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Abstract

In first section, we study synthesis of nanoparticle and nanocomposite NiO based compound at a
carbon nanotubes as a substrate. Synthesis nanoparticle and nanocomposite were characterized
using different methods such as XRD, TEM, SEM and EDAX. Results shows good synthesize of
nanoparticle and nanocomposite in low size. Finally we used the NiO/CNTs nanocomposite at a
carbon paste electrode in the presence of ionic liquids as a sensor for determination of Morphine,
Diclofenac and NADH.

Result shows that in the presence of nanostructure current density can be improved for drug
analysis. Different thermodynamic and kinetic parameter was determined for drug at a surface of
modified electrode.

In secondary section, we report our findings on relative energies, geometric properties and the
intramolecular hydrogen bond strength of 48 possible conformers of Droxidopa (DD) by means
of the quantum chemistry method (DFT). These were carried out at the B3LYP/6-311++G "
level of theory in all conformers of Droxidopa. Harmonic vibrational frequencies were estimated
at the same level to account the zero point vibrational energy (ZPVE) correction. Hydrogen bond
energies for all conformers of Droxidopa were obtained from the Espinosa method. Solvent
effects are estimated by the polarizable continuum model (PCM) at the B3LYP/6-311++G**
level of theory. The ‘‘atoms in molecules’’ theory of Bader was used to analyze critical points
and to study the nature of hydrogen bond in these molecules. Also Natural bond orbital (NBO)
analysis was also performed for better understanding the nature of intramolecular interactions.
Natural Bond Orbital analysis data, the electron density and laplacian properties as well as v
(O...H) and y (O...H) have been used to evaluate the hydrogen bonding interactions. The
calculated highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) with frontier orbital gap are presented. In Continue were examined to the adsorption of

nickel oxide on functionalized carbon nanotubes (5,5).

Keywords: NiO nanoparticle, NiIO/CNT nanocomposite, DFT method, Morphine, Diclofenac,

Deroxidopa
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Chapter One

Introduction



1.1. First study

The science of nanomaterials has created great excitement and expectation in the recent years at
the nano-scale fundamental properties changes [1-3]. Oxide nano-materials were used as
catalysts in the preparation of electrochemical sensor [4—7] and starting materials for preparing
advanced structural ceramics [8]. On the other hand, nanocomposite of a variety of shapes, sizes

and compositions is changing nowadays the bioanalytical measurement.

Morphine (Fig. 1A) is the mainly abundant alkaloid found in opium. In clinical medicine,
morphine is regarded as the gold standard or benchmark of analgesics used to relieve severe or
agonizing pain and suffering [9]. On the other hand, morphine is on the banned list for athletic
doping. An advantage of using morphine would be to reduce pain during an intense athletic
event-pain that could reduce performance. Studies show that if an athlete is given morphine
during training (which is legal), then abstains long enough for the morphine to clear the system,
and then takes a saline injection (placebo) on the day of competition, the athlete experiences
reduced pain [10]. So, a fast and sensitive method for sensitive and selective determination of
morphine in pharmaceutical and biological sample is very important. The determination of
morphine has been carried out with various detection techniques such as high performance liquid
chromatography [11,12], UV-Vis spectroscopy [13], gas chromatography—mass spectroscopy
[14,15], fluorimetry [16-19], chemiluminescence [20-22], surface plasma resonance (SPR) [23],
and electrochemical methods [24-31].

Diclofenac (Fig. 1B) is a synthetic nonsteroidal anti-inflammatory drug (NSAID), has been
proven as a safe and efficacious drug in the treatment of a variety of inflammatory and
rheumatoid disorders [32]. Diclofenac is well absorbed after oral administration with extensive
hepatic metabolism. This compound exhibits a terminal half-life of 1-2 h, volume of distribution
of 0.17 1/kg, 99% protein binding and enters the synovial fluid [33]. The determination of small
amounts of Diclofenac in pharmaceutical preparations is very important for medical and
pharmaceutical needs where it is used for the treatment of various diseases. Therefore it is vital
to develop a simple, fast, selective and cost-effective method of determining the trace amounts of

diclofenac in different pharmaceutical formulations.



Diclofenac as a NSAID has been shown to decrease morphine consumption after operation in
adults. The addition of regular doses of Diclofenac may reduce the need for morphine after
abdominal surgery [34]. Therefore, the design of a simple, fast and inexpensive method for
determination of these compounds in biological and pharmaceutical samples seems essential.

Room temperature ionic liquids (RTILs) are beginning to be used as new kind of binder to make
an ionic liquid modified electrode. Because RTILs have many specific electrochemical
properties such as wide electrochemical window, high ionic conductivity and good solubility
[35-37], they have been recognized as a useful non-aqueous media for various electrochemical
processes [38-41].

To the best of our knowledge, only one study has been reported on the voltammetric
determination of morphine in the presence of diclofenac using modified electrodes [29], which is
the focus of the present study.Compared with previous report for determination of diclofenac
using vinylferrocene/multiwall carbon nanotube paste electrodes [29]; the modified electrode has
not any mediator in electrode matrix and simple prepared. Also, the propose sensor has the
comparable dynamic range, limit of detection and sensitivity for morphine and diclofenac
analysis. In continuation of our studies on the preparation of chemically modified electrodes [42—
46], a novel ionic liquid modified NiO/CNTs carbon paste electrode for the voltammetric
determination of morphine was investigated using square wave voltammetry. We have also
evaluated the analytical performance of the modified electrode for quantification of morphine in

the presence of diclofenac in some real samples.
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Figure 1-1The structure of (A) morphine; and (B) diclofenac



1.2. Second study

NADH is an important coenzyme produced in vivo during dehydrogenase based enzymatic
reactions and it has a number of essential roles in biological systems [1]. It acts as a coenzyme in
redox reactions, as a donor of Adenosine diphosphate (ADP)-ribose moieties in ADP-
ribosylation reactions, as a precursor of the second messenger molecule cyclic ADP-ribose, as
well as acting as a substrate for bacterial DNA ligases and a group of enzymes called sirtuins that
use NAD + to remove acetyl groups from proteins. In addition to these metabolic functions,
NAD + emerges as an adenine nucleotide that can be released from cells spontaneously and by
regulated mechanisms [2] and can so have important extracellular roles [3]. The electrochemical
oxidation of NADH has attracted considerable attention due to its importance both as a cofactor
for dehydrogenase enzymes and its role in the electron-transfer chain in biological system and
also due to the need to expand voltammetric biosensors for substrates of NAD + -dependent
dehydrogenases [4]. According to the above points, it is very important to create suitable
conditions for the analysis of NADH in pharmaceutical and biological samples. Many modified

electrodes have been so far reported for its determination [4,5,1,6,7].

Room temperature ionic liquids exhibit unusual and promising properties for electrochemical
applications, such as ionic conductivity and non-volatility [8-13]. Furthermore, due to their
considerably high ionic conductivity, broad electrochemical window and fast ion mobility [11—
13], ionic liquids have also been utilized as electrolyte, binder and solvents in the
electrochemical preparations of modified electrodes [14-17]. Room temperature ionic liquids-
based electrochemical sensors have also been extensively reported for direct electron transfer of
different types of compounds such as ascorbic acid, Sudan I, morphine, epinephrine,
methyldopa, norepinephrine and benserazide [18-24]. Results suggested that the use of ILs could
increase the sensitivity of response and facilitate efficient direct electron transfer of various

electro-active compounds [25-28].

Nanostructured materials such as carbon nanotubes, nanoparticles and nanocomposite have also
been incorporated into electrochemical sensors for biological and pharmaceutical analyses over
the last decade [29-34]. In between, NiO nanoparticles are an important multifunctional material
with applications such as gas sensors and catalysts. The various applications of NiO are due to

the specific chemical, surface and microstructural properties of this material [35].



A review of literature showed that there are a few studies reported on the voltammetric
determination of NADH using modified ionic liquid electrodes [4,36—-38], which is the focus of
the present study. However there is no report available on the voltammetric determination of
NADH using NiO nanoparticle modified electrode. Further in the present study no mediator for
NADH analysis has been used and it has the best dynamic range, limit of detection and
sensitivity for its analysis. In this study, we describe the synthesis and application of NiO/NP as
a novel nanosensor and 1-methyl-3-butylimidazolium bromide as a suitable binder in a carbon
paste matrix for the voltammetric determination of NADH. We also evaluate the analytical
performance of the modified electrode for the voltammetric determination of NADH in real

samples such as water, urine and serum.

1.3. Third study

Noradrenaline (NE) is a neurotransmitter belonging to a catecholamine type hormone [1] that is
manufactured as a drug. Also called norepinephrine, especially by those in the medical field, this
hormone acts on the parts of the brain involved with responsiveness and fear. This
neurotransmitter is released into the blood from the adrenal medulla and from nerves called
adrenergic nerves [2]. Also, NE is a drug belonging to the stimulants that are on the World Anti-
Doping Agency’s 2005 Prohibited List. It is also critical in mental disease, heart failure; DNA
breaks in cardiac myoblast cells, and diabetes. Recent reports have indicated that NE enhances
adhesion of human immunodeficiency virus-1 (HIV-1)-infected leukocytes to cardiac micro-
vascular endothelial cells and also accelerates HIV replication via protein kinase [3]. Therefore,
the guantitative determination of NE concentration in different human fluids, such as plasma and
urine, is important for developing nerve physiology, pharmacological research and life sciences.
Numerous electrochemical methods have been developed to determine NE due to its
electroactive nature [4-9]. Electroanalytical methods have attracted more attention in recent
years for environmental and biological compounds determination due to their sensitivity,
accuracy, lower cost, and simplicity [10-16]. In recent years, nanostructured materials such as
nanocomposites have also been incorporated into electrochemical sensors for biological and
pharmaceutical analyses [17-21]. While they have many properties similar to other types of

materials, they offer unique advantages including enhanced electron transfer, large edge



plane/basal plane ratios and rapid kinetics of the electrode processes [22—25]. Nanocomposites of
a variety of shapes, sizes and compositions are changing modern bioanalytical measurement [26—
28].

Recently, room temperature ionic liquid (RTIL) has been used as a new agent for binding to
chemically modified electrodes [29-31]. RTIL is composed entirely of ions and exists as a liquid
at room temperature with the characteristics of negligible vapor pressure and good solubility and
chemical stability. As a new green medium, RTIL has many unique electrochemical properties,

such as higher ionic conductivity and wider electrochemical windows [32—-38].

In this study, we describe synthesis and application of novel ZnO/CNTs nanocomposite modified
carbon ionic liquid paste electrode, which utilizes 1,3-dipropylimidazolium bromide as a binder.
The electrochemical behavior of NE at a CPE, an ionic liquid modified carbon paste electrode
(IL/CPE), a ZnO/CNT carbon paste electrode (ZnO/CNT/CPE) and a ZnO/CNT/IL/CPE was
investigated. The results showed the superiority of ZnO/CNT/IL/CPE to the other electrodes in
terms of both provision of better reversibility and higher sensitivity. Finally, ZnO/CNT/IL/CPE
was successfully applied for the determination of NE in real samples.

1.4. Forth study

Compared to conventional electrodes, chemically modified electrodes (CMEs) offer unique well
recognized advantages, especially in situations where the target analyte requires high
overpotential, i.e. electrocatalysis, and also electroanalysis [1-4]. This characteristic of
chemically modified electrodes arises from the advantageous combination of conventional
electrochemical techniques with the chemical, structural and other specific properties of the
modifying layer(s) [5-8].

A new room temperature ionic liquid has been used as a new kind of modifier for a chemically
modified electrode [9-12]. This room temperature ionic liquid is composed entirely of ions and
exists as a liquid at room temperature with the characteristics of negligible vapor pressure and

good solubility and chemical stability. As a new green media, the room temperature ionic liquid



has many unique optical and electrochemical properties, such as higher ionic conductivity and

wider electrochemical windows [13-18].

Ascorbic acid (AA), also known as vitamin C, is found in numerous natural sources. Its
determination has received great attention in analytical chemistry due to the wide use in soft
drinks and drugs [19]. It is also important clinically to determine its concentration in blood, urine
[20] and tissues. Its quantification in foods and beverages has received increasing importance
[21-23].

For the determination of ascorbic acid, several analytical methods have been proposed such as
chromatography [24, 25], spectrophotometry [26, 27], mass spectrometry [28], flow injection
[29, 30], chemiluminescence and electrochemical methods [31, 32] have been proposed for its
determination in different matrices and at different levels. In this study, we describe the synthesis
and application of a novel ZnO/NPs modified carbon ionic liquid paste electrode, which utilizes

1, 3- dipropylimidazolium bromide as a binder.

The electrochemical behavior of AA at ZnO/NPs modified carbon ionic liquid electrode
(ZnO/NPs/IL/CPE), at carbon paste electrode modified with ionic liquid (CP/ILE), at ZnO/NPs
paste electrode (ZnO/NPs/CPE), and at carbon paste electrode (CPE) was investigated. The
results showed the superiority of ZnO/NPs/IL/CPE to the other electrodes in terms of better
reversibility and higher sensitivity. The proposed method is selective and sensitive enough for
the determination of AA in real samples such as fruit juices, vegetables and tablet samples with
good reproducibility.

1.5. Fifth study

Nalbuphine is a semi-synthetic opioid used commercially as an analgesic under a variety of trade
names, including Nubain. Nalbuphine is a semi- synthetic opioid agonist-antagonist analgesic of
the phenanthrene series [1]. It is chemically related to the widely used opioid antagonists,
naloxone and naltrexone, and the potent opioid analgesic, oxymorphone. It is available in two
concentrations, 10 mg and 20 mg of nalbuphine hydrochloride per mL. Both strengths contain
0.94% sodium citrate hydrous, 1.26% citric acid anhydrous, 0.1% sodium metabisulfite, and



0.2% of a 9:1 mixture of methylparaben and propylparaben as preservatives; pH is adjusted, if
necessary, with hydrochloric acid. The 10 mg/mL strength contains 0.1% sodium chloride. So,

determination of NB is very important in pharmaceutical and biological samples [2].

Nanoscience represent new and enabling platforms that promise to provide a broad range of
novel uses and improved technologies for environmental, biological and other scientific
applications [3]. One of the reasons behind the intense interest is that nanotechnology permits the
controlled synthesis of materials where at least one dimension of the structure is less than 100
nm. Recently, nanostructured materials have also been incorporated into electrochemical sensors
for biological and pharmaceutical analyses [4—6]. While they have many properties similar to
other types of carbon, they offer unique advantages including enhanced electron transfer, large
edge plane/basal plane ratios and rapid Kinetics of the electrode processes. In between, NiO/NPs
are an important multifunctional material with applications such as varistors, gas sensors, SAW
devices, transparent electrodes and catalysts. The various applications of NiO/NPs are due to the

specific chemical, surface and microstructural properties of this material [7-9].

