Effect of time

The influence of incubation time on the fluorescence enhancement of
AUNCs by BHA was investigated. Fluorescence intensity of AUNCS@BSA in
the presence of BHA was recorded every 30 sec for 30 min immediately after
mixing. From the results it was clear that the reaction between AuNCs and
BHA was quick and the luminescence intensity reached a stable value within
one min after mixing. Thereafter is no change in the fluorescence intensity of
AUNCs and remains stable up to 30 min. The photoluminescence intensity vs

time plots for various concentrations of BHA are depicted in Figure 6.12.
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Figure 6.12: Effect of time on the fluorescence intensity of (a) AuNCs
(b) AuNCs +2.91 x 10*M BHA (c) AuNCs +4.76 x 10°M BHA

6.3.6 Quantum yield

The determination of quantum yield of AuNCs is based on comparing
the variation of the integrated fluorescence intensity with absorbance to the

standard rodamine 6G solution.?*® The quantum yield of AuNCs is given by
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2
Iguncs Arn Mauncs

Pauncs = Pra I A 2
Rh AgunNcs MNgp

where ¢, is the quantum yield of standard rhodhamine 6G. I4,ycs and
Iz, are the integrated fluorescence intensities of AuNCs and Rh 6G
respectively. Az, and Ayuncs are the absorbance of the reference and
AUNCs, n is the refractive index of the solvent used. The integral
fluorescence intensity of different concentrations of rhodhamine 6G and
AUNCs was determined and then plotted vs absorbance (Figure 6.13). The
slopes of the resulting straight lines were used to calculate the quantum
yield. The quantum yield of BSA stabilized AuNCs was found to be 5.18 %

which is in aggrement with reported values.****
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Figure 6.13a: Absorption spectra of AUNCs at different concentrations
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Figure 6.13b: Fluorescence spectra of AuNCs at different concentrations
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Figure 6.13c: Absorption spectra of Rhodamine 6G at different
concentrations
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Figure 6.13d: Fluorescence spectra of Rhodamine 6G at different
concentrations
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Figure 6.13e: Variation of integrated fluorescence intensity with
absorbance for AuNCs
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Figure 6.13f: Variation of integrated fluorescence intensity with
absorbance for Rhodamine 6G

6.3.7 Concentration study

It was observed that the fluorescence intensity of AuUNCs@BSA
increased gradually by the successive addition of BHA solution (Figure 6.14a).
A linear relationship between the relative fluorescence enhancement
intensity, 1/lp and the concentration of BHA was obtained in the ranges
476 x 10°- 4.98 x 10° M and 4.31 x 10°- 4.98 x 107 M (Figure 6.14b

and 6.14c). The corresponding regression equations can be expressed

as —=28.18C (uM) + 1477,R? =0.995 and —=0357C (uM) +
0 0

3.047,R? = 0.998 respectively. The limit of detection of the proposed

sensor was calculated to be 8.99 x 107*° M.
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Figure 6.14a: Fluorescence spectra of AuNCs in the presence of
various concentrations of BHA

2.8 4

2.6 -

2.4 4

2,24

I,

2.0

1.8 -

1.6 4

1.4

] ) L) L
0.0 1.0x10®  2.0x10°  3.0x10°  4.0x10°  5.0x10°
Concentration (M)

Figure 6.14b: Calibration curve for BHA in the range
4.76 x 10° - 4.98 x 10° M
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Figure 6.14c: Calibration curve for BHA in the range
4.31x10°-4.98x 10" M

The measurement of six repetitive fluorescence intensity (AuNCs +
498 x 107 M BHA) gave a RSD of 1.5 %, suggesting the good
reproducibility of the proposed method. The analytical performance of the
developed fluorescence sensor is compared with other reported methods
for determination of BHA (Table 6.1). The proposed method showed a
very low detection limit, which is superior to other methods.

6.3.8 Mechanism

The fluorescence emission signal of AuNCs at 653 nm originated
due to the radiative electron-hole recombination process between the
excited ‘sp’ electrons and low lying ‘d’ band electrons.®** An enhancement
in the fluorescence intensity along with a red shift in emission wavelength
of AUNCs@BSA was observed by the addition of BHA. It was reported
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that the electron rich atoms (O, N etc.) or functional groups can increase
the fluorescence intensity of nanoclusters through surface interactions.*®
Electron rich functional groups present in the structure of BHA enhances

the luminescene intensity of AUNCs by changing surface states.

The change in the fluorescence signal of AUNCs may be attributed to
the interaction of BHA either with the surface BSA molecules or with the
core AuNCs. This results the aggregation of AuNCs. UV-Vis spectra of
AUNCs in the presence and absence of BHA was recorded and it was
observed that the absorption maximum of AuNCs almost vanished in the
presence of BHA (Figure 6.9). This significant change in absorption spectra
may be due to the aggregation or surface state changes of AuUNCs as a result
of the interaction with BHA. TEM image of AuNCs after the addition of
BHA is shown in Figure 6.15, which gave clear evidence for the
aggregation of AuNCs. Also the FTIR spectra of AUNCs before and after
the addition of BHA are compared in Figure 6.16. From Figure 6.16, it is
clear that in the presence of BHA, there is a shift and broadening in the —
OH stretching vibration frequency accompanied by an increase in intensity,
which indicates improved H bonding in the presence of BHA, resulting in

the aggregation of AuUNCs.
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Figure 6.15: TEM image of AuUNCs after the addition of BHA
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Figure 6.16: FTIR spectra of AUNCs before and after the addition of BHA
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Aggregated AuNCs have low rotational and vibrational speed because
of their large diameter. Additionally the Brownian motion is weakened and
this decreases the collision probability between the AuNCs thereby
increasing the external energy transfer rate.*** As a result of the physical
constraint in the aggregates, intramolecular rotations are restricted and new
radiative decay channels are opened. This increases the rate of electron-hole
recombination process, thereby increasing the fluorescence intensity.

6.3.9 Selectivity

The selectivity of the method was evaluated in the presence of
possible co-existing species such as sodium sulphite, citric acid, NaCl,
acetic acid, EDTA, propyl gallate and butylated hydroxytoluene. The
change in fluorescence signal of AUNCs on the addition of above mentioned
compounds is compared in Figure 6.17a. It is clear from Figure 6.17a that

only BHA can enhance the luminescence intensity of AUNCs considerably,
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Figure 6.17a: Selectivity of the sensor: Fluorescence emission changes of AuNCs
in the presence of other substances
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other foreign species have no influence on the fluoresce intensity of AUNCs
except propyl gallate. A slight decrease in the luminescence intensity of
AUNCs was observed in the presence of propyl gallate. The results
suggested that the nanocluster based fluorescent probe showed good

selectivity for BHA over other species.

