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Summary

Summary

The rapid increase in the illegal use of narcotic pharmaceuticals and the
growing exposure to heavy metals in biological samples have created an urgent
need for fast, sensitive, and cost-effective detection methods. Conventional
analytical techniques, although accurate, often require complex instrumentation,
long analysis times, and skilled operators. In this context, nanomaterials
synthesized through environmentally friendly routes have emerged as promising
alternatives for colorimetric sensing applications.

In this work, various nanomaterials were prepared using green synthesis
methods. CoO NPs, Ag NPs, NiO NPs, and FeO NPs were synthesized using
green tea extract as a reducing agent, while Cu NPs and ZnO NPs were prepared
using Boswellia sacra extract. Furthermore, bimetallic nanomaterials were
synthesized using the same plant extracts in molar ratios of 1:1 and 3:1, where
Ag:NiO BNPs were prepared using green tea extract, and Cu: NiO BNPs, Cu:CoO
BNPs, and Cu:ZnO BNPs were synthesized using Boswellia sacra extract.

The prepared nanomaterials were characterized using FESEM and TEM to
evaluate particle size and morphology, confirming that all materials were within
the nanoscale range. EDX analysis verified elemental composition and purity,
while FTIR spectroscopy confirmed the effective role of plant extracts through
the presence of characteristic vibrational bands. The crystalline structure was
investigated using X-ray diffraction, and the obtained patterns matched standard
reference data. UV-Vis spectroscopy was employed to determine the optical
absorption characteristics.

Additionally, a microfluidic device was designed using SOLIDWORKS
2022 and fabricated via 3D printing, resulting in two models a quadrilateral device
for pharmaceutical detection and a bilayer device for heavy-metal detection in
blood samples.

The synthesized mono- and bimetallic nanoparticles demonstrated high

efficiency in detecting narcotic pharmaceutical substances through rapid and
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—_—
visible color changes. Ag NPs showed excellent sensitivity toward Fentanyl
Citrate (C22H2sN20-CsHsO-), while CoO NPs effectively detected Tramadol
Hydrochloride (CisH2sNO2-HCI). Bimetallic nanomaterials also played a
significant role in detecting Pethidine Hydrochloride (CisH21NO2-HCI).
Moreover, Cu NPs successfully detected mercury at very low concentrations in
blood plasma, where as ZnO NPs exhibited high sensitivity toward cadmium.
Overall, the results confirm the potential of green-synthesized nanomaterials
combined with microfluidic platforms as rapid, low-cost, and effective sensing

systems for pharmaceutical and heavy metal detection.
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Chapter one Introduction

1.1 Nanomaterials

Nanomaterial is a particle of matter with a diameter of one to one hundred
nanometers (nm) and is commonly referred to as a nanoparticle or ultrafine
particle. Nanoparticles frequently exhibit distinctive size-dependent features,
mostly due to their tiny size [1]. The nanostructure can be one-dimensional, two-
dimensional, or three-dimensional within the nanoscale range. At these scales, the
surface-to-volume ratio becomes extremely high, resulting in dramatic changes in
mechanical, optical, electrical, and magnetic properties compared to the bulk state
[2, 3].

The very small size of nanomaterials and shape-related properties have made them
useful materials in various fields and industries [4].

Scientists assume that nanoparticles and nanomaterials that were designed first
occurred during the Big Bang through meteors, which resulted in the formation
of the universe and Earth, where the application of nanotechnology rose in the
1980s due to the convergence of experimental developments that occurred over
the years, including the invention of the scanning tunneling microscope in 1981
and the discovery of fullerenes during the year 1985 [5].Among the metallic
nanoparticles, silver nanoparticles are regarded as one of the primary types used
in biological and medical applications. Among the particles primarily used in
biological applications, in the nineteenth century, silver particles were used as
antibacterial agents [6, 7].

In 1990, nanoparticles were identified using a transmission electron microscope,
where scientists analyzed a cup with two colors to explain the phenomenon of
dichroism. It was observed that this was due to the presence of nanoparticles with
a diameter ranging from 50 to 100 nanometers. Nanotechnology became a very
common term since the year 1990 owing to the development in the field of
imaging technology that led to specialized applications in the industrial sector [8].
The word "nanomedicine” was coined in 1991 as the usage of nanotechnology in

1
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medicine to diagnose, monitor, prevent, and treat different diseases that attack
humans [9].

Today, the scale of production of nanoparticles and nanomaterials is large, and
such objects are irreplaceable in numerous increasingly large industries. This
optimizes and assists studies in such areas as applications of biochemistry,
biophysics, and biochemical engineering. In the recent past, nanotechnology has
been incorporated with other sciences in order to come up with novel forms of
nanomaterial that are, perhaps, applicable in areas such as diagnostic tools, the
delivery of drugs, the generation/storage of energy, or even the removal of
environmental pollution, areas of agriculture, and food processing. Intra-facilities
may be added to nanoparticles, nanostructures, and nano systems in comparison
to traditional materials because it is easier to alter the scale rather than the shape
and composition [10].

Nanotechnology is revolutionizing manufacturing methods of materials and
production of devices. Nanotechnology and nanoscience depend crucially on the
synthesis of nanomaterials. The various aspects that affect the crystallization and
the subsequent formation of stable nanoparticles during the process of synthesis
of nanomaterials are temperature, concentration of the reactants, time of reaction
and pH. Nanoparticles take a number of varieties, such as hexagonal, circular,
triangular, and chain-like shapes. Conventionally, nanoparticle synthesis occurs
in two ways as shown in the figure (1-1) that could be categorized depending on
how they are assembled, i.e., top-down begins with large materials and reduces to
the nanoscale, it can be likened to sculpting since it starts with a block of marble,
and one chips away and chisels on top of another [11].

The bottom-up method is a visualization in which nanomaterials are
compartmented atom by atom or molecule by molecule. These methods exploit
physical and chemical forces that incline atoms and molecules to organize by

themselves in a predetermined manner [12].
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Figure (1-1) :Schematic representation of ‘top-down approach’ and ‘bottom-up

approach’ for synthesis of nanoparticles [13].

1.2 Methods of nanomaterials synthesis

Nanomaterials can be synthesized through several major approaches, which
commonly categorized into three main methods: physical, chemical, and
biological. Each method differs in its principles, processing conditions, and the
characteristics of the resulting nanoparticles [14].
1.2.1 Physical Methodes

The physical approach to creating nanomaterials involves the principle of
using mechanical pressure forces and thermal energy where the material
condenses, melts, evaporates, or erodes. Environmental friendliness and lack of
pollution distinguish the physical method from the chemical method. In addition,
it produces homogeneous nanoparticles, and this method is also free of chemical

solvents.
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It is common to obtain nanomaterials by physical processes involving the
fragmentation of bulk materials in a top-down process [15]. The physical methods

for preparing nanomaterials include the following:
1.2.1.1 Mechanical milling

The first ball mill was created by the German physicist and chemist Friedrich
Fischer in the late 19th century. In 1970, John Benjamin developed the synthesis
of oxide-dispersed strengthened alloys that could withstand high temperatures and

pressures [16].

The ball milling strategy is a mechanical approach to reduce the particle size of
materials, such as powders and suspensions. This simple technique involves
grinding bulk materials in rotating cylinders containing solid balls (usually made
of steel or ceramic). When the balls collide with the material, they generate
enough force to break it down into nanoparticles. One of the critical parameters
in the ball milling process is the milling time, which determines the extent of
particle size reduction and the level of homogeneity in general, longer milling
times lead to smaller particle sizes, but there is a limit beyond which the particles
can become too fine and unstable. The duration of milling affects the degree of
mechanical activation, particle size and distribution, as well as the final structure

and product properties.

Longer milling times usually lead to smaller particle sizes, larger surface areas,
and an increase in defects. This method is characterized by its simplicity,
effectiveness, and low cost. The old method is widely used to produce metal
nanoparticles and metal oxides used in food packaging applications [17, 18].
Naaman Salah and others used this method to prepare zinc oxide nanoparticles
with antibacterial activity [19]. figure (1-2) explains the mechanism of ball

milling.
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Figure (1-2): Principles of the ball milling method for reducing powder particle
size [18].

1.2.1.2 Laser Ablation

One of the physicochemical processes for generating nanostructures based on
material removal through the interaction of a laser with the material from the solid
target in the liquid. The final structure and other properties of nanomaterials
depend not only on the interaction of the laser with the material but also on
subsequent evaporation parameters such as laser irradiation duration, pulse width,
solid target background, solvent nature, and laser beam optics. The laser ablation
process of solid targets in a liquid environment allows for the generation of
nanoparticles with various valuable properties, such as high purity, easily
deployable surfaces, thermally stable compositions, or complex structures,
including doped nanocrystals [20] and for the core shells, hollow spheres,
nanofibers, or nano fluorescents, the laser ablation process is carried out by

directing a powerful laser onto a metallic target placed in a liquid. Part of the laser
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pulse interacts with the surface of the target to form the plasma generated by the
laser in the liquid, while most of the energy is spent on heating the electrons during
the interaction. This means that the material reaches the plasma phase during the

initial interaction of part of the laser pulse with the material.

This means that the material transitions to the plasma phase during the initial
interaction of a part of the laser pulse. The plasma cloud is mainly composed of a
large amount of atoms, ions, and electrons that are ejected from the solid target
through multiphoton absorption. If the pulse duration is greater than a few tens of
picoseconds to a few nanoseconds, the lateral part of the laser pulse stimulates a
temperature gradient in the plasma cloud by reheating the laser-emitted materials,
i.e., the plasma cloud. While the targeted solid species absorb the lateral part of
the laser pulse, they generate a constant amount of evaporated species. Thus, the
plasma column expands unevenly due to the shock wave, leading to an increase
in pressure and additional temperature in the plasma generated by the laser. The
temperature of the plasma cloud generated by the laser increases rapidly because
it arises from the pressure generated by the plasma[21]. The shock wave resulting
from the expansion the plasma cloud drives the plasma produced by the laser into
a unique thermal state with extremely high pressure and temperature. The plasma
cloud plays an important role in the formation of nanoparticles, as nanoparticles
are formed within the mass of the plasma cloud. There is a rapid exchange of
energy from the plasma cloud to the surrounding liquid, leading to various types
of chemical reactions within the liquid and plasma. The energy transferred to the
surroundings causes the formation of a thin layer of vapor figure (1-3) explain this

process.

This vapor layer transforms into the initial stage of cavitation bubbles and expands
until equilibrium is reached. To achieve equilibrium in the surrounding liquid, the
cavitation bubbles begin to collapse when the bubble pressure reaches its

minimum at the maximum expansion of their volume. The subsequent stage of
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plasma cloud development, the sudden cooling and contraction of the plasma
cloud accompanied by a decrease in temperature, leads to the release of

nanoparticles.

Despite the significant success of this method in manufacturing colloidal
nanostructures, some aspects of the laser ablation process limit its use in industrial
nanostructure fabrication, such as low colloidal stability and phenomena resulting
from agglomeration. It is also considered a bond-free synthesis. This process has
been used to produce silver nanoparticles applicable in water treatment from
organic compounds. A composite nanostructure was created using the pulsed laser

method by making a silver plate [22].
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Figure (1-3): Laser ablation process [23].
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1.2.1.3 The physical vapor deposition (PVD)

It was discovered in the early twentieth century, but most of its development
occurred in the 1960s and 1970s, and it became widely used in industrial
applications. The table (1-1) shows the physical vapor deposition techniques.
The coating material is deposited onto a substrate by directing a beam of ions and
electrons towards the target. In the magnetic deposition process, which is a
plasma-based coating process, negatively charged source materials are shattered
by positively charged particles from magnetically confined plasma. When two
bodies collide, the atoms in each are pushed away from each other and eventually
settle onto the substrate. VVapor deposition, or physical vapor deposition (PVD),
is a versatile and popular method for applying thin films of materials onto surfaces
across a range of industries. Due to their numerous functional and aesthetic
benefits, PVD coatings are useful in various applications, from electronics and

optics to automotive and medical equipment [24].

PVD coating technology significantly improves the effectiveness and quality of
medical implants. PVD-coated medical implants improve osseointegration,
reduce wear and friction, increase corrosion resistance, and possess antibacterial
properties, leading to better patient outcomes, reduced complications, and an
overall higher quality of life for individuals who require implantable medical
devices [25].

This technique is widely used to prepare nano-layers and particles using ion
sputtering or evaporation. This process is ideal for preparing nano-metals such as
Cu, Ag, and Au. It is characterized by its ability to control the thickness and
composition of the layer and produce nano-materials free from chemical
contaminants, making it suitable for use in medicine, industry, and precision

sensors [26].

The results from previous studies show the success of the materials prepared in
this manner as sensors, and they are also used in sensor devices [27] . Through
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this technique, High-quality zinc oxide nanowires on n-type silicon substrates
using the physical vapor deposition method[28] , Different types of zinc oxide
nanocrystals were also synthesized through the physical vapor deposition of zinc
powders without the presence of catalysts and subsequent exposure to air at high
temperatures. It was found that these crystals are composed of zinc oxide

nanowires [29].

Table (1-1): shows the different technologies of PVD coating
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1.2.1.4 Inert Gas Condensation (IGC)

In the gas-phase condensation method, a system that uses a circular magnet to
create a lot of metal vapor is employed. Iron nanoparticles of selected size are
deposited through four main processes: evaporation, aggregation, filtration, and
deposition. In the gas-phase condensation technique, a cathodic erosion system

with a circular magnet is used to generate excessively saturated metal vapor.

The size of the nanoparticles can be adjusted by three parameters: the length of
the condensation zone (which can range from 30 to 150 mm), the magnetron
power (which ranges from 25 to 100 W), and the gas flow (Ar and He, partial
pressure 1-2 x 1071 Torr). The condensation zone is defined as the distance
between the magnetron head (erosion zone) and the first expansion orifice; this
condensation zone can be adjusted by a linear motor, which reduces or increases
the distance between the magnetron head and the first expansion orifice.
Similarly, accumulation the size of the nanoparticles can change over time once
the saturated metal vapor is collected, due to the increase or decrease in the

residence time of the nanoparticles in the aggregation zone [30].

Another factor that modifies the size of the nanoparticles is the magnetron power;
as the magnetron power increases, the density of the evaporated atoms from the
target increases, leading to an increase in the size of the nanoparticles. This
relationship increases linearly upon reaching a saturation system, where
increasing energy slightly reduces the size of the nanoparticles. The final
parameter for modifying the size of the nanoparticles is the gas flow (Ar and He),
where Ar is used as an etching gas. With the increase in Ar flow, the metal vapor
pressure increases. When He gas was introduced into the chamber (which was
used as a carrier gas) and its flow was increased, the size of the nanoparticles was
reduced; this reduction is related to the collisions between the nanoparticles and
He particles; thus, the mean free path of the nanoparticles is reduced which

decreases their size[31].

10



Chapter one Introduction

————— ¥« /D D/
IGC is a powerful tool for measuring the surface energy and acid-base properties
of solid materials, which helps in understanding the behavior of powders, fibers,

and nanoparticles in different environments.

The basic tools for IGC technique are inexpensive, widely available, and perfectly
suitable for routine laboratory applications. Using standard gas chromatography
devices or slightly modified gas chromatography devices enables the collection
of retention data for the tested materials over a wide range of temperatures [32].
prepared FesO. and study of using targets for the discharge and Ver Hemben
deposition of magnetic nanoparticles on thin silicon substrates coated with PEG
Gen Trio system. He emphasized using the IGC technique by the Mantis Nano
that. The produced nanoparticles do not require further purification and are ready

for use; for example, in biomedical applications [ 33].

