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ABSTRACT

Ciprofloxacin (Cpro) and Norfloxacin (Nor) are drugs belonging to the fluoroquinolones class,
commonly used to treat bacterial infections of humans and animals. However, improper use,
unmetabolized excretion, and overuse of Cpro and Nor can lead to bacterial resistance. To
mitigate this risk, continuous monitoring using sensitive and selective analytical techniques are
required. In this work, Manganese (II)-chrysin ([Mn(Chr)s]Cl,), Copper (l1)-chrysin
([Cu(Chr),CI]CI), and Copper (I1)-resorcinol (Naz[Cu(Reso)sClI]) complexes were synthesized,
characterized and applied to modify pencil graphite electrode (PGE) for electrochemical
determination of Cpro, Nor, and (Nor and Caffeine) simultaneously in pharmaceuticals samples,
milk samples, urine samples and in the presence of different potential interferences. The tip of
the PGE electrode has been immersed in the monomer solution and modified using the
potentiodynamic electropolymerization method by placing the pencil graphite electrode inside
the prepared pencil holder using the selected potential window and scan cycle. The modified
electrode was characterized using CV, electrochemical impedance spectroscopic (EIS), UV-Vis,
digital optical microscopy, and contact angle with relative to bare PGE electrode. Both the
developed (SWV and AdSSWYV) electrochemical methods and the UV-Vis spectroscopic method
were calibrated and used for the determination of the concentration of Cpro, Nor, and Caffeine in
different sample matrices and the results were compared. The percent recoveries in
pharmaceuticals ranged from 84.5 to 114.3%, in urine samples 92.8 to 114.9%, and in milk
samples 81.80% to 91.13%. The values of dynamic range, LoD, and sensitivity of the developed
method for Cpro were in 1-200 pM, 0.54, and 0.16, respectively. Dynamic range, LoD, and
sensitivity for Nor were in 1-100 pM, 0.09, and 0.5, respectively and for Caff were in 10-300
MM, 3.05, and 0.09, respectively. The developed methods were selective towards the tested
analytes in the presence of different potential interferences and can be taken for the

determination of Cpro, Nor and, Caff in different sample matrices.

Keywords: Ciprofloxacin, Pencil Graphite Electrode, electropolymerization, chemical sensor,
Norfloxacin, Caffeine, Monomer, Polymer, Thin-film, Complexes
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1. CHAPTER ONE: INTRODUCTION

1.1. Background
Fluoroquinolones are powerful, systemic antibiotics with a range of favorable features,

such as high oral bioavailability, a wide volume of distribution, and broad-spectrum
antibacterial action [1, 2]. They are used to treat bacterial infections in both people and
animals [3, 4]. They are efficient against gram-positive and gram-negative bacteria.
Pneumonia, urinary tract infections, intra-abdominal infections, skin infections, and
inflammatory illnesses are just a few of the conditions that can be addressed when a
patient has a bacterial infection. Gyrase and topoisomerase, the two enzymes crucial for
bacterial DNA replication, are inhibited by fluoroquinolones. Because the DNA produced

is faulty and incomplete, it disintegrates and causes cell death[5, 6].

The chemical structure of quinolone antibiotics includes a fluorine atom and has a
bicyclic core structure. The presence of fluorine atoms in fluoroquinolones' chemical
structure offers fluoroquinolones more antibacterial activities and makes it more broad
spectrum of activity[7]. Fluoroquinolones such as ciprofloxacin, levofloxacin,
moxifloxacin, delafloxacin, gemifloxacin, norfloxacin, enrofloxacin, and ofloxacin are

often accessible[8]. The chemical structures of some fluoroquinolones are shown below.
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Scheme 1. 1: Chemical structure of some fluoroquinolones



Fluoroquinolones' antimicrobial resistance has increased with their extensive use[9].
Moreover, fluoroquinolones have the potential to produce significant negative side
effects. Fluoroguinolone use is therefore typically confined to situations in which the
benefits clearly outweigh the risks [10, 11]. Therefore, continuous monitoring and

studying fluoroquinolones using sensitive and selective detection methods is required.

Ciprofloxacin (Cpro) is a synthetic second-generation drug belonging to the
fluoroquinolones class (Scheme 1.1), which is used to treat bacterial infections of the
respiratory, urinary tract, gastrointestinal, and skin[12]. Un-metabolized excretion,
improper and overuse of Cpro can lead to bacterial resistance [7]. The resistance causes
the available treatment options for common bacterial infections to become ineffective. As
a result, patients may need more care, use more expensive antibiotics with severe side

effects, or result in death [13].

Similarly, Norfloxacin (Nor) is a drug belonging to the fluoroquinolones class (Scheme
1.1), which is also used to treat bacterial infections of the urinary tract, skin, and
respiratory system. Discharging Nor into the environment can also affect microbes that
are important for maintaining the ecosystem [14]. The discharge also affects the microbes
in the aquatic environment [15]. Improper use, un-metabolized excretion, discharge, and
overuse of Nor can lead to bacterial resistance [16]. The bacterial resistance can cause the
available treatment options to be ineffective [17]. As a result, patients may need more
expensive antibiotics with severe side effects and need more care [18].

The one who is prescribed Nor can have a beverage with caffeine sources like tea or
coffee. Comparably, drug-drug interaction [19], food-drug interaction may affect the
availability of Cpro or Nor [20]. Caffeine (Caff.) is a naturally occurring methylxanthine
alkaloid compound. It stimulates the cardiovascular and central nervous systems [21].
Tea leaves, coffee beans, and cocoa beans are some of the common sources of caffeine
[22]. 80% of the population of the entire world consumes caffeine daily[23]. To monitor
the concentration of Cpro and Nor in different samples, analytical techniques with having

high sensitivity, selectivity, and low detection limit is required.



1.1.1. Detection Methods

Fluoroquinolones, including Cpro and Nor have been identified and quantified using
analytical techniques like HPLC, HPTLC, HPLC-FLD, HPLC-MS, UPLC-MS, LC-
MS/MS, and UV-Vis spectroscopy [24-28]. Cpro has been determined using different
analytical techniques such as HPLC, UV-Vis spectroscopy, and electrochemical methods
of analysis [29-31]. Nor has been also determined using different analytical methods,
such as spectroscopic and chromatographic analytical techniques like, HPLC [32], UV-
Vis spectroscopy [33], and different electrochemical methods of analysis in different
samples [34]. Similarly, caffeine has been determined using the HPLC-UV method [35,
36], UV-Vis spectroscopy [37], FTIR [38], flow injection-FTIR [39], and the

electrochemical method of analysis [21].

1.1.2. Electrochemical Methods

Due to their multiple features, including their short analytical times, simplicity, high
selectivity, low instrumentation cost, flexibility, relative environmental friendliness [40],
minimal use of chemical solvents, simple sample preparation, and high sensitivity, makes
electrochemical techniques best choice for the identification and quantification of
fluoroquinolones in different sample matrices [41, 42]. In electrochemical approaches,
voltammetric-based techniques provide a quick, uncomplicated qualitative and
quantitative investigation with a very low detection limits [43-45]. The other advantage
of electrochemistry is that it allows for the measurement of multiple oxidation states of an
element in a solution[46]. In electrochemical methods of analysis, the working electrode
is the main factor that determines the result of the experiment since the redox reaction of

interest is carried out on its surface[47].

Due to their low cost, wide potential window, low electrical resistivity, adaptability in
chemical modification, high conductivity, ability to undergo surface modification, and
their chemical inertness, carbon-based electrodes, including glassy carbon electrode,
pencil graphite electrode, and carbon paste electrodes [48], are among the most often

used electrodes in electroanalytical procedures [49, 50]. The glassy carbon electrode



showed chemical stability, high temperature resistance, high hardness, and minimal
charge transfer resistance advantages. However, the glassy carbon electrode is far more
expensive than PGE [51]. Thus, using PGE is preferable due to its relatively low cost,
user-friendliness, the smallest or no time required for surface cleaning between
measurements, and ease of disposal compared to other carbon-based sensors used for

quantifying analytes in real samples [52], [53, 54].

A electrodes (chemical sensors) are a measurement devices that translates the physical or
chemical properties of a particular analyte into a quantifiable signal that is proportional to
the analyte concentration by translating the response into an analytical electrical signal
[55]. Transducers are responsible for taking the chemical information of the interaction
between the receptor and analyte and converting it into corresponding electrical
information[56]. This information is subsequently transferred to a computer or a

mechanical component[57].

Modification of the surface of electrodes, provide good reproducibility, increased
sensitivity, improved selectivity, a larger usable potential window, enhances
electrocatalytic properties, provides a larger surface area, increased stability, and
increased conductivity [58, 59]. In electrochemical methods' of analysis, the primary
objective is to enhance the electrodes' analytical performances through surface
modification and the potential for a catalytic response[60]. Excellent electron transfer
kinetics, improved over redox potential, higher selectivity and sensitivity, electrode
surface stability during electrochemical measurement, and better usable potential
windows are all characteristics of chemically modified electrodes[61].

During electrode modification, the substance can be retained on the surface of electrodes
through chemisorption or covalent bonding. Electrostatic deposition of polymers
containing electrochemically active groups on the electrode surface is also possible[62].
Depending on whether oxidation or reduction is the first step, molecules with non-
bonding electrons, or m-electrons, under go through electropolymerization and produce

radical cations or anions respectively. A small amount of adsorption onto the electrode



surface occurs prior to electropolymerizations [63]. At the electrode surface, these radical
species pair and proceed through redox reactions to form the thin film. Conductively
formed thin film on the electrode’s surface mediates charge transfer at the film-solution
interface [64].

Electrochemical sensors have been developed from many compounds, such as conducting
organic polymers, metal-based nanomaterials, carbon-based nanoparticles, and transition
metal complexes. Metal complexes and compounds containing redox-active ligands have
been extensively used in electrochemical catalytic applications. The combinations of
redox-active ligands with transition metal ions as complex compounds have the
capability of multi-electron facilitation. Redox-active ligand-based complexes can either
supply or accept electrons in catalytic processes; thus, they increase reactivity in both
chemical and electrochemical applications[65]. Complex compounds containing
transition metals with bi-dentate or poly-dentate ligands with multiple n-bonds are rich in
electron density and can be perfectly suitable for electron mediator applications[66]. The
coordination environment in complex compounds enables the adsorption of specific
analytes, thereby increasing the system's selectivity. Therefore, the presence of variable
oxidation state, the presence of high density of electrons, and the ability to adsorb
analytes on its’ surface makes transition metal complexes more attractive for the
modification of electrochemical sensors. In addition, coordination compounds can be

synthesized easily in the lab, and they are cost-effective[67].



1.2. Statement of the Problem

Fluoroquinolones are used for animal and human medicine. Due to the overuse and
storage of fluoroquinolones, antimicrobial resistance has increased, posing a severe threat
to human health and demanding high doses and new pharmacokinetic combinations [68-
70]. Moreover, fluoroquinolones have the potential to have major negative side effects.
Fluoroquinolone use is, therefore often limited to situations in which the advantages
clearly outweigh the risks[71]. Therefore, studying the fluoroquinolones in the

environment using highly sensitive method is necessary for safety.

In electrochemical methods of analysis, the glassy carbon electrode is far more expensive
than PGE [51]. Thus, using PGE is preferable due to its relatively low cost, user-
friendliness, the smallest time required for surface cleaning between each measurements,
and ease of disposal compared to other carbon-based electrodes [52]. However, in
unmodified bare electrodes including PGE electrode, low sensitivity, excessive over
potential and electrode fouling are considered as bottlenecks [72, 73]. Therefore, we need
to modify the surface of the electrodes to eliminate the effects of fouling, to increase
sensitivity, to improve selectivity, to improve over redox potential, to increase the surface
area and to increase conductivity by decreasing resistance using appropriate modifiers
[58, 74, 75].

Recently, transition metal complex modifiers have been reported, indicating their
promising potential as alternatives based on their several attractive features, such as they
can provide high sensitivity, high selectivity, high electrical conductivity, and a larger
surface area [76, 77]. This encouraged the researchers in the field to explore new

transition metal complexes for electrode modifications.

This could be achieved by carefully identifying modifiers that would have polymerizable
electroactivity, a geometry that resultsin a porous and large surface area over the
electrode surface, consequently, high charge movements in the entire polymer with
appropriate redox potentials so that it could oxidize or reduce the analytes in given
samples. For this purpose, certain transition metal ion complexes could be good
candidates and have been focused studies, and several reports have appeared indicating

their promising efficient performances [78, 79]. Based on this manganese (I1) and chrysin
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complex that undertakes redox activities by switching between its +2 and +3 oxidation
states of the metal center in desirable potential ranges was synthesized and applied for
selected analyte investigation. Chrysin (C17H1407 (Chr)) is a dihydric phenol. One of its
hydroxyls and ketonic oxygen are located in a manner that they cooperatively form
coordinate covalent bonds with certain transition metal ions, forming a kinetically stable

six-membered ring.

In this work, poly [Mn(Chr);]Cl,/PGE for the determination of Cpro,
poly[Cu(Chr),CI]CI/PGE for the determination of Nor, and poly[Cu(Reso)s;CI]/PGE for
the determination of Nor and Caff simultaneously have been fabricated and applied. Then

the results were validated using UV-Vis spectroscopic method analysis.



1.3. Objective

1.3.1.

>

1.3.2.

General Objective:

The general objective of this study was to fabricate and apply complex based
polymers modified pencil graphite electrodes for electrochemical determination of
Ciprofloxacin, Norfloxacin, and (Norfloxacin and Caffeine simultaneously) in

pharmaceuticals, urine samples, and milk samples

Specific Objective:

To synthesis and characterize [Mn(Chr)3]Cl,,  [Cu(Chr),CI]CI and
(Naz[Cu(Res0)sCl]) metal complexes

To modify the pencil graphite electrodes as complex-based polymers modified
pencil graphite electrode

To evaluate the surface and electrochemical properties of the bare and modified
electrodes

To optimize crucial experimental parameters influencing sensor performance,
including working potential window, number of scan cycles, pH, accumulation
time, accumulation potential, step potential, amplitude, and frequency

To evaluate the analytical performance of the developed sensors for the
determination of Ciprofloxacin, Norfloxacin, and (Norfloxacin and Caffeine
simultaneously) in pharmaceuticals, urine samples, and milk samples

To validate the accuracy and reliability of the developed electrochemical methods
by performing comparative analyses with standard UV-Vis spectrophotometric

methods using statistical significance tests



1.4. Significance

This study makes a significant contribution to the development of cost-effective,
sensitive, and selective electrochemical sensing platforms for the detection of
fluoroquinolone antibiotics in complex matrices. The use of pencil graphite electrodes
(PGEs), which are inexpensive, readily available, and disposable, offers a practical
alternative to conventional electrodes such as glassy carbon electrodes. This is
particularly important for resource-limited settings and developing countries, where

access to expensive electrodes is often restricted.

The incorporation of complex-based polymer modifiers synthesized from transition
metalligand systems (Mnchrysin, Cuchrysin, and Curesorcinol) introduces a novel
approach to enhancing the electrochemical performance of PGEs. These modifiers
improve sensitivity, selectivity, and surface properties, enabling reliable detection of
ciprofloxacin, norfloxacin, and their simultaneous determination with caffeine, even in
the presence of potential interfering species. This contributes to the advancement of

functional electrode materials in electrochemical sensor design.

From an analytical perspective, the developed methods (SWV and AdSSWYV)
demonstrate satisfactory detection limits, wide linear dynamic ranges, and acceptable
recovery values in pharmaceutical formulations, milk, and urine samples. These results
highlight the method's applicability for real-sample analysis, making it suitable for
routine quality control in pharmaceutical industries as well as for clinical and

environmental monitoring.

In addition, this work provides a scientific foundation for future research in the design of
polymer-modified electrodes and electrochemical sensing technologies. The synthesis
strategy, electrode fabrication approach, and analytical methodology can be adapted and
extended to other pharmaceutical compounds and contaminants of emerging concern.
Overall, the developed sensor platform combines affordability, simplicity, and analytical
performance, making it a promising candidate for decentralized and on-site monitoring

applications.



1.5. Scope
In this work, a modified pencil graphite electrodes were prepared using synthesized metal

based complexes and characterized using different characterization techniques. Some of
the characterization techniques used were CV, FT-IR, UV-Vis, EIS, ICP-OES, Digital
optical microscopy, Drop shape analyzer, and Cyclic voltammetry was applied in many
ways throughout this work. Some of the activities conducted using CV includes
modifying the electrode and characterizing the modified electrode using CV and EIS
techniques. FT-IR spectroscopy was used to show the change in functional groups of the
ligand and monomer modifier after complex synthesis. Finally, the modified and
characterized pencil graphite electrode was applied to the determination of selected

fluoroquinolones in pharmaceutical formulations, and biological samples.
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2. CHAPTER TWO: LITERATURE REVIEW

2.1. Antibiotics
Drugs called antibiotics are used to treat or prevent some bacterial infections because

they inhibit the growth of microorganisms. They work by killing bacteria or preventing
them from spreading. Antibiotics have many applications, especially in the treatment of
certain tumors, the control of plant diseases, and as animal growth promoters [80].
Antibiotics are readily available and have a wide range of brand names like Beta-lactam

and fluoroquinolones are an examples of an antibiotics [81].

2.2. Fluoroquinolones
The fluoroquinolones are a series of systemic, broad-spectrum antibiotics that have been

successfully used to treat urinary and respiratory tract infections. A wide variety of
aerobic, gram-positive, and gram-negative microorganisms are susceptible to
fluoroquinolone activity [71, 82]. Currently, ciprofloxacin, gemifloxacin, levofloxacin,
moxifloxacin, norfloxacin, and ofloxacin are among the fluoroquinolones that are offered

in many parts of the world [83].

The type 1l DNA topoisomerases and gyrases, which are necessary for the production of
bacterial mMRNAs transcription and DNA replication, are thought to be the mechanism
through which fluoroquinolones work. They exhibit minimal inhibition of host and
human enzymes and have a very good safety record [7, 11, 84].

DA
Topoisomerases

Fluoroguinolones

DHA synthesis
Inhitators

. OH
NH
Fig. 2. 1: mechanism of fluoroquinolones
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Although fluoroquinolones are generally accepted as one of the antibiotics of choice,
because of their availability and widespread use in many areas of the world, growing
resistance to this class of antibiotics poses a significant challenge to their usefulness [69,
85].

2.3. Drug-Drug interaction
A drug-drug interaction is happen when one drug is altered by the co-administered drug

[86]. The effect can may enhance activities, reduce activities, and/or increase the side
effect activities of the other drug. The drug-drug interaction is dependent on the patient

regarding age, disease, and individual’s background [87].

2.4. Drug-Food interaction
Drug-food interactions may arise due to misuse or due to lack of knowledge about the

active ingredient in the food. The drug-food interaction may reduce or increase the effect
of the drug. Some of the known examples to undergo interactions are herbs, alcohols, and
fruits may cause failure of the therapy. The bioavailability of the drug can be reduced due
to food induced interaction that can be directly related to the clinical effects of the drug
[20]. In most cases it is difficult to determine the effects of food on a particular drug,
some of the effects are components in food may form chelate and the food may alter the
gastric pH [88].

2.5. Methods of Detection and Quantification of Fluoroquinolones
Numerous chromatographic, spectroscopic, and mass spectrometric parameters were

employed, including gas chromatography-mass spectrophotometry, chromatography-
tandem mass spectrophotometry, high-performance liquid chromatography (HPLC), UV-
VIS spectrophotometry, and the LC-MS/MS techniques [89-91].

For instance, Elgendy, K., et al. in 2023 used C18, 150 mm x 4.6 mm, 5 pm particle size
and flow rate of 1.2 mL /min at a wave-length of 280 nm to perform research on "Rapid
HPLC determination of ciprofloxacin, ofloxacin, and marbofloxacin alone or in a
mixture"[29]. For the study "Determination of Fluoroquinolones in Pharmaceutical

Formulations by Extractive Spectrophotometric Methods Using lon-Pair Complex
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Formation with Bromothymol Blue,” Nguyen, T.D., et al. (2018) used UV-Vis
spectroscopy and determined the LODs for CFX, LFX, and OFX to be 0.084 g/mL, 0.101
g/mL, and 0.105 g/mL, respectively [92]. In 2011, Xu, H., et al. also studied the analysis
of fluoroquinolones in animal feed using LC-MS-MS microwave-assisted extraction, and

they were able to detect fluoroquinolones with a limit of detection of 5.0-9.1 ng/g [93].

The need of particular chromophoric reagents to create colored complexes and the
requirement for a large sample volume for analysis are the main drawbacks of the
spectrophotometric approach. Some of them involve very expensive techniques,

significant amounts of reagents, and laborious, time-consuming analysis procedures[92].

2.6. Electroanalytical Methods of Detection
With its great selectivity, simplicity, good stability, speed, low cost, straightforward

instrumentation, and sensitive detection, the electrochemical method is the best solution
for the detection of fluoroquinolone antibiotic residues [94]. These techniques also have
incredibly low determination and detection limits. Pesticides, drugs, environmental
pollutants, food additives, and drug formulations have all been successfully detected
using electroanalytical techniques [95, 96].

However, unmodified bare electrodes proposed low sensitivity, excessive overpotential,
and electrode fouling. Therefore, we need to develop the bare electrode for sensitive and
selective detection [72, 73]. In recent years, gold nanoparticles, carbon nanomaterials,
nanocomposites, and metal complexes have all been widely used in electrochemical
sensor applications [97-99].

A wide variety of electroanalytical techniques that are currently employed in
electrochemical sensor and biosensors are amperometric, voltammetric, potentiometric,

conductometric, and impedimetric [97].

2.7. Voltammetric Techniques

Voltammetry is one of the important fields of study in electroanalytical chemistry and has
been used for a long time. The current is measured using voltammetric techniques as a
function of the applied potential. The most commonly used voltammetric techniques

include linear sweep voltammetry (LSV), cyclic voltammetry (CV), differential pulse
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voltammetry (DPV), and square wave voltammetry (SWV) in the design of
electrochemical sensors. Although the principle is the same for all the techniques, they
differ in the way that the potential region is scanned. Based on the scanning method, the
most sensitive are DPV and SWV [100, 101]. The peak current of analyte in square wave
voltammetry is dependent on several instrumental parameters, including pulse amplitude,

frequency, and step potential [102].