Furthermore the interference study was carried out by mixing BHA
with various concentrations (1:1, 1:10 and 1:100) of the above mentioned
substances. The corresponding fluorescence intensity was measured using
the proposed sensor (Figure 6.17b).
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Figure 6.17b: Fluorescence behaviour of AUNCs in the presence of 4.98 x 107
M BHA with the coexistence of other substances at 100 fold
excess concentrations

Most of the above mentioned species except propyl gallate displayed a
negligible interference (signal change below 5%, Table 6.2) on BHA sensing
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using AuNCs even when present up to 100 fold excess (Figure 6.17D).
Propyl gallate when present in greater than 40 fold excess concentration of
BHA, signal change greater than 5 % was observed and interfere the
determination. The analytical results confirmed that BHA could be determined

in the presence of other species.

6.3.10 Application study

The analytical applicability of the developed sensor was tested in
spiked vegetable oil samples. For this purpose, known quantities of BHA
were added into the oil samples, and analyzed. The recoveries in the range
from 97 to 103 % were obtained, illustrating the validity of the developed
method. The analytical results are listed in Table 6.3. The results were
compared with those obtained from the liquid chromatography with UV

304

detector”™ and good results were obtained.

6.4 Conclusions

A novel fluorescent sensor for the artificial antioxidant, BHA was
developed successfully using protein stabilized AuNCs. In the presence of
BHA, the luminescence intensity of AUNCs enhanced linearly as a function
of concentration of BHA. Experimental parameters influencing the
enhancement phenomenon was studied. The proposed method exhibited
good selectivity and sensitivity towards the quantification of BHA. The
working concentration ranges were found to be 4.31 x 10°- 4.98 x 107 M and
4.76 x 10°- 4.98 x 10° M. The limit of detection of the turn on fluorescence
sensor was found to be 8.99 x 10™° M. Also the developed sensor was applied
for the monitoring of BHA in commercially available vegetable oil samples.
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Table 6.1: Comparison with other determination methods for BHA

Method Linear range (M) LOD (M) Reference

Micellar electrokinetic 5.00 x 10* - 5.00 x 10°® 5.00 x 10° 270
capillary chromatography

Gas chromatography 8.32x10*-2.77x 10" 1.11 x 10® 271

HPLC 554 x10°-1.11 x 10°® 6.10 x 107 272

Voltammetry 1.00 x 10° - 1.00 x 10" 9.50 x 10°® 265

(PYMWCNT)

Voltammetry 1.00 x 10®° - 1.00 x10°® 4.10 x 107 264

Poly(L-cys)/GCE

Fluorescence 476 %10 - 498 x 10° 8.99x10™  Proposed
method

L-cys: L-cysteine, Pt: platinum electrode, MWCNT: multiwalled carbon nanotube

Table 6.2: Effect of foreign species on the determination of BHA (4.98 x 10 M)

Foreign Species Concentration (M) Signal change %
Sodium sulphite 4.98 x 107 1.95
Citric acid 4.98 x 107 3.25
BHT 4.98 x 107 4.54
NaCl 4.98 x 107 0.62
EDTA 4.98 x 107 4,54
Propyl gallate 1.99 x 107 473

BHT: butylated hydroxytoluene

( Department of Applied Chemistry, CUSAT
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CADMIUM SULPHIDE QUANTUM DOTS BASED
FLUORESCENCE SENSOR FOR DOPAMINE

N 7.1 Introduction

7.2 Experimental

7.3 Results and discussion
7.4 Conclusions
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This chapter explains the selective determination of dopamine (DA), using
thioglycolic acid (TGA) capped CdS quantum dots (QDs). The fluorescence
emission spectrum of TGA functionalized CdS QDs which was at about
527 nm showed an enormous increase in emission intensity in the presence
of DA. The addition of DA increases the passivation of surface traps of QDs
and thereby increasing the fluorescence emission intensity. The linear range
and detection limit of the developed turn on sensor was 3.94 x 107 M to
467 x 10® M and 2.55 x 10° M respectively. The influence of some
biologically important compounds that are structurally similar to DA on the
fluorescence emission intensity of the CdS fluorescent probe was studied to
evaluate the selectivity of the sensor. The developed turn on sensor exhibits
good analytical figures of merit, excellent selectivity and shows promising

practical applications.
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7.1 Introduction

Neurotransmitters are the endogenous chemicals that communicate
information throughout our brain and body. They transmit signals between
nerve cells, called “neurons.” Until the early 20™ century, the transmission
of signals from one neuron to another was believed to be electrical. But in
1921, it was confirmed by German pharmacologist Otto Loewi that neurons
communicate by releasing certain chemicals called neurotransmitters.®®
Neurotransmitters play a vital role in controlling everyday life and
functions. They can also influence sleep, weight, mood, concentration, and
can cause adverse symptoms when they are out of balance.

Dopamine (DA) [Figure 7.1] is an important neurotransmitter, which
plays a key role in the functioning of the cardiovascular, hormonal, renal
and central nervous system of mammals.**"*® Abnormal levels of DA in
the brain may result in serious neurological disorders such as Parkinson’s
disease, Schizophrenia, Alzheimer’s disease, Huntington’s disease et 30931
Monitoring of DA in urine is very significant since the concentration of DA
in urine reflects the activity of sympathoadrienal system. Hence DA is
considered as a biomarker for these diseases, whereby monitoring of DA
becomes significant in clinical analysis. Biomarkers, which are molecular

signatures of diseases have dominant role in the medical diagnosis.

HO NH,

HO
Figure 7.1: Structure of DA

( Department of Applied Chemistry, CUSAT
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Cadmium Sulphide Quantum Dots Based Fluorescence Sensor for Dopamine

Various traditional analytical methods have been reported for the

2

quantification of DA, which include spectrophotometry,®? liquid

chromatography combined with mass spectrometry (LC-MS),3*® HPLC,

319317 and electrochemical techniques.®™®

fluorometry,®™ flow injection analysis
However, these methods have some limitations. Although LC-MS method
have very low limit of detection, the determination needs pretreatment of
sample, expensive instruments and lengthy analysis time.*!* Because of the
electroactive nature of DA, the determination of DA has been usually
carried out by electrochemical methods, but the main problem is the
overlapping of voltammetric signals of DA with that of the coexisting
species such as ascorbic acid and uric acid (oxidation potentials close to that
of DA).** Owing to its rapid response and high sensitivity fluorescence

technique is preferred over the various methods.

Quantum dots (QDs), the semiconductor nanocrystals have emerged
as attractive fluorescent materials in the fields such as of sensing,®*
photocatalysis,*** imaging®*® and biological labeling®** due to their size
dependent optical properties. They belong to a class of material lying in the

transition regime between molecules and bulk materials.*?

Due to quantum confinement effect, QDs show unique optical properties
such as high photo bleaching threshold, size dependent luminescence spectra,
good chemical stability, broad absorption and narrow emission wavelengths,
which make them potential materials for the design of novel sensitive
sensors.>? The onset of absorption and the position of fluorescent bands are
shifted to shorter wavelengths in these materials due to size quantization

effect.32"%?8 Surface states play a crucial role in the luminescence properties
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of QDs since the interaction between certain analytes and the surface of

QDs can affect the efficiency of electron-hole recombination process.*?

