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IUPAC : International Union for Pure and Applied Chemistry
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i : Current
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1. Introduction
Extreme increases in industrial advancement and in public health criteria have

formulated current modern trends in health industry such that the science need be extremely
advanced to detect and quantify trace levels of various analytes from complex sample matrices
with hands-free sophisticated point-of-care analytical systems at sub-nanogram levels. Thus,
enhanced performances in analytical methods for quick and reliable monitoring are required. In
order to reciprocate/comply with severe norms in worldwide legislations, rapid, sensitive, specific
and portable on-site analytical tools need be developed for the target analyte to attain accurate

results.

The main aim for the development of new chemical sensors and biosensors is the
detection of specific target molecules with sensitive, selective, rapid and cost-effective process in
a wide range of fields spanning from pharmaceutical, environmental and agriculture/food
applications to health care including clinical diagnosis and treatment of diseases amongst others.
Fabrication of electrochemical and biosensors by incorporation nanomaterials is showing

significant enhancements in their performance during the past decades.

Electrochemical methods are powerful and resourceful analytical tools which offer
excellent sensitivity, accuracy and precision. These techniques also useful in onsite analysis with
wide linear determination range, moreover the instrumentation is low-cost. Electrochemical
measurement techniques can be understood as two dimensional in which the potential is generally
being correlated with qualitative properties and the current measurements are being correlated with
quantitative properties. This selectivity depends on the available potential range and the number

of analyte molecules that are active in this range.

A study on the state of art of sensors with a special attention to the electrochemical sensors
for small molecules is given in this chapter. A brief demonstration of various types of chemical
sensors classified by their transduction techniques will be followed by the role of nanocomposites
such as conducting polymers, CNTs, graphene and metal nanoparticles, etc. as a recognition layer
in sensors with a comprehensive literature report. Then, with a description on the literature reports
of the use of chemically modified electrodes (CMEs) in the analyses of pharmaceutical drugs, the

objectives followed by research framework will be presented.
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The detection of sub-micro or sub-nanogram levels of pharmaceutical drugs at various
stages of medical diagnosis is very crucial. For an example, it is important in the study of
anticancer drugs in cancer patients for dosage selection and dosing intermissions in clinical
applications. Once the drug is administered, it undertakes several metabolic steps, and to determine
those steps, we must have some different analytical approaches to follow the administered drug in
biological samples. There are two prime classical analytical methods: high performance liquid
chromatography (HPLC) and gas chromatography (GC), which are very sensitive and promising
in order to quantify the various targeted molecules. Sabourian and research group published an
important review on HPLC methods for quantifying anticancer drugs in human samples!!l.
Klimczak et al. determined sub-microgram levels of vitamin C by HPCL method'?. Jiping Ma
proposed a metal organic framework (MOF)-based magnetic solid-phase extraction from
environmental water samples for the detection of pesticides by HPLC-DAD with a very low
detection limit®!. Yilmazn et al. developed voltammetric and gas chromatographic methods for

the diclofenac detection in pharmaceutical drugs 4!,

But these methods are laboratory based techniques involving bulky non-transportable
instrumentation and a number of tedious time-consuming separation and purification protocols.
For modern world applications, it is essential to fabricate ready-to-use portable novice-friendly
methods for direct determination of trace levels of pharmaceutical compounds from complex

sample matrices.
Chemical sensors

Chemical sensor is a device that transforms chemical information (activity, concentration,
partial pressure) into a measurable signal. A chemical sensor is mainly divided in to two parts,
recognition part and a transducer part. Recognition element comprised in the recognition zone
undergoes chemical reactions or binding interactions with the target analyte molecule, and then
the chemical information is converted into a readable physical signal at the transduction element
of the transducer zone. When the readable output signal is of electrical nature, then the sensing
systems is defined as electrochemical sensors, which are classified into potentiometric,
amperometric and conductometric sensors. Electrochemical sensors are continuously advanced

and becoming important analytical tools for the process of analysis.
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1.1. Transduction methods

There are many analytical techniques available and applied to the development of sensors.
From the all available techniques, spectroscopic, piezoelectric, optical and electrochemical
methods have been employed as transduction methods in developing electrochemical and
biosensors. In the past years, plenty of articles and reviews were published by using different types

of transduction methods in biosensors development. Those are: electrochemicall® 2,

el19-22] [23-25] [26-31]

fluorescence!* 1¥1 luminescenc , chemiluminescence Raman spectroscopy
quartz crystal microbalance!*>=%), capillary electrophoresis!?®37-3%] surface plasmon resonance!**-
431 and cantilever biosensor!** 4%, Various transduction methods explored for the development of

biosensors are shown in Fig. 1.1.

Transduction Methods

Optical Thermal Mass based Electrochemical
Florescence Thermistors Quartz crystal Voltammetry
microbalance
Chemiluminescence Calorimetric = = Amperommetry
Piezoelectric
sensors
SPR EIS
Cantilever
Absorbance based sensors

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

1.1.1. Optical sensors

Optical biosensors have brought many advances and opportunities for biosensing in
medicine, life science and relevant areas. Optical transducers were investigated for regular
medical diagnostics and research applications alsol*’!. Optical sensors quantify different properties
of analyte molecules and provide a real-time, label-free comparable detection. There are many
variety of optical spectroscopy techniques (e.g., fluorescence, Raman, phosphorescence,

luminescence and absorbance) working in various types of biosensors.
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The continuous monitoring of an analyte through optical means can be considered into two
subcategories, one is direct sensing scheme and the other is a reagent-mediated sensing scheme.
In direct sensing scheme, an intrinsic optical property (such as absorption, fluorescence, etc.) of
the analyte is monitored. Based on the direct sensing methods to design and make an optical sensor,

they divided into various subcategories:

» Absorption — based Sensing
» Fluorescence — based Sensing

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

The second one reagent-mediated sensing scheme is applicable when the analyte does not have an
adequate intrinsic optical property which could be monitored directly. Here, sensing can be
achieved by employing a suitable indicator whose spectral properties imply the analyte’s

concentration. These are broadly divided into two categories.

» Indicator — mediated Colorimetric Sensing

» Indicator — mediated Luminescence Sensing

1.1.2. Thermal sensors

The heat generation during enzyme/substrate reactions can be used in a calorimetric
biosensor. Recently, Wang and colleagues described a thin film cantilever thermal biosensor by
using high Seebeck coefficient material silicon to design a highly sensitive thermal sensor, and the
thermocouple thermal sensor with silicon and metal needs heat treatment to realize ohmic contact
for high sensitivity!*8]. Xie et al. explained briefly the principles and features of thermal biosensors
and included a discussion on the different types of thermal transducers!*’l. Satoh et al. have
demonstrated calorimetric microsensors in 1995 for the detection of cholesterol in blood serum by
enzymatically produced heats of oxidation and decomposition'’. Recently, Xiao et al. developed
calorimetric biosensor for detection of cancer biomarkers by Au nanoparticles-decorated Bi2Ses

nanosheetsP%.

1.1.3. Mass sensors

Quartz crystal microbalance (QCM) sensors is one type of mass sensor which responds to

the changes of micro- and nanogram quantities of mass adsorption or desorption with the change
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in the frequency of the resonating quartz crystal. The piezoelectric AT-cut quartz crystal is inserted
between two electrodes. The electrodes are combined to an oscillator and applied an AC voltage
over the electrodes. Due to the piezoelectric effect, the quartz crystal oscillates at its resonance
frequency. Adsorption of analyte molecules on the quartz crystal modulates the resonance
frequency of the crystal, and the change in resonance frequency indicates the mass adsorbed,

leading to quantitative analysis =34,

Cantilever sensor systems are composed of multiple micron-thick cantilevers that respond
by bending due to changes in mass [*>37]. Specific coatings are applied to the cantilevers to

adsorb the chemicals of interest selectively.

Compared to all other transduction methods (optical, thermal and mass sensors),
electrochemical methods are providing great advantages in terms of time, cost and operating
process in many fields since its introduction. So, in the introduction, electrochemical techniques
which were investigated in my research for the development of electrochemical sensors have been

focussed along with thorough literature review (Fig. 1.2).
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Electroanalysis

|
l | l

|
Measuring transport properties of ion in phases . Measuring of electrochemical equilibria and charge
transfer reactions and interfaces

- Conductometry | |
- Electrophoresis ' [ ]
I
: I ;
Static methods i Dynamic methods
- Potentiometry ! |
Potential controlled methods Current controlled methods

1
I ' |
) } ! ! ] | ! )
Controlled potential ~ Amperometry ~ Voltammetry Chronoamperometry  Impedance spectroscopy : Current controlled Chronopotentiometry
coulometry coulometry

Fig 1.2. A possible subunit of electroanalysis. ‘‘Dynamic techniques’’ are those in which the electrochemical equilibrium is shifted with the help
of an excitation (current changes or potential changes), whereas in the ‘‘static techniques’’ the electrochemical equilibrium at the electrode is
not affected. Sometimes, the dynamic techniques are described as active, and the static techniques as passive techniques.
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1.1.4. Electrochemical sensors

Extensive research investigations are going on for the fabrication of sensor systems towards

5138651 The sensor systems

various specific targets by using electrochemical analytical technique
operate by reacting with the analyte and produce electrical signal proportional with the analyte
concentration. The sensor consists of minimum two electrodes — working and counter electrodes
to create complete system. The main advantages of these systems are easy construction, the
possibility of portability and miniaturization, high sensitivity, selectivity and comparatively low
costs. Related to other methods, electroanalytical methods offer advantages such as portable and
rugged instrumentation without any movable mechanical parts, on-site analysis and pocket size
analyzers. The combination of nanomaterials with electrochemical transducers led to promising
sensor systems for detection of numerous analytes of low- and high-molecular weight

66-70]

compounds! The electrochemical sensors are mainly classified as: potentiometric,

conductometric, voltammetric and amperometric sensors.

Potentiometric sensors

Toko and his group has designed an electronic tongue based on potentiometric sensing first
time in 1998 called “taste sensor’’ by using eight potentiometric electrodes made of different lipid—

polymeric membranes!’!!

. Since early 1930’s, potentiometric sensors have found most extensive
practical applicability due to their ease, familiarity and cost. The potentiometric sensors has
measured the potential difference between the two electrodes, reference and indicator electrodes.
The measured potential used to determine the analytical quantity of interest, in general, the
concentration of some components of the solution. Actually, in this system, we measured the
potential difference of reference and indicator electrodes without separating the electrochemical
cell. While the half-cell potential of the reference electrode remains constant, potential of the
indicator electrode reciprocates the analyte concentration. In results, the change in the cell potential

could be interrelated to the concentration of the analyte in logarithmic manner. Mainly three types

of potentiometric devises are there:

» lon-selective electrodes (ISE)
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» Coated wire electrodes (CWE)
» Field effect transistors (FET)

The ion-selective electrode is an indicator electrode, which is proficient to selectively
measure a particular ionic species. ISEs consist of semi-permeable membrane, which separate the
test sample from the inside contents of the electrode but allows the permeation of particular type
of ions selectively across the membrane. One of the electrodes is the working electrode whose
potential is determined by its environment, while the second electrode is a reference electrode. The
cell potential can be related to the concentration of the dissolved ions!’>74. Under classical CWE
design, a conductor is directly coated with an appropriate ion-selective polymer to form an
electrode system that is sensitive to electrolyte concentration >!. The field effect transistor (FET)
is a solid-state device that exhibits high input impedance and low output impedance, hence it is
capable of monitoring charges build up on the ion sensing membrane. Polymer matrix (electrode
modifiers) of the potentiometric sensors can be altered by the immobilization of biological

materials leading to the development of potentiometric biosensors!’®77],

Voltammetric/Amperometric sensors

Voltammetry/Amperometry is one of the electroanalytical methods in which the signal of
interest is current that depends on the concentration and characteristic of the analyte. At the inert
electrode, some chemical components are oxidized or reduced while electrons are exchanged
between the working electrode and analyte. The direction of the electron-flow depends upon the
properties of the analyte and is controlled by the electric potential applied to the working electrode.
electrochemical cell consists of working, reference and counter electrodes. The working electrode
is the electrode at which the reaction takes place, the reference electrode provides stable potential
components to the working electrode and an inert conducting material (e.g. platinum) used as
counter electrode. Supporting electrolyte is added to remove electromigration effects, to decrease
the resistance of the solution and to maintain the ionic strength constant in controlled potential

experiments.
Cyclic voltammetry

In CV analysis, the potential of the working electrode is changed at a fixed potential ramp

in the forward and backward directions while the current is monitored, and the resultant current
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profile against potential is called voltammogram. During the measurement of cyclic voltammetry,
the potential is ramped to a more positive or negative side, but at the end of the sweep, the direction
of the potential scan is reversed. The potential is applied between the reference and working
electrodes, and the current at the working electrode against the counter electrode (auxiliary
electrode) is measured. The results are plotted as current versus potential. Based on the initial scan
direction, the forward scan produces a current peak for a specific analyte that can be either

reduction or oxidation current.
Differential pulse voltammetry

Among the various pulse voltammetry techniques developed, DPV is the most important
and widely used technique "*7°). The main idea used in DPV is to subtract the current measured
before the step from the measured current at the end of a potential step (Fig. 1.3 A). For this,

potential pulses are applied to the electrode as staircase ramp.

A) E Pulses E

pulse r -
pulse ______ _}
¢ Staircase ramp
_____ H step
t t

B) | E




Chapter 1

Fig. 1.3. A) Left side: with the potential pulses of the superposition staircase ramp. Right side: the
potential—time function resulting from superposition. B) Potential-time function in differential
pulse voltammetry. On the right side, the time periods At and At: for current measurements are
shown and also the capacitive and faradaic currents before the pulse (dashed lines) and at the end

of the pulse (full lines).

The potential-time function provides the possibility to subtract the current shortly before the pulse
from the current sampled at the end of the pulse (Fig. 1.3 B). Each and every pulse will produce

one measuring point according to the equation:

In2-In1= A Lndp
Here, number of individual pulse is n. DPV contains of discrete A Indp data plotted against the
applied potential of the working electrode. This curve be similar to the first derivative of the direct
current voltammogram, but it should be highlighted that it is not simply the mathematical first
derivative. Figure 1.4 shows a schematic differential pulse voltammogram. DPV employed
widespread because it is possible to determine electroactive compounds below nanomolar levels

also.

A+ne ——B
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Fig. 1.4. Differential pulse voltammogram (solid line), and the relevant polarogram (dotted line)
Electrochemical impedance spectrometry (ELS)

Electrochemical impedance spectroscopy (EIS) or ac impedance methods have seen

remarkable increase in popularity in recent years. Actually, in initial days, it was used for the
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double-layer capacitance determination!®”), The application of EIS studies has extended its range
in recent years and widely used as a characterization technique in various systems for instance in
the electrode and complex interfaces. The EIS, studies the response of system by applying a small
ac potential to the system, this sinusoidal ac signal has been applied to the system at different ac
frequencies. Therefore, these studies have been named as Impedance spectroscopic studies. The
response of the system for the applied ac potential at different frequencies is a characteristic
property of that particular system. Hence the information about the system will be obtained from

these studies.

Macdonald, in his review!!l, outlined the foundation of EIS. Electrochemical impedance
spectroscopy is an outstanding, non-destructive, accurate technique for examining processes
occurring at the surface of the electrode. In this technique, a small amplitude of sinusoidal voltage
the electrochemical system will be given and the system current response to the input voltage will
be measured as faradaic impedance. The EIS studies consist of two different plots, the former one
is Nyquist plot and the later one is Bode plot. In Nyquist plot the imaginary value of impedance
and the real value of the impedance were plotted. These system characteristic plots contain lot of
information about the system for instance the electrified interfaces and electron transfer reactions
through the interfaces. The Nyquist plots for charge transfer systems generally exhibits a depressed
semi-circular pattern and a straight line making a 45° angle with the x-axis. The depressed semi-
circular region at high frequencies implies the electron transfer limited process. The occurrence of
a straight line indicates the Warburg impedance which mainly occurs because of the diffusion
process. Using this Niquist plot we can obtain information about the electron transfer kinetics at
the interface and diffusion processes. For example, if there is only a straight line was observed in
the Nyquist plot indicates the occurrence of fast electron transfer reactions at the system. Whereas,
large depressed semicircular pattern gives information about slow electron transfer processes.
Impedance parameters such as solution resistance (Rs), charge transfer resistance (Rct), double
layer capacitance (Cdl), CPE exponent (n) and Warburg impedance (W) etc, were obtained by
fitting the experimental data with appropriate equivalent circuit models. the second EIS plot is
called Bode plot, in which the logarithm of frequency(X-axis) is plotted with total impedance (Y-
axis) value of the system and the logarithm of frequency(X-axis) is also plotted with phase angle

shift (Y-axis).
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1.2. Recognition elements

1.2.1. Biological recognition materials

A biological recognition element or bioreceptor is a biological element (e.g. enzyme)
which is very sensitive and selective towards recognizing the specific analyte that could be enzyme
substrate, antigen, complementary DNA. It is essential for a bioreceptor to be highly sensitive to

the specific analyte to avoid interference by other elements from the sample medium!®?,

Enzymes In 1962, Leland Clark first time introduced the enzyme-based biosensor and they
fabricated an electrochemical biosensor for detection of glucose in blood, depending on the
enzyme glucose oxidase %3], Enzyme-based biosensors developed widely since then have exposed.
Enzymes that can recognize specific analytes are proficient biocatalysts such as urease 34
peroxidase!® and redox enzymes!®l. The working principle is depends on a catalytic reaction and

binding abilities for the specific molecules!®”). There are several possible mechanisms for analyte

recognition process:
1) Enzyme converting the analyte into a sensor-detectable product
2) Detection of an enzyme inhibited or activated via the analyte; and
3) Monitoring the modification of enzyme properties

Recently, Yang et al. had constructed a potentiometric glucose biosensor by successfully
anchoring the synthesized Fe3Os-enzyme-Ppy nanoparticles on the magnetic glassy carbon
electrode (MGCE) surface!®®. Das and research group published an important review article on
recent advances on developing third generation enzyme electrodes for the applications of biosensor
development®!. R. B. Rakhi el al. reported a sensitive enzymatic glucose detection based on a
biosensor platform of Au/MXene nanocomposite®l. Nguyen and group published review article
which examines the operating principle of enzymatic biosensors utilizing electrochemical,
thermistor, optical and piezoelectric measurement methods®!l. As well, enzyme-based biosensors
could be employed for extended time period because enzymes are stable and not consumed, while

the stability of the enzyme decides the lifetime of the sensor.

Antibodies Electrochemical immunosensors (Els) are one more type of biosensors which

have recently fascinated a lot of attention for initial diagnosis and medical analysis of diseases!?!.
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In Els, antigens and antibodies can be used as bioreceptors, and Els are suitable for the clinic
diagnostics of many diseases. Nakhjavani et al. recently introduced a simple and ultrasensitive
immunosensor to the detection of the lowest alteration of CA 15-3, the standard biomarker of
breast cancer, by modifying gold electrode where anti-CA 15-3 antibody was immobilized®*!.
Khan et al. reported a novel, label-free impedimetric immunosensor for sensitive and rapid
detection of myoglobin by immobilizing anti-myoglobin antibody on multiwalled carbon nanotube
coated screen-printed electrode [*¥). Ferreira et al. described an interdigitated immunosensor for
cystatin C detection based on polypyrrole/carbon nanotube electrochemical capacitor!®®!. Tang et
al. has designed an important integrated automatic electrochemical immunosensor array for the
simultaneous detection of hepatitis A, hepatitis B, hepatitis C, hepatitis D, and hepatitis E[**. But,
in terms of the sensing mechanism, all immunosensors depended on the sensitivity of the molecular

recognition to create a stable antigen—antibody complex"7].

Nucleic acids Nucleic acid based biosensors use the paired components of nucleic acids as
the biological recognition element. For example, the binding reaction from two single-strand DNA
(ssDNA) chains to establish double-stranded DNA (dsDNA) was used. The sequences that are
complementary to a recognized target nucleic acid sequence can be generated, tracked and

eventually immobilized on the sensor.

Aptamer Aptamer sensor is a typical bioderivative biosensor, and aptamer is chemically

related to nucleic acid probes but based on the principle of antibody and antigen %!

. Aptamer
sensors have few advantages compared to antibody-based biosensors, which include a high binding
efficiency, use of a smaller size recognition element, needs less sophisticated process and avoids

animal source components.