In continuation of our studies on chemically modified electrodes [10-17], we describe the
synthesis and application of NiO/NPS as a novel nanosensor in a carbon paste matrix for the
voltammetric determination of NB. We also evaluate the analytical performance of the modified
electrode for the voltammetric determination of NB in real samples such as drug, urine and

serum.

1.6. Sixth study

The importance of hydrogen bond cannot be overstated. It is strong enough to influence the
arrangement of molecules in crystals and even the geometry of molecules participating in these
interactions [1-8] They influence the physicochemical properties [9-13] and play relevant roles
in important aspects of biological activity mechanisms like selective binding, molecular
recognition and in specific activities (e.g., anti-tumor activity) [14,15]. The presence of a solvent
affects molecular properties such as bond length, electron population on atoms, energy level
separations, [16,17] relative stabilities of different conformers of a molecule or different isomers,
[18,19] polarizabilities, dipole moments, NMR and ESR parameters. [20,21]



Its influence on important aspects of the mechanisms of biological activities, such as molecular
recognition [22] or interactions with the receptor [23] and the fact that biological activities occur
in some medium within living organisms [24] provide strong motivation for the study of the
solvent effects on the characteristics of biologically active molecules. The current study
investigates the influence of the presence of a medium (solvent) on the characteristics of the
intramolecular hydrogen bond (IHB) typical of Droxidopa (figure 2). The study in solution aims
at verifying whether and to what extent those patterns remain valid, or new patterns emerge,

under different types of solute—solvent interactions.

Figure 1-2The geometry of Droxidopa and the numbering of the atoms

Droxidopa is an international nonproprietary name (INN) for a synthetic amino acid precursor of
norepinephrine, whose systematic (IUPAC) name is (2R,3S)- 2-amino-3-(3,4-dihydroxyphenyl)-
3-hydroxypropanoic acid (L-DOPS). Droxidopa is a psychoactive drug and a synthetic amino
acid precursor that acts as a prodrugto the neurotransmitters norepinephrine (noradrenaline) and
epinephrine (adrenaline). 25 Unlike norepinephrine and epinephrine themselves, L-DOPS is

capable of crossing the protective blood—brain barrier (BBB) [25].

Data from clinical studies and post-marketing surveillance programs conducted in Japan show

that the most commonly reported adverse drug reactions with Droxidopa are increased blood



pressure, nausea, and headache. In clinical studies to date, data suggest that Droxidopa is well

tolerated and effective as a norepinephrine precursor [26].

Five solvents exerting different types of interactions with the solute molecules are selected:
water and ethanol (which are capable of forming intermolecular H-bonds with the solute, with
both donor and acceptor roles, and also among themselves), tetrahydrofuran and dimethyl
sulfoxide (which can only form intermolecular H-bonds with the solute, with acceptor role), and

carbon tetrachloride (which cannot form H-bonds).

Their different dielectric constants (78.4 for water, 46.7 for dimethyl sulfoxide, 24.6 for ethanol,
7.6 for tetrahydrofuran, 2.3 for carbon tetrachloride) enable informative comparisons from the
results of continuum model (PCM 27,28 ) calculations. Their different polarities adequately
cover the polarity range of possible environments in which Droxidopa molecules maybe
preferably present within a living organism, according to preference of individual compounds for

more or less polar solvents.



Chapter Two

Experimental



2.1. Experimental of first study

All chemicals used were analytic reagent grade purchased from Merck (Darmstadt, Germany)
unless otherwise stated. Doubly distilled water was used throughout. Morphine sulfate and
diclofenac were from Sigma. Other reagents were used without further purification.

A 1.0 x 10 —2 M morphine solution was preparing daily by dissolving 0.19 g morphine sulfate in
water and the solution was diluted to 25 mL with water in a 25-mL volumetric flask. The
solution was kept in refrigerator at 4 °C in dark. More dilute solutions were prepared by serial
dilution with water.

A1.0 x 10 =3 M Diclofenac solution was prepared daily by dissolving 0.032 g Diclofenac in
water and the solution was diluted to100 mL with water in a 100 mL volumetric flask. The
solution was kept in a refrigerator at 4 °C and in dark. More dilute solutions were prepared by
serial dilution with water.

Phosphate buffer solutions (sodium dihydrogen phosphate and disodium monohydrogen
phosphate plus sodium hydroxide, 0.1 mol L —1 ), PBS, with different pH were used.

Spectrally pure graphite powder (particle size bSO um), and high viscous paraffin oil (density =
0.88 kg L —1) from Merck were used as the substrate for the preparation of the working
electrodes.

2.1.1. Apparatus for first study

Cyclic voltammetry, chronoamperometry, square wave voltammetry, and impedance
spectroscopy were performed in an analytical system, Autolab PGSTAT 302 N,
potentiostat/galvanostat connected to a three electrode cell, Metronm Model 663 VA stand,
linked with a computer (Pentium 1V, 1200 MHz) and run with GPES and FRA 4.9 software. For
impedance measurements, a frequency range of 100 kHz to 1.0 Hz was
employed.TheACvoltageamplitudeusedwas5 mV, and the equilibrium time was 5 min. A
conventional three-electrode cell assembly consisting of a platinum wire as an auxiliary electrode
and an (Ag/AgCI/KCI sat) electrode as a reference electrode was used. The working electrode
was either an unmodified carbon paste electrode (CPE), NiO/CNTs carbon paste electrode
(NiO/CNT/CPE), or IL/CPE an IL/NiO/CNTCPE.



2.1.2. Preparation of the modified electrode for first study

IL/NiO/CNTCPE was prepared by mixing of 0.25 g of [MBIDZ]CI, 0.70 g of the liquid paraffin,
0.35 g of NiO/CNTs, and 0.70 g of graphite powder. Then the mixture was mixed well for 50
min until a uniformly wetted paste was obtained. A portion of the paste was filled firmly into one
glass tube as described above to prepare IL/NIO/CNTCPE. Electrical contact was made by
pushing a copper wire down the glass tube into the back of the mixture. When necessary, a new
surface was obtained by pushing an excess of the paste out of the tube and polishing it on a

weighing paper.

2.1.3. Preparation of real samples for first study

Urine samples were stored in a refrigerator at 4 °C immediately after collection. Ten milliliters of
each sample was centrifuged for 15 min at 2500 rpm. The supernatant was filtered using a 0.45
um filter and then diluted five times with PBS (pH 7.0). The solution was transferred into the
voltammetric cell to be analyzed without any further pretreatment. Standard addition method was
used for the determination of morphine in real samples. For pharmaceutical analyses, 0.10 mL of
commercial injection solution (APP Pharmaceuticals, LLC Schaumburg), contained 0.5 mg mL™

of morphine was mixed with 10 mL of 0.1 mol L —1 phosphate buffer (pH 7.0) before analysis.

2.2. Chemicals for second study

All chemicals used were of analytical reagent grade purchased from Merck (Darmstadt,
Germany) unless otherwise stated. Double distilled water was used throughout for all
experiments. Phosphate buffer (sodium dihydrogen phosphate and disodium monohydrogen
phosphate plus sodium hydroxide, 0.1 mol L —1) solutions (PBS) with different pH values were
used. High viscosity paraffin (d = 0.88 kg L —1) and pure graphite powder (particle size < 50

pm) from Merck was used for the preparation of the carbon paste electrodes.

2.2.1. Apparatus for second study

Cyclic voltammetry, electrochemical impedance spectroscopy, and square wave voltammetry

were performed in an analytical system, Autolab with PGSTAT 302N (Eco Chemie, the



Netherlands). The system was run on a PC using GPES and FRA 4.9 software. For impedance
measurements, a frequency range of 100 kHz to 0.1 Hz was employed. The AC voltage
amplitude used was 5 mV, and the equilibrium time was 15 min. A conventional three-electrode
cell assembly consisting of a platinum wire as an auxiliary electrode and an Ag/AgCI/KCI sat
electrode as a reference electrode was used. The working electrode was either an
IL/NiO/NPs/CPE. X-ray powder diffraction studies were carried out using a STOE
diffractometer with Cu—Ka radiation (1=1.54 ° A).

2.2.2. Synthesis of NiO/NPs for second study

0.6 M aqueous solution of nickel nitrate Ni (NO 3 ) 2 and a 0.4 M aqueous solution of sodium
hydroxide (NaOH) were prepared in distilled water. The beaker containing NaOH solution was
heated at the temperature of about 60 ¢ C and Ni (NO 3 ) 2 solutions were added drop wise
(slowly for 2.0 h) to the above heated solution under high-speed stirring. The beaker was sealed
at this condition for 2 h. The precipitated Ni (OH) 2 were cleaned with deionized water and
ethanol then calcined at 350 “C for 2.0 h for synthesis of NiO/NPs.

2.2.3. Preparation of the modified electrode for second study

IL/NiO/NPs/CPE was prepared by mixing 0.2 g of 1-methyl-3- butylimidazolium bromide, 0.7 g
of liquid paraffin, 0.2 g of NiO/NPs and 0.9 g of graphite powder. Then the mixture was mixed
well for 45 min until a uniformly wetted paste was obtained. A portion of the paste was filled
firmly into a glass tube (geometrical area; 0.09 cm 2 ) as described above to prepare
IL/NiO/NPs/CPE. Whenever required, a new surface was obtained by pushing an excess of the

paste out of the tube and polishing it on a weighing paper.

2.2.4. Preparation of real samples for second study

Urine samples were stored in a refrigerator immediately after collection. Ten milliliters of the
sample was centrifuged for 45 min at 2000 rpm. The supernatant was filtered using a 0.45 pm
filter and then diluted 5 times with the phosphate buffer, pH 7.0. The solution was transferred

into the voltammetric cell to be analyzed without any further pretreatment. The standard addition



method was used for NADH determination in real samples. Also, water and serum samples were

directly subjected to the voltammetric measurement after filtering using a 0.45 um filter.

2.3. Chemicals for third study

All chemicals used were of analytical reagent grade purchased from Merck (Darmstadt,
Germany) unless otherwise stated. Doubly distilled water was used throughout. Phosphate
buffered salines (PBS; sodium dihydrogen phosphate and disodium monohydrogen phosphate
plus sodium hydroxide, 0.1 mol L") at different pH values were used. High viscosity paraffin (d
= 0.88 kg L —1) from Merck was used as the pasting liquid for the preparation of the carbon

paste electrodes.

2.3.1. Apparatus for third study

Cyclic voltammetry, chronoamperometry, and square wave voltammetry were performed using a
-Autolab with PGSTAT (Eco Chemie, the Netherlands). The system was run on a PC using
NOVA software. A conventional three-electrode cell assembly consisting of a platinum wire as
an auxiliary electrode and an Ag/AgCI/KCI sat electrode as a reference electrode was used. The
working electrode was a CPE, ZnO/CNTs/IL/CPE, ZnO/CNTs/CPE or IL/CPE. X-ray powder
diffraction studies were carried out using a STOE diffractometer with Cu-Ka radiation (k =
1.54°A). Samples for transmission electron microscopy (TEM) analysis were prepared by

evaporating a hexane solution of dispersed particles on amorphous carbon coated copper grids.

2.3.2. Synthesis of ZnO/CNTs for third study

The commercial multi-walled carbon nanotubes with tube diameters of about 10-20 nm were
used. The preparation of ZnO/CNTs catalysts includes three steps. First, the chemical pre-
treatment of carbon nanotubes is required. A definite amount of carbon nanotubes was
introduced into 40 cm 3 of nitric acid and sulfuric acid (3:1 in volume) solution, then 10 cm 3 of
ethanol was dropped into the solution slowly, and the solution was agitated in a shaker at 70 ° C
and 150 rpm for 24 h. In the second step, certain amounts of purified CNTs (6 g) were dispersed
into distilled water solution of NaOH (0.5 M; 100 ml) by ultrasonication for 15 min. The third

step is the supporting of zinc oxide on carbon nanotubes by a direct deposition process. 7.4 g



ZnO(NO 3),-2H,0 was dissolved in 100 cm?® distilled water. In the constant magnetic stirring, the
solution of ZnO(NO 3),-2H,0 was added drop wise to the solution of CNTs at 50 ° C through a
dropping funnel. The rate of addition of the salt solution was kept approximately at 20 ml/h.
After completion of the precipitation procedure, the mixture was stirred at room temperature for
12 h, washed and filtered continually in distilled water (pH 7.5), and dried at 120 ¢ C. The solid

samples were then calcined at 200 ° C for 1 h.

2.3.3. Preparation of the sensor for third study

ZnO/CNTs/CPE was prepared by hand-mixing of 0.80 g of graphite powder and 0.20 g
ZnO/CNT plus paraffin at a ratio of 70:30 (w/w) and mixed well for 40 min until a uniformly
wetted paste was obtained. The paste was then packed into a glass tube. Electrical contact was
made by pushing a copper wire down the glass tube into the back of the mixture. When
necessary, a new surface was obtained by pushing an excess of the paste out of the tube and
polishing it on a weighing paper. ZnO/CNTs/IL/CPE was prepared by mixing of 0.3 g of 11, 3-
dipropylimidazolium bromide, 0.7 g of the liquid paraffin, 0.20 g of ZnO/CNTs, and 0.80 g of
graphite powder. Then the mixture was mixed well for 50 min until a uniformly wetted paste was
obtained. A portion of the paste was filled firmly into one glass tube as described above to
prepare ZnO/CNTs/IL/CPE.

2.3.4. Preparation of real samples for third study

Injection solution was prepared (1.0 mg mL™, Darou Pakhsh Company, Iran) and then 1.0 mL of
the solution plus 10 mL of 0.1 mol L™* PBS (pH 6.0) was used for the analysis. Urine samples
were stored at 4 - C immediately after collection (from the Sari Health Centre). Ten milliliters of
the sample was centrifuged for 20 min at 1500 rpm. The supernatant was filtered out using a 0.45
pm filter and then diluted 5 times with the PBS (pH 6.0). The solution was transferred into the
voltammetric cell for analysis without any further pretreatment. The standard addition method
was used for the determination of NE in real-life samples.

2.4. Chemicals for forth study



All chemicals used were of analytical reagent grade purchased from Merck (Darmstadt,
Germany) unless otherwise stated. Doubly distilled water was used throughout. Ascorbic acid
was used from Merck.