1.2.2 Chemical Methods

Chemical synthesis refers to the process by which nanomaterials are produced
through chemical reactions occurring in either a single-phase solution or a
multiphase system. In contrast to mechanical fabrication methods (top-down
approaches) and physical methods such as gas-phase synthesis, chemical
synthesis methods are generally classified as wet or liquid-phase synthesis
techniques. In these methods, soluble precursor species are converted into
insoluble or slightly soluble products, leading to nucleation and precipitation of

nanomaterials [35,34].

Chemical synthesis of nanomaterials typically follows a bottom-up approach,
which enables precise control over particle size, morphology, and composition.
Additionally, this approach facilitates surface modification and functionalization
of nanostructures with relative ease. One of the main advantages of chemical
methods over physical approaches is that they do not require large-scale or
expensive equipment, unlike many physical synthesis techniques [36].
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Wet chemical synthesis allows for accurate control of reaction parameters,
including temperature, precursor concentration, additives, and pH, which is
essential for obtaining nanomaterials with desired properties. However, the
formation and deposition of toxic reaction by-products on the surface of
nanoparticles during synthesis may limit their application in biomedical fields and
pose potential environmental risks. Consequently, non-toxic and environmentally
friendly biosynthesis methods have been developed to overcome these limitations
[37]. Chemical synthesis methods can be further classified into several main

techniques, including:
1.2.2.1 Chemical Reduction Method

The chemical reduction method is one of the most widely employed techniques
for the synthesis of metallic nanoparticles. This method is based on the reduction
of metal ions dissolved in an aqueous or organic medium using a suitable reducing
agent, leading to the formation of zero-valent metal atoms. Historically, the
earliest systematic studies on colloidal metal nanoparticles prepared by chemical
reduction date back to 1857, when Michael Faraday reported the synthesis of
colloidal gold [38].

The reduction process can be carried out in either aqueous or organic solvents.
However, organic solvents are often preferred due to the high susceptibility of
metal nanoparticles to oxidation in aqueous environments. Proper control of the
reaction conditions enables the production of metal nanoparticles with tailored
particle size, shape, and size distribution. Parameters such as temperature, metal
salt concentration, reduction potential, surfactant type and concentration, solvent
viscosity, and surface tension play a crucial role in determining the final
physicochemical properties of the nanoparticles, including size, morphology,

stability, and degree of agglomeration.

The synthesis of metallic nanoparticles via the chemical reduction method

generally proceeds through three fundamental steps, The first step involves a
12
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redox reaction, during which electrons are transferred from the reducing agent to
the metal ions, resulting in the formation of free metal atoms. The second step is
the nucleation stage, where these free metal atoms collide and combine to form
stable nuclei. Once a critical nucleus size is reached, the nuclei become
thermodynamically stable and persist in the solution. The third step consists of
particle growth and stabilization, in which additional metal atoms deposit onto the
existing nuclei, leading to the formation of nanoparticles at the nanoscale
[39,40].

To prevent excessive particle growth and agglomeration, stabilizing agents
(capping agents or surfactants) are introduced to adsorb onto the nanoparticle
surface and provide steric or electrostatic repulsion. One of the major advantages
of the chemical reduction method is the precise control it offers over nanoparticle
size and morphology. In addition, it is a cost-effective and easily scalable
technique that does not require high pressure, extreme temperatures, or excessive
energy input, making it suitable for large-scale nanoparticle production. Several
studies have demonstrated the effectiveness of this method in synthesizing various
metallic nanoparticles. For example, Alexandra Pricop and co-workers
successfully prepared spherical copper nanoparticles using the chemical reduction
method and reported their potential applications in biomedical fields, noting that
the observed cellular toxicity was dose-dependent. Furthermore, copper
nanoparticles synthesized by this approach have been utilized in 2D and 3D
printing technologies. Similarly, Landage S.M. reported the preparation of silver
nanoparticles via chemical reduction and confirmed that this method remains one

of the most commonly applied techniques for silver nanoparticle synthesis [41].
1.2.2.2 Sol-Gel Method

The earliest work on sol-gel synthesis dates back to the mid-19th century
when there were studies on the production of silica gel. Interest in the gel grew

rapidly, and prominent researchers contributed their work in this field. A large
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variety of ceramics were manufactured over the years, and in the 1970s,
researchers introduced new methods for synthesizing multi-component glasses
from oxides. The sol-gel method became a popular route for producing glasses

and ceramics in large quantities [42].

Wet chemical procedures Sol-gel is a common technique of manufacturing
nanomaterials. This technique forms different nanomaterials of high quality
whose compositions are metal oxides. This process is referred to as the sol-gel
process, where the initial liquid is converted to a colloidal liquid, which later on

IS turned into a networked structure known as the gel [43].

Metal alkoxides are the traditional raw materials used in the creation of
nanomaterials with the sol-gel process. Using the sol-gel method, nanoparticles
can be synthesized in the course of multiple steps. The first step involves the
hydrolysis of the metal oxide in water or through the help of alcohol to make a
solution. Thereafter, condensation takes place where the viscosity of the solvent
Is raised to create porous structures that subsequently are allowed to age. Even
when condensed or multiply condensed, metal-hydroxy or metal-oxo polymers
are obtained in the solution. The extreme polymerization persists during the aging
process, which is accompanied by the shift in structure, properties, and porosity.

Porosity becomes less.

Separation between the colloidal particles becomes more during the aging
process. An aging process is followed by drying, wherein the water and organic
solvents are evaporated in the gel. At last, the nanoparticles are obtained through
the process of calcination. The determinants of the end product of the sol-gel
process are the sol nature, rate of hydrolysis, aging period, pH, and molar ratio of
H-O with the sol. The sol-gel technique is cost-effective and possesses numerous
other benefits, which include the homogeneous nature of the produced material,

the low temperature of the process, and the technique's simple use to obtain
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complex compounds and nanostructures, and the technique being a convenient

route to fabricate multifaceted nanocomposites and designs [23, 44].

Ergas Abdurakhman examined manufacturing thin film samples at the
composition of TEOS/75TiO. + CdO with the assistance of the sol-gel process
That is sensitive to Co gas. Carbon monoxide (I1) selective sensors were also
developed [45].

1.2.2.3 Chemical Precipitation Method

The co-precipitation method is the most efficient and effective in the chemical
synthesis approach, with a wide size distribution and high yield. However, the
products of the co-precipitation method are characterized by poor size
distribution, low crystallinity, and significant polydispersity. The chemical
reaction of the co-precipitation method for preparing nano-sized iron particles, for

example, is as follows:
Fe?*+2 Fe; + 80H — Fes 04+ 4 H:0O.......... 1)
FesO0s+ 2H — Y Fe.Os + Fe2" + H.0 ............ (2)

Microemulsions consist of two immiscible liquids: oil in water and water in oil.
The main strength of the microemulsion method is that it allows for the control of
the size, formation, and aggregation of iron nanoparticles. However, the
crystallinity and yield of magnetic iron oxide nanoparticles (IONPs) are relatively
low [46] Additionally, the remaining surfactants may affect the properties of the
iron nanoparticles. is worth mentioning that experimental factors, including pH
value, types of iron salts, ionic strength in the medium, and the Fe(ll)/Fe (I11)
ratio, significantly affect the properties of nanoscale iron oxide Like shape and

size control [47].

in addition to the success of the chemical deposition method in preparing iron and
lead, Bahari Molla Mahaleh succeeded in the preparation of NiO with an average
particle size of less than 50 nm[48] .
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1.2.2.4 Thermal Decomposition Method

Pyrolysis is a widely used method for preparing nanoparticles, especially
metallic nanoparticles and metal oxides. Pyrolysis involves the decomposition of
compounds at high temperatures to produce nanoparticles. The pyrolysis reaction
often begins by heating the material to a temperature where it undergoes pyrolysis,
resulting in the formation of nanoparticles as byproducts of the decomposition.
The selection of the sulfide compound is crucial and depends on the desired
composition of the nanoparticles. Common precursors include metal salts, metal
complexes, organometallic compounds, and metal-containing polymers
for nanometer-sized metal oxide particles, metal alkoxides or metal acetates are
often used as precursors. The sulfide compound is dissolved or dispersed.
In this method, organic-inorganic precursors are used to produce monodisperse
nanoparticles at high temperatures. The magnetic nanoparticles prepared in this
way possess high crystallinity, controlled size, and well-defined shape. The
process of decomposing organic-inorganic precursors is carried out in the
presence of organic surfactants to produce magnetic nanoparticles of the desired
size and shape. The stabilizing agents used in the synthesis of magnetic
nanoparticles include fatty acids, hexadecyl amine, and oleic acid. The stabilizers
used in the decomposition process can slow down the nucleation of the
nanoparticles, which controls the growth of the magnetic nanoparticles and helps

produce a spherical shape and a desired size of less than 30 nm [49].

This method is considered one of the best ways to produce magnetic nanoparticles
on a large scale with uniform size and homogeneous shape. The associated risk
with this method is the production of soluble toxic organic solvents, which limits
its application in the biomedical field. Thermal decomposition is more
advantageous compared to co-precipitation for synthesizing smaller-sized
magnetic particles[50].
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Figure (1-4) : Experimental setup for nanoparticle synthesis following the

thermal decomposition method [51].
1.2.2.5 Solvothermal and Hydrothermal Method

This method is defined as any heterogeneous chemical reaction in the
presence of a solvent (aqueous or non-aqueous) above ambient temperature, and
at a pressure exceedinl atmosphere in a closed system. Chemists prefer the term
"thermochemical state," which refers to any chemical reaction occurring in the
presence of a non-aqueous solvent or a solvent under supercritical or near-
supercritical conditions. Similar to Solvothermal (ST)and Hydrothermal (HT),
there are several other terms such as glycthermy (in the presence of glycol),
alcthermy (in the presence of alcohol), and ammoniothermy (in the presence of
ammonia). However, the supercritical fluid technique is considered an extension
of the HT technique [52]. Therefore, the term hydrothermal is used in many
literatures to describe all heterogeneous chemical reactions that occur in solutions.
Aqgueous Processing materials using the ST technique requires low energy, shorter
reaction times, and most importantly, scalability.

The raw materials or precursors used in most inorganic material synthesis by the
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liquid method are metal salts and appropriate solvents. Additionally, by changing
the synthesis parameters: temperature, pressure, or reactant concentration, the
properties of the particles can be easily controlled. HT/ST synthesis and its
applications are not limited to thermoelectric materials. This synthesis technique
has been successful in preparing important solid materials: chemical sensors,
luminescent phosphors, mesoporous crystals, superionic conductors,
electronically conductive solids, ceramics, complex oxides and fluorides, and
magnetic materials. Although HT/ST techniques can provide excellent control
over shape and particle size distribution, adjusting the chemical ratios and
obtaining dense materials can be challenging, which may negatively affect the

electrical transport properties [53].
1.2.3 Biological Methods

Although physical and chemical methods are effective in creating well-
defined nanoparticles, they have some drawbacks, including long synthesis times,
high production costs, difficulty in purification, and the disposal of hazardous and
harmful by-products. Chemical synthesis techniques can also contribute to the
emergence. The hazardous chemical species that have been absorbed, which can

have negative consequences in medical applications[54].

Green synthesis methods have advantages over traditional methods that use
environmentally toxic chemical agents. Nanoparticles were synthesized by
biological entities both inside and outside the cells. The ability of living systems
to reshape inorganic metal ions into nanoparticles using their intrinsic organic
chemical processes has revealed an previously unknown field in biochemical
analysis  [55].1t combines nanotechnology and biology to form
nanobiotechnology, an advanced field that involves living organisms of both
eukaryotic and prokaryotic origin. The technique of nanoparticle synthesis
follows bottom-up approach that involves an initial reaction

(oxidation/reduction). To create nanoparticles of metals and metal oxides, these
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methods use biological systems such as fungi, actinomycetes, bacteria, viruses,

yeast, biological molecules, various plant extracts, etc. [13].

Nanomaterials manufactured using environmentally friendly methods contribute
to developing sustainable electronic devices with improved performance and
reduced waste. In the biomedical field, nanotechnology offers unique
opportunities to study and manage a wide range of technologies at the nanoscale,
with the potential to create a revolutionary impact on biology, medicine, and other
health-related fields. Nano-carriers have unique advantages for targeted drug
delivery systems, diagnostics, anti-cancer activity, and anti-microbial activity.
Different types of nanoparticles (NPs), such as solid lipid nanoparticles, metal
nanoparticles, polymeric nanoparticles, carbon nanotubes, nanogel-based
compounds, nano capsules, nanofluids, nanowires, and liposomes, are just a few
examples of the diverse range of nanomaterials of biomedical importance the
potential for their use in therapeutic applications has been examined, with a focus
on their suitability and biocompatibility, drug management, drug delivery, cancer
diagnosis and treatment, and antimicrobial applications[56].

Nanoparticles can be produced using a variety of techniques, including
hydrothermal reaction, conventional heating, anodic oxidation, evaporation
deposition, wet oxidation, electrochemical deposition, and sonication. However,
these production techniques are often expensive, require a significant amount of
manual labor, and harm the environment and living organisms.
Green synthesis offers a highly desirable alternative by using bacteria, fungi,

yeast, algae, and plants to produce nanoparticles.

Green synthesis has numerous advantages, as it allows for rapid large-scale
synthesis, is cost-effective, environmentally friendly, and does not require the use
of hazardous chemicals, high temperatures, or excessive energy. For drug

delivery, there are two different types of nanoparticles. The first group includes
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natural or synthetic polymers, while the second group contains metallic
nanoparticles Ag, Zn, Fe, Cu, etc. [57].

1.2.3.1 Biological resources for the green synthesis of nanoparticles

Bacteria, fungi, algae, and types of plants are among the most commonly used
biological resources in the green synthesis of nanoparticles.
This biological approach has provided a reliable, simple, non-harmful, and

environmentally friendly method [58, 59].
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Figure (1-5): Phases involved in the green synthesis of nanoparticles [60].

Bacteria: Nanoparticle synthesis with the help of bacteria occurs in two ways,
the extracellular approach and the intracellular approach. The extracellular
synthesis of nanoparticles has an advantage over the intracellular method in that
it is less time-consuming, as it does not require any subsequent process to collect
the nanoparticles from the living organisms.

Bacteria contain an intracellular reductive enzyme that catalyzes the reduction of

metal ions to metallic nanoparticles.
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Bacterial species such as (D. radio Urans) are characterized by high antioxidant
activity and high resistance to radiation and oxidative stress. It makes it suitable
for use in the green synthesis of gold nanoparticles from its ionic form. The
synthesized gold nanoparticles Au NPs were more stable for a longer period and

exhibited better antimicrobial activity [61].

Fungi: A large group of fungi is used in various applications across multiple
sciences, such as bioremediation, enzyme production, and nanotechnology[62].
Fungi have garnered significant interest in the production of metallic
nanoparticles due to their several advantages over bacteria when it comes to
nanoparticle synthesis. The simplicity of the expansion process and subsequent
treatment, as well as the economic feasibility and the presence of fungi, which
provide a larger surface area, are all significant advantages. The mechanism of
biomineralization is used in the production of fungal-based nanomaterials, which
involve internal and external enzymes and bioactive particles by reducing various
metal ions. Additionally, Au, Ti, Se, Cu, and Zn were identified as the most
important metal ions used by fungi in the production of nanoparticles. Further
research has been conducted on the synthesis of nanomaterials using the fungal
species Fusarium, Aspergillus, Trichoderma, Verticillium, Rhizopus, and
Penicillium [63] .