Zhu et al. developed a conducting polymer/gold self-assembled nanocomposite based
aptamer sensor for highly sensitive label-free detection of kanamycin. The sensing surface was
immobilized with an in-vitro selected DNA aptamer onto a gold nanoparticle-comprised
conducting polymer!®’l. Recently, in 2020, Shaoguang Li et al. demonstrated a re-engineered
electrochemical aptamer-based biosensors to tune their useful dynamic range via distal-site
mutation and allosteric inhibition!!®). Kim et al. proposed a flexible three-dimensional carbon
nanoweb (3DCNW)-based aptasensor for the detection of the oncogenic biomarker, platelet-

induced growth factor (PDGF)!1,
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Despite of these advantages, some of the problems associated with aptasensors is the
reduction in the assay efficiency that results from the properties of nucleic acids such as chemical

simplicity and structural pleomorphic.

Fig. 1.5. Representation of recognition elements: artificial (MIPs, engineered antibodies) and
biological (antibodies, nucleic acids, aptamers and enzymes).

1.2.2. Artificial recognition elements

Molecularly imprinted polymer (MIP) 1t is a polymer that is processed/synthesized using
the MIP technique which leaves cavities in the polymer matrix with an affinity for a chosen
"template" molecule. Alexander and research group have reported a thorough study on the
development of molecular imprinting science and technology from the unexpected discovery of
Polyakov in 1931 to the report on applications of imprinted polymers in 2003!'%. Joseph et al.
have described in his recent review the production processes of imprinted polymer, method and

the applications of the reported sensors. An in-depth survey of new applications to gas-phase
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sensing also carried out, but the attention is mainly on the advancement of sensors for targets in
solution. Literature reports included among the applications are those designed to detect toxic
chemicals, drugs, toxins in foods, pathogens, and explosives [!*]. Blooming et al. provided a
critical review for inclusive overview of the present research on electrochemical sensors
depending on MIPs on nanostructured carbon material surfaces for applications towards
electrochemical detection!'®!. In 2020, Hatamluyi et al. established an electrochemical sensor
depending on MIP technique coupled with carbon quantum dots unified hexagonal boron nitride
nanosheets for determination of trace levels of oxaliplatin!'%!. Cao and group published a critical
review on recent advances of MIP based sensors in the determination of food safety hazard

factors!H %],

Engineered antibodies These antibodies have made a huge progression in antibody
production technologies in the past few decades. Engineered antibody is referred to the modified
molecule obtained by processing recombinant antibody and reassembled antibody gene via
recombinant DNA and protein engineering technology. According to the antibody production

technology and application field, engineered antibodies are categorised into four main categories:

» Recombinant antibodies
» Biospecific antibodies

» Therapeutic antibodies

» Antibody-drug conjugates

Torrance et al. successfully carried out the covalent attachment of functional C-terminal
cysteine residue (scFvCLcys) and demonstrated a surface plasmon resonance-based sensor!!%”,
Fahie and group have engineered oligomeric protein nanopores with rigid structures for the
determination of a wide range of molecules including small analyts and biological species such as
DNA and proteins!'®). Rajesh and research team demonstrated a CVD-graphene modified

platinum nanoparticles (PtNPs) embedded functionalized engineered antibody nanohybrid

transistor for the determination of breast cancer biomarker, HER3[1%%.
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1.3. Literature on electrochemical sensors using nanocomposite materials

1.3.1. Carbon based materials
Carbon nanotubes

Carbon nanotubes (CNTs) found as most important and promising material from carbon
group since discovered by Iijima 1991 "% because of its significant physical and electrical
properties: high electrical conductivity, high aspect ratio and good chemical stability. CNTs
establish a new structure of graphitic carbon consisting of one or several concentric tubules and
can be divided into multi-wall carbon nanotubes (MWCNT) and single wall carbon nanotubes

(SWCNT).

Carbon nanotubes can easily promote the electron transfer reaction when used for
electrode modification in the sensor system. In addition to the enhanced electrochemical reactivity,
CNT-modified electrodes were helpful to accumulate very important biomolecules (e.g., nucleic
acids) and to improve surface fouling effects. Research has been expanded to various areas on the
applications, since the first use of CNT based electrode for dopamine detection by Britto et al.
[73]. A very usual process to modify the electrode with CNTs is direct drop-cast on the electrode
(mostly glassy carbon electrode) or abrasive immobilization (mostly on pyrolytic graphite
electrode) method. The extraordinary sensitivity of CNT conductivity to the surface adsorbates
made CNTs as highly sensitive nanoscale sensors. Because of these properties, CNTs are
tremendously attractive for sensors ranging from amperometric enzyme electrode to DNA
hybridization biosensor. To make use of such a remarkable properties of these unique materials,

CNTs have to undergo proper functionalization and immobilization.
Graphene/Graphene oxide

Very recently Wang Yu et al. published a review on the progress in the functional
modification of graphene/graphene oxide materials [!'!].  Ambrosi et al. reported an important
review on the electrochemistry of graphene and related materials!!'2l. Mao et al. have reported a

critical review on the advantages, facts, challenges and opportunities involved in graphene

113]

development! Brownson et al. reported a tutorial review on electrochemical aspects of

g[114

graphene, starting from fundamental concepts to prominent applications!!'¥). Pumera reported a

review on electrochemistry of graphene-based nanomaterials and their applications!''*!. A critical
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review was reported by Liu et al. on the research articles relevant to the applications of graphene

116]

materials in biological and chemical sensors!' %!, Guo and Dong have reported a critical review on

the synthesis, molecular engineering, thin film hybrids and applications of graphene nanosheets in

energy and analytical fields ['!7]

. Georgakilas et al. have done an extensive review on the
functionalization of graphene and discussed covalent and non-covalent approaches involved in
graphene functionalization and applications of graphene derivatives in electrochemical
biosensors!! 8. Chen et al. have reported a critical review on the preparation, functionalization and

electrochemical applications of graphene oxide %],

1.3.2. Conducting polymers

From the discovery of organic conducting polymers, these materials have seen a wide range
of applications in many branches of science and technology, such as primary and secondary
batteries, metallization of dielectrics, electromagnetic shielding, electronic systems, antistatic
coatings, supercapacitors, chemical sensors, biosensors, etc. Every conducting polymer have an
extended p-orbital system, which is responsible to electron transfer from one end of the polymer
to other!'?%!12l Linear backbone “polymer blacks” such as polyacetylenes, polypyrroles,
polyanilines, poly-(3-alkylthiophene), poly-(p-phenylene sulphide), polyindoles, etc., and their
copolymers are the main class of the conducting polymers. One of the most important properties
of conducting polymer is their ability to catalyze some electrodic reactions, and it can enhance the

kinetic process of electrode when it have a thin polymer layer on their surface!!?!-12%],

In general, there are three methods for electropolymerization, galvanostatic (constant
current), potentiostatic (constant potential) and potentiodynamic (potential scanning). These
methods are easier to be described quantitatively and therefore have been commonly utilized to
investigate the nucleation mechanism and also the macroscopic growth. Potentiodynamic
technique has been mainly used to get a qualitative information of the redox processes involved in
the beginning of polymerization reaction and to observe the electrochemical behaviour of the
polymer film after deposition by electrochemically. Polymer modified electrodes (PMEs)
fabricated by electropolymerization technique have received extensive attention in the detection
of analyte because of their easiness to fabricate, controlled growth of polymer films, and thin sub-
micron films apart from sensitivity, selectivity, homogeneity in electrochemical deposition and

chemical stability of the film!®*!?4]. Selectivity of PMEs as sensors depends on the combinations
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of different mechanisms such as ion exchange, size exclusion, hydrophobic and electrostatic

interaction.
1.3.3. Metal nanoparticles

The design and synthesis of new nanoscale materials has attained great interest from last
two decades due to their wide-range applications in various fields. Among all the nanoscale
materials, metal nanoparticles of gold, silver, platinum, palladium, etc. have received great
attention owing to their significant properties and many promising applications. Metal
nanoparticles have unique chemical, electrical, optical properties and varying size-dependent
characteristics and are very promising for practical applications in different fields!!'>>127],
Nanoparticles behave different from bulk materials and their physical and chemical properties vary
with their quantum scale dimensions. The electrocatalytic performance of metal nanoparticles
were controlled by their size, composition, surface area and morphology ['*®1%], In recent years,
noble metal nanoparticles have been widely utilized, due to their extraordinary catalytic activities
for both oxidation and reduction reactions. To avoid aggregation and to obtain high surface area,
the metal nanoparticle catalysts are dispersed in organic polymers such as Nafion, colloids, porous
substrates and surfactants, which ensure high dispersion and disaggregation of the nanoparticles
[130-132] 'The use of metal nanoparticle-based superstructures to design electrochemical devices is
a very promising prospect. Till now, various methods have been used for tailoring metal
nanoparticles on electrode surfaces, which include the anchoring by covalent attachment,

electrostatic binding, electrochemical deposition, etc.

The catalytic activity of metal nanoparticles depends on their dispersibility and surface
properties, while the high degree of dispersibility and large surface area are desirable for many
catalytic processes usually. So, conducting polymers considered to be useful matrices for the
immobilization of the dispersed nano metal catalysts!!33]. Because of a relatively high electrical
conductivity of some polymers, it is possible to shuttle the electrons through polymer chains
between the electrodes and dispersed metal nanoparticles, where the electrocatalytic reaction

occurs.

In addition to linker molecules, capping reagents would also affect the electron-transfer

reactions and electrocatalytic functions of metal NPs. In the synthesis of AuNPs, the Brust-
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Schiffrin method would be really a great advantage to prepare a very small AuNPs with uniform-
size in large amounts by utilizing thiols. Since the synthesized metal nanoparticles can get easily
segregated, the thiol-capped gold or silver NPs might be desired to be a component of the MNP-

134135] However, the thiol capping is too strong to find good results in

modified electrode [
electrochemical activity, and the electrochemistry of thus-formed monolayer-protected Au/Ag
clusters was extensively studied. Along with thiol capping, NPs stabilization by amine functional

groups could also enhance the electrocatalytic activity!!®1°],

We can also increase the electrochemical activity of modified electrodes by making the
composites of metal nanoparticles along with different other electroactive materials such as
graphenes, CNTs, conducting polymers, metal oxide frameworks, etc 1381401 Along with CNTs,
graphenes, conducting polymers and metal nanoparticles, researchers focused on the combinations
with a number of other materials and molecular recognition elements for the development of

electrochemical sensors.
1.4. Electrochemical sensors for pharmaceutical drugs

Anti-bacterial

Cefixime is an antibiotic prescription used to treat different types of bacterial deceases.
These infections include strep throat, otitis media, urinary tract infections and Lyme disease.
Karimian et al. proposed a molecularly imprinted polymer (MIP) immobilized MWCNT surface
for the selective detection of cefixime by a voltammetric analysis. In this study, a covalent bonding
was first established between cefixime and carboxyl-functionalized multiwall carbon nanotube
modified GCE!'"*!). Dehghani and research group published an article based on electropolymerized
polyaniline MIP layer on surface of graphene oxide and gold nanowires modified GCE for the
detection of the cefixime!'*?l. Sagar et al. has reported cefixime detection up to nanomolar range
by using the voltammetric method, and the cefixime detection is validated on MoS2QD—AuNP
fabricated screen-printed carbon electrode (SPCE) 4], Abrishamkar et al. demonstrated nano

zeolite modified carbon paste electrode for cefixime electrocatalytic oxidation 144,

Nitrofurantoin is most extensively recommended antibiotic prescription used to treat
bladder infections, ear infections and minor skin infections, but it is not as effective for kidney

infections. Muthusankar et al. developed a novel sensor system for simultaneously detection of
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antibiotic drug nitrofurantoin and anticancer drug flutamide using the N-CQD@Co0304/MWCNTs
hybrid composite electrode and the electro-kinetics of the fabricated sensor system was analysed

el!'*]. Dechtrirat and his research group successfully

by using the cyclic voltammetry techniqu
synthesised molecularly imprinted polymer (MIP) nanocomposite based on poly-(3.,4-
ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS) with the deposition of gold
nanoparticles (AuNP) as topmost layer on SPCE for the detection of nitrofurantoin by
voltammetric method!'*®). He and Li published an article based on reduced graphene oxide/Fe3O4
nanorod composite electrode for detection of 1-aminohydantoin and nitrofurantoin!'*’!. Baby et al.
synthesised phase-pure magnesium ferrite nanoparticles by deep eutectic-mediated solid-state
synthesis at a temperature of 500 °C for the simultaneous determination of 4-nitrophenol and

nitrofurantoin!'*®

1. Recently, Kokulnathan and research team established a facile method for the
preparation of a LuVOs/graphene sheet (GRS) composite to form a hierarchical structure
LuVO4/GRS, and LuVOs was encapsulated within ultrathin GRS sheets. The synthesised
electrocatalyst exhibited superior electrochemical sensing nature for the detection of nitrofurantoin
(NFT)!'*1, By utilizing an eco-friendly sonochemical method, flower-like nickel oxide trapped on
boron doped carbon nitride (NiO/BCN) nanocomposite was synthesized for the electrochemical
detection of NFT "%, Karuppaiah et al. prepared lanthanum molybdate nanospheres (LMNSs),
and their electrocatalytic activity towards NFT was demonstrated!!>!]. Annalakshmi developed a

novel nickel stannite (NiSnOs3; NSO) nanoparticles via a facile sonochemical synthetic method

and applied for electrocatalytic detection of nitrofurantoin!'>2/,

Anti-viral

Valacyclovir is an important anti-viral drug, and it is pro-drug of acyclovir used against
Herpes simplex virus (HSV) and Varicella-zoster virus. Todakar et al. investigated electrochemical
detection of valacyclovir at the modified carbon paste sensor with reduced graphene oxide
(rGO/CPE) by using square wave voltammetry 3], Devarushi and research group reported an
article to observe the electrochemical behaviour of the anti-viral drug valacyclovir at carbon paste
electrode and its catalytic application with differential pulse voltammetry!'>*. Adhikari et al.
published an important review and emphases on the recent strategy and use of carbon
nanomaterials such as single-walled carbon nanotubes, Bucky paper, graphene and their

composites as sensing materials for the electroanalysis of pharmaceuticals and representative
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biological compounds, acetaminophen, methylglyoxal, valacyclovir and glucose!'**. Jain and
Pandey published a research article based on graphene/bismuth oxide/glassy carbon electrode
(GRP-B1203/GCE) as a sensor material for sensitive, selective detection of valacyclovir by using
two important electroanalytical techniques, cyclic and square wave voltammetry techniques!!3].
Saleh et al. reported a simple and rapid technique for the fabrication of a disposable sensor system
depends on the electro polymerization of porous Cu-microparticles on pencil graphite electrode
(Cu-PGE) for the electrochemical detection of valacyclovir!!*”). Adhikari et al. developed a highly
sensitive electrochemical sensor based on graphene nanosheets for simultaneous analysis of
valacyclovir and acetaminophen through the concurrent electrochemical reduction and deposition

of graphene oxide onto a glassy carbon electrode!!*®!,

Acyclovir Dorraji et al. electropolymerised Eriochrome black T on the pre-treated GCE for

1591 Shetti and group has designed a nano clay

the sensitive detection of acyclovir by DPV [
modified carbon paste sensor for determination of nanogram levels of acyclovir by square wave
voltammetry!'), Tarlekar et al. have proposed for the first time a single-walled carbon nanotube-
Nafion composite electrode for the monitoring of antiviral drug acyclovir employing square wave
voltammetry!'®!l, Hamtak et al. designed a new sensor system by anchoring multi-walled carbon
nanotubes (MWCNTs) and TiO2 nanoparticle into the polymeric matrix on nanoporous glassy
carbon electrode!'®?l. Very recently, Shetti and research team developed a sensor based on
bentonite and y-Fe203 nanoparticles for the quantification of acyclovirl!®]. Atta et al. introduced a
novel sensor surface acquired by adapting a GCE surface by multi-walled carbon nanotubes layers,
graphene, an ionic liquid crystal (ILC) and MnO2, and the designed sensor
(GCE/CNT/ILC/RGO/MnO:2) exhibited outstanding current responses for sofosbuvir, ledipasvir

1641 Ranganathan et al. developed a polystyrene:B-cyclodextrin

and acyclovir in human serum!
inclusion complex-supported yttrium oxide (Y203)-modified glassy carbon electrode (PS:B-CD
IC/Y203/GCE) for the simultaneous determination of two important antiviral drugs, acyclovir and

4-aminoantipyrinel ],

Anti-cancer

Anticancer or chemotherapy drugs are used to treat cancer and to control the growth of
cancerous cells. There are many types of electrochemical sensors developed for the determination

of anticancer drugs by modifying the working electrode.
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5-Fluorouracil is an antineoplastic agent which acts as an antimetabolite to uracil and used
primarily for the treatment of solid tumours of breast, colon and rectum. Bukkitgar et al. developed
a sensor for the detection of 5-fluorouracil by using the carbon paste electrode modified with
electrodeposited methylene blue thin film 1% A highly effective electrochemical sensor for the
analysis 5-fluorouracil was fabricated based on silver nanoparticles-polyaniline nanotube by
Zahed and group!'®”!. Lima et al. described the application of modified carbon paste electrode with
porphyrin-capped gold nanoparticles to detect 5-fluorouracil!®®], and an “ON/OFF” switchable
temperature-controlled electrochemical sensor was developed based on a microgel consisting
thermo-sensitive conductive poly-(3,4-ethylenedioxythiophene) and poly-(N-
isopropylacrylamide) by Mutharani et al. in recent time!'®®. Hatamluyi et al. successfully
synthesized graphene quantum dots-polyaniline/ZnO and developed highly selective and sensitive
electrochemical sensor for determination 5-fluorouracil and irinotecan simultaneously 1'7%. Pattar
and research group developed chemically reduced graphene oxide and chitosan (CRGO/CS)
modified glassy carbon electrode and used to determine 5-fluorouracil by using cyclic, staircase

711 Fouladgar reported amplified voltammetric sensor

and square wave voltammetric techniques
for the detection of doxorubicin and 5-fluorouracil using CuO-CNT nanocomposite/ionic liquid
modified sensor!!’?!. Rahimi-Nasrabadi et al. demonstrated a praseodymium-erbium tungstate
(Pr:Er) nanoparticles modified carbon paste electrode for the sensitive voltammetric determination

of 5-fluorouracil!!’3,

Methotrexate 1s an anti-folate and chemotherapy agent for the treatment of neoplastic
disorders, cancers including breast cancer, lymphoma, osteosarco and leukemia. Ensafi et al.
fabricated an electrochemical sensor based on CoFe20O4/reduced graphene oxide (rGO) and ionic
liquid modified-glassy carbon electrode for electrochemical determination of methotrexate by
differential pulse voltammetric technique!'’¥. Sele$ovska et al. described a novel sensitive
voltammetric method for methotrexate determination by using differential pulse voltammetric
technique at bare boron-doped diamond electrode!!’). Chen and research group established an
electrochemical sensor for determination of methotrexate based on DNA and GO, and adsorptive
voltammetric performances of methotrexate at the DNA sensor were studied using differential
pulse voltammetry!!7®). Wei et al. reported a simple method by using poly(L-lysine) modified
glassy carbon electrode (PLL/GCE) to detect methotrexate in the presence of organic compounds

(1771 Jandaghi et al. constructed a sensor system based on Ce-doped ZnO nano-flowers for the
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detection of methotrexate!!’®]. Chen et al. fabricated a graphitic carbon nitride covered vanadium
oxide nanocomposite (V20s5@g-C3N4) by a simple sonochemical approach for the electrochemical

detection of methotrexatel!”’!

. Zhou et al. developed an important analytical device for
methotrexate sensing in whole blood by anchoring electrode surface with tungsten phosphide
embedded nitrogen-doped carbon nanotubes (WP/N-CNT) [!8%], Recently, Jandaghi et al. reported
GCE altered by cerium-doped ZnO nanoflowers to develop a sensor for immediate detection of
the two cancer drugs, methotrexate and epirubicin ['8!), and Deng et al. developed a novel acetylene
black (AB) sensor modified with stearyltrimethylammoniumbromide (STAB) and applied to the

determination of methotrexate in serum 8%,

1.5. Aims and objectives
Quality of a drug is determined after establishing its authenticity by testing its purity and
quality of the pure substance in the drug and its formulations. Various analytical methods
including chemical, physical, physico-chemical and biological ones are employed for establishing
the drug quality. Electrochemical methods are the most widely used one among the all physico-
chemical methods. Following the development of spectrophotometric and electrochemical
methods for detection of pharmaceutical drugs in our laboratory, the present study investigates
the fabrication of electrochemical sensors for drugs such as Methotrexate, Serotonin,
Nitrofurantoin and Valacyclovir. Influences of various analytical parameters on the sensor
performance have been explored together with response range, effect of pH, scan rate, detection
limit and interference for all the developed sensor systems. Mechanistic aspects of the electrodic
reactions of the pharmaceutical drugs such as electrochemical transfer rate, number of electrons,
diffusion coefficient and reaction mechanism. The developed sensors have been then applied for
the determination of the drugs in pharmaceutical formulations, artificial physiological solutions
and in serum samples to establish the applicability of these sensors for direct, on-site determination
in real-world samples.
The main objectives of the present study are as follows. The overall aim of the present study
is to design and present a novel electrochemical sensor technology that can rapidly detect the
specified pharmaceutical drugs in real samples such as drug formulations, urine samples and blood

serum at applicable/physiological concentration limits.
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l. To fabricate an electrochemical sensor for the detection of Methotrexte using

functionalized carbon nanotubes paste electrode (f~=CNTPE).