A 1.0 x 10 -3 mol L —1 ascorbic acid solutions was prepared daily by dissolving 0.0176 ¢
ascorbic acid (Merck) in water and the solution was diluted to 100 mL with water in a 100-mL
volumetric flask. The solution was kept in a refrigerator at 4 0 C in dark. Phosphate buffer
(sodium dihydrogen phosphate and disodium monohydrogen phosphate plus sodium hydroxide,
0.1 mol L) solutions (PBS) with different pH values were used. High viscosity paraffin (d =
0.88 kg L 1) from Merck was used as the pasting liquid for the preparation of the carbon paste

electrodes. Chemicals and solutions

2.4.1. Apparatus for forth study

Cyclic voltammetry, chronoamperometry, and differential pulse voltammetry were performed in
an analytical system, pu-Autolab with (UBAUT 71226) PGSTAT (Eco Chemie, the Netherlands).
The system was run on a PC using NOVA software. A conventional three-electrode cell
assembly consisting of a platinum wire as an auxiliary electrode and an Ag/AgCIl/KClsat
electrode as a reference electrode was used. The working electrode was a CPE, ZnO/NPs/CPE,
CP/ILE or a ZnO/NPs/IL/CPE. X-ray powder diffraction studies were carried out using a STOE
diffractometer with Cu-Ka radiation (k = 1.54 A). Samples for transmission electron microscopy
(TEM) analysis was prepared by evaporating a hexane solution of dispersed particles on
amorphous carbon coated copper grids.

2.4.2. Synthesis of ZnO/NPs for forth study

To prepare of ZnO/NPs, in a typical experiment, a 0.25M aqueous solution of zinc nitrate (Zn
(NO3)2.4H, O) and 0.5 M aqueous solution of sodium hydroxide (NaOH) were prepared in
distilled water. Then, the beaker containing NaOH solution was heated at the temperature of
about 55°C. The Zn (NOg), solutions were added drop wise (slowly for 1.5 h) to the above-
heated solution under high-speed stirring. The beaker was sealed at this condition for 2 h. The
precipitated ZnO/NPs were cleaned with deionized water and ethanol then calcined at 200 ° C for

2 hours.



2.4.3. Preparation of the sensor for forth study

ZnO/NPs/IL/CPE was prepared by mixing of 0.2 g of 1,3-dipropylimidazolium bromide, 0.8 g of
the liquid paraffin, 0.2 g of ZnO/NP, and 0.9 g of graphite powder. Then the mixture was mixed
well for 50 min until a uniformly wetted paste was obtained. A portion of the paste was filled
firmly into one glass tube as described above to prepare ZnO/NPs/IL/CPE. When necessary, a
new surface was obtained by pushing an excess of the paste out of the tube and polishing it on a

weighing paper.

2.4.4. Preparation of real samples for forth study

Fresh juices were obtained using a mechanical squeezer. The juices obtained were filtered into a
beaker and acidified (pH =2) using citric or sulfuric acid. A 1.0 mL portion of the filtrate was
added to the supporting electrolyte solution in voltammetric cell. Vegetable juices were obtained
using a grater (polymer material) and a centrifuge respectively, a 1.0 mL portion of vegetable
juice was subjected for the voltammetric measurement. In all cases the amounts of vitamin C in
the samples were evaluated by the standard addition method.

For the tablets, an accurately weighed portion of finely powdered sample obtained from three
tablets, equivalent to about 50 mg of ascorbic acid dissolved in 100 mL water with
ultrasonication. Then, 0.1 mL of the solution plus 9.9 mL of the buffer (pH 7.0) was used for the

analysis with standard addition method.

2.4.5. Dichlorophenolindophenol (DCPIP) titration method [33] for forth study

The indophenol solution was standardized by titration with 2.0 mL of standard ascorbic acid
solution and 5 mL of HPO3+HOAC solution to the end point (a persistent rosypink color). The
consumption of the blank was determined by titration indophenol solution with 7 mL of
HPO3HOAC solution plus a given amount of water equivalent to the volume indophenol solution
used in the previousstandardization titration. For sample titration, a 100 mL portion of the juice
was mixed with an equal volume of HPO3+HOAC solution before filtering. A volume of the
filtrate equivalent to about 250 mg of ascorbic acid was then titrated with indophenols solution

using the same procedure as described above including the titration of the blank.



2.5. Chemicals for fifth study

All chemicals used were of analytical reagent grade purchased from Merck (Darmstadt,
Germany) unless otherwise stated. Doubly distilled water was used throughout. Phosphate buffer
(sodium dihydrogen phosphate and disodium monohydrogen phosphate plus sodium hydroxide,
0.1 mol L) solutions (PBS) with different pH values were used. High viscosity paraffin (d

= 0.88 kg L™) and pure graphite powder (particle size<50 pm) from Merck was used for the
preparation of the carbon paste electrodes.

2.5.1. Apparatus for fifth study

Cyclic voltammetry, chronoamperometry, and square wave voltammetry were performed in an
analytical system, Autolab with PGSTAT 302N (Eco Chemie, the Netherlands). A conventional
three-electrode cell assembly consisting of a platinum wire as an auxiliary electrode and an
Ag/AgCI/KCI sat electrode as a reference electrode was used. The working electrode was either
a NiO/NPs/CPE.

2.5.2. Synthesis of NiO/NPs for fifth study

To prepare the NiO/NPs, in a typical experiment, a 0.6 M aqueous solution of nickel nitrate
Ni(NO3), and a 0.4 M aqueous solution of sodium hydroxide (NaOH) were prepared in distilled
water. Then, the beaker containing NaOH solution was heated at the temperature of about

60°C. The Ni (NO3), solutions were added drop wise (slowly for 2.0 h) to the above heated
solution under high-speed stirring. The beaker was sealed at this condition for 2 h. The
precipitated Ni(OH), were cleaned with deionized water and ethanol then calcined at 350 o C for
2.0 hours for synthesis of NiO/NPs.

2.5.3. Preparation of the modified electrode for fifth study

NiO/NPs/CPE was prepared by mixing 0.5 g of liquid paraffin, 0.2 g of NiO/NPs and 0.8 g of
graphite powder. Then the mixture was mixed well for 45 min until a uniformly wetted paste was

obtained. A portion of the paste was filled firmly into a glass tube (geometrical area; 0.09 cm?)



as described above to prepare NiO/NPs/CPE. When necessary, a new surface was obtained by

pushing an excess of the paste out of the tube and polishing it on a weighing paper.

2.5.4. Preparation of real samples for fifth study

Urine samples were stored in a refrigerator immediately after collection. Ten milliliters of the
sample was centrifuged for 45 min at 2000 rpm. The supernatant was filtered using a 0.45 pm
filter and then diluted 5 times with the phosphate buffer, pH 7.0. The solution was transferred
into the voltammetric cell to be analyzed without any further pretreatment. The standard addition
method was used for NB determination in real samples. Also, water and serum samples were

directly subjected to the voltammetric measurement after filtered using a 0.45 um filter.

2.6. Computational Details for sixth study

All DFT calculations were performed with the Gaussian 03 [29] with the default convergence
criteria without any constraint on the geometry. The geometry optimizations were carried out
using the B3LYP method with 6-311++G**basis set. Calculations in solution were performed
with the polarizable continuum model (PCM) as employed in the Gaussian 03 package, with its
default settings for building the cavity around the solute, with simple United Atom Topological
Model (UAO) for the atomic radii (default values) and average tesserae area 0.200 A [2]
Calculations used the vacuum optimized geometries as inputs, and performed reoptimization in
solution at the same level of theory (reoptimization being the only choice for the study of
geometry-related characteristics similar to the parameters of the IHB, besides its general
importance for the quality of the description of the solvation phenomenon).

The nature of the intramolecular hydrogen bonds existing within Droxidopa in vacuum and in the
five solvents was studied by means of the Bader theory of atoms in molecules (AIM). The
calculated electron density, p, and its second derivative, V2p, were used for describing the nature
of the intramolecular O-H...(O)N bonds. The AIM2000 program was used to find the bond
critical points (BCPs) and analyze [30]. Finally, for comprehensive understanding of the nature
of intramolecular interactions, the natural bond orbital (NBO) method was utilized [31]. For the

sake of conciseness, the environment will be denoted with the following acronyms on reporting



values: VAC (vacuum), CC (carbon tetrachloride), THF (tetrahydrofuran), DMSO (dimethyl
sulfoxide), ET (ethanol), and AQ (water).



Chapter three

Results and Discussion



3.1. Optimization of NiO/CNTSs and the ionic liquid ratio for first study

To obtain the best condition in the preparation of modified electrode, the ratio of NiO/CNTSs to
ionic liquid in IL/NiO/CNTCPE was optimized. The result showed that with increasing the
amount of NiO/CNTs 17.5% w/w and the ionic liquid (IL) in ration of 12.5% (to prepare the
modified electrode is the presence of fix amount of morphine), the oxidation peak current for
morphine increased and then it's leveled off. Therefore, we selected the second conditions

(NiO/CNTs17.5%andIL 12.5%) for preparation of modified electrode.

3.1.1. NiO/CNTs characterization for first study

The XRD patterns of the NiO/CNTs showed diffraction peaks absorbed at 26 values (Fig. 2A).

The prominent peaks were used to calculate the grain size via the Scherrer equation, expressed as

follows:
D= KM B cosO

Where A is the wavelength (A = 1.542 A) (CuK a), B is the full width at half maximum (FWHM)

of the line, and 0 is the diffraction angle.
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Figure 3-1A) XRD patterns of as-synthesized NiO/CNTs nanocomposite. B) EDAX analysis for
NiO/CNTs nanocomposite

The grain size of the NiO nanoparticle was 11.0 nm, and the peaks were observed at the (111),
(200), (220), (311) and (222) planes (for FCC structure). These peaks correspond to NiO. On the
other hand, it clearly proves the presence of CNTs with a diffraction peak at about 26°. Also,
Fig. 2B shows EDAX analysis for NiO/CNTs in the present work. As can be seen, presence of
Ni, O and C elements confirms the synthesis of NiO/CNTs nanocomposite carefully. The
morphology of the as-grown nanostructures was characterized by TEM. Typical TEM
micrograph of the NiO/CNTsis shown in Fig. 3. Results show presence of NiO nanostructure
grown on carbon nanotubes. Presence of a covalent bond between NiO nanoparticle and COOH
positions at a surface of CNTs can be cause for preparation of NiO/CNTSs.



Figure 3-2TEM image of NiO/CNTs

3.1.2. Voltammetric investigation for first study

Morphine can be oxidized at positive potential depending on the electrode type and solution pH
(see scheme 1) [4]. In order to ascertain this, the voltammetric response of morphine was
obtained in solutions with varying pH from 5.0 to 8.0 (Fig. 4, inset) at the surface of
IL/NiO/CNTCPE. The results showed that the peak potential (E) of morphine shifted negatively

as the solution pH increased, which indicated that protons were involved in the electrode
reaction.



NiO/CNTyI1L/CPE

Figure 3-3The mechanism for electrooxidation of morphine at a surface of modified electrode

A good linear relationship between the peak potential (E) and the solution pH was also
established (not shown). The linear regression equation was gotten as E(mV)=—63.0pH + k (n=4,
> = 0.998). According to the Nernstian slope (—59.0,/n), where x is the hydrogen ion
participating the electrode reaction and n is the number of electron transferred ~ —63.0, the loss
of electrons was accompanied by the loss of an equal amount of protons and x =n =1 [4].

The effect of pH on the anodic peak current was investigated (Fig. 4).
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Figure 3-4Current—pH curve for electro- oxidation of 100.0 uM morphine at IL/NiO/CNTCPE with a scan rate of
100 mV s —1 . Inset: influence of pH on cyclic voltammograms of morphine at a surface of the modified
electrode (pH 5, 6, 7, and 8, respectively)

The results showed that when the pH exceeded pH 7.0, the peak currents began to decrease and
even disappeared with further increasing the buffer pH. Therefore, pH 7.0, PBS, was selected for
all the experiments. The direct electrochemistry of morphine at IL/NiO/CNTCPE was
investigated by cyclic voltammetry. Fig. 5 showed a typical cyclic voltammograms of different
electrodes in a buffer solution (pH 7.0) with scan rate of 100 mV s . The results showed that no
electrochemical responses were obtained on the bare carbon ionic liquid electrode (IL/CPE) (not
shown) indicating that no electroactive substance existed on the electrode surface. For CPE, an
electrochemical signal of morphine wa sobtained with the oxidation peak current (I pa) of 30.8
A and the oxidation potential (E pa) of 0.59 V (Fig. 5, curve a). On the other hand, at
NiO/CNT/ CPE, the oxidation peak current (I pa) was obtained as 70.0 pA with oxidation
potential (E pa ) of 0.53 V(Fig.5, curve b). These small changes in the peak potential indicated
that NiO/CNTs showed a little catalytic activity to the morphine oxidation. In addition, at the



surface of unmodified IL/CPE, the oxidation peak appeared at 0.50 V with the peak current of
126.9 pA (Fig. 5, curve ¢). This indicated that presence of the IL in CPE could enhance the peak
currents and decrease the oxidation potential (decreasing the overpotential). The advantages of
IL/CPE had been elucidated with higher conductivity, fast electron transfer rate, good antfouling
properties and inherent catalytic ability of ILs. So the oxidation peak current increased with
decreasing of the over potential at IL/CPE, while at IL/NiO/CNTCPE, the oxidation peak current
increased to185.1 pA with theoxidation peakpotential of 0.49 V (Fig. 5, curve d).

The results confirmed that presence of NiO/CNTsonlL/NiO/CNTCPE surface had great
improvement on the electrochemical response, which was partly due to excellent characteristics

such as good electrical conductivity, high chemical stability and high surface area.
7d

7 c
A el — = a

e il 10 pA

L L] L] L T L} L) T 1

00 01 02 03 04 05 06 07 08 09
E/V

Figure 3-5 Cyclic voltammograms of a) CPE, b) NiO/CNT/CPE, c) IL/CPE and d) IL/NiO/CNTCPE
in the presence of 500 M morphine at pH 7.0, respectively. Conditions: 0.1 mol L ™' PBS
(pH 7.0); scan rate of 100 mV' s *

The dependence of the current response on the potential scan rate was evaluated by varying the
scan rate during the electro-oxidation of morphine. Fig. 6 (inset) depicts the CVs observed for
the oxidation of 150 uM morphine at IL/NiO/CNTCPE at different scan rates from 5 to 200 mV
s ' .The results confirmed that there is a linear relationship between the peak current (i p) and the
square root of the scan rate (v /%) in the scan rates of 5-200 mV s * (Fig. 6). This indicates that
the oxidation of morphine at IL/NiO/CNTCPE is a diffusion-controlled process.