Fluorescent sensors have emerged as a dynamic technique for
quantitative analysis of biomarkers in clinical diagnosis. In the present
work, water soluble CdS QDs were prepared using TGA as capping agent
by a simple procedure. FTIR, HRTEM and UV-Vis spectroscopy were used
for characterization studies. Luminescence measurements indicated that
TGA functionalized CdS QDs (TGA-CdS QDs) exhibited broad emission
peak at 527 nm. The fluorescence of CdS QDs was enhanced by the
addition of trace amount of DA, and the fluorescence intensity of CdS QDs
increased with increasing concentrations of DA. Based on this, a novel
fluorescent sensor was developed for the quantification of DA, which was
sensitive and reliable. The newly developed sensing method, can serve as a

potential diagnostic tool for the biomarker DA.

7.2 Experimental

7.2.1 Synthesis of TGA capped CdS QDs

CdS QDs protected by TGA were synthesized following the procedure
described by Wang et al.*****° 1.3 mL of TGA solution (0.15 M) and
80 mL of CdCl; solution (0.001 M) were mixed in a round bottom flask.
Then 3 mL (0.1 M) NaOH was added into the above solution to make the
pH value of the solution about 8.0. Nitrogen was purged through the
solution for 20 min, followed by the addition of 20 mL (0.002 M) of Na,S
and the mixture was allowed to react for 20 min at room temperature under

nitrogen atmosphere.
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7.2.2 Preparation of solution of DA

A stock solution (1.00 x 102 M) of DA was prepared in water.
Solutions of various concentrations of DA were prepared by diluting the

stock solution using the Milli Q water.

7.2.3 Analytical procedure

Working solution of TGA-CdS QDs was prepared by diluting the
stock solution of TGA capped CdS QDs with 0.1 M acetate buffer solution
(pH 7). The spectrofluorimetric measurements were carried out as follows: -
an aliquot of the prepared QDs were transferred into a 1 cm x 1 cm quartz
cell and different amounts of DA stock solutions were added to the cell. 1o
and 1, the fluorescence intensities of TGA capped CdS QDs in the absence

and presence of DA was measured.

7.3 Results and discussion
7.3.1 Characterization of TGA capped CdS QDs

Optical properties of synthesized water dispersible QDs were
characterized by UV-Vis spectrometry and fluorescence spectroscopy. Figure
7.2a and 7.2b shows the absorption and fluorescence emission spectra of TGA
functionalized CdS QDs respectively. TGA-CdS QDs exhibited long emission
wavelengths and a large separation between the excitation and emission
wavelengths. Figure 7.3 showed the photographs of CdS QDs under visible
light and UV light. The UV-Vis absorption spectrum of colloidal CdS QDs
showed weak broad absorption in the UV range. The maximum absorbance
was obtained at about 344 nm. The onset of absorption is considerably blue
shifted relative to the bulk CdS (515 nm) indicating a significant quantum

confinement effect of synthesized CdS QDs.>*
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Figure 7.2a: Absorption spectrum of TGA capped CdS QDs

15000 -+

12000 -

9000 -

6000

3000

Fluorescnce intensity (a.u.)

I L] 1 I
500 600 700 800 900
Wavelength (nm)

Figure 7.2b: Fluorescence spectrum of TGA capped CdS QDs
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Figure 7:3 Photographs of TGA capped CdS QDs under visible light
and UV light

When excited at 400 nm, CdS QDs exhibited a broad emission band
centered at 527 nm, which was attributed to trap state emission arising from

surface trap states of CdS nanocrystallites.>*

The morphology of the TGA protected CdS QDs was studied by
HRTEM. TEM image of CdS QDs showed spherical particles (Figure 7.4)
and particle size of the CdS QDs was calculated using the following

equation reported by Peng et al.**®

D= (-6.6521 x 107343 + (1.9557 x 10~%)A?
—(9.2352 x107%)A + (13.29)

The average particle size was calculated to be 1.96 nm. The
synthesized colloidal CdS QDs were found to be stable for about 4 months,

when stored at 4°C.
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Figure 7.4: TEM image of TGA capped CdS QDs

If extinction coefficient of nanocrystals is known, the concentration of
nanocrystals could be obtained by recording the absorption spectrum of the

sample. According to Beer-Lambert’s Law

A= &cl

€ is the extinction coefficient, ¢ is the molar concentration of nanocrystals, [
is the path length in cm. For CdS nanocrystals, £ = 21536(D)%3 3%,
Hence the concentration of CdS QDs was calculated to be 0.0034 M.

Figure 7.5 depicts the FTIR spectra of free TGA and TGA stabilized
CdS QDs. IR spectra of both TGA protected CdS QDs and free TGA
showed absorption peaks for carboxyl and carbonyl groups. While the peak
for S-H (2550-2670 cm™) vibration was absent in IR spectrum of TGA-CdS
QDs as a result of covalent bonding between thiols and Cd atom on the QDs

surface.®*
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Figure 7.5: FTIR spectra of free TGA and TGA capped CdS QDs

7.3.2 Fluorescence enhancement of TGA functionalized CdS QDs by
DA

Luminescence spectroscopy is a well known sensitive technique to
study the changes of the surface chemistry of semiconducting nanoparticles.
With an excitation at 400 nm, TGA-CdS QDs displayed an emission
maximum around 527 nm with a full width at half maximum (FWHM) of
120.65 nm. The broad emission indicated the presence of large number of
surface defects.*® The fluorescence intensity of CdS QDs increased
dramatically by the addition of trace amount of DA (Figure 7.6). A red shift

in the fluorescence emission wavelength was also observed.
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Figure 7.6: Fluorescence spectra of CdS QDs in the absence and
presence of DA

The UV-Vis absorption spectra of CdS QDs were taken in the absence
and presence of DA (Figure 7.7a) and it was observed that there was a blue
shift in the absorption maxima along with a decrease in absorbance which
indicated the changes in the surface states of CdS QDs. Also the absorbance of

QDs gradually decreased with increasing the concentration of DA (Figure 7.7b).
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Figure 7.7a: Absorption spectra of CdS QDs in the absence and
presence of DA
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Figure 7.7b: Absorption spectra of CdS QDs in the presence of different
concentrations of DA

7.3.3 Effect of buffer Solutions

The fluorescence enhancement of CdS-TGA by DA was analyzed in
different kinds of buffer solutions, such as phosphate buffer, citrate buffer
and acetate buffer solution (ABS). Maximum fluorescence enhancement
was observed in ABS, suggesting that acetate buffer solution was preferable
for the interaction between DA and TGA stabilized CdS QDs. Therefore,

ABS was selected for further studies.