The fungus Fusarium oxysporum can produce nanomaterials from zinc sulfide,
for example, by incorporating ZnO nanoparticles using A. Niger and F.
keratoplasty, resulting in the development of ZnO NPs with a consistent diameter
ranging from 8-38 nanometers and 10-42 nm for Z particles Hexagonal and
vertical nanostructures, respectively, with high monodispersed (evenly
distributed) and free from any agglomerations. Additionally, the authors
recommended that the protein buried by the fungi was associated and reduced.

ZnO NPs were spherical in shape and prevented the nanoparticles from
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agglomerating. Additionally, a cell-free filtrate (CFF) from the Aspergillus

Tereus alternative was used in the incorporation of ZnO NPs [64, 65].

Plant: The plant-assisted synthesis of nanoparticles is more efficient in terms of
achieving a higher yield compared to microbial synthesis. Plants have various
natural substances and chemicals like (polyphenols) that can help stabilize and
reduce materials in the creation of nanoparticles. The synthesis of nanoparticles
by plants is environmentally friendly (avoiding the use of toxic chemicals) and
economical. It was found that the nanoparticles manufactured from plant sources
were much more stable than those formed by microbes and fungi. The synthesis
of nanoparticles by plants can be classified into three groups: extracellular,
intracellular, and through phytochemicals. The extracellular method is used when
the plant extract is employed as a raw material for nanoparticle synthesis. The
synthesis of nanoparticles occurs intracellularly within the plant tissue cells using
cellular enzymes. After synthesis, the nanoparticles are recovered by rupturing
the cell wall of the plant cells. The synthesis of nanoparticles from plant extracts
is a relatively cheaper method and leads to a higher yield due to the presence of
larger amounts of phytochemicals in plant extracts that can stabilize or reduce

metal ions to metallic nanoparticles [61].

The most important advantages of the green synthesis method are that it is
environmentally friendly, meaning it reduces the use of chemicals and toxic
substances. It operates under mild conditions, and plant chemicals act as both
reducing and capping agents simultaneously. They are renewable materials.
However, the limitations include difficulty in controlling the shape, making it hard
to achieve a uniform shape, and the inability to expand indefinitely without
standardizing the specifications. Additionally, there is wvariation in the
composition of plant extracts from batch to batch [ 66].

Previous researchers have counted various nanomaterials from several plant

extracts. They used basil extract [67]. To prepare ZnO, while olive leaf extract
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(A. M. Mohammed) for the preparation of Fe.Os [68] . Additionally, silver was
prepared using mint leaves Spherical silver nanoparticles were synthesized from
the leaf extract of A. indica. FTIR analysis showed that the flavonoids and
phytochemicals in the plant extract act as reducing and stabilizing agents during
the synthesis of the nanoparticles. These nanoparticles exhibited strong

antimicrobial activity , There are many other plant extracts as well[69] .
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Figure (1-6): explains the steps to prepare the plant extract. The first step is to
prepare the plant extract by washing the fresh or dried leaves or roots(a). Then,
dry it well(b) And grinding it (c). After that, it is boiled in distilled water,
deionized water, or a mixture of ethanol and water to extract the bioactive
compounds(d). The final step, after it is left to settle, is to filter the extract(e), and

it becomes ready for use [66, 70].

Algae: they are renowned for concentrating heavy metal ions and molding them
into easier forms. Consequently, algae have been cited as biosynthetic models to
manufacture biogenic nanomaterials, fats, unsaturated fatty acids, and
biologically active compounds such as chlorophyll, phycobiliproteins, pigments

such as carotenoids (carotene and zeaxanthin), and antioxidants (polyphenols and
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tocopherols). These all occur in algal extracts (phycoerythrin and phycocyanin)
in different concentrations according to the type and age of algae.

Such active compounds have been predicted to be reducing and stabilizing agents
towards nanoparticle synthesis [71].

Nanoparticle synthesis using algal resources in a broad range has proved to be
among the most modern and renewable areas in the field of biochemical research
because they have the capacity to reduce metal ions. Depending on both the algae
type and the method of preparing, nanoparticles may be produced either
intracellularly or extracellularly. In order to synthesize metal nanoparticles with
algae, then, in most of the experiments carried out, the first step is heating/boiling
the algal extract in water or an organic medium over a certain duration. Then ionic
metal compounds in the form of molar solutions are prepared, after which the
algae and the ionic metal compound solution are incubated under specific
conditions either with or without stirring [72].

The synthesis of nanoparticles can happen in a very particular (and quantitative)
way either extracellularly or intracellularly, depending on the properties of the
algae. Polysaccharides, reduced carbohydrates, proteins, peptides, or other
reducing species within the algal cultures may have reduced metal ions to
nanoparticles using the carbon formed during the process in reducing states
according to a theory that suggests the synthesis of extracellular metal
nanoparticles.

Nanomachines made of Cyanophycean (blue-green algae), Chlorophyceae (green
algae), Phaeophyceae (brown algae), and Rhodophyceae (red algae) through
intracellular and extracellular synthesis of Au, Ag, and other metal nanoparticles
have been utilized. The effective constituent compounds in the cellular extracts,
including pigments and antioxidants from algae, have bioactive properties that
make them a potential processing medium for numerous nanomaterials, as they

are biocompatible and capable of acting as reducing agents. The nanoparticle
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silver was synthesized; they can efficiently avoid bacteria growth in an
environmentally friendly way [73].

promoting the bactericidal effect on the pathogens growing into Gram-negative
and Gram-positive biofilms. Consequently, the silver nanoparticles that are
formed by the brown algae can serve as an anti-Pollutants coating for many
biomedical and environmental uses. In the form of anti-fouling coatings for a wide
range of biomedical and environmental uses. The algae-produced nanoparticles
can rival conventional drugs and have already proven to Dbe
antibacterial/anticancer [74]. However, the issue with current methods supports
the safer and appropriate selection of solvents during the green synthesis process,
the appropriate parameters of the process itself, the toxicity of nanomaterials to
the cells exposed to these materials, mass production and manipulation of
nanomaterial morphology, the burdensome preservation, and ignorance.
Consequently, the development of the use of nanomaterials through green
synthesis is mainly held at the laboratory level. Nevertheless, environmental
friendliness, biocompatibility, and sensitivities of the resultant nanoparticles are
more general in biomedical sciences, elimination of environmental pollution, and
consumer markets. To popularize the use of nano biological materials in the
future, it is desirable to study the mechanisms of the synthesis process, identify
more biological and chemical parameters that are applicable in synthesis, promote
the viability of green synthesis at the industrial level, and enhance the variables

that will influence the synthesis process [75].

1.3 Bimetallic Nanoparticles

Bimetallic nanoparticles are nanostructures that contain two different metallic
elements within a single particle in a core-shell or alloy structure. This
combination produces synergistic effects that enhance the catalytic activity and
chemical stability of the material, which improves overall performance [76]. This

is different from the properties of each pure metal alone, as these effects can
25



Chapter one Introduction

————— ¥« /D D/
enhance catalytic activity, chemical stability, electronic properties, and
selectivity. These features make bimetallic nanoparticles highly desirable for
heterogeneous catalysis, electrocatalysis, environmental remediation, biosensing,

and energy storage [77,78].

Chemical stability, electronic properties, and selectivity of these formations
significantly enhance electrochemical activity, making bimetallic nanoparticles
highly desirable for heterogeneous catalytic reactions, electrocatalysis,
environmental remediation, biosensing, and energy storage. Their adsorption
capacity and catalytic properties make them suitable for environmental detection,

energy storage, and biological sensing [79,80].

They also exhibit unique behaviors in gas sensing and biology applications.
During the formation of bimetallic nanoparticles, the distribution of both metals
can be random, leading to a single-phase crystalline structure if the components
are solid solutions. It can be in the form of a core-shell, where one metal forms
the core and the other metal covers it with a thin shell, known as the shell. This
type of formation enhances surface interaction while preserving precious metals
[81].

It is also possible for them to be in the form of small clusters of one metal
embedded in other clusters, in addition to being in the form of semi-nuclei (Janus
particles) or distinctly arranged atoms that differ from random alloys [82, 83]. It
has been mentioned that BNPs with core-shell structures can offer unique physical
and optical properties that cannot be achieved in single-metal systems after
preparing bimetallic particles composed of gold and silver with different optical
properties and applications, including catalysis, signal enhancement devices, and
biomedical purposes [84]. Many researchers have studied the preparation of
nanomaterials in different ratios, including the 1:1 or 3:1 ratio. In 2008, Jahangeer
Ahmed and others prepared Cu: Ni particles and found that increasing the copper

ratio enhances the surface effects that counteract the magnetism experienced by
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the surface before the two metals are combined [85,86]. Similarly, Pan prepared
Co: Pt particles and found that among the prepared ratios, the 3:1 ratio was more
effective than the 1:1 ratio, as it exhibited high stability and catalytic activity [87].

The figure (1-8) illustrates the variation in ratios for bimetallic nanomaterials.

Decreasing depletion sphere radius

' ucleation o '

MBIA coated
Au seed ﬂgrowth

Auseed  AuAg=1:1 ThuAg=tie | Auhg=id duhgs 18

Figure (1-7): Schematics illustrating the effects of controlling the Ag nucleation
on Au seeds and their later growth into Au: Ag Janus/core: satellite structures with
different Au: Ag Island ratio: 1: 1; 1: 2; 1: 3; and 1: 4. New nucleation sites can

start when the depletion sphere does not fully cover the seed surface [88].

As for the preparation methods of bimetallic nanomaterials, they are prepared

using the same methods as the monometallic materials shown in figure (1-9).
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Figure (1-8): Methods of synthesizing bimetallic nanoparticles [89].

1.4 Applications of Nanomaterials

Metallic and bimetallic nanoparticles and metal oxides have been widely used
in various applications, including biomedical, industrial, and many other fields.
Nanoparticles have become a major focus of interest, especially when using
elements in their monometallic or bimetallic forms. These materials exhibit
exceptional performance due to their high surface-to-volume ratio and high
reactivity, in addition to the ability to control their crystalline structure and
molecular shape [90,91].

Nanoparticles, which consist of a mixture of two metallic elements, possess
enhanced properties compared to their monometallic counterparts [92,93]. This is

due to the synergistic effect between the two elements, which improves functional
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performance in chemical reactions, biological activity, or catalytic properties [94].
The applications of these materials are highly diverse, such as in medicine as
anticancer or antimicrobial agents and in the environment for pollutant removal
or water treatment [95,96]. Medicine as anti-cancer or antimicrobial agents, the
environment in pollutant removal or water treatment. And industry, such as their
use in solar cells, catalysis, and sensors [97,98]. Below is a table that includes the

most widely applied nanomaterials in various fields.

Table (1-2): The table includes the nanomaterial, application

Nanomaterial Application
Water purification,
Ag NPs Antimicrobial and cancer treatment.
Antioxidant, anticancer, drug
Zn0O NPs delivery,
Sensors, electronic devices.
Used as catalyst
In energy strong devices,
NiO NPs biomedical applications, dye
degradation.
Pollutant treatment  biocide.
Co NPs Catalysis, magnetism, gas sensors
Treatment of water and soil
Fes04 NPs pollutants
Antimicrobial and potential cancer
Cu NPs treatment, wound healing
Removing artificial dyes
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Anti-bacterial, Anticancer
Ag: ZnO BNPs Antioxidant and dye

1:1 . :
degradation in environmental

application

Cu: Zn BNPs 2:1 Solar cells, tumor treatment,

Cu: Zn BNPs 1:1 stimulation

Cu: Co BNPs1:1 Cancer treatment stimulation,

Cu: Co BNPs3:1 high  efficiency stimulants

1.5 Microfluidics

Microfluidic systems emerged in the early 1980s as an extension of the
technologies used in the fabrication of microelectronic circuits, particularly
photolithography. The first experiments in fluid transport through microchannels
using microelectronics techniques took place in 1980. With the beginning of the
nineties, specifically in 1990, these systems began to receive increasing attention
in the field of analytical chemistry, where the first lab-on-a-chip platforms were
developed, aiming to miniaturize chemical and biological analysis processes

within small-sized chips.

The credit for establishing the concept of microfluidics goes to pioneering works
published in the early 1990s, including the research of scientist George M.
Whitesides and his team at Harvard University, who played a crucial role in 1998
in developing new materials (such as PDMS) and low-cost manufacturing
techniques. In the period from 2000 to 2007, the technology of paper-based
microfluidics emerged, culminating in the innovation of 2D using paper as the
primary substrate without pumps. However, in 2010, the development of Organs-
on-a-Chip technology to simulate human organ functions on microfluidic chips

was witnessed, reducing the need for animal testing [99]. Since then, the field has
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expanded to include many applications such as rapid medical diagnostics, DNA
analysis, water quality monitoring, and environmental sensing [100, 101].
Microfluidic systems are promising technologies that have brought about a radical
transformation in the fields of analytical chemistry, biomedicine, and engineering
by controlling very small amounts of fluids in channels with micrometer
dimensions.

This technology relies on the design and development of small-scale analytical
systems capable of performing complex processes such as mixing, separation,
reaction, and detection on a single platform known as a "lab-on-a-chip."
These systems are characterized by several advantages, including reduced reagent
and sample consumption, shortened analysis time, and lower operational costs, as
well as ease of mobility and integration with other technologies such as nano
sensing and electrochemical sensing.

This technology also allows for the simultaneous analysis of multiple samples
using minimal amounts of samples, making it very suitable for clinical
applications, toxin detection, environmental monitoring, and even single-cell
research [102, 103].

Interest in using microfluidic systems has increased in recent years within the field
of biochemical sensing, where nanomaterials, such as metallic nanoparticles (such
as silver, copper, and gold), are integrated to enhance the efficiency of sensitive
and precise analysis. These platforms enable the design of portable and rapid-
response sensors for detecting various compounds, including drugs, toxins, and

environmental factors [104].
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1.5.1 Types of microfluidic systems

With the evolution of designs and materials, different types of microfluidic
systems have emerged, each relying on a specific driving mechanism and design
features suitable for certain applications, making them a central focus in the
development of biotechnology and precision medicine [105]. Among these

systems:
1.5.1.1 Pressure-driven systems

In these systems, fluids are moved within microchannels using a pressure
difference applied through a compressed gas such as nitrogen or air. This pressure
creates a smooth and pulse-free flow, allowing for precise control of the flow
towards the chips [106, 107]. These systems are characterized by high precision
and stability, with a rapid response time of less than 20 ms, and the flow is free of
vibrations. This type is capable of handling large sample volumes, making it

suitable for cases that require large inputs [108, 109].

These systems are usually used in the manufacturing of microcells due to their
precise pressure execution. Despite its widespread use, it has some drawbacks, as
it requires an external gas source with pressure regulators that can be expensive,

and it is sensitive to air leaks [110].
1.5.1.2 Electroosmotic flow( EOF)

One of the main mechanisms used in microfluidic systems, characterized by
its ability to drive fluids within microchannels through the application of a direct
electric field. This flow occurs as a result of the interaction between the applied
electric field and the electrical double layer formed at the inner surface of the
channels, especially those made of negatively charged materials such as glass or
silica. When a voltage difference is applied across the channel, the positively
charged ions accumulated near the wall move towards the negative electrode,

dragging along liquid molecules with them, resulting in a uniform flow known as
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"plug-like flow" due to the homogeneous velocity distribution across the cross-
section of the channel [111, 112].

The characteristics are already defined by the low flow control tolerance and the
nonavailability of moving mechanical components, which makes them be used in
sensitive biological tasks like capillary electrophoresis and analyses of DNA and
proteins in lab-on-a-chip systems. The systems, however, have limitations, such
as their inability to work effectively under low-ion liquids, sensitivity to changes
in pH and viscosity, and the likelihood of having bubbles form due to electrolysis
reactions at the electrodes, which might impair the flow [113].One of its most
important applications is in the development of a device that relies on this type of
flow, achieving a separation rate of up to 83% at 650 volts, which can be used for
bacterial separation [114].