2. To develop an electrochemical sensor for the detection of Serotonin by electrochemical
deposition of gold nanoparticle onto conducting polymer layer on carbon nanotube based

electrode.

3. To develop an electrochemical sensor for the detection of Nitrofurantion using

electrochemically reduced GO-CNT based electrode.

4. To fabricate an electrochemical sensor for the detection of Valacyclovir using
electrodissolution-induced  deposition of nanoAu particle on  poly-(3-amino-5-

hydroxypyrazole) coated carbon paste electrode.

The developed sensor systems with the above stated objectives would offer a substantial
opportunity towards the real time analyses of the specified drug molecules from artificial urine

samples, human serum and pharmaceutical formulations successfully.

1.6. Thesis organization
The outline of the total research work taken up in the present study is schematically depicted in

Scheme 1.1.
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Chapter 2

2.1. Introduction

Chemotherapy is one of the predominant methods followed for the treatment of cancers.
Chemotherapy is usually applied in addition with the other therapies, such as surgery, hormone or
radiation treatments. It is an aggressive treatment using pharmaceutical drugs in heavy doses to
destroy rapidly increasing cancerous cells in our body. Methotrexate (2,4-diamino-Nio-methyl
pteroylglutamic acid; MTX) is an anti-folate and chemotherapy agent for the treatment of
neoplastic disorders, cancers including breast cancer, lymphoma, osteosarco and leukemial!83-13¢],
On the other hand, MTX leads to certain severe side effects, such as hepatic failure, bone marrow

a [184185.187.188] Because of the high dose levels and long duration

suppression and hypo albuminuri
of treatments of chemotherapy, it becomes very important to develop a simple, rapid and cost-
effective method for timely on-site analysis of physiological samples for the quantitative analysis
of active MTX concentration. Though a few analytical techniques are available for highly sensitive
detection of MTX, such as HPLC [!8190 flyorimetry 1'% and capillary electrophoresis [1%%:194],
they are exceedingly disadvantageous and highly impractical due to extensive time consuming
processes, complicated laborious procedures, need of technical experts to apply and highly
expensive bulky instrumentation 1?18, To overcome these difficulties, electroanalytical methods
such as stripping voltammetry 1929 pylse voltammetry, electrochemical impedance analysis,
etc. are promising candidates because of their low-cost instrumentation, portable for on-site

[186,201-203

analysis, high sensitivity and novice-friendly 1. In this work, an electrochemical sensor

system for highly sensitive and selective detection of trace quantities of MTX from real-world

samples has been developed.

From the past few decades, different types of nanomaterials have been effectively used for

204 e [205.206]

the development of biosensors such as nanographites, CNTs 2% graphen , metal

[207,208] [209]

nanoparticles and core-shell nanoparticles . Multi-walled carbon nanotubes

(MWCNTs) are extensively probed, in recent years, because of their superior performance in

2102121 MWCNTSs can excellently promote electron

electrochemical sensors and other fields!
transfer between the electroactive species and the electrode due to their high surface area and
unique long nano-thread like geometry with high aspect ratio '*?!4. The remarkable electron-
transfer ability of CNTs would promote the fabrication of nanoscale sensor using CNTs.

Eventually the use of CNTs would lead to the decrease in response time, increase in surface area
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and thus sensitivity, fabrication of micro sensors and multiplex analysis. CNTs will reduce
electrode fouling and thus would highly improve prolonged usage, reusability and storage ability

[215-217

of such sensors 1. Functionalized MWCNT has been used in the fabrication of carbon paste

electrodes for effective reusability of the sensor in multiple analyses.

In recent years, various combinations of metal nanoparticles and carbon nanomaterials

175,218-223] Boron-

were explored for the development of electrochemical biosensors for MTX |
doped diamond electrode explored by DPV analysis exhibited a linear determination range of 0.05
- 20 uM MTX U731 Anti-MTX polyclonal antibody anchored onto a self-assembled cysteamine
monolayer was explored by electrochemical immittance spectroscopy and multivariate data
analysis for the detection of MTX [2!8] Single-walled carbon nanotube wrapped with dsSDNA was
cast to fabricate the electrode, and the developed sensor was found to exhibit a linear determination
range of 0.02 - 1.5 pM MTX [2"°], NanoAu particles adsorbed onto self-assembled monolayer
electrode showed a low-detection-limit of 0.01 pM MTX by SWV analysis [22°) Copper
nanoparticle deposited carbon black electrode was explored for the determination of methotrexate

by SWV analysis, and a linear determination range of 0.25 - 2.2 uM with a low-detection-limit of

90 nM was obtained %2,

In this manuscript, we investigated the fabrication and development of a simple, low-cost
MWCNT based carbon paste electrode without any metallic nanoparticles, so as to avoid
aggregation based deactivation and to ensure stability and long-time storability. Selective
detection of MTX in the presence of physiological electroactive interferents, ascorbic acid,
dopamine, etc. has been investigated. Comprehensive analyses for the direct determination of
MTX from pharmaceutical dosages, artificial urine and human serum samples without any time-
consuming purification or extraction steps prior to the drug assay are carried out, and high recovery
limits have been observed. Steady-state current—time analysis under hydrodynamic conditions

mimic to flow-cell analysis for multiple samples has been investigated.

2.2. Experimental

2.2.1 Chemicals
Methotrexate, uric acid, ascorbic acid, dopamine and serotonin of >99.8% purity were

procured from TCI, Japan. Chitosan (deacetylation 85%, 60—120 kDa), MWCNT (purity 95%, 10—
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30 um length and 20-30 nm OD) were purchased from SRL, India. All other chemicals were of
analytical grade reagents with a minimum of 99.5% purity. Double-distilled water treated with
Ultrahigh water purifier (Thermo Fisher Scientific, USA) with the final resistance of 18 Mohm
was utilized all throughout the investigation and for the preparation of aqueous solutions.
Phosphate buffer solution (PBS) was prepared by using 0.2 M H3POs4, followed by the addition of
0.1 M NaOH to adjust the pH to 3.2. Artificial urine solution was prepared according to the
procedure reported elsewhere in the literature 1> by mixing 1.1 mM lactic acid, 2.0 mM citric
acid, 170 mM urea, 90 mM NaCl, 25 mM NH4Cl, 10 mM sodium sulphate, 25 mM sodium
bicarbonate, 2.5 mM calcium chloride, 7.0 mM KH2PO4 and 7.0 mM K2HPOs4, and then the pH
was adjusted to 3.2 with NaOH.

Direct determination of MTX spiked in serum samples was carried out using human serum
samples collected from a healthy donor, and aliquots of the collected serum samples were stored
at -20 °C prior to use. MTX solution in PBS buffer (pH 3.2) was added to serum samples to
prepare MTX-spiked serum samples.

2.2.2 Functionalization of MWCNT
MWCNTs were functionalized following the procedure reported earlier 22°-2261 with little
modifications. MWCNT (120 mg) was added to 10 mL 3 M HNOs, sonicated for few minutes and
heated to 60 °C for 24 h under constant stirring. During the treatment, it is oxidized at side-wall
defect sites and at nanotube ends to form carboxyl groups. The obtained black solid precipitate
was centrifuged, and the centrifugate was washed repeatedly with water until the supernatant
becomes neutral (pH = 7). The resultant functionalized MWCNT was dried at 80 °C in hot-air

oven.

2.2.3. Fabrication of f~CNTPE electrodes
Functionalized MWCNT paste electrodes (~CNTPE) have been prepared as follows:
Functionalized MWCNT (50 mg) was mixed with paraffin oil at 5:1 wt. ratio in mortar. The paste
was filled compact into 4.0 mm diameter Teflon tube, and the electrical contact was made from
the other side of the tube using Cu wire. Surface of the electrodes was polished with butter paper
before the experiment. Steps involved in the fabrication of f~CNTPE electrodes have been

illustrated in Scheme 2.1.
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Scheme 2.1. Schematic representation of the fabrication of /~CNTPE electrode.

2.2.4 Electrochemical and SEM experiments

For electrochemical experiments, CHI 619d (CH International, USA) electrochemical
workstation and three-electrode two-compartment cell with functionalized CNT paste electrode as
working electrode, Pt wire counter electrode and Ag|/AgCl (3 M KCI) reference electrode.
Electrode potentials were referred against Ag|AgCl (3 M KCI). Experimental solutions were
purged with nitrogen gas for 10 min before electrochemical analyses. All electrochemical

measurements were carried out at room temperature of ca. 25 °C.

Scanning electron microscopic images of the sensor surface were recorded with TESCAN
VEGA-3 SEM (Czech Republic) equipped with magnetron sputter coater (Quorum, SC7620
sputter Coater). Prior to the imaging, a conductive nano-film of Au (~5 nm thick) was sputtered
on the electrode surface using Sputter coater. Morphological images of the sensor surface were

recorded at a reduced pressure of 0.10 milli Pascal with magnification levels of up to 35,000 times.

2.3. Results and discussion
2.3.1. Characterization of f~-MWCNT surface
Functionalized MWCNT was studied by vibrational Raman spectroscopy, which

exhibits high potential for the analysis of graphitic nature of carbons ?>”-??8], The structural changes
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occurred with MWCNT by the functionalization can be analyzed from the changes in vibrational
Raman spectroscopy bonds. The Raman spectra of pristine MWCNT and fMWCNT were
recorded and shown in Fig. 2.1. They exhibit D-band (~1,340 cm™) related to the structural
disorders and conversion of graphitic carbons leading to -COOH groups at CNT ends and defect
sites, G-band (~1,570 cm™") related to graphitized carbon and G'-band (~2,650 cm™) related to the
first overtone of the D-band. The quantitative measurement of the functionalization of MWCNT
would be indicated by the intensity ratio of In/lg. The increase in the In/Ig value for FMWCNT
(1.10) compared to pristine MWCNT (0.951) clearly proves the decrease in graphitic carbon
content and the functionalization of MWCNT.

A) G - band MWCNTs
D - band
A
=
«
s’
2
g B) f-MWCNTS
)
~—
=
=

500 1000 1500 2000 2500 3000
Raman shift / cm?

Fig. 2.1. Raman spectra of (A) MWCNTs and (B) f~-MWCNTs.

Surface morphology of f~CNTPE was investigated by scanning electron microscopy at
different magnifications. Before the imaging, a conductive nano-film of Au (~5 nm thick) was
sputtered on the electrode surface, and the SEM images recorded at different magnifications are
shown in Fig. 2.2. The electrode surface is comprised of long nano-thin thread like structures of
CNTs, and individual CNTs are randomly oriented all over the electrode surface. The SEM images

show that the CNTs are ribbon like structure of ~30 nm diameter. The SEM images of /~CNTPE
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show an intense network of nano-threads of CNTs all over the surface along with high porosity

simultaneously, and thus the effective electroactive surface area would increase enormously.

* - X - R T T
SEM HV: 30.0 kV WD: 9.33mm VEGA3 TESCAN|  SEM HV:15.0 kV WD:10.28 mm VEGA3 TESCAN|  SEMHV: 15.0 kv WD: 10.28 mm VEGA3 TESCAN|
SEM MAG: 30.0 kx : 35. 5

Det: SE 1 SEM MAG: 35.0 kx Det: SE 1um SEM MAG: 20.0 kx Det: SE 2um
Date(midly): 082017 IT, Warangal Date(m/dfy): 082317 IT, Warangal 4 Date(mid/y): 082317

Fig. 2.2. SEM images of CPE (4) and f-CNTPE (B, C) at different magnifications.

2.3.2. Electrochemical behavior of MTX at f~CNTPE

Cyclic voltammetry is a basic and prime technique employed for the study of
electrochemical characteristics of electrodes, analytes, electrode-solution interfaces, etc. To
determine the electroactive surface area of f~CNTPE and control CPE electrodes, cyclic
voltammetric studies of K3[Fe(CN)s] were carried out in aq. 2.5 mM K3[Fe(CN)s] + 0.1 M KC1
using /~CNTPE and control CPE electrodes at different scan rates. We observed a higher peak
current with /~CNTPE compared to the control CPE. The plots of the peak current against the
square root of the scan rate were linear and passing through the origin, as shown in Fig. 2.3 (A).
Electroactive surface area of the electrodes were determined using the Randles-Sevcik equation,
employing the diffusion coefficient of K3[Fe(CN)e] as 6.7 x 10 cm? s! 226221, Functionalized
MWCNT paste electrode, ~CNTPE, exhibited an electroactive surface area of 0.210 cm?, which
is nearly two times higher compared to the geometric surface area of the electrode, 0.126 cm?, and
the control CPE electrode exhibited a surface area of 0.110 cm?. From the observations, we
conclude that the use of A MWCNT enhanced the electroactive surface area of ~CNTPE electrode

effectively.

Cyclic voltammetric measurements of MTX were carried out at ~CNTPE and CPE in 1.0
x 10° M MTX solution in PBS (pH 3.2), and the CVs recorded at 100 mV s™! are shown in Fig.

2.3 (B). Anirreversible oxidation peak was obtained in the potential range of +0.6 to +1.0 V with
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no sign of peaks in the cathodic scan. Compared to the control experiments at CPE, the anodic
peak current of MTX at f~CNTPE electrode is about two times higher and the anodic peak potential
has been shifted to a less positive potential region by ~70 mV. The electrocatalytic effect is due

to the enhanced surface area of f~CNTPE and the functionalization of CNT with reactive sites.
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Fig. 2.3. A) Plot of the anodic peak currents obtained at (a) bare CPE and (b) ~-CNTPE in aq. 2.5
mM K;3[Fe(CN)s] + 0.1 M KCI against the square root of scan rate. B) CVs recorded at (a, b) CPE
and (c, d) f~CNTPE in the (a, ¢) absence and (b, d) presence of 1.0 x 10> M MTX in PBS (pH 3.2).

Scan rate 100 mV s/,

Effect of the potential scan rate on the cyclic voltammograms of MTX at ~CNTPE was
studied, and the observed results are given in Fig. 2.4. Cyclic voltammograms of MTX recorded
at different scan rates of 10 — 300 mV s™! are shown in Fig. 2.4 (A), and the peak currents increased
gradually along with the scan rate. The anodic peak currents were plotted against the square root
of sweep rate (v"/?), and a linear plot was obtained with a regression coefficient of 0.9859 (Fig. 2.4
(B)). These results infer that the oxidation of MTX at the modified f~CNTPE is a diffusion
controlled process. With the increase in the scan rate, the anodic peak shifts to more positive
potentials. The peak potential was linearly dependent on In(scan rate) (Fig. 2.4(D)). From the
dependence of peak potential vs. In(scan rate), the number of electrons involved in the electrodic
process could be calculated using the Laviron's equation [2*%1. The slope of the E vs. In(scan rate)
plot, b= (RT/an«F), where 'b' is the slope and 'a' is the electron transfer coefficient, and, according

to Laviron's equation, the electron transfer coefficient 'a' for an irreversible electrodic reaction is
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0.5 (2392311 From the slope of the plot (Fig. 2.4(D)), the value determined for nq is nearly 2, which

evidences that two electrons are involved in the oxidation process of MTX.
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Fig. 2.4. (4) CVs of 1.0 x 10 M MTX in PBS buffer (pH 3.2) at ~-CNTPE, scan rate = 10, 20, 40,
70, 100, 130, 170, 210, 250 and 300 mV s'. (B) Plot of iy vs. square root of scan rate. (C) Plot of
Ep vs. scan rate. (D) Plot of Ep vs. In(scan rate).

2.3.3. Determination of MTX by differential pulse voltammetry (DPV)

The electrochemical sensing of f~CNTPE towards MTX detection was investigated by

differential pulse voltammetry (DPV). The anodic peak observed at +0.730V was monitored and

a good voltammetric profile was obtained with the optimum parameters of 120 mV pulse

amplitude, 50 ms pulse width, 5 ms sample width, 5 mV step increment and 150 ms cycle period.

DPVs were recorded using f~CNTPE at different concentrations of MTX (0.4-5.5 pM), and the

obtained DPVs are shown in Fig. 2.5 (A). The peak current is linearly proportional to MTX
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concentration, as shown in Fig. 2.5 (B). The plot of peak current vs. Cwmrx is linear, passing through

the origin, and the low detection limit is determined to be 4.0 x 107 M MTX.
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Fig. 2.5. (A) DPVs of MTX (0 and 0.4 to 5.5 uM) in PBS (pH 3.2) at f~-CNTPE. (B) Plot of the peak
current against the concentration of MTX.

2.3.4. Square wave voltammetry (SWYV) of methotrexate at f~CNTPE

SWYV was employed then to investigate the detection limit of MTX under the best possible
parameters: potential window +0.60 to +0.95 V, 4 mV step height, 0.025 V amplitude, 15 Hz
frequency. SWVs were recorded with f~CNTPE in the presence of MTX at 10 - 1500 nM (Fig. 2.6
(A)). The calibration plot of peak current vs. concentration of MTX is shown in Fig. 2.6 (B). The
peak current increased in parabolic manner along with MTX concentration, and two linear regions
were observed (Fig. 2.6 (B)). Such a parabolic plot could be attributed to a slow heterogeneous
interfacial electron-transfer, and the peak current did not increase proportionately with MTX
concentration. The slope of the linear region in the low concentration range of 10 — 80 nM is high
compared to the other, and the linear regression equations are: i(nA) = 3.598 Cvrx(uM) with R?=
0.998 in 10 — 80 nM range, and i(uA) = 0.247 + 1.046 Cmrx(uM) with R?=0.9943 in 100 — 1500
nM range. The RSD obtained at 10 nM concentration and the slope of the plot in the low
concentration range were employed to determine the low-detection-limit (3c/slope) to be 2.9 nM.
Linear concentration range is 1.0 x 10— 1.5 x 10" M. Performance of the fabricated sensor has
been compared with other electrochemical sensors and analytical methods reported in the literature
(Table 2.1). The low-detection-limit using simple A~CNTPE is 2.9 x 10 M by SWV and is highly

comparable to the low-detection-limits reported previously by using various electrochemical
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methods with various modified electrodes utilizing nanoAu, nanoCu, anti-MTX antibody, boron-
doped diamond electrode, etc. (Table 2.1). Further, the present sensor system exhibits an
equivalent low-detection-limit of 10 nM by steady-state current—time analysis method (vide infra)
under hydrodynamic conditions, which could be extended to repeated analysis of multiple samples
using flow-cell analysis. The developed biosensor system has been established for successful
determination of MTX selectively in the presence of other interferents and from impregnated urine

and serum sample s (vide infra).
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Fig. 2.6 (A) SWVs of MTX 10 to 1500 nM in PBS (pH 3.2) at ~-CNTPE. (B) Plot of the peak current
against the concentration of MTX. Inset shows the plot of peak current at low concentrations of
MTX.
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Table 2.1. Detection of MTX using electrochemical and various analytical methods.

Electrode Method Linear range Low-detection-limit (nM) Reference
BDDE DPV 50 nM - 20 uM 10.0 [175]
PLL/GCE SWV 5nM -200 nM 1.7 [232]
MWCNTs-DHP/GC DPADSV 50nM - 5 uM 33.0 [217]
DNA/SWCNT/Nafion/GCE SWAS 20nM - 1.5 uM 8.0 [(219]
DNA/GCE (0x) SWV 20 nM — 4 uM 5.0 (201]
NanoAuw/LC/GCE SWAS 40 nM -2 uM 10.0 [220]
NanoCu/Carbon black SWV 22 uM -25uM 90.0 [221]
MWCNT-SPE _ 0.5 uM - 100 uM 100.0 [212]
J-CNTPE SWV 10nM - 1.5 uM 2.9 Present work
i-t analysis 10nM - 1.5 uM 10.0 Present work

BDDE - Boron-doped diamond electrode; PLL — poly(L-lysine); DHP — dihexadecylhydrogenphosphate; LC - L-cysteine; SPE - Screen
printed electrode.
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2.3.5. Steady-state current—time analysis

Sensitivity of the present sensor system was examined by the steady-state current—time
analysis mimic to hydrodynamic flow-cell experiments towards the detection of MTX.
Experimental solution was stirred with a magnetic bar at a constant non-turbulent rotation rate of
400 rpm. Figure 2.7 (A) shows the i—t curve of /~CNTPE obtained for the addition of MTX with
a uniform stirring at the applied potential of + 0.85 V. The current response of ~CNTPE with each
addition of MTX at an interval of ~60 s at various concentrations is shown in Fig. 2.7 (A).
Following MTX addition, the current increased anodically and attained a plateau within 10 s. The
increase in anodic current was plotted against MTX concentration, and the linear plot obtained
from 10 to 1500 nM MTX is given in Fig. 2.7 (B). The addition of MTX as low as 10 nM produced
a current response with a signal-to-noise ratio (S/N ratio) of ~ 8 (Fig. 2.7 (A) inset). The
performance of the present sensor system was further examined towards MTX detection in

presence of various biological interferents and in pharmaceutical and physiological samples.
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Fig. 2.7. (4) Steady state current—time analysis at f~-CNTPE in PBS (pH 3.2) to the additions of
MTX. Every addition increases the concentration of MTX at regular intervals of ~1 min. Eapp = +
0.85 V. (B) Plot of the increase in anodic current vs. MTX concentration.