2.8. Electrochemical Sensor
Chemical sensors are tools that transform the physical or chemical characteristics of an

analyte, such as its concentration, activity, and partial pressure, into a quantifiable,
analytically meaningful signal that is proportionate to the analyte's concentration. It
interacts with many chemical elements and provides valuable data [103]. If the signal is
an electrical signal, it is called an electrochemical sensor. Depending on the nature of the
electrical signal, electrochemical sensors can be classified as potentiometric,
amperometric, and conductimetric sensors [103]. Chemical sensors are the most active
and useful form of modern sensor technology due to their many good characteristics,
including small size, adequate sensitivity, a larger dynamic range, and an inexpensive
cost [104].

A chemical sensor or electrode can be further classified based on their reactivity as an
inert or reactive electrode. Reactive electrodes actively participate in the chemical
reaction. An inert electrode is a type of electrode that does not participate in a chemical
reaction. Some commonly used inert electrodes include pt, Au, and carbon-based
electrodes. Electrodes can also be classified as anode and cathode based on the types of
reactions on the surface of the electrode [105].

Three electrode systems consist of a working electrode, a reference electrode, and a
counter electrode. Various working electrodes, such as glassy carbon electrodes, mercury
electrodes, carbon paste electrodes, single or multiwall carbon nanotube, carbon paste
electrodes, screen-printed electrodes, indium tin oxide glass electrodes, boron-doped
diamond electrodes, gold, etc., have been used in voltammetric techniques for qualitative
and quantitative determinations of analytes [106, 107].

14



Calomel and silver-silver chloride electrodes are the two primary reference electrodes
used in electrochemical analysis. The calomel reference electrode contains mercury and
mercury chloride compounds. The liquid mercury element and a solid paste of Hg,Cl, are
connected to a rod covered in a saturated KCI solution. Silver-silver chloride is produced
by the reaction of silver cable and the precipitated salt of AgClI placed in a tube of AgCI
and KCI solution. This enables ions to be formed as electrons move in and out of the
electrode system [108, 109].

2.9. Electrode Modifications
All electrochemical sensing techniques are based on electrochemical processes that occur

at the electrode surface. When utilizing electrochemical sensors to determine
electroactive analytes, the overpotential and low anodic or cathodic current responses are
considered as bottlenecks. It's interesting to note that modifying the electrodes with
different conductive materials can be easily resolved. Therefore, electrode surface
modification plays a crucial role in electrochemical sensor development. A modified
electrode is a conducting or semiconducting material that has been coated with a
monomolecular, multimolecular, ionic, or polymeric film. In electroanalysis, CMEs show
improved over redox potentials, quick electron transfer kinetics, good electro-optical
characteristics, and stable electrode surfaces. The other advantage of modifying the
electrode is to increase the surface area and increase conductivity by decreasing
resistance [58, 74, 75].

2.10. Electrochemical Modifiers
Electrochemical sensors have been developed from many compounds. Some of them are

conducting organic polymers, metal-based nanomaterials, carbon-based nanoparticles,
and transition metal complexes are among the commonly reported electrode-modifier
materials that are deposited on the surface of the electrode by potentiostatic
electropolymerization, and casting techniques [110].The modifier is attached to the
surface of the electrode either by covalent bonding, chemisorption, or adsorption [111].
The application of modifier material is dependent on the charge-transferring properties of

the modifier immobilized on the surface of the electrode [97].

15



2.11. Complex Compounds

Transition metals are well recognized for their ability to form complex ions because of
their partially filled d-orbitals. When electron-rich species known as ligands surround
positive metal ions and donate two electrons to transition element, complexes compounds
are created. Numerous characteristics are displayed by these complexes, such as color,
magnetism, a high melting point, strong electrical and thermal conductivity, and catalytic
activity. In addition to their vertical commonalities, the transition metals show notable
similarities in their chemistry on the horizontal plane[112].

The occurrence of numerous oxidation states is a defining characteristic of transition
metals. Many transition metals can function as catalysts because of their multiple
oxidation states, which enable them to lose and gain electrons in different stages of a
reaction before ultimately re-forming their original ion. Many transition metals are good
adsorbents. This implies that molecules in reaction can easily stick to their surface.
Adsorption results in some kind of contact, such as a weakening of the bonds between the
reactant molecules and the transition metal surface. This makes it possible for the
response to occur. The two above-mentioned basics contribute to lowering the activation

energy of the reaction and raising its rate of reaction[113, 114].

Ligands give electron pairs to transition metal ions while functioning as Lewis bases.
Ligands can be uni-dentate, bi-dentate, and poly-dentate ligands. Unidentate ligands are
ligands that can bind to the coordination center but only contain one binding atom. The

list below contains a few examples of unidentate ligands[115].

I.\.I\
I’\'I ‘O-
o /N - |
Hy B 1 H C=N: -

Conversely, as the illustration below illustrates, ligands that possess the capacity to attach
to the central atom through two distinct donor atoms are known as bidentate ligands [116,
117].
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OH

1,10- Phenanthroline 8-hydroxyl quinolone

HzN\WLO NH,

Ethylenediamine Bipyridine

OH

OH ]
Chrysine Resorcinole
Polydentate ligands are ligands with a large number of donor atoms that can bind to the
coordination center. The following is an excellent illustration of polydentate
ligands[118]. Because bi-dentate and poly-dentate ligands can form stable coordination

complexes called chelate compounds, they are useful in a variety of applications[119].

2,2,2- terpyridine Ethylenediaminetetraacetate
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The properties of transition metal complexes can be influenced by size and charge of the

ligands, as well as the geometry of the complex [120].

2.12. Complex Compounds as an Electrode Modifier

The presence of metallic centers in their structure offers a redox-active behavior that is
being applied in the design of solid electrodes [98]. Conductive ligands catalyze the
reduction and oxidation reactions with transition metal complexes. Redox active ligand
based complexes can be either supply or accept electrons in catalytic processes, thus they
increase reactivity in electrochemical applications [65]. For example, Debalke, A., et al,
2022 used diaquabis(1,10-phenanthroline)copper(ll)chloride complex for detection of
amoxicillin in pharmaceutical and biological samples [121]. The structure of the complex
used as a modifier is shown below.

Scheme 2. 1: Chemical structural of diaquabis(1,10-phenanthroline)copper(Il)chloride

This complex compound showed good electro-catalytic activities, low detection limit,
wide dynamic range, and good selectivity.

Tetraruthenated porphyrin and tetramanganized porphyrin complexes have a strong

electron-withdrawing effect and show electrocatilitic effects for pharmaceuticals such as
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folic acid, acetaminophen, metronidazole, and tyrosine. The oxidation processes with
electrochemical sensors based on those complexes do not require high oxidation
potentials, and the detection limits obtained with these sensors are very low, with good
sensitivities and enhanced electrocatalysts. The structure of these complexes is shown in
Scheme 3 [98].

Scheme 2. 2: Molecular structure of tetraruthenated porphyrin and tetramanganied
porphyrin

Chanie, G., et al, 2024 have studied the detection of tinidazole using a complex
compound bis(2,2'-bipyridine)diresorcinolateruthenium(l1l) chloride as shown in scheme
4. The electroactivity of this modifier shows enhanced surface area, four folds current
enhancement, wider linear dynamic range, excellent performance, lower LoD. They also
conclude using this modifier is simple step electrode modification, relatively chip, and
easily available[122]

Scheme 2. 3: bis(2,2-bipyridine)diresorcinolateruthenium(lil)chloride
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Kassa, A., et al. (2023) determined chloroquine phosphate in real samples using a
diresorcinolatebis(1,10-phenanthroline)cobalt (I1) by modifying a glassy carbon
electrode. The structure of this modifier is shown in Scheme 2.4. As we can see, the
modifier used here is a complex compound with heteroleptic ligands called resorcinolate,
1,10-phenanthroline, and the transition metal cobalt (II). This modifier for the
determination of chloroquine shows good current enhancement and is highly selective in
the presence of amoxicillin, ciprofloxacillin, and paracetamol. They come up with a LoD
of 0.39 nM and a linear range of 0.005-300 pM.[123].

OH +2

Scheme 2. 4:diresorcinolatebis(1,10-phenanthroline)cobalt(I1)

2.13. Electrode Modification Techniques
The CME is conducted utilizing a variety of techniques, including electropolymerization,

drop casing, dip coating, and spin coating from monomers [62]. A modified electrode can

be used both for potentiometric and amperometric ion sensors.
2.13.1. Drop Casting

Drop casting is a simple film-forming technique that does not require specific equipment.
The drop of liquid containing the necessary material is deposited on a substrate without
over-spillage, followed by the evaporation of the solvent. However, it is challenging to
obtain a consistent layer and control its thickness. The film thickness depends on the
volume of dispersion used and the particle concentration, both of which can be easily
varied. Other variables that affect the film structure are the rate of evaporation and the

drying process. For this approach, volatile liquids are typically preferred. The main
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distinction between this approach and spin coating is that no substrate spinning is

necessary [124].

2.13.2. Spine Coating

In comparison to drop-casting, spin-coating frequently results in more uniform film
thicknesses over the substrate, and with the right equipment, it can handle considerably
larger substrates. In this method, a volume of material with a known particle
concentration is delivered into the middle of a substrate while it is being spun at a high
RPM. The dispersion is uniformly dispersed across the substrate by centrifugal force, and
the solvent is then evaporated to produce a thin particle film. The volume, rotating speed,

and dispersion concentration all affect film thickness [125, 126].

2.13.3. Electrodeposition

Electrodeposition is a plating process in which ions in a solution migrate under the
influence of an electric field and are deposited onto an electrode using a redox reaction. A
thin, uniform coating is produced on the surface of the electrode when it is submerged in
a solution containing a salt of the metal to be deposited by running a current through an
electrochemical cell. Depending on the reaction mechanism, the procedure can be anodic
electrodeposition or cathodic electrodeposition and involves electron transfer and phase
change [127].

2.13.4. Electropolymerization

One of the most successful ways of forming redox polymers on the electrode surface is
electropolymerization using cyclic voltammetry. Electropolymerization allows film
thickness to be reproduced and monitored after numerous scans and layers. Films with

many layers have more electroactive spots [128].

Prior to electropolymerization operations, a little amount of material is adsorbed onto the
electrode surface. A monomer must have functional groups that can be reduced or

oxidized using non-bonding electrons on the heteroatom or molecular orbitals in order for
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it to be electropolymerized on an electrode surface. Depending on whether the initial step
is oxidation or reduction, the organic molecule produces a radical cation or anion. These
radical species couple at the electrode surface and proceed through redox reactions to
create the thin film. Multifunctional groups on the monomer initiating polymerization
reactions encourage the right orientations for the incorporation of monomer units into the
growing polymer film. The modifier's lattice orientation and film thickness have an

impact on the analyte's electrochemical reactivity [129, 130].

2.14. Characterization Methods of Modified Electrodes
Numerous electrochemical and spectroscopic methods have been used to characterize

chemically modified electrodes. Techniques like CV, EIS, FTIR, and digital optical

microscopy are among them.
2.14.1. Cyclic Voltammetry (CV)

Using [Fe (CN)s] *™ as a probe, KCI as a supporting electrolyte, and pH 7.0, the
modified and bare electrodes' voltammograms are produced and compared in order to
characterize the modified electrode using CV. Five points should be taken into account
while comparing CV values. These include peak current, peak current ratio, peak shape,
peak-to-peak potential separation, and effective surface area. Peak-peak potential
separation of the modified electrode should be less than that of the bare electrode, and
current and effective surface area should be increased. Sharp redox peaks for the
modified electrode indicate the modifier's catalytic property toward the probe, and the
electrode has been modified [131, 132].

$/4- at both the unmodified and modified electrodes

Cyclic voltammograms of [Fe (CN)g]
are recorded at various scan rates to examine the impact of surface modification on the
electrode surface area. In the Randles-Sevcik equation Eq, the active surface area for both
electrodes is determined from the slope value of the plot of Ipa vs. v2[133].

Ip = 2.69 x10°n*?ADY? v}/2C,
If the effective surface area of the modified electrode exhibits enhancement in
comparison to the effective surface area of the unmodified electrode, the electrode

surface is modified by a modifier to improve the effective surface area. The increased
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peak current for the probe can therefore be attributed to the modified electrode’s higher
active surface area [133]. kokab, T., et al conducted a research on tripeptide derivative-
modified glassy carbon electrode for the detection of Cd®* lons and characterize the
modified electrode using CV. They compare the voltammograms of bare and the
modified electrode as shown in the following figure 2.2 which illustrates a few of the

points discussed above [134]:
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Fig. 2. 2: CVs of (a) bare, (b) modified in pH 7.0 PBS containing 5.0 mM [Fe (CN) ¢] *™*
and 0.1 M KClI at a scan rate of 100 mV s™

2.14.2. Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopic (EIS) technique is used as a tool to
characterize the surface of the electrode and to investigate the conductivity of the
electrode surface. Charge transfer activities at the electrode-solution interface, diffusion
mass transport processes, and ionic transport have all been studied using EIS. The total
impedance is the combination of resistors, capacitors, and inductors. Films characterized
with EIS ideally show charge transfer resistance (Rct), which is given by a semicircle in
Nyquist plots, and the semicircle intersects the real-Z’ axis at high frequencies. At lower
frequencies, when time is allowed for diffusion effects to be realized, Warburg

impedance dominates the charge transfer process [135, 136].

Kassa, A. and M. Amare, have conducted a research on Highly selective and sensitive
differential pulse voltammetric method based on poly (Alizarin)/GCE for determination
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of cefadroxil in tablet and human urine samples and characterize the modified electrode
using EIS as shown in fig. 2.3 below. Nyquist plots of the bare electrode (curve a) and
modified electrode (curve b) in pH 7.0 PBS containing [Fe (CN) ¢] ¥4 as a probe, were
used to characterize the modified electrode using EIS. As shown, both the bare and
modified electrodes show a semicircle of different diameter at the high frequency region
and a line at about 45° at the low frequency region. The line at about 45° is attributed to
diffusion of the probe from the bulk solution towards the electrode-solution interface. In
contrast to the unmodified electrode, the modified electrode possessed a semi-circle with
a very small diameter that showed the surface of the electrode was modified with an

electroactive modifier that improved the conductivity of the electrode surface [137].

=-2500 a
-
-
2000 _— -
" o -
£ " . n =
<-1500 - - .
- e b - -
= -
N .. - o
40004 M o= .
/ ..'v'f
-
500 /
0
] 2000 4000 6000 8000
Z"l ohm

Fig. 2. 3: bare (a) and modified (b) in pH 7.0 PBS containing [Fe (CN) ¢] >, and 0.1 M
KCI

2.14.3. Contact angle analyzer

Contact angel is the measure of the angle formed between liquids and solid materials.
The act of spreading of a liquid over solid materials is known as wettability. The
magnitude of the angle formed and wettability depends on the attraction forces like
cohesion and adhesion forces [138]. In water contact angle measurements, if the value is
below 90° then the solid material is considered as hydrophilic properties where as if the
contact angle value is greater than 90° then the material has hydrophobic properties. As

the surface chemistry changes the value of the contact angle will also changes [139].
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2.14.4. Digital optical microscopy

Digital optical microscopy is defined as the process of imaging at high efficiency and
accuracy generated through a microscope and conducts a computerized analysis primarily
for clinical diagnosis [140]. The whole imaging process, image acquisition, sampling
processing and data storage can be controlled via a computer. Digital optical microscopy
is the extension of conventional microscopy. In this method true color information can be

acquired that cannot be obtained by an electron microscope [141].
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3. CHAPTER THREE: EXPERIMENTAL PART

3.1. Chemicals and Instruments
Selected fluoroquinolone pharmaceuticals were obtained from pharmaceutical shops

based on their availability. NaH,PO, and Na,HPO, (98%, Blulux laboratories (p) Ltd),
sulfuric acid (98% Loba Chemie, laboratory reagent), phosphate buffer solution (PBS),
CH3;COOH and CH3;COONa, H3PO, CH3COOH, H3BOs; Sodium hydroxide
(NaOH)(Extra pure, Lab Tech Chemicals), hydrochloric acid/HCI (37 %, Fisher
Scientific), Potassium hexacyanoferrate(I1l) and potassium hexacyanoferrate(ll) (98.0%,
BDH laboratories supplies, England), potassium chloride (99.5%, Blulux laboratories (p)
Ltd), Sulfuric acid/H,SO,4 (98% Loba Chemie, laboratory reagent), hydrated Manganese
(1) chloride, Ciprofloxacin chloride, Chrysin ligand, Copper (I1) chloride, resorcinol as a
ligand, Norfluoxacine (99.0 %, Sigma-Aldrich) standard, and Caffeine (99%, Loba
Chemi, Laboratory reagent) were used. All chemicals and reagents utilized in this
investigation were analytical grade, and all solutions were prepared with double-distilled

water throughout all experiments.

Some of the instruments used in this work were CH Instruments 760E potentiostat
(Austin, Texas, USA), potentiostat/impedance analyzer (PalmSens4, Netherland),
Deionizer (Evoqua Water Technologies, Germany), pH meter (AD8000, Adwa,
Romania), UV-Vis spectrophotometer, ICP-OES, Fourier Transform IR Spectroscopy
(FT-IR), Electronic balance (Nimbus, ADAM equipment, USA), Contact angle
goniometer (DSA25 Drop Shape Analyzer, Kriss, Germany), Digital Optical Microscope
(Andonstar, 246s, 249s), centrifuge (1020D, Centurion scientific LTD, UK), Mortar and

pestle, Refrigerator, and a centrifuge were some of the device used in this work.

3.2. Preparation of Stock Solution and Working Solution

A stock solution of selected fluoroquinolones was prepared by dissolving an accurately
measured amount of each fluoroquinolone in a suitable solvent and diluting it with an
appropriate amount of a proper buffer solution with an optimum pH to obtain
fluoroquinolone standard solutions in the working concentration range [142]. In this way,

using 50 mL of a volumetric flask, 91.96 mg of Cpro chloride was dissolved in deionized
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water to prepare a stock solution (5.0 mM) of Cpro. The working solutions were prepared
from the stock solution using dilution law and serial dilution with 0.1 M ABS. 48.55 mg
of Caff and 79.83 mg of Nor were dissolved in deionized water to prepare a stock
solution (5.0 mM) of Nor and Caff in 50 mL separately. The working solutions were
prepared from the stock solutions using the dilution law and serial dilution with 0.1 M
PBS.

3.3. Preparation of Real Samples
A two available Cpro tablets were purchased from local drug stores in Bahir Dar city,

Ethiopia. Five weighed Cpro tablets from each of the two tablet brands, including Scott-
Edil Pharmacia Ltd., (Ciproscot), and Zindolin Remedica Ltd. (Zindolin), with an
average tablet mass of 726.26 and 793.62 mg/tablet, respectively, were ground and
homogenized using a mortar and pestle. Stock solutions (5.0 mM) of the tablet were
prepared by dissolving (120.33 and 131.48 mg of Ciproscot and Zindolin, respectively)
tablet powder into a 50 mL volumetric flask and filling up to the mark with deionized
water. Working solutions of Cpro were further prepared from stock solutions of each
brand in pH 7.5 ABS. The stock and a working solution with the required theoretical
concentration were made and kept in a refrigerator at 4 °c until analysis. Tablet samples
of nominal concentration were spiked with various concentrations of standard solutions
of analytes for spike and interference recovery analysis [142].

Two available Nor tablet brands were purchased from local drug stores in Bahir Dar city,
Ethiopia. Five weighed Nor tablets from each of the two tablet brands, including
Medochemie Ltd. Cyprus/Europe (Gyrablock) and Humanwell pharmaceutical Ethiopia
PLC (Nofxin), with an average tablet mass of 525.3 and 603.6 mg/tablet, respectively,
were grounded and homogenized using a mortar and pestle. Stock solutions of 5.0 mM of
the tablet were prepared by dissolving 104.8 and 120.5 mg of Gyrablock and Nofxin,
respectively [143]. The average tablet mass and amount of Nor per tablet marked were
used for the calculation of the required mass in the preparation of nominal tablet stock
solution. Working solutions of Nor were further prepared from stock solutions of each
brand and the spiked solutions were prepared by mixing the required amount from stock
solutions of tablet and stock solutions from standard before dilution in pH 5.5 PBS and
using pH 6.0 PBS.
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Urine samples were obtained ready to use from Felege Hiwot referral hospital at Bahir
Dar City, which follows best practices in volunteer sample collection. The total samples
obtained were centrifuged at 4000 RPM for 10.0 min. A 1.0 mL urine sample was
transferred to a 25-mL volumetric flask, filled to the mark with pH 7.5 ABS. Urine
samples were spiked with various concentrations of standard solutions for recovery
analysis, following the same techniques as the tablet samples [144]. Similarly, a 1.0 mL
urine sample was transferred to a 25 mL volumetric flask, filled to the mark with pH 6.0
PBS for the determination of Nor and Caff in the urine sample simultaneously. For a
recovery analysis, known concentration of Nor and Caff was added in to a 1.0 mL urine
sample in a 25 mL volumetric flask. All the prepared solutions were stored in

refrigeration for further analysis.

Raw milk samples were purchased from the local market of Bahir Dar City. 5 mL of
Acetonitrile was added to 50 mL of the raw milk sample to coagulate the fat and protein
in the sample. The mixture was centrifuged at 4000 rpm for 20 min and filtered via
Whatman filter paper. A 1.0 mL supernatant milk sample was transferred to a 25 mL
volumetric flask and filled with pH 5.5 PBS for Nor analysis[144]. Likewise, 1.0 mL
processed milk sample before dilution was mixed with the calculated amount of standard
solution in 25 mL volumetric flask and diluted with pH 5.5 PBS for spike analysis.

3.4. Spectrophotometric Measurements
The measurement was conducted by measuring the blank solution and making it out of

zero, flowed by measuring the spectra of Cpro in the standard solution and sample
solution in the wavelength range of 200-500 nm and 1 cm optical path length quartz
cuvette [145]. The blank used in this experiment was pH 7.5 (ABS) acetate buffer

solutions. All measurements are conducted at room temperature.