Although EOF provides an accurate and mechanical-free system for fluid
transport, electrolysis bubbles, pH sensitivity, reduced flow rate, and low-
frequency oscillations are the main challenges that must be addressed in the
design of micro-systems, especially in sensitive biological applications [115,
116].

1.5.1.3 Capillary Driven Microfluidic systems

These systems rely on the automatic movement of fluids due to surface tension
within fine channels (or porous materials like paper) without the need for pumps
or electrical electrodes, known as the "capillarity” effect [117, 118]. When the
channel has a nanoscale or microscale dimension, the surface tension force
becomes stronger than gravity, causing the liquid to move inside it spontaneously.
The flow rate depends on. The properties of the liquid, such as surface tension
and viscosity. The flow rate also depends on the channel structure, length, width,
and surface properties.
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This type of system is characterized by being ideal for portable uses and remote
areas, as well as being economical and simple; they can be easily and quickly
manufactured through printing or engraving [119, 120].
They operate as portable “mobile laboratories” for point-of-care (POC)
diagnostics, including glucose analysis and the detection of water contaminants
[121]. Among its practical applications, paper u PAD systems are used to analyze
urine and blood to detect malaria and HIV in the field, and lateral-flow tests —
such as home COVID-19 tests that rely on self-flow through the paper
One of the obstacles to its use is poor control over fluid flow. The flow rate cannot
be precisely adjusted as in driven systems, and there are difficulties in integrating
with electronic systems or applications that require precise and complex
preparation [122, 123].

Figure(1-9):Application of Capillary Driven Microfluidic in different
microfluidic scenarios(A) A panoramic view of the lab on disk chip. Reprinted
with permission from(B) The process of working in a lab on a disk chip. Reprinted

with permission from [119].
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1.5.1.4 Digital microfluidic systems( DMF)

This technique is used to control separate droplets of liquids (instead of
continuous streams), and these droplets are moved on a flat surface by applying
an electric voltage. This effect is known as Electrowetting-on-Dielectric
(EWOD), where the voltage changes the contact angle of the droplet, causing it
to move on the surface. Programmable plates are used, and the droplets are
manipulated separately for interaction, splitting, merging, heating, or transport.
The system generally consists of two parallel plates [124,125]

The lower one contains small electrical electrodes
and the upper part is a ground conductor, with an oil separator layer sometimes
placed between the plates where liquid droplets are positioned.
The system is insulated with a dielectric layer and a hydrophobic layer to facilitate

the movement of droplets [126].

These systems are characterized by very precise control over the size and location
of droplets (pL to uL) and the possibility of full automation. In addition to the
ease of reprogramming to change the type of analysis or interaction flow
[127].Also, very low sample consumption — ideal for sensitive biological
applications. And it is possible to perform multiple steps on the same chip (such
as merging, splitting, heating).Many researchers have used these systems in
various applications, including DNA and RNA analysis such as PCR reactions in
separate droplets and rapid medical diagnostics such as testing blood and saliva
samples in portable devices Also, protein analysis via ELISA [128, 129].Among
the obstacles of this type of system Complex architectural manufacturing, the high
sensitivity to liquid and contaminants, Also, its manufacturing cost is relatively
high [130, 131].
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1.6 Narcotic drugs in the blood

Narcotic drugs are chemical substances that primarily depress the central
nervous system, producing effects such as analgesia, sedation, and euphoria.
Traditionally, the term “narcotic” refers to opioids, natural, semi-synthetic, or
synthetic compounds. that bind to specific opioid receptors in the brain and spinal

cord to modulate pain perception and emotional response.

While some narcotics have legitimate medical uses in pain management and
anesthesia, many are also highly addictive and subject to abuse. Regulatory
classifications often distinguish between controlled prescription opioids and illicit
narcotics such as heroin, reflecting their differing medical value and abuse
potential. The diversion of drug use to illegal use was widely commented upon.
In the 1970s, many studies documented the misuse and diversion of barbiturates,
sedatives, and methaqualone. By the 1980s, media and government attention
shifted away from drug use and diversion to the newer "epidemics” of cocaine

and crack use. In the 1990s, the focus shifted to other emerging drug issues [132].

Narcotic drugs exert their primary effects by binding to opioid receptors (y, 9, k)
in the central nervous system, inhibiting pain transmission and altering emotional

states.

Therapeutic doses result in analgesia, mild sedation, and euphoria, making these
drugs essential for managing moderate to severe pain, particularly in surgical or
palliative settings. However, higher doses cause profound central nervous system
depression, respiratory suppression, and potential coma or death. For example,
fentanyl is approximately 50-100 times more potent than morphine, with lethal

doses measured in micrograms.

Beyond analgesia, opioids slow gastrointestinal motility (leading to constipation),
suppress the cough reflex, and cause miosis (pupil constriction). It was mentioned
that fentanyl is a synthetic opioid and can cause death when an excessive dose is
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taken illicitly [128]. Alexander R. Bazazi and others conducted a survey study in
which he mentioned the percentage of those who obtained buprenorphine
naloxone illegally and the reasons that led to this use, causing this group to suffer
from misuse or addiction [133, 134]. SS Boun also examined the non-medical use
of tramadol and described this use as a multi-dimensional issue with far-reaching
economic, social, and security implications [135]. The illegal use of tramadol has
become a threat to public health, and it is important to curb this phenomenon and

necessary to expose it [136].
1.6.1 Detection of Narcotic drugs in Blood Samples

Therapeutic drug monitoring (TDM) the narcotic drugs has become an urgent
necessity and an essential part of the work of health and security institutions due
to the increase in drug use and production worldwide. This increase in drug use is
attributed to the misuse of psychoactive and mental effect medications or non-
compliance with prescribed dosages. Therefore, it has become necessary to find

easy and quick methods to detect these substances [137].

Several techniques were used to detect the suspected materials, including the use
of gas chromatography-mass spectrometry (GC-MS). This method was
unsuccessful because it is expensive, requires experienced operators, and is not
portable, meaning it operates in dedicated laboratories instead of on-site testing
[138].Later, many portable technologies were developed, including handheld
Raman devices, which were also expensive and had low sensitivity [139], they
used Laser Induced Fluorescence (LIF), but it is difficult to use it locally because

it requires a laser source and other components.

Because of their special qualities, which include strong chemical reactivity, a huge

surface area, and the capacity for surface modification, nanomaterials can be used

in a variety of sectors. Including nanomaterial-based assays. Such advanced

methods aim to identify trace concentrations of narcotics rapidly and accurately,

supporting efforts to mitigate opioid abuse and improve patient safety [140]. Ag,
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Cu, and ZnO nanoparticles have been extensively studied for their role in drug-
sensing applications. Their surface properties can be modified with functional
groups, aptamers, or antibodies to selectively bind drugs such as morphine,

cocaine, methadone, and heroin [141].
1.7 Heavy Metals in Blood

Heavy metals are a group of elements with high atomic weights and densities
that can be toxic even at low concentrations. In human blood, heavy metals
include both essential trace elements necessary for physiological function and
toxic elements that pose significant health risks when accumulated beyond safe
thresholds. Monitoring heavy metal concentrations in blood is crucial for
assessing environmental and occupational exposures, diagnosing poisoning, and

preventing long-term health effects [142].

Vita V. McCabe, M.D., presented a study linking the increased levels of cadmium
and lead to alcoholic liver disease (ALD) due to their neurotoxic properties [143].
Shenghua Yao analyzed through his study the relationship between blood
concentrations of mercury, lead, and cadmium and proved that increased levels of
Cadmium and lead in the blood are associated with the occurrence of chronic
kidney disease, as studies have indicated, exposure to heavy metals limits the
neurological development of children [144, 145]. has been found that exposure to
heavy metals affects embryos. In a study conducted in a country with a rapidly
growing economy, it was found that the levels of most heavy metals in pregnant
women were higher. The study presented by Yu-Mi Kim indicates that total
mercury and methylmercury are capable of accumulating in embryos as shown in
table (1-3) [146].
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Figure (1-10): Sources, metals and the environmental degradation[147].

There are two categories of heavy elements; the first one is essential heavy metal.
are less toxic when they are in low concentration and are required in the metabolic
process. Such as vitamin B12, which is composed of cobalt, as well as iron. [149,
150]. Therefore, vitamin B12 and iron are essential nutrients for the human body,
although they must be consumed in certain amounts. The second category
includes elements like lead, chromium, cadmium, arsenic, and mercury, as well
as copper, zinc, and selenium, which are extremely poisonous even at low

concentrations and have long-lasting effects on living things [148].
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Table (1-3): sources and health effects of Essential and Non-Essential heavy

metals.
Heavy Sources Health Effects PEe i
metal heavy metal
Oil Refining _ ) _
_ Gastrointestinal disorders, _
Plumbing Brass ) ) Essential
Zinc (Zn) _ abnormal kidney and liver
manufacturing o heavy metals
functioning
Copper (Cu) Copper polishing Abnormalities in Essential
Plating Printing metabolic activity heavy metals
High intake of iron )
Lethargy, diarrhea, )
supplement & oral N _ Essential
Iron (Fe) _ vomiting, and abdominal
consumption _ heavy metals
pain
Cobalt (Co) Hip alloy Cardiovascular Hepatic Essential
replacement case | Endocrine Hematological | heavy metals
Steel fabrication Lung disorders
Chromium . . Non-
Electroplating (bronchitis, cancer), _
(Cr) _ _ Essential
Textile The renal and reproductive
heavy metals
system
Serious effect on mental
Batteries health Non-
Lead (Pb) | Coal combustion | (Alzheimer’s disease), Essential
Paint industry Nervous heavy metals
system
Atmospheric Highly effects dermal \
on-
. deposition region
Arsenic p- _ : Essential
(As) Mining (Cancer),
o _ heavy metals
Pesticides Brain &
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Cardiac problems
Coal combustion Sclerosis
Fish Blindness
. ) ) Non-
Mining Minamata disease ]
Mercury o Essential
(Hg) Paint industry Deafness
_ _ heavy metals
Paper industry Gastric problems
Volcanic eruption Renal disorders
Plastic Osteo related problems \
on-
Cadmi Fertilizers Prostate cancer )
aamium N _ Essential
(Cd) pesticides Lung diseases
_ heavy metals
Renal issues

Such chronic exposure, even at moderate levels, may cause accumulation in the
body, so that sensitive and reliable blood tests are important [151]. Blood carries
essential minerals, which are very essential micronutrients in the human body and

are most common in low concentrations in the blood.

The acceptable maximum limits of lead, cadmium, arsenic, and mercury in other
environmental matrices have been taken into consideration, as indicated in table
(1-4), and have been suggested by reputable international organizations such as
the Occupational Safety and Health Administration (OSHA), the World Health
Organization (WHO), and the U.S. Environmental Protection Agency (EPA)
[150].
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Table (1-4): Permissible limits of different toxic elements in environmental

matrices.
US EPA WHO OSHA
. . : L Air at
Ambient | Drinking . Ambient | Drinking .
Air Water Soll Air Water Soil | work
place
400 ppm?
(play
areas);
pb | 0.151ug/m3 | 15 ng/L | 1200 ppm - 152 ug/L | | 30 ug/m?
non-play
areas
6.5-130 854
cd 0.00/53 o 0.00/33 | 5pugme
As | 50 pg/ms 0.01 0.01lmg/L 10 pg/ms
mg/L — — ' —
0.0022 4-16 0.0012
3
Hg | 5pg/m mg/L mg/kg — mg/L |— —

1.7.1 Detection of Heavy Metals in Blood

The concentration of heavy metals in blood is one of the common bios

monitored practices applied to determine personal and community exposure,

inform clinical action, and guide policy. Accommodated analytical methods,

which include atomic absorption spectroscopy (AAS), mass spectrometry

inductively coupled plasma The new nanomaterial-based sensors and ICP-MS

provide accurate quantification of the low concentrations of the tumor cells at the
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trace levels, which favor early detection and prevention of the exposure to toxic
metals [152].

Toxic elements of extreme toxicity like cadmium (Cd) and mercury (Hg) are
heavy metals with severe repercussions on human health when present in minute
quantities. Prolonged exposure to these metals causing environmental pollution
and occupational hazards may lead to impairment of the nervous system, impaired
kidney functioning, and so on, and developmental disorders. Therefore, it has
been accurately detected in biological fluids, e.g., blood, which is most important
in clinical toxicology and occupational health. and surveillance of the
environment [153].

The pollution caused by heavy metal ions has attracted a lot of attention, and it is
very important to develop a sensitive and simultaneous method for detecting them
using common techniques without the need for highly sensitive devices. Many
researchers have found various means to detect this type of ion. For instance, the
researcher Le Ma and Wen-Yuan Pei prepared a new and practical magnetic
nanomaterial with a core-shell structure.

Fe:Ag@ dimer cap to benzene (Fe:Ag@DMB), using sodium borohydride as a
reducing agent in a one-step method. His study demonstrated that the functional
thiol groups on the newly synthesized magnetic nanoparticles can interact with
Cd?*, Pb?", and Hg?* ions in water samples, thus achieving effective extraction of
Cd?*, Pb?", and Hg?" ions [154].

In the sensitive and stable detection of the heavy metals in the air. The FIFS
system performed optimally when optimization of the trade between the thread
length and the detection distance was run, and the limit of detecting lead in the
heavy metals was found to be at 0.3 picograms/m3, and the minimum detectable
concentration at 10 m was 0.47 pgm/m3.A narrow range of concentrations ensured
the high stability of the system since the relative standard deviation (RSD) did not
exceed 7%. Besides Pb, the system also managed to determine Cd, Hg, and Co in

the air with measurable detection limits [155].
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Additionally, a portable microfluidic device with optical display screens
resembling a thermometer has been developed for real-time quantitative
estimation of water contamination with cadmium, enabling quantitative detection
through the naked eye. It uses the DNA enzyme based on Cd2p (Cd16). The
proposed device exhibited a detection limit of 11.3 nm for Cd?*, with selectivity
over 200 times against other metal ions [156].

In a study conducted by Ahmed Radwan and others, it examines
Daily used cosmetics, as it was found that they contain high levels of
Heavy metals are added to improve the quality and shine of cosmetics, but they
pose a threat to human health. Optical nano sensors based on powder and paper
were designed using porous silica beads as carriers to detect Co?" and Cd?* in
commonly used cosmetics. It was found that they possess selective sensing and
low detection limits down to parts per billion, a wide detection range, and a fast
response within seconds [155].

A fast and environmentally friendly colorimetric sensor was also prepared from
silver nanoparticles Ag NPs using Boswellia sacra extract as a stabilizing and
reducing agent to selectively detect mercury ions. Several techniques were used
to characterize the morphology of the nano semiconductor sensor prepared from
Ag NPs, as well as its optical properties [157].

Nanomaterials such as ZnO, NiO, and CosO4 have shown exceptional potential
in sensing applications due to their tunable surface properties, high surface area,
and ability to facilitate electron transfer reactions. These metal oxide
nanoparticles can be functionalized with specific chelating agents or ligands to
enhance the selective binding of Cd?" and Hg?" ions. When used as modifiers on
electrode surfaces, they improve signal response, reduce background noise, and
enhance the sensitivity of electrochemical detection systems [158, 159].