2.3.6 Interference studies

Electrochemical responses of methotrexate in the presence of interferents that co-exist
in real samples such as ascorbic acid (AA), uric acid (UA), and important neurotransmitters such
as dopamine (DA) and serotonin (5-HT) were investigated at ~CNTPE modified electrode. Figure
2.8 shows the DPVs obtained in the presence of a mixture of AA, UA, DA and 5-HT 1.5 uM each
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along with the presence of MTX at different micromolar levels (1.0 — 4.0 uM) in PBS (pH 3.2).
At the modified f~CNTPE, distinct peaks were observed for MTX and for the other components,
and thus selective determination of MTX could be achieved. The peak currents for MTX increased
with MTX concentration irrespective to the presence or absence of these interferents. A very good
peak-to-peak separation was observed between MTX and the other compounds. It is clear that the

fabricated sensor platform is good for selective MTX detection despite the presence of interferents.

MTX

Current / pA

02 -041 0.0 04 02 03 04 05 0.6 0.7 0.8 0.9
Potential / V vs. Ag|AgCl (3 N KCl)

Fig. 2.8. DPVs at f~-CNTPE with MTX at different concentrations (1.0, 2.0, 3.0 and 4.0 uM) in the
presence of AA, DA, UA and 5-HT 1.5 uM each in PBS (pH 3.2).

2.3.7 Repeatability and reproducibility

Repeatability of the fabricated /~CNTPE has been examined by recording SWVs of
1.0 uM MTX repetitively by using the same electrode. In a time period of 15 days, we successively
measured the anodic peak current response for 25 times and found that the anodic peak current
decreased by ~ 4.5%, indicating that the present sensor has good stability and repeatability for
multiple usage. Reproducibility of the present biosensor electrode has been examined by recording
the anodic peak current of 1.0 uM MTX using six independent f~CNTPE electrodes. The RSD of
the anodic peak currents of these electrodes was found to be 2.6% for the detection of MTX in

multiple experiments, showing excellent reproducibility of the present biosensor. From these
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evidences, we conclude that the present sensor is highly reproducible and reusable for the detection

of MTX.

2.3.8 Determination of MTX in pharmaceutical, artificial urine and human blood serum

Finally the sensor was examined for practical applicability. Pharmaceutical samples of
MTX (5 mg tablet) were analyzed by the standard addition method. In Fig. 2.9 (A), the curves “a
and b” show the DPVs of the experimental solutions having 0.5 uM pure MTX + 0.5 or 1.5 uM
MTX from pharma drug. Recovery of MTX from artificial urine was examined by the addition of
MTX into undiluted artificial urine of pH 3.2. The biosensor has been tested in artificial urine
samples and in diluted serum samples of healthy donors, and thus the pharmaceutical drug MTX
initially is not present at all in these samples. MTX is impregnated at different concentration levels,
and the DPVs were recorded. In curves “c - 7, the DPVs recorded at f~CNTPE in pure buffer and
in artificial urine with the presence of 1.0 and 2.0 uM MTX were shown. In urine samples, the
oxidation peak of MTX occurred at a less positive potential, + 0.65 V (e, f), and it could be
attributed to the high ionic strength of the urine solution. The recovery values of MTX
determination in pharmaceutical and urine samples are given in Table 2.2, and the recovery values

are quite satisfactory, ranging from 96.8 to 102.5%.

The electrochemical response of MTX at ~CNTPE electrode was recorded in human serum
obtained from a healthy donor with a dilution by 30 times using the supporting electrolyte. DPVs
in the presence of impregnated MTX at different concentrations (0.0 —3.0 uM) in the diluted serum
are shown in Fig. 2.9 (B). In the absence of MTX, a weak anodic peak was observed at +0.36 V,
and it will be characteristic to uric acid (vide supra, Fig. 2.8) present in the real sample of human
serum. In the presence of 1.0 uM MTX, the anodic peak corresponding to the oxidation of MTX
appears at +0.81 V, and the peak current increased with the concentration of MTX. Both in
artificial urine samples and in diluted serum samples, the DPVs observed at 1.0 pM MTX exhibit
a prominent peak (Fig. 2.9 (A) (e) and 2.9 (B)), and the ratio of the anodic peak current against the
noise of the DPV response is very high (S/N ratio > 3). From the results in Fig. 2.9 (A) and 2.9
(B), it can be readily assumed that the low-detection-limit of the present biosensor could be < 1.0

uM MTX from pharmaceutical tablets, artificial urine and diluted serum samples.
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Fig. 2.9. (A) DPVs recorded at f~-CNTPE in the presence of a mixture of 0.5 uM pure MTX + 0.5
UM (a) and + 1.5 uM (b) MTX from a pharmaceutical formulation in PBS buffer (pH 3.2), pure
MTX in PBS (pH 3.2; ¢, d) and in artificial urine (pH 3.2; e, f); [MTX] = 1.0 uM (c, e) and 2.0 uM
(d, ). (B) DPV analysis in diluted human serum (30 times) at various concentrations of MTX (0,
1.0, 2.0 and 3.0 uM).

Table 2.2 Recovery limits for the determination of MTX in pharmaceutical tablet, artificial urine
and in serum samples.

Tablet Average
MTX (x 106 Found (x 10
Sample NE) added ounM() recovery | RSD (%)
(x 10 M) (%)
Tablet 0.5 0.5 0.97 96.8 1.3
(5 mg/100 mL)
0.5 1.5 2.05 102.5 0.9
Urine 1.0 - 0.97 96.8 1.2
2.0 - 1.97 98.5 1.7
Serum 1.0 - 0.97 97.4 1.4
2.0 - 1.91 95.5 0.7
3.0 - 2.97 99.0 1.8
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2.4 Conclusions

In the present work, we described a simple and cost-effective method for quantitative
determination of sub-micromolar levels of MTX based on /~CNTPE. The developed biosensor is
the first electrochemical sensor, to the best of our knowledge, for the determination of trace
quantities of MTX from pharmaceutical samples, urine and diluted serum. Linear determination
range and low-detection-limit, respectively, were 1.0 x 108 M — 1.5 x 10° M and 2.9 x 10° M in
SWYV investigations. Steady-state current — time analysis demonstrated the determination of MTX
as low as 10 nM (S/N ratio ~ 8) in less than 10 s. The developed sensor system is excellent for the
detection of MTX at sub-micromolar concentrations in presence of other physiological
electroactive interferents. The proposed method was successfully employed for the determination
of methotrexate in-vitro in real sample analyses of pharmaceutical dosage, urine and diluted human
serum samples with the recovery limits of 95.5 to 102.5%. The developed electrochemical sensor
system and the methodology could be extended for other drug compounds and for practical

applications in the analyses of pharmaceutical dosages and clinical samples.
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3.1. Introduction

Valacyclovir is an important anti-viral drug. It is pro-drug of acyclovire and useful for
the usage against Herpes simplex virus (HSV) and Varicella-zoster virus (VZV) virus. This
compound is rapidly converted into an essential amino acid L-valine and acyclovir (active antiviral
state of valacyclovir) by hydrolysis in the liver and intestine, primarily mediated by enzyme
valacyclovir hydrolase via first-pass metabolism [233]. Acyclovir and valacyclovir are activated by
the phosphorylation of virus-specific thymidine kinase. There are several traditional
chromatographic and spectrophotometric techniques such as RP-HPLC 2342351 HPLC [236:237],
spectrophotometry!>**2**1 and LC-MS 2% proposed for valacyclovir detection from physiological
and pharmaceutical samples. But these techniques are time consuming, expensive and even
handling also difficult. Electrochemical techniques received high attention for the detection of
different types of small molecular analytes in various fields due to their highly sensitive, selective,
rapid analysis and easy to operate with a miniaturized portable system. In past years, only a few
reports are available in the literature for the detection of valacyclovir by electrochemical
techniques with the use of single-walled carbon nanotube modified GCE***, single-walled carbon

155]

nanotube-rGO nanohybrid 13! and self-assembled dopamine nanolayers wrapped carbon

241

nanotube "1 Tt is extremely warranted to develop a highly sensitive and selective sensor for

portable, miniaturized, rapid, on-site detection of valacyclovir.

In recent years, conducting polymers received special attention in electrochemical

242] 243] [245,246

materials [**?], corrosion protection!**¥], photocatalysis *** and sensors 1. Fabrication of
electrodes by using a conducting polymer is an emerging method in sensors due to their high
compatibility with metal nanoparticles and biological molecules [>47?*]. Conducting polymers
have extended m-orbital system which can easily promote the flow of electrons from one end of
the polymer to the other, which enhances the catalytic properties of the sensor system. Kinetics of
the electrodic processes can be improved by depositing a thin film of conducting polymer. The
efficiency and biocompatibility of the sensor system is influenced by the polymer thickness over
the surface of the electrode. Compared to other methods, the electrochemical polymerization
method is simple and best technique for the formation of polymer on the electrode surface with

desirable thickness.
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Composite of metal nanoparticles with different types of materials such as carbon

231,249 S [250,251

nanotubes 1. graphenes and polymer I have been used in nanoscience and technology.
Especially gold nanoparticle composites show a significant role in biosensors due to their high
strength and stability, excellent electron conductivity and unique surface chemistry. Gold
nanoparticles freely allow the electron flow into the materials and demonstrated catalytic activity
towards oxidation and reduction. Prime difficulty with nanoparticles is particle aggregation, which
is responsible for the decrease in conductivity and effective surface area. To overcome this
difficulties, several approaches have been introduced, such as surfactant stabilizers, polymer thin-

film coatings, thiol-ligand coating and polymer capping agents 25272341,

The main aim of the present studies is to propose a conventional, sensitive and selective
method for detection of the important anti-viral drug VAL by using voltammetric techniques. In
the present work, the electrochemical oxidation of VAL has been investigated at AuNPs decorated
conducting polymer interface. The detection of VAL in artificial urine and pharma samples
showed that the sensor system proposed in this study might be adopted in quality control as well

as therapeutic drug monitoring in clinical and hospitals.

3.2. Experimental
3.2.1. Chemicals

Valacyclovir, ascorbic acid, uric acid, dopamine and serotonin were obtained from Tokyo
Chemical Industry, Japan and HAuCls from Sigma-Aldrich, USA. (3-Amino-5-hydroxypyrazole)
and graphite nanopowder were purchased from SRL, India. Other chemicals were analytical grade
(min. 99% purity). PBS buffer was prepared by mixing of 1 M potassium dihydrogen phosphate
(KH2POs4) and dipotassium hydrogen phosphate (K2HPO4) to pH 7.0. Artificial urine was prepared
as per the literature procedure [25]. Double-distilled water filtered with 0.2-pm filter was used for

aqueous solutions.

3.2.2. Synthesis of chitosan protected AulNPs

The chitosan protected AuNPs was prepared according to the literature report with a small
adaptation ], and we reduced HAuCl4 by using chitosan. A homogeneous chitosan solution of

1% w/v was obtained by dispersing chitosan in 1% v/v aq. acetic acid with ultra-sonication for 10
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min, then added 3 mL 10 mM aq. HAuCls and heated at 80 °C for 1 h. Here, we optimized the
concentration of gold by varying the volume between 1.0, 2.0, 3.0 and 4.0 mL. We observed that
the solution changed from yellow colour to wine red, which confirms the growth of nanoAu

particles, and the nanoAu solution was stored at 4 °C for further usage.

3.2.3. Fabrication of AuNPs/poly-AHP/CPE
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Fig. 3.1. (4) CVs of 1 mM K;3[Fe(CN)s] in 0.1 M KCI at different poly-AHP/CPE electrodes
formed by potentiodynamic polymerization with various number of cycles (5, 10, 15 and 20).

Carbon paste electrode (CPE) was prepared as follows. 5 uL paraffin oil added to 30 mg
of graphite nanopowder and mixed until a homogenous paste was obtained. The paste was filled
into a 4 mm diameter Teflon tube, and a copper wire was inserted from the top of the tube to
establish electrical contact. Surface of the CPE was smoothened using a clean butter paper before
the experiment is started. Finally, the electrodes were kept for drying at room temperature
overnight and denoted as CPE. Then, 5, 10, 15 or 20 consecutive potential cycles were applied on
four independent fabricated CPEs placed in 10 mM 3-amino-5-hydroxypyrazole (AHP) with 0.1
M sulphuric acid, and the potential range was - 0.2 to + 1.1 V at 25 mV s™! scan rate. A thin film
of poly-AHP formed on CPE surface, and the electrode is denoted as poly-AHP/CPE. We
observed that the poly-AHP/CPE electrode formed with 10 potential cycles for
electropolymerization has shown highest current response in 1.0 mM K3[Fe(CN)¢], as shown in

(Fig. 3.1 (A)). Subsequently, synthesized chitosan biopolymer protected colloidal gold
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nanoparticle (AuNPs) was deposited on poly-AHP/CPE at +0.3 V for 20 s, and the total steps

involved in biosensor fabrication was described schematically (Scheme 3.1.).

Poly-AHP/CPE

Bare CPE

at 80 °C | = i-t deposition
forlh R of AuNPs

Carbon paste electrode
(CPE)
HAuCly + 1% Chit

Scheme 3.1. Schematic representation of electrode fabrication

3.2.4. Characterization

UV-Visible spectral studies were carried out on PerkinElmer LAMBDA2S5
spectrophotometer for colloidal gold solution. XRD spectrum of all the electrodes was recorded
using Bruker AXS D8 diffractometer in the 20 range of 10" - 90" with Cu Ko source of 1.5406 A,
step size of 0.01 deg and 0.3 s per step. For surface morphological studies by SEM using TESCAN
VEGA 3 SEM operating at 10-30 kV, poly-AHP/CPE and AuNPs/poly-AHP/CPE films were cut
nearly 2 to 3 mm thickness from the electrodes. Here, the films were attached on Cu stub using a
conductive carbon adhesive tape, and then a thin film of Au of ~5 nm thick was coated on the films

by sputtering to avoid charging and thus blurring during the SEM imaging.
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3.2.5. Electrochemical analysis

Electrochemical workstation (CHI 619d, USA) was employed for all voltammetric and
impedimetric experiments. Electrode potential has been referred against Ag|AgCl (3 N KCI). PBS

(pH 5.0-9.0) was used for all electrochemical experiments as the supporting electrolyte.

3.3. Results and discussion

3.3.1. Electrodeposition of AuNPs/poly-AHP film on CPE

A thin film of AuNPs/poly-AHP film was formed on the surface of CPE by applying two
layers of deposition using AHP monomer and chitosan protected colloidal gold suspension. For
the electrochemical deposition of poly-AHP, the CPE placed in 10 mM AHP with 0.1 M H2SO4
was swept ten potential cycles between -0.2 to +1.1 V at 25 mV s™!, and the CVs recorded are
shown in Fig. 3.2(A). The oxidation peak of AHP appeared at + 0.84 V in the first cycle, and, in
the very next cycle, it shifted to +0.79 V with a considerable decrease in peak current. From the
2" to 5% potential cycles, we observed a slight decrease in peak current for each cycle, which
indicates that the oxidative AHP monomer undergoes polymerization on the surface of CPE with
each additional potential cycle and that the electroactive polymerization decreased and stabilized
at cycle 5. For each additional cycle, AHP polymerized constantly to an equal extent on the surface
of the electrode. The amine functional group of AHP will generate a radical cation at + 0.85 V

during its oxidation process.

These radical cations form the dimer, and the dimers are oxidizable easily than the monomer,
subsequent in the polymerization on the surface of CPE. For the deposition AuNPs on the AHP
polymerized CPE, poly-AHP/CPE was kept in the solution of chitosan protected AuNPs and was
applied a potential of -0.2 V for 150 s, resulting in the deposition of AuNPs on the surface of poly-
AHP/CPE (Fig. 3.2 (B)). The AuNPs present in the solution were deposited on the electrode
surface, which was confirmed by XRD and SEM analyses.
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Fig. 3.2. (A) Potentiodynamic polymerization of AHP (10 cycles) on CPE in 10 mM AHP with
0.1 M H>SO« at a scan rate of 25 mV s. (B) Potentiostatic deposition of chitosan protected
AuNRPs.

3.3.2. Characterization of AuNPs/poly-AHP/CPE

Formation of gold nanoparticles in the colloidal gold solution is first characterized by UV-
visible spectroscopy. We recorded the UV-visible spectra of chitosan protected Au NPs, chitosan
and aqueous solution of HAuCls. The absorption maximum was observed for gold NPs (Fig. 3.3

(A)) at 534 nm, which infers that the diameter of Au NPs is about 50 nm.
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Fig. 3.3. (A) UV-Visible spectra of a) aq. 1% w/v chitosan, b) aq. HAuCl4, and c) Au NPs in aq.
1% w/v chitosan. (B) Powder XRD patterns of a) CPE, b) poly-AHP/CPE and c) AuNPs/poly-
AHP/CPE.

XRD patterns of CPE and poly-AHP/CPE electrodes exhibit the diffraction peaks at 26.56°
and 54.66°, which correspond to the characteristic peaks of graphitic carbon of (002) and (004)
planes, respectively [, It was observed that the intensity of the C (002) diffraction peak
decreased from CPE to poly-AHP/CPE due to the polymerization, which eventually results in
masking of the graphitic nature of CPE (Fig. 3.3 (B)). AuNPs/poly-AHP/CPE exhibits diffraction
peaks at 38.62° 44.82° and 82.56° representing (111), (200) and (222) planes, respectively,
ascribed to the FCC crystalline Au (JCPDS No. 04 - 0784) besides the C (002) diffraction peak,
which clearly depicts the successful formation of Au nanoparticles by electrochemical deposition
of HAuCl4. The average crystalline size of nanoAu was calculated using the Scherrer formulae,

and it was found to be ~ 35 nm.

The structural morphology of the colloidal gold before and after deposition on poly-
AHP/CPE has been characterized by SEM analysis. Figure 3.4 (A) is the typical image of the pure
synthesized colloidal gold in solution, and Fig. 3.4 (B, C) shows SEM images after deposition of
nanoAu on poly-AHP/CPE at different magnifications. In Fig. 3.4 (B, C), we can clearly observe
the homogeneous uniform distribution of AuNPs on the surface of poly-AHP, which is already
formed as a well-sheet like structure on CPE and is well responsible for efficient fast electron-
transfer. Figure 3.4(C) shows that the AuNPs/poly-4AHP/CPE film is of enormous porous nature
between layer-to-layer with high surface area, and in turn it could be increasing the current
response of the electrode. By using EDX measurements, the chemical composition of
AuNPs/poly-AHP/CPE was deduced. EDX elemental mapping of carbon, gold, nitrogen and
oxygen in Fig. 3.4(E) clearly reveals that Au is uniformly distributed throughout the AuNPs/poly-
AHP/CPE matrix. The elemental composition of AuNPs/poly-AHP/CPE from EDX analysis (Fig.
3.4 D) shows the presence of C, O, N and Au as major elements at the weight percentages of 63.19
%, 22.24%, 10.14% and 4.02%, respectively, over the whole region of AuNPs/Poly-AHP/CPE

film surface.
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Spectrum 4
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Fig. 3.4. SEM images of synthesized colloidal AuNPs (4), AuNPs/Poly-AHP/CPE at different
magnifications (C, D). EDX spectrum of AuNPs/Poly-AHP/CPE (D) and EDX elemental
mapping of carbon, gold, nitrogen and oxygen on AuNPs/Poly-AHP/CPE surface (E).