3.5. Synthesis and Characterization of Modifiers
Transition metal-based complexes, which were used for the modification of the

electrodes, were synthesized in three or two steps [2]. The synthesized complex
compounds were characterized using physicochemical parameters, UV-Vis, and FT-IR

techniques. The electronic spectra of the ligand and complexes were presented. The
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disappearance and appearance of their characteristic bands have been examined. FT-IR
was used to examine the appearance and/or disappearance of functional groups in the

synthesized complexes compared to the ligands [2, 113, 146].

3.5.1. Synthesis of [Mn(Chr)3]Cl;

To a solution of MnCl12¢ 4H20 (1.5 mmol) in 40 mL of hot methanol, stirred in a 250 mL
round-bottom reaction flask in an oil bath, Chrysin (4.5 mmol) dissolved in hot methanol
was gradually added, and the mixture was allowed to continue stirring and refluxing for 3
h. A golden yellow solution was formed and allowed to cool to room temperature. The
solvent was removed by rotary evaporation. A golden yellow powder was obtained and
was washed three times with 10 mL methanol each and dried in open air (Yield:1.53g,
91.5%).

3.5.2. Synthesis of the Nucleophilic Ligand (ResoNa)

Sodium resorcinolate (ResoNa) was prepared following previous literature, with
necessary adjustments [147]. NaOH solution in a 1:1 water-methanol mixture (3.6 mmol
in 30 mL) was slowly added to an equal-volume aqueous solution of resorcinol (3.6
mmol in 50 mL) with stirring at room temperature. The mixture was stirred for an
additional hour. The resulting yellowish solution was evaporated under reduced pressure
to dryness. The brown solid that formed was dried under vacuum over CaCl,, yielding
0.40 g (83.2%).

3.5.3. Synthesis of Nay[Cu(Res0)3Cl]

A solution of CuCl;-2H,0 (0.5 mmol) in 20 mL of methanol was added to a methanolic
solution of ResoNa (1.5 mmol) in 40 mL of methanol containing a drop of
triethanolamine. The resulting mixture was stirred under reflux at 70 °C for 3 hours using
an oil bath. After standing overnight and cooling to room temperature, a brown solution
was obtained. The solvent was then removed under reduced pressure, and the resulting
dark brown solid was washed several times with acetone and dried in air, yielding 0.20 g

(83.2%) [148]. The corresponding reaction pathway is shown in Scheme 4.5.
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3.5.4. Complex Characterization Procedures

The electrolytic conductance of 0.1 mM solution of the complex in acetonitrile was
measured at room temperature. The melting point of the complex was measured by the
Stuart SMP30 melting point apparatus. UV-Vis electronic spectra for a 1.0 mM solution
of the ligand, salt, and complex in ethanol were recorded in the wavelength range 200—
800 nm, and the FTIR spectra of approximately 1.0 mg of the complex and ligand per
200 mg KBr discs were recorded in the frequency range 4000400 cm .

10 mg of the complex was placed in a clean and dry 50 mL conical flask to which 5 mL
concentrated nitric acid (15.8 M) was added, and the contents were heated gently until a
few drops remained in the flask. The digestion process using nitric acid was repeated
three times until all the organic portions of the complex were removed. The residue was
then reconstituted into a 50 mL volumetric flask using deionized water, and the

manganese and copper content was determined using ICP-OES [149].

The result confirmed that the experimental values were in very good agreement with the
calculated values. This supported that the proposed structure of the complex was

obtained.

lonizable chloride content in the complex was determined thermogravimetrically by
measuring the mass of AgCl precipitate obtained from the mixture of 10 mL solution of

1.0 mg of the complex in distilled water with excess AgNO3 solution.

3.6. Electrochemical Procedures
A conventional three-electrode system was used for the electrochemical studies, with a Pt

coil and Pt wire serving as the counter electrode, Ag/AgCI (3.0 M KCI) serving as the
reference electrode, poly [Mn(Chr)3]Cl,/PGE, poly[Cu(Chr),CI]CI/PGE, and poly
[Cu(Res0)sCI]/PGE or unmodified PGE serving as the working electrode [150]. Both
modified and unmodified pencil working electrodes were rescanned in blank solution

before each measurement until a steady voltammogram was established.
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3.7. Modification of Working Electrodes
A measured amount of monomers of complex compounds were taken for electrode

modification using electropolymerization techniques. Before electropolymerization,
potential window and scan cycles were optimized using a standard solution of the analyte
of interest. The electroactivity of different modifier were measured, and the more electro-
active was selected as a modifier. The pencil graphite electrode was then modified using
the optimized conditions and applied for the detection of analytes of interest. Freshly
modified electrodes have been used in each experiment [151].

3.7.1. Electrochemical Preparation of Poly [Mn(Chr);3]Cl./PGE

The potentiodynamic electropolymerization process was used to create novel poly
[Mn(Chr)3]CI,/PGE which had not been used for electrode modification yet. 0.8 mM
[Mn(Chr)3]ClI, was electropolymerized on the PGE surface by scanning between -0.5 and
+2 V for 10 cycles at a scan rate of 100 mVs™. The modified electrode was washed with
distilled water and scanned in monomer-free 0.5 M H,SO, between -0.8 and +0.8 V until

a steady CV voltammogram was achieved [152].
3.7.2. Preparation of Poly [Cu(Chr),CI]CI/PGE

The modified working electrode has been prepared using locally available 0.7 mm in
diameter HB pencil lead rod for writing and drawing purpose. The pencil lead rod has
been placed into the copper wire through rubber cup containing self-opening and sealed
spring and placed inside a micropipette tip for electrical connection [153, 154]. Then the
potentiodynamic  electropolymerization has been used to synthesize poly
[Cu(Chr),CIICI/PGE. 1.0 mM [Cu(Chr),CI]CI has been electropolymerized on the PGE
surface by scanning between -0.4 and +1.8 V for 12 cycles at a scan rate of 100 mVs
1155]. The modified electrode has been washed with distilled water and scanned in

monomer-free 0.5 M H,SO,4 between -0.8 and +0.8 V for eight scan cycles.
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3.7.3. Preparation of Poly [Cu(Res0);CI]/PGE

A potentiodynamic  electropolymerization was used to synthesize poly
[Cu(Res0)sCIJ/PGE. 1.0 mM [Cu(Reso0)s;Cl] was electropolymerized on the PGE surface
by scanning between -1.4 and +1.6 V for 10 cycles at a scan rate of 100 mV/s™[155, 156].
The modified electrode was washed with distilled water and scanned in monomer-free
0.5 M H,SO4 between -0.75 and +0.8 V for 6 scan cycles.

3.8. Modified Electrode Characterizations
The modified electrodes were characterized related to bare electrode using different

characterization techniques like the electrochemical impedance spectroscopy (EIS), UV-
Vis, contact angle, digital optical microscope, and cyclic voltammetry (CV). To
characterize the modified electrode relative to the bare electrode, 10.0 mM [Fe(CN)e] >
was used as a probe and KCI as a supporting electrolyte [157]. The electrochemical
behavior of Cpro at poly [Mn(Chr);]CI./PGE was investigated using square wave
voltammetry (SWV) and cyclic voltammetry (CV) relative to the bare electrode. The
quantitative determinations of Cpro in the human urine and two brands of pharmaceutical
samples were done using the SWV method of analysis [158]. The electrochemical
behavior of Nor at poly [Cu(Chr),CI]CI/PGE and bare PGE has been investigated using
adsorptive stripping square wave voltammetry (AdS-SWV) and cyclic voltammetry
(CV). The quantitative determinations of Nor in milk and two brands of pharmaceutical
samples were done using the AdS-SWV and UV-Vis spectrometric methods of analysis.
Similarly, the electrochemical behavior of Nor and Caff simultaneously using poly
[Cu(Res0)sCI]/PGE was investigated using adsorptive stripping square wave
voltammetry (AdSSWYV) and differential pulse voltammetry (DPV) techniques relative to
the bare electrode. The quantitative determinations of Nor and Caff simultaneously in
two Nor brands of pharmaceutical samples and urine samples were done using the

developed AdSSWYV methods of analysis.

3.9. Assembling of Working Pencil Graphite Electrode
A working pencil graphite electrode was prepared by first connecting copper wire with an

opening and a self-tightening spring in one end [159]. The combination of copper wire

and spring was placed into the micropipette tip. On the narrower side of the micropipette
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tip, a plastic tube was inserted for length adjustment and to insulate the pencil [153]. A
syringe rubber cup was used to seal the other side of the plastic tube tip. The center of the
syringe rubber cup was penetrated with a needle, and the pencil was put into the copper
wire through this opening. The spring inside the micropipette could open and connect the

pencil to the copper wire. A fresh pencil lead was used for each analysis [160].

3.10. UV-Vis Spectroscopy Procedures
UV-Vis spectrophotometry was used to measure the analyte by scanning the wavelength

from 800 nm to 200 nm. A series of standard solutions was used to calibrate the
instrument. The blank solution and untreated FTO were used to remove the baseline. The
sample solution and the treated FTO were then scanned over the wavelength range. The
sample solution was inserted into the instrument using a quartz cuvette sample holder
[161].

3.11. Method Validation

In order to show the validity of the proposed method, the analytical features of the
method, such as linearity, limit of detection, reproducibility, repeatability, and selectivity
of the developed electrode towards potential interferences, were examined. In addition, to
verify the validity of the developed method for the determination of the selected
fluoroquinolones in real samples, the standard addition method was applied by spiking
tablet, urine, and milk samples with different concentrations of standard solutions. A
percentage of recovery was calculated for real-sample analysis. Finally, the result was

compared with literature values [162, 163].
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4. CHAPTER FOUR: RESULT AND DISCUSSION

In the result and discussion part, the results obtained from the four separate works were
discussed separately. These are synthesis, characterization, and application of a novel
electrochemical sensor based on poly [Mn(Chr)s]CIl,/PGE for the determination of
ciprofloxacin in pharmaceuticals and urine samples, comparison of methods for detecting
ciprofloxacin in pharmaceuticals and urine samples: UV-Vis spectrophotometry vs. poly
(IMn(Chr)3]Cl,)/PGE voltammetry, synthesis, characterization, and application of poly
[Cu(Chr),CI]CI/PGE based electrochemical sensor for the determination of norfloxacin in
pharmaceuticals and milk samples, and Poly [Cu(Reso0)3;CI]/PGE based electrochemical
sensor for the simultaneous determination of norfloxacin and caffeine in pharmaceuticals

and urine samples.

4.1. Characterization, and application of a novel electrochemical sensor based on
poly [Mn(Chr);]Cl,/PGE for the Determination of Ciprofloxacin in
pharmaceuticals and urine samples

4.1.1. Characterization of the Complex

The synthesized complex was analyzed using physicochemical techniques such as
solubility, melting point determination, ionic conductivity measurements, chloride
estimation, and manganese determination. It was also investigated spectroscopically
using FT-IR and UV-Vis spectroscopy techniques. Observations included alterations in
peak intensity and the emergence or vanishing of specific peaks, which were pivotal
indicators signaling the formation of a novel complex through the synthesis process.
These changes in the spectral data provided crucial evidence supporting the successful
preparation of the new complex.

4.1.1.1.Physico-Chemical Characterizations

The results of the studied physicochemical properties of the synthesized complex are
summarized in Table 4.1. The complex demonstrates solubility in low-polarity solvents
like acetonitrile and dimethylsulfoxide despite its ionic nature (Table 4.1). This solubility

can be attributed to the non-polar and bulky nature of the ligand, which constitutes a
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significant portion of the complex and influences its dissolution characteristics. Analysis
of its thermal behavior reveals instability beyond 320°C. The complex's electrolytic
conductivity confirms the presence of ionizable chloride ions outside the coordination
sphere, aligning with results from chloride estimation experiments [164]. However, the
observed conductivity value is lower than anticipated for a 1:2 ionic ratio as shown in
Table 4.1. This discrepancy is attributed to the substantial mass and surface area of the

complex’s cation, factors that notably reduce the speed of ion motion within the system.

Table 4. 1: Studied physicochemical properties of [Mn(Cs1H42021]Cl;

physical property [Mn(Chr);3]Cl,
Color Golden yellow
Melting point (°C) 320 (decomposed)
Solubility Soluble in CH3;CN, DMSO
Stability at room temperature Stable
Conductivity (S cm” mol™) 50.8

Mn content, %(Calculated/Experimental) 4.92/4.86
Chloride content,%(Calculated/Experimental) 6.35/5.99

The easy synthesis of the complex is attributed to the acquisition of thermodynamic (hard
Mn** acid with hard ‘O’ donor ligand) and kinetic stability due to the classic chelating
bidentate ligand properties of Chr, supplemented by the formation of an octahedral
geometry with six-membered rings. This is a consequence of the cooperative
contributions of its ideally placed hydric phenol and carbonyl oxygen atoms, its rigid
planar structure, and m-acidic properties through the carbonyl oxygen [165]. As a result
of this, the electronic configuration in the d orbitals of the metal center is changed to
tr ey’ (in the complex) from ty’e,” (in the salt). The composition was confirmed from
gravimetric halide estimation and metal content determination using ICP-OES (Table
4.1). Furthermore, the high measured conductance of the as-synthesized complex in an
aqueous solution (Table 4.1) might account for the presence of chloride as counter

anions.
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4.1.1.2. UV-Vis Characterization

The 287 nm band in the salt spectrum (MnCl,.4H,0) (Fig. 4.1A), corresponding to
ligand-to-metal charge transfer (LMCT), vanished. Concurrently, the 291 nm and 312 nm
bands (Fig. 4.1B), associated with m=—n* and n—n* transitions in the free ligand, shifted
to 267 nm and 307 nm (Fig. 4.1C), respectively, upon coordination with Mn*". The
absorption band at 291 nm in the free ligand's spectrum shifted to a shorter wavelength of
267 nm after coordination with the Mn?* ion. This shift indicates that the energy required
for the electronic transition associated with this absorption band has increased, causing
the absorption to occur at a shorter wavelength. This shift suggests that the energy gap
between the m and m* of the ligand is increased. This happened due to the flow of
electrons from the t,g orbital of the metal center to the bonding ligand n orbital.
Additionally, a new band emerged at 211 nm in the complex spectrum, signifying metal-
to-ligand charge transfer (MLCT). Collectively, these findings strongly support the idea
that the ligand has coordinated with the metal center, culminating in the formation of the

desired complex.
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Fig. 4. 1: Electronic spectra of A) MnCl,.4H,0, B) Chrysin, C) [Mn(Chr);]Cl,

4.1.1.3. FT-IR Spectroscopy Characterization

In the spectrum of the free ligand (Chr) (Fig. 4.2A), a strong and broad absorption peak at
3084 cm™ corresponding to the vO-H stretching vibration is observed. Upon coordination
with the metal center, this peak undergoes a shift and splits into two distinct bands at
3407 cm™ and 3215 cm™. The band at 3407 cm™ represents the vO-H vibration of the
hydroxyl group directly coordinated with the metal, while the band at 3215 cm™
corresponds to the vO-H vibration of the ring containing the alcoholic and ketonic
oxygens involved in coordination. Additionally, the band at 3097 cm™ corresponds to the

vO-H vibration of the alcohol hydroxyl in the ring farther from the coordination center.

Furthermore, the absorption bands at 1652 cm™ and 1607 cm™ in the free ligand
spectrum, associated with the vC=0 and aromatic vC=C vibrations, were shifted to 1653
cm™ and 1614 cm™, respectively, after coordination with the metal center (Fig. 4.2B).
This shift indicates an increase in bond order due to electron flow from the metal center

to the ligand through a phenomenon known as m back bonding.

Collectively, these spectral changes provided compelling evidence supporting the
hypothesis that the ligand has coordinated with the metal, forming the intended complex

structure.
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Fig. 4. 2: FT IR spectra of Chrysin (A) and [Mn(Chr)3]Cl; (B)

Based on the results, the proposed reaction path of the complex is shown in (eg. (4.1))
and (Scheme 4.1).

MnCl,.4H,0 + 3C17H1407; — [Mn(C17H14O7)3]C|2 or ([Mn(051024021)]CI2) ......... (4.1)

\ OH
k ct
Hot methanol, 50-550C, stirr, Ho"‘“"/u/,,Mn\\\\\\\““‘m
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Scheme 4. 1: The proposed reaction path of the complex
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4.1.2. Assembled Working Pencil Graphite Electrode

The assembled working pencil graphite electrode used in this work was shown in Fig 4.3.
The length of the pencil height to be inserted in a solution was determined to be 4 mm to
co-relate the area with area of glassy carbon electrode using the equation (area = mr® +
2nrh) Where r = radius, h = height and & =3.14. Fig 4.3A showed the zoomed part of Fig
4.3B. As we can see in the Fig. 4.3C, all the four pencil graphite electrodes which are
modified on one end are nearly equal in length. Being equal in length inserted and
modified by a modifier confirms the technique used to seal the plastic tube tip, can

effectively protected the solution from leakage.

Fig. 4. 3: Assembled pencil graphite working electrode (A) and (B) the tip of the pencil

graphite working electrode used as a working electrode (C)

4.1.3. Selection of Supporting Electrolyte

The electrochemical characteristics of species are dependent on an electrolyte used as a
supporting electrolyte. 0.1M of phosphate buffer solution (PBS), acetate buffer solution
(ABS), and Britton-Robinson buffer solution (BRS) were the supporting electrolytes that
have been studied in this work. The supporting electrolyte for this study was selected
using the CV voltammograms of 0.5 mM Cpro, which were prepared in the three
different buffer solutions. As shown in Fig. 4.4, the voltammogram of 0.5 mM Cpro

39



prepared in ABS showed the most intense peak. This is because the oxidation peak of 0.5
mM Cpro in the acetate buffer solution produces an improved peak current. Zoubir and
his co-authors [166] showed similar results. As a result, ABS was selected as a

supporting electrolyte for the analysis of Cpro in this work.

10

Current (uA)

1.4 12 10 0.8 0.6 0.4

E (V) vs AgAgCI
Fig. 4. 4: CVs of 0.5 mM Cpro in different buffer solutions with 0.1M of (a) Britton-
Robinson buffer solution, (b) acetate buffer solution, and (c) phosphate buffer solution at
100 mVs™* scan rate and using poly [Mn(Chr)s]Cl./PGE.

4.1.4. Optimization of Potential Window

The potential window for electropolymerization of 0.8 mM [Mn(Chr)3]Cl; on the surface
of PGE was optimized using a constant scan cycle at 15 and varying potential windows.
These various potential windows were -0.5 to +2.0 V, -1.0 to +2.0V, -1.5t0 +2.0 V, and
-2.0 to +2.0 V. As shown in Fig. 4.5, the potentiodynamic polymerization potential
window of -0.5 to +2.0 V peak B(d) provides a maximum oxidative peak current of 0.5
mM Cpro. As a result, the potential window between -0.5 and +2.0 was optimized for the
electropolymerization of [Mn(Chr);]Cl, at PGE [167].
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Fig. 4. 5: CVs of 0.5 mM Cpro in pH 4.7 ABS (A) a plot of peak current vs. potential
window and (B) plots at poly [Mn(Chr)3]Cl,/PGE synthesized by scanning the potential
window between (a) -2 &+2 V, (b) -1.5 & +2 V, (¢) -1 &+2 V, and (d) - 0.5 & +2 V

using 100 mVs™ for 15 scan cycles.
4.1.5. Optimization of Film Thickness

The film thickness of the modified electrode was optimized by polymerizing the
electrode at various polymerization scan cycles and evaluating the performance of the
modified electrode on the oxidation of Cpro. The CVs of 0.5 mM Cpro using the
electrode polymerized at 5, 8, 10, 13, and 15 scan cycles are shown in Fig. 4.6. The
oxidative peak current slightly increased from 5 to 10 scan cycles, and then it decreased
from 10 to 15 scan cycles. This tells us that the electroactive polymer film thickness was
formed at 10 scan cycles. Therefore, 10 scan cycles were chosen as the optimum film
thickness [168].
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Fig. 4. 6: CVs of 0.5 mM CPro in pH 4.7 ABS at poly [Mn(Chr)3]Cl,/PGE synthesized in
different numbers of scan cycles (5, 8, 10, 13, and 15) at 100 mVs™ scan rate, in (-0.5 to
+2 V) potential window, and using 0.8 mM [Mn(Chr)3]Cl,: Inset plot of absolute value of

current vs. number of scan cycles.
4.1.6. Polymerization voltammograms of Poly [Mn(Chr)3]Cl,/PGE

The PGE electrode was modified using 0.8 mM [Mn(Chr)3]Cl, monomer and optimized
parameters like film thickness, supporting electrolyte, and potential window. Fig. 4.7
shows the [Mn(Chr)3]Cl, monomer polymerization CV voltammograms. As shown in Fig
4.6, the cathodic peak raised with increased scan cycles, signifying the growth of

electroactive film deposition on the PGE electrode surface [169].
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Fig. 4. 7: CVs of 0.8 mM [Mn(Chr)3]Cl, scanned between -0.5 to +2.0 V at 100 mV/s for

10 scan cycles (a) and (b) is the zoom of (a), which shows the peak enhancement.

4.1.7. Characterization of the Poly [Mn(Chr);]CIl./PGE
4.1.7.1. Cyclic Voltammetry Characterization of Poly [Mn(Chr)3]Cl,/PGE

The modified electrode was characterized using cyclic voltammetry and 10.0 mM
[Fe(CN)g] ¥ solution as a probe in 0.1 M KCI. Fig. 4.8 shows that both cathodic and
anodic peak currents were increased relative to the bare PGE electrode. At poly
[Mn(Chr)s]Cl/PGE, the anodic peak current of [Fe (CN)s]™* was 2.36 times higher than
the current at the bare PGE. The poly [Mn(Chr)3]Cl,/PGE modified electrode has a peak-
to-peak separation of (140.58 mV), which is less than that of the bare PGE (178.65 mV).
This might be the result of increased electroactive surface area and/or quicker electron

transport between the modified electrode and the analyte relative to bare PGE [170].
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Fig. 4. 8: CVs of (A) absence (a and c) and presence (b and d) of 10.0 mM [Fe(CN)e]
in 0.1 M KCI; (b) unmodified PGE; (d) poly [Mn(Chr)3]Cl,/PGE modified electrode; and
(B) CVs of blank subtracted (a) bare PGE and (b) [Mn(Chr)3]Cl./PGE modified electrode
at 100 mvs™.