Huang et al. reported that the Ag: Fe bimetallic nanoparticle was produced simply
by the 2-step method. The nanoparticle was characterized by high-resolution

environmental scanning electron microscopy, transmission electron microscopy,
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X-ray diffraction, Fourier transform infrared spectroscopy, and energy dispersive
spectrometry.

Co (II) ions were removed using Fe nanoparticles, as well as Ag: Fe bimetallic
nanoparticles found in aqueous solution. It was found out in the experiments that
the Bimetallic nanoparticle Ag: Fe was able to clear Co (Il) ions rapidly in the
water solutions in less than 5 min, and the elimination percentage was as large as
99%. The adsorption capacity and reaction rate of the as-prepared Ag:Fe
bimetallic nanoparticles are greater than that of Fe nanoparticles, since the
numerous nanoscale

Ag: Fe primary batteries are identified, and therefore, the bimetallic nanoparticles
are greatly promising in the context of the research on primary batteries, water

treatment applications [160].
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1. 8 The Aims of This Study

This study aims to:

1. Prepare Single-metal nanomaterial (Ag, Cu, NiO FeO, and Zn O using a green
synthesis method.

2. Synthesize bimetallic nanomaterials in different ratios (1.1 and 3:1), Such as
Ag:NiO,Cu:NiO , Cu:CoO and Cu:ZnO , inorder to enhance the crystalline
Structure and monometallic materials.

3. Design and printing of precision liquid devices in small sizes and new shapes.
4. Investigate the applicability of the prepared nanomaterials in the detection of
narcotic drugs in blood plasma.

5. Evaluate the efficiency at the prepared nanomaterials in the detection of

Cadmium and Mercury in blood plasma.
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2.1 Instruments and Chemicals

The chemicals listed in Table (2-1), the instruments used in the present study and
their models, companies and origin are listed in Table (2-2).

Table (2-1): Chemicals used, chemical formula, company, origin and purity

. Chemical - .
Ser. Chemicals Formula Company | Origin Purity
1 | Silver Nitrate AgNO; LOBA 1 India | 99.9%
Chemi
2 Zinc Acetate ZN Fengcheng | Chaina 99%
(CHsCO02)2(H20)
LOBA : 98% to
3 Copper Sulfate CuS0Q,4.5H,0 Chemi India 99 5%
4 | Mercuric Chloride Hg Cl, Thomas India 99%
Baker
5 | Cadmium Sulfate cd SO, LOBA 1 India |  98.9%
Chemi
: Sigma- 0
6 Cobalt Nitrate Co (NO3),.6H,0 Aldrich UK 99.9%
. : : Sigma- 0
7 Nickel Nitrate Ni (NO3),.6H,0 Aldrich UK 99%
Sodium LOBA : 0
8 Hydroxide Na OH Chemi India 98%
. Nexus global
9 Pethzg;gienle(;Omg CisH21NO: - HCI | pharmaceutic | Turkey | 50mg/ml
al company
Verve human
10 Fentanyl C2HN-0CeH:0 care India | 15mg/10ml
’ laboratories
Haver
11 Verdol Ci6H2sNO: - HCI | pharmaceutic | Turkey | 5mg/10ml
als
12 | Hydrazine hydrate N2Hs.H-0 I(‘:ﬁfnf; India 85%
: LOBA :
13 Iron (I1)Chloride Fe Cl,.4H,0 Chemi India 99%
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Basrah
14 green tea leaves Iraqg
— Governorate —
Boswellia sacra Basrah
15 . Iraq
grains — Governorate —

Table (2-2): Instruments used in study, models, companies, origin and

laboratory
Ser. Device Company | Origin Laboratory
. Misan
1 Centrifuge Hettich-D- Germany | University/College of
78532 .
Science
. Misan
2 Hotplate_ Magnetic LK Co. Korea | University/College of
Stirrer )
Science
. . Tehran
F'el.d Emission . University/Advanced
Scanning Electronic . .
3 : Zeiss Germany Materials
Microscope Characterization
(FESEM), 5 KV i
Institute
Transmission
4 | electron microscope Horiba Japan Tehran University
(TEM)
5 X-Rey Diffraction Shimadzu Japan Universl?taslgglle e of
(XRD), XRD-6000 P y/-olleg
Science
FT-IR Basrah
6 Spectrophotometer Bruker Germany | University/College of
FT-IR-Alpha ii Science
UV-Vis Misan
7 Spectrophotometer | Shimadzu Japan University/College of
UV-1800 Science
Misan
8 pH, pH7110 Meter Inolab Germany | University/College of
Science
9 Oven DZ-2BC Chaina | University/College of
Instrument "
Science
Co., Ltd
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Ultrasonic Bath Daihan Misan
10 Sonicator, WHC- e Chaina | University/College of
Scientific ;
A10H Science
Zeta Potential . L
11 Analyzer, Zeta Plus Horiba Japan Tehran University
Dynamic Light . L
12 Scattering (DLS) Horiba Japan Tehran University
Dragon Misan
13 Micropipette Mgd China | University/College of
Science

2.2 Preparation of Nanomaterials

2.2.1 Preparation of the Boswell sacra (BS) Extract Solution

The Boswellia sacra extract solution of 1% was prepared using a method by
[157] with some modifications. Firstly, the Boswell sacra solid particles were
crushed by a mill to get a fine powder. Then, 1 g of the Boswellia sacra powder
was moved to a conical flask and left dissolving and stirring with 100 mL of
distilled water for 30 min at 70°C. Finally, the mixture was filtered by centrifuge
machine at a speed of 500 RPM for 2 min each time using plastic containers with

a capacity of 15 ml and stored in a refrigerator at 5°C to be used for later.
2.2.2 Green synthesis of copper nanoparticles

The copper nanoparticles were prepared using the method [168] by adding 5
ml of (0.1 M) copper sulfate, 8 ml of (0.01 M) NaOH, and 8 ml of 1% BS in a
beaker, and for 5 min, the mixture was heated to 75°C and stirred at a speed of
500. After that, 3 ml of 88% N:HsOH (hydrazine) was added to the reactor
solution gradually, and it was continuously stirred until the pH reached 10 after
30 min. When hydrazine was added, the color gradually changed from light blue
to blue to green to yellow until it reached dark red. Then the solution is filtered
by a centrifuge machine at a speed of 500 RPM for 2 min each time using plastic

containers with a capacity of 15 ml. The material was collected, distilled water
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was added to it, and it was placed again in the centrifuge. The separation process
was repeated 3 times, and then the result was placed in a Petri dish covered with
perforated foil at laboratory temperature for two days until it dried. Then the

material was collected, and it was in the form of a reddish-brown powder.
2.2.3 Green synthesis of zinc oxide nanoparticles

Zinc oxide nanoparticles were prepared using the method in the preparation
of copper nanoparticles with some modifications. 5 ml of 0.1 M and 8 ml of 0.1
NaOH were added, then 8 ml of 1% BS extract were added, where the solution
gradually changed from transparent to white. After 5 minutes, 3 ml of 88%
N:HsOH (hydrazine) was added, and white precipitates began to appear, making
the solution whiter. The reaction continued for 45 min at a temperature of 70°C
and was stirred at a speed of 350 RPM. Then the solution is filtered by a centrifuge
machine at a speed of 500 RPM for 2 min each time using plastic containers with
a capacity of 15 ml. The material was collected, distilled water was added to it,
and it was placed again in the centrifuge. The separation process was repeated
three times, and then the result was placed in a Petri dish covered with perforated
foil at laboratory temperature for 24 h until it dried. Then the material was

collected, and it was in the form of a white powder.
2.2.4 Preparation of green tea extract

100 ml of deionized water at 100°C is mixed with 5 gm of green tea leaves,
and the mixture is agitated at 500 rpm for fifteen minutes until it reaches the
boiling point. After settling for 45 min, it is centrifuged for 2 min at a speed of
500 RPM for each time using plastic containers with a capacity of 15 ml to
produce a dark green solution, which is then kept in a refrigerator at 5°C until it

is needed. This method is as mentioned by [169], with some modifications.
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2.2.5 Green synthesis of silver nanoparticles

Silver nano particles were prepared using the method [170] with some
modifications by dissolving 5.096 gm of silver nitrate in 100 ml of deionized
water to obtain 0.6 M for 10 min at a temperature of 50°C and stirring at 300 RPM
until fully dissolved. Then, 50 ml of green tea was added slowly, and the color of
the solution gradually changed to dark brown. To reach a pH of 8, gradually add
50 drops of 1 M NaOH at a rate of one drop per second, and black precipitates
will be observed. The reaction continued for 120 min, and finally, a very dark
brown solution was obtained. The solution was left to settle for 15 minutes and
then filtered using a centrifuge at a speed of 500 RPM for 2 minutes each time
using plastic containers with a capacity of 15 ml. The material was collected,
deionized water was added to it, and it was placed again in the centrifuge. The
separation process was repeated 3 times, and then the result was placed in a Petri
dish. And wrapping it in perforated foil and leaving it for 4 h at laboratory
temperature, after which silver nanoparticles were obtained in the form of a shiny

gray powder.
2.2.6 Green synthesis of nickel oxide nanoparticles

In a glass beaker, 4.76 gm of nickel nitrate were dissolved in 100 ml of
deionized water for 5 minutes at a temperature of 60°C and a stirring speed of 300
RPM. On the other hand, 50 ml of previously prepared green tea extract was
heated for 5 min at a temperature of 75°C and a speed of 300 RPM and was slowly
added to the nickel nitrate solution. The color of the solution gradually changed
to green and then to dark green. After that, we started adding drops of 1.0 M
NaOH, and from the fourth drop, white precipitates were observed. The slow
addition continued until reaching pH 8 after 40 drops, and the reaction continued
for 120 min under the same conditions. Then the solution is filtered by a centrifuge
machine at a speed of 500 RPM for 2 min each time using plastic containers with

a capacity of 15 ml. The material was collected, deionized water was added to it,
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and it was placed again in the centrifuge. The separation process was repeated
three times, and then the result was placed in a Petri dish covered with perforated
foil and dried in an oven at 45°C for 8 hours. Then the material was collected, and
it was in the form of a gray-colored powder. method, as mentioned by [171], with

some modifications.
2.2.7 Green synthesis of cobalt oxide nanoparticles

In a conical flask, 3.65 gm of cobalt nitrate was dissolved in 100 ml of
deionized water. After heating 50 ml of the previously prepared green tea for 5
min at 60°C and a speed of 350 RPM, the extract was gradually added to the pink
cobalt solution, which gradually turned reddish-brown. Then, 10 drops of 1 M
NaOH were added at a rate of one drop per second until the pH reached 10, and
precipitates were observed during the addition. The reaction continued for two
hours at a temperature of 60°C and a speed of 350 RPM. Then the solution is
filtered by a centrifuge machine at a speed of 500 rpm for two minutes each time
using plastic containers with a capacity of 15 ml. The material was collected,
deionized water was added to it, and it was placed again in the centrifuge. The
separation process was repeated three times, and then the result was placed in a
Petri dish covered with perforated foil at laboratory temperature for 24 h until it

dried. Then the material was collected, and it was in the form of a brown powder.
2.2.8 Green synthesis of iron oxide nanoparticles

The synthesis of iron oxide nanoparticles using green tea extracts was
described previously [172]. In this work, a solution of 0.1 M (Fe Cl.-4H.0) was
prepared by adding 19.9 gm of solid Fe Cl.-4H.O in 1 L of deionized water.
Subsequently, 0.1 M (Fe Cl»-4H-0) solution was added slowly to 60 gm L green
tea at 75°C and stirred at 500 RPM. After 9 min, start adding 15 ml of 1M NaOH
until the pH of the solution reaches 7.1, and the formation of FeO NPs was marked
by the appearance of intense black suspension. The suspension continued to

appear until the 50th min.
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Then the solution is filtered by centrifuge machine at a speed of 500 RPM for 2
min each time using plastic containers with a capacity of 15 ml; the material was
collected, deionized water was added to it, and it was placed again in the
centrifuge. The separation process was repeated three times, and then the result
was placed in a Petri dish covered with perforated foil and dried in an oven at

50°C for 6 h. the material was collected, and it was in the form of a brown powder.

2.3 Preparation of bimetallic nanoparticles

2.3.1 Synthesis of bimetallic nanoparticles of copper and zinc oxide

The bimetallic Cu:ZnO nanoparticles were prepared using the green synthesis
method. To obtain 0.1 M of bimetallic nanoparticles, the two materials were
mixed in ratios of 1:1 and 3:1 Cu:ZnO, respectively method, as mentioned by
[173] with some modifications.

To obtain a 1:1 ratio Cu:ZnO of bimetallic particles after preparing 0.05 M zinc
acetate at a temperature of 20°C and shaking at 350 RPM for 5 min, then adding
0.05 M copper sulfate, resulting in 50 ml of blue solution. Gradually add 80 ml of
1% BS extract, then add NaOH drops until reaching 80 ml. White precipitates
appeared, and the pH of the mixture became 10. After 5 min, the gradual addition
of 30 ml of 88% N:HsOH (hydrazine) began, and the solution turned brown, with
the color gradually changing to reddish-brown. The reaction continued for two
hours at a temperature of 70°C and shaking at 300 RPM. And after the solution

stabilized,

It was filtered using a centrifuge for 2 min at a rate of 500 revolutions per minute
in a 15 ml test tube. Then, we washed the resulting nanomaterial by adding
distilled water and returning it to the centrifuge, repeating the process three times.
The resulting material was placed in a thermal oven at a temperature not
exceeding 45°C for 6 h, resulting in bimetallic nanoparticles of Cu: ZnO with a

brown color.
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To obtain a 3:1 ratio Cu:ZnO of bimetallic particles after preparing 0.015 M zinc
acetate at a temperature of 20°C and shaking at RPM for 5 min, 0.075 M copper
sulfate was added, resulting in 50 ml of dark blue solution. Gradually, 80 ml of
1% BS extract was added, followed by NaOH drops until reaching 80 ml.
brownish precipitates appeared, and the pH of the mixture became 10. After 5
minutes, 30 ml of 88% N:HsOH (hydrazine) was added gradually, turning the
solution brown. The color change continued until reaching reddish-brown. The
reaction lasted for two hours at 70°C and 300 RPM. After the solution stabilized,
it was centrifuged for 2 min at 500 RPM in a 15 ml test tube. Then, the resulting
nanomaterial was washed by adding distilled water and returning it to the
centrifuge, and this process was repeated three times. The resulting material was
placed in a thermal oven at a temperature not exceeding 45°C for 4 h, resulting in

bimetallic nanoparticles of Cu:ZnO with a brownish color.

2.3.2 Synthesis of bimetallic nanoparticles of copper and nickel

oxide

The bimetallic nanoparticles Cu: NiO were prepared using the green synthesis
method. To obtain 0.1 M of the bimetallic nanoparticles, the two materials were
mixed in ratios of 1:1 and 3:1 Cu: NiO.

To prepare a 1:1 ratio Cu: NiO of bimetallic nanoparticles, after dissolving 0.05
M nickel nitrate and 0.05 M copper sulfate and mixing, a 50 ml green solution
was obtained to which 80 ml of 1% BS extract was added. Then, 80 ml of 0.01 M
NaOH was added. In the fifth min of the reaction, 30 ml of 88% N.HsOH
(hydrazine) was added, and the color turned brown and gradually became darker.
Upon measurement, the pH was found to be 7. The reaction continued for 140
min at 70 °C and a speed of 350 RPM. Then the solution is filtered by a centrifuge
machine at a speed of 500 RPM for 2 min each time using plastic containers with
a capacity of 15 ml. The material was collected, distilled water was added to it,

and it was placed again in the centrifuge. The separation process was repeated
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three times, and then the result was placed in a Petri dish covered with perforated
foil at laboratory temperature for 24 h until it dried. Then the material was

collected, and it was in the form of a shiny reddish-brown powder.