In addition, the effect of the volume of ABS on the DA induced
fluorescence enhancement of CdS QDs was also examined (Figure 7.8).
Maximum relative fluorescence intensity was obtained when the ratio of

CdS QDs and ABS is 1:5 and this ratio was followed in all experiments.
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Figure 7.8: Effect of volume of ABS on the fluorescence enhancement of
CdS QDs by DA

7.3.4 Effect of pH

It is well known that QDs are sensitive to pH changes. The
fluorescence intensity of CdS QDs was studied by diluting it with 0.1 M
ABS of different pH values (Figure 7.9a). The studies revealed that the
emission wavelength of TGA functionalized CdS QDs did not show any pH
dependence. However, the emission intensity changed noticeably. DA-TGA
CdS system showed maximum enhancement in relative fluorescence
intensity at pH 7 (Figure 9b). Hence pH 7 was chosen as the optimum pH

for the effective determination of DA.
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Figure 7.9a: Effect of pH of ABS on the fluorescence intensity of
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Figure 7.9b: Effect of pH of ABS on the fluorescence enhancement of
CdS QDs by DA
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7.3.5 Effect of time

The effect of incubation time on the fluorescence intensity of CdS-
DA system was tested. The influence of time was studied by measuring
the emission intensities every 30 sec for 1 hr immediately after mixing.
The results indicated that the reaction between CdS QDs and DA
occurred rapidly at room temperature and fluorescence intensity reached
maximum value immediately after mixing. Also the fluorescence intensity
remains almost constant up to 1 hr. Figure 7.10 shows the photoluminescence
intensity-time plots for various concentrations of DA.
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Figure 7.10: Effect of time on the fluorescence intensity of a) CdS
QDs b) CdS QDs + 9.09 x 10°M DA c¢) CdS QDs + 2.59 x

10"M DA d) CdS QDs + 3.33 x 10" M DA
7.3.6 Quantum yield

Quantum vyield of the synthesized TGA protected CdS QDs was

determined using rhodhamine 6G as an emission standard. The following

equation is used for the calculation of quantum yield 2%
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Icas Agn Meas
Ipn Acas n%,

Pcas = Prn

where ¢pg;, 1S the quantum yield of reference rhodhamine 6G. I.45 and
Iz, are the integrated fluorescence intensities of CdS and Rh 6G
respectively. Az, and Ag4s are the absorbance of the reference and CdS,
Ncas and ngy, are the refractive indices of the solvents used. The integral
fluorescence intensities of different concentrations of rhodhamine 6G and
CdS QDs were measured and then plotted vs absorbance (Figure 7.11).
The slopes of the resulting straight lines were used to calculate the
quantum yield. Quantum yield for TGA capped CdS QDs was calculated
to be 0.16.
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Figure 7.11a: Absorption spectra of CdS QDs at different
concentrations of DA
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Figure 7.11c: Variation of integrated fluorescence intensity with
absorbance for CdS QDs

7.3.7 Concentration study
Langmuir-binding isotherm was applied to explain the binding of DA
molecules to the surface of QDs. It was assumed that the surface of QDs

contains a finite number of binding sites and these sites could adsorb one
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molecule from the solution. The fraction of occupied sites is denoted by 60
and 1- 6 represents the fraction of available binding sites. The rate of
binding is proportional to the concentration of adsorbing molecule and 1- 6.
The rate of binding of molecule to the surface of QDs is given by the

following equation
R, = K;,C(1—-0)
The rate of desorption is expressed as
R, = K 0

At equilibrium condition the rate of adsorption is equal to the rate of

desorption

By taking 0 as a function of the ratio, the equilibrium binding constant,

B=K,/K,
. (BO
0= (1+ BO)

The value of 0 is related to the ratio of the fluorescence intensity

obtained at a given concentration I and the 1,4,

|
0=

Imax

The above expression can be expressed in terms of concentration as

I (BO)
I, (1+BC)
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The equation can be rewritten in the following form

1= () * ()¢
I Blmax Blmax

It was observed that the fluorescence emission intensity of QDs

increased with increasing concentration of DA, as depicted in Figure 7.12a.
The relationship between the fluorescence intensity of CdS QDs and the
concentration of DA can be described by Langmuir-binding isotherm
equation*¢33
3.94 x 107 M to 4.67 x 10® M the data fitting gave the correlation

coefficient of 0.998 and the equilibrium binding constant of 5.8. The

as shown in Figure 7.12b. The linear range was from

remarkable Langmuir fit suggested that there is a possibility that more than
one DA molecules bind to the surface of individual QDs. A detection limit
of 2.55 x 10”° M was obtained.

5x10*

Fluorescence Intensity (a.u.)

T ) L) L)
500 600 700 800 900
Wavelength (nm)

Figure 7.12a: Fluorescence spectra of CdS QDs in the presence of
various concentrations of DA
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Figure 7.12b: Langmuir binding isotherm relationship between the

fluorescence enhancement and concentration of DA
The standard deviation for ten replicate measurements of CdS QDs
containing 3.94 x 107 M DA was 2.6 %, indicating that the method has
good repeatability. A comparison of the analytical performance of the
developed sensor with the other reported fluorescent sensors is listed in
Tablel. The developed sensing probe exhibited low limit of detection,

which is superior to other sensors.

AG, the free energy for binding of DA to the surface of CdS QDs was
calculated. The following equation was used for the calculation of free

energy of binding **?
AG = —RTInB

where R is the gas constant, T is the experimental temperature, and B is the
binding constant at the temperature T. The free energy of binding was found
to be -3.99 KJ/mol, indicating the binding of DA to the surface of CdS QDs

is a spontaneous and feasible reaction.
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7.3.8 Mechanism

Physical and chemical interactions between QDs and certain small
molecules can bring about changes in the surface property and efficiency of
electron-hole recombination process in QDs which changes their
photoluminescent intensity.**® There are reports that compounds containing
amino group could enhance the fluorescence intensity of QDs.**** Wang et al.
developed a turn on fluorescent sensor for melamine based on the
interaction of -NH, group with the surface of CdS QDs.*? Citrate capped
CdS QDs were used as the sensing probe for the ultra-sensitive determination
of cysteine. According to Wang et al. this observed fluorescence enhancement
of CdS QDs was due to the surface passivation of QDs by amino group of

cysteine.3*

It was reported that amine functional group could bind to the surface
of CdS QDs through the N-Cd bond thereby eliminating the surface defects
which acts as electron traps. This result in the enhancement of fluorescence
intensity of CdS QDs.*?® The fluorescence spectrum of TGA capped CdS
QDs red shifted (527 to 537 nm) in the presence of DA (Figure 7.6),
suggesting that DA bound to lower energy sites of CdS QDs (Scheme
7.1).3%

Surface trap states reduce the photoluminescence efficiency of QDs.
The addition of DA to CdS QDs decrease the surface defects due to the
adsorption of DA on the surface of QDs. The removal of trap states from the
surface by DA molecules increase the emission intensity of QDs.**° Due to
the removal of local trap states, more radiative centers are created on the

surface and nonradiative electron/hole recombinations on the surface of
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QDs are blocked thereby increasing the intensity of fluorescence emission.’
In other words surface passivation occurs at the surface of QDs, since —NH,
group of DA can provide electron to bind with the defect sites.**®

i A Dopamine x X
Vo . ALY,

<l
Y / ‘¥*

Scheme 7.1: Sensing of DA using TGAcapped CdS QDs

UV-Vis spectroscopy is a reliable method to study the structural
changes undergone by fluorophore and to understand about the mechanism
of interaction of the probe with DA. Absorption spectra of CdS QDs were
taken before and after the addition of DA (Figure 7.7a). It is clear from
UV-Vis spectra that the absorbance of QDs at 344 nm was decreased and
the absorption maximum shows a slight blue shift which means that the
environment changed due to the interaction with DA. CdS QDs exhibited a
decrease in absorbance with increase in concentration of DA (Figure 7.7b).
Due to the decreased self-absorption of QDs in the presence of DA,

radiative electron-hole recombination rate is increased.