The anodic peak current of poly [Mn(Chr)3]CI./PGE scanned in 0.5 M H,SO,4 between -
0.8 and +0.8 V is significantly increased from -10.8 to -164.1 pA relative to bare PGE.

This current enhancement can confirm the effective modification of the PGE by

electroactive modifier. Fig. 4.9 shows the overlay of the two voltammograms of bare

PGE (a) and poly [Mn(Chr)3]CIl,/PGE (b).
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Fig. 4. 9: CVs of 0.5 M H,SO, (a) bare PGE and (b) poly [Mn(Chr);3]Cl,/PGE scanned

between -0.8 and +0.8 VV with 100 mVs™ scan rate and for 8 scan cycles.
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Cyclic voltammetric measurements of 10.0 mM [Fe(CN)e]™™ in 0.1 M KCI at various
scan rates (10-300 mV/s) were carried out to examine the effective electroactive surface
area of the bare and modified electrode. Using the Randles—Sevéik equation shown in
equation 4.2, the effective electroactive surface area of the bare and modified electrodes
was determined from the slope value of the plots of current versus square root of scan
rate as shown in Fig. 4.10 (i and ii) [171].

lpa = 2.69 X 10° X n¥2ADYAVY2C, (4.2)

Where n = number of electrons involved during redox reaction for [Fe(CN)g]¥*(n = 1),
lpa is the peak current, A is the effective surface area, D is the diffusion coefficient of
[Fe(CN)e] ¥ (D = 7.6 x 10° cm?®s™), v is the scan rate, and C, is the concentration of
[Fe(CN)e] ¥ (10.0 mM).

The effective electroactive surface area of the unmodified PGE electrode is calculated to
be 0.38 cm? (Fig. 4.10A), and the effective electroactive surface area of the poly
[Mn(Chr)s]Cl/PGE electrode was calculated to be 1.07 cm? (Fig. 4.10B), which is
roughly 3.0 times higher than that of the unmodified PGE surface area. This considerable
effective electroactive surface area enhancement confirms the modification of PGE. The
formation of electrochemically active sites on the surface of PGE in the modified

electrode can offer more surfaces for detecting of Cpro.
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Fig. 4. 10: CVs of 10.0 mM [Fe(CN)e]¥* in 0.1 M KCI (A) bare PGE and (B) poly
[Mn(Chr);]CI,/PGE at different scan rates (10, 20, 40, 60, 80, 100, 125, 150, 175, 200,
250, and 300 mVs™) and (i and ii) are plots of I, vs. V ** of (A) and (B), respectively.

4.1.7.2. Electrochemical Behavior of Cpro at Poly [Mn(Chr);]Cl,/PGE

CV was used to investigate the electrochemical behavior of 0.5 mM Cpro in pH 4.7 ABS
at poly [Mn(Chr)3]CI,/PGE and bare PGE, as illustrated in Fig. 4.11(i). As shown in Fig.
4.11(i), oxidation peak currents of Cpro increased from 5.2 to 43.4 with a single
irreversible  oxidation peak using bare PGE (Fig. 4.1lia) and poly
[Mn(Chr)3]Cl/PGE(Fig. 4.11ib), respectively. Poly [Mn(Chr)3]CIl./PGE shows 8.4-fold
current enhancement, and this confirms that poly [Mn(Chr)3]CIl/PGE has a catalytic
effect on Cpro oxidation. In both bare and modified PGE, the irreversible oxidation of
Cpro is indicated by the absence of a reduction peak on the reverse scan of the cyclic

voltammogram [172].
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Fig. 4. 11: CVs of blank subtracted 0.5 mM Cpro in pH 4.7 of bare PGE i(a) and poly
[Mn(Chr);]CI,/PGE i(b) at a scan rate of 100 mV/s and (ii) Nyquist plot of 10.0 mM [Fe
(CN)6]* " in 0.1 M KClI at PGE ii(a) and poly [Mn(Chr)s]Cl,/PGE ii(b) in the frequency
range: 0.01-10,000 Hz, amplitude 0.01 V, and potential 0.23 V.

4.1.7.3. Electrochemical Impedance Spectroscopy Characterization

The measurement of electrochemical impedance spectroscopy (EIS) was carried out in
0.1 M KCI containing 10.0 mM [Fe (CN) 6]*™, using the frequency range of 0.01—
10,000 Hz. The semicircle and linear parts of the Nyquist plot of poly
[Mn(Chr)3]CIl,/PGE and PGE are shown in Fig. 4.11(ii). The charge transfer resistance is
shown by the diameter of the semicircle, and the diffusion of electroactive species
towards the electrode interface is shown by the linear part of the Nyquist plot. The Ry
value of poly [Mn(Chr);]CIo/PGE (Fig. 11(iib)), is 491.1Q, which is smaller than the Ry
value of bare PGE (Fig. 11 (iia)), which is 2206.2Q, confirming that the rate of electron
transfer between the modified electrode and the probe was increased [173]. The value of

Cq was calculated using equation 4.3. All the values are listed in Table 4.2.

1

Cd| - T - e e (43)

Where: R.—charge transfer resistance, Cq - double layer capacitance, and f-frequency
corresponding to the maximum imaginary impedance
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Table 4. 2: Calculated and measured values of EIS from Nyquist plot

Electrode Rs (Q cm®) Ret ( cm?) Cal (F) f (Hz)
PGE (curve ii a) 44.3 2206.2 4.9x10° 14.68
Poly [Mn(Chr)s]Cl,/ 35.7 491.1 1.3x10°° 258.8

PGE (curve ii b)

4.1.7.4. UV-Vis and Digital Optical Microscopy Characterization

The properties of polymerized [Mn(Chr);]Cl, have been studied by using UV-Vis and
digital optical microscope methods and fluorine-doped tin oxide (FTO) as a substrate.
FTO has been electropolymerized using a similar electropolymerization procedure
optimized in pencil graphite electrode. The UV-Vis absorption spectra and digital optical
microscope images were taken from bare and polymerized [Mn(Chr)3]Cl, using FTO as a
substrate, and the results are shown in Fig. 4.12. The absorption band intensity
enhancement and the appearance of a new absorption band in the UV-Vis spectrum (Fig.
4.12Ab) compared to the bare FTO (Fig. 4.12Aa) confirm the modification of the surface
of FTO. The number of absorption bands discussed in the complex characterization
section (Fig. 4.1) is reduced to two with redshift. The band number reduction and peak
shift relative to the monomer ([Mn(Chr);s]Cl;), confirm the formation of poly
(IMn(Chr)s]Cl,)/FTO.

The images of the surface of FTO before and after deposition of the polymer were taken
using a digital optical microscope at 5 mm distance and 1800x magnification scale. The
surface of FTO before modification was shown in Figure 4.12B; after modification but
before washing with H,SO, was shown in Figure 4.12C; and after modification and
washing by H,SO,4 was shown in Figure 4.12D. The polymerized FTO before washing
with H,SO, is yellow colored due to the adsorbed monomers but after washing with
H,SO4 the color was removed due to removal of the monomers. The surface of
unmodified FTO is smooth (Fig. 4.12B), but the surface of the modified FTO is rough
(Fig. 4.12D). The change of surface of FTO from smooth to roughness due to
electropolymerization confirms the deposition of the polymer on the surface of FTO.
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Since an identical electropolymerization procedure was followed, a similar deposition

and distribution of the polymer on the surface of the pencil graphite electrode was

assumed.
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Fig. 4. 12: UV-Vis spectra of poly [Mn(Chr)3]Cl, on the surface of FTO (A) and digital
optical microscopy images at 5 mm distance and 1800x magnification scale (B, C, and

D);(A(a) and B) are using bare FTO and (A(b), C, and D) are using modified FTO.
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4.1.8. Effect of Scan Rate on Ep, and I, of Cpro

The effect of scan rate on the peak potential and peak current of Cpro in ABS of pH 4.7
solution was investigated using CV. The scan rate was varied from 10 to 300 mVs™ and
the voltammogram is shown in Fig. 4.13. The voltammograms indicate that when the
scan rate was raised, the peak current increased, and there was a potential shift to the
more positive potential, indicating that Cpro was undergoing an irreversible oxidation
reaction [172]. Plots of the oxidative peak current vs. scan rate and peak current vs.
square roots of scan rate have been made (Fig. 4.14). The oxidation reaction of Cpro was
likely mass transport-controlled, as indicated by the greater value of the correlation
coefficient (R? = 0.9887) of the plot of peak current against the square root of the scan

rate.
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Fig. 4. 13: CVs of 0.5 mM Cpro in pH 7.5 at different scan rates from 10, 20, 40, 60, 80,
100, 125, 150, 175, 200, 250, and 300.
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Fig. 4. 14: plot of I, vs. v (i) and plot of Iy, vs. V (ii).
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The number of electrons transferred during the oxidation of Cpro was calculated using

the following equation 4.4.

48

Ep - Ep1/2 ittt ittt itttk (4-4)

an

The values of E, and Epy/, obtained from the cyclic voltammogram of Cpro Fig. 4.11(i) at
a scan rate of 100 mVs™ were 1072 and 1010 mV, respectively, and their difference is 62.
The value of an was calculated to be 0.774, and the value of a for a totally irreversible
process is 0.5. As a result, the calculated value of n was 1.55, which is closer to 2 and in
agreement with the reported literature value [174].

4.1.9. Effect of pH on the Oxidation of Cpro

The influence of pH on the oxidation peak current and oxidation peak potential of Cpro
was investigated in order to observe the participation of protons and the proton-to-
electron ratio. Figs. 4.15A and 15B (a) illustrate how the oxidation peak current of Cpro
at poly [Mn(Chr)3]Cl/PGE increased from pH 3.0 to 7.5 and then declined. Therefore,
pH value of 7.5 was optimized for further analysis.

As the pH value increased from 3.0 to 8.0, the oxidation peak potential shifted in the
negative direction, showing that protons were involved in the redox reaction [175].
Plotting Cpro oxidation peak potential against ABS pH (Fig. 4.15B (b)) shows a slope of
0.053, which is very close to the ideal Nernst value of 0.0592V/pH. The slope value is
closer to the ideal value, indicating that protons and electrons participated in the

oxidation reaction process in a 1:1 ratio [176, 177].
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Fig. 4. 15: CVs of 0.5 mM Cpro in ABS at different pH values (3.0, 3.5, 4.0, 4.5, 5.0, 5.5,
6.0, 6.5, 7.0, 7.5, and 8.0) using poly [Mn(Chr)s]Cl./PGE at a scan rate of 100 mVs™ (A)
and plotting of peak current vs. pH B(a) and peak current vs. peak potential B(b).

Scheme 4.2 shows the proposed reaction mechanism of the oxidation of ciprofloxacin in
the modified electrode
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Scheme 4. 2: The proposed reaction mechanism of ciprofloxacin

4.1.10. Square Wave Voltammetric Parameter Optimization

SWV determination of Cpro using poly [Mn(Chr);3]Cl/PGE was affected by step
potential, amplitude, and frequency [178]. Therefore, by changing one of these
parameters while maintaining the others constant, these factors were optimized using 0.5
mM Cpro. Step potential was varied starting from 2 to 12 mVs™ and optimized at 6 mVs’
1. amplitude was varied from 10 to 50 mV and optimized at 35 mV; and frequency was
varied between 10 and 50 Hz and optimized at 30 Hz. The voltammograms of step
potential, amplitude, and frequency were plotted and shown in Fig. 4.16, Fig. 4.17, and
Fig. 4.18, respectively [179, 180].
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Fig. 4. 16: SWVs of pH 7.5 ABS containing 0.5 mM Cpro at various step potentials (2, 4,
6, 8, and 10 mVs™') at 25 mV amplitude and 15 Hz frequency using poly
[Mn(Chr)3]CI,/PGE.
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Fig. 4. 17: SWVs of pH 7.5 ABS containing 0.5 mM Cpro at various amplitudes (a-i; 10,
15, 20, 25, 30, 35, 40, 45, 50 mV) at 6 mVs™ step potentials and 15 Hz frequency using
poly [Mn(Chr)3]Cl,/PGE.
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Fig. 4. 18: SWVs of pH 7.5 ABS containing 0.5 mM Cpro at various frequencies (10, 15,
20, 25, 30, 35, 40, 45, and 50) at 6 mVs™ step potentials and 35 mV amplitude using poly

[Mn(Chr)3]CI,/PGE.
4.1.11. SWV Activity of Cpro

The electroactivity of ciprofloxacin in SWV wusing bare PGE and poly
[Mn(Chr)s]CI,/PGE was studied. As shown in Fig. 4.19, the peak current of poly
[Mn(Chr)3]CI,/PGE of 0.5 mM Cpro at the optimized parameters was -51.28 YA, and the
peak potential was 0.9701 V. But using bare PGE, the peak current of 0.5 mM Cpro was -
16.54 pA, and the peak potential was 1.0216 V. The oxidative peak of Cpro at poly
[Mn(Chr)s]CIl./PGE (Fig. 4.19b) was about threefold in current enhancement and reduced
potential compared to the oxidative peak at bare PGE (Fig. 4.19a). This indicates poly
[Mn(Chr)3]Cl; film has a catalytic role in the oxidation of Cpro.
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Fig. 4. 19: SWVs of pH 7.5 ABS containing 0.5 mM Cpro at step potential 6 mVs™,
amplitude 35 mV, and frequency 30 Hz of bare PGE electrode (a) and poly
[Mn(Chr)3]CI,/PGE (b).

4.1.12. Method Calibration

The SWV method using the developed [Mn(Chr)3]Cl./PGE modified electrode was
calibrated by preparing a standard solution of Cpro with different concentration ranges of
Cpro from 1.0 uM to 250 uM in order to determine Cpro in real samples [181]. Fig. 4.20
illustrates how the current peak of the SWV voltammograms using the modified pencil
graphite electrode increased in the concentration range in line with increasing Cpro
concentration. The plot of the calibration curve provides a slope value of -0.161, which is

related to the method sensitivity.
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Fig. 4. 20: Blank corrected SWVs of pH 7.5 containing various concentrations of Cpro
(1.0, 10.0, 20.0, 40.0, 80.0, 120.0, 160.0, and 200.0 uM) at poly [Mn(Chr)3]Cl,/PGE (A)
and its plot of current vs. concentration (B) at step potential 6 mVs™, amplitude 35 mV,

and frequency 30 Hz.

4.1.13. Real Sample Analysis
4.1.13.1. Human Urine Sample Analysis

Human urine sample analysis was conducted using the spiked method. The urine sample
was spiked with 20 uM, 40 uM, and 60 uM of Cpro, and analysis was made using the
SWYV technique. As shown in Fig. 4.21, the SWV voltammograms confirm the presence
of characteristic peaks of uric acid (Fig. 4.21c) and Cpro (Fig. 4.21a) separately in the
spiked urine sample [182]. Peak (a), the typical peak of Cpro, increased with its
concentration. Peak current variations of peak ‘b’ and ‘c’ are irrespective of
concentrations of Cpro. This confirms that the matrices in the urine samples have no
effect on Cpro, and Cpro itself has no effect on uric acid in urine samples [183].
Therefore, the developed method can simultaneously analyze Cpro in urine samples
without interfering with each other. The recovery of the spiked urine samples was 92.8 %
t0 114.9 %, as listed in Table 4.3.
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Table 4. 3: Recovery results of Cpro in human urine samples.

Un-spiked Added Cpro Found (UM) % Recovery
(M)

ND 20.0 23.0+£0.6 114.9

ND 40.0 38.9+0.8 97.4

ND 60.0 55.7+1.0 92.8

ND: not detected

Current (nA)
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Fig. 4. 21: Background corrected SWVs of pH 7.5 ABS containing (A) un-spiked urine
sample, (B) (A + 20 uM), (C) (A + 40 puM), and (D) (A + 60 uM), and peak a, b, and c
represents Cpro, creatinine, and uric acid, respectively at step potential 6 mVs?,
amplitude 35 mV, and frequency 30 Hz using poly [Mn(Chr)3]Cl./PGE

4.1.13.2. Tablet Samples from Two Brands

Determination of the concentration of Cpro in tablet samples and recovery analysis using
poly [Mn(Chr);]Cl,/PGE were conducted to test the developed method's validity. 80.0
MM concentrations of Ciproscot and Zindolin brand samples were spiked with 40.0 uM,
80.0 uM, and 120.0 uM Cpro standard solutions in order to perform the validity of the
developed method. The results are presented in Table 4.4 and Fig. 4.22 (A) and (B). As
shown in Table 4.4, the recovery results were in the ranges of 84.5-114.3, which is in the
accepted range, suggesting that the proposed method can be used to determine Cpro in

pharmaceutical samples in an efficient manner.
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Table 4. 4: Recovery results of Cpro in each tablet brand samples.

Brand Un- spike Added amount Measured amount % Recovery
tablets (UM) (UM) (UM)
Ciproscot  80.0 0.0 67.6 +1.3 84.5
80.0 40.0 134.7+2.2 112.2
80.0 80.0 170.1+2.1 106.3
80.0 120.0 2179+ 1.3 108.9
Zindolin 80.0 0.0 738+ 1.7 92.3
80.0 40.0 1242 +2.3 103.5
80.0 80.0 163.3+£1.5 102.1
80.0 120.0 2285+ 2.6 114.3
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Fig. 4. 22: Background corrected SWVs of Ciproscot (A) and Zindolin (B) brand
pharmaceutical samples spiked with various concentrations of standards Cpro (0.0 +80.0,
80.0 +40.0, 80.0 +80.0, and 80.0 +120.0) at a poly [Mn(Chr)3]Cl,/PGE in ABS of pH 7.5
at step potential 6 mVs™, amplitude 35 mV, and frequency 30 Hz.

4.1.14. Selectivity Study

The selectivity of the proposed method has been evaluated in the presence of paracetamol
and uric acid. The impact was investigated at different concentrations of paracetamol and
uric acid. The characteristic peaks of uric acid and paracetamol appear separately from
the characteristic peaks of Cpro, as shown in Figs. 4.23(a and b) and 24(a and b),
respectively. Uric acid and paracetamol have no signal at the characteristic peak of Cpro.

The characteristic peak of Cpro remains constant as the interference concentration rises.
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This constant peak of Cpro confirms that the developed method can analyze Cpro

selectively in the presence of uric acid and paracetamol.
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Fig. 4. 23:Background corrected SWVs of pH 7.5 ABS containing (0 + 80 uM Cpro), (40
MM Urine + 80 uM Cpro), (80 uM Urine + 80 uM Cpro), (120 puM Urine + 80 uM Cpro),
and (240 puM Urine + 80 uM Cpro); peak (a), Cpro, and (b), uric acid at step potential 6
mVs™, amplitude 35 mV, and frequency 30 Hz using poly [Mn(Chr)s]Cl,/PGE.

Table 4.5 presents the recovery values of the measurements of 80 uM Cpro in the
presence of different concentrations of paracetamol. The recovery values were in the

range of 93.09 to 104.9, which is in the acceptable range.

Table 4. 5: The added, measured, and recovery of Cpro in the presence of different

concentrations of paracetamol

Cpro (M) Added paracetamol (uM)  Measured Cpro (M) %
recovery
0.0 800 - e
80.0 40.0 747 93.1
80.0 160.0 80.7 100.9
80.0 240.0 84.0 104.9
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Fig. 4. 24: Background corrected SWVs of pH 7.5 ABS containing (80 uM Cpro + 0
parac), (80 uM Cpro + 40 uM parac), (80 uM Cpro + 160 UM parac), and (80 uM Cpro +
240 puM parac); peak (a) is Cpro, and peak (b) is paracetamol at step potential 6 mVs™,
amplitude 35 mV, and frequency 30 Hz using poly [Mn(Chr);]CI,/PGE.

4.1.15. Repeatability

In order to test the developed method repeatability, 0.5 mM Cpro has been measured six
times using [Mn(Chr);s]CI,/PGE, and the result is shown in Fig. 4.25. The standard
deviation of the repeatability of [Mn(Chr)3]Cl,/PGE was 0.767, and the relative standard
deviation was calculated to be 1.66 %. This result shows the developed method was

repeatable for measuring Cpro with high precision.

Current (uA)

-504

14 13 12 11 10 09 08 07 06
E (V) vs Ag/AgCl

Fig.4.25: reputability of the developed method using 0.5 mM Cpro and
[Mn(Chr)s]Cl,/PGE at step potential 6 mV/s™, amplitude 35 mV, and frequency 30 Hz.
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4.1.16. Comparison with Literature Values

The performance of the developed method with the new modifier for the determination of
Cpro has been compared with previously reported literature in terms of the modifier used,
dynamic range, limit of detection, and type of electrode used. As seen in Table 6, the
present method has a relatively wider dynamic range and lower detection limit.
Therefore, the developed method is promising for the determination of ciprofloxacin in

pharmaceuticals and biological samples.

Table 4. 6: Comparison of different literature values reported for the determination of

Cpro

Electrode Technique  Modifier Dynamic LoD Reference
used range (UM)  (UM)

GCE DPV eCNF/CNT/NiCo/GCE 0.025-0.3 6.0 [184]
BDD SWV Pretreated BDD 2.5-50 2.46 [185]
PGE DPV MIP/ppy/PGE 50-5000 11.2 [186]
PGE SWv Bare PGE 12-55 5.6 [53]

PGE SWV [Mn(Chr)s]Cl./PGE 1-200 0.536 This work
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4.2. Comparison of Methods for Detecting Ciprofloxacin in Pharmaceuticals and
Urine Samples: UV-Vis Spectrophotometry vs. Poly ([Mn(Chr);]Cl,)/PGE
Voltammetry

Different scholars state that, ‘electrochemistry with modified working electrode has

better performance than UV-Vis spectrophotometry [187]. However, none of them

conducted analysis of Cpro using electrochemical techniques and made a comparative
study with UV-Vis spectrophotometric techniques by using same samples and standard

solutions.