3.3.3. Electrochemical oxidation of valacyclovir

CVs of 20 uM VAL in PBS (pH 7.0) were recorded at CPE, poly-AHP/CPE and
AuNPs/poly-AHP/CPE (Fig. 3.5 (A)). In presence of valacyclovir, only one irreversible oxidation
peak was identified at all CPE, poly-AHP/CPE and AuNPs/poly-AHP/CPE electrodes and, in the
absence of the drug, no characteristic peak was observed in PBS at any of the electrodes.
AuNPs/poly-AHP/CPE has shown highest anodic peak current compared to poly-AHP/CPE and
bare CPE, and it could be connected to the increase in the area of surface, which could be
confirmed to the higher capacitive current of AuNPs/poly-AHP/CPE electrode. The anodic peak
potential of VAL is ~+ 1.02 V at bare CPE, and also a well-defined anodic peak observed at a
less positive potential of + 0.97 V for both poly-AHP/CPE and AuNPs/poly-AHP/CPE electrodes.
Moreover, the anodic peak current resulted at AuNPs/poly-AHP/CPE is ~ 5 times greater than that
at poly-AHP/CPE and is ~ 20 times greater than that at bare CPE. AuNPs/poly-AHP/CPE is
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advantageous towards electrooxidation of VAL with the decrease in overpotential and higher
electrocatalytic currents in the oxidation of VAL. All these results are clearly indicating that the

AuNPs/poly-AHP film on CPE well promoted the electrocatalytic oxidation of VAL.
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Fig. 3.5. (A) CVs of VAL recorded in PBS (pH 7.0) in presence (b,d,f) and absence (a,c,e) of 20
UM VAL at bare CPE (a, b), Poly-AHP/CPE (c, d) and AuNPs/Poly-AHP/CPE (e, f). Scan rate
=100mV s'. (B) CVs of 20 uM VAL in PBS buffer of different pH values (5 — 9) at AuNPs/Poly-
AHP/CPE; scan rate = 100 mV s™. (C) Plot of peak potential and peak current against pH.
Effect of pH on the electrochemical oxidation of valacyclovir has been explored by CV at
AuNPs/Poly-AHP/CPE in the pH range from 5.0 — 9.0, and the obtained CVs are shown in Fig.
3.5 B. The electrooxidation of VAL was obviously influenced by pH. The oxidation peak
potential gradually became more negative with the increase in pH of the buffer solution, and the
plot of Ep vs pH is shown in Fig. 3.5 C. The peak current was found to be maximum at pH 7.0.
From the pH variation studies, we concluded that pH 7.0 is good for further analyses with high

peak current and optimum peak potential for VAL oxidation.
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Further, we studied the effect of scan rate on the electrooxidation of VAL to describe the
electron-transfer mechanism involved at the electrode. We recorded CVs at different potential
sweep rates in the range of 20 — 300 mV s using AuNPs/poly-AHP/CPE in 10 uM VAL. The
oxidation peak current of VAL gradually increased with the sweep rate, as seen in Fig. 3.6A. We
observed a linear plot passing through origin between the oxidation peak current and the square
root of scan rate (Fig. 3.6B). It is clearly indicating that the electrochemical oxidation process of
VAL is following a diffusion-controlled mechanism and also that the AuNPs/poly-AHP film is

porous and superficial to permit the efficient diffusion of VAL across it.
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Fig. 3.6. (A) CVs of 10 uM VAL in PBS buffer (pH 7.0) at AuNPs/Poly-AHP/CPE with different
scan rates (20, 40, 60, 100, 150, 200, 250 and 300 mV s™). (B) Plot between peak current and
square root of scan rate.

3.3.4. Electrochemical impedance spectrometry (EIS)

Electrochemical impedance spectrometry (EIS) studies of sensor reveals the interfacial
properties and characteristics of the nanoparticle coated polymer film. The impedance spectra of
CPE, poly-AHP/CPE and AuNPs/poly-AHP/CPE in aq. 2 mM Kj3[Fe(CN)s] + 0.1 M KCIl were
recorded at the open circuit potential (OCP) from 100 kHz — 0.01 Hz. Here the charge transfer
resistance (Rct) value of the Nyquist plots of CPE, poly-AHP/CPE and AuNPs/poly-AHP/CPE
reveals the electron-transfer efficiency at the interface (Fig. 3.7 A). We analyzed with different
types of equivalent circuit models for fitting of the resultant data, and the best fit for the observed
results was simple Randles equivalent circuit and is shown in the inset of Fig. 3.7 A. Nyquist plots

of CPE, poly-AHP/CPE and AuNPs/poly-AHP/CPE have shown a semi-circular curve followed
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by a linear plot, and the respective Ret values determined from the diameter of the semi-circles are
16.5, 7.6 and 3.5 kQ, respectively. Compared to CPE and poly-AHP/CPE electrodes, AuNPs/poly-
AHP/CPE has shown very low Ret value, which indicates a very high conductivity and improved
the electron-transfer across interface of the electrode of AuNPs-embedded polymer sensor

compared to poly-AHP/CPE and CPE electrodes.
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Fig. 3.7. (A) Nyquist plots and (B) CVs of CPE, Poly-AHP/CPE and AuNPs/Poly-AHP/CPE in
aq. 2mM K;3[Fe(CN)s] + 0.1 M KCI.

CV experiments carried out in K3[Fe(CN)s] further support the stepwise enhanced
interfacial electron-transfer upon the depositions of conductive polymer film and impregnated
AuNPs layer on the sensor surface. Figure 3.7 (B) shows the CVs of CPE, poly-AHP/CPE and
AuNPs/poly-AHP/CPE in aq. 2 mM K;3[Fe(CN)s] + 0.1 M KCl at a scan rate of 100 mV s, All
three electrodes have shown a pair of anodic and cathodic peaks, and, among all the electrodes,
AuNPs/poly-AHP/CPE has shown highest peak current response than poly-AHP/CPE and CPE. It
indicates that the electron-transfer at the AuNPs/poly-AHP/CPE interface is facile and enhanced
compared to poly-AHP/CPE and CPE. The observed enhanced electron-transfer at AuNPs/poly-
AHP/CPE could well be promoted with the lowest Rct of AuNPs/poly-AHP/CPE from

electrochemical impedance studies.

3.3.5. Differential pulse voltammetry (DPV)
Quantitative analysis of VAL was investigated by differential pulse voltammetry (DPV)
using AuNPs/poly-AHP film as sensing interface. DPVs were recorded at the optimized conditions

of 50 mV pulse amplitude, 40 ms pulse width, 5 mV step increment and 200 ms cycle period.
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DPVs of VAL recorded at AuNPs/poly-AHP/CPE in PBS (pH 7.0) over the concentration range
of 5—80 nM VAL are shown in Fig. 3.8A. A well-defined oxidation peak of VAL was observed
at + 0.94 V, and the oxidation peak current gradually increased with the concentration. A linear
plot of peak current vs. VAL concentration was observed (Fig. 3.8 B). The low-detection-limit is
determined to be 1.89 nM. The sensor performance was compared with previously reported articles
by various electrochemical, chromatographic and other analytical methods, as shown in Table 3.1.
The LOD of the present sensor is superior compared to various electrochemical systems based on
single-walled carbon nanotube and boron-doped diamond electrodes and chromatographic
analytical systems. Then, we investigated the performance of AuNPs/poly-AHP film for VAL

detection in presence of interferents and from pharmaceuticals and physiological samples.
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Fig. 3.8. (A) DPVs of VAL in PBS buffer (pH 7.0) at different concentrations (5.0 to 80 nM) at
AuNPs/Poly-AHP/CPE. (B) Plot of peak current against concentration of VAL.
3.3.6. Steady-state i—t analysis

Further, sensitivity of AuNPs/poly-AHP/CPE towards VAL detection was studied by using
the steady-state amperometric i-t analysis. Figure 3.9 shows the steady state i-t curve observed
with AuNPs/poly-AHP/CPE for VAL detection at the applied potential of +1.1 V in PBS under
non-turbulent steady stirring condition. AuNPs/poly-AHP/CPE electrode showed an anodic
increase in the steady-state current for the initial addition of 2.5 nM VAL and also for each further
successive additions of various concentrations at an interval of ~40 s. The current increased
immediate to the additions of VAL and attained a plateau in ~ 5 s. Figure 3.9 B shows the plot of

the current response against the concentration of VAL, and the plot was linear from 2.5 to 220
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nM. The addition of VAL as low as 2.5 nM produced a remarkable change in the current with a
very good signal-to-noise ratio of ~5 (S/N = ~5; Inset of Fig. 3.9(A)). Performance of
AuNPs/poly-AHP/CPE sensor was further studied towards VAL detection in presence of

interferents and in pharmaceutical and physiological samples.
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Fig. 3.9. (A) Steady state current—time analysis at AuNPs/poly-AHP/CPE in PBS (pH 7.0) to the
additions of VAL. Every addition increases VAL concentration at intervals of ~ 40 s. Eqpp = +
1.1 V. (B) Plot of the anodic current vs. VAL concentration.
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Table 3.1. Detection of VAL using electrochemical methods.

Electrode Method Linear range Limit of detection Reference
DA@CNT/GCE Amperometry 3-75nM 2.55nM [241]
BDD electrode DPV 8x107to 1 x 10*M 1.52 x 107 M (256]
SWV 2x10%t0 1 x10* M 7.60 x 107 M
- HPLC 1-250 pg mL™! 0.29 ug mL™" (0.90 uM) (237]
SWCNT/GCE DPV 5%107t05.5%10* M 1.80 x 10° M [233]
rGO/GCE DPV 0.0145.1 uyM 1.34 nM (2571
GRP-Bi»03/GCE SWV 100-700 ng mL™! 47 x10"M (258]
GCE DPV 4x10% to 2x10* M 1.04x107M [259]
SWV 4x10° to 2x10* M 4.60x10° M
- LC-MS-MS 5-1,075 ng mL"! - [240]
AuNPs/Poly-AHP/CPE DPV 5-80 nM 1.89 nM present work
Steady state i-t 2.5-220 nM 2.5nM

DA@CNT : Dopamine nanolayers wrapped carbon nanotubes, BDD : boron-doped diamond, SWCNT : single-walled carbon
nanotubes, rGO : reduced graphene oxide, GRP- Bi2O3/GCE: graphene/bismuth oxide/glassy carbon electrode
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3.3.7. Interference studies

Electrochemical response of VAL has been investigated against electroactive compounds,
e.g. dopamine (DA) and serotonin (5-HT), at AuNPs/Poly-AHP/CPE by DPV. Figure 3.10 shows
the DPVs resulted in the mixture of DA and 5-HT 4 pM each and VAL at 10 - 40 nM using
AuNPs/Poly-AHP/CPE in PBS (pH 7.0). The oxidation peak of VAL is not affected by the
presence of above interferents. Even high concentrations of DA and 5-HT together were coexist
in the test sample, the peak currents of VAL gradually increased by increasing the concentration
of VAL and were not at all influenced by the presence of the interferents. From these experimental
results, we can clearly confirm that the proposed electrochemical sensor could be implemented for

VAL detection even with possible electroactive interferents in the test solution.

0 ! I Ll Ll Ll Ll
00 02 04 06 08 1.0 12

Potential / V vs. Ag|AgCl

Fig. 3.10. DPVs recorded at Au NPs/Poly-AHP/CPE with VAL at different concentrations (10,
20, 30, 40 nM) in the presence of DA and 5-HT 4 uM each in PBS buffer (pH 7.0).
4.3.8. Repeatability and reproducibility

The stability and repeatability of the present sensor system towards the detection of VAL
was investigated by recording DPVs of 0.5 pM VAL at a single AuNPs/Poly-AHP/CPE electrode.
We successfully measured the oxidation peak current response for 20 times over a period of 10
days and observed that there is a meagre decrease in peak current by only 3.9%, showing the
stability and repeatability of the present electrode. Reproducibility of the present sensor system

was observed by recording DPVs of 0.5 uM VAL with six independent AuNPs/Poly-AHP/CPE
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electrodes. In the multiple experiments, the RSD of the anodic peak current of these electrodes
was 2.8% for the detection of VAL, showing good reproducibility of the present sensor system.
From these observations, finally, we concluded that the film of AuNPs/Poly-AHP on CPE was
highly stable and reproducible for the detection of VAL.

3.3.9. Determination of VAL in pharmaceutical, artificial urine and human serum samples
Finally, the developed electrochemical sensor has been examined for real-world
applicability. VAL (1 g tablet) pharmaceutical samples were analyzed by using the developed
AuNPs/Poly-AHP/CPE sensor system with the help of the standard addition method. In Fig.
3.11(A), the curves “d, e and ” show the DPVs of 10 nM pure VAL together with 10 — 40 nM
VAL from pharmaceutical tablets at AuNPs/Poly-AHP/CPE. The obtained recovery values from
these experimentations varied from 96.8 to 102.3 % (Table 3.2), which are quite acceptable. Also,
the VAL recovery from artificial urine samples was studied by adding VAL into artificial urine of
pH 6.0 without any buffer. Curves “a, b and ¢” are showing the DPVs measured in undiluted
artificial urine in presence of 20, 30 and 50 nM VAL, respectively, and the recovery varied from
95.2 to 101.2 % (Table 3.2). The recovery limits of the spiked VAL concentration from both the
pharmaceutical formulations and artificial urine verified that the developed biosensor is highly

proficient for the detection of VAL in real samples.

30
A) —— (f) 10 nM VAL + 40 nM tablet
— — (e) 10 nM VAL + 20 nM tablet
- - --(d) 10 nM VAL + 10 nM tablet
254 — (c) 50 nM VAL in urine
— — (b) 30 nM VAL in urine
- ---(a) 20 nM VAL in urine

20
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Current / pA

104

8 \UA in Serum /
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Fig. 3.11. (A) DPVs recorded at AuNPs/Poly-AHP/CPE in the presence of a mixture of 10 nM
pure VAL and different concentrations of VAL (d = 10 nM, e = 20 nM and f = 40 nM) from
pharmaceutical formulation in PBS buffer (pH 7.0) and in the presence of (a = 20, b = 30 and c
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=50 nM) VAL in artificial urine. (B) DPV analysis in diluted human serum (10 times) at various
concentrations of VAL (0, 20, 30 and 50 nM).

Further, we investigated the performance of AuNPs/Poly-AHP/CPE to the detection of VAL
in human serum sample obtained from a healthy donor with a dilution of 10 times in PBS as
supporting electrolyte. DPVs recorded at different concentrations (0, 20, 30 and 50 nM) of
impregnated VAL in the diluted serum are shown in Fig. 3.11 (B). At the potential of ~+ 0.28
V, a weak anodic peak was observed and was ascribed to the uric acid present in human serum
sample 2% In presence of 20 nM VAL, the anodic peak appeared at + 0.91 V corresponding to
the oxidation of VAL, and the peak current increased with increasing VAL concentration. In both
samples of urine and serum, the DPVs at 20 nM VAL exhibited a prominent peak (Fig. 3.11(A,B),
and the ratio of the peak current against the noise of the DPV response is very high (S/N ratio >
3). From the results in Fig. 3.11 (A, B), we could establish that the low-detection-limit of the
sensor could be <20 nM VAL from a pharmaceutical tablet, artificial urine and diluted human
serum sample.

Table 3.2. Recovery limits for the determination of VAL in pharmaceutical tablet, artificial urine
and in serum samples.

VAL Tablet added ?Found

Sample Average .psp (%)
(x108M)  (x108M)  (x108 M) recovery (%)
1.0 1.0 1.96 98.2 13
Tablet(Smg 1.0 2.0 2.03 102.3 0.9
/100 mL)

1.0 4.0 4.98 96.8 1.2
2.0 - 1.95 95.2 0.8
Urine sample 3.0 - 2.96 98.4 1.7
5.0 - 5.13 101.2 1.1
2.0 - 1.96 96.8 1.6
Serum 3.0 - 3.02 104.1 0.9
5.0 - 4.98 95.4 1.6

2 Mean value of six measurements
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3.4. Conclusions

Present work, an electrodissolution—induced deposition of chitosan protected Au
nanoparticle on conducting polymer (p-AHP) coated CPE has been developed by altering a
polarization technique for the quantitative determination of the anti-viral drug VAL. The film of
AuNPs coated polymer (p-AHP) extraordinarily enhanced the current response and has given a
low oxidation overpotential for VAL. In the electrode system, both polymerization of the polymer
on CPE and as well as dissolution of the AuNPs on polymer film has been the responsibility for
electron-transfer across the electrode surface and for a very good electrocatalytic response. The
sensor was capable for VAL detection up to nanomolar levels, even though a high concentration
(4.0 uM) major organic interferents present in the solution and it had shown good recoveries for

direct determination from physiological fluids and pharmaceutical formulations satisfactorily.
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nanocomposite as sensitive probe for in-vitro
determination of nitrofurantoin in biological fluids
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4.1. Introduction

Nitrofurantoin (NFT) is the most extensively recommended antibiotic drug to treat urinary
tract infection (UTI) caused by E.coli and Enterococcus pathogen “!], and it is mainly used against
the microbial attacks on gallbladder located in the lower part of the urinary system [26%:263],
However, over dosage of NFT could cause serious health concerns on human beings such as
flatulence, abdominal pain, headache, depression, vomit, diarrhea and hepatotoxicity 264,
Moreover, NFT is prescribed specifically for UTI in pregnant women, and over dosage of NFT
leads to directly affect the child's red blood cells [2%]. Furthermore, NFT is used widely in the
preparation of feed materials of farm animals, fish and poultry, because of its potential activity
against a wide spectrum of bacterial infections, low cost and high efficiency. On prolonged usage,
NFT and its metabolites were found to accumulate in animal tissues, and the animal produces were
found to affect humans on consumption. Prolonged consumption of these animal produces is
expected to cause mutagenic and carcinogenic effects in humans. Consequently, some of the
countries like United States, China, European Union, Japan and Australia banned NFT usage due
to its carcinogenic and mutagenic effects!?®+2%¢l. Subsequently, quality control mechanisms to
evaluate food products and animal feed materials and to control even illegal usage of NFT are
indispensable.

Thus, it is highly warranted to determine active concentrations of NFT in pharmaceutical
formulations, physiological fluids of patients, meats, food products and animal feeds. Analytical
tools capable of direct, rapid and on-site determination of trace levels of NFT directly from
complex sample matrices are highly warranted in medical diagnosis, pharmaceutical industry and
food quality control. Till to date, a number of analytical techniques have been developed for the
quantification of NFT based on chemiluminescence!?¢”2%] liquid chromatography 2/, HPLC
with fluorescence [*’%) luminescence ?"!, HPLC with mass spectrometry 272!, thermometry (273

147,274

and electroanalysis! 1. Compared to all the other techniques, electroanalytical methods could

provide a number of exceptional advantages, like miniaturization, rugged portable
instrumentation, on-site analysis, low-cost disposable chips, short analytical time, compatible for
automation and novice-friendly.

In the development of electrochemical sensor systems and electrocatalytic composite

materials, CNTs have been playing vital role in combination with various nanomaterials, like

g [275] 276] [277]

metal nanoparticle , metal oxides 2%, conducting polymers , etc. Electrochemical
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determination of NFT has been investigated with the use of a variety of graphitic carbon materials.
Screen printed carbon electrode with drop-coated lanthanum molybdate nanospheres
(LMNSs/SPCE) was applied for the determination of NFT by DPV, and the low-detection-limit
was 72 nM NFT 2781, A nanocomposite electrode fabricated with 3D flower-like NiO entrapped
boron doped carbon nitride was analyzed by amperometry for NFT determination, and a low-

detection-limit of 10 nM was observed [

. A modified electrode comprised of nano-
hydroxyapatite incorporated MWCNT-chitosan scaffolds showed a low-detection-limit of 1.3 nM
NFT in steady-state amperometry analysis [>”°). A nanocomposite electrode comprised of reduced
graphene oxide/Fe30O4 nanorod composite exhibited a low-detection-limit of 1.14 nM for NFT
determination in DPV experiments 47],

In recent years, nanocomposite materials developed with the combination of GO, rGO and
CNT are explored intensively for various electrocatalytic applications to benefit from the
synergistic effect of these efficient graphitic carbon materials. CNTs exhibit high surface area in
3D network but lack of dispersivity due to lower surface charge density. Functionalization of
CNTs with hydroxyl and carboxyl moieties at edges and defect sites by oxidation was explored
to increase the dispersivity. Graphene oxide possesses high edge density and amphiphilic in nature
with good biocompatibility. MWCNT-GO composite benefits with high edge density, high
dispersivity and high surface area in 3D network, and it alleviates the difficulty in GO to increase
the edge density in 3D network, due to the synergistic effect between these two graphitic carbon
materials!?®’l. The synergy between GO and MWCNT could impart excellent electronic and
electrocatalytic properties to the composite, and the composite had exhibited enhanced
electrocatalytic activities towards analytes and even enzymes??81l, MWCNT-GO
nanocomposite prepared by simple sonication method was used as sensing platform for
amperometric detection of glucose [2%° and for simultaneous detection of dopamine and
paracetamol 8!, A laminated structure of CNT-intercalated rGO/S has been designed by
hydrothermal method to develop lithium-sulfur batteries with a high charging-rate and long

lifetime!?82!,

A nanocomposite between CNT and rGO resulted by DC-pulse nitrogen
atmospheric-pressure-plasma-jet (APPJ) process was investigated for gel-electrolyte
supercapacitor applications and had shown an enhanced specific capacitance?®*l. A composite
CNT/rGO-CNF carbon aerogel formed by directional freeze-casting and freeze-drying process

was highly promising for applications in flexible or wearable electronic devices and had exhibited
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ultrahigh compressibility (up to 95% strain) and superior elasticity (94.6% height retention) for
50000 cycles ?*¥. Though hybrid CNT-rGO nanocomposites were also fabricated by various
hydrothermal, solvothermal, chemical and microwave methods, they were not explored for
electrochemical sensing of NFT yet, to the best of our knowledge. We have explored in this
investigation the fabrication of hybrid ErGO-CNT nanocomposite electrode by electroreductive
deposition of GO?#>286] a5 a simple, facile and cost-effective method for the determination of
NFT.