The structure of DA is suitable for effective attachment of its -NH;
group to the surface of CdS QDs even in the presence of TGA capping
ligand. The other —NH, containing compounds fail to attach to the QD
surface probably due to the structural hinderence. This results in the selective
recognition of DA by CdS QDs.
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7.3.9 Selectivity

Selectivity is one of the most significant analytical parameter to
evaluate the performance of a new fluorescent probe. A highly selective
response to the target analyte over other potentially competing species is a
necessary condition for a sensor. To evaluate the selectivity of the system,
the fluorescence intensity of the CdS-TGA was measured in the presence of
compounds such as dopamine, epinephrine, nor epinephrine, 3,4-dihyroxy
phenylalanine (L-DOPA), creatinine, ascorbic acid and uric acid. As shown
in Figure 7.13a, only DA induced a prominent fluorescence enhancement,
whereas weak fluorescence variations were observed for other materials.
The high selectivity of CdS QDs for dopamine over other catecholamines
can be explained on the basis of the steric effect. In the case of epinephrine
and norepinephrine, which are substituted ethanolamines binding to the surface

of QDs is much weaker.3*?

5x10*

4x10* 4
DA

3x10*

2x10*

epinephrine,nor epinephrine,
= creatine, uric acid,

1x10* 4

L-Dopa, ascorbic acid
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T T 1
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T
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Figure 7.13a: Selectivity of the sensor: Fluorescence emission changes in
TGA-CdS QDs presence of various biological compounds
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Additionally, the fluorescence intensity was recorded in the presence
of DA (4.67 x 107 M) and various concentrations (1:1, 1:10 and 1:100) of
the above mentioned substances. None of the coexisting substances
interfered the sensing of DA by QDs when present in 10 fold excess
concentrations. Most of the above mentioned species except creatinine
showed a negligible interference (signal change below 5%) on DA sensing by
CdS QDs (Table 2) even present up to 100 fold excess (Figure 7.13b). The
probe was tolerant up to 50 fold excess concentration of creatinine, but when
present above this concentration, creatinine interfered the analysis producing
a signal change greater than 5%. All these results indicates that TGA

functionalized CdS QDs have good selectivity for the determination of DA.
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Figure 13b: Fluorescence behaviour of CdS QDs in the presence of
3.94 x 10" M DA with the coexistence of other substances

at 100 folds excess concentrations
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7.3.9 Application study

The applicability of the quantum dot based fluorescent sensor for the
analysis of real samples was studied by the determination of DA in spiked
urine sample. The results are shown in Table 3. The fluorescence signal of
DA obtained from the spiked urine was comparable with that of the standard
solution of DA with same concentration. The recoveries were obtained in
the range of 98 — 101 %. Based on five replicate measurements, RSD for the
DA determination in the examined urine samples was found to be 3.6 %.
The recoveries were compared with HPLC method and satisfactory results
were obtained.®* The results suggested that the developed sensor could be
effectively used for the monitoring of DA in urine samples. Since it had
been reported that the DA level in urine reflects the activity of the
sympathoadrenal system, the detection of DA in urine is very important for

the diagnosis of pheochromocytoma and related diseases.**°

7.4 Conclusions

A simple fluorescent sensor for the biomarker DA was developed
based on the strong fluorescence increment of TGA capped CdS QDs
induced by DA. The enhancement in the fluorescence of TGA protected
CdS QDs in the presence of DA is due to the passivation of surface states of
QDs by the amine group of DA. The proposed sensor showed linear range and
limit of detection 3.94 x 107 - 4.67 x 10® M and 2.55 x 10 M respectively.
TGA capped CdS QDs showed good selectivity for DA, over other
structurally similar biologically important compounds. The developed
fluorescence assay was employed for the selective and sensitive determination

of DA in biological fluid (urine sample).
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Table 7.1: Comparison with other fluorescence sensors for DA

Fluorescence probe Linear range (M) LOD (M) Reference

AuUNC@ BSA 1.00 x 10°-1.00 x 10 1.00 x 107 338

Hg imprinted silica 2.50 x 10 -5.00 x 107 1.70 x 107 319

nanospheres

TGA —CdTe QDs 1.00 x 10*-0.30 x 10° 6.00 x 10° 339

Carbon dots 0.50 x 10 -0.10 x 10° 3.30 x 10° 340

Polydopamine 2.00x 10° -0.10 x 10° 4.00 x 10°® 341

nanoparticles

Adenosine capped 1.00 x 10*-2.00 x 10° 2.93 x 10 323

CdSe/ZnS QDs

TGA-CdS QDs 3.94%x10"- 46.7 x 10°® 2.55x10°  Proposed
method

Table 7.2: Effect of foreign species on the determination of DA (4.67 x 107 M)

Foreign Species Concentration (M) Signal change %
L-DOPA 4.67 x 10° 0.41
Catechol 4.67 x 10° 0.82
Ascorbic acid 4.67 x 10° 0.41
Uric acid 4.67 x 10° 2.47
Epinephrine 4.67 x 107 0.62
Creatinine 2.23x10° 2.88
Nor epinephrine 467 x10° 1.65

Table 7.3: Determination of DA in urine sample

Added Proposed method HPLC method

M) Found (M)* RSD Recovery % Found (M)* RSD Recovery %
9.09 x 10° 9.19x10° 0.06 101.2 9.12x10° 0.05 100.3
2.59x 107 2.61x107 0.04 100.8 2.56 x 107 0.07 98.8
2.10x 107 2.07x 107 0.07 98.6 2.16 x107 0.1 102.9

*average of five replicate measurements
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GOLD NANOCLUSTER BASED FLUORESCENCE SENSOR
FOR NOREPINEPHRINE

W 8.1 Introduction

§ 8.2 Experimental

=
(=}

Kl 8.3 Results and discussion
8.4 Conclusions

This chapter describes the application of protein stabilized gold nanoclusters
(AuNCs) as the fluorescent probe for the determination of norepinephrine
(NE). The aqueous solution of the bovine serum albumin protected AuNCs
was deep brown in color under visible light and exhibited bright-red
fluorescence under UV irradiation. Upon addition of NE, the fluorescence
emission intensity of AUNCs increased remarkably, which can be attributed
to the restricted intramolecular rotation resulting from the aggregation of
AuUNCs. Under optimum conditions, the relative fluorescence intensity, I/lg
showed a linear relationship with the concentration of NE in the range
476 x 107 M to 4.98 x 10 M, and the limit of detection was found to be
8.55 x 10° M. The proposed method was applied for the determination of
NE in urine sample and the results were compared with HPLC method.
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8.1 Introduction