To prepare a 3:1 ratio (Cu:NiO) of bimetallic nanoparticles, after dissolving 0.075
M copper sulfate and 0.015M nickel nitrate and mixing, a 50 ml green solution
was obtained to which 80 ml of 1% BS extract was added. Then, 80 ml of 0.01 M
NaOH was added. In the fifth min of the reaction, 30 ml of 88% N.HsOH
(hydrazine) was added, and the color turned brown and gradually became darker.
Upon measurement, the pH was found to be 7. The reaction continued for 140
min at 70 °C and a speed of 350 RPM. Then the solution is filtered by a centrifuge
machine at a speed of 500 RPM for 2 minutes each time using plastic containers
with a capacity of 15 ml. The material was collected, distilled water was added to
it, and it was placed again in the centrifuge. The separation process was repeated
three times, and then the result was placed in a Petri dish covered with perforated
foil at laboratory temperature for 24 h until it dried. Then the material was

collected, and it was in the form of a reddish-brown powder.

2.3.3 Synthesis of bimetallic nanoparticles of copper and cobalt

oxide

The bimetallic Cu: CoO nanoparticles were prepared using the green synthesis
method. To obtain 0.1 M of bimetallic nanoparticles, the two materials were

mixed in ratios of 1:1 and 3:1 Cu: CoO, respectively.

To prepare a 1:1 ratio Cu:CoO mixture of bimetallic nanoparticles at a
concentration of 0.1 M, 0.399 gm of copper sulfate and 0.387 gm of cobalt nitrate
were dissolved in 50 mL of distilled water in a glass beaker. After dissolution, 80
ml of 1% BS extract and 80 ml of 0.01 M NaOH solution were gradually added
dropwise until reaching a pH of 10. In the sixth min, the slow addition of 88 %
N:HsOH (hydrazine)at a concentration began.

The reaction continued for 40 min at a temperature of 75°C and a speed of 500
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RPM. During this period, the color of the solution changed from pink to dark

green and eventually settled to a dark reddish-brown color.

After the solution stabilized, it was centrifuged for 2 min at 500 RPM in a 15 ml
test tube. Then, the resulting solution was washed by adding distilled water and
returning it to the centrifuge; this process was repeated three times. The resulting
material was placed in a thermal oven at a temperature not exceeding 45°C for 6

hours, resulting in bimetallic nanoparticles of Cu: CoO with a brownish color.

To prepare a 1:1 ratio Cu:CoO mixture of bimetallic nanoparticles at a
concentration of 0.1 M, 0.399 gm of copper sulfate and 0.387 gm of cobalt nitrate
were dissolved in 50 mL of distilled water in a glass beaker. After dissolution, 80
ml of 1% BS extract and 80 ml of 0.01M NaOH solution were gradually added
dropwise until reaching a pH of 10. In the sixth minute, the slow addition of 88%

N:HsOH (hydrazine) at a concentration began.

The reaction continued for 40 min at a temperature of 75°C and a speed of 500
RPM. During this period, the color of the solution changed from pink to dark

green and eventually settled to a dark reddish-brown color.

After the solution stabilized, it was centrifuged for 2 min at 500 RPM in a 15 ml
test tube. Then, the resulting solution was washed by adding distilled water and
returning it to the centrifuge; this process was repeated three times. The resulting
material was placed in a thermal oven at a temperature not exceeding 45°C for 6

hours, resulting in bimetallic nanoparticles of Cu:CoO with a brownish color.

To prepare a 3:1 mixture of bimetallic nanoparticles with a concentration of 0.1
M, 0.598 gm of copper sulfate and 0.025 gm of cobalt nitrate were dissolved in
50 mL of distilled water in a glass beaker. After dissolution, 80 ml of 1% BS
extract and 80 ml of 0.01M NaOH solution were gradually added dropwise until
reaching pH 10. In the sixth min, the slow addition of 88% N.HsOH
(hydrazine)began.

The reaction lasted for 60 min at a temperature of 70°C and a speed of 350 RPM.
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During this period, the color of the solution changed from purple to dark blue and
eventually settled to a reddish-brown color

After the solution stabilized, it was centrifuged for 2 min at 500 RPM in a 15 mli

test tube. Then, the product was washed by adding distilled water and returned to
the centrifuge, and this process was repeated three times. The resulting material
was placed in a thermal oven at a temperature not exceeding 45°C for 6 h,

resulting in brown bimetallic Cu:CoO nanoparticles.
2.3.4 Synthesis of bimetallic nanoparticles of silver and nickel oxide

To prepare the bimetallic nanoparticles Ag:NiO in a 1:1 ratio.
2.54 gm of silver nitrate is dissolved in 50 ml of deionized water in an opaque
beaker for 5 min at a temperature of 25°C and a speed of 350 RPM. After
dissolving, 5.4 gm of nickel nitrate is added, and the solution is left to homogenize
for 5 min. Then, 25 ml of pre-prepared and heated green tea extract is added. 25
drops of 0.01M NaOH are added at a rate of one drop per second until reaching

pH 9, and brownish precipitates were observed.

The reaction continued for 104 min under the same conditions. After the reaction
is complete, the brown solution is left to settle for 1 h, then filtered using a
centrifuge at a speed of 500 RPM for two min each time using plastic containers
with a capacity of 15 ml. The material was collected, deionized water was added
to it, and it was placed again in the centrifuge. The separation process was
repeated three times, and then the result was placed in a Petri dish. And wrapping
it in perforated foil and leaving it for 4 h at laboratory temperature, after which

Ag: NiO nanoparticles were obtained in the form of a shiny gray powder.

To prepare the bimetallic nanoparticles Ag:NiO in a 3:1 ratio,
2.54 gm of silver nitrate is dissolved in 50 ml of deionized water in an opaque
beaker for 5 min at a temperature of 25°C and a speed of 350 RPM. After

dissolving, 5.4 gm of nickel nitrate is added, and the solution is left to homogenize

57



Chaeter Two Exeerimental

for 7 min. Then, 25 ml of pre-prepared and heated green tea extract is added. 25
drops of 0.01 M NaOH are added at a rate of one drop per second until reaching
pH 10, and brownish precipitates were observed. The reaction continued for 104

min under the same conditions.

After the reaction is complete, the dark brown solution is left to settle for 1 h,
then filtered using a centrifuge at a speed of 500 RPM for 2 min each time using
plastic containers with a capacity of 15 ml. The material was collected, deionized
water was added to it, and it was placed again in the centrifuge. The separation
process was repeated three times, and then the result was placed in a Petri dish.
And wrapping it in perforated foil and leaving it for 4 h at laboratory temperature,
after which Ag:NiO nanoparticles were obtained in the form of a shiny gray

powder.

2.4 Detection of narcotic drugs

2.4.1 Preparing blood plasma sample

The traditional rapid method involves using a 15 ml special glass tube
containing anticoagulants to prevent blood clotting. The drawn blood sample is
placed in the tube. It is left for 10-15 minutes, then the tube is gently inverted
three times and placed in a centrifuge for 10 min at 5000 RPM. After the
separation process is complete, the plasma is carefully drawn using a plastic
pipette and stored in a 10 ml test tube at a temperature of 5 °C until use After a

few minutes.
2.4.2 Detection of Fentanyl Citrate by silver nanoparticles

The pharmaceutical substance Fentanyl Citrate (Cx2H2sN2O - CsHsO-) is
classified as a narcotic if misused, according to the Iragi Health Report. To detect
the presence of the lowest concentration of it in blood plasma, we take the
concentrations (0.5, 1, 1.5, 2, 2.5) mg/L using a pipette and place each in a 10 ml

test tube. We add 0.1 ml of the silver nanoparticle filtrate diluted with distilled
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water to 2 ml. When measuring the absorbance with a UV device for each
concentration, a difference in absorbance was observed with the addition of the
reagent and before the addition. Therefore, 25 uL of the previously prepared blood
plasma is taken, and the lowest concentration of the narcotic substance, 0.5 mg/L,
Is added to it, along with 2 ml of the diluted silver nanoparticle filtrate. We
observe a color change in the mixture, in addition to a difference in absorbance of
1.362.

2.4.3 Detection of Tramadol Hydrochloride by cobalt oxide

nanoparticles

Tramadol Hydrochloride (CisH2sNO- - HCI) is considered a narcotic
substance as mentioned in the list of drugs prohibited for illegal use. To detect
this type of pharmaceutical substance, the absorbance for the concentrations (0.5,
1.0, 1.5, 2.0, 2.5) mg/L of drug is measured, and then it is measured again by
adding 0.5 nano cobalt oxide diluted in distilled water to 2 ml. The detection is
conducted at the lowest possible concentration of the narcotic substance in the
blood (0.5 mg/L) by adding it to 25 uL of previously prepared blood plasma and
2 ml of Cobalt oxide solution is added to it. A clear color change in the mixture

and an absorbance difference of 0.107 were observed.

2.4.4 Detection of Pethidine Hydrochloride by Cu: NiO BNPs

Pethidine Hydrochloride (CisH21NO- - HCI) is one of the classified narcotic
drugs. To detect its presence in blood plasma, after study and experimentation, it
was found that this narcotic drug can be detected using bimetallic Cu:NiO
nanoparticles prepared previously by the green synthesis method in a 3:1 ratio.
By taking concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 mg/L of the narcotic drug
and adding 0.2 ml of the diluted Cu:NiO BNPs leachate solution to 2 ml of
distilled water, the absorbance for each concentration was measured before and

after the addition. Then, the detection was applied to the lowest concentration of

59



Chaeter Two Exeerimental

the drug in blood plasma (0.5 mg/L added to 25 uL of plasma), and 2 ml of the
diluted Cu:NiO BNPs leachate solution was added, resulting in a color change

and an absorbance difference of 0.008.

2.5 Detection of heavy metal

2.5.1 Preparation of cadmium solution

To obtain (0.1m M) cadmium, dissolve 0.00104 g from cadmium sulfate in 50
ml of distilled water at a temperature of 50 °C and a speed of 500 RPM for 18
minutes [174].

2.5.2 Preparation of mercury solution

To obtain a 0.1 molar solution of mercury, dissolve 0.000368 g of mercuric
chloride in 50 ml of distilled water at a temperature of 50 °C and a speed of
500RPM [174].

2.5.3 Detection of cadmium by zinc oxide nanoparticles

Cadmium is considered a heavy metal, and if its concentration exceeds 5
micrograms/liter, it becomes toxic, according to the American Conference of
Governmental and Industrial Hygienists [175]. To detect the presence of the
lowest concentration of it in blood plasma, we take the concentrations (0.5, 1, 1.5,
2, 2.5) mg/L using a pipette and place each in a 5 mL test tube. We add 0.2 mL of
the zinc oxide nanoparticle filtrate diluted with distilled water to 2 mL. When
measuring the absorbance with a UV device for each concentration, a difference
in absorbance was observed with the addition of the reagent and before the
addition. Therefore, 25 pL of the previously prepared blood plasma is taken, and
the lowest concentration of cadmium substance, 0.5 mg/L, is added to it, along

with 2 mL of the diluted zinc oxide nanoparticle filtrate.
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2.5.4 Detection of mercury by copper nanoparticles

Mercury is one of the toxic elements, and exceeding the normal levels in the
blood leads to numerous health risks for humans. To detect the presence of the
lowest concentration of it in blood plasma, we take the concentrations (0.5, 1, 1.5,
2, 2.5) mg/L using a pipette and place each in a5 mL test tube. We add 0.2 mL of
the copper nanoparticle filtrate diluted with distilled water to 2 mL. When
measuring the absorbance with a UV device for each concentration, a difference
in absorbance was observed with the addition of the reagent and before the
addition. Therefore, 25 uL of the previously prepared blood plasma is taken, and
the lowest concentration of mercury substance, 0.5 mg/L, is added to it, along

with 2 mL of the diluted copper nanoparticle filtrate.

2.6 Microfluidic device

2.6.1 Design of microfluidic device

The microfluidic device was drawn and designed using the SolidWorks 2022
design software, where a three-dimensional model with four channels (60 x 40 x
1.5) mm and a central channel was designed as shown in Figure 2-1A.
Additionally, a two-channel device (30 x 13 x 10) mm was designed along with
the main central channel, as shown in figure (2-1B). After printing the designed
models with a 3D printer, and before using them, they are placed ina 0.1M sodium
hydroxide solution for 40 min, washed with water, and left to dry completely to

be ready for use.
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A

Figure (2-1): A microfluidic device designed using SolidWorks software (A) a
three-dimensional model with four channels and dimensions of (60 x 40 x 1.5)
mm and a central channel, (B) a three-dimensional model with two-channel
device (30 x 13 x 10) mm.

2.6.2Microfluidic device operation

Due to its many advantages, including those related to cost, time, and design,
we decided to use a 3D printer for our wafer. Rapid design and production, quick
prototyping, on-demand printing, durable and lightweight components, economic
feasibility, ease of use, waste reduction, and environmental friendliness are some
of these advantages. The 3D microdevice, sized (60 x 40 x 1.5) mm, is specifically
designed to detect drugs in blood plasma samples simultaneously. And the other
device, designed with dimensions of (30 x 13 x 10) mm, is for determining heavy
metals in plasma. We chose to use these designs for the reservoirs containing the
reagent and sample components because, as we previously reported in our
research [157, 168], it is very easy to inject both the reagent and sample
components into the channels using an automatic injector. After injecting the
substance, the developed color is examined, the data is interpreted, and the
quantification step is performed using the ImageJ software.
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In order to analyze narcotic compounds and heavy metals in blood plasma
samples, we introduced the synthesized nano-probes into the reservoirs after
adjusting the settings. This made it possible for the sensors to selectively identify
drugs and heavy metals. The sample will be pumped into the sample

reservoir(medium).
2.7 Characterization Devices

Several diagnostic techniques have been employed to characterize the
produced nanoparticles, including UV, XRD, FESEM, TEM, FTIR, and zeta

potential.
2.7.1 Ultraviolet-Visible Spectrophotometry (UV)

UV-Vis spectroscopic studies are a primary choice to confirm the presence of
most NPs, as they provide a quick and accurate method for understanding the
physical and chemical properties of materials. They are considered one of the
essential analytical tools widely used in various scientific fields [161]. The visible
spectrum of ultraviolet rays was measured using the device UV-Vis

spectrophotometer within the wavelength range of 200-800 nm.
2.7.2 X-Ray Diffraction (XRD)

X-ray diffraction technology is one of the most important techniques in
determining the crystalline structure of a material. The XRD spectrum was
measured by using the X-ray diffraction (XRD) machine with a single-color beam
from copper that has a wavelength of K-Alphal [A] 1.54060, a voltage of 40 kV,
and a current of 30 mA, with an angular range (2Theta=20-80).

2.7.3 The field emission scanning electron microscope (FESEM)

FESEM is a technique that helps determine the nanoscale dimensions of
particles, such as diameters and lengths, and also allows for the analysis of the

distribution of nanoscale particles on the surface.
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2.7.4 Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) is often used to characterize the
physical characteristics of NPs. TEM provided a clear picture of the particles’
sizes and shapes at a very high resolution. To characterize NPs, TEM is a valuable
technique [162].