On the other hand, the peak potential shifts in negative direction when the scan rate increases,
meaning that the electrochemical reaction is irreversible. At higher scan rate, the dependence of

the peak potential (E pa) and In(v) showed a linear relationship with a regression equation of:

Epa= 0.0386 In (v) + 0.2973 (r > =0.9943; EyinV, vin Vs %)
According to the following equation [47]:
E pa = E %+ m [0:78 + In( D"k s %)- 0.5 Inm] + (m/2) In(v)

With

m = RT/ [(1-a ) n, F]

Where E 4 is oxidation peak potential, E % s the formal potential, v is the sweep rate, and K is
electron transfer rate constant. A plot of E p, = f (In(v/V s1)) vields a straight line with slopes
equal to 2(RT/[(1 — a)] n 4 F) where R = 8.314 Jmol ' °K ', T = 298 °K and F = 96485 C
mol™. The value of m = 0.0772 is calculated from Eq. (4). Therefore, the electron transfer

coefficient (a) is approximately 0.23 for the irreversible electrode process.
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Figure 3-6 Plot of I pa versus v 1/2 for the oxidation of morphine at IL/NiO/CNTCPE. Inset shows
cyclic voltammograms of morphine at IL/NiO/CNTCPE at different scan rates of a) 5, b) 10,
c) 30, d) 60, e) 80, f) 100, g) 150 and h) 200 mV s —1 in 0.1 M phosphate buffer, pH 7.0



3.1.3. Chronoamperometric measurements for first study

Chronoamperometric  measurements of  morphineatIL/NiO/CNTCPE were carriedout
bysettingtheworkingelectrodepotentialat0.55 V vs. Ag/AgCI/KCI sat for different concentration
of morphine in the buffer solutions, pH 7.0 (Fig. 7). For an electroactive material (morphine in
this case) with a diffusion coefficient of D, the current observed for the electrochemical reaction
at the mass transport limited condition is described by the Cottrell equation. Experimental plots
of I vs. t —1/2 were employed, with the best fits for different concentrations of morphine

(Fig.7, inset).The slopes of the resulting straight lines were then plotted vs. morphine
concentration. From the resulting slope and Cottrell equation the mean value of the D was found
to be 2.8 x 10 > cm?/s.
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Figure 3-7Chronoamperograms obtained at IL/NiO/CNTCPE in the presence of a) 200, b) 300,
and c¢) 400 uM morphine in the buffer solution (pH7.0). Inset: Cottrell's plot for the data from the

chronoamperograms

3.1.4. Impedance characterization for first study

Electrochemical impedance spectroscopy (EIS) was also employed to study the oxidation of
morphine at IL/NiO/CNTCPE. Fig. 8 showed the typical results of AC impedance spectra of the
unmodified CPE (curve a), NiO/CNT/CPE (curve b), IL/CPE (curve c), and IL/NiO/CNTCPE



(curve d), respectively. Those experiments were done in a solution of 0.1 M PBS containing 400
uM morphine with the frequencies ranging from 100 KHz to 1.0 Hz. On the unmodified CPE,
the value of R ct was 14.2 kQ(curvea) which was due to the presence of non-conductive liquid
paraffin in the carbon paste. After NiO/CNTs was added into the carbon paste to get a
NiO/CNT/CPE, the value of R ct was decreased to 8.2 kQ (curve b), which was smaller than that
of CPE and was due to the presence of conductive NiO/CNTSs in the carbon paste. In continuous,
by addition of IL into CPE to get a IL/CPE, the value of R ct was decreased to 3.9 kQ (curve c),
which was much smaller than that of CPE. It was due to the presence of high conductive IL in
the carbon paste. On the IL/NiO/CNTCPE (curve d), the value of R ct was equal to 2.1 k€, that
relative to present NiO/CNTSs on the surface of IL/NIO/CNTCPE. All these results indicated that
morphine can successfully oxidize on the surface of IL/NiO/CNTCPE.
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Figure 3-8 Nyquistplots of CPE (a),NiO/CNT/CPE (b), IL/CPE (c), andIL/NiO/CNTCPE (d)in the
presence of 400 uM morphine. Conditions: pH, 7.0; E dc, +0.43 V vs. Ag/AgCl; E ac, 5 mV;
frequency range, 0.1 to 10,000 Hz



3.1.5. Calibration plot and limit of detection for first study

Since SWV has a much higher current sensitivity and better resolution than cyclic voltammetry,
it was used for the determination of morphine in this work. The SW voltammograms clearly
show that the plot of peak current vs. morphine concentration is linear for 0.05-520 uM of
morphine, the regression equation being I,(nA) =(0.0521 £ 0.0055)C morphinet(2.2410 + 0.4351)
(r* =0.9922, n =17), where C is pM concentration of morphine and I, is the peak current. The

detection limit was 0.01 uM morphine according to the definition of Y op = Yg +30.

3.1.6. Stability and reproducibility of the modified electrode for first study

The stability and reproducibility of any sensor are two important parameters. Our experiments
showed that after IL/NiO/CNTCPE was stored for 4 weeks at 4 °C, only a small decrease of peak
current sensitivity with a relative standard deviation (RSD) of 1.4% (for 10.0 uM morphine) was
observed. This showed good stability of the modified electrode. Furthermore, the reproducibility
of the determination was performed with nine successive scans in the solution containing
10.0uM morphine. The RSD values were found to be 2.2% for the analyte, indicating good
producibility of the modified electrode. The electrode can be immersed in an aqueous media for
2.0 h with stable response. After that, the background current began to increase, which may be
due to the partly leakage of ionic liquid from the electrode and the roughness of the electrode

surface was increasing gradually.

3.1.7. Simultaneous determination of morphine and Diclofenac for first study

The main object of this study was to detect morphine and Diclofenac simultaneously using
IL/NiIO/CNTCPE. This was performed by simultaneously changing the concentrations of
morphine and Diclofenac, and recording the SWVs. The voltammetric results showed well
defined anodic peaks at potentials of 500 and 680 mV, corresponding to the oxidation of
morphine and Diclofenac, respectively. This is indicating that simultaneous determination of
these compounds is feasible at IL/NiO/CNTCPE as shown in Fig.9 inset. The sensitivity of the
modified electrode towards the oxidation of morphine in the presence of diclofenac was found to
be 0.0501 pA/uM (Fig. 9). This is very close to the value obtained in the absence of diclofenac
(0.0521 pA/uM) indicating that the oxidation processes of these compounds at the



IL/NiO/CNTCPE are independent and therefore, simultaneous determination of their mixtures is

possible without significant interferences.
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Figure 3-9The plots of the electrocatalytic peak current as a function of morphine concentration. Inset; SWVs

of IL/NIO/CNTCPE in 0.1 M PBS (pH 7.0) containing different concentrations of morphine — diclofenac in
uM. a—f: 1.63 + 2.0; 60.0 + 10.0; 100.0 + 15.0; 150

3.1.8. Interference studies for first study

In order to evaluate the selectivity of the proposed method in the determination of morphine the
influence of various foreign species on the determination of 15.0uM morphine was investigated.
Tolerance limit was taken as the maximum concentration of foreign substances that caused an
approximate relative error of £5%. The results are shown in Table 1. These results demonstrate

that the modified electrode has a good selectivity for morphine analysis.



Table 3-1 Interference study for the determination of 15.0 uM morphine under the optimized conditions

Species

Tolerance limits

(W/W)

Na*, Mg®™*, ClO4, Li*, Br—, NO3, SCN—,S05 , Br, Glucose,
Fructose, Lactose, Sucrose, Ca™2

Hystidine, Alanine, Phenyl alanine, Methionine, Glycine,
Methanol, Tryptophan, L-Theronine, L-isoleucin, L_Orinthime,

Starch

Ascorbic acid*, Urea; Thiourea, Cysteine

950

700

Saturation
400

* After addition of 1 mmol L~ ascorbic oxidize.

3.1.9. Real sample analysis for first study

In order to evaluate the analytical applicability of the proposed method, also it was applied to the
determination of morphine in injection solution and urine samples. Based on the repeated
differential pulse voltammetric responses (n = 3) of the diluted analyte and the samples that were
spiked with specified concentration of morphine, measurements were made for determination of
morphine concentrations in the pharmaceutical, and urine preparations. The results are listed in
Table 2. In addition, a published electrochemical method [29] was used for the analysis to
confirm the accuracy of the proposed method with a standard procedure (Table2). The results

presented in Table2 indicate that the modified electrode retained its efficiency for the

determination of morphine in real samples with satisfactory results.



Table 3-2Determination of morphine in drug and urine samples

Sample Added (M) Expected (M) Founded! (M) Published method (jM) [26] Fy Fab by tabosy
njection solution - 30 480 + 14 552065 6.5 19 18 38
100 130 1533 4055 1578 + 085 - -
150 300 2951 £ 063 B3 4075
Urine - - <imit of detection - - - -
200 5 2044 £ 076 05711 45 19 29 38
200 400 1948 + 07 02 + 06 - - - -
Urine’ - - 944 £ 056 10114075 10 19 32 38
1056 200 021406 057+ 08 - -

+ Shows the standard deviation,
* Sampling was made after 30 h from 2 man who s sck and used morphine,

3.2. Optimization of NiO/NPs and the ionic liquid ratio in second study

To obtain the best condition in the preparation of modified electrode, the ratio of NiO/NPs to

ionic liquid in IL/NiO/NPs/CPE was optimized. For this goal, the oxidations signal of 700 pmol

L' NADH was used for the optimization. We record oxidation signal in the fix amount of ILs

and different amount of NiO/NPs and vice versa. The result showed that with increasing the
amount of NiO/NPs 10.0% w/w and the ionic liquid (IL) in ration of 10.0% (to prepare the

modified electrode is the presence of fix amount of NADH), the oxidation peak current for

NADH increased and then it is leveled off (Fig. 1). Therefore, we selected these conditions

(NiO/NPs 10.0% and IL 10.0%) for preparation of modified electrode.
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Figure 3-10(A) Current vs. % NiO/NPs curve at a surface of carbon paste electrode in the presence of fix amount
(10% ILs) for electrooxidation of 700 umol L —1 at pH 7.0. (B) Current vs. % ILs at a curve surface of carbon
paste electrode in the presence of fix amount (10% NiO/NPs) for electrooxidation of 700 pmol L —1 at pH 7.0

3.2.1. NiO/NPs characterization in second study

Fig. 2A shows the X-ray diffraction (XRD) data for synthesis NiO/NPs. The intensity data were
collected over a 26 range of 10-80 °. The average grain size of the samples was estimated with
the help of Scherrer equation using the diffraction intensity of (2 0 0) peak. XRD studies
confirmed that the synthesized materials were NiO, and all the diffraction peaks agreed with the
reported Joint Committee on Powder Diffraction Standards (JCPDS) data, and no characteristic
peaks were observed other than NiO [39]. The mean grain size (D = 23 nm) of the particles was

determined from the XRD line broadening measurement using Scherrer equation:

D= KM B cosd
Where A is the wavelength (Cu Ka), B is the full width at the half- maximum (FWHM) of the
NiO (2 0 0) line and 0 is the diffraction angle. A definite line broadening of the diffraction peaks

is an indication that the synthesized materials are in the nanometre range.



Also, Fig. 2B shows EDAX analysis for NiO/NPs in the present work. As can be seen, presence
of Ni and O elements confirm the synthesis of NiO/NPs carefully. The morphology of the as-
grown nanostructures was characterized by TEM. Typical TEM micrograph of the NiO/NPs is
shown in Fig. 2C. Presence of dark point in these figure in nanoscale size confirm synthesis of

this nanoparticle carefully. It is clear that in this case, a NiO nanoparticle was successfully

prepared.
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Figure 3-11((A) XRD . (C) TEM image of NiO nanparticles patterns of as-synthesized NiO nanparticles. (B) EDAX

analysis for NiO nanoparticle

3.2.2. Electrochemical investigation in second study

The active surface areas of the working electrodes are estimated according to the slope of the Ip
versus v plot for a known concentration of KsFe (CN)s , based on the Randles—Sevcik

equation:



I p=2.69 x 10° n¥2 ADY2v Y2 CO

Where | p, refers to the anodic peak current, n the electron transfer number, A the surface area of
the electrode, Dr the diffusion coefficient, C° the concentration of K4Fe (CN)s and v is the scan
rate. For 1.0 mmol L™ K,Fe (CN)s in 0.10 mol L * KClI electrolyte with n=1 and Dg =7.6x10 ~°
cms ' and from the slope of the | pa —V Y2 velation, the microscopic areas were calculated. They
were 0.24, 0.19, 0.16 and 0.09 cm 2 for IL/NiO/NPs/CPE, IL/CPE, NiO/NPs/CPE and CPE,
respectively. The results show that presence of NiO/NPs and IL together causes the increase of
the active surface. According to scientific investigations, nanomaterials have high surface area
and can increase current density and sensitivity in modified electrodes [40].

On the other hand, to summarize contrary to the electrodes modified by unsupported organic
phase the electrochemical generation of charge in IL deposit may generate the transfer of its
component across liquid/liquid interface. These points can increase active surface area for
modified electrode [41].
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Figure 3-12Current—pH curve for electro-oxidation of 450 umol L —1 NADH at IL/NiO/NPs/CPE with a scan
rate of 100 mV s —1 . Inset: influence of pH on cyclic voltammograms of NADH at a surface of the modified

electrode, (pH 5-8, respectively).



The effect of pH was investigated using cyclic voltammetry (Fig. 3 inset) for electro oxidation of
NADH at a surface of IL/NiO/NPs/CPE. It was found that the oxidation peak current increased
gradually from pH 5.0 to 7.0, and then the current decreased when the pH value increased from
7.0 to 8.0 (Fig. 3).