Norepinephrine (NE) otherwise known as noradrinaline (Figure 8.1), is
one of the most important catecholamine neurotransmitter in the mammalian
central nervous system, whose structure is closely related to dopamine. It is the
major chemical messenger of the sympathetic nervous system. Many automatic
functions of the body, such as heart rate and blood pressure are controlled by
the sympathetic nervous system. NE is an endogenous hormone secreted by the
adrenal medulla, and relinquished as a neurotransmitter from nerve endings in

the sympathetic nervous system and some areas of the cerebral cortex.**

OH
NH>

HO
OH
Figure 8.1: Structure of NE

NE has crucial role in muscle and tissue control. It decreases peripheral
circulation, stimulates arteriole contraction and activates lipolysis in adipose
tissue.®* The low level of NE is related with mental depression, DNA breakage
in cardiac myoblast cells, heart failure, and diabetes. Recent studies revealed
that abnormal level of NE enhances adhesion of human immune deficiency
virus-1 (HIV-1)-infected leukocytes to cardiac microvascular endothelial cells
and also accelerates HIV replication via proteinkinase.***3** NE is one of the
stimulants that have been prohibited in 2005 by World Anti-Doping
Agency.**® Hence the development of a sensitive and convenient method for

quantitative determination of NE in biological fluids is of great significance
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in clinical medicine, since it provides useful information on physiological

functions and the diagnosis of some diseases.

Various analytical methods such as spectrophotometry,®®

6 357

capillary

ion chromatography,®® high-
359 360

electrophoresis,®® gas chromatography,

performance liquid chromatography (HPLC)™ and voltammetric methods
have been employed for the determination of NE. Nevertheless, most of
these techniques have several inconveniences. Since NE being an electroactive
compound, the commonly used method for its determination is voltammetric
techniques. But the main problem related to voltammetric method is the
interference from the associated compounds such as uric acid and ascorbic
acid, which usually results in overlapping of signals due to their very similar
oxidation peak potentials.****®? The requirement of sample treatment with
ion pair reagents makes GC-MS method tedious and time consuming. HPLC
based methods have several draw backs since they normally require a
previous extraction and purification of the sample.***®* Fluorescence has
proved to be a more powerful optical technique for the detection of low

concentration of analytes, owing to its simplicity and excellent selectivity.>®

Recent advances in nanotechnology have given rise to a new class of
fluorescent materials namelymetal nanoclusters (NCs), which consist of
several to hundred atoms and exhibit molecule like properties. As the
density of states is insufficient to merge the valence and conduction bands,
NCs show molecule like transitions.**®**” These materials emerged as a hot
area of research since they provide the missing link between atomic and
nanoparticle behaviour in metals.*® They exhibit remarkable properties

including the discrete electronic states and size-dependent fluorescence.**°
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Among the various metal NCs, AuNCs have attracted significant
attention in sensing and imaging applications due to their biocompatibility
and strong fluorescence.*”® Fluorescent AUNCs possesses special features
such as strong photoluminescence, good photostability, high emission rates,
large stokes shift and size-dependent tunable fluorescence.*"**"2 Compared
to other fluorophores such as semiconductor nanoparticles, carbon nanodots
and dye doped nanoparticles, AUNCs have many advantages like simplicity

in preparation, good water solubility, biocompatibility and low toxicity.*"

The surface modification of AUNCs endows a number of new applications
for them like targeting, imaging and therapeutic effects. The stabilizing or
capping ligand has a profound role on the photoluminescence of AUNCs.3"*"
In recent years, many proteins such as bovine serum albumin (BSA), human
serum albumin (HSA), lyzozyme, trypsin, pepsin and insulin have been used
as protecting agents for the preparation of fluorescent AuUNCs, since they

contain active sites for metal ion accumulation and reduction,4%146:376-378

AUNCs based fluorescence sensor has been designed for monitoring
of NE in body fluids, since it can be used as a powerful indicator for an
early warning sign of certain diseases. Fluorescent AUNCs were synthesized

using BSA as reducing and capping agent'*°

and employed as a novel
platform for simple and sensitive determination of NE. The fluorescence
intensity of AuUNCs increased with increasing concentration of NE and the
limit of detection was found to be 8.55 x 10° M. The mechanism of
fluorescence enhancement of AUNCs by the addition of NE is discussed.
Application study of the developed sensor has been carried out in urine

sample and results are validated with HPLC method.
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8.2 Experimental
8.2.1 Synthesis of BSA stabilized AuNCs

Highly fluorescent BSA protected AuNCs were synthesized by the

method?* explained in section in 6.2.1 in chapter 6.

8.2.2 Sample preparation

A stock solution of NE (1.00 x 10 M) was prepared by dissolving
0.169 g NE in 10 mL water and desired concentrations were prepared by the

serial dilution of stock solution using water.

8.2.3 Analytical procedure

AUNCs@BSA solution was mixed with phosphate buffer solution of
pH 7 in the volume ratio 1:4. Appropriate amount of NE solution was added
to 2 mL of the above solution, and the fluorescence emission spectrum was
recorded. The luminescence intensity of AUNCs@BSA before and after the
addition of NE was assigned as lp and | respectively.

8.3 Results and discussion
8.3.1 Characterization of AuNCs

The synthesized BSA protected AuNCs were characterized by UV-Vis
spectroscopy, fluorescence spectroscopy, FTIR spectroscopy and TEM as
explained in chapter 6.

8.3.2 Fluorescence enhancement of AUNCs by NE

Upon excitation at 400 nm, the photoluminescence spectrum of

AUNCs@BSA showed an emission maximum at 653 nm. The fluorescence
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intensity of AuNCs were strongly enhanced upon the addition of NE
(Figure 8.2), and the enhancement of fluorescence intensity at 653 nm was
proportional to the concentration of NE. Emission spectra of AUNCS@BSA
displayed a slightly red shifted emission peak at 666 nm instead of 653 nm in
the presence of NE. The observed red shift in the fluorescence emission
wavelength of AuNCs is about 13 nm, which indicate the changes in the
surface states of AUNCs@BSA arising from the interaction of NE molecules.
Based on the fluorescence enhancement of AuNCs by NE, a novel turn on

sensor was developed for the quantification of this neurotransmitter.

50000 4

AuNCs
AuNCs+NE
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Wavelength (nm)

Figure 8.2: Fluorescence spectra of AuNCs before and after the addition of NE

8.3.3 Effect of buffer solutions

NE induced fluorescence enhancement of AuNCs was studied in
various types of buffer solutions, such as phosphate buffer, acetate buffer
and citrate buffer solutions. Maximum relative fluorescence intensity, I/lp
for NE-AuNCs system was observed in phosphate buffer solution, indicating

that phosphate buffer solution was preferable for the interaction between NE
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and BSA stabilized AuNCs. Hence, phosphate buffer solution (PBS) was

chosen for the subsequent studies.

In addition, the influence of the volume of buffer solution on the
fluorescence intensity of NE-AuUNC system was also examined. Five
different volume ratios were studied and the maximum I/l, valuewas
obtained when the ratio of AUNCs and PBS was 1:4 (Figure 8.3).