In this work, Cpro has been determined in pharmaceutical formulations and urine
samples using poly (manganese (I1)-chrysin complex ([Mn(Chr)s]Cl,) modified pencil
graphite electrode based square wave voltametric (SWV) electrochemical method and
UV-Vis spectrophotometric method. The performance of poly([Mn(Chr)3;Cl,)/PGE based

-3/-4

developed electrochemical method was tested using [Fe(CN)6]" and Cpro as a probe

and the result was discussed as follows.
4.2.1. Performance of the Developed Method Using [Fe(CN)6]> as a Probe

The electro-activity of poly ([Mn(Chr)3]Cl,)/PGE modified working electrode with
reference to the bare pencil graphite working electrode were examined in terms of
electro-active surface area at different scan rate and peak current enhancement. The
effective surface area of the modified working electrode showed approximately 3.0 times
higher than that of the unmodified PGE electrode [154]. The current enhancement of poly
(IMn(Chr);]Cl,)/PGE modified pencil working electrode using 10.0 mM [Fe (CN) ¢] ¥
as a probe and 0.1 M KCI solution as supporting electrolyte was observed as shown in
Fig. 4.26 as compared to the bare electrode. The anodic peak current of the modified
electrode was 2.3 times higher than the current of the unmodified pencil electrode. The

current enhancement confirms the performance of the modified electrode was increased.
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Fig. 4. 26: CV of blank subtracted 10.0 mM [Fe (CN) ¢]** in 0.1 M KCI (a) bare PGE
and (b) poly ([Mn(Chr)s]Cl,)/PGE at scan rate 100 mV/s™

4.2.2. Performance of the Developed Method using Cpro as a Probe

The electro-activity of Cpro at the poly ([Mn(Chr);]Cl,)/PGE modified pencil working
electrode and bare pencil working electrode has been tested using CV and SWV
techniques. The oxidative peak of Cpro at poly ([Mn(Chr)3]CL)/PGE (Fig. 4.27A) is
about eightfold in CV and about threefold of current enhancement in SWV (Fig. 4.27B)
compared to bare electrode. The significant current enhancement and reduced potential
compared to the oxidative peak at bare PGE (Fig. 4.27B) indicates poly
(IMn(Chr)3]CIL)/PGE film has a catalytic role in the oxidation of Cpro and has good
electro-activity towards oxidation of Cpro.
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Fig. 4. 27: The CV (A) and SWV (B) of (a) bare PGE and (b) poly ([Mn(Chr)3]CI,)/PGE
containing 0.5 mM Cpro in pH 7.5 ABS

4.2.3. Calibration Curve of UV-Vis Spectrophotometry and SWV

In order to determine Cpro in real samples, the developed poly ([Mn(Chr)s3]Cl,)/PGE
modified working electrode method and UV-Vis spectrophotometric methods were
calibrated using standard solution of Cpro in the concentration range of 1-250 uM. As
shown in Fig. 4.28, as the concentration increases the voltammogram of SWV (Fig.
4.28i) using the modified pencil electrode is also increasing in the concentration range
and has a single (one) peak. However, the characteristic peak of Cpro in the absorption
band of UV-Vis appeared three peaks as shown in Fig. Fig. 4.28 (ii) (peakA, B, and C)
and this is supported by [188]. As shown in Fig. 4.28(ii) peak (A) is not further
increasing beyond the concentration of 160 uM. But the absorption band for peak (B) and
peak (C) are increased in the concentration range as shown in Fig. 4.28(ii).
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Fig. 4. 28: Voltammogram of the calibration curve of Cpro at various concentration (i)
and UV-Vis absorption band (ii) of the same concentration

As shows in Fig. 4.29, the plot of absorbance vs concentration for the three peaks of Fig.
4.29(ii) (A, B, and C) in the absorption band of UV-Vis spectra. Peak A is linearly
increased in the range from 1-120 uM and lost its linearity beyond 120 uM. However,
peak B and C are linear in the concentration range of 1 uM -250 uM. All the three peaks,

the calibration curve is commonly linear in the concentration range of 1-120 uM.
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Fig. 4. 29: the plot of absorbance vs concentration for the three peaks in the absorption
band of UV-Vis spectara

Fig: 30 show the absorption band of Cpro in its linear range from 1-120 uM. As shown,

all the three absorption bands are increasing in the concentration range. Therefore, the
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absorption band in the concentration range of 1-120 UM was set as the calibration of UV-

Vis for the determination of Cpro in human urine and pharmaceutical tablet samples.
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Fig. 4. 30: the absorption band of Cpro in the concentration range of 1-120 puM in ABS at
pH 7.5

The calibration curve of Cpro using SWV with poly ([Mn(Chr);]CI,)/PGE modified
electrode Fig. 4.28(i) and UV-Vis Fig. 4.28(ii) (A (1-120 uM), B, and C) in ABS at pH
7.5 is shown in Fig. 4.31. As shown, the slope of the calibration curve (i), ii (A), ii (B),
and ii (C) were -0.148, 0.02479, 0.0109, and 0.01071, respectively. The slope value of
the calibration curve is related to the sensitivity of the method. Therefore, 0.148 greater
than from other UV-Vis slopes. The ratio of slope of (i) which is the slope of SWV of
poly ([Mn(Chr)3]CI,)/PGE to the slope of Cpro in UV-Vis spectrum ii(A) was closer to 6.
The value of the ratio confirms poly ([Mn(Chr)s]Cl,)/PGE based developed square wave
voltammetric electrochemical method was 6 times more sensitive than the UV-Vis

spectrophotometry for the determination of Cpro in real samples.
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Fig. 4. 31: The plot of the calibration curve of Cpro using SWV with ([Mn(Chr);]Cl) (i)
and UV-Visii (A, B,and C) in ABS at pH 7.5

4.2.4. Real Sample Analysis
4.2.4.1.Human Urine Sample Analysis

Human urine sample analysis was carried out by taking un-spiked and spiked with 20
UM, 40 uM, and 60 uM of Cpro and the result was plotted as shown in Fig. 4.32. Poly
(IMn(Chr)3]Cl2)/PGE based SWV shown at Fig. 4.32(ii) confirms the presence of
characteristic peaks of Cpro and Uric acid in the spiked urine sample. The developed
method was able to analysis Cpro in urine sample matrix selectively. In Fig. 4.32(ii) peak
‘a’ which is the characteristic peak of Cpro increases with concentration of Cpro but peak

‘b’ and peak ‘c’ is not increasing with concentration of Cpro which conform, Cpro is not
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affected by the urine sample matrices and uric acid is not affected by the presence of
Cpro. Therefore the developed method can selectively detect Cpro in urine sample. The
same human urine sample solution and with same treatment was analyzed using UV-Vis
spectrophotometric method of analysis and the resulting spectra is shown in Fig. 4.32(i).
There was no well peak separation between characteristic peak of uric acid and Cpro. But

the third peak of Cpro at the wavelength 334 nm can help to predict the concentration of

Cpro.
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Fig. 4. 32: Background corrected UV-Vis spectra (i) and SWVs of pH 7.5 ABS (ii)
containing (A) un-spiked urine sample, (B) (urine + 20 uM), (C) (urine + 40 uM), and
(D) (urine + 60 pM); peak a, b, and c of (ii) represents Cpro, creatinine and Uric acid
respectively.

Table 4.7 presents the measured and recovery results of SWV using poly
(IMn(Chr)3]Cl2)/PGE and UV-Vis spectrophotometry methods in urine sample. The
range of the recovery of SWV and UV-Vis were from 92.83-114.9 and 86.12-111.75,
respectively. The range of the recovery results were in the acceptable range, suggesting
that the proposed method can be used to determine Cpro in urine samples in an efficient

manner.
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Table 4. 7:

(IMn(Chr)3]Cl,)/PGE based SWV and UV-Vis spectrophotometry

Recovery results of Cpro in human urine samples using poly

Un- Added Found (uM) % recovery
spiked | Cpro (uUM)

SWV UV-Vis SWV UV-Vis
ND 20.0 23.0+06 |2235+0.2 115.0 111.75
ND 40.0 38.9+08 |39.35+0.6 97.4 98.38
ND 60.0 55.7+1.02 | 51.67£0.3 92.8 86.12

ND: not detected

4.2.4.2. Tablet Sample from Two Brands

Cpro was determined in the pharmaceutical tablets of two brands available in the local
market sing poly ([Mn(Chr)3]Cl,)/PGE modified pencil electrode based SWV technique
and UV-Vis spectrophotometric method. To examine the validity of the developed
method for the determination of Cpro in pharmaceutical formulation samples and UV-Vis
spectrophotometric method, recovery analysis was conducted. The recovery was
conducted by spiking 40.0 uM, 80.0 uM, and 120.0 uM Cpro standard solution in
nominal concentration of 80.0 uM Ciproscot and Zindolin brand samples. The resulting
peak current and absorption band is shown in Fig. 4.33(A, B, A’, and B’).
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Fig. 4. 33: Background corrected poly ([Mn(Chr)3]Cl,)/PGE based SWV of Ciproscot
(A) and Zindolin (B) brand pharmaceutical tablet samples and their corresponding UV-
Vis absorption band A’ and B’ respectively spiked with various concentrations of
standard Cpro ((80.0 +0.0), (80.0 + 40.0), (80.0 + 80.0), and (80.0 + 120.0)) in ABS at
pH 7.5

To predict the measured value in UV-Vis spectrophotometric method, Fig. 4.33B’ peak
(b) was used in both Fig. 4.33A” and B’ and the results were presented in Table 4.8. The
SWv (IMn(Chr)3]CI)/IPGE  and UV-Vis
spectrophotometric methods were in the range of 84.5-114.25 and 103.8-115.3,

recovery results of using poly
respectively. The range of the recovery results were in the acceptable range, suggesting
that the proposed method can be used to determine Cpro in pharmaceutical samples in an

efficient manner.

Table 4. 8: Recovery results of Cpro in each tablet brand samples using both SWV using
poly ([Mn(Chr)3]CI,)/PGE and UV-Vis spectrophotometry methods (mean £ %R ).

Brand Un - | Amountin Measured amount % recovery

tablets spike | (LM) (UM)
(MM) FAdded | Expected | SWV UV-Vis SWV [ UV-Vis

Ciproscot | 80 0.0 80 67.6+1.3 915+0.2 84.5 114.3
80 40 120 135.0+2.2 |138.2+0.2 |112.2 115.2
80 80 160 170.1+£21 |1844+0.1 106.3 115.3
80 120 200 218.0+1.3 |207.7+05 |108.9 103.8
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Zindolin | 80 0.0 80 73.9+1.7 90.1+04 92.3 112.6
80 40 120 1242+23 |136.7+0.3 103.5 113.9
80 80 160 163.3+15 [178.2+0.1 102.1 111.4
80 120 200 2285+2.6 |218.2+0.6 114.3 109.1

4.2.4.3.Selectivity of the Method

The selectivity of the developed poly ([Mn(Chr)3]Cl,)/PGE based SWV method and UV-
Vis spectrophotometric method has been evaluated in the presence of paracetamol. The
impact was investigated at different concentrations of paracetamol by maintaining
concentration of Cpro constant at 80 pM. The characteristic peak of Cpro and
paracetamol appear separately in the developed poly ([Mn(Chr);]Cl,)/PGE based SWV
method as shown in Fig. 4.34(i) peak (a) and (b). Characteristic peak of Cpro remains
constant with some variation as the concentration of paracetamol rises indicated in Fig.
4.34(i) peak (a). Whereas the characteristic peak of paracetamol increases as the
concentration of paracetamol increases as shown in Fig. 4.34(i) peak (b). Therefore, the
newly developed method can determine Cpro selectively in the presence of paracetamol.
However, in the case of UV-Vis spectrophotometric method, the characteristic peak of
Cpro and characteristic peak of paracetamol was not resolved well. The characteristic
peak of Cpro rises as the concentration of paracetamol increases as shown in Fig. 4.34(ii)
peak (b). Therefore using UV-Vis spectrophotometric method, it is difficult to determine

Cpro selectively in the presence of paracetamol.
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Fig. 4. 34: Plot of background corrected SWV (i) and UV-Vis absorption band (ii) of pH
7.5 ABS containing ( 80 para + 0 UM Cpro), (40 uM para + 80 uM Cpro), (160 uM para
+ 80 uM Cpro), and (240 uM para + 80 puM Cpro)); peak i (a) and peak i (b) are peak of
Cpro and paracetamol respectively.

The poly ([Mn(Chr);]Cl,)/PGE-based SWV method has a wider linear range, high
selectivity, and high sensitivity than the UV-Vis spectrophotometric method of analysis
for the determination of Cpro in pharmaceuticals and urine samples. The comparison has

been made using different parameters between the two methods as indicated in Table 4.9.

Table 4. 9: Comparison of poly ([Mn(Chr);s]Cl,)/PGE based SWV and UV-Vis
spectrophotometric method in different parameters in the determination of Cpro

Methods Poly([Mn(Chr);]Cl,)/PGE UV-Vis spectrophotometric
based SWV method method

Dynamic range 1-250 1- 120

(HM)

LoD (uM) 0.536 0.413

Selectivity Selective Not selective

Sensitivity 0.148 0.025

Speed of Less faster faster

measurement
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4.3. Characterization, and Application of poly [Cu(Chr),CI]CI/PGE Based
Electrochemical Sensor for the Determination of Norfloxacin in
Pharmaceuticals and Milk Samples

4.3.1. Characterization of the Complex

4.3.1.1.Physicochemical Characterizations

The complex is greenish yellow and is soluble in acetonitrile and dimethyl sulfoxide. It is
insoluble in chloroform, water, and tetrahydrofuran. The complex can be formulated as
[Cu(Chr),CICI]. Found: Cu —7.79%, and Cl —8.83%; Calculated Cu —7.99%, and CI —
8.92%. This data reveals that the complex can be represented as [Cu(Chr),CI)CI].

4.3.1.2.UV-Vis Spectroscopy Characterization

Electronic spectra showed Chrysin’s n—n* (291 nm Fig. 4.35(B) to 260 nm Fig. 4.35(C))
and n—n* (312 nm Fig. 4.35(B) to 315 nm Fig. 4.35(C)) shifting upon complexation.
Moreover, the twine bands of the salt at 551 nm and 569 nm corresponding to 2B1g —
2B2g and °B; . 2Eg Fig. 4.35(A), respectively, disappeared in [Cu(Chr)CI]Cl, indicating

a geometry change after the coordination of chrysin [189].
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Fig. 4. 35: UV-Vis spectra of CuCl,.2H,0 (A), Chrysin (B), and the complex (C)

4.3.1.3.FT-IR Spectra

Coordination of chrysin was confirmed by the appearance of new bands at 423 cm™ and
397 cm™ assigned to Cu—OH and Cu-O=C (Fig. 4.36(B)), respectively. Furthermore, the
shifts in characteristic phenolic C-O stretch from 1165 cm™'(A) (free ligand) to 1171
cm!(B) and carbonyl C=0 stretch from 1607 cm™ to 1615 cm™ indicate the change in the

electronic environment following the coordination relative to Fig. 4.36(A).
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Fig. 4. 36: FTIR spectra of Chrysin (A) and the complex (B)

The structure and the reaction path of the complex [Cu(Chr),CI)CI] was proposed as
shown in (eq. (4.5)) and (Scheme 4.3).

CuCl,.2H,0 + 2C17H1407 — [Cu(C17H14O7)2C|]C| +2H 0., (45)
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CuCl,.2H,0 +2
(0.25g, 1.5mmol)

Cl

]G W

Hot methanol;
OH o Stirr, reflux, 45 ° a
(1g, 3mmol) 2h

2H,0

Scheme 4. 3: The proposed synthesis path of the complex

4.3.2. Optimization of Potential Window

A potential window, which was required to polymerize 1.0 mM [Cu(Chr),CI]CI
monomer on the surface of pencil graphite electrode was optimized by using different
potential windows (0.0 & 1.8, -0.4 & 1.8, -0.8 & 1.8, -1.2 & 1.8, and -1.6 & 1.8) at 15
scan cycle. Then the resulting current intensity in the voltammogram of 500 uM Nor for
each of the potential window were compared [190]. The potential window that provided
the highest current intensity was optimized. As shown in Fig. 4.37, the synthesized poly
[Cu(Chr),CI]CI/PGE in the potential window of (-0.4 & 1.8) provided the highest anodic
peak current compared to the others. Therefore, -0.4 & 1.8 was optimized as a potential
window to synthesized poly [Cu(Chr),CI]CI/PGE on the surface of pencil graphite

electrode for the determination of Nor in milk samples and pharmaceuticals.
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Fig. 4. 37: CV of 500 uM Nor in pH 7.0 PBS using poly [Cu(Chr),CI]CI/PGE
synthesized in different potential window (0.0 & 1.8, -04 & 1.8,-0.8 & 1.8,-1.2 & 1.8,
and -1.6 & 1.8) at 15 scan cycle and at 100 mVs™ scan rate Inset: Plot of absolute value

of current vs potential window
4.3.3. Optimization of Film Thickness

Poly [Cu(Chr),CI]CI/PGE was synthesized in different scan cycles (4, 8, 12, 16, and 20)
and used to measure the current response of 500 M Nor in pH 7.0 PBS [191]. As shown
in Fig. 4.38, Poly [Cu(Chr),CI]CI/PGE which was synthesized at 12 scan cycles and in
the potential window -0.4 & 1.8 provided most intense peak. It was also shown in the
inset. As a result, scan cycles at 12 was selected as the optimized scan cycles for the
synthesis of Poly [Cu(Chr),CI]CI/PGE for the determination of Nor in real samples and

pharmaceuticals.
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Fig. 4. 38: CV of 500 uM Nor in pH 7.0 PBS using poly [Cu(Chr),CI|CI/PGE
synthesized in different scan cycles (4, 8, 12, 16, and 20) in the potential window -0.4 &
1.8 and at 100 mVs™ scan rate Inset: Plot of absolute value of current vs Scan cycle

4.3.4. Synthesis of poly [Cu(Chr),CI]CI/PGE

Poly [Cu(Chr),CI]CI/PGE has been synthesized using the optimized potential window
and number of scan cycles for every analysis, and the voltammogram of the synthesis is
shown in Fig. 4.39A. As shown in the Fig. 4.39A, different peaks were appearing which
indicates the presence of growth of film on the surface of pencil graphite electrode. The
synthesized modifier has been stabilized and washed using 0.5 M H,SQO; in the potential
range of -0.8 & 0.8 for 8 scan cycles at 100 scan rate and the voltammogram was shown
Fig. 4.39B(ii). The stabilization of bare pencil graphite electrode has also been performed
using 0.5 M H,SOy in the potential range of -0.8 & 0.8 for 8 scan cycles at 100 scan rate
and the voltammogram was shown in Fig. 4.39B(i). As shown in Fig. 4.39B, the peak
intensity in the stabilization of poly[Cu(Chr),CI]CI/PGE using H,SO, was increased
more than 40 times than bare PGE which confirms the electroactivity of the modified
electrode was improved[182]. This is due to the fast electron transfer between the coated
thin film in the modified electrode and the electroactive species in a solution than the

unmodified electrode.
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Fig. 4. 39: CVs of (A) 1.0 mM [Cu(Chr),CI]CI/PGE scanned between -0.4 — 1.8 for 12
scan cycles at 100 mVs™ scan rate and (B) CVs of 0.5 M H,SO, (i) bare PGE and (ii)
poly[Cu(Chr),(C1)]CI/PGE scanned between -0.8 and 0.8 for 8 scan cycles at 100 mVs™

4.3.5. Characterization of the Synthesized Electrode
4.3.5.1.Cyclic Voltammetry Characterization of poly [Cu(Chr),CI|CI/PGE

Cyclic voltammetry was used to characterize the synthesized electrode using 10.0 mM
[Fe(CN)g] ' as a probe in 0.1 M KCl relative to the bare PGE electrode [191]. As shown
in Fig. 4.40(b), the anodic peak current was 2(two) times higher than the unmodified
anodic peak current (Fig. 4.40(a)) and the change in peak potential between anodic peak
potential of bare and modified was 96.84 mV. This peak current enhancement and shift of
peak potential towards lower anodic potential, confirms the deposition of electoactive
modifier on the surface of the pencil graphite electrode.
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Fig. 4. 40: CVs of 10.0 mM [Fe(CN)e]™* in 0.1 M KCI (a) bare PGE and (b) poly
[Cu(Chr),CI]CI/PGE at 100 mVs™

The effective electroactive surface area was examined by measuring and plotting the
voltammogram of 10.0 mM [Fe(CN)s]®* in 0.1 M KCI at various scan rate (15- 300
mV/s) using both bare and modified electrode. The effective surface area was calculated
using Randles-sevick equation (4.6) and the slope values of the plots of current versus
square root of scan rate as shown in the inset of Fig. 4.41(A and B) both for bare and

modified electrode respectively.
lpa = 2.69 X 10° x n¥2ADYAVY2C, . (4.6)

Where: Iy, is the peak current, A is the effective surface area (cm?), n = number of
electrons involved during redox reaction for [Fe(CN)s]®*(n = 1), D is the diffusion
coefficient of [Fe(CN)s]™®* (D = 7.6 x 10 cm?™), v is the scan rate (mV/s), and C, is the
concentration of [Fe(CN)s]™>* (10.0 mM).

The effective electroactive surface area of poly [Cu(Chr),CI]CI/PGE was calculated to be
0.43 cm?, and the bare PGE was calculated to be 0.23 cm?. The value of the calculated
effective electroactive surface area of poly [Cu(Chr),CI|CI/PGE is roughly 2.0 times
higher than the surface area of the bare PGE electrode. Area enhancement in the modified

electrode confirms the effective modification of PGE electrode[192].
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Fig. 4. 41; CVs of 10.0 mM [Fe(CN)s]®* in 0.1 M KCI (A) bare PGE and (B) poly
[Cu(Chr),CI]CI/PGE at different scan rate (15, 30, 60, 90, 120, 150, 180, 210, 240, 270,
and 300 mVs™) Insets: plot of current vs square roots of scan rate

4.3.5.2.Electrochemical Impedance Spectroscopy

To characterize the modified electrode using EIS, the Nyquist plots were ploted using
10.0 mM [Fe(CN)]¥* in 0.1 M KCI of bare PGE shown in Fig. 4.42(a) and
poly[Cu(Chr),CI]CI/PGE shown in Fig. 4.42(b) in the frequency range of 0.1-1,000,000
Hz, with an amplitude of 0.01 V and at a potential of 0.23 V [193]. As shown in Fig.
4.42, the Nyquist plots show two peak maxima which may due to the presence of lateral
and base side surfaces of a pencil deep in a solution. From the Nyquist plot, the charge
transfer resistance (Rct) reduced by a factor of three compared to the bare electrode. This

is ascribed to the increased conductivity of the modified electrode.