According to the above point that pH 7.0 was chosen as the optimal experimental condition. The
relationship between the oxidation peak potential and pH was also constructed. A linear shift of
E pa toward negative potential with an increasing pH can be obtained and obeyed the regression
equation of E pa (V) = —0.063 pH + 1.097 (R 2 = 0.991), which indicates that protons are
directly involved in the oxidation of NADH. A slope of 63 mV /pH suggests that the number of
electron transfer is equal to the proton number involved in the electrode reaction of NADH. Fig.4
(inset) shows the current density derived from the cyclic voltammograms responses of 700 pumol
L ~* NADH (pH 7.0) at the surface of different electrodes and with a scan rate of 100 mV's .
The direct electrochemistry of NADH on the modified electrode was investigated by cyclic
voltammetry. IL/NiO/NPs/CPE exhibited significant oxidation peak current of 190.1 pA around
635 mV (Fig. 4, curve a). In contrast, low redox activity peak was observed at NiO/NPs/CPE
(Fig. 4, curve c¢) and at unmodified CPE (Fig. 4, curve d) over the same potential range. The
NADH oxidation peak potential at NiO/NPs/CPE and at CPE observed was around 670 and 705
mV in contrast to the Ag/AgCI/KCI sat reference electrode and has an oxidation peak current of
90.5 and 49.0 pA, respectively. In addition, at the surface of IL/CPE, the oxidation peak
appeared at 653 mV and the peak current achieved was 125.0 pA (Fig. 4, curve b). This
indicated that the presence of ILs in CPE could enhance the peak currents and decrease the
oxidation potential (decreasing the over potential). A substantial negative shift of the current
starting from the oxidation potential for NADH and dramatic increase of current of NADH
indicated the catalytic ability of IL/NiO/NPs/CPE to NADH oxidation. The results indicated that
the presence of NiIO/NPs on IL/NiO/NPs/CPE surface had great improvement on the
electrochemical response, which was partly due to the excellent characteristics of NiO/NPs such
as good electrical conductivity, high chemical stability and high surface area. The suitable
electronic properties of NiO/NPs together with the ionic liquid gave the ability to promote charge
transfer reactions, good anti-fouling properties, especially when mixed with a higher conductive

compound such as ILs when used as an electrode.
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Figure 3-13 Cyclic voltammograms of (a) IL/NiO/NPs/CPE, (b) IL/CPE, (c) NiO/NPs/CPE and
(d) CPE in the presence of 700 umol L —1 NADH at pH 7.0, respectively. Inset: the current density derived

from cyclic voltammograms responses of 700 pmol L ~* NADH at pH 7.0 at the surface of different electrodes.

Further, the effect of potential scan rate on the peak current of NADH was studied at an optimum
condition. It can be seen from Fig. 5 inset that NADH gives an irreversible cyclic
voltammograms at a surface of modified electrode. From Fig. 5 inset, it can also be seen that the
oxidation peak shifts to a more positive value for NADH with increasing scan rates along with a
concurrent increase in current. The cyclic voltammetric results indicate that the anodic peak
currents (I, ) of NADH varied linearly with the square root of scan rate (v Y2y ranging from 20
mV s to 300 mV s * (Fig. 5) which implies that the oxidation of NADH is diffusion controlled
on IL/NiO/NPs/CPE, regarding following equations:

| p=6.551v Y2 +3.213(r>=0.994, I in pA, vinmVs )



The dependence of the peak potential (Epa) and In(v) showed a linear relationship with a
regression equation of:

Ep = 0.044 In(v) + 0.499(r* = 0.993, E, in V,vin Vs ™)

According to the following equation [42]:

Era=E%+m[0.78 + In(D Y ks ") — 0.5 In m] +m/2 In(v)

With

m =RT (1 —a)/ n,F

The value of m = 0.088 is calculated from Eqg. (4). Using the obtained value of m, the electron

transfer coefficient (o) is approximately 0.67 for the irreversible electrode process.
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Figure 3-14Plot of | pa versus v 1/2 for the oxidation of NADH at IL/NiO/NPs/CPE. Inset shows cyclic
voltammograms of NADH at IL/NiO/NPs/CPE at different scan rates (from inner to outer) of 5, 10, 30, 60,
100, 150 and 200 mV s —1 in 0.1 M phosphate buffer, pH 7.0.



Chronoamperometry results obtained for the various concentrations of NADH solution using
IL/NiO/NPS/CPE are shown in Fig. 6A. The plot of current (I) versus t 2 at various
concentrations NADH on IL/NiO/NPs/CPE (Fig. 6B) gives straight lines with different slopes.
From the slopes we calculated a diffusion coefficient of 7.23 x 10  cm ?s ' for NADH using
the Cottrell equation. Electrochemical impedance spectroscopy (EIS) is one of the most powerful
electrochemical techniques frequently used in studying the electron transfer Kkinetics in
modification of electrode surfaces [43—46]. So it was also employed to study the oxidation of
NADH at IL/NiO/NPs/CPE in optimum condition. Impedance measurements were performed in
the frequency range from 0.1 to 100,000 Hz.
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Figure 3-15(A) Chronoamperograms obtained at IL/NiO/NPs/CPE in the presence of (a) 400; (b)
500; and (c) 600 umol L —1 NADH in the buffer solution (pH 7.0). (B) Cottrell’s plot for the data

from the chronoamperograms

Fig. 7 shows Nyquist diagrams of the imaginary impedance (Zim) vs. the real impedance (Z;e) of
the EIS obtained at CPE (curve a); NiO/NPs/CPE (curve b); IL/CPE (curve c) and
IL/NiO/NPs/CPE (curve d) in the presence of 500 pmol L "> NADH at pH 7.0, respectively. It



can be seen that the all of the electrodes exhibits an almost straight line that is characteristic of a
diffusional limiting step of the electrochemical process. Nyquist diagrams follow the theoretical
shapes and include a squeezed semicircle portion, observed at higher frequencies, which
corresponds to the electron transfer limited process. The respective semicircle diameters at the
high frequency, corresponding to the electron transfer resistance at the electrode surface. The
curve corresponding to CPE is a big semicircle plus a straight line (Fig. 7a). For NiO/NPs/CPE,
IL/CPE, and IL/NiO/NPs/CPE, R ; decreases dramatically (Fig. 7b—d), indicating that NiO/NPs
and IL can act as an effective electron conduction pathway between the electrode and electrolyte.
Therefore, IL/NiO/NPs/CPE composite electrode has good electronic conductivity for electro-
oxidation of NADH [47-58].
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Figure 3-16Nyquist plots of CPE (a), NiO/NPs/CPE (b), IL/CPE (c), and IL/NiO/NPs/CPE (d) in the
presence of 500 umol L —1 NADH. Conditions: pH, 7.0; Edc, +0.56 V vs. Ag/AgCl; Eac, 5 mV;
frequency range, 0.1-100,000 Hz.



3.2.3. Analytical features in second study

Square wave voltammetry (SWV) (with amplitude potential of 50 mV and frequency of 10 Hz)
was used to determine NADH concentrations (Fig. 8A) at a surface of modified electrode. The
data repeat for three time and error bar shows in Fig. 8B. The SW voltammograms clearly show
that the plot of peak current vs. NADH concentration is linear for 0.03-900 umol L ™ of NADH,
the regression equation being I , (MA) = (0.0911 £ 0.0034) C NADH + (4.2042 = 0.573) (r 2=
0.9941, n = 10), where C is umol L ~' concentration of NADH and | p is the peak current (Fig.
8B). The detection limit was determined at 9.0 nmol L™ NADH according to the definition of Y

LOD:YB+30-

B

y=0.0911X+4.2042
R?=0.9941
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Figure 3-17(A) SWVs of IL/NiO/NPs/CPE in 0.1 mol L ~* phosphate buffer solution (pH 7.0) containing
different concentrations of NADH. Inner to outer voltammograms correspond to 0.03, 0.3, 5.0, 50.0, 100.0,
200.0, 400.0, 500.0, 700.0 and 900.0 umol L ~* of NADH. (B) Plot of the peak current as a function of NADH

concentration in the range. Error bar obtained for three separate experimental.

The detection limit, linear dynamic range, and sensitivity for NADH obtained with the sensor
were comparable to or better than those obtained with several other modified electrodes (Table
1). The presence of ionic liquid as a conductive binder and NiO/NPs with high surface area

improves electrode conductivity for NADH analysis.



Table 3-3Comparison of the efficiency of some modified electrodes used in the electrocatalysis of NADH.

Electrode Modifier Method pH 10D LDR (umol L") Sensitivity Ref.
(pmolL ™) (WApmol L)
Glassy carbon IL and MWCNTS Amperometry 70 1100 250-2000 00037 (4]
Screen-printed carbon ~ Graphene oxide Amperometry 10 0.1 0.8-500 0.0025 1]
Carbon paste Hematoxylin Differential pulse voltammetry 7.0 0.08 0.4-600 00028 1]
Glassy carbon (bis-Phenothiazin-3-yl  Amperometry 70 02 0.2-100,0 00018 (6]
methane; BPhM)
Screen-printed carbon ~ Azure B Cyclic voltammetry 69 02 0.5-100 00023 7|
Carbon paste IL and NiO/NPs SWV 70 0,009 0.03-900 00911 This work

3.2.4. Interference studies in second study

In order to evaluate the selectivity of the proposed method in the determination of NADH, the
influence of various foreign species on the determination of 10.0 pmol L' NADH was
investigated. Tolerance limit was taken as the maximum concentration of foreign substances that
caused an approximate relative error of + 5%. The results are shown in Table 2. These results
demonstrate that the modified electrode has a good selectivity for NADH analysis in the

presence of other foreign species.

Table 3-4Interference study for the determination of 10.0 pmol L —1 NADH under the optimized conditions

Selected compounds for interference study Tolerante limits (Weybgtonce/ Waon)
Glucose, Fructose, Lactose, Sucrose, Methanol, Ethanol 900

Tryptophan, Valine, Methionine, Glycine, Lucine, Histidine, Glutamic acid, Alaning, Glycine, Phenylalanine 800

AP LY O, €05, €104, 5047, SCN- Na™ Mg K, Ca™ Ascorbic acid?, Thiourea, urea, uric acid 500

Starch Saturation

4 After addition of 1 mM ascorbic oxidaze,

3.2.5. Stability and reproducibility of the biosensor in second study

Long-term stability is one of the most important properties for biosensor application. The
stability of IL/NiO/NPs/CPE was investigated by SWV. The response currents can retain almost

constant upon continuous 15 cyclic sweeps over the applied potential ranging from +0.50 to



+0.75 V. After stored in refrigerator at 4 ‘C for 60 days, the potentials of oxidation peak in
SWVs remained at the same positions and the peak currents decreased by only about 4.1% of its
initial current response. Furthermore, the reproducibility of the determination was performed
with seven successive scans in the solution containing 10.0 pmol L™, The RSD values were

found to be 2.0% for the analyte, indicating good reproducibility of the modified electrode.

3.2.6. Real sample analysis in second study

In order to evaluate the analytical applicability of the proposed sensor, also it was applied to the
determination of NADH in biological samples such as water, serum and urine. Standard addition
method was used for measuring NADH concentration in the samples. The results are given in
Table 3, confirm that the modified electrode retained its efficiency for the determination of

NADH in real samples.

Table 3-5Determination of NADH in real samples (n = 3)

Sample Added (pmol L) Expected (wmol L) Founded (pwmol L) Recovery (%)
Urine - - <Limit of detection -
5.0 5.0 5324051 106.0
10.0 15.0 15.55+0.75 103.6
Water - - <Limit of detection -
200 200 19.84 +0.65 99.2
20.0 400 40.05+047 101.7
Serum - - <Limit of detection -
30.0 300 29.75+£0.55 99.2

+ shows the standard deviation.

3.3. Nanostructures characterization for third study

The morphology of the as-grown nanostructures was characterized by TEM techniques. Typical
TEM micrograph of the ZnO/CNTs is shown in Fig. 1A. Results show the core of particles
supported on carbon nanotubes. Since the corresponding XRD pattern presented in Fig. 1A
detected only CNTs and ZnO, it was believed that the core and nanotubes of particles should be
ZnO and carbon nanotubes, respectively. Fig. 1B shows EDAX analysis for ZnO/CNTs in the
present work. As can be seen, presence of Zn, O and C elements confirms the synthesis of
ZnO/CNTs nanocomposite carefully. Also, Fig. 1C and 1D show SEM images of ZnO

nanoparticle before preparation of nanocomposite and ZnO/CNTSs.
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Figure 3-18A) TEM image of ZnO nanoparticles deposited on sidewalls of MWCNTSs. B) EDAX analysis for

ZnO/CNTSs nanocomposite. C) SEM image of ZnO nanoparticles and D) SEM image of multiwall carbon nanotubes

The XRD patterns of the ZnO/CNTs showed diffraction peaks absorbed at 26 values (Fig. 2).
The prominent peaks were used to calculate the grain size via the Scherrer equation, expressed as

follows:



D= KM B cosO

Where X is the wavelength (A = 1.542 ° A) (CuK?), B is the full width at half maximum of the
line, and 6 is the diffraction angle. The grain size of the ZnO nanostructure was 15.0 nm, and the
peaks were observed at the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and
(202) planes. These peaks correspond to ZnO. On the other hand, it clearly proves the presence
of CNTs with a diffraction peak at about 26°.
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Figure 3-19XRD patterns of as-synthesized ZnO/CNTs nanocomposite

3.3.1. Voltammetric study for third study

The active surface area of the modified electrode was estimated according to the slope of the I p
versus v 2 plot for a known con- centration of K4Fe(CN)s , based on the Randles—Sevcik

equation:
Ip=2.69x10°n3*AD?v¥2C,

Where I, refers to the anodic peak current, n the electron transfer number, A the surface area of

the electrode, Dg the diffusion coefficient, C, the concentration of K4;Fe(CN)g and v is the scan



rate. The microscopic areas were calculated from the slope of the I, —v 2

relation (taking
concentration of K;Fe(CN)s as 1.0 mmol L !, concentration of KCI electrolyte as 0.10 mol L *
n=1DR=76x10 ®cms ™). The results obtained were 0.2, 0.17, 0.11 and 0.09 cm ? for
ZnO/CNTSs/IL/CPE, IL/CPE, ZnO/CNTs/CPE and CPE, respectively. The results further show
that the presence of ZnO/CNTs and IL together contributed to an increase in the active surface
area of the electrode.