3.3
3.0 - \

27+

244

J o/

1.8 T T T T T T T T

.
;
/

pH

Figure 8.3: Effect of volume of PBS on the fluorescence enhancement
of AuNCs by NE

8.3.4 Effect of pH

pH value of the system played a crucial role in the sensing of NE by
AUNCs. In order to study the effect of pH on the relative fluorescence intensity
of NE-AuNCs system, PBS with different pH values (2 to 9) wereemployed
(Figure 8.4a). Maximum I/l value was obtained at pH 7 (Figure 8.4b) and it

was selected as optimal pH for further studies.
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Figure 8.4a: Effect of pH of PBS on the fluorescence intensity of
AuUNCs and AuNCs in the presence of NE
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Figure 8.4b: Effect of pH of PBS on the fluorescence enhancement
of AuNCs by NE

8.3.5 Effect of Time

To investigate the kinetic stability of the developed assay, fluorescence
intensity of AUNCs before and after the addition of different concentrations
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of NE was recorded at different time intervals (Figure 8.5). It was observed
that the interaction between NE and AuNCs was rapid and fluorescence
intensity reached maximum immediately after mixing. The emission
intensity remains almost constant at least for about 35 min indicating the

high stability of the assay.
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Figure 8.5: Effect of time on the fluorescence intensity of (a) AuNCs
(b) AUNCs + 1.48 x 107 M NE (c) AuNCs + 4.31 x 10" M NE

8.3.6 Concentration study

The luminescence intensity of AuNCs increased gradually with
increasing concentrations of NE (Figure 8.6a). The relative fluorescence
intensity, 1/l was plotted as a function of concentration of NE (Figure 8.6b).
A good linear relationship between 1/l and concentration of NE was
obtained over the range of 4.76 x 10'M to 4.98 x 10® M, with a detection

limit of 8.55x 10°°M. The concentration dependence of relative fluorescence

intensity follows the equation 1/,0 = 2.539C(uM) + 1.854, R? = 0.977.

Novel Electrochemical and Fluorescence Sensors for Food Additives and Neurotransmitters )) 227 |



Chapter 8

50000

40000

30000 +

20000 +

10000

Fluorescence intensity (a.u.)

Ll T Ll
500 600 700 800 900

Wavelength (nm)

Figure 8.6a: Fluorescence spectra of AuNCs in the presence of
various concentrations of NE
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Figure 8.6b: Calibration curve for NE in the concentration range
476 x 107 - 4.97 x 10°M

A comparison between other determination methods of NE and
proposed method is shown in Table 8.1. As listed in table, the proposed assay is
found to be superior in terms of lower limit of detection to that of the other

quantification methods for NE. To study the precision of the developed
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method, a series of 6 repetitive measurements were taken, and a RSD of 2.7 %

was obtained, suggesting the good repeatability of the proposed method.

8.3.7 Mechanism

The luminescence observed in the AuNCs is attributed to the
excitation of electrons into the sp-conduction band and subsequent radiative
electron-hole recombination process. > Gold colloids are a highly dispersed
multiphase system with a distinct interfacial region which has an affinity to

adsorb other substances to decrease the interfacial energy.*"

To study the interaction between NE and AuNCs@BSA UV-Vis
absorption spectra and fluorescence spectra of nanoclusters were recorded
before and after the addition of NE. Upon the addition of NE, the absorbance of
AUNCs@BSA was decreased significantly (Figure 8.7) suggesting the surface
state changes of AUNCs@BSA. Fluorescence spectra of AUNCs@BSA
displayed a slightly red shifted emission peak at 666 nm instead of 653 nm in
the presence of NE. The red shift and the enhancement of intensity of
fluorescence emission peak of AUNCs by NE may be due to the interaction of
NE either to the capping molecule (BSA) or the AuNCs core which led to the
aggregation of AUNCs. The electron rich amine groups of NE have a strong
charge transfer interaction with the aromatic nucleus of BSA on the surface of
AuNCs.* Also it was reported that electron-rich atoms (O, N) or functional
groups can effectively enhance fluorescence via surface interactions.*®! NE
contains electron rich -NH, and -OH groups which can interact with AuNCs,

thereby enhancing of luminescence intensity of BSA protected AuNCs.
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Such type of interactions decrease the interparticle distance between
nanoclusters and causes aggregation. From TEM analysis it was confirmed that
aggregation occurred for nanoclusters after the addition of NE (Figure 8.8).

2.5
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AuNCs + 1x10°M NE
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AUNCs + 3x10°M NE
AuNCs

1.5+

Absorbance

0.0 T T T T T T
450 500 550 600 650 700 750

Wavelength (nm)
Figure 8.7: UV-Vis absorption spectra of AUNCs in the presence of
different concentrations of NE

Figure 8.8: TEM image of AUNCs after the addition of NE
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Aggregation induced emission enhancement (AIEE) have attracted
more attention since 2001 when Tang's group first reported that the
luminescence of silose molecules was stronger in the aggregate state than
that in the non-aggregated form.3#2*® Restriction of intramolecular rotation
and the prohibition of non radiative deactivation are the major causes of AIE

effect.®®

Due to the large diameter of the AUNCs-NE aggregates, their
vibration and rotation speed may decrease. The Brownian motion and
collision probability also may be weakened which result in an increase of
external energy transfer rate.*®® When large diameter AUNCs-NE aggregates
are formed, self-absorption decreased considerably, due to the increasing

degree of conjugation **'

(Figure 8.7). Because of the physical constraint in
the aggregates, intramolecular rotations are restricted and new radiative
decay channels are opened, that is electron-hole recombination increases.*®
The above reasons might have led to the enhancement of fluorescence

intensity of AuNCs.

FTIR spectra of AUNCs and AuNCs in the presence of NE are shown
in Figure 8.9. From Figure 8.9 it is clear that in the presence of NE, there is
a shift in the —OH stretching vibration frequency accompanied by an
increase in intensity, which indicates improved H bonding in the presence

of NE, resulting in the aggregation of AuNCs.
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Figure 8.9: FTIR spectra of AUNCs before and after the addition of NE

8.3.8 Selectivity

In order to study the selectivity of the protein stabilized fluorescent
probe towards NE, the emission intensity of AUNCs@BSA was measured in
the presence of 4.76 x 107 M concentration of biologically important
substances such as NE, epinephrine, creatinine, 3,4-dihyroxy phenylalanine,
uric acid and ascorbic acid. As shown in Figure 8.10a only NE induced a
dramatic increase in the fluorescence intensity of AuNCs, whereas no
obvious fluorescence changes were observed in the presence of other
species. This revealed the selectivity of the AUNC based fluorescent probe

towards the determination of NE.
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Figure 8.10a: Selectivity of the sensor: Fluorescence emission changes of

AUNCs in the presence of other biologically important
substances
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Figure 8.10b: Fluorescence behaviour of AuNCs in the presence of
4.76 x 107 M NE with the coexistence of other substances at 100
fold excess concentrations
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Additionally, the fluorescence intensity of AuNCs was measured in
the presence of NE (4.31 x 107 M) and various concentrations (1:1, 1:10
and 1:100) of the above mentioned foreign species. All the compounds tested
except epinephrine did not interfere the determination of NE, and they can be
tolerated up to 100 fold molar excess concentrations (Figure 8.10Db).
Epinephrine, when present at a concentration greater than 40 fold of NE, a
signal change above 5% was observed and interfere the determination of NE
severely (Table 8.2).