The R value of poly [Cu(Chr),CI|CI/PGE Fig. 4.42(b) was 166.8Q, significantly lower
than that of bare PGE Fig. 4.42(a), which was 511.2 Q. This confirms that the electron

transfer rate between the modified electrode and the probe ([Fe(CN)e]

) was increased
due to modification [173] as summarized in Table 4.10. The double layer capacitance and
heterogeneous electron transfer rate constant were calculated using (equation 4.7 and

4.8), respectively, and the value was increased by nearly two times due to modification.
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Where: Cgq-double layer capacitance, K°-heterogeneous electron transfer rate constant,
Re-charge transfer resistance, A-area, C-concentration, R-ideal gas constant, T-
temperature (298 K), F’-Faraday’s constant, and f-frequency corresponding to the

maximum imaginary impedance

Table 4. 10: Values of EIS parameters from the Nyquist plot

Electrode Rs(Qem®) |Re  (QK° Ca (F) f (Hz)
cm?)
PGE 53.7 511.2 226x107 | 1.6x10* |1.995
Poly [Cu(Chr),CI|CI/PGE | 52.6 166.8 3.71x107 [ 1.9x10° |05
300 - adm
250 - "
b, .
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Fig. 4. 42: Nyquist plot of 10.0 mM [Fe(CN)s]¥* in 0.1 M KCI (a) bare PGE and (b)
modified by poly [Cu(Chr),CI]CI/PGE in the frequency range: 0.1 — 1,000,000 Hz,

amplitude = 0.01 V, and potential = 0.23 V. Inset: equivalent circuit with fitting values
4.3.5.3.UV-Vis, Contact Angle, and Digital Optical Microscopy Characterization

The polymerized [Cu(Chr),CI]CI has been studied by using UV-Vis, contact angle and
digital optical microscope characterization methods and using fluorine-doped tin oxide

(FTO) as a substrate. FTO has been electropolymerized using a similar
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electropolymerization  procedure optimized and used in PGE electrode
electropolymerization. The UV-Vis absorption spectra and digital optical microscope
images were taken from bare FTO and polymerized by [Cu(Chr),CI]CI/FTO as a
substrate, and the results are shown in Fig. 4.43A, 4.43B, and 4.43C, respectively. The
appearance of a new absorption band in the UV-Vis spectrum (Fig. 4.43Ab) indicated by
a circle compared to the bare FTO (Fig. 4.43Aa) confirms the modification of the surface
of FTO by poly[Cu(Chr),CI]CI/FTO.

The digital optical microscopic images of the surface of FTO before and after deposition
of the polymer were taken at a 5 mm distance and 1800x magnification scale. As shown
in Fig 4.43B, the surface of bare FTO was smooth, but the surface of the modified FTO
was rough (Fig. 4.43C). The transformation of FTO surface from smooth to rough due to
electropolymerization of [Cu(Chr),CI]CI confirms the deposition of the polymer on the
surface of FTO. Since a similar electropolymerization procedure was followed for the
deposition of [Cu(Chr),CI]CI on the surface of the pencil graphite electrode, related
deposition and an associated increase in surface roughness were also expected on the
pencil graphite electrode, as reported in several research works[154]. The surface of FTO
is highly hydrophilic and has wetting properties [194]. In this study, surface wettability of
FTO before and after modification by poly[Cu(Chr),CI]CI/FTO was assessed using a
contact angle goniometer (DSA25 Drop Shape Analyzer, Kriss, Germany). The result of
the contact angle is shown in Fig. 4.43(D and E). As shown, the average contact angle
value was increased from 26.4° to 29.9°. This change in contact angle confirms the
deposition of less hydrophilic poly[Cu(Chr),CI]CI polymer film that changes the surface
chemistry of FTO.
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o
HS
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Fig. 4. 43: UV-Vis spectra of poly [Cu(Chr),CI]CI on the surface of FTO (A), digital
optical microscopy images at 5 mm distance and 1800x magnification scale (B and C)
and water contact angle (D and E);(Aa, B, and D) are using bare FTO and (Ab, C, and E)

are using modified FTO .
4.3.5.4.Electrochemical Properties of Nor

The electrochemical properties of 500 uM Nor in pH 7 ABS have been studied using
poly [Cu(Chr),CI]CI/PGE and unmodified PGE electrodes at 100 mV/s™ and the result is
shown in Fig. 4.44A before blank subtracted and Fig. 4.44B after blank subtracted. As
shown in Fig. 4.44B, the blank subtracted voltammogram, the anodic peak current of Nor
at the modified electrode was about three times higher than that of the bare PGE. The
broad oxidation peak observed at the bare PGE becomes sharper at the poly
[Cu(Chr):CI]CI/PGE, indicating enhanced electron transfer at the surface of the modified
electrode. The anodic peak potential of the modified electrode (1.06 V) was shifted to a
lower value compared to that of the bare PGE (1.18 V), indicating a shift of 120 mV.
This shift demonstrates the high electrocatalytic activity of poly[Cu(Chr).CI]CI as a result

of enhanced electron transfer kinetics [195].

The peak current enhancement, peak sharpness, and shift towards lower anodic potential
confirm the modified electrode has abundant active sites with electrocatalytic properties,
and enhanced electron transfer for the oxidation of Nor. The polymer modification
increases preconcentration of Nor molecules by stronger binding onto the surface via
Cu(I)-O coordination between Cu(ll) centers and Nor's carbonyl or carboxyl groups,

electrostatic interaction due to the protonated amine group of Nor under acidic
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conditions, and n—m stacking enhanced by conjugated structure of polymer and Nor.
These effects improve the electrocatalytic sensing of Nor in complex real samples. The
poly[Cu(Chr):CI]CI/PGE has a higher electrocatalytic behavior than bare PGE.
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Fig. 4. 44: CVs of 0.1 M PBS at pH 7 and at 100 mVs™ scan rate A(a) bare PGE in the
absence of analyte (BK), A(b) bare PGE in the presence of 500 uM Nor, A(c) modified
with poly [Cu(Chr),CI]CI/PGE in the absence of the analyte, and A(d) modified with poly
[Cu(Chr),CI]CI/PGE and in the presence 500 uM Nor, B(a) is blank subtracted bare PGE
and B(b) blank subtracted poly [Cu(Chr),CI]CI/PGE.

The number of electrons transferred during the oxidation of Nor was calculated using

equation (4.9).

48

Ep - Ep1/2 S T S mmmmsmmmme- (49)

an

The values of E, and Epy/, obtained from the cyclic voltammogram of Nor Fig. 4.44B(b)
at a scan rate of 100 mVs™ were 1058.1 and 997.6 mV, respectively, and their difference
was 60.5. The value of an was calculated to be 0.793, and the value of a for a totally
irreversible process is 0.5. As a result, the calculated value of n was 1.59, which is closer

to 2.0 and in agreement with the reported literature value [174].
4.3.6. Effects of Scan Rate on Iy, and E,, of Nor

The effect of scan rate on the anodic peak current and anodic peak potential of 500 uM

Nor in PBS of pH 7.0 was studied using CV by varying the scan rate from 15 to 300
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mVs™. As shown in the voltammograms of Fig. 4.45A, the anodic peak current increased
with the scan rate, and the anodic peak potential shifted to a more positive value,
confirming that Nor was undergoing an irreversible oxidation reaction. The value of the
correlation coefficient (R? = 0.99779) in the plots of the oxidative peak current vs. scan
rate shown in Fig. 4.45B is higher than the correlation coefficient (R? = 0.96188) value of
the plot of peak current vs. square roots of scan rate in Fig. 4.45C. The higher value of
the correlation coefficient of plots of the oxidative peak current vs. scan rate confirms
Nor was undergoing adsorptive controlled oxidation. In addition, the value of the slope of
the plot of log current vs. log (v) was closer to unity, as shown in Fig. 4.45D, which

indicates that the oxidation reaction of Nor was an adsorptive-controlled process [196].

0
B
_50_
-100
<
=-150-
& 200
3 Ipa = 14 -1.04 V (mV/s)

-2501 R2 = 0.99779

-300 -
T T T T T T _350 T T T T T T T
18 16 14 12 10 08 06 04 0 50 100 150 200 250 300
E (V) vs Ag/AgCI Scan rate (mV/s)
2.6
01 C D .
50 241
1004 < 221 =05+0.
%100 3 Ioglpa 0.5 + 0.8log(v)
?&-’-150- 5 20- R4 =0.991
] 5
S 8
372007 1pa = 84. 46 - 22.1.6 V1/2 S 181
2504 R2 =
2501 R4 =10.96188 164
-300 ~ p
T T T T T T T T 1.4 T T T T T T T
4 6 8 10 12 14 16 18 1.0 12 14 16 18 20 22 24 26
VY2 (mV/s) log(v) mVs-1

85



1.2

E
S Ep/V =0.948 + 0.0198(Inv)
\:11.1—
wl
1.0

25 30 35 40 45 50 55 6.0
Inv (mV/s)

Fig. 4. 45: CVs of 500 uM Nor in pH 7.0 of 0.1 M PBS (A) at different scan rate (15, 30,
60, 90, 120, 150, 180, 210, 240, 270, and 300 mV/s™) and (B) plot of lpa Vs scan rate, (C)
l,a VS square roots of scan rate, (D) plot of log(current) vs log (v(mVs™)), and plot of E,

vs Inv (mv/s)

The electron transfer coefficient (o) during oxidation of Nor at the surface of

poly[Cu(Chr),CI]CI/PGE was determined using equation (4.10) and the slope value of

RT

plot of Ep, versus In(v). From equation 4.10 and Fig. 4.45(E) we can relate o -

0.0198. At T = 298 K and n = 2 and the calculated ‘o’ value = 0.35 which can be

approximated to 0.5. Therefore, a value confirms the irreversibility of the oxidation of

Nor in this method.

1

2
{0.780 + In(i—f) A NI, e (4.10)

RT
(1-a)nf

E,=E°+

Where: E, anodic peak potential, E°-formal potential, n-number of electron, K°-
heterogeneous electron transfer rate constant, R-ideal gas constant, T-temperature (298

K), f-faraday’s constant, Dg-diffusion constant, and (v)-scan rate
4.3.7. Effect of pH

The effect of pH on the oxidation peak current and oxidation peak potential of Nor was
investigated by measuring the CV of 200 uM Nor in 0.1 M PBS at pH values ranging
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from 4.5 to 7.5. As shown in Fig. 4.46A and Fig. 4.46B(a), the oxidation peak current of
Nor at poly[Cu(Chr),CI]CI/PGE was increased from pH 4.5 to pH 5.5, and then it
declined. Therefore, pH 5.5 was taken as the optimized pH value for the next procedure.
Fig. 4.46A also shows that as the pH value increases from 4.5 to 7.5, the oxidation peak
potential shifts in the negative direction, which confirms that protons were involved in
the redox reaction. Fig. 4.46B(b) shows the plot of the Nor oxidation peak potential
against pH value. In this plot, the slope value was 0.097 V/pH, which is closer to 0.0885,
which confirms the presence of 3.0 protons for every 2.0 electrons [197]. The proposed

oxidation reaction mechanism of Nor is shown in Scheme 4.4.
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Fig. 4. 46: CVs of 200 uM Nor in 0.1 M PBS at different pH values (a to g: 4.5, 5.0, 5.5,
6.0, 6.5, 7.0, and 7.5) (A) and plot of 1y, vs pH B (a) and Epa vs pH B (b) using poly [Cu
(Chr),CI]CI/PGE at scan rate of 100 mVs™ .

Scheme 4. 4: Proposed reaction mechanism of Norfloxacin
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4.3.8. Accumulation Time and Accumulation Potential

Accumulation time and accumulation potential for the AdS-SWV of 200 uM Nor in pH
5.5 PBS were optimized using a default step potential of 4 mV, an amplitude of 25 mV,
and a frequency 15 Hz. As shown in Fig. 4.47A, the accumulation time was optimized by
varying the time from 2 to 30 sec at 0.0 mV accumulation potential [198]. As shown in
the inset of Fig. 4.47, the peak current increased as the accumulation time was extended
from 2 seconds to 15 seconds, after which it stabilized. Therefore, an accumulation time
of 15 seconds was selected as the optimal condition. The accumulation potential also was
varied from 350 mV to 750 mV at 15 sec. accumulation time. As shown in Fig. 4.47B
and its inset, the peak current was increased from 350 mV to 600 mV, after which the
rate of increasing slowed down. Therefore, the accumulation potential at 600 mV was

chosen as optimum.
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Fig. 4. 47: AdS-SWVs of pH 5.5 PBS containing 200 pM Nor at various accumulation
time (2, 5, 10, 15, 20, 25, and 30 sec.) and inset: plot of absolute value of current vs time
(A) and (B) at various accumulation potential (350, 400, 450, 500, 550, 600, 650, 700,
and 750 mV) and inset: plot of absolute value of current vs accumulation potential at 4

1

mVs™~ step potentials, 25 mV amplitude and 15 Hz frequency using poly [Cu

(Chr),CI]CI/PGE.
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4.3.9. Adsorptive Striping Square Wave Voltammetry Parameter Optimization

In addition to the accumulation potential and accumulation time, the determination of
Nor using poly[Cu(Chr),CI|CI/PGE can be affected by step potential, amplitude, and
frequency [199]. To optimize each parameter using 200 UM Nor in pH 5.5 PBS, the AdS-
SWYV at the optimized accumulation potential and accumulation time was measured by
varying one while maintaining the others constant. Step potential was varied from 4 mV
to 25 mV, amplitude was varied from 10 mV to 45 mV, and frequency was varied from 5
Hz to 40 Hz. The peak current in each parameter was linearly increased, and then its
linearity was lost at some point. The parameter was optimized at the point where it lost
linearity in each case, as shown in the inset [200]. The voltammogram and the inset of
step potential, amplitude, and frequency are plotted in Fig. 4.48A, B, and C, respectively.
Based on the loss in linearity indicated by a circle, the parameters were optimized at 15

mV, 30 mV, and 20 Hz, respectively.
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Fig. 4. 48: AdS-SWVs of pH 5.5 PBS containing 200 UM Nor at various step potential
(4, 6, 8, 10, 15, 20, and 25 mV) and inset: plot of absolute value of current vs step
potential (A), AdS-SWVs of 200 uM Nor at various amplitude (10, 15, 20, 25, 30, 35,
40, and 45 mV) and inset: plot of absolute value of current vs amplitude (B), AdS-SWVs
of 200 uM Nor at various frequency (5, 10, 15, 20, 25, 30, 35, and 40 Hz) and inset: plot
of absolute value of current vs frequency (C), and AdS-SWVs of pH 5.5 PBS containing
200 pM Nor bare (D)(a) and modified (D)(b) at 15 mVs™ step potentials, 30 mV
amplitude and 20 Hz frequency using poly [Cu (Chr),CI]CI/PGE.

4.3.10. AdS-SWV Activity of Nor

The AdS-SWV activity of 200 uM Nor in pH 5.5 PBS using poly[Cu(Chr),CI]CI/PGE
and bare PGE in the optimized parameters was investigated and shown in Fig. 4.48(D).
The peak current of poly[Cu(Chr),CI]CI/PGE was -79.57, and the peak potential was
1148.8 mV (Fig. 4.48 D(b)). The peak current of bare PGE was -31.36, and the peak
potential was 1173.7 mV (Fig. 4.48D(a)). These results show the presence of 2.5-fold
current enhancements and 24.9 mV anodic peak potential shifts towards lower anodic
peak potential. This confirms the new modifier has electrocatalytic properties and has
enhanced surface area or enhanced electron transfer rate compared to the bare PGE

electrode.
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4.3.11. Method Calibration

The AdS-SWV method based on poly [Cu(Chr),CI|CI/PGE has been calibrated by
preparing a series of standard Nor solutions in pH 5.5 of 0.1 M PBS. As shown in Fig.
4.49A and its inset, the calibration of the method shows current enhancement with
linearity in the range of 1.0 uM to 100 uM, with the slope value of -0.51. The slope value
of the method is related to the sensitivity of the method. The same series of Nor standard
solutions was also measured using UV-Vis spectroscopy. As shown in Fig. 4.49B and its
inset, the UV-Vis spectroscopy method shows absorbance linearity only in the
concentration range of 1.0 uM to 80 uM and a slope value of 0.031. Therefore, the slope
value of AdS-SWV was 16 times higher than the slope value of UV-Vis spectroscopy
[201].

0 T A 25 i B
10 — :
-10 5
— 201 l—10 25
< 904 3 ——20 '
3 20 —1 0 § 40 2.0
= —5 o 151 60
L.304 W 0 =} 15
= —— 20 <2 2 — 80
> 3 10
®) 404 jg g < 1.01
— ‘6‘8 % 40 05 'A=002 +0.031 Cx £ 0,001
— O 501 Ipa=-7.13- 051 Cx £ 0.015 R?=0.9916
—— 80 0.5 0.0
901 |—100 00| R2= 0995 ° ZOCOncfe%tratig% (ul\/?;)
0 20 40 60 80 100
-60 . . . Conlcentre_l'tion (L}M) 0.0-
14 1.2 1.0 0.8 0.6 0.4 200 250 300 350 400 450 500
E (V) vs Ag/AgCI Wavelength (nm)

Fig. 4. 49: AdS-SWVs of 0.1 M PBS at pH 5.5 containing various concentrations of Nor
(1.0, 5.0, 10.0, 20.0, 40.0, 60.0, 80.0, and 100.0 uM) at poly [Cu(Chr).CI]CI/PGE and the
inset is plot of current vs. concentration at accumulation time 15 sec, accumulation
potential 600 mV, step potential 15 mVs™, amplitude 30 mV, and frequency 20 Hz (A)
and UV-Vis absorption band (B) in (1.0-80.0 UM ) concentration range and its inset was

plot of absorbance vs concentration.
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4.3.12. Real Sample Analysis
4.3.12.1. Tablet Samples from Two Brands

Tablet samples of Nofxin brand analysis were conducted using the spiked method to
investigate the method applicability [202]. 40.0 uM tablet samples of Nofxin were spiked
with 20 uM, 40 pM, and 60 puM of Nor, and analysis was made using AdS-SWV and
UV-Vis techniques in order to evaluate the validity of the developed method. As shown
in Fig. 4.50A, the AdS-SWV voltammograms and the absorption bands (Fig. 4.50B)
confirm the presence of characteristic peaks of Nor, which increased with its
concentration. As listed in Table 4.11, the recovery results were in the ranges of 93.75—
99.35 for the developed AdS-SWV method, which is in the accepted range, but the
recovery results in UV-Vis were not in the accepted recovery range. The developed poly
[Cu(Chr),CI]CI/PGE AdS-SWYV result suggests that the proposed method can be used to

determine Nor in pharmaceutical samples in an efficient manner.

Table 4. 11: Recovery results of Nor in Nofxin brand samples.

AdS-SWV UV-Vis AdS-SWV UV-Vis
40 0 40.0+0.3 82.1+0.013 - -
40 20 59.65+15 85.6+0.002 98.25 228.2
40 40 79.74+14 89.9+0.004 99.35 124.7
40 60 96.25+0.2 90.9+0.007 93.75 84.9
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Fig. 4. 50: Blank corrected AdS-SWVs (A) and UV-Vis absorption band (B) of Nofxin
brand pharmaceutical samples spiked with various concentrations of standards Nor (40.0
+ 0.0, 40.0 + 20.0, 40.0 + 40.0, and 40.0 + 60.0 uM) at poly [Cu(Chr),CI]CI/PGE in PBS
of pH 5.5 at step potential 15 mVs™, amplitude 30 mV, and frequency 20 Hz.

Gyrablock Brands

Tablet samples of Gyrablock brand analysis were also conducted using the spiked
method. 40.0 uM tablet samples of Gyrablock were spiked with 20 uM, 40 uM, and 60
MM of Nor, and analysis was made using the AdS-SWV and UV-Vis techniques in order
to perform the validity of the developed method. As shown in Fig. 4.51A, the AdS-SWV
voltammograms and the absorption bands in Fig. 4.51B confirm the presence of
characteristic peaks of Nor, which increased with its concentration. As presented in Table
4.12, the recovery results were in the ranges of 96.6-109.9 for the developed poly
[Cu(Chr),CIICI/PGE AdS-SWV methods, which is in the accepted range for the
determination of Nor in Gyrablock brand. But the recovery results in UV-Vis were not in
the accepted recovery range. The developed poly [Cu(Chr),CI]CI/PGE AdS-SWYV result
suggests that the proposed method can be used to determine Nor in Gyrablock brand

pharmaceutical samples in an efficient manner.

Table 4. 12: Recovery results of Nor in Gyrablock brand samples.

AdS-SWV UV-Vis

SWvV
40 0 443+ 1.7 52.7+0.002 - -
40 20 61.96 + 2.3 775+0.002 109.8 187.25
40 40 83.95+11 87.4+0.008 109.9 118.38
40 60 97.98 + 0.7 88.4+0.004 96.6 Not linear
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Fig. 4. 51: Blank corrected AdS-SWVs(A) and UV-Vis absorption band (B) of tablet of
Gyrablock brand pharmaceutical samples spiked with various concentrations of standards
Nor (40.0 + 0.0, 40.0 + 20.0, 40.0 + 40.0, and 40.0 + 60.0 puM) at a poly
[Cu(Chr),CI]CI/PGE in PBS of pH 5.5 at step potential 15 mVs™, amplitude 30 mV, and
frequency 20 Hz.