As NE has a catechol moiety, we anticipate that the redox response of NE would be pH
dependent. In order to ascertain this, the voltammetric response of NE was obtained in solutions
with varying pH from 4.0 to 8.0 at a surface of ZnO/CNTSs/IL/CPE. Result shows, the peak
potential (E) of the redox couple was pH dependent, with a slope of —62.3 mV/pH unit at 25°C
which was equal to the anticipated Nernstian value for a two—electron, two—proton
electrochemical reaction. It can be seen that maximum value of the peak current was appeared at

pH 6.0 (Fig. 3), so this value was selected throughout the experiments.
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Figure 3-20 Current—pH curve for electrooxidation of 450 pumol L —1 NE at ZnO/CNTs/

The direct electrochemistry of NE on the modified electrode was investigated by cyclic

voltammetry. Fig. 4 showed the typical cyclic voltammogram responses of 350 pmol L ! NE at



pH 6.0 at the surface of different electrodes with a scan rate of 100 mV s . A peak of 90.8 pA
at approximately 430 mV was observed when NE was oxidized to ZnO/CNT/IL/CPE (Fig. 4,
curve d). In contrast, a peak current of 24.1 pA and 12.1 pA was observed at the ZnO/CNT/CPE
(Fig. 4, curve b) and the unmodified CPE (Fig. 4, curve a), respectively, under the same
experimental conditions. In addition, the NE oxidation peak potential was observed to have
shifted to 550 mV and 560 mV at the ZnO/CNT/CPE and the unmodified CPE, respectively.
Further, the same NE oxidation peak with an enhanced peak current of 50.5 pA has shifted
negatively to 380 mV (Fig. 4, curve c), indicating that the presence of ILs on a CPE could
enhance the peak current and decrease the oxidation overpotential. A substantial negative shift of
the currents and a dramatic increase of current of NE indicated the catalytic ability of
ZnO/CNTSs/IL/CPE to NE oxidation. Because the high surface area of ZnO/CNTSs at a surface of
modified electrode it can be increasing conductivity of modified electrode and increasing current

sensitivity for determination of NE.
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Figure 3-21Cyclic voltammograms of a) CPE, b) ZnO/CNTSs/CPE, c) IL/CPE and d)
ZnO/CNTs/IL/CPE in the presence of 350 umol L —1 NE at pH 6.0, respectively



The influence of potential scan rate (v) on I, (for 300 pmol L "1 NE) at ZnO/CNTS/IL/CPE was
studied by linear sweep voltammetry at various sweep rates. As shown in Fig. 5, the peak
currents of NE grow with the increasing in scan rates and there are good linear relationships

between the peak currents and square root of the scan rate (v 2

). The results also showed that the
action is mass transfer controlled at sufficient over-potentials [39-41]. In addition, with
increasing the potential scan rate, the oxidation peak potential gradually shifted towards more
positive potentials, suggesting a kinetic limitation in the reaction of NE at a surface of modified
electrode (Fig. 5 inset) [42—47]. On the other hand, the peak potential shifts in negative direction
when the scan rate increases, meaning that the electrochemical reaction is quasi-reversible. At
higher scan rate, the dependence of the peak potential (Epa) and In(v) showed a linear relationship

with a regression equation of:

E, = 0.0509 In(v) + 0.2696(r >= 0.9945, E,in V,vin Vs ') (3)
According to the following equation:

Epa = E°/+ m[0.78 + In(D *?k s %) — 0.5 In m] + (m/2) In(v) (4)

With

m = RT/[(1 —a)n,F (5)

The value of m=0.1018 is calculated from Eq. (4). Therefore, the electron transfer coefficient (a)
is approximately 0.74 for the quasi-reversible electrode process, indicating that two electrons are

transferred in the oxidation of NE.
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Figure 3-22 Plot of | pa versus v 1/2 for the oxidation of NE at ZnO/CNTSs/IL/CPE. Inset shows
cyclic voltammograms of NE at ZnO/CNTSs/IL/CPE at different scan rates (from inner to outer) of 5,
10, 20, 30, 50, 100, 150 and 200 mV s —1 in 0.1 M phosphate buffer, pH 6.

30 A

Chronoamperometry results obtained for the various concentrations of NE solution using
ZnO/CNTS/IL/CPE (Fig. 6 A) gives straight lines. The plot of current (1) versus t 2 for NE
solution at various concentrations using ZnO/CNTs/IL/CPE (Fig. 6 A) gives straight lines with
different slopes (Fig. 6B). From the slopes we calculated a diffusion coefficient of 3.3 x 10 ~°
cm?®s ! (assuming n = 2 and the electrode surface area (A) of 0.2 cm ?) for NE using the Cottrell

equation.
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Figure 3-23 A) Chronoamperograms obtained at ZnO/CNTS/IL/CPE in the presence of a) 300; b) 350; and
¢) 450 umolL—1 NE in the buffer solution (pH 6.0). B) Cottrell’s plot for the data from the

3 chronoamperograms (n = 3)

SWV method was used to prepare the calibration plot (Fig. 7 inset). The plot of the peak current
vs. NE concentration consisted of two linear segments with slopes of 2.9464 and 0.3489uA/pmol
L™ in the concentration ranges of 0.05 to 8.0 umol L™ and 8.0 to 450.0 pmol L™ NE,
respectively (Fig. 7).
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The regression equations were as: for 0.05 to 8.0 pmol L™ NE, I, = (2.9464 + 0.2431) C NE +
(2.4321 + 0.4371) (r* = 0.9913, n = 6) and for 8.0 to 450.0 umol L * NE, I, = (0.3489 + 0.00178)
Cne + (29.0050 + 0.9581) (r* = 0.9937, n = 11), where C is pumol L™ NE and I, is the peak
current vs. JA. The decrease in the sensitivity (slope) of the second linear segment is likely due
to kinetic limitation [48]. The detection limit (3c) of NE was found to be 0.02 umol L. This
value of detection limit, the linear dynamic range, and the sensitivity for NE observed for the
ZnO/CNTSs/IL/CPE are comparable and even better than those obtained for several other
modified electrodes (Table 1).



Table 3-6Comparison of the efficiency of some electrochemical methods in the determination of NE

Electrode Methods LOD (pM) LDR (uM) Sensitivity A (M) ! Ref.
Carbon paste SWv 0.0094 0.08-550 00181 1]
Carbon paste ppy 021 047-500 0.046 3]
Carbon paste SWv 8.0 15.0-1000 0.091 (4]
Glassy carbon SWv Not report 1.0-50.0 0.35 [5]
Carbon paste DPV 015 0.52-530 0.035 [6]
Glassy carbon Dpv 0.05 0.3-10 145 7]
Glassy carbon Dpv 02 3.0-30 05616 [8]
Carbon paste Swv 0.002 0.005-450.0 29464 This

3.3.3. Stability and reproducibility for third study

The repeatability and stability of ZnO/CNTs/IL/CPE was investigated by cyclic voltammetric
measurements of 20.0 umol L™ NE. The relative standard deviation (RSD%) for five successive
assays was 0.95%. When using six different electrodes, the RSD% for seven measurements was
1.5%. When the electrode stored in the laboratory, the modified electrode retains 98% of its
initial response after a week and 95% after 30 days. These results indicate that
ZnO/CNTSs/IL/CPE has good stability and reproducibility, and could be used for NE.

3.3.4. Interference study for third study

The influence of various substances as potentially interfering compounds with the determination
of NE was studied under the optimum conditions 10.0 pmol L™ 1 NE at pH 6.0. The potentially
interfering substances were chosen from the group of substances commonly found with NE in
pharmaceutical samples. The tolerance limit was defined as the maximum concentration of the
interfering substance that caused an error less than £5% for the determination of NE. The results
are shown in Table 2. Those results confirm the suitable selectivity of the proposed method for

determination of these compounds.



Table 3-7Interference study for the determination of 10.0umol L —1 NE under the optimized conditions

Species Tolerante limits (Wsypstance /VWNE )
Glucose, Fructose, Lactose, Sucrose 1000
Tryptophan, Thiourea,Valine, 900

Methionine, Glycine, Lucine, Histidine,
Glutamic acid, Alanine, Glycine,
Phenylalanine, Ascorbic acid’,
Thiourea, urea, uric acid

Li*, Cl-, CO3%-, Cl04—, SO42~, SCN-, Na*, 700

Mg?*, K*, Ca*?
Starch Saturation
Serotonin 100
Dopamine 20

*After addition of 1 mM ascorbic oxidaze

3.3.5. Real-life sample analysis study for third study

In order to evaluate the analytical applicability of the proposed method, it was applied to the
determination of NE in injection solution and urine samples. Based on the repeated square wave
voltammetric responses (n = 3) of the diluted analyte and the samples that were spiked with
specified concentration of NE, measurements were made for determination of NE concentrations
in the pharmaceutical and urine preparations. The results are listed in Table 2. In addition, a
published capillary lectrochromatographic method [49-71] was used for the analysis to confirm
the accuracy of the proposed method with a standard procedure (Table 3). The results presented
in Table 2 indicate that the modified electrode retained its efficiency for the determination of NE

in real samples with satisfactory results.



Table 3-8Determinationof NE in drug, and urine samples (n = 3).

Sample ~ Added(pmolL)  Expected(umolL")  Founded(pmolL)  Published method (umalLT)[30] R Ry fx laesy

Ampoule - 50 52404 54407 15 19 24 138
150 150 148405 153£07 -- -- - -
Urine - -- <Limitof detection - - - - -
10.0 100 108409 109+1.71 105 1B 31 13
20 200 07408 199410 -- - e -
Urine -- -- 89103 83108 8.3 19 26 18

+Shows the standard deviation.
*Sampling was made after 3,01 from a man who used NE.

3.4. X-Ray diffraction and TEM of ZnO nanoparticles for forth study

The X-ray diffraction data were recorded by using Cu K a radiation (1.5406 A 0 ). The intensity
data were collected over a 20 range of 20-80 o . The average grain Size of the samples was
estimated with the help of Scherrer equation using the diffraction intensity of (101) peak. X-ray
diffraction studies confirmed that the synthesized materials were ZnO with wurtzite phase, and
all the diffraction peaks agreed with the reported JCPDS data, and no characteristic peaks were
observed other than ZnO. The mean grain size (D=17 nm) of the particles was determined from

the XRD line broadening measurement using Scherrer equation:

D=KM( cosB) (1)
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Figure 3-25 XRD patterns of ZnO nanoparticles.

Where A is the wavelength (Cu K a ), B is the full width at the half-maximum (FWHM) of the
ZnO (101) line, and 0 is the diffraction angle. A definite line broadening of the diffraction peaks
is an indication that the synthesized materials are in nanometer range. The lattice parameters
calculated were also in agreement with the reported values. The reaction temperature greatly
influences the particle morphology of as prepared ZnO powders. Figure 1 show the XRD

patterns of ZnO nanoparticles.
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Figure 3-26 TEM image of ZnO nanoparticles.

The morphology of the as-grown nanostructures was characterized by TEM technique. Fig. 2
presents a typical TEM image of ZnO/NPs nanoparticle. It is clear that in this case, a ZnO
nanoparticle was successfully prepared.

3.4.1. Electrochemical investigation for forth study

AA can be oxidized at positive potential depends on the electrode type and solution pH [11]. We
anticipated that the oxidation of AA would be pH dependent. In order to ascertain this, the
voltammetric response of AA at a surface of ZnO/NPs/IL/CPE was obtained in solutions with
varying pH. Result shows, the peak potential of the redox couple was pH dependent with a slope
of —52.0 mV/pH unit at 25 °C which was equal to the anticipated Nernstian value for a one-
electron, one-proton electrochemical reaction. It can be seen that the maximum value of the peak

current was appeared at pH 7.0 (Fig. 3), so this value was selected throughout the experiments.
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Figure 3-27 Current—pH curve for electrooxidation of 50.0 pM A A at ZnO/NP/IL/CPE with
a scan rate of 50 mV s -1 . Inset) influence of pH on cyclic voltammograms of AA at a

surface of the modified electrode, (pH 4, 5, 6, 7, and 8, respectively).

Figure 4 (inset) shows the current density derived from the cyclic voltammograms responses of
50 uM AA (pH 7.0) at the surface of different electrodes with a scan rate of 100 mV s *. The
results show that the presence of ZnO/NPs and IL together cause increasing the active surface of
the electrode. The direct electrochemistry of AA on the modified electrode was investigated by
linear sweep voltammetry. Figure 4 showed the typical linear voltammogram responses of 50
UM AA at pH 7.0 at the surface of different electrodes with a scan rate of 100 mV s ™.
ZnO/NPs/IL/CPE exhibited significant oxidation peak current around 370 mV with the peak
current of 33.4pA (Fig. 4, curve a). In contrast, low redox activity peak was observed at
ZnO/NP/CPE (Fig. 4, curve c¢) and at unmodified CPE (Fig. 4 curve d) over the same potential
range. The AA oxidation peaks potential at ZnO/NP/CPE and at CPE observed around 450 and
460 mV vs. the Ag/AgCI/KClsat reference electrode with the oxidation peaks current of 11.5 and
4.5 pA, respectively. In addition, at the surface of bare IL/CPE, the oxidation peak appeared at
370 mV with the peak current was 19.0 pA (Fig. 4, curve b), which indicated the presence of ILs

in CPE could enhance the peak currents and decrease the oxidation potential (decreasing the



overpotential). A substantial negative shift of the currents starting from oxidation potential for
AA and dramatic increase of current of AA indicated the catalytic ability of ZnO/NP/ILCPE to
AA oxidation. The results indicated that the presence of ZnO/NPs on ZnO/NPs/IL/CPE surface
had great improvement with the electrochemical response, which was partly due to excellent
characteristics of ZnO/NPs such as good electrical conductivity, high chemical stability, and high
surface area. The suitable electronic properties of ZnO/NPs together with the ionic liquid gave
the ability to promote charge transfer reactions, good anti-fouling properties, especially when
mixed with a higher conductive compound such as ILs when used as an electrode.
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Figure 3-28 Cyclic voltammograms of a) at ZnO/NP/IL/CPE, b) IL/CPE, c) at ZnO/NP/CPE and d)
CPE in presence of 100 pM AA at a pH 7.0, respectively. Inset: the current density derived from
cyclic voltammograms responses of 100 uM AA at pH 7.0 at the surface of different electrodes with
ascan rate of 50 mV's .

The influence of potential scan rate (v) on I p of 50 uM AA at the ZnO/NP/IL/CPE was studied
by linear sweep voltammetry at various sweep rates (Fig. 5 inset). As shown in Fig. 5, the peak
currents of AA grow with the increasing of scan rates and there are good linear relationships

between the peak currents and v 1/2 (Fig. 5). The regression equation is I pa=5.9717 - 25.0670 v



172 (Ipa: pA, vi mVs =1 , R 2 = 0.9911), indicating the redox process of 50 uM AA at the
ZnO/NP/IL/CPE was diffusion-controlled.
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Figure 3-29 Plot of I pa versus v 1/2 for the oxidation of AA at ZnO/NP/IL/CPE. Inset shows
cyclic voltammograms of AA at ZnO/NP/IL/CPE at different scan rates of 50, 70, 100, 150,
200, 250, 420 and 480 mV s -1 in 0.1 M phosphate buffer, pH 7.0.