2.7.5 Energy Dispersive X-ray Spectroscopy (EDX)

An analytical technique used to determine the elemental composition of
materials, revealing impurities or unexpected elements, and is usually used with

electron microscopy or transmission electron microscopy.
2.7.6 Zeta potential and Dynamic Light Scattering (DLS)

The surface potential of nanoparticles is the potential difference between the
medium where the nanoparticles are dispersed and the surface that can be reached
by the dispersed nanoparticles, which can be analyzed using the zeta size [163].
On the other hand, zeta potential is considered a measure of the magnitude of
electrostatic repulsion or attraction between particles in a liquid suspension,
making it one of the fundamental criteria for describing particle stability in an
aqueous environment. Particles with zeta potentials greater than +30 mV and less
than -30 mV are considered stable [164,165]. The zeta potential was measured at
a carrier dispersion temperature of 25.2°C with an average viscosity of 0.891 m
Pa-s in addition to the electrical potential of 3.3 V. As for particle distribution
length (PDL), it is a number calculated from the ratio of two parameters of the
correlation data, meaning it is dimensionless [166]. The Dynamic Light Scattering
(DLS) technique is used to verify the hydrodynamic size and measure, And DLS
was measured at scattering angle 90°, dispersion medium viscosity 0.893 m Pa:s,
and count rate 237 k CPS.
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2.7.7 Fourier Transform Infrared Spectroscopic (FTIR)

FTIR is a spectroscopic method for identifying potential functional groups in
the reduction of metal ions and the stabilization of composite nanoparticles; FTIR

operates within the wavelength range of 400 to 4000 [167].
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ChaEter Three Results and Discussion

3.1 Spectroscopic characterization of synthesized
nanoparticles

3.1.1 Ultraviolet-Visible Spectrophotometry

The visible spectrum of ultraviolet rays was measured using the device UV-
Vis spectrophotometer within the wavelength range of 200-800 nm. Figure (3-
1A) illustrates the visible spectrum of ultraviolet rays for silver nanoparticles,
showing the maximum absorption peak at 420 nm, as reported [176] with slight
differences. Figure (3-1B) shows the visible spectrum of ultraviolet rays for nickel
oxide nanoparticles prepared by the green synthesis method. It is observed in the
figure that there are two absorption peaks within the range of 300-400 nm. The
absorption peak at 302.5 nm represents NiO, while the peak at 396.5 nm is due to
the transfer of non-bonding electrons from the absorbed phytochemicals towards
the nickel void, as mentioned [177], with slight variation. Figure (3-1C) represents
Ag: NiO BNPs in a 1:1 ratio; a very shift in the absorption peaks of nickel oxide
and silver is observed. Also, regarding the figure (3-1D), there is a change in the
position of the silver absorption peak and a change in the nickel oxide absorption

peak.

- eAg NPs
=——=NiO NPs
e e oAg :NiO BNPs 1:1

Ag :NiO BNPs3:1

Absorbance(au)

285 310 335 360 385 410 a3s 460 ass 510 535 560 585
Wavelength(nm)

Figure (3-1): UV-Visible spectrum of green synthesized (A) for silver
nanoparticles (B) nickel oxide nanoparticles (C) Ag: NiO bimetallic particles

prepared in a 1:1 ratio (D) Ag: NiO bimetallic particles prepared in a 3:1 ratio.
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Figure (3-2A) illustrates the visible spectrum of ultraviolet rays for copper
nanoparticles prepared by the green synthesis method. The maximum absorption
peak appears at 579 nm, as mentioned in [178]. with slight variation. Figure (3-
2B) shows the visible spectrum of ultraviolet rays for cobalt oxide nanoparticles
prepared by the green synthesis method. The maximum absorption peak appears
at 303.5 nm. Additionally, a small peak is observed at the wavelength 515.5 nm,
representing the absorption peak of cobalt oxide nanoparticles, as mentioned in
[179] with slight variation, the appearance of more than one peak can be attributed
to the difference in the sizes of the nanoparticles. The curve (C) in the figure
represents the absorption spectrum of the bimetallic Cu: CoO particles prepared
in a 1:1 ratio. We observe a shift of the cobalt oxide peak to the region below 300
nm, while the peak of the copper nanoparticles shifts to the right, becoming
approximately 580 nm and showing a lower peak. The curve (D) also shown in
the figure represents the absorption spectrum of the bimetallic Cu:CoO particles

prepared in a 3:1 ratio
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Figure (3-2): UV-Visible spectrum of green synthesized (A) for copper
nanoparticles (B) for cobalt oxide nanoparticles (C) Cu: CoO bimetallic particles

prepared ina 1:1 ratio (D) Cu: CoO bimetallic particles are prepared ina 3:1 ratio.
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Figure (3-3A) illustrates the visible spectrum of ultraviolet rays for green-
synthesized copper nanoparticles. The curve (B) illustrates the visible spectrum
of ultraviolet rays for green-synthesized zinc oxide nanoparticles. The maximum
absorption peak appears at 369.5 nm, as mentioned in [180]. Curve (C) represents
the absorption spectrum of the Cu: ZnO bimetallic particles prepared ina 1:1 ratio,
where we observe the peak associated with zinc oxide fading. However, in the
copper wavelength range of 579 nm, there is a slight increase resembling a broad
peak. Similarly, at the 3:1 ratio, we observe a peak shifting to the right, i.e., to the

800 nm wavelength range, as shown in the curve (D).
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Figure (3-3): UV-Visible spectrum of green synthesized (A) for copper
nanoparticles (B) for zinc oxide nanoparticles (C) Cu: Zn O bimetallic particles

prepared in a 1:1 ratio (D) Cu: ZnO bimetallic particles prepared in a 3:1 ratio.

Figure (3-4A) illustrates the visible spectrum of ultraviolet rays for copper
nanoparticles prepared by the green synthesis method. The maximum absorption
peak appears at 579 nm, as mentioned in [178], with slight variation, figure (3-
4B) shows the visible spectrum of ultraviolet rays for nickel oxide nanoparticles

prepared by the green synthesis method. It is observed in the figure that there are
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two absorption peaks within the range of 300-400 nm. The absorption peak at
302.5 nm represents NiO, while the peak at 396.5 nm is due to the transfer of non-
bonding electrons from the absorbed phytochemicals towards the nickel void, as
mentioned [177], with slight variation. Furthermore, figure (3-4C) represents the
absorption spectrum of the Cu:NiO bimetallic particles prepared in a 1:1 ratio,
where the absorption peak shifts to the region beyond the copper absorption peak
range, figure (3-4 D) represents the absorption spectrum of the Cu: NiO bimetallic
particles prepared in a 3:1 ratio. Where a weak absorption peak is observed in the

area very close to the nickel oxide absorption peak.
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Figure (3-4): UV-visible spectrum of green synthesized (A) for copper
nanoparticles (B) for nickel oxide nanoparticles (C) of the Cu:NiO bimetallic
particles prepared in a 1:1 ratio (D) of the Cu:NiO bimetallic particles prepared in

a 3:1 ratio.

3.1.2 X-Ray diffraction Analysis

The crystalline structure of the prepared nanomaterials was characterized
using an X-ray diffraction device. Figure (3-5) shows X-ray diffraction of silver
nanoparticles prepared by the green synthesis method. We observe from the figure

that the compound exhibited four characteristic peaks at the positions (2Theta =
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38.3°, 44.1°, 64.3°, and 77.6°). The X-ray diffraction pattern indicates that the
crystal structure of the sample is (111, 200, 220, and 311), respectively, which
corresponds to the standard card lanes of the face-centered cubic (FCC) geometry
of Ag nanocrystals (JCPDS NO 04-0783) [181].Likewise, X-ray diffraction of
nickel and nickel oxide nanoparticles, where distinct peaks (111, 220, 311) appear
at angles (2Theta = 37.6°, 62.1°, 75.6°) for nickel oxide, corresponding to the
FCC structure and indicating good crystallinity of the nickel oxide nanoparticles.
The common reference number for nickel oxide is JCPDS Card No. 04-1049.
Additional peaks (111, 200) appeared at angles (2Theta = 44.1°, 52.1°), with the
common reference number for nickel (JCPDS No. 04-0850) [182]. X-ray
diffraction of Ag: NiO bimetallic particlesin 1:1 and 3:1 ratio. Through the figure,
the diffraction peaks were recorded in the X-ray diffraction pattern, which
represents the characteristic crystalline peaks of the (FCC) structure. A slight
difference in the peak positions is observed compared to individual NiO and Ag
particles. The difference in positions is due to the interference between the crystal

lattices of silver and nickel oxide

amenio Brrsa ) (200) (220) (311
‘= |Ag:NiO BNPs1:1
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=
% iLNIiO NPS
=
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Figure (3-5): XRD powder pattern of the crystalline Ag NPs, NiO NPs, and
bimetallic Ag: NiO BNPs 1:1 and 3:1.
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Figure (3-6) shows X-ray diffraction to determine the crystalline structure of Cu:
CoO bimetallic particles in ratios of 1:1 and 3:1. As shown through the figure, the
diffraction peaks in the X-ray diffraction pattern representing the characteristic
crystalline peaks of the (FCC) structure were recorded. A slight difference in the
positions of the peaks is observed compared to the individual particles of Cu and
Co0. The difference in positions is due to the interference between the crystalline
lattices of copper, cobalt oxide. It can be observed that the diffraction peaks of
copper, cobalt, and cobalt oxide at 1:1 and 3:1 are higher compared to their peaks
in the individual particles of the same elements. The distinctive peak of the
copper, which is located at (43.58° = 2Theta), was also found to have no change

in  position at 1:1  with a very slight change  at3:1.
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Figure (3-6): XRD powder pattern of the crystalline Cu NPs, bimetallic Cu:CoO
BNPs 1:1, 3:1.

Figure (3-7) shows X-ray diffraction was used to determine the crystalline
structure of the prepared copper nanoparticles, and the measurement showed the
presence of pure copper, known for its face-centered cubic FCC crystalline
structure, The results in the figure showed clear peaks at the angles (2Theta =
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43.5°, 50.8°, 74.3°), which correspond to the crystal planes (111, 200, 220)
according to the reference data (JCPDS No. 04-0836) [183] .

X-ray diffraction of nickel and nickel oxide nanoparticles in the figure (3-7),
where distinct peaks (111, 220, 311) appear at angles (2Theta = 37.6°, 62.1°,
75.6°) for nickel oxide, corresponding to the FCC structure and indicating good
crystallinity of the nickel oxide nanoparticles. The common reference number for
nickel oxide is (JCPDS Card No. 04-1049). Additional peaks (111, 200) appeared
at angles (2Theta = 44.1°, 52.1°), and the weak peaks of the nickel indicate
incomplete crystallization, with the common reference number for nickel (JCPDS
No. 04-0850) [182]. Also, X-ray diffraction of Cu: Ni and NiO bimetallic particles
in ratios of 1:1 and 3:1. Through the figure, the diffraction peaks in the X-ray
diffraction pattern representing the characteristic crystal peaks of the FCC
structure were recorded. A slight difference in the positions of the peaks is
observed compared to the individual Cu, Ni, and NiO particles. The difference in
positions is due to the interference between the crystal lattices of copper, nickel,
or nickel oxide. It can be observed that the diffraction peaks of copper, nickel, and
nickel oxide at a 1:1 and 3:1 ratio are higher compared to their peaks in the

individual particles of the same elements.
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Figure (3-7): XRD powder pattern of the crystalline Cu NPs, Ni, NiO NPs, and

bimetallic Cu: NiO BNPs 1:1 and 3:1.
72



ChaEter Three Results and Discussion

Figure (3-8) illustrates the X-ray diffraction patterns used to determine the crystal
structure of nanostructured zinc oxide. The diffraction patterns were recorded in
the angular range of (20 to 80 °). The results showed conformity with the
standards of hexagonal wurtzite zinc oxide, which corresponds to the International
Card (JCPDS No. 00-036-1451). The main crystalline levels were identified
(2Theta =31.74°, 34.62°, 36.34°, 47.64°, 56.9°, 62.9°, and 67.86°) corresponding
to the levels (111), (002), (101), (102), (110), (103), and (112), respectively [184].
The X-ray diffraction of Cu: ZnO bimetallic particles in ratios of 1:1 and 3:1.
Through the figure, the diffraction peaks in the X-ray diffraction pattern
representing the characteristic crystalline peaks of the FCC structure were
recorded. It is observed that there is a slight difference in the peak positions
compared to individual Cu and ZnO particles. The difference in positions is due
to the interference between the crystalline lattices of copper and zinc oxide. It can
be observed that the diffraction peaks of the Nano copper at a 3:1 ratio are higher
compared to their height at a 1:1 ratio, while the peaks of Nano nickel and nickel
oxide are clearer at a 1:1 ratio than at a 3:1 ratio. In addition to the X-ray

diffraction of copper, it is also shown in the figure (3-8)
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Figure (3-8): XRD powder pattern of the crystalline Cu NPs, ZnO NPs, and

bimetallic Cu:ZnO BNPs 1:1, 3:1.
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3.1.3 Field Emission Scanning Electron Microscopic Results

To determine the nanoscale dimensions of particles used (FESEM) and used
(EDX) to measure the purity of the material, The figure (3-9A, B) shows an
FESEM image of the green-synthesized silver nanoparticles. It appears that the
formed particles are in the form of nanofibers with an average size of D1=64.86
nm and D2=74.54 nm. Where D = crystallite size, and these dimensions were
measured at a magnification of 200 nm. This result is very close to the study
presented by [185]. The EDX is presented in figure (3-9 C), measured at 15 kV,
which indicates a very high presence of silver and a small amount of C and O,
attributed to the presence of organic compounds on the surface of the
nanoparticles. These results are similar to what was mentioned by Mohammad
Amin Taleb Safa with others [176]
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Figure (3-9): FESEM images of the green-synthesized silver nanoparticles (A) at

200 nm and (B) at 500 nm. (C) EDX spectroscopy of silver nanoparticles.
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Figure (3-10 A, B) shows an FESEM image of the nanostructured nickel oxide
that reveals a semi-spherical structure with an average diameter of 28.41 nm. This
result is very close to what was previously mentioned [186]. The EDX spectrum
of nano nickel oxide in figure (3-10 C) shows clear peaks for O and Ni, with small

amounts of C, which is a result of reaction residues. [187].

D1 =2841 nm
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Figure (3-10): FESEM images of the green-synthesized nickel oxide
nanoparticles (A) at 200 nm and (B) at 500 nm. (C) EDX spectroscopy of nickel

oxide nanopatrticles.

Through the FESEM electron microscopy scan shown in figure (3-11 A, B), for
Ag nanoparticles prepared in a 1:1 ratio, the image reveals uniformly spherical
particles with an average size of 43.24 nm. The figure (3-11C) illustrates the EDX
spectrum of Ag: NiO BNP particles prepared using a plant extract (green tea) in
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the ratio 1:1. The figure (3-11 C) indicates the presence of Ag and NiO elements,
confirming the formation of bimetallic nanoparticles in a 1:1 ratio. The EDX
provides quantitative data on the composition of nickel and silver, and it is clear
from the figure that some parts of Ag: NiO BNPs exist as oxides due to an excess
of oxygen, which may be due to the open reaction system. And there is also a very

small percentage of Cl, C, and S resulting from the plant extract.

Figure (3-11): FESEM images of the green-synthesized Ag: NiO BNPs 1:1 (A)
At 200 nm and (B) at 500 nm (C) EDX spectroscopy of Ag: NiO 1:1 BNPs

Figure (3-12 A, B) corresponds to the nanoparticles prepared in a 3:1 ratio, which
are also uniformly spherical with an average size of 38.94 nm and contain clearly.
As for figure (3-12 C), it clearly shows the very high percentage of silver
compared to nickel, which confirms the formation of a bimetallic nanomaterial of
Ag and Ni in a ratio of 3:1 [188].
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Figure (3-12): FESEM images of the green-synthesized Ag: NiO BNPs 3:1 (A)
At 200 nm and (B) at 500 nm (C) EDX spectroscopy of Ag: NiO 3:1 BNPs.