4.3.12.2. Milk Samples

Milk samples analyse were conducted using poly [Cu(Chr),CI]CI/PGE-based AdS-SWV
and UV-Vis spectroscopy via the spiked method [202]. The processed milk samples were
spiked with 20 uM, 40 pM, and 60 uM of Nor. As shown in Fig. 4.52A, the AdS-SWV
voltammograms confirm the presence of characteristic peaks of Nor, which increased
with its concentration, but no measurable peak in the non-spiked milk sample. This
confirms that the matrices in the milk samples have no effect on the Nor in poly
[Cu(Chr),CI|CI/PGE-based AdS-SWV method. Therefore, the developed method can be
used to analyze Nor in milk samples without interfering. The recovery of the spiked milk
samples was 81.8 to 91.13 %, as listed in Table 4.13. In UV-Vis spectrophotometry
shown in Fig. 4.52B, the non-spiked milk sample shows an unassigned peak in the
characterization peak of Nor. But the absence of a peak signal in the non-spiked milk
sample, indicated by the circle, confirms the peak was not due to the presence of Nor in
the milk samples. The recovery of the spiked milk samples was not in the accepted range

due to the background effect and linear range effect.
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Table 4. 13: Recovery results of Nor in milk samples.

AdS-SWV UV-Vis AdS-SWV  UV-Vis

ND 0 - 36.8 £ 0.002 - -
ND 20 16.4+0.5 69.9 + 0.007 81.8 166.5
ND 40 36.5+0.2 74.5 £ 0.005 91.13 94.25
ND 60 529+04 78.2£0.018 88.28 69
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Fig. 4. 52: Blank corrected AdS-SWVs(A) and UV-Vis absorption band (B) of milk
samples spiked with various concentrations of standards Nor (non-spiked (a), 20.0 (b),
40.0 (c), and 60.0 (d) uM) at a poly [Cu(Chr),CI]CI/PGE in PBS of pH 5.5 at step
potential 15 mVs™, amplitude 30 mV, and frequency 20 Hz.

4.3.13. Selectivity Study

The selectivity of the proposed method was evaluated in the presence of paracetamol and
caffeine. This is due to caffeine is a common food additive, and paracetamol is a widely
usepainkiller that can be co-administered or simultaneously present with Norfloxacin in
pharmaceutical formulations or during medication intake[203]. The impact was
investigated at different concentrations of paracetamol and caffeine using poly
[Cu(Chr),CI|CI/PGE based AdS-SWV and UV-Vis spectrophotometry. The characteristic
peaks of caffeine and paracetamol appear separately from the characteristic peaks of Nor
in poly [Cu(Chr),CI]CI/PGE based AdS-SWYV, as shown in Fig. 4.53(A (a & b) and Fig.
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4.53C (a & b)). As shown, characteristic peaks of caffeine and characteristic peaks of
paracetamol have no signal at the characteristic peak of Nor in the Fig given in Fig. 4.53.
The characteristic peak of Nor remains nearly constant as the interference concentration
rises. This constant peak of Nor confirms that the developed method can be used to
analyze Nor selectively in the presence of caffeine and paracetamol. But the
characteristic peaks of caffeine and paracetamol did not appear separately from the
characteristic peaks of Nor in the UV-Vis absorption band, as shown in Fig. 4.53(B and
D). As shown, characteristic peaks of caffeine and characteristic peaks of paracetamol
have absorption bands at the characteristic peak of Nor in the figure given in Fig. 4.53(B
and D). The characteristic peak of Nor did not remain constant as the interference
concentration rises. The variation in concentration of Nor confirms that the UV-Vis
methods of analysis cannot be used to analyze Nor in the presence of caffeine and

paracetamol.
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Fig. 4. 53: AdS-SWVs (A & C) and UV-Vis absorption bands (B & D) of 40 uM Nor in
the presence of various concentrations of paracetamol (0.0, 20.0, 40.0, and 60.0 uM) (A
& B) and caffeine(0.0, 50.0, 100.0, and 150.0 uM) (C & D) in PBS of pH 5.5 at step
potential 15 mVs™, amplitude 30 mV, and frequency 20 Hz.

4.3.14. Method Repeatability and Reproducibility

In order to study the developed method’s repeatability, 200 uM Nor was measured five
times using single poly [Cu(Chr),CI]CI/PGE repeatedly, and for reproducibility, 200 uM
Nor was measured five times using different poly [Cu(Chr),CI]CI/PGE [204]. The results
were plotted and shown in Fig. 4.54A and Fig. 4.54B, respectively. The standard
deviation of the repeatability and reproducibility of poly[Cu(Chr),CI]CI/PGE was 0.443
and 1.28, respectively, and their relative standard deviations were calculated to be 0.8%
and 2.4, respectively. These results show that the developed method was repeatable and
reproducible for the measurement of Nor with high precision.
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Fig. 4. 54: AdS-SWV of reputability(A) and reproducibility(B) of the developed method
using 200 uM Nor and poly [Cu(Chr),CI]CI/PGE in PBS of pH 5.5 at step potential 15
mVs™, amplitude 30 mV, and frequency 20 Hz.

4.3.15. Comparison with Literature Values

The developed method for the determination of Nor has been compared with previously

reported literatures in terms of the modifier used, dynamic range, limit of detection, and

97



types of electrode used. As listed in table 4.14, the developed method has a relatively
wider dynamic range and comparable limit of detection (LoD). LoD was calculated using
the formula ‘LoD = 3xS/m’ where ‘S’ is standard deviation of the blank and ‘m’ is the
slope of the calibration curve of Nor. In this work the electrode used was PGE, but in the
other reported literatures, the electrodes used are GCE. PGE-based electrode is cheaper
and easily available than glassy carbon electrode and surface cleaning in the entire
experimental session is not required. Hence, the developed PGE-based complex modified
electrochemical method is promising for the determination of Nor in pharmaceuticals and

in milk samples.

Table 4. 14: Comparison of different literature values reported for the determination of
Nor

Electro Techniqu Modifier Dynamic range LoD (uM) Reference
deused e (uM)

GCE  SWV EPPGS/GCE 0. 5-50 0.28 34
GCE DPV MWCNTs-TOCT/GCE  0.5-8.0 0.1 [205]

GCE LSV MWCNTs/GCE 0.1-100.0 0.05 [206]

GCE SWV MIP/MWCNT/GCE 0.1-8.0 0.046 [207]

PGE AdS-SWV  [Cu(Chr),CIICI/PGE 1-100 0.096 This work
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4.4. Poly [Cu(Res0)sCIl]/PGE Based Electrochemical Sensor for the Simultaneous
Determination of Norfloxacin and Caffeine in Pharmaceuticals and Urine
Samples

4.4.1. Characterization of the Complex

4.4.1.1.Physicochemical Characterization

The decomposition of the complex at 223 °C is probably attributed to the weak Cu to O
bond because of the weak field nature of oxygen-donating ligands. The conductance
measurements, recorded for 1x10 M solutions of the complex in methanol, are indicated
in table 4.15. The value shows that the complex is a 2:1 electrolyte. The slightly higher
value (48 S cm? mol™) than expected (30-40 S cm? mol™) for a 2:1 ion ratio is attributed
to the softness and weak interaction with the solvent molecules, which gives freedom of
motion; hence, the higher velocity of mobility of the anion [208]. The good agreement
between the calculated and experimental values in the percentage composition of the

metal indicated the correctness of the proposed structure.

Table 4. 15: Summary of studied physicochemical properties of Nay[Cu(Reso0);Cl]

physical property Na,[Cu(Res0)sCl]

Color Dark brown

Melting point (°C) Decomposed at 223

Solubility Soluble in CH3;CN, DMSO, methanol
Conductivity (S cm” mol™) in methanol 48

Cu content, %(Calculated/Experimental) 13.45/13.38

4.4.1.2.UV-Vis Spectroscopy Characterization

The electronic spectrum of resorcinol shows an absorption band at 215 nm (Fig. 4.55B),
assigned to the n — o* transition [209]. Upon deprotonation to the resorcinolate anion
(ResoNa), this band disappears, reflecting a lowering of the non-bonding (n) orbital
energy and a widening of the n—6* gap. The 1 — 7* transition at 274 nm in resorcinol
shifts to 295 nm in ResoNa as shown in Fig. 4.55C), indicating enhanced m-electron
delocalization and increased charge density in the aromatic ring. A further weak band
near 280 nm undergoes a pronounced bathochromic shift to 450 nm, consistent with
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further perturbation of the T system [210].
Upon coordination of the resorcinolate ligand to Cu(ll), transitions involving non-
bonding orbitals are no longer observed, indicating effective metal-ligand interaction.
The d—d transitions of the copper(ll) salt at 551 nm and 569 nm disappear, likely owing
to ligand-field modification and the Laporte-forbidden nature of these transitions. A new
absorption band appears at 312 nm (Fig. 4.55D), assignable to an intraligand ©1 — w*
transition or a ligand-to-metal charge transfer (LMCT), thereby supporting the formation

of the Cu(ll)—resorcinolate complex [211].
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Fig. 4. 55: Absorption bands of (A) CuCl,.2H,0, (B) resorcinol, (C) sodiumresorcinolate
(ResoNa), (D) Na;[Cu(Reso)sCl)
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4.4.1.3.FT-IR Spectroscopy Characterization

The FT-IR spectrum of resorcinol shows a broad percent transmittance at 3262 cm™!,
attributable to the v(O—H) stretching vibration (Fig. 4.56a). Upon deprotonation to
resorcinolate (ResoNa), this band shifts to 3453 cm™ (Fig. 4.56b), reflecting the loss of
hydrogen bonding and increased ionic character of the O—H [212, 213].

The characteristic v(C=C) and v(C-O) stretching frequencies of resorcinol observed at
1613 cm™ and 1166 cm™, respectively, shift to 1600 cm™ and 1147 cm™ in ResoNa,
consistent with electron delocalization following deprotonation [214].

Upon coordination of resorcinolate to Cu(ll), the v(C=C) band moves slightly to 1608
cm™!, suggesting an increase in C—C bond order due to back-donation from the metal
center [211]. A new absorption band appearing at 458 cm™, assigned to v(Cu-O),
confirms coordination of the ligand through the deprotonated phenolic oxygen [215].
These spectral shifts collectively support the formation of a Cu(ll)-resorcinolate complex

in the deprotonated state.
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Fig. 4. 56: FT-IR spectra of (a) Resorcinol, (b) ResoNa, (c) Nay[Cu(Reso)sCl]

Based on characterization the proposed reaction procedure of the complex
(Naz[Cu(C18H1506Cl] (Naz[Cu(Reso)s]) was shown in (Scheme 4.5) and equations (4.11)
& (4.12).

CeHgO- + NaOH — NaCgHs02 + HO v (411)

CuCl,.2H,O0 + 3NaCgHs0, — (Naz[CU(C18H15OG)C1]) ............................. (412)
C|UII/ oH

O OH O,/ ””(E)’
HO SR \©/ CuCl,.2H,0 &
LOH» Methanol, s 1r;\ Na,
\O/We?ter,ﬁ\‘ Rcftlux, 40 ;C NaCl
Stirr OH
Resorcinole 1,0 fesola OH

- Na,[Cu(Reso);Cl]

Scheme 4. 5: The proposed synthesis path of Na[Cu(Reso0);Cl]
4.4.2. Selection of Potential Window

The potential window required to polymerize 1.0 mM [Cu(Reso)sCl] was optimized by
using different potential range (-0.8 & 1.6,-1.0&1.6,-1.2&1.6,-1.4 & 1.6,-1.6 & 1.6,
and -1.8 & 1.6) at 15 scan cycles and at a 100 mVs™ scan rate. The DPV oxidation

102



voltammogram of Nor and Caff for each of the potential windows was taken, and the
current intensities were compared at a 50 mVs™ scan rate [190]. The potential window,
which provides a DPV voltammogram with higher current intensity for both Nor and
Caff, was selected. As shown in Fig. 4.57, poly [Cu(Res0)sCI]/PGE in the range of (-1.4
& 1.6) provides intense anodic peak current compared to others, and this is also shown in
the inset. Therefore, -1.4 & 1.6 were selected to synthesize poly [Cu(Reso);CI]/PGE
electrode.
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Fig. 4. 57: DPV of 100:200 pM Nor to Caff in pH 7.0 PBS using poly
[Cu(Reso)sCI]/PGE synthesized in different potential windows (-0.8 & 1.6, -1.0 & 1.6, -
12&16,-14&16,-1.6 & 1.6, and -1.8 & 1.6) at 15 scan cycles, at 50 mVs™ scan rate,
and Inset: Plot of absolute value of current vs. potential window for both peak a (Nor)
and peak b (caffeine)

4.4.3. Selection of Film Thickness

Poly [Cu(Reso0);CI]/PGE was synthesized using scan cycles of (5, 8, 10, 12, 14, and 16).
The synthesized electrode at each scan cycle was tested using 100:200 uM Nor to Caff,
respectively and the resulting current of Nor and Caff in pH 7.0 PBS were plotted as
shown in Fig. 4.58. As shown in Fig. 4.58, poly [Cu(Reso);CI]/PGE synthesized at 10

scan cycles provides the most intense DPV anodic peak for both Nor and Caff, and this is
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also shown in the inset [216].Therefore, scan cycles at 10 was optimized to synthesize
Poly [Cu(Reso0)sCI]/PGE.
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Fig. 4. 58: DPV of 100:200 uM Nor and Caff respectively in pH 7.0 PBS using poly
[Cu(Reso)sCI]/PGE synthesized in different scan cycles (5, 8, 10, 12, 14, and 16) in a -
1.4 & 1.6 potential window and at a 50 mVs™ scan rate and Inset: Plot of absolute value
of current vs. number of scan cycles for both the Nor peak (a) and the caffeine peak (b)

4.4.4. Synthesis of poly [Cu(Res0)3;CIJ/PGE

Poly [Cu(Reso0)sCI]/PGE has been synthesized and the voltammogram of the
polymerization process of the synthesis was shown in Fig. 4.59(A). As shown in Fig.
4.59(A), different peaks (i, i, and iii) were appearing and grow with scan cycle indicating
the growth of the film on the electrode surface. The direction of the scan cycle is shown
by the arrow. The first (i) and the last (ii) scan cycles of the polymerization are shown in
the inset of Fig. 4.59(A). The last scan cycle shows a broader and higher reduction and
oxidation peak current. The synthesized modifier and the bare PGE electrode were
stabilized using monomer free 0.5 M H,SO, in the range of -0.75 & 0.8 for 6 scan cycles
at a 100 mVs™ scan rate and plotted as shown in Fig. 4.59(B (b and a)). As shown in Fig.
4.59(B), the peak intensity of poly[Cu(Res)s;CI]/PGE Fig. 4.59(B(b)) was more than 60
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times relative to bare PGE (Fig. 4.59B(a)), which indicates the presence of effective

modification of the electrode [56].
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Fig. 4. 59: CVs of (A) 1.0 mM [Cu(Res0)sCl] scanned between (-1.4 and 1.6) for 10 scan
cycles at 100 mVs™ scan rate and (B) CVs of 0.5 M H,SO, (a) using bare PGE and (b)
poly [Cu(Reso)sCI]/PGE scanned between (-0.75 and 0.8) for 6 scan cycles at 100 mVs™:

Inset in (A) showed the initial (i) and final (ii) cycle of the polymerization

The polymerization mechanism of the monomer can be initiated by the potential energy
applied from the electrode. The weakly bound electron from the oxygen heteroatom can
be removed and form a radical cation. The radical cation is highly reactive and can
rearrange itself and bind the other nearby monomers to form a polymer. The proposed
polymerization mechanism is shown in Scheme 4.6. The number of monomers ‘n’ in a
polymer was calculated using the area under each cycle of the polymerization curve.
Calculating the area under the curve can be related to the total charge flowing during the
polymerization. The integrated area represents current versus voltage; therefore, the total
value must be divided by the scan rate to convert it to current versus time, which can then
be related to the charge. The sum of charge of all 10 scan cycles was 41,183 pcoulombs.
Based on equation 4.13, the value of a mole is 0.427 pmoles which is equivalent to 2.57 x
10" molecules. The total count of polymers shown in figure 7.9C is 54. If the area was
1/1000 of the total area of the FTO, the total number of polymers will be 54000. Then the

number of monomers per polymer will be 47.6 x 10** monomers or molecules.



Where n, mole per unit ion, N, number of mole, Q, charge, and F, faraday’s constant

@“60

cl
o __H

o— |
CI Cu o

1mt1at10n
O——Cu ! IIO Q/ E
©/ propagation
|

Cl
Cl CU e
|
O/CU "o u ?
Cl;l . /CI OH
O/C\Unulo C Q O—iu'u/o\.@
o
HO

OH OH OH

o f—
(|:| . /C' OH
o—"Cuo Q O/CU"’/O
\ i
@) O
HO

OH OH n

Scheme 4. 6: proposed polymerization mechanism

4.45. Characterization of the Modified Electrode
4.4.5.1.Cyclic Voltammetry Characterization of poly [Cu(Reso)sCI]/PGE

The CV voltammogram of 10.0 mM [Fe(CN)s] ¥ in 0.1 M KCI using both modified and
bare electrode were measured. Current intensity and peak potential of the two

voltammogram of the two electrodes were compared to observe the effect of
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modification. As shown in Fig. 4.60(b), the anodic peak current of the modified electrode
was twofold than the bare electrode (Fig. 4.60(a)), and there is 150.3 mV peak potential
shift towards lower potential. The current enhancement and peak potential shift indicates
the effective modification of the surface of PGE electrode.

400 - —— Modified
| Bare

12 1.0 08 0.6 04 0.2 0.0 -0.2 -0.4 -0.6

E (V) vs Ag/AgCl
Fig. 4. 60: CVs of 10.0 mM [Fe(CN)g] ¥ in 0.1 M KCI using (a) bare PGE and (b) poly
[Cu(Reso)sCI]/PGE at 100 mVs™

The area of modified and unmodified electrodes were investigated by measuring CV
voltammogram of 10.0 mM [Fe(CN)g] ¥ in supporting electrolyte of 0.1 M KCI at
various scan rates (15-300 mV/s). The Randles-sevick equation (4.14) and slope values
were used to calculate the area. Voltammograms of unmodified (Fig. 4.61A) and

voltammograms (Fig. 4.61B) of modified electrodes with their own insets were plotted.
lpa = 2.69 X 10° X n¥2ADYAVY2C (4.14)

Where: ‘A’ is the effective surface area, ‘n’ is the number of electrons involved during
the redox reaction[Fe(CN)s]**(n = 1), ‘Ina> 1s the peak current, ‘D’ is the diffusion
coefficient of [Fe(CN)s]*™ (D = 7.6 x 10° cm?s™), ‘v’ is the scan rate, and ‘C,’ is the
concentration of [Fe(CN)e]¥* (10.0 mM). The calculated area of poly
[Cu(Res0)sCI]/PGE was 0.69 cm?® and the calculated area of unmodified electrode was

0.23 cm?. The calculated surface area of poly [Cu(Reso)sCI]/PGE shows roughly 3.0 fold
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of unmodified electrode. The modified electrode’s area enhancement, confirms effective

deposition of modifiers and enhancement of surface roughness [192].
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Fig. 4. 61: CVs of 10.0 mM [Fe(CN)s]* in 0.1 M KCI (A) bare PGE and (B) modified
by poly [Cu(Reso)s;CI]/PGE at different scan rates (15, 30, 60, 90, 120, 150, 180, 210,

240, 270, and 300 mVs™) Insets: Plot of current vs. square root of scan rate
4.4.5.2.Electrochemical Impedance Spectroscopy

The electrochemical impedance (EIS) was measured for both bare and modified electrode
in the frequency range of 0.1-1,000,000 Hz, at amplitude of 0.01 V, and potential at 0.23
V using 10.0 mM [Fe(CN)s]™®* in 0.1 M KCl as a probe. The resulting EIS for both bare
and modified electrodes were plotted using the Nyquist plot, as shown in PGE Fig. 4.62.
Charge transfer resistance of the poly [Cu(Reso0);CI]/PGE electrode shown in Fig. 4.62(b)
was reduced by threefold compared to the unmodified electrode in Fig. 4.62(a). This
means the conductivity of the modified electrode was increased due to modification. The
value of the heterogeneous electron transfer rate constant (K°) in the modified electrode
was greater than the K° of the unmodified electrode. The enhancement of the K° indicates
the effective modification of the electrode. Double-layer capacitance and K° were
calculated using equation (4.15) and equation (4.16), respectively. All the calculated
values are listed in Table 4.16.
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KO = RT
F2ACR¢t

Where: K°-heterogeneous electron transfer rate constant, Cy-double layer capacitance,
Re-charge transfer resistance, A-area, R-ideal gas constant, C-concentration, T-
temperature (298 K), F?-Faraday’s constant, and f-frequency corresponding to the

maximum imaginary impedance

Table 4. 16: Values of EIS parameters from the Nyquist plot

Electrode R(Qcm’) R(Qem?) K° (=) f (Hz)
PGE 410 2055 - 5.63x107 7.75x107 1000
poly 42.4 63.2 6.1x107 2519x10" 1000
[Cu(Reso0);CI)/PGE
Circuit fitting error %  2.07 4.2 8.5

200] . Mo b a

150

N
100 -
—&— bare
50 —k— Modified

0 100 200 ; 300 400 500
Fig. 4. 62: The Nyquist plot of 10.0 mM [Fe(CN)g] ¥ in supporting electrolyte of 0.1 M
KCI (a) using bare electrode and (b) modified electrode by poly [Cu(Reso);CI}/PGE in

the frequency range: 0.1-1,000,000 Hz, potential 0.23 V, and amplitude 0.01 V.
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4.4.5.3.UV-Vis, Digital optical Microscopy, and Contact Angle Characterization

The polymerized [Cu(Reso)sCI]/FTO was studied by using digital optical microscopy,
UV-Vis and drop shape analyzer using electropolymerized fluorine-doped tin oxide
(FTO) as a substrate. Using both bare FTO and polymerized FTO as a substrate, UV-Vis
bands and images of digital optical microscope images were taken and the resulting
bands and images are shown in Fig. 4.63A and Fig. 4.63(B and C), respectively. The new
absorption band at (376 nm) in the UV-Vis spectrum (Fig. 4.63A(b)) indicated by the
rectangle relative to the bare FTO Fig. 4.63A(a) confirm the deposition of poly
[Cu(Res0)sCl] on surface of FTO. In addition, the absorption band of the monomer in the
UV-Vis spectrum is shown in Fig. 4.55(D) was at 312 nm. But after polymerization, the
peak was shifted to 376 nm, which indicates the density of n-electrons was increased and

confirms polymerization.