To obtain further information on the rate determining step, a Tafel plot was developed for the
AA at a surface of ZnO/NP/IL/CPE using the data derived from the raising part of the current—
voltage curve (Fig. 6). The slope of the Tafel plot is equal to n(1—a)F/2.3RT which comes up to
0.1908 V decade —1 . We obtained a as 0.8.



0.145 1
0.135 4
0.125 +

s 10
0.115 4 .

0.105 A %

E/V
>
s

095 -
0.09 y = 0.1908X+1.1153

R’ = 0.9984

0,085 A

0.075 4

0.065 T T
5.5 545 5.4 -5.35 5.3 -5.25 5.2 -5.15 5.1

log I

Ll Ll Ll L Ll L

Figure 3-30 Tafel plot for ZnO/NP/IL/CPE in 0.1 M PBS (pH 7.0) with a scan rate of 50 mV s —1 in
the presence of 50 uM AA

Chronoamperometric measurements of AA at ZnO/NP/IL/CPE were carried out by setting the
working electrode potential at 400 mV vs. Ag/AgCI/KClsat for the various concentration of AA
in buffered aqueous solutions (pH 7.0) (Fig. 7A). For an electroactive material (AA in this case)
with a diffusion coefficient of D, the current observed for the electrochemical reaction at the
mass transport limited condition is described by the Cottrell equation. Experimental plots of | vs.
t Y2 were employed, with the best fits for different concentrations of AA (Fig. 7B). The slopes of
the resulting straight lines were then plotted vs. AA concentration. From the resulting slope and

Cottrell equation the mean value of the D was found to be 2.3 x 10 ° cm 2 /s.
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Figure 3-31 A) Chronoamperograms obtained at ZnO/NP/IL/CPE in the presence of a)
300; b) 400; c) 500; d) 600 and e) 700 uM AA in the buffer solution (pH 7.0). B)

Cottrell's plot for the data from the chronoamperograms

3.4.2. Linear dynamic range and limit of detection for forth study

Square wave voltammetry (SWV) was used to determine AA concentrations. The SW
voltammograms clearly show that the plot of peak current vs. AA concentration is linear for
0.08-350 pmol L —1 of AA, the regression equation being I, (MA) = (0.6449+0.0120)C AA +
(18.1350+0.8932) (r 2 = 0.9902, n = 10), where C is uM concentration of AA and | p is the peak
current. The detection limit was 0.04 uM AA according to the definition of Y LOD =Y B +30.

3.4.3. Stability and reproducibility for forth study

The repeatability and stability of ZnO/NP/IL/CPE was investigated by square wave voltammetric
measurements of 10.0 uM AA. The relative standard deviation (RSD%) for ten successive assays

was 0.94%. When using four different electrodes, the RSD% for seven measurements was 1.5%.



When the electrode stored in the laboratory, the modified electrode retains 97% of its initial
response after a week and 94% after 45 days. These results indicate that ZnO/NP/IL/CPE has
good stability and reproducibility, and could be used for AA.

3.4.4. Interference study for forth study

In order to evaluate the selectivity of the proposed method in the determination of AA the
influence of various foreign species on the determination of 10.0 uM AA was investigated.
Tolerance limit was taken as the maximum concentration of foreign substances that caused an
approximate relative error of £5%. The results given in Table 1 show that the peak current of AA

is not affected by all conventional cations, anions, and organic substances.

Table 3-9 Interference study for the determination of 10.0 uM AA under the optimized conditions

Species Tolerant limits (W substance /W aa )

Glucose, Sacarose, , Lactose, Feroctose 900
Li*, Br, A" K, CIO*",Na", Cl', CO57,
2+ 2+ 2- 750
Ca~ , Mg~ , SOy

Thiourea, Glutamic acid, Tryptophan,
Lucine, L-Threonine, L-Phenylalanine, 600
Glycine, Methionine, Alanine, Valine,

Histidine

Cysteine 400

Starch Saturation

3.5. Real sample analysis for forth study

In order to evaluate the analytical applicability of the proposed method, also it was applied to
the determination of AA in tablet, fruit juice and vegetable juice samples. Based on the repeated
differential pulse voltammetric responses (n=3) of the diluted analyte and the samples that were
spiked with specified concentration of AA, measurements were made for determination of AA
concentrations in food samples. The results are listed in Table 2. In addition, a published
electrochemical method [20] was used for the analysis to confirm the accuracy of the proposed

method with a standard procedure. The results presented in Table 2 indicate that the modified




electrode retained its efficiency for the determination of AA in real samples with satisfactory

results.

Table 3-10 Determination of AA in real samples (n=3)

Sample AA Found (AA) Found (AA) Fe' Fuab e iab95%)
Added (pM) Proposed method Official method
(1M) (M)
Tablet 5.0 5.35+0.45° 4.22+0.45 54 19.0 12 38
10.0 9,74+0.55 10.65+0.72 - - - -
20.0 19.84+0.33 20.45+0.55 - - -
Fruit Juices - - - - - - -
Orange “ - 150.66+1.22 151.11+1.47 119 19.0 3.5 38
Kiwi * - 80.22+0.85 79.88+1.33 105 19.0 32 38
Apple * - 25.35+0.65 24.95+0.95 92 19.0 3.0 38
Lemon - 55.23+0.45 54.95+0.83 8.2 19.0 2.7 38
Vegetable - - - - - -
Juices
Pimento - 45.3340.75 45224085 10.0 19.0 3.1 38
Dill - 90.32+0.25 90.25+0.32 49 19.0 1.1 3.8

* Fex Calculated F-value; Reported F value from F-test table with 95% confidence level and 2/2 degree of freedom;
*tex Calculated t; ttab (95%) Reported t value from t-student test table with 95% confidence level.
“ +Shows the standard deviation.

3.5.1. X-Ray diffraction and TEM of NiO nanoparticles for fifth study

The X-ray diffraction (XRD) data were recorded using Cu K o radiation (1.5406 A) (Fig. 1A).
The intensity data were collected over a 20 range of 10-80°. The average grain size of the
samples was estimated with the help of Scherrer equation using the diffraction intensity of (200)
peak. XRD studies confirmed that the synthesized materials were NiO, and all the diffraction
peaks agreed with the reported Joint Committee on Powder Diffraction Standards (JCPDS) data,
and no characteristic peaks were observed other than NiO [18]. The mean grain size (D = 23 nm)
of the particles was determined from the XRD line broadening measurement using Scherrer

equation:
D=KM(B cosb) (1)

Where A is the wavelength (Cu Ka), B is the full width at the half-maximum (FWHM) of the NiO
(200) line and 0 is the diffraction angle. A definite line broadening of the diffraction peaks is an
indication that the synthesized materials are in the nanometre range. The morphology of the as-

grown nanostructures was characterized by scanning electron microscopy (SEM) technique.



Figure 2 shows the SEM image of the synthesized product. It is clear that in this case, a NiO

nanoparticle was successfully prepared.
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Figure 3-33 XRD patterns of as-synthesized NiO nanoparticle.

500 nm
Figure 3-33 SEM image of NiO/NPs.

3.5.2. Electrochemical investigation for fifth study

The active surface areas of the working electrodes are estimated according to the slope of the IP

versus v 2 plot for a known concentration of K4Fe(CN)s, based on the Randles-Sevcik equation:

I p=2.69x10°n*? AD Y2 v 2 C4 (2)



Where | pa refers to the anodic peak current, n the electron transfer number, A the surface area of
the electrode, D R the diffusion coefficient, C 0 the concentration of K4Fe(CN)g and v is the scan
rate. For 1.0 mmol L K4Fe(CN)g in 0.10 mol L * KCl electrolyte with n = 1 and Dg = 7.6x10°°
cm s ! and from the slope of the l.—v 2 relation, the microscopic areas were calculated. They
were 0.15 and 0.09 cm? for NiO/NPS/CPE and CPE, respectively. Scheme 1 shows the electro-
oxidation reaction of NB. According to Scheme 1, we anticipated that the oxidation of NB would

be pH dependent.

WM +2¢

Figure 3-34 Mechanism for electro-oxidation of NB

The effect of pH was investigated using cyclic voltammetry technique for electro-oxidation of
NB at a surface of NiO/NPs/CPE. It was found that the oxidation peak current increased
gradually from pH 5.0 to 7.0, and then the current conversely decreased when the pH value
increased from 7.0 to 8.0 (Fig. 3). According to the above point that pH 7.0 was chosen as the

optimal experimental condition.
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Figure 3-35 Current—pH curve for electro-oxidation of 100.0 uM NB at NiO/NPs/CPE with

a scan rate of 50 mV s*
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Fig. 4 (curves a & b) showed the electrochemical responses of NiO/NPs/CPE, and CPE in 100
uM NB in PBS solution (pH 7.0), respectively. At NiO/NPs/CPE, and CPE, NB showed an
irreversible oxidation peak, with oxidation peak potential (E pa ) of 0.57 V, and 0.60 V,
respectively. However, the peak current of NB at NiO/NPs/CPE was much larger than that at the
CPE; it was about 1.7 times larger than CPE by cyclic voltammetry. Thus, the modified electrode
exhibited a catalytic activity toward the oxidation of NB. This further testified the superiority of
NiO/NPs/CPE to CPE and indicated that the use of NiO/NPs as modifier facilitated the electron

transfer between NB and electrode.
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Figure 3-36 Cyclic voltammograms of (a) NiO/NPs/CPE, and (b) CPE in the presence
of 100 uM NB at pH 7.0, respectively.

To obtain information about the rate-determining step, the Tafel plot was drawn, as derived from
points in the Tafel region of the cyclic voltammogram. The slope of the Tafel plot was equal to
2.3 RT/n(1-a)F , which came up to 0.3064 V decade —1 for scan rate 50 mV s —1 (Fig. 5).

Therefore, we obtained the mean value of a, which is equal to 0.8.
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Figure 3-37 Tafel plot for NiO/NPs/CPE in 0.1 MPBS (pH 7.0) at the scan rateof 50 mV s —1 in the
presence of 100.0 uM NB

The chronoamperometry as well as the other electrochemical methods was employed for the
investigation of electro-oxidation of NB at NiO/NPs/CPE. Chronoamperometric measurements
of NB at NiO/NPs/CPE were done (not shown) for various concentrations of NB. For an
electroactive material (NB in this case) with a diffusion coefficient of D, the current for the
electrochemical reaction (at a mass transport limited rate) is described by the Cottrell equation
[19]:

| =nFAD Y2 Cbr Y2t 2 (3)

Under diffusion control, a plot of I versus t

will be linear, and from the slope the value of D
can be obtained. The mean value of the D was found to be 1.0x10 ~* cm ? /s. The repeatability
and stability of NiO/NPs/CPE were investigated by linear sweep voltammetric measurements of

10.0 uM NB. The relative standard deviation (RSD%) for six successive assays was 0.95%.



When using five different electrodes, the RSD% for five measurements was 1.6%. When the
electrode stored in the laboratory, the modified electrode retains 96% of its initial response after
a week and 93% after 35 days. These results indicate that NiO/NPs/CPE has a good stability and
reproducibility, and could be used for NB analysis. The influence of various substances as
potentially interfering compounds for the determination of NB was studied under the optimum
conditions with 10.0 uM NB at pH 7.0. The potential interfering substances were chosen from
the group of substances commonly found with NB in pharmaceuticals and/or in biological fluids.
The tolerance limit was defined as the maximum concentration of the interfering substance that

caused an error of less than +5% for the determination of NB.

After the experiments, we found that neither 1000-fold of glucose, sucrose, lactose and fructose,
nor 750-fold of K* , Li*, Ca®* , Mg* , AI** | NH* |, SO,* , CI" and CIO, ~ ,nor 500-fold
phenylalanine, valine, tryptophan, histidine and glycine affected the selectivity. Nor did
saturation solution of starch; neither 400-fold of urea and thio-urea were interfered with the

determination of NB.

Since square wave voltammetry has a much higher current sensitivity than linear sweep
voltammetry, it was used for the determination of nb (Fig. 6 inset). The SW voltammograms
clearly show that the plot of peak current vs. NB concentration is linear for 0.8-400 uM of NB
with slope of 0.1835 pA uM -1 (Figure 6). According to the method mentioned in Ref. [20], the
lower detection limit, C , , was obtained by using the equation Cy, = 3s/m, where s b is the
standard deviation of the blank response (LA) and m is the slope of the calibration plot. The data

analysis presents the value of lower limit detection of NB to be 0.5 uM.
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Figure 3-38 The plots of the electrocatalytic peak current as a function of NB concentration. Inset
shows the SWVs of NiO/NPs/CPE in 0.1 M phosphate buffer solution (pH 7.0) containing different

concentrations of NB. From inner to outer correspond to 0.8, 5.0, 50.0

In order to demonstrate the ability of the modified electrode to the determination of NB in real

samples, determinations of NB in pharmaceutical and in urine samples were examined. The

results are given in Table 1. These results demonstrated the ability of NiO/NPs/CPE for

voltammetric determination of NB with high selectivity and good reproducibility.

Table 3-11 Ability of propose sensor for determination of NB in real samples

Sample Added (UM) Expected (LM) Founded (uUM) Recovery %
Urine <LOD
5.00 5.00 4.87+0.62 97.40
Serum <LOD
10.00 10.00 10.45+0.55 104.50
Water <LOD
20.00 20.00 20.65+0.75 103.25




3.6. Molecular geometry for sixth study

The geometry of Droxidopa and the numbering of atoms and the geometrical parameters of
selected parameters in VAC and in the five solvents are given in figure 1 and table 1,

respectively.
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Figure 3-39 The relationship between the E HB (in kJ/mol) and dielectric constant.



Table 3-12 The geometrical parameters (bond distance in A and bond angle in° ) of Droxidopa in vacuum and in five solvents.