8.3.9 Application study

The practical application of the developed assay for the analysis of NE
was tested by spiking the urine sample with a known amount of standard NE
solutions and determining its recovery. The results were summarized in
Table 8.3. Recoveries were obtained from 99% to 102%, which showed the
reliability of the present method. A good agreement was observed between
proposed method and HPLC method,®" indicating that the present method
can be used for the determination of NE in real samples. These results
demonstrated that this novel sensing system has great potential for quantitative

analysis of NE levels in urine samples.

8.4 Conclusions

A simple of fluorescent platform was developed for the sensing of NE
based on the fluorescence enhancement of BSA templated AuUNCs.
Hydrogen bonding induced aggregation and the resulting restricted rotation
of AuNCs was responsible for the observed fluorescence enhancement of

nanoclusters in the presence of NE. Clear evidence for the aggregation of

( Department of Applied Chemistry, CUSAT



Gold Nanocluster Based Fluorescence Sensor for Norepinephrine

AUNCs by the addition of NE was obtained from HRTEM analysis. The
AUNCs based sensing system exhibited a very low limit of detection as low
as 8.55x 10 M. The developed turn on fluorescence sensor is simple,
sensitive and was applied for the real sample analysis with satisfactory

results.

Table 8.1: Comparison with other determination methods for NE

Method Linear range (M) LOD (M) Reference
Spectrophotometry ~ 1.18 x 10*to 5.91 x 10°  —-eeememe- 355
Caplillary 4 6 -6
electrophoresis 1.00 x 10* to 1.00 x 10 0.85 x 10 356
lon 4 38 -9
chromatography 0.295 x 10 t0 5.91 x 10 5.91 x 10 358
HPLC-MS 2.36 x 10°t0 5.91 x 10°® 5.67 x 107 359
Voltammetry 7.55 x 10°t0 8.49 x 10”7 5.91 x 10°® 360
Fluorescence 476 x 107 t0 4.98 x 10 855 x 109  roposed

method

Table 8.2: Effect of foreign species on the determination of NE (4.31 x 107 M)

Foreign Species Concentration (M) Signal change %
L-DOPA 431 x10° 4.23
Catechol 4.31x10° 3.22
Ascorbic acid 4.31x10° 3.12
Uric acid 4.31x10° 3.45
Epinephrine 1.72 x 10° 453
Creatinine 4.31x10° 4.32

L-DOPA: 3,4-dihydroxyphenylalanine
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Table 8.3: Determination of NE in urine sample

Proposed method HPLC method

Added

(M)  Found M) * RSD Rec&‘)’ery Found (M) * RSD Rec&‘)’ery

9.90x10® 9.91x10® 0.07 100.1 9.99x 10 0.04 100.9
244 x 107 2.47x107  0.09 101.2 2.38x 107  0.07 97.5
431x107 429 x107 0.03 99.5 436x107 0.11 101.2

*average of five replicate measurements
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SUMMARY AND FUTURE OUTLOOK

$9.1 Objectives of the work,

N

9.2 Summary of the work done
49.3 Future outlook,

The objectives of the present work, summary of the work done are
presented in this chapter. Future outlook is also discussed.

9.1 Objectives of the work

1)  Preparation of chemically modified electrodes (CMEs) using

nanomaterials and conducting polymers.

2)  Characterization of CMEs using scanning electrochemical
microscopy, electrochemical impedance spectroscopy and cyclic

voltammetry (surface area calculations).

3) Development of electrochemical sensors for the quantification
of food additives based on the above prepared CMEs.

4)  Optimization of various experimental conditions for sensor

fabrication.

Novel Electrochemical and Fluorescence Sensors for Food Additives and Neurotransmitters )) 237 |



Chapter 9

5)

6)

7)

8)

9

10)

11)

12)

13)

14)

15)

Extraction of kinetic parameters of the electrode processes using

voltammetric techniques.

Determination of analytical figures of merit of the fabricated

voltammetric sensors.

Prediction of a plausible mechanism for the electro-oxidation of
food additives.

Carry out the application studies in spiked food samples and

validating the results with existing method.

Synthesis of nanostructured fluorescent probes such as gold

nanoclusters (AuUNCs) and CdS quantum dots.

Characterization of the synthesized fluorophores by transmission
electron microscopy, UV-Vis absorption spectroscopy and

fluorescence spectroscopy.
Determination of quantum vyield of synthesized fluorophores.

Development of fluorescent sensors based on the above fluorophores

for food additives and neurotransmitters.

Determination of analytical figures of merit of the developed

fluorescent sensors.

Study of fluorescence enhancement mechanism based on the

interaction between the fluorophore and analyte.

Carry out the application studies in spiked real samples and

validating the results with existing method.

238 (
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9.2 Summary of the work done

A total of seven sensors including four electrochemical sensors and

three fluorescence sensors have been developed for food additives and

neurotransmitters. The salient features of the sensors are compiled in

Table 9.1.
Table 9.1: Details of the sensors developed
Type of . .
Sl sensor Sensing Linear range LOD (M) Analyte
No probe (M)
developed
-4
1 MWCNT/GE 1'88 i 18.5 " 6.30x107 | Propyl gallate
Pol 3.00%x 107° - .
2 Electro (L—gys)/GCE 1.00 x 10~ 3.61x10°  Allurared
chemical 2
3 Sensor AUNP/GCE 188 i 185 " 7.06x107 | Sunset yellow
-5
4 XtYl\\/ICFEING-ZE 188 : 185 T 4.03x10® | Sunset yellow
4.31 % 10'3 - Butylated
4,98 x 10° hydroxyanisole
5 AUNCS@BSA . o 899X oo | YA
4.98 x 10°
Fluorescence
-7
6 Sensor G A-Cds QDs i'g‘; y 18.8 " 255x10°  Dopamine
-7
7 AUNCs@BSA igg i 11098 "1 855x10° | Norepinephrine

9.3 Future outlook

The demand for highly selective and sensitive sensing systems has

increased greatly due to their emerging applications in clinical diagnostics,

food quality control, environmental monitoring and drug delivery. Research
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is progressing in these fields for the development of viable sensors. Even the
commercialized sensors need to be improved in terms of sensitivity and

stability over time.

Higher-order or orthogonal sensors and chemical sensing arrays are
the recent trends in chemical sensors which have numerous future
applications. Higher order indicates that more than one transduction principle is
applied to the recognition layer. For example, an electrochemical sensor can be
simultaneously interrogated optically thus producing orthogonal signatures
of the analyte, which provides additional dimension for sensing. The increase in
the order of the sensor is expected to improve the sensitivity and selectivity of
the analysis. On the other hand, an array of different receptor layers with

same transduction principle forms a sensor array of zero order.

A detailed understanding of the sensor — analyte interaction and
investigation of the effect of physical variables such as humidity, temperature
and pressure on the response of sensor will possibly lead to better

performing chemical sensors for a wide variety of applications.
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