In this work, we explored the development of electrochemically reduced graphene
oxide-CNT nanocomposite (ErGO-CNT) modified GCE for highly sensitive and selective
determination of an important antibiotic drug NFT. The main aim of the present study is to
develop a cost-effective and straightforward electrochemical sensor and to apply it towards NFT
determination in complex sample matrices. The fabricated ErGO-CNT composite has been
characterized and evaluated by employing various surface analytical and electrochemical
techniques, namely, scanning electron microscopy, cyclic voltammetry, DPV and steady-state
amperometry. ErGO-CNT composite electrode has shown good electrochemical performance for
NFT determination with enormous sensitivity, selectivity and excellent anti-interfering
properties, and the detection limit, reproducibility, stability and applicability for physiological

samples of the fabricated sensor were evaluated.

4.2. Experimental
4.2.1. Chemicals and materials

NFT, uric acid (UA), ascorbic acid (AA) and serotonin (5-HT) of high purity were utilized
as obtained from TCI, Japan. MWCNTs (20-30 nm OD, 10-30 pm length and 95.2% content)
were obtained from SRL, India. Phosphate buffer solution (PBS, 0.1 M) was prepared by mixing
KH2POs and KoHPOs4. All the reagents and solvents were of analytical grade and used without any
purification process. MWCNTs have been functionalized with carboxyl groups by treating with 3
M HNO:s subsequent the process described in our earlier publication ?%°! and in Chapter II. Double-
distilled water treated with ultrahigh water purifier (ThermoFisher, USA) with the output 18
Mohm resistance has been utilized for all the aqueous solutions used for syntheses and

electrochemical analyses. Human serum samples collected from a healthy donor have been utilized
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to carry out the direct determination of NFT in spiked serum samples, and aliquots of the collected

serum samples were stored at —20 °C prior to use.

4.2.2. Fabrication of sensor system

Glassy carbon electrode (CHI, USA; 3 mm diameter) was polished by using alumina slurry
(down to 0.04 um), then treated under ultra-sonication with DD water, aq. 1:1:1 v/v
ethanol:H20:conc.HNOs and DD water sequentially and dried at RT. MWCNT (functionalized)
was dispersed in DMF at 3 mg mL"! level and sonicated for 1 h. The MWCNT ink was drop casted
5.0 microliters on cleaned GCE and then allowed it to dry at RT, and the electrode denoted
henceforth as CNT/GCE. Graphene oxide (GO) has been prepared by following well-known
modified Hummer's method "), GO dispersion (0.5 mg mL') was prepared in aq. 0.1 M KCI. It
was taken along with PBS (pH 5.0) in 1:1 v/v ratio in the electrochemical cell, and CNT/GCE was
subjected for 10 cycles in the range of 0.2 to -0.8 V at 50 mV s and is called henceforth as ErGO-
CNT/GCE. Rotating disk glassy carbon electrode has also been modified similarly and denoted as
ErGO-CNT/RDGCE, and the fabrication of the sensor surface has been illustrated in Scheme 4.1.
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MWCNT reduction of GO
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Scheme 4.1. Schematic representation of ErGO-CNT/GCE fabrication
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4.2.3. Electrochemical analysis, surface imaging and X-ray diffraction (XRD) studies

Electrochemical workstation (CHI 619d, USA) has been used for all voltammetric and
amperometric experiments. A two-compartment electrochemical cell of 20 mL volume was used
with GCE, CNT/GCE, ErGO-CNT/GCE and ErGO-CNT/RDGCE as working electrode, Pt spiral
as counter electrode and Ag|AgCl (3 N KCl) as reference electrode. All electrode potentials were
referred against Ag|AgCl (3N KCI). PBS solutions of pH 5.0-9.0 were used as supporting

electrolyte.

SEM images of the synthesized materials were recorded by using TESCAN VEGA-3
scanning electron microscope (Czech Republic) equipped with magnetron sputter coater (Quorum,
SC7620 mini sputter coater, UK). By using sputter coater, a conductive nano-film of Au (~5 nm
thick) was sputtered on the electrode surface before SEM imaging. Morphological images of the
electrode surface were recorded at a reduced pressure of 0.10 milliPascal with magnification levels
of up to 34,000 times. XRD spectrum of ErGO-CNT was recorded with the use of screen printed
carbon electrode (SPCE) as the base electrode using Bruker AXS D8 diffractometer in the 20 range
of 6° - 90° with Cu K source of 1.5406 A, step size of 0.01° and 0.3 s per step.

4.2.4. Preparation of serum samples

To assess the practical utility of the proposed sensor, human serum samples were
prepared by using blood collected from healthy donors clotted, centrifuged at 3000 rpm for 15 min
using Clinic Centrifuge LABPRO-140 and sterile-filtrated. Then, the collected serum sample was

diluted 10 times using 0.1 M PBS for electrochemical analyses.
4.3. Results and discussion
4.3.1. SEM and XRD analyses

SEM images of CNT/GCE (A, B), GO (C, D) and ErGO-CNT/GCE (E, F) recorded at
different magnification levels are shown in Fig. 4.1. In Fig. 4.1 (A, B), it was observed that a
homogeneous spread of mesh like structure of the carbon nanotube matrix uniformly throughout
the electrode surface. Figure 4.1 (C, D) showed nanothin flake-like structured nanosheets of GO.
After the electrodeposition of ErGO on CNT/GCE electrode, the SEM images (Fig. 4.1 (E, F))

exhibited a homogeneous structure of nanothreads of CNT covered with an outerlayer of thin
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flakes of ErGO, promoting close interactions between ErGO and CNTs at the interface and

enhanced surface area of the electrode.

Fig. 4.1. SEM images of CNT/GCE (4, B), GO (C, D) and ErGO-CNT/GCE (E, F) with different
magnifications.

XRD patterns of ErGO-CNT film and control materials have been recorded to analyze
the fabrication of sensing platform and are shown in Fig. 4.2. CNT sample has shown a broad
diffraction peak at 26.2° characteristic to the (002) plane and to the nanoparticulate nature of CNTs.
GO has shown a quite sharp diffraction peak at 12.1° characteristic to the (002) plane with an
interplanar distance of 7.3 A. ErGO-CNT film was formed electrochemically on SPCE to record
XRD spectrum. Control spectrum was recorded with bare SPCE, which has shown very sharp
peaks of graphite at 26.7° and 53.4°, corresponding to (002) and (004) planes of graphite,
respectively ?%]. XRD spectrum of ErGO-CNT has shown a very broad peak at 26.0°,
characteristic of reduced graphene oxide, and the absence of GO peak at 12.1° clearly confirms

that GO was reduced effectively by the electrochemical reduction process.
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Fig. 4.2. Powder XRD patterns recorded with CNT, GO, bare SPCE and ErGO-CNT/SPCE.

4.3.2. Electrochemical characteristics of modified electrodes

Electroactive surface area (EASA) of ErGO-CNT/GCE, CNT/GCE and bare GCE was
determined by recording CVs of 5 mM Kis[Fe(CN)s] in aq. 0.1 M KCI at different scan rates, and
the obtained CVs are shown in Fig. 4.3. At all the electrodes, the plot of the peak current against
the square root of scan rate was linear passing through the origin with a regression coefficient of
R?>0.98 (Fig. 4.3 (B)). From the slope of the plots, EASA of the electrodes was determined using
Randles-Sevcik equation, using the diffusion coefficient (D) of K3[Fe(CN)s] as 6.7 x 10°® cm? s°!

[289]

ip=2.69x 10° n*> AD"? v'2C

where ip refers the peak current, n is the number of electrons, A is the active surface area, C is the
concentration of Ks[Fe(CN)e] and v is the scan rate. EASA of bare GCE was determined to be
0.066 cm?, which is nearly equal to the geometric area (0.071 cm?) of GCE electrode. EASA of
ErGO-CNT/GCE and CNT/GCE are 0.200 cm? and 0.111 cm?, respectively, and are nearly 3.1
and 1.7 times higher compared to the geometric area. The exceptionally high EASA of ErGO-
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CNT/GCE by 3.1 times clearly demonstrates the importance of ErGO-CNT composite for high

surface area and confirms indirectly the porous nature of the composite on the electrode.
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Fig. 4.3. (A) CVs of K3[Fe(CN)s] recorded at bare GCE (a), CNT/GCE (b) and ErGO-CNT/GCE
(c)inaq. 5 mM K3[Fe(CN)s] + 0.1 KCI; Scan rate = 10 mV s”. (B) Plot of the peak current against
the square root of scan rate.

Electrochemical responses of the modified electrodes towards the detection of NFT were
investigated by CV studies, and the CVs of bare GCE, CNT/GCE and ErGO-CNT/GCE recorded
in 0.1 M PBS (pH 7.0) containing 50 uM NFT at 50 mV s™! scan rate are shown in Fig. 4.4. In the
absence of NFT, there is no characteristic peak at any of the electrodes, but we observed a quasi-
reversible redox reaction in the presence of NFT with the cathodic peak predominantly at all the
electrodes. The cathodic peak potentials for the reduction of NFT at CNT/GCE and ErGO-
CNT/GCE are -0.35 V and -0.310 V, respectively. Compared to bare GCE, the cathodic peak
potential for NFT reduction at ErGO-CNT/GCE is shifted to less negative potentials by 0.1 V,
and this decrease in over potential reveals the promotion and enhancement of the electroreduction
of NFT at ErGO-CNT/GCE. Consequently, the cathodic peak current of NFT reduction at ErGO-
CNT/GCE (-63.5 pA) is enormously high and is nearly 40 times high compared to that at bare
GCE (-1.6 pA). Though the EASA of ErGO-CNT/GCE is only 3.1 times higher compared to bare
GCE, the high peak current of NFT at ErGO-CNT/GCE by ~ 40 times clearly infers the high
electrocatalytic activity of ErGO-CNT towards NFT and the exceptionally enhanced electronic
interactions and enhanced electron-transfer between ErGO-CNT and NFT at the interface. The

observed low over potential and extremely high peak current clearly reveal the enhanced electron-
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conduction pathway at the interfacial ErGO-CNT composite thin film and enhanced interactions
between the electrode and the substrate, promoting facile electron-transfer at the interface towards

the reduction of NFT.
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Fig. 4.4. CVs of NFT recorded in PBS (pH 7.0) in the presence (b,d,f) and absence (a,c,e) of 50
uM NFT at bare GCE (a,b), CNT/CPE (c,d) and ErGO-CNT/CPE (e.f). Scan rate = 50 mV 5.

Effect of the electrolyte pH on NFT reduction has been analyzed by recording CVs of 50
uM NFT at ErGO-CNT/GCE in PBS of different pH values of 5.0, 6.0, 7.0, 8.0 and 9.0, and the
results are shown in Fig. 4.5 (A). A series of well-shaped CVs of NFT reduction were observed
in the tested range of pH 5.0-9.0. With the increase in pH of buffer solution, the peak potential
shifts gradually to more negative potentials (Fig. 4.5 (A)). The cathodic peak current and the peak
potential were plotted against the pH, and the plots are shown in Fig. 4.5 (B). The observed CV
curves confirm that the electrochemical response of NFT was pH dependent and that the hydrogen
ions involve in the reduction and electron-transfer of NFT. Slope of the E, vs. pH plot was
observed to be 0.051 V/pH. The slope of the plot is nearing to 0.059 V/pH, indicating that both
the number of electrons and the number of protons involved in the electrochemical reduction of
NFT are equal (vide infra). It has been found that the highest peak current was observed at pH
7.0 (Fig. 4.5 B)). Based on this pH variation studies, PBS of pH 7.0 was chosen as supporting

electrolyte for further analyses.

68



Chapter 4

A B) 03 - -55
) 604 ) Y =-0.0493x -0.070 . Bp|l
40 —m— Ip
— -0.35- L 50
20 - @)
<
i 05 o5 0404 L 45
~ -20- < <
- 3
= 40 US \Q.
& > -0.45+ L 40 -~
= -60- >
U S~
-804 é‘ -0.50 - L 35
4100 4
-120 T T T T T -0.55 T T T T T -30
08 06 -04 -0.2 0.0 0.2 0.4

Potential / V vs. Ag|AgCl

Fig. 4.5. (A) CVs of 50 uM NFT in PBS buffer of different pH values (5.0 — 9.0) at ErGO-
CNT/GCE; scan rate = 50 mV s7.. (B) Plot of the peak potential and peak current against pH.

Electrochemical reduction of NFT was investigated at ErGO-CNT/GCE in 0.1 M PBS (pH
7.0) containing 50 uM NFT by recording CVs at potential sweep rates of 5 - 300 mV s! (Fig. 4.6
(A)). A plot between the cathodic peak current and the square root of scan rate, v'/?, has been
constructed (Fig. 4.6 (B)). The peak current increased gradually with increasing scan rate and is
linearly proportional to the square root of scan rate, v'2. The plot between ip vs v'/? is passing
through origin, as shown in Fig. 4.6 (B). These results show that the electrochemical reduction of
NFT at ErGO-CNT/GCE followed diffusion-controlled process. The cathodic peak potential for
NFT reduction shifts to more negative potentials with the increase in scan rate (Fig. 4.6 (A)), and
the plot between the cathodic peak potential and In(v) is linear with the regression coefficient R?
=0.9915. From the plot between peak potential vs. In(v), the number of electrons involved in the

electrodic process can be calculated according to Laviron’s equation(?],

E, = E' + (RT/anF) In(RTK/oanF) + (RT/oanF) In(v)

The slope of the E; vs. In(v) plot, b = (RT/anF), where 'b' is the slope, 'a' is the charge transfer
coefficient and 'n' is the number of electrons. From the slope of the plot (Fig. 4.6 (C)), the value
of 'an' is calculated as 1.71. Electron transfer coefficient 'a' could be calculated from the equation,
a=47.7mV/(Ep - Epr2), where Ey is the peak potential and Ep is the potential at which the current

is half of the peak current. The value of 'a' is determined to be 0.48, and thus 'n' determined to be
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3.6. Thus, the total number of electrons involved in NFT reduction is 4. Consequently, from Ep vs.
pH studies, the electroreduction of NFT is ascertained to be a four-electron four-proton transfer
process (vide supra). Electroreduction of NFT involved the reduction of a nitro group 'R-NO2' into

corresponding hydroxylamine group 'R-NH(OH)' ?°!], and it has been illustrated in Scheme 4.2.

Scheme 4.2. Schematic representation of the electrochemical reduction of NFT involving the

reduction of NO2 group.
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Fig. 4.6. (4) CVs of 50 uM NFT in PBS buffer (pH 7.0) at ErGO-CNT/GCE with different scan
rates (5, 10, 30, 50, 70, 100, 150, 200 and 300 mV s*). (B) Plot of the peak current against the
square root of scan rate. (C) Plot of Ep vs. In(scan rate).

4.3.3. Determination of NFT by DPV

Efficiency and performance of the modified ErGO-CNT/GCE electrode towards the
detection of NFT was examined by DPV technique. Under optimized conditions of 50 ms pulse
width, 5 ms sample width, 120 mV pulse height, 5 mV increment and 150 ms pulse period of DPV,
a good DPV profile was observed with the peak potential of —0.28 V at ErGO-CNT/GCE. The
DPV measurements were performed using ErGO-CNT/GCE in PBS in the range of 0.02 to 2 pM,
and the resultant voltammograms are shown in Fig. 4.7(A). The calibration plot of peak current
vs. concentration of NFT is shown in Fig. 4.7(B). The cathodic peak current increased with NFT
concentration in parabolic manner, and consequently two linear regions were observed in the plot,

as shown in Fig. 4.7(B), with the linear regression coefficients, R*= 0.9843 for lower concentration
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range 0.02 — 0.3 uM and R?= 0.9895 for higher concentration range 0.5 — 2.0 uM of NFT. Such a
parabolic increase in the peak current was reported earlier in several electrochemical
sensors!226-2642781 The parabolic increase in the peak current was observed probably due to a slow
heterogeneous electron transfer at the interface. Thus, at increased high concentrations, all the
molecules diffusing to the electrode could not undergo electrodic reaction and consequently the

peak current didn't increase proportionately.
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Fig. 4.7. (A) DPVs of NFT in PBS buffer (pH 7.0) at different concentrations (0.02 to 2.0 uM) at
ErGO-CNT/GCE. (B) Plot of the peak current against the concentration of NFT.

ErGO-CNT/GCE electrode was stable and exhibited constant current responses for
repeated analysis at a particular concentration of the analyte. The DPVs recorded repeatedly three
times for 2 pM NFT by using a single ErGO-CNT/GCE electrode are shown in Fig. 4.8, and the
peak currents were constant with a standard deviation of only 1.9%. This investigation
demonstrates that ErGO-CNT/GCE was stable for electroanalysis of NFT and was resistant to
electrode fouling or to the adsorption of degraded products on the electrode surface. Performance
of the present sensor for the quantification of NFT was further evaluated by steady-state

amperometric analyses.
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Fig. 4.8. DPVs recorded at ErGO-CNT/GCE in the presence of 2.0 uM NFT in PBS (pH 7.0) for
three different runs.

4.3.4. Amperometric i-t curve studies

Steady-state amperometric i-t curve analysis under hydrodynamic conditions is the most
important technique in electrochemical methods for sensor applications, and the result outputs
from this study like stability, sensitivity, selectivity, reproducibility, etc. could be extended easily
to flow-injection-analysis (FIA), where automated multiple-sample analyses and continuous
monitoring could well be executed. Amperometry experiments under hydrodynamic conditions
were conducted with the use of rotating disk electrode. At the optimized condition of -0.4 V and
rotating speed of 1200 rpm, we examined the steady-state amperometric response towards the
detection of NFT at ErGO-CNT/RDGCE. Stock solution of NFT in PBS was added sequentially
to the electrolyte at increased concentration levels at regular intervals of ~30 s, and the observed
amperometric results are shown in Fig. 4.9 (A). A well-defined increase in cathodic current was
observed promptly immediate to each addition of NFT at ErGO-CNT/RDGCE, and the cathodic
current attains the steady-state within 4 s from the addition of NFT. The increase in cathodic
current was plotted against the concentration of NFT. The plot of amperometric current response
against NFT concentration was linear from 0.005 to 2.81 uM with the correlation coefficient R? =
0.9906 (Fig. 4.9 (B)). Even the addition of as low as 5 nM NFT has given a good response (see

Fig. 4.9 (inset)) in cathodic current with an overwhelming signal-to-noise ratio (S/N) of 6, and the
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low-detection-limit of NFT at ErGO-CNT/RDGCE was confirmed to be 1.87 nM (S/N = 3) with
the analysis time as low as 5 s.