Environment 021-C17 C14-025 025-H26 021..H26 C17-022 022-H23 CI5-N18  NIS..H23  022-H23-N18  025-H26-021
VAC 1.210 1.417 0.972 1.938 1.332 0.985 1.468 1.904 124.57 139.57
CC 1.213 1.421 0.972 1.937 1.330 0.989 1.467 1.875 125.58 140.38
THF 1.216 1.426 0.972 1.933 1.328 0.993 1.466 1.849 126.45 141.27
ET 1.217 1.429 0.972 1.930 1.326 0.995 1.466 1.837 126.86 141.60
DMSO 1.217 1.429 0.972 1.930 1.326 0.995 1.466 1.835 126.93 141.68
AQ 1.217 1.430 0.972 1.929 1.326 0.995 1.466 1.834 126.96 141.72




The same atom numbering as for the study in VAC is utilized for all the environments to
facilitate the comparisons. The geometrical parameters showed that the N...H, O...H distances
and 0 (O—H...N), 6 (O—H...O) in Droxidopa molecule are in the range of 1.834-1.904, 1.929—
1.938-A and 124.57-126.96, 139.57-141.72 degree, respectively. It is well-known that the
geometrical parameters of the HB reflect the strength of the bond. In many cases, there is a clear

relationship between these parameters and the strength of hydrogen bond.

The smaller the N...H and O...H distances and the larger 6 (O—H...N) and 6 (O—H...O) angle in
the Droxidopa in vacuum and in the five solvents, the stronger is intramolecular hydrogen bonds.
Results in table 1 show that in AQ solution, the 6 (O—H...N) and 6 (O—H...O) angles are larger
and both N...H and O...H intramolecular hydrogen bonds are stronger than the other solutions.
These parameters in CC solution are closed to VAC environment, because the dielectric constant
of CC is very small. As shown in this table, analysis of bond lengths indicates that r C—O are
lengthened, with respect to the Droxidopa molecule in VAC. These lengthening of single bonds
could be attributed to the increasing quantification of electron delocalization, which in turn
causes the hydrogen bond to become stronger than that for Droxidopa molecule in VAC.
Therefore, among the environments studied in this work, the lengthening of C—O bonds is
observed in solution. Alternatively, the main solvent effect is shortening the N...H and O...H
distances compared with the corresponding value in VAC. These structural changes in

Droxidopa suggest a stronger hydrogen bond in solutions than that in VAC.

3.6.1. H-bond energies for sixth study

One of the most important features of intramolecular H-bond is its strength. The IHB energy
plays a significant role in conformational preference, in which its value mainly depends on the
choice of the resonance state. Many authors have devised various methods to estimate the energy
of IHB. In the Schuster method [32] it is assumed that the energy difference between the close
(with HB) and open (without HB) conformers is equal to HB energy. But this energy gap also
contains some conformational contributions that cannot be a direct measure of the HB energy. In
recent years, the powerful method of Espinosa [33] is often applied for the estimation of H-bond

energy. In this method, the H-bond energies may be estimated from the properties of bond



critical points. Espinosa and co-workers have pro- posed a simple relationship between the

hydrogen bond energy and the local electron potential energy density V(r cp ) at p o(N)...H :
Ens=1/2 V(r cP ) (1)

Corresponding to the Abramov’s relation 34 at the critical point:

G(rer) = (D)EB°) ** p™(r e ) + OV plr cp )(2)

The local potential energy density V(r cp ) can be obtained from the viral equation:
2G(rcp) + V(r ) = OV p(r cp )(3)

All values in the relations mentioned above are expressed in atomic units. E HB energies
calculated from the potential energy densities of O...H and N...H contacts are included in table 2.
These values suggest that the H-bond strength in solutions is relatively stronger than VAC,

which is in agreement with calculated geometrical parameters (table 1).

It is worth mentioning that E HB correlates to the geometrical parameters, which are usually
assumed to be good descriptors of the H-bond strength. The linear correlation coefficient for the
dependency of E HB versus r O...H and r N...H is 0.989 and 0.998, respectively. It means that E
HB is a good description of the H-bond strength. Furthermore, as shown in figure 2, there are
very excellent logarithmic correlation coefficients for the dependency of E HB versus dielectric

constant (g) as the following equations for both N...H and O...H hydrogen bond strength:
E hg = —0.16Ine — 29.86for O-H...O IHB

And

E hg = —1.631Ine — 45.62for O-H...N IHB

3.6.2. Charge Density Properties for sixth study

The precise mapping of the distribution of charge density in H-bonded systems is a classical
topic in structural chemistry, with a large number of individual studies reported. Currently,
quantum theory of atom in molecule (QTAIM) [35] is the most frequently used formalism in
theoretical analyses of charge density. Here, each point in space is characterized by a charge



density p(r), and further quantities such as the gradient of p(r), the Laplacian function of p(r),and
the matrix of the second derivatives of p(r) (Hessian matrix). The relevant definitions and the
topology of p(r) in a molecule or molecular complexes can be best understood with the help of
an illustration. If there is a chemical bond between two atoms (such as HB), they are directly
connected by a trajectory called the ‘bond path.” The point with the minimal p value along the
bond path is called the BCP, which represents a saddle point of p(r). Strictly speaking,
trajectories terminate at the BCP, so that the bond path represents a pair of trajectories, each of
which connects a nucleus with the BCP. Figures 3 and 4 present the molecular graph and contour
map of Droxidopa obtained from the B3LYP/6-311++G(d,p) wave function, respectively.

The calculated electron density, p, and its second derivative, V 2 p were used for describing the
nature of the intra-molecular O—H...O and O-H...N bonds. The calculated electron density (p), its
Laplacian (V2p) at bond critical points and charge density at ring critical point (p rep ), and its
Laplacian Vprep) for Droxidopa in VAC and in the five solvents are given in table 2 and shown

in figure 3.

Figure 3-40 The molecular graphs of Droxidopa obtained from the B3LYP/6-311++G(d,p)

wave function.

The calculated electron density properties of Droxidopa in VAC and in the five solvents
demonstrate that the O...H bonding has a low p (ranging from 0.02793 to 0.02828), and positive
V% values (ranging from 0.09722 to 0.09815). Similarly, the calculated electron density



properties of Droxidopa in VAC and in the five solvents show that the N...H bonding has low p
(ranging from 0.03676 to 0.04307), and positive V*p values (ranging from 0.10743 to 0.1063).
These properties are typical for closed-shell interactions as HBs and indicate electrostatic
character of the O...H and N...H bonding. With considering calculated topological parameters,
we can conclude that the main solvent effect is an increase in electronic densities at the ring
critical points (prcp). This fact indicates that the hydrogen-bond strength in solution is stronger
than that of the VAC. Another topic analyzed here is the existence of the ring critical point
(RCP) for closed configurations. The V2prep is @ point of the minimum electron density within

the ring surface and a maximum on the ring line [36].

As shown in figure 4, the density value is arbitrarily terminated at the positions of the carbon,
oxygen, and nitrogen nuclei. The lower maps illustrate the trajectories traced out by p, the
gradient vectors of the density. The contour map is overlaid with the trajectories of p associated
with the bond cps that define the bond paths and the intersection of the interatomic surfaces with

the plane of the diagram.

Figure 3-41 The contour map of Droxidopa in vacuum and in five solvents obtained from the B3LYP/6 311++G(d,p)
wave function in plane with three selected points: A(2.42, 3.06, 2.07), B(7.33, 1.88, 0.82), and C(7.97, —1.56, —1.52).

It has been mentioned recently that for IHB, there is a correlation between the electron density at

the bond critical point corresponding to the contact within the H-bridge and the electron density



at the RCP [11]. There is a linear relationship between E ns and V?p at the RCP. The
corresponding correlation coefficient amounts to 0.998 for N...H bond (with equation as
Ens=—554.1 V?p RCP +49.234). This implies that the properties of the RCP values could be very
useful to estimate the strength of IHB. Their values permit us to have a better understanding of
these novel correlations. The derived relationships from these graphs empower us to acquire
other physically meaningful results.

3.6.3. NBO analysis for sixth study

The natural bond orbital (NBO) analyses were applied to evaluate the hydrogen bond strength in
the Droxidopa in VAC and in the five solvents. The NBO method shows that for typical
hydrogen bonding, a two-electron n B —c * XH intermolecular donor—acceptor interaction
exists where electron density from the lone pair n B of the H-acceptor delocalizes into the
unfilled ¢ * XH anti-bonding orbital of the H-donor. The n B —c * XH orbital overlap is
characteristic for hydrogen bonding interaction. The hydrogen bond formation leads to an
increase in the occupancy of the ¢ * XH anti-bond orbital and hence the weakening and
lengthening of the X-H bond. This leads to the red-shifted v X—H stretching frequency.
Therefore, electron delocalization or charge transfer (CT) effects between n B and o * XH may

be estimated by second-order perturbation theory:

(ng {F ‘O';H )2

e(oxy) —e(ng)

EQ2)=-2

Where (ng|F |o§, ) is the Fock matrix element between the n B and o * XH orbitals, &(c *
XH )—¢(n B) is the orbital energy difference (the difference of diagonal Fock matrix element). It
is worth mentioning that the CT and the corresponding lowering of energy are attributed to
hydrogen bonding interactions. In other words, the second-perturbation energies E(2) lowering is
responsible for the orbital interaction of H-bond, the larger E(2) values correspond to stronger

CT interaction occurring in the H-bond. The results of NBO analysis are listed in table 3.



In the NBO analysis of hydrogen bond system, the charge transfer between the lone pairs of
proton acceptor and antibonds of the proton donor is the most important parameter. The results
of NBO analysis illustrate that in the structure of Droxidopa, two lone pairs of oxygen atom (n 2
O) and a lone pair of nitrogen atom (n N) participate as donors and the 6* O—H interactions
behave as acceptors in relatively strong intramolecular charge transfer interactions with the
energy values presented in table 3. The energy corresponds to the n 2 O(nN)—oc* O-H
interaction, which is connected with the maximum n 2 O(hN)—c* O—H overlap, leading to a

linear, or nearly so, geometry of the O-H...O and N-H...O hydrogen-bonded system, respectively.

Hydrogen bonding causes an increase of the occupancy of the o* O—H anti-bond orbital and
further weakening and lengthening of the O-H bond. These orders of energy values again support
the calculated intra-molecular hydrogen bonds strength values in Droxidopa in VAC and in the

five solvents.

It is worth mentioning that the NBO energy connected with n20(nN)—c* O—H overlap nicely
correlating with other geometrical and topological parameters. Moreover, we found out that there
is an excellent correlation between E HB versus n20—c* O-H and nN—oc* O-H with
correlation coefficient of 0.955 and 1.00, respectively. These kinds of correlations are important,
because they permit us to quantitatively dictate the strength of such interactions and provide a
physical explanation for the process. Eventually, the NBO and AIM analyses show that the
strength of the IHB increases with the increase of the solvent dielectric constant.



Chapter Four

Conclusion



4.1. First study

In this study, the 1-methyl-3-butylimidazolium chloride modified NiO/CNTs carbon paste
electrode was used to investigate the electrochemical behaviors of morphine. The
IL/NiO/CNTCPE showed great improvement to the electrode process of morphine compared to
the traditional carbon paste electrode. The modified electrode successfully resolves the
overlapped voltammetric peaks of morphine and diclofenac by ~ 180 mV, so that the modified
electrode displays high selectivity in the SWV measurement of morphine and diclofenac in their
mixture solutions. The electrode was successfully used for the de- termination of morphine in

injection solution and urine samples.

4.2. Second study

The novel IL/NiO/NPs/CPE electrochemical sensor was developed for the rapid determination of
NADH. The IL/NiO/NPs/CPE showed great improvement to the electrode process of NADH
compare to the traditional carbon paste electrode. Compared with traditional CPE, a decrease of
over-potential of oxidation of NADH was about 70 mV with 4.0-fold increment in the oxidation
peak current when using IL/NiO/NPs/CPE. Under the optimum conditions, the oxidation peak
current was proportional to the NADH concentration in the range of 0.03-900 pmol L ~* with the
detection limit of 9.0 nmol L ~*. Finally, the propose sensor was successfully used for the
determination of NADH in real samples.

4.3. Third study

In this study we report synthesis of ZnO/CNT nanocomposite as a high sensitive sensor for
voltammetric determination of NE using carbon paste electrode. The synthesized nanocomposite
was characterized with different methods such as SEM, TEM, XRD, and EDAX.
ZnO/CNTSs/IL/CPE combines the features of ZnO/CNT nanocomposite and room temperature
ionic liquid to play a good voltammetric sensor. Hence it shows high sensitivity and
reproducibility in sensing of NE. Compared with traditional CPE, a decrease of over-potential of

oxidation of NE was about 130 mV with 7.5-fold increment in the oxidation peak current when



using ZnO/CNTSs/IL/CPE. Under the optimum conditions, the oxidation peak current was
proportional to the NE concentration in the range of 0.05 to 450 umol L ~* with the detection
limit of 0.85 pmol L * . The proposed method was successfully applied to the NE detection in

real samples such as drug and urine.

4.4. Forth study

In this investigation, we describe synthesis of ZnO/NPs as a high sensitive sensor for
voltammetric determination of AA using carbon paste electrode. The synthesized nanoparticle
was characterized with different methods such as TEM and XRD. The direct electrochemistry of
AA at a surface of ZnO/NP/IL/CPE was assessed by cyclic voltammetry, chronoamperometry
and square wave voltammetry methods. The presence 1,3- dipropylimidazolium bromide and
ZNO nanoparticles helped AA to have a favored orientation and reduce the effective electron
transfer distance. Finally, the propose sensor was successfully used for the determination of AA

in food samples.

4.5. Fifth study

This work describes the ability of the modified NiO/NPs carbon paste electrode for
determination of NB. The voltammetric investigation demonstrates that electrooxidation of NB
at the surface of NiO/NPs/CPE showed very distinct characteristics which due to the presence of
NiO/NPs layer on the surface of electrode. The proposed modified electrode presented a low
detection limit and good linear range and reproducibility which make it a suitable NB sensor for

practical applications.

4.6. Sixth study

We have examined two types of IHBs for Droxidopa in vacuum and five solvents using B3LYP

level of theory at the 6311++G(d,p) basis set. The results obtained from the DFT calculations



and the topological parameters derived from the Bader theory suggest that the stronger HB can
lead to lengthening the O-H bond and shortening the N..H and the O...H distances. Our
calculated RCP values are useful descriptors of the strength of IHBs, emphasizing that there is a
correlation between E g and the other parameters such as solvent dielectric constant. Moreover,
the calculated electron densities and Laplacian properties of Droxidopa in vacuum and five
solvents illustrate that O(N)...H bonding have lower p and positive V 2 p values. These properties
are typical for closed-shell interactions as HBs that indicate electrostatic characters of the
O(N)...H bondings. NBO analysis indicates that there is an excellent linear correlation between
Ens and n20(nN)—o* O—H charge transfer in vacuum and five solvents. Overall, our theoretical
calculations show that the strength of the IHB increases with the increase of the solvent dielectric

constant and we found a good correlation between these parameters.
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