Digital optical microscopy before and after deposition of the modifier at 5 mm distance
and 1800x magnification scale, were taken. As shown in Fig. 4.63B, due to modification
the surface of FTO was changed from smooth to rough (Fig. 4.63C). The change of
surface of FTO from smooth to rough due to deposition of [Cu(Reso0)sCl] using FTO as a
substrate approves the deposition of the polymer. Similar and related deposition of
[Cu(Reso)sCI]/PGE on the surface of PGE and roughness of the surface of the PGE was
expected [154].

The surface of FTO was changed due to surface coating from hydrophilic and wetting to
hydrophobic [217]. In this study, surface wettability of FTO before modification, before
washing by acid, and after washing the poly[Cu(Reso)sCI]/FTO electrode was assessed
using a contact Shape Analyzer. The result of the contact angle is shown in Fig. 4.63(D,
E, and F). As shown, the average contact angle value was increased from 26.4° to 106.3°
before washing by H,SO, and 26.4° to 71.4° after washing the modified FTO. The
average water contact angle of the modified FTO before washing is higher than after
washing due to the adsorbed monomers on the surface of the FTO. The change of value
of contact angel indicates change of the surface chemistry of FTO by
poly[Cu(Reso0)s;CI]/FTO due to its deposition.
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Fig. 4. 63: UV-Vis spectra of poly [Cu(Reso0);CI]/FTO on the surface of FTO (A) and
digital optical microscopy images at 5 mm distance and 1800x magnification scale (B
and C) and water contact angle (D, E, and F); (Aa, B, and D) are using bare FTO, (Ab, C,
E, and F) are using modified FTO, and (E) is before washing by H,SO,4

4.4.5.4.Electrochemical Properties of Nor and Caff

The current response of 100 uM Nor and 200 uM Caff in pH 7 PBS were studied using
poly [Cu(Reso0);CI]/PGE and bare PGE electrodes simultaneously using DPV at 50 mVs’
! As shown in the background corrected DPV voltammogram in Fig. 4.64, peak current
of the modified electrode was two-fold and more compared to peak current of the bare
PGE electrode. Current enhancement for both Nor (peak a) and Caff (peak b) confirms

the modified electrode enhanced in its electrochemical activity towards Nor and Caff.
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Fig. 4. 64: DPVs of background-corrected 100 uM Nor (peak a) and 200 uM Caff (peak
b) in 0.1 M PBS at pH 7 and at 50 mVs™ scan rates (i) bare PGE and (ii) poly
[Cu(Res0)sCI]/PGE.

4.4.6. Effects of Scan Rate on I, and E,, of Nor and Caff

The change in current and potential due to a change in scan rate was studied by
measuring the CV voltammograms of 100 uM Nor and 200 uM Caff in different scan
rates (30 to 270 mV/s™). As shown in the CV voltammograms of Fig. 4.65A, peak current
was raised due to a change in scan rate and peak potential was shifted for both Nor and
Caff, which confirms both Nor and Caff were undergoing irreversible oxidation. The
correlation coefficient for Nor (R?= 0.9901) and the correlation coefficient for Caff (R*=
0.9903), Fig. 4.65B is greater than the correlation coefficient of Nor (R* = 0.9516) and
the correlation coefficient of Caff (R? = 0.9661) shown in the plot of peak current vs.
square roots of scan rates in Fig. 4.65C. This confirms that the oxidation reaction of both

Nor and Caff in this method was undergoing an adsorptive-controlled reaction [218].
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Fig. 4. 65: CVs of BK subtracted 100 pM Nor and 200 puM Caff in pH 7.0 of 0.1 M PBS
(A) at different scan rates (30, 60, 90, 120, 150, 180, 210, 240, and 270 mVs™); (B) plot

of I,a vs scan rate; and (C) plot of I, vs square roots of scan rate
4.4.7. Effect of pH

Different pH values on current and potential of Nor and Caff were studied by measuring
the DPV of 100 pM Nor and 200 uM Caff in pH range from 4.5 to 7.0 of 0.1 M PBS. As
shown in Figs. 4.66A, 4.66(B(b)), and 4.66(C(ii)), the current of Nor and Caff at poly
[Cu(Reso)sCI]/PGE rise from pH 4.5 to pH 6.0. But after pH 6.0 it was dropped. As a
result, pH 6.0 was optimized. Presence of a potential shift towards the negative direction
in the pH range from 4.5-7.0 shown in Fig. 4.66A, confirms the involvement of protons
in the reaction. Fig. 4.66(B (a)) and Fig. 4.66(B (i)) show the plots of the Nor and Caff
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peak potential against pH value, respectively. The slope value of -0.11 V/pH for Nor is
closer to 0.0885, indicating the presence of 3-protons for every 2-electrons [61]. But in
the case of Caff, the slope value was -0.034 V/pH, which is closer to -0.0592, indicating a
1:1 protons-to-electrons ratio in the reaction.
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Fig. 4. 66: DPVs of 100 uM Nor and 200 uM Caff in 0.1 M PBS at different pH values (a
to f: 4.5,5.0, 5.5, 6.0, 6.5, and 7.0) (A), plot of I, vs. pH B (b) and Epa vs pH B (a) for
Nor, plot of Ip, vs pH C (ii) and Epa vs pH C (i) for Caff using poly [Cu(Reso)s;CI]/PGE at
a scan rate of 50 mvs™.

The reaction mechanism of Nor was proposed as shown in Scheme 4.7 based on the
calculation of the number of electrons using CV at a 90 mvs™ scan rate (Fig. 4.65A) and
the slope value in the plot of Ep, vs. pH (Fig. 4.66B) [219].
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’ OH

Scheme 4. 7: Proposed reaction mechanism of norfloxacin
4.4.8. Accumulation Time and Accumulation Potential

Deposition potential and time of AASSWYV of 100 uM Nor and 200 uM Caff in pH 6.0
PBS were optimized at default 4 mV, 25 mV, and 15 Hz step potential, amplitude, and
frequency, respectively. As shown in Fig. 4.67A, the time was varying from 2 to 25 sec.
at 0.0 mV deposition potential to optimize deposition time. As shown in Fig. 4.67A inset,
the peak current was attained at a common maximum for Nor (peak a) and Caff (peak b)
at 15 sec. Therefore, deposition time at 15 sec. was optimized. The potential was also
varying from 350 mV to 550 mV at 15 sec. to optimize deposition potential. As shown in
Fig. 4.67B and its inset, the peak current was increased from 350 mV to 450 mV for both
Nor (peak a) and Caff (peak b), and the increment was slowed down. Therefore, the
deposition potential at 450 mV was optimized for the next procedure, indicated by a

circle in the inset.
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Fig. 4. 67: AdSSWVs of 100 uM Nor (a) and 200 uM Caff (b) at various accumulation
times (2, 5, 10, 15, 20, and 25 sec.) and inset: plot of absolute value of current vs. time
(A) and AASSWVs of 100 uM Nor (a) and 200 uM Caff (b) at various accumulation
potentials (350, 400, 450, 500, and 550) Inset: Plot of absolute value of current vs.
accumulation potential (B) at 4 mVs™ step potentials, 25 mV amplitude, and 15 Hz

frequency using poly [Cu(Reso)s;CI]/PGE.
4.4.9. Square Wave Voltammeter Parameter Optimization

Determination of Nor and Caff simultaneously using poly [Cu(Reso)sCI]/PGE can be
affected by amplitude, frequency and step potential [199]. Each parameter was optimized
using 100 uM Nor and 200 uM Caff at the optimized pH value. The optimization was
carried out by varying one variable while maintain the other constant. Therefore, step
potential was varied from 2 mV to 12 mV, amplitude from 10 mV to 50 mV, and
frequency from 10 Hz to 45 Hz. For both Nor and Caff of all parameters, initially the
currents increased and at some point the linearity was lost shown in Figs. 4.68A, B, and
C, respectively. Based on lose in linearity, the step potential, amplitude, and frequency

were set at 6 mV, 35 mV, and 20 Hz, respectively.
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Fig. 4. 68: AdSSWVs of 100 uM Nor (peak a) and 200 uM Caff (peak b) at various step
potentials (2, 4, 6, 8, 10, and 12 mV) (A); at various amplitudes (10, 15, 20, 25, 30, 35,
40, 45, and 50 mV)(B); at various frequencies (10, 15, 20, 25, 30, 35, 40, and 45 Hz)(C)
with their inset: plot of absolute value of current vs. step potential, amplitude and
frequency; and AdSSWVs of 100 uM Nor (a) and 200 uM Caff (b) bare (i) and modified
(ii) (D) at 6 mVs™ step potentials, 35 mV amplitude, and 20 Hz frequency using poly
[Cu(Res0)sCI]/PGE.

4.4.10. ADSSWV Activity of Nor and Caff

The AASSWYV activity of 100 uM Nor and 200 uM Caff using poly [Cu(Reso);CI]/PGE
and a unmodified PGE electrodes in the selected parameters has been examined
simultaneously and plotted in Fig. 4.68(D). Current and potential of Nor using poly
[Cu(Res0)sCI]/PGE (ii) were 30.76 pA, and 1004 mV (Fig. 4.68D(peak a)), respectively.
But as shown in Fig. 4.68D(a), Current and potential of Nor using bare electrode (i) were
10.25 pA and1027 mV, respectively. Therefore, the developed method shows 3.0-fold
current enhancement and 23 mV peak potential shift towards lower peak potential. In the
case of Caff using poly [Cu(Reso0)s;CI]/PGE (Fig. 4.68D(ii)), the peak current was 37.3
MA and the peak potential was 1425 mV/(Fig. 4.68D(peak b)). But as shown in Fig.
4.68D(i), the peak current of bare electrode was 20.9 pA and peak potential was 1437

mV. Therefore, the developed method shows 2.0-fold current enhancement and 12 mV
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peak potential shift towards lower peak potential. This confirms the developed method

has electrocatalytic properties for both Nor and Caff.

4.4.11. Method Calibration

The developed AdSSWYV based on poly[Cu(Reso);CI]/PGE method was calibrated using
Nor and Caff standard solutions simultaneously in the range of 5.0 uM to 150 uM and
10.0 uM to 300 uM, respectively. As shown in Fig. 4.69A and Fig. 4.69B, the method
calibration is linear in the range of 5.0 uM to 150 uM for Nor (peak a) with the slope
value of -0.236. In the case of Caff, the linearity was in the range of 10.0 uM to 300 uM
(peak b) with the slope value of -0.098 [220].
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Fig. 4. 69: AdSSWVs of Nor in various concentrations, A(a) (5, 10, 20, 40, 50, 100, and
150 pM) and Caff A(b) (10, 20, 40, 80, 100, 200, and 300 pM) at poly
[Cu(Res0)sCI]/PGE (A) and a plot of current vs. concentration (B) at optimized

parameters.

4.4.12. Real Sample Analysis

Attempts of determination of Nor in the presence of Caff using UV-Vis spectroscopy
method simultaneously was conducted. As we can see in Fig. 4.70, the absorption band of
Caff Appear on the characteristic absorption band of Nor but not at point indicated by
circle and as the concentration of Caff was increased from (50-150 pM) ‘a’ to ‘d’ the

intensity of the peak was also increased but no clear peak separation between
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characteristic band of Nor and Caff. Absence of peak separation confirms simultaneous

determination of Nor and Caff was not possible using UV-Vis spectroscopy method.
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Fig. 4. 70: UV-Vis absorption band of Caff ‘a’ in the absence Nor and ‘c’ and ‘d’ in the
presence of 40 UM Nor, ‘b’ is band of Nor in the absence of Caff in PBS of pH 6.0

4.4.12.1. Tablet Samples from Two Brands

Nor tablet samples in the two brands were analyzed. The first brand was Nofxin in which
analysis was conducted in the presence of 100 uM Caff. 20.0 uM nominal tablet
concentration was spiked with 20 uM, 40 uM, and 60 pM Nor standard solution and
analyzed. The peak intensity of Nor was increased as its concentration increased. But the
peak intensity of Caff remained constant as the concentration of Nor was increased as
shown in Fig. 4.71. The resulting recovery was in the range of 100.3-103.0 as listed in
Table 4.17. This result shows, poly [Cu(Reso)sCI]/PGE AdSSWYV can be applied for the

determination of Nor in the presence of Caff effectively.

Table 4. 17: Recovery and pharmaceutical sample analysis results of Nor in Nofxin

samples in the presence of 100 uM Caff.

Added Caff. Found +S

20 0 - 19.78 +£ 0.08 -
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20 20 100 41.2 +£0.09 103.04
20 40 100 60.5+0.35 100.8

20 60 100 80.2 +£0.15 100.3
S = standard division
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Fig. 4. 71: Background-corrected AdSSWVs of Nofxin (a) spiked with Nor standard
solutions in the presence of 100 uM of Caff (b) (20.0 + 0.0 + 0.0, 20.0 + 20.0 + 100, 20.0

+ 40.0 + 100, and 20.0 + 60.0 + 100 uM) at poly [Cu(Reso)sCI]/PGE at the optimized
parameters

Similarly Nor analysis in Gyrablock brand analysis was conducted by spiking 20 puM
nominal concentration with 20 uM, 40 uM, and 60 uM standard solution of Nor in the
presence of 100 uM Caff, and analyzed using AdSSWV (Fig. 4.72). As shown in Table
4.18, the recovery results were in the ranges of 100.4-102.4 for the developed poly
[Cu(Res0)sCI]/PGE ADSSWV method in the presence of 100 uM Caff. The developed
poly [Cu(Reso)sCI]/PGE based AdSSWYV results confirms, the developed method can be

used for the determination of Nor in Gyrablock brand samples in the presence of Caff.
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Table 4. 18: Recovery results of Nor in Gyrablock brand samples in the presence of 100
UM Caff.

Un-spiked Added Nor Added Caff Found (uM) £ % Recovery
(UM) (UM) (LM) S

20 0 === 22.5+0.52

20 20 100 40.95+0.20 102.38

20 40 100 60.24 £ 0.10 100.4

20 60 100 80.8 £0.15 101.0
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Fig. 4. 72: Background-corrected AdSSWVs of Nor (a) and Caff (b) in Gyrablock tablet
spiked with different concentrations of Nor standards (20.0 + 0.0 + 0.0, 20.0 + 20.0 + 100

MM, 20.0 + 40.0 + 100 uM, and 20.0 + 60.0 + 100 uM) using poly [Cu(Res0)sCI]/PGE at
the optimized parameters

4.4.12.2. Urine Samples

As indicated in Fig. 4.72, human urine samples were spiked with (40-80 uM), (80-160
pMM), and (160-320 pM) of the (Nor-Caff) ratio, respectively, and AdSSWVs was
implemented. In the voltammogram shown in Fig. 4.72, the peaks of uric acid, Nor, and

Caff were appear, which confirms that the new approach can simultaneously analyze uric
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acid, Nor, and Caff without interfering. The non-spiked urine sample showed none
quantifiable characteristic peak of Caff. Uric acid Peak (a), and peak (b), the peak of
creatinine originating from the urine sample remained nearly constant, while peak (c), the
characteristic peak of Nor and peak (d), the characteristic peak of Caff increased with
their concentration. The percent recovery ranges from 95.5% to 100.4% for Nor and
98.5% to 100.9% for Caff as listed in Table 4.19, was obtained, which is in the accepted
range. This indicates the sample matrices have no effect on (Nor and Caff), and (Nor and
Caff) themselves have no effect on uric acid. Consequently, the developed method can be
used for identification and quantification of Nor and Caff simultaneously in a urine

samples.

Table 4. 19: Recovery results of Nor and Caff in urine samples

Non-spiked Added Added Found Found % Recov. % Recov.
(LM) Nor (uM) Caff Nor (uM) Caff (uM) Nor Caff
(LM) +S S
None
None 40 80 38.2+0.24 80.7x0.05 955 100.9
None 80 160 79605 157.6 + 995 98.5
0.04

None 160 320 160.6 + 321.0 + 100.4 100.3

0.43 0.08

None = none quantifiable, S = standard division, and Recov. = Recovery
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Fig. 4. 73: Background-corrected AdSSWVs of urine sample and spiked with Nor and
Caff standards solutions (non-spiked, (40-80), (80-160), and (160-320) uM),
respectively using poly [Cu(Reso)sCI]/PGE at the optimized parameters.

4.4.13. Selectivity Study

The selectivity of the proposed method has been evaluated in the presence of paracetamol
and uric acid [203]. Different concentration of paracetamol and uric acid were added to
study the effect in the analysis of Nor and Caff simultaneously using poly
[Cu(Reso)sCI]/PGE based AASSWYV. The peaks of paracetamol, uric acid, Nor, and Caff
were appear separately as shown in Fig. 4.74A(a, b & ¢) and Fig. 4.74B(a, b & c). As
shown, peaks of paracetamol has no peak signal at the characteristic peaks of (Nor and
Caff) in Fig. 4.74A, and peaks of uric acid has no signal at the characteristic peak of (Nor
and Caff), as shown in Fig. 4.74B. The characteristic peak of (Nor and Caff) not changed
with concentration of paracetamol (Fig. 4.74A) and uric acid (Fig. 4.74B). This shows
that the presence of paracetamol or uric acid does not interfere in the determination of

Nor and Caff simultaneously.
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Fig. 4. 74: Background-corrected AdSSWVs of 50 uM Nor (peak b) and 100 uM Caff
(peak c) in different concentration of paracetamol (Aa) and uric acid (Ba) (20 + (0.0 +
0.0), 40 + (50 + 100), 60 + (50 + 100), and 80 + (50 + 100) uM) at the optimized

parameters
4.4.14. Method Repeatability and Reproducibility

AdSSWVs of 100 uM Nor and 200 uM Caff were measured five times using a single
poly [Cu(Reso)sCI]/PGE repeatedly, and similarly for reproducibility, same solution were
measured five times using different poly [Cu(Reso);CI]/PGE electrode [221]. The plot is
shown in Fig. 4.75A for repeatability and Fig. 4.75B for reproducibility. The standard
deviation and relative standard deviation of repeatability were 0.443 and 0.8%,
respectively whereas the standard deviation and relative standard deviation of
repeatability were 1.28 and 2.4%, respectively. Based on the results the method is

repeatable and reproducible.
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Fig. 4. 75: AdSSWYV of reputability (A) and reproducibility (B) of 100 uM Nor (a) and

200 uM Caff (b) using poly [Cu(Res0)sCI]/PGE at the optimized parameters

4.4.15. Comparison with Literature Values

Based on electrode types, LoD, and dynamic range, of this work were compared with
some previous works. As we can see in Table 4.20, in this work the dynamic range is
relatively wider for both Nor and Caff and a lower LoD for Caff. The LoD of Nor was
higher than the reported value. In this work, the developed method was used for the
simultaneous determination of Nor and Caff, but previous works did not used for the
simultaneous determination of Nor and Caff. PGE electrode was used in this work, which
was easily available and cheap compared to other reported electrodes used for the
determination of Nor and Caff. Therefore, this method can be a good alternative method

for the determination of Nor and Caff in pharmaceuticals and in urine samples.
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Table 4. 20: Comparison of different literature values with this work for the

determination of Nor and Caff

Electro Technique  Modified Dynamic Nor Caff Reference

de used electrode range (uM) LoD (uM) LoD (uM)

CPE SWV PGM/CPE 100-900 - 45 [21]

GCE DPV Lt/fIMWCNT/GCE 10-110 --—--- 3.54 [222]

GCE DPV Lignin/GCE 6-100 - 0.84 [223]

GCE SWv LIG/GCE 500-5000  ------ 60 [224]

GCE DPV MWCNTs- 0.5-8.0 T — [225]
TOCT/GCE

BPPGS SWV EPPGS 0.5-50 028 - [226]

BDD SWAdSV APT/BDD 0.157-12.5 004 - [227]

PGE AdSSWV  [Cu(Reso)sCl]/ 5-150 Nor  1.26 3.05 This work
PGE 10-300 Caff
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5. CHAPTER FIVE: CONCLUSION AND RECOMMENDATION

5.1. Conclusion
In this work, 0.7 mm HB pencil graphite electrode has been modified and produced poly

[Mn(Chr)3]CIL/PGE, poly [Cu(Chr),CI]CI/PGE, and poly[Cu(Reso0)s;CI]/PGE working
electrodes. These developed working electrode were characterized and showed current
enhancement, reduced charge transfer resistance, enhanced effective surface area, and

3 as a probe. The

reduced peak potential relative to the bare electrode using [Fe(CN)g]
electrochemical techniques were optimized to be SWV and AdSSWYV. The developed
and optimized techniques were applied for the determination of fluoroquinolones in
different brands of pharmaceuticals, in milk samples, in urine samples, and in the
presence of different potential interferences. The performance of poly
(IMn(Chr)3]Cl,)/PGE-based SWV and poly[Cu(Chr),CI]CI/PGE-based AdS-SWV were
compared with UV-Vis spectrophotometric methods and the new developed
electrochemical methods were highly selective and sensitive than UV-Vis
spectrophotometric method. The percent recoveries in pharmaceuticals ranged from 84.5
to 114.3%, in urine samples 92.8 to 114.9%, and in milk samples 81.80% to 91.13%.
The values of dynamic range, LoD, and sensitivity of the developed method for Cpro
were in 1-200 uM, 0.54, and 0.16, respectively. Dynamic range, LoD, and sensitivity for
Nor were in 1-100 uM, 0.09, and 0.5, respectively and for Caff were in 10-300 uM, 3.05,
and 0.09, respectively. These developed methods can be used to determine the
pharmaceutical samples in fluoroquinolones classes and other pharmaceuticals in

different sample matrices.
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5.2. Recommendations
The prepared electrochemical sensors in this work are highly sensitive and selective to

analyte relative to UV-Vis spectrophotometry. We recommend that, any interested
scholars and laboratory experts in the area can apply the developed methodologies for
quality control, in clinical diagnosis, and for fieldwork analysis mainly in the presence of
scarcity of glassy carbon electrode. It is better to investigate the morphology of the
surface of the modified electrode, and distribution patterns of the surface deposited
materials after modification by using Scanning Electron Microscopy (SEM), XRD,
Transmission Electron Microscopy (TEM), and XPS, in order to obtain full information

of the developed sensors.
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