Sensitivity of the present sensor system has been compared with the previous literature
reports using the specific current density, and the present sensor system was found to exhibit a
superior specific current density of 36.3 pA uM™' cm™, which is at least 3 times higher than those
reported with different electrochemical sensors. Lanthanum molybdate nanospheres (La2(M0O4)3)
employed SPE exhibited a specific current density of 2.94 pA pM™! cm™ 278], Sensitivity of the 3D
flower-like NiO entrapped boron doped carbon nitride was 1.15 pA uM™! cm? 3% A high
sensitivity of 9.59 pA uM™! em™ was reported for NFT using nitrogen-doped carbon quantum dots
embedded Co304 with MWCNTSs!?*?], The results of the present study regarding method, linear
range, limit of detection and sensitivity were compared with the literature reports, involving
various electrochemical methods, modified electrodes and other analytical techniques employed
to detect NFT (Table 4.1). Low-detection-limit of the present sensor, 1.87 nM, with the analysis
time of 5 s is superior compared to that of various modified electrochemical sensors and also to
that of the other analytical methods, based on bulky laboratory-based sophisticated instruments
(Table 4.1). Low-detection-limit obtained in this study is superior by one to three orders of
magnitude (~10-1000 times) compared to various electrochemical sensor systems employing
electrodes based on boron-doped diamond, carbon quantum dots, carbon nanofiber, 3D

145,149,264,274,278,293,294

neodymium molybdate, etc. 1. Only a few electrochemical sensor systems have

shown very equivalent or superior low-detection-limits (1.0 - 1.3 nM) compared to that of the

147.279.2951 L ow-detection-limit of this study is nearly 2 to 4 times superior

present sensor (1.9 nM) [
compared to those reported with chromatographic methods employing sophisticated HPLC and
LC-MS analytical instruments?’>?%®l. The present sensor system fabricated by simple and facile
drop-casting followed by electroreductive deposition of rGO exhibited excellent low-detection-
limit and sensitivity to the antibiotic NFT due to the synergistic effect of the high surface area of
both CNT and ErGO nanomaterials and to the enhanced interactions resulted probably by
electrodeposition. The fabricated electrochemical sensor is further investigated for interference,

stability and direct real-sample analysis in human serum.
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Fig. 4.9. (4) Steady state current—time analysis at ErGO-CNT/RDGCE rotated at 1200 rpm in
PBS (pH 7.0) to the additions of NFT from 0.005 to 2.81 uM. Every addition increases the

concentration of NFT at regular intervals of ~ 30 s. Eapp = -0.4 V. (B) Plot of the increase in
cathodic current vs. NFT concentration.
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Table 4.1. Comparison of the results of NFT determination by various electrochemical methods, modified electrodes and the other

analytical methods.

Electrode Method Linear range LOD Reference
m-AgSAE DPV 0.2 100 uM 81 nM 291]
rGO/Fe304Nanorod/GCE DPV 0.005 — 100 uM 1.14 nM (147]
GCE/PAMT/dsDNA DPV 2-25mgL’! 0.65mg L [292]

(8.4 —-105 uM) (2.7 uM)
BDDFE SWV 0.54 - 5.66 uyM - (294]
NiO/BCN Amperometry 0.05-230.0 uM 10.0 nM [150]
HA NPs/MWCNT-CHI Amperometry 0.005 —982.1 uM 1.3nM (2791
LMNSs/SPCE DPV 0.01 — 144 uM 72 nM (278]
Nd2Mo309/SPCE DPV 0.1 —481 uM 16 nM [246]
N-CQD@C0304/MWCNT DPV 0.05 - 1220 uM 44 nM (2931
LuVO4/GRS Amperometry 0.008 — 256 uM 1 nM [149]
CNF/SPCE LSV using FIA  19.1 - 76.2 ng mL™! 11.4 mL™ (274]
(80.3 —320.2 nM) (47.9 nM)
n.a. HPLC-MS 7-60 ugkg! 1.69 ug kg™ (272]
(29.4 —252.1 nM) (7.10 nM)
n.a. LC-MS 0.5 40 ug kg™ 1 pgkg™! (293]
(2.1 - 168 nM) (4.2 nM)
n.a. LC-ESIMS 0-2.0pgkg! 0.12 g kg™ (296]
(0—8.2 nM) (0.504 nM)
ErGO-CNT/GCE Amperometry 0.005 -2.81 uM 1.87 nM present work

AgSAE - Ag Solid Amalgam Electrode; PAMT - Poly-(5-amino-2-mercapto-1,3,4-thiadiazole); BDDFE - Boron-doped diamond film
electrode; BCN - Boron doped carbon nitride; HA NPs - Hydroxyapatite nanoparticles; CHI - chitosan hydrogels; N-CQD - Nitrogen-
doped carbon quantum dots; GRS - Graphene sheets; CNF - Carbon nanofiber; n.a. - Not applicable.
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4.3.5. Interference analysis

Selectivity of the sensor system was investigated by analyzing the electrochemical
response of ErGO-CNT/RDGCE for NFT in the presence of a few important biologically active
interferents, such as AA, UA and 5-HT. These physiological compounds in serum were selected
for the interference study, considering that they are small molecular compounds similar to NFT
and are electrochemically active. Steady-state amperometric responses of ErGO-CNT/RDGCE to
the additions of 10, 20 and 50 nM NFT were investigated along with the additions of 10 fold
concentrations of AA, UA and 5-HT at regular time intervals of ~30 s, and the results are shown
in Fig. 4.10. Immediate to the additions of NFT, the current increased cathodically and attained a
plateau within 5 s, whereas no characteristic current change was observed to the additions of all
the interferents at the 10-fold concentrations. In the presence of the interferents, the cathodic
current response for NFT exhibited only 4.5% deviation in total compared to NFT alone detection.
The physiological compounds, AA, UA and 5-HT, didn't exhibit any current response at the
applied potential of -0.4 V, because they could be electrochemically active widely at more
positive potentials of > +0.1 V 271, This observation shows that the various physiological
compounds were electrochemically inactive at ErGO-CNT/RDGCE with the applied potential of
-0.4 V. Further, the observation of an equivalent current response for NFT irrespective to the
coexistence of the interferents indicated that the nanocomposite ErGO-CNT graphitic carbon
matrix would be resistant for adsorption and accumulation of physiological compounds and
interferents at the electrode interface and that it restricted electrode fouling/poisoning. From the
above amperometric investigations, the results clearly reveal that the fabricated ErGO-
CNT/RDGCE sensor is good for selective NFT detection even in the presence of electroactive

biological interferences.
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Fig. 4.10. (A) Steady-state amperometric response of ErGO-CNT/RDGCE to the additions of 10,
10, 20 and 50 nM NFT and to the additions of 10 fold excess concentrations of interfering
compounds such as UA, AA and 5-HT in 0.1 M PBS (pH 7.0) under continuous stirring at 1200
rpm, mimicking flow-cell conditions.

4.3.6. Repeatability and reusability

Repeatability of the ErGO-CNT modified GCE was analyzed by recording the amperometric
response of 50 nM NFT in PBS. To examine the repeatability of the modified electrode, we
successfully measured 20 consecutive measurements using single electrode in the period of 14
days and found that the current response decreased by ~3.9 % only. It is clearly showing that the
ErGO-CNT system has good repeatability and stability to multiple usage. Reproducibility of the
present system has been evolved by analyzing the peak current of 50 nM NFT by using five
independent ErGO-CNT/GCE electrodes. The RSD of the peak current of five electrodes was
found to be 2.8% for the determination NFT in multiple experiments, showing excellent
reproducibility of the sensor system. From the above evidences, we can conclude that the present

biosensor is highly reproducible and reusable for the detection of NFT.
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4.3.7. Determination of NFT in human serum

The developed sensor system was demonstrated so far to possess a wide dynamic linear
range, good stability, selectivity and high sensitivity. In this study, practical feasibility of the
present sensor for NFT determination in serum samples were investigated by steady-state
amperometry under hydrodynamic conditions, which is mimic to FIA methodology, and thus the
developed sensing strategy could be smoothly and immediately transferred to FIA system, apt for
multiple samples and automated analysis. Steady-state amperometric current response recorded
with ErGO-CNT/RDGCE in diluted human serum for the additions of NFT in the range of 0.005
to 1.505 uM is shown in Fig. 4.11(A). On the addition of NFT, the current increased cathodically
and reached a steady-state within 4 s from the addition of NFT. The increase in cathodic current
was plotted against NFT concentration (Fig. 4.11(B)), and the plot is linear to the concentration of
NFT in the range of 0.005 to 1.505 uM (R? = 0.998). The cathodic current response of the electrode
towards NFT in serum is very much equivalent to that observed in pure PBS alone. In overall, the
developed ErGO-CNT modified electrode could be employed successfully for the determination

of NFT in real physiological samples in-vitro with negligible interferences.
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Fig.4.11. (A) Steady state current—time analysis at ErGO-CNT/RDGCE in 10 times diluted human
serum to the additions of NFT from 0.005 to 1.505 uM. Every addition increases the concentration
of NFT at regular intervals of ~ 30 s. Eqpp = -0.4 V. (B) Plot of the increase in cathodic current vs.
NFT concentration.
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4.4. Conclusions

Development of an electrochemical sensor capable for highly sensitive and selective
determination of NFT with an analysis time of mere 5 s was demonstrated. The methodology
adopted here for sensor fabrication involved drop-casting step followed by electrodeposition, and
it was very simple, facile and environmental-benign approach to achieve controlled thin graphene
film. The steady-state current—time analysis probed here under hydrodynamic conditions could
prompt to swiftly transfer the sensor performances and strategy to direct multiplex analyses of
samples using automated FIA systems. The proposed method was successfully employed for the
determination of NFT in-vitro in real sample analyses of diluted human serum samples, and the
sensitivity of the fabricated sensor is at least 3 times superior compared to various electrochemical
sensors reported. The exceptionally enhanced sensitivity and electrocatalytic activity combined
with the simple and controlled fabrication process could be extended further to electrocatalytic
applications in fuel cells, methanol oxidation, carbon dioxide conversion, etc., employing
simultaneous electroreductive deposition of rGO and metals. The developed electrochemical
sensor system could be extended for practical applications in the analyses of pharmaceutical

dosages and medical diagnosis.
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5.1. Introduction

Neurotransmitters are endogenous chemicals that enable neurotransmission. Development
of an electrochemical biosensor for direct detection of serotonin (5-HT), a neurotransmitter agent,
from physiological fluids has been investigated. There is a great interest in order to determine
neurotransmitters by developing electrochemical techniques. 5-HT is a monoamine
neurotransmitter which is produced by serotonergic neurons in central nervous system, brain and
intestines. It transmits messages between nerve cells and plays a major role in emotive system such
as regulation of sleep, mood, appetite and sexuality. Deficit of 5-HT leads to several conditions
such as migraine, depression, poor memory, bipolar disorder and anxiety. A high level of 5-HT
marked toxicity and potential fatal effect is known as serotonin syndrome, and thus there is
necessary to determine and continuously monitor of 5-HT in patients. There are several
conventional chromatographic and spectrophotometric techniques such as spectrophotometry (28],
HPLC 21 capillary electrophoresis 2% and LC-MS B! for detection of 5-HT in physiological
and pharmaceutical samples. But these techniques are time-taking, expensive, bulky non-portable
instrumentation and even difficult to handle. From the past few years, electrochemical techniques
are advanced for the detection of trace level of specific target analytes of even low-molecular-

weight and from even complex sample matrices due to their high sensitive, selective, less time

taken, portability and easy to operate characteristics.

In recent years, usage of versatile nanomaterials such as graphene, graphene oxide, carbon
nanotubes, metal nanoparticles, etc. to modify electrode surface has contributed to the theme of
many research in biological analysis by using electrochemical techniques. Carbon nanotube is one
of the extensively used material for electrode surface modification in the area of electrochemical
sensors and biosensors 2603023031 Dye to the unique properties of CNTs, such as good electrical
conductivity, high chemical stability and high adsorption properties, these are used in sensors
towards electrochemical sensing of biological compounds. Functionalized CNT surface itself has
carboxyl (-COOH), carbonyl (-C=0) and hydroxyl (-OH) functional groups, making these type of
materials an outstanding support that can be adapted with several materials, including metal

nanoparticles and conducting polymers.
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In recent years, conducting polymers have attracted curiosity because of their reactivity,
biocompatibility and potential for applications in various diverse fields, such as electrochemical

[308,309] " Fabrication of

materials, corrosion protection 24395 photocatalysis %7l and sensors
electrodes by using conducting polymer is an emerging method in the area of electrochemical
sensors and biosensors due to their high compatibility with metal nanoparticles and biological
molecules. Conducting polymers have extended m-orbital system which can easily promote the
electrons from one end of polymer to other, which enhances the catalytic properties of the sensor.
Kinetics of electrodic processes can be improved by depositing a thin film of conducting polymer
on the electrode surface. The ability and biocompatibility of the sensor system could be influenced
by the thickness of the polymer. Compared to other chemical methods, electrochemical

polymerization method is simple and best technique for the formation of thin layers on the

electrode surface with desirable thickness.

Composites of metal nanoparticles with different types of materials such as carbon

materials?°71310

I and polymersB!!) have seen wide range of applications in nanoscience and
technology. Especially gold nanoparticle composites show a significant role in biosensors due to
their high strength, stability, excellent electron conductivity and unique surface chemistry. Gold
nanoparticles freely allow the electron flow into the materials and established high catalytic
activity in both reactions oxidation and reduction. Problem with the nanoparticle is particle
aggregation, which is the response for the decrease in conductivity, active surface area and
catalytic activity. Therefore, to overcome this problem, different types of approaches have been
established to avoid the aggregation of the particles, such as surfactant stabilizers, polymer coating,

thiol-ligand coating and polymer capping agents 12} |

The main aim of the present studies is to propose a simple, sensitive and selective method for
detection of the important drug and neurotransmitter, serotonin, by using voltammetric and
hydrodynamic amperometric techniques. In this study, electro-oxidation of serotonin has been
investigated at AuNPs decorated conducting polymer interface. The detection of serotonin in
artificial urine and pharmaceutical samples indicating that the present sensor system in this study
might be implemented in quality control laboratories plus therapeutic drug monitoring in clinical

and pharmaceutical industries.
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5.2. Experimental

5.2.1. Chemicals

Serotonin and dopamine were obtained from Tokyo Chemical Industry, Japan, HAuCls
from Sigma-Aldrich, USA and 2-amino-5-mercapto-1,3,4-thiadiazole from Sisco Research
Laboratories, India. Other chemicals used in this study were analytical grade (min. 99.5% purity).
PBS was prepared by mixing 1 M KH2PO4 and 1 M K2HPO4 to pH 3.0 — 9.0. Double-distilled
water treated with Ultrahigh water purifier (Thermo Fisher Scientific, USA) with the final
resistance of 18 Mohm was utilized all throughout the investigation and for the preparation of

aqueous solutions.

5.2.2. Functionalization of MWCNT

MWCNTSs has been functionalized according to the procedure reported®®” earlier with a
slight variation. Pristine MWCNT was added to 3 M HNO3, sonicated for few minutes and heated
to 60 °C for 24 h under constant stirring. During the acid treatment, it is oxidized at side-wall defect
sites and at nanotube ends to form carboxyl groups. The obtained solid black precipitate was
centrifuged, and the centrifugate was washed repeatedly with water until the supernatant becomes

pH 7.0. The resultant f~CNT was dried at 80 °C in hot-air oven.

5.2.3. Fabrication of AuNPs/poly-AMT/f-CNT electrode

At first, we polished GCE (CHI, USA; 3 mm diameter) with Al2O3 slurry (down to 40 nm),
washed with double distilled water thoroughly, then sonicated in 1:1 aq. Ethanol, 3N HNOs and
double distilled water sequentially and finally dried at RT. Chitosan solution was prepared (0.25%
w/v) by dispersing 0.25 g chitosan powder in 100 mL 1% v/v aq. CH3COOH and was treated with
ultra-sonication for 20 min at RT. Then, 5 mg functionalized CNT was added in 1 mL chitosan
and dispersed it properly with ultra-sonication for 1 h. 9.0 uL of synthesized chitosan f~CNT ink
was casted on cleaned GCE, dried at RT for further modification and denoted as /~CNT/GCE.
After this, the f~CNT/GCE have been polymerised with a conducting polymer of 2-amino-5-
mercapto-1,3,4-thiadiazole (AMT) by potentiodynamic polarization method. For this, the f-
CNT/GCE is placed in I mM AMT + 0.5 M H2SO4 and ten consecutive cycles were swept between
-0.2 to +1.6 V vs. Agl]AgCl (3N KCI) at a scan rate of 100 mV s'. A thin film of poly-AMT
formed on the surface of ~CNT/GCE and denoted as poly-AMT/f~CNT/GCE. Next, AuNPs were
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deposited on poly-AMT/f~-CNT/GCE by potentiostatic technique using 10 mM gold solution
(HAuCls) in 0.1 M H2SOs4 as supporting electrolyte by applying potential at -0.2 V vs. Ag|AgCl
(3 N KCI) for 100 s. The resultant electrode hereafter denoted as AuNPs/p-AMT/f~-CNT/GCE,
dried at RT for analysis.

5.2.4. Characterization

SEM images of the electrode surface were recorded with TESCAN VEGA-3 SEM (Czech
Republic) operating at 10-30 kV equipped by the magnetron sputter coater (Quorum, SC7620, UK).
Morphological images of the electrode surface were recorded at a reduced pressure of 0.10

milliPascal with magnification levels of up to 20,000 times.

5.2.5. Electrochemical analysis

Electrochemical potentiostat/galvanostat (CHI instruments, USA) has been used for all
voltammetric and amperometric experiments. A conventional 10 mL volume one-compartment
three-electrode cell has been used with the GCE modified working electrode, Pt wire counter and
AglAgCl (3 N KClI) reference electrode. All the electrode potentials have been referred against
Ag|AgCl (3N KCI). PBS (pH 7.0) has been used for all electrochemical experiments as the
supporting electrolyte.

5.3. Results and discussion

5.3.1. Surface morphology

Surface morphology of f~CNT/GCE and AuNPs/p-AMT//~CNT/GCE electrodes was
characterized by SEM analysis, and the respective SEM images shown in Fig. 5.1(A, B). In Fig.
5.1(A), we observed a well homogeneous distribution of carbon nanotubes network on the surface
of GCE. In the SEM image of AuNPs/poly-AMT/f~CNT/GCE, nanowire shaped carbon nanotubes
were fully covered uniformly on GCE along with the spherical shaped AuNPs incorporated
conducting polymer layer of poly-AMT all over the surface. Discrete Au nanoparticles of uniform
size and shape were seen throughout the surface. The chemical composition of AuNPs/p-AMT/f-
CNT/GCE was examined by using EDX studies (Fig. 5.1(C)). EDX analysis of AuNPs/p-AMT/f-
CNT/GCE is evidently showing the carbon, gold, sulfur and oxygen peaks with the weight ratios
0f 83.85, 6.68, 5.32 and 4.15, respectively. Elemental mapping of the respective elements evidently
reveals that the Au element is distributed evenly throughout the poly-AMT matrix (Fig. 5.1(D)).
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The appearance of the Au and S along with the carbon on the surface of AuNPs/p-AMT/f-
CNT/GCE is corroborating the formation poly-AMT layer with the incorporation of Au

nanoparticles.
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Fig. 5.1. SEM images of f~-CNT/GCE and AuNPs/poly-AMT/f-CNT/GCE electrodes (A, B). C) EDX
spectrum and D) Elemental mapping of C, Au, S and O of AuNPs/poly-AMT/f~-CNT/GCE.
5.3.1. Electrodeposition of p-AMT and AuNPs

A thin film of AuNPs/p-AMT was formed on the surface of f~CNT/GCE electrode by
applying two successive electrodepositions of poly-AMT and AuNPs. For the deposition of poly-
AMT at first, f~CNT/GCE is placed in 1 mM AMT + 0.5 M H2SO4 and is swept ten cycles between
-0.2 to +1.6 V at the scan rate 100 mV s™', and the observed CVs are shown in Fig. 5.2(A). The
oxidation peak of the AMT appeared at +1.10 V in the first cycle. In the very next cycle, the
oxidation peak potential increased nearly 20 mV and appeared at +1.12 V with a considerable
decrease in peak current. For the cycles 4 to 6, we observed a very meagre amount of current is
decreasing in each cycle, which indicates that the oxidative AMT polymerization occurred on the

surface of f~CNT/GCE and that the electroactive polymerization decreased and stabilized at the
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end of 6 cycles. In further cycles, the anodic peak current remained constant revealing that the
polymerization extent remained constant to the additions of each new cycle and finally the
electrode denoted as p-AMT/f~-CNT/GCE. Figure 5.2(B) shows the chronoamperometry profile
for electrodeposition of Au at the applied potential of -0.2 V. The cathodic current for
electrodeposition of Au from HAuCl4 solution decreased drastically in the beginning and attained
near steady-state above 80 s. The electrodeposition was carried out for 100 s, and the electrode is

denoted as AuNPs/p-AMT-f~-CNT/GCE.
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Fig 5.2. (A) Potentiodynamic deposition of 2-amino-5-mercapto-1,3,4-thiadiazole (1 mM) in 0.1 M
H>80y through 10 cycles on f~-CNT/GCE, Scan rate 100 mV s”. (B) Chronoamperometry profile
of potentiostatic deposition of AuNPs from 10 mM HAuCls at -0.2 Vin 0.1 M H2SO4 for 100 s.

5.3.3. Oxidation of serotonin at AuNPs/p-AMT/f~-CNT/GCE

CV measurements of 5-HT were carried out at AuNPs/p-AMT/f~CNT/GCE in PBS (pH
7.0) containing 5.0 x 10° M 5-HT at 100 mV s’ scan rate (Fig. 5.3). In presence of 5-HT, an
irreversible oxidation peak was observed at all ~CNT/GCE, p-AMT/f~-CNT/GCE and AuNPs/p-
AMT/f~-CNT/GCE electrodes at +0.34 V, but, in the absence of 5-HT, no specific peak was
observed at any of the electrodes. AuNPs/p-AMT/f~-CNT/GCE has shown the highest peak current
compared to p-AMT/f~CNT/GCE and f~CNT/GCE. It could be credited to the increase in surface
area of the electrode, which could be verified from the high capacitive current of AuNPs/p-AMT/f-
CNT/GCE electrode. The peak current at AuNPs/p-AMT/f~CNT/GCE is higher by more than three
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times compared to that at p-AMT//~CNT/GCE, and the over potential for oxidation of 5-HT at
AuNPs/p-AMT/f~CNT/GCE is nearly 50 mV is less compared to the other electrode.
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Fig. 5.3. CVs of 5-HT recorded in PBS (pH 7.0) in the presence (b, d, f, h) and absence (a, c, e, g)
of 50 uM 5-HT at bare GCE (a, b), f~-CNT/GCE (c, d), poly-AMT/{-CNT/GCE (e, f) and
AuNPs/poly-AMT/ f~CNT/GCE (g, h). Scan rate = 100 mV s7'.

Influence of the potential scan rate on the electrochemical behaviour of 5-HT at
AuNPs/poly-AMT/f-CNT/GCE was studied (Fig. 5.4). We recorded CVs of 5-HT at different scan
rates from 5 - 200 mV s™'. The anodic peak current increased gradually with increasing scan rate,
and the peak potential shifted towards more positive potential and is linearly dependent on In(scan
rate) (Fig. 5.4(D)). The anodic peak current was plotted against the square root of scan rate (v'/?),
and a linear plot passing through the origin with R? = 0.9972 obtained (Fig. 5.4 (B)). The results
indicate that 5-HT oxidation at AuNPs/p-AMT/f~=CNT/GCE is controlled by diffusion process.
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Fig. 5.4. (A) CVs of 50.0 x 10 M serotonin in PBS buffer (pH 7.0) at AuNPs/poly-AMT/{-
CNT/GCE; scan rate = 5, 10, 20, 40, 60, 90, 120, 160 and 200 mV s™. (B) Plot of ip vs. square root
of scan rate. (C) Plot of Ep vs. scan rate. (D) Plot of Ep vs. In(scan rate).
5.3.4. pH Studies

The effect of pH on 5-HT oxidation at the fabricated electrode AuNPs/p-AMT/f~-CNT/GCE
has been verified by CV at different pH 3.0-9.0 (Fig. 5.5(A)). We found that the increase in pH of
buffer solution modulated the anodic peak of 5-HT. The anodic peak potential decreased gradually
with increasing pH of buffer solution, and the plots of E, vs. pH and i, vs. pH are shown in Fig.
5.5(B). The peak current is maximum at pH 7.0 and is nearly same between pH 7.0-9.0, and the
peak potential is optimum at pH 7.0. Thus, the pH 7.0 is preferred good for further analysis

considering the oxidation peak position and the peak current at pH 7.0.
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Fig.5.5. A) CVs of 50 uM 5-HT in PBS of different pH (3.0 — 9.0) at AuNPs/poly-AMT/f-CNT/GCE;
scan rate = 100 mV s™. (B) Plot of peak potential and peak current against pH.

5.3.5. Determination of serotonin by SWV studies

We performed SWV to investigate the electrochemical performance of AuNPs/p-AMT/f-
CNT/GCE towards the determination of 5-HT. For a good voltammetric profile, the best optimum
parameters: potential window +0.16 to +0.56 V, amplitude = 25 mV, step width = 4 mV, and
frequency = 10 Hz. SWVs were recorded at AuNPs/p-AMT/f~CNT/GCE in PBS pH 7.0 containing
5-HT 0.015 — 5.0 uM, and the SWVs are shown in Fig. 5.6(A). A fine oxidation peak of 5-HT
was observed at the potential of + 0.32 V, and the peak current of 5-HT increased gradually with
increasing the concentration of 5-HT. The plot of anodic peak current vs. 5-HT concentration is
linear (Fig 5.6(B)) in 0.015 — 5.0 uM concentration range. The linear regression equation is: i (LA)
= 8.537 Csur (uM) with R? = 0.986. Low-detection-limit of the present sensor system is
determined to be 7.8 nM by considering the change in peak current with three relative standard
deviations (RSDs). Compared to other various reported electrochemical methods with different

electrode modification and analytical methods, the LOD of the present electrode system is far

superior, as shown in Table 5.1.
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Fig. 5.6. (4) SWVs of 5-HT in PBS (pH 7.0) at different concentrations (0.015 to 5.0 uM) recorded
using AuNPs/poly-AMT/f-CNT/GCE. (B) Plot of peak current against concentration of 5-HT.

5.3.6. Amperometric i-t curve analysis

Further, the detection of 5-HT has been demonstrated by amperometric analysis at the
AuNPs/poly-AMT/f~-CNT/GCE modified electrode. Figure 5.7 shows the amperometric i-t curve
analysis of 5-HT detection in constant uniformly stirred PBS solution at the applied potential of
+0.3 V. The steady-state current at AuNPs/poly-AMT/f~CNT/GCE with the initial addition of 50
nM 5-HT is showing good anodic current response and with each further successive additions of
various concentrations with a sample interval of ~50 s. The plot of amperometric current response
against the concentration of 5-HT has linear profile from 50 nM to 2.15 pM with a regression
coefficient of 0.9572 as shown in Fig. 5.7(A). The limit of detection at AuNPs/poly-AMT/f-
CNT/GCE modified electrode was found to be 18 nM. Electrocatalytic activity of the present
sensor system has been further studied towards the detection of 5-HT in presence of a high

interferential biological molecule, dopamine, and in diluted serum samples.
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Fig. 5.7. (4) Steady state current—time analysis at AuNPs/poly-AMT/f~-CNT/GCE in PBS (pH 7.0)
to the additions of 5-HT. Every addition increases 5-HT concentration at regular intervals of ~ 50
s. Eapp = +0.3 V. (B) Plot of the increase in anodic current vs. 5-HT concentration.
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Table 5.1. Detection of 5-HT using electrochemical and various analytical methods.

Electrode Method Linear range Limit of detection Reference
MCM-41-COOH/Au@nano-CILPE SWV 0.2-20 uM 100 nM [313]
Pt/MWCNT/PPy/AgNPs DPV 0.50 - 5.0 uM 0.15nM [314]
DDF-CNT-TiO2/IL/GC DPV 1.0 -650.0 uM 154 nM [315]
GCE/MWCNT-NiO SWV 598 -62.8 yM 118 nM [316]
GCE/MWCNT-ZnO SWV 129 nM
GCE/MWCNT-Fe304 SWV 166 nM
PEDOT:PSS/TPyP-3IP/FTO Cv - 0.23 uM 317]
NiO/CNT/PEDOT/GCE DPV 0.3-35uM 63 nM [318]
RoMWCNT/GC PDV 5-210 uyM 460 nM (319]
IL-DC-CNT/GC DPV 5.0-900.0 uM 2 uM [320]
Polymelamine/EPPGS SWV 0.1 —100 uM 30 nM [321]
G-g-PLA-Pd/GCE Amperometry 0.1-100.0 pM 80 nM [322]
AuNPs/poly-AMT/ f-CNT/GCE SWV 0.015-5uM 7.8 nM Present work

MCM-41-COOH/Au@nano-CILPE - MCM-41-COOH-carboxyl-functionalized mesoporous molecular sieve; DDF - 9-(1,3-dithiolan-
2-yl)-6,7-dihydroxy-3,3-dimethyl-3,4- dihydrodibenzo[b,d]furan-1(2H)-one; TPyP— tetrakis(4-pyridyl)-21H,23H-porphyrin 3IP/FTO -

bifunctional molecule, 3-iodopropionate Fluorine-doped tin oxide ; IL-DC—CNT — lonic liquid 7-(1,3-dithiolan-2-y1)-9,10-dihydroxy-

6H-benzofuro[3,2-c]Jchromen-6-one carbon nanotubes ; G-g-PLA - poly(lactic acid).
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5.3.7. Interference studies

Electrochemical performance of 5-HT has been investigated in the presence of an
important electroactive biological component dopamine (DA) at the fabricated AuNPs/p-AMT/f-
CNT/GCE electrode by using SWV method. Figure 5.8 shows the SWVs resulted in the mixture
of 4 mM DA and 5-HT at different concentrations of (2.0 — 8.0 uM) at modified electrode in PBS
(pH 7.0). Oxidation peak of 5-HT did not change by the presence of DA in solution. Even at the
high concentration 4000 uM DA in the solution, the oxidation peak current of 5-HT increased
gradually with 5-HT concentration without any influence on the current response. From the above
results, we could confirm that the suggested AuNPs/p-AMT/f~CNT/GCE sensor could be
implemented for the determination of 5-HT even in the existence of various electroactive

interferents along with 5-HT in solution.

350

w

o

o
1

N

(4

o
I}

DA

200 -

150

Current / pA

100 4

50

] L}

0.1 072 0j3 074 0T5 0.6 0.7
Potential / V vs. Ag|AgCl

Fig. 5.8. SWVs recorded at AuNPs/poly-AMT/f-CNT/GCE with 5-HT at different concentrations
(0, 2.0, 5.0 and 8.0 uM) in the presence of DA 4.0 mM in PBS (pH 7.0).
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Table 5.2. Recovery limits for the detection of 5-HT in serum samples.

Sample 5-HT (% 10 M) Found (x 10® M) | Average recovery (%) | RSD (%)
0.1 0.11 102.3 1.4

Serum 0.5 0.51 101.0 0.8
1.0 0.98 99.5 1.7

5.3.8. Real sample analysis

Finally, the fabricated electrochemical sensor has been studied in order to explore

real-world utilisation. Serotonin recovery from human serum was examined by adding 5-HT into

diluted human serum samples. Figure 5.9 shows the SWVs of AuNPs/p-AMT//~CNT/GCE

recorded in diluted serum sample in the presence of 0.1, 0.5, 1.0 and 2.0 uM 5-HT. The respective

anodic peak to 5-HT oxidation appeared at +0.32 V, and the peak current increased with 5-HT

concentration. The recovery of 5-HT form diluted serum at different concentrations of 5-HT varied

from 99.5% to 102.3 % (Table 5.2) and is quite satisfactory. In the absence of 5-HT, a weak anodic

peak observed at +0.24 V is characteristic to the uric acid present in real sample of human serum.
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Fig. 5.9. SWV analysis in diluted human serum (20 times) impregnated with 5-HT at various
concentrations (0, 0.1, 0.5, 1.0 and 2.0 uM).
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5.3.9. Reproducibility and Reusability

Performance of the AuNPs/p-AMT/fCNT/GCE sensor in terms of stability,
reproducibility and repeatability to determination of 5-HT was examined by SWV technique.
SWVs of 1.0 uM 5-HT were analysed at a single AuNPs/p-AMT/f~-CNT/GCE over a period of 10
days, and, the electrode was stored at ambient laboratory condition when not in use. Peak current
of the recorded SWVs decreased merely 3.7% in about 30 measurements. This observations
reveals that the excellent stability and reusability of the present sensor. Further, we examined the
reproducibility of the fabricated electrode by using six independently fabricated AuNPs/p-AMT/f-
CNT/GCE electrodes to multiple measurements of 5-HT. The peak current of the SWVs of 1.0
uM 5-HT analysed at these electrodes varied to the range of 2.6% only. It is clearly confirming
that the modified electrode system is highly reproducible to 5-HT analysis. From the observations,
we conclude that the reusability and reproducibility of the AuNPs incorporated polymer electrode

are quite satisfactory.

5.4. Conclusions

In the present work, an electrodeposition of nanoAu crystals onto conducting polymer film
deposited on CNT electrode has been explored for the quantitative determination of the important
neurotransmitter agent, serotonin. The AuNPs/p-AMT film extraordinarily improved the current
response and exhibited the oxidation peak of 5-HT at low overpotential region. In the electrode
system, both polymerization of the polymer on CNT and as well as deposition of AuNPs on the
polymer film have been responsible for the efficient electron-transfer across the surface and for
very good electrocatalytic response. The present sensor was capable for determination of 5-HT in
nanomolar levels even in the presence of highly electroactive interferents and with excellent
recovery limits for direct determination of 5-HT from biological fluids with a very less analysis
time of 20 s. The fabricated sensor showed good stability, high sensitivity towards 5-HT detection
and simple fabrication method. With all these advantages, the present system fabricated with
AuNPs, conducting polymer and CNT could be extended for detection of other important

biomarkers and pharmaceutical drugs.
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Chapter 6

6.1 Summary

The Introduction chapter was focussed on describing the concepts of chemical sensors
starting from the principles, functioning, latest advances and the state-of-the-art. Various types of
chemical sensors were discussed based upon their principles, and applications of chemical sensors
towards the monitoring of target molecules have been discussed in detail. A brief discussion on
CMEs and literature reports on different types of materials used in chemical modification of
electrodes have been given. Various electrochemical strategies for the detection of diverse
pharmaceutical drug molecules, anti-bacterial, anti-viral, anti-cancer, anti-depressant agents, etc.
were critically reviewed. Necessity for the development of electrochemical sensors for the specific
detection of trace levels of vital drug molecules was emphasized and the objectives of the present
study were defined. Development of electrochemical sensors for selected drugs such as
Methotrexate, Valacyclovir, Nitrofurantoin and Serotonin were defined as the objectives of the
present study. Electrochemical techniques have been elucidated as efficient transduction methods

towards the development of sensors for the above selected pharmaceutical drugs.

In Chapter 2, a simple and low-cost reusable electrochemical sensor has been fabricated
for sensitive determination of the important chemotherapy agent Methotrexate (MTX).
Electrochemical response of the developed acid functionalized carbon nanotube past electrode (f-
CNTPE) was investigated towards the detection of MTX by using different electrochemical
techniques, cyclic voltammetry (CV), differential pulse voltammetry (DPV), square wave
voltammetry (SWV) and amperometry. The CNTPE electrode exhibited electrocatalytic activity
towards MTX oxidation, and the overpotential is reduced by ~70 mV to +0.82 V. The
electrocatalytic current is enhanced nearly three times of magnitude. With SWV technique, a
parabolic calibration plot over the concentration range of 10 - 1500 nM MTX was achieved, and
the biosensor could detect as low as 2.9 nM with SWV and 3.7 nM by steady-state amperometric
analysis with an analysis time of ~10 s. The modified electrode exhibited very good selectivity
towards the specific recognition of MTX. The electrochemical biosensor detected MTX in-vitro
directly from spiked drug formulations, artificial urine and diluted serum samples as low as < 1.0

uM with good recovery limits.
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In Chapter 3, a fast and facile electrochemical sensor for the detection of an important anti-
viral drug, valacyclovir (VAL), has been fabricated by electrodissolution-induced deposition of
nanoAu particle on conducting polymer, poly-(3-amino-5-hydroxypyrazole) (poly-AHP) coated
carbon paste electrode. The AuNPs/poly-AHP film was developed on carbon paste electrode (CPE)
by adopting a simple potentiodynamic and potentiostatic polarization techniques. The fabricated
AuNPs/poly-AHP/CPE electrode surface was characterized by electronic spectroscopy, XRD,
SEM and EDX, and the diameter of AuNPs was ~35 nm by different methods. Electrochemical
capability of AuNPs/poly-AHP modified CPE for valacyclovir detection was investigated by cyclic
voltammetry, differential pulse voltammetry, chronoamperometry and electrochemical impedance
analysis. The nanoAu decorated conducting polymer electrode was efficient for electrocatalysis of
VAL. Peak current of the DPVs established a linear determination range of 5 — 80 nM VAL.
Practical utility of the developed AuNPs/poly-AHP/CPE biosensor has been demonstrated for VAL
detection from undiluted urine, pharmaceutical and human serum samples with good recovery

limits.

In Chapter 4, a highly sensitive electrochemical sensor with a hybrid nanocomposite
comprised of electrochemically reduced graphene oxide and CNT as sensor interface has been
fabricated for nitrofurantoin. ErGO-CNT nanocomposite was characterized by XRD, scanning
electron microscopy (SEM) for its chemical and structural information. The electrochemical
response of the fabricated ErGO-CNT nanocomposite modified GCE towards NFT detection was
investigated by CV, chronoamperometry and DPV. Nanothin flake-like structured nanosheets of
ErGO with uniform deposition over porous CNT matrix was responsible for the enhanced catalytic
electron transfer mediation towards the reduction of NFT. The amperometric i-t curve analysis
was carried out for the determination of NFT under hydrodynamic conditions, and a limit of
detection of 1.87 nM obtained with the linear determination range of 0.005 — 2.81 uM NFT.
Practical applicability has been demonstrated for NFT determination in diluted serum with very

good recovery limits.

In Chapter 5, an electrochemical sensor established by incorporating gold nanoparticles
onto a conducting polymer layer on carbon nanotube matrices for serotonin (5-HT) detection. A
thin film of a conducting polymer, poly-(2-amino-5-mercapto-1,3,4-thiadiazole) (poly-AMT), was
formed on CNT/GCE by employing potentiodynamic polymerization technique. Further, AuNPs
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was deposited by simple potentiostatic deposition from aq. HAuCls on the surface of poly-AMT/f-
CNT/GCE. The sensor surface has been characterized by SEM and EDX for structural and
chemical properties of the electrode. Electrocatalytic activity of AuNPs/poly-AMT/f~CNT
composite electrode for serotonin detection was examined by CV and SWV. A linear
determination range of 0.015 — 24 uM 5-HT was demonstrated by SWV analysis with detection
limit of 7.8 nM. Practical utility of AuNPs/poly-AMT/f-CNT biosensor from diluted serum has

been demonstrated with very good recovery limits.

In the development of electrochemical sensors of the selected drug molecules, the plausible
electrodic reaction mechanism involved in the determination of the drug molecules were discussed.
Performance of the electrochemical sensors fabricated successfully in the present study for the
selected pharmaceutical drugs have been compiled and presented in Table 6.1 together with the

details of low-detection-limit, linear concentration range of detection and real sample analyses.

6.2 Conclusions

In this research work, a number of electrochemical sensors have been fabricated with the
use of different carbon nanotube based hybrid nanocomposite modified electrodes, and quite
excellent low-detection-limits were established. Further, a variety of materials such as gold
nanoparticles, conducting polymers, syntheses and deposition of graphenes by chemical and
electrochemical methods, graphitic carbon, carbon nanotubes and biopolymers were investigated
effectively in developing the electrochemical biosensors. Pharmaceutical drugs of different
molecular weights, different functional groups, different molecular structures and of very wide

application fields have been chosen and analysed in this study.
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Table 6.1: Summary of the developed electrochemical sensors for selected drugs and their
respective performances.

Sensor LOD (nM) Linear Range

Analyte
Platform — gwy ppyv  Amp (nM)

Real Sample Analysis

Artificial Urine,
MTX  SfCNTPE 2.9 -- 3.7 0.01-1.5 Pharmaceutical
Tablet, Blood serum

ErGO-

NFT CNT/GCE -- 13.7 1.87 0.005 - 2.81 Serum
Artificial Urine,
AuNPs/poly- Pharmaceutical
AL -- 1. 2. .005 - 0.
v AHP/CPE 89 3 0.005-0.08 Injection, Blood
serum
AuNPs/poly-
5-HT AMT/ {- 7.8 - 18 0.015-5.0 Serum
CNT/GCE

All the fabricated electrochemical sensor systems have shown low-detection-limits as low as
nanomolar concentration levels and the analysis time periods are less than 10 s. With the use of a
combination of conducting polymer and nanoAu particles, the low-detection-limit achieved in the
present study have shown variation depending on the nature of the conducting polymer. A right
choice of the combinations of conducting polymer seems essential in achieving very good low-
detection-limits. The developed sensor systems clearly established that low-detection-limits of
nanomolar concentrations and analytical time periods of less than few seconds could be effectively
achieved with various kinds of pharmaceutical drugs of small molecules. All these results clearly
established the versatility, efficiency and applicability of the electrochemical sensors based on
various hybrid nanocomposite based CMEs for detection of selected pharmaceutical drugs and
further provided confidence for efforts in future to develop electrochemical sensors for the analysis
and sensitive detections of diverse target groups such as biomarkers, environmental pollutants and

food toxins by employing highly catalytic nanostructured materials based CMEs.
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