Figure (3-13 A, B) represents an FESEM image showing Cu NPs particles
prepared in a spherical shape with some agglomeration, which enhances
interactions with other materials [189]. It is also clear from the figure that the
particles are approximately spherical in shape with an average size of D=72.71
nm, where the dimensions were measured at a magnification of 200 nm.
Moreover, the figure (3-13 C) represents the EDX spectrum of Cu NPs, and the
results show that the percentages of Cu (85.02%) and O (14.98%) are present,
with no visible impurities, indicating the very high purity of the sample prepared

by the green method. This result matches previous studies [190].
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Figure (3-13): FESEM images of the green-synthesized copper nanoparticles (A)
at 200 nm and (B) at 500 nm. (C) EDX spectroscopy of copper nanoparticles.

The figure (3-14A, B) depicts the cobalt oxide nanoparticles and shows that the
particles are spherical in the form of nanoparticles with a size of 28.04 nm. As for
the EDX map shown in figure (3-14C), it was used to examine the elemental
composition of cobalt oxide at energies ranging from 0 to 10 kV. Based on weight
and atomic ratios, Figure (3-14C) confirms the formation of cobalt oxide at a very
high percentage of 42.80%, with a small percentage of carbon at 21.55%, which
can be attributed to the plant extract. The appearance of 0.06% Na and 0.05% Al,
which are considered very small compared to the percentage of cobalt oxide, was
also noted; these results are very close to what was mentioned [191].
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Figure (3-14): FESEM images of the green-synthesized cobalt oxide
nanoparticles (A) at 200 nm and (B) at 500 nm. (C) EDX spectroscopy of cobalt

oxide nanopatrticles.

Figure (3-15 A, B) shows an FESEM image of Cu:CoO bimetallic particles
prepared in a 1:1 ratio, clearly displaying spherical particles with slight
agglomeration. The average size measured was 43.38 nm. Also, figure (3-15)
shows the EDX spectrum of Cu:CoO BNPs prepared by the green method at a
ratio of 1:1. We observe high peaks for Cu, Co, and O with very low percentages

of S resulting from the plant extract.
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Figure (3-15): FESEM images of the green-synthesized Cu: CoO BNps1:1 (A) At
200 nm and (B) at 500 nm (C) EDX spectroscopy of Cu:CoO BNPs 1:1.

Figure (3-16 A, B) represents the particles prepared in a 3:1 ratio, showing
uniformly spherical particles with an average size of 41.49 nm. As for the
bimetallic particles prepared at a ratio of Cu:CoO 3:1, they are clearly shown in
figure (3-16 C). The high peak corresponds to Cu, with peaks for Co and O and
very low percentages of S due to the use of the plant extract. The particles are

considered pure, as they do not contain significant impurities.
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Figure (3-16): FESEM images of the green-synthesized Cu:CoO BNPs 3:1 (A) At
200 nm and (B) at 500 nm (C) EDX spectroscopy of Cu:CoO BNPs 3:1.

Figure (3-17A,B) shows FESEM images of Cu:NiO BNPs bimetallic
nanoparticles prepared by the green method in a 1:1 ratio. It is clear from the
image that the particles have irregular crystalline shapes with an average size of
24.06 nm, with no agglomeration observed and Figure (3-17C) shows the EDX
spectrum of Cu:NiO BNPs prepared by the green method at a ratio of 1:1. We
observe high peaks for Cu, Ni, and O with very low percentages of S and N
resulting from the plant extract.
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Figure (3-17): FESEM images of the green-synthesized Cu: NiO BNPs 1:1 (A)
At 200 nm and (B) at 5 um (C) EDX spectroscopy of Cu: NiO BNPs 1:1.

Figure (3-18A, B) represents the bimetallic particles Cu: NiO BNPs in a 3:1 ratio.
From the figure, it was observed that the particles are uniformly spherical with an
average size of 46.72 nm, with the size measured at a magnification of 200 nm.
the bimetallic particles prepared at a ratio of 3:1 is clearly shown in Figure (3-
18C). The high peak corresponds to Cu, with peaks for Co and O and very low
percentages of S due to the use of the plant extract. The particles are considered

pure, as they do not contain significant impurities.
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Figure (3-18): FESEM images of the green-synthesized Cu:NiO BNPs 3:1 (A) At
200 nm and (B) at 500 nm (C) EDX spectroscopy of Cu:NiO BNPs 3:1.

Through the FESEM analysis of the nanostructured zinc oxide and presenting the
results as shown in figure (3-19 A, B), nearly spherical particles were observed
with an average size of D=28.29 nm. This result is very close to the previous study
[192]. The figure (3-19 C) shows the EDX spectrum of ZnO NPs, and it is
observed that there is a very high percentage of zinc and a peak for oxygen,
indicating the formation of ZnO NPs. Very small percentages of Na and N are

also observed.
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Figure (3-19): FESEM images of the green-synthesized zinc oxide nanoparticles
(A) at 200 nm and (B) at 500 nm. (C) EDX spectroscopy of zinc oxide

nanoparticles.

Figure (3-20) shows an FESEM image of Cu:ZnO bimetallic particles prepared in
a 1:1 ratio, where the image clearly shows nearly spherical, uniform particles with
an average size of 33.18 nm. The figure (3-20 C) illustrates the EDX spectrum of
Cu: ZnO. In the figure with a 1:1 ratio, we observe high peaks for oxygen, zinc,
and copper, in addition to small amounts of Au, S, N, and Na. These impurities

could be a result of the synthesis process or remnants of the plant extract.
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Figure (3-20): FESEM images of the green-synthesized Cu:ZnO BNPs 1:1 (A) at
200 nm and (B) at 500 nm. (C) EDX spectroscopy of Cu:ZnO BNPs 1:1.

Figure (3-21A, B) shows the particles prepared in a 3:1 ratio, which are clearly
seen as uniform, homogeneous spherical particles with an average size of 35.17
nm in the figure (C). With a 3:1 ratio, we notice a significant increase in purity
due to the high ratios of Cu, Zn, and O, with very little sulfur content because of
the use of the plant extract. The high copper ratio in this model did not show the

impurities present in the previous 1:1 model.
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Figure (3-21): FESEM images of the green-synthesized Cu:ZnO BNPs 3:1 (A) at
200 nm and (B) at 500 nm (C) EDX spectroscopy of Cu: ZnO BNPs 3:1.

The figure (3-22A, B) represents an FESEM image showing the nanostructured
iron oxide particles prepared by the green synthesis method. The image reveals
irregular crystalline shapes with an average size of D=52.54 nm measured at a
magnification of 200 nm. The shape of the synthesized particles is similar to
previous studies [193]. Also, (C) represents the EDX spectrum of nanostructured
iron oxide. As shown in the figure, there is a peak for iron constituting 51.78%,
as well as varying percentages of K, C, Na, O, Mn, Mg, Cl, and Si. The appearance
of Na and CI is attributed to the precursors NaOH and Fe Cl. used in the
preparation, while the presence of C is mainly due to the polyphenol group in
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green tea extracts [194]. Other materials are present in very small amounts and

are considered impurities resulting from the plant extract.

WD: 5.92 mm
: SE | sSEMHV:150kv |5
Date(m/d/y): 05/17/25 |

Figure (3-22): FESEM images of the green-synthesized iron oxide nanoparticles
(A) at 200 nm and (B) at 500 nm. (C) EDX spectroscopy of iron oxide

nanoparticles.
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3.1.4 Transmission Electron Microscope Results

The TEM device was used to obtain clear images of particle sizes and shapes.
Figure (3-23A) depicts the nanoparticles of Ag NPs, and the image shows a clear
dispersion of the silver nanoparticles, with their size distributed in figure (3-23B)
in the range (27-65) nm as calculated in the ImageJ program, with the majority

concentrated in the region of (37-43) nm.
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Figure (3-23): TEM measurement of the green-synthesized silver nanoparticles
(A) and size distribution (B).

When conducting the microscopic analysis for NiO NPs using the TEM
technique, it is shown in figure (3-24 A) that most of the particles have nearly
spherical structures. After taking a sample and calculating the size using the
ImageJ program, it was found that the particle sizes fall within the range of (10-
45) nm, with the majority concentrated in the region of (24-31) nm, as shown in
the distribution in figure (3-24 B).
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Figure (3-24): TEM measurement of the green-synthesized nickel oxide

nanoparticles (A) and size distribution (B).

Through the TEM image of the bimetallic Ag: NiO BNPs nanoparticles prepared
by the green method, the clear image in figure (3-25 A) shows the bimetallic
nanoparticles prepared in a 1:1 ratio, which appear spherical, After taking a
sample of these nanoparticles and calculating their average size using the ImageJ
program, it was found that the highest percentage of the nanoparticles are

concentrated in the range of 28-30.5 nm, as shown in figure (3-25B).
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Figure (3-25): TEM measurement of the green-synthesized Ag: NiO BNPs 1:1

(A) and size distribution (B).
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Figure (3-26A) shows that Ag nanoparticles appeared as dark cores with a NiO
shell that is lighter in color than the core. The rare shell model [195] appears more
clearly in the 3:1 ratio due to the increased silver content, making the core a dark
black color surrounded by a shell of nickel. The average size of Ag: NiO BNPs
3:1 is 35-45 nm, as shown in Figure (3-26 B) .
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Figure (3-26): TEM measurement of the green-synthesized Ag:NiO BNPs 3:1 (A)

and size distribution (B).

Figure (3-27A) shows the TEM measurement of Cu NPs. The high precision
indicates the crystalline nature of the model. Through the random field of the
TEM image, the average diameter of Cu NPs was calculated by taking
approximately 40 particles and measuring their diameters using the ImageJ
program. The distribution shown in figure (3-27B) represents particle size
distribution within the range (5-27) nm, and the majority are concentrated at (14-
18) nm.
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Figure (3-27): TEM measurement of the green-synthesized copper nanoparticles
(A) and size distribution (B).

As for the TEM measurement shown in figure (3-28A) for Cu: NiO BNPsata 1:1
ratio, the particles appear in irregular shapes consisting of opaque and less opaque
regions. When a specific group of particles was selected and their volume was
calculated using the ImageJ program, it was found that the particles are distributed
within the range of 16-44 nm and the majority are concentrated at 21-27 nm. As
shown in figure (3-28B).
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Figure (3-28): TEM measurement of the green-synthesized Cu:NiO BNPs 1:1 (A)

and size distribution (B).
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Figure (3-29A) shows the TEM measurement of the bimetallic nanoparticles of
Cu: NiO prepared in a 3:1 ratio. The figure illustrates the uniform distribution of
the nanoparticles and the slight dispersion as shown in the figure. After calculating
the particle size range, it was found that they fall within the required nanoscale
range, meaning the particle sizes are within the range (29-70) nm, and the majority

are concentrated at (46-57) nm, as shown in figure (3-29B).
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Figure (3-29): TEM measurement of the green-synthesized Cu:NiO BNPs 3:1 (A)

and size distribution (B).

Figure (3-30A) shows uniformly distributed nanoparticles, which are cobalt
nanoparticles After calculating the size of these particles using the Imagel
program, it was found that they fall within the range (24-65) nm, meaning they

are within the nanoscale size, and the majority are concentrated at (38-45) nm as
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Figure(3-30):TEM  measurement of the  green-synthesized cobalt

oxide nanoparticles (A) and size distribution (B).
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TEM measurement of Cu:CoO BNPs particles prepared in a 1:1 ratio, as shown
in figure (3-31 A), reveals that the particles are homogeneous and non-
agglomerated. When calculating the size by selecting a group of particles and
determining their dimensions using the ImageJ program, it was found that the size
of the bimetallic particles falls within the range of 20-65 nm, with the majority of

the particles concentrated in the 35-40 nm region, as shown in figure (3-31B).
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Figure (3-31): TEM measurement of the green-synthesized Cu: CoO BNPs 1:1
nanoparticles (A) and size distribution (B).

Figure (3-32 A) for Cu: CoO BNPs prepared in a 3:1 ratio, it is clear from the
TEM image that they are homogeneous spherical particles. After measuring their
volumetric distribution, it was found to be within the range of 10-45 nm, with the

majority of the particles concentrated in the 25-30.5 nm range, as shown in figure

(3-32 B).
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Figure (3-32): TEM measurement of the green-synthesized Cu:CoO BNPs 3:1
nanoparticles (A) and size distribution (B).
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Figure (3-33A) represents the TEM microscopic result of zinc oxide
nanoparticles, where they appear as homogeneous spherical aggregates. After
selecting a specific area consisting of approximately 40 particles and using the
ImageJ program to calculate the size, it was found that the sizes of the zinc oxide

nanoparticles fall within the range of 31-87 nm, with the majority concentrated

around the size of (45-52)nm, as shown in figure (3-33B).
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Figure (3-33): TEM measurement of the green-synthesized ZnO NPs

nanoparticles (A) and size distribution (B).

Figure (3-34A) illustrates the measurement of Cu: ZnO BNPs particles prepared
in a 1:1 ratio, revealing that the particles are homogeneous, non-agglomerated,
and spherical, appearing in dark and semi-transparent regions. When calculating
the size by selecting a group of particles and determining their dimensions using
the ImageJ program, it was found that the size of the bimetallic particles falls
within the range of 13-27 nm, with the majority of the particles concentrated in

the 19-21.5 nm region, as  shown in  figure  (3-34B).
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Figure (3-34): TEM measurement of the green-synthesized Cu: ZnO BNPs 1:1

nanoparticles (A) and size distribution (B).
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Figure (3-35A) shows Cu: ZnO prepared in a 3:1 ratio, it is clear from the TEM
image that they are more uniformly spherical After measuring their volumetric
distribution, it was found to be within the range of 25-51 nm, with the majority of

the particles concentrated in the range of 33-37 nm, as shown in figure (3-35B).
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Figure (3-35): TEM measurement of the green-synthesized Cu:ZnO BNPs 3:1

nanoparticles (A) and size distribution (B).

Figure (3-36A) represents an image for TEM analysis to assess the shape and size
of the iron oxide nanoparticles [196]. The figure consists of irregular crystals, and
after taking a number of them and calculating the average size using the ImageJ
program, it was found that the size distribution falls between 10 and 45 nm, as
shown in figure (3-36 B); the particles are concentrated in the range of (25-30.5)

nm.
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Figure (3-36): TEM measurement of the green-synthesized iron oxide
nanoparticles (A) and size distribution (B).
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3.1.5 Zeta potential and DLS Analysis

The dynamic light scattering (DLS) technique is used to check the size and
measure the zeta potential of the prepared nanoparticles to evaluate how stable
these materials are. The figure (3-37A) represents the zeta potential of silver
nanoparticles, where the zeta potential reached 93.8 mV. As shown in figure (3-

37B), the Pl value of the silver nanoparticles is 0.0494.
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Figure (3-37): (A) zeta potential analysis of silver nanoparticles (B) dynamic light

scattering of silver nanoparticles.

The measured zeta potential for the nickel oxide nanoparticles in figure (3-38A)
was found to be -11.5, and the expected result for the zeta potential indicates that
the NiO particles have high stability, which is almost consistent with the previous
study [197]. Dynamic Light Scattering (DLS) technology to verify the
hydrodynamic size and, thus, the apparent PI value in figure (3-38B) for the NiO
nanoparticle  0.00002
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Figure (3-38): (A) zeta potential analysis of nickel oxide nanoparticles (B)

dynamic light scattering of nickel oxide.
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For the bimetallic nanoparticles Ag:NiO BNPs, the zeta potential, as shown in
figure (3-39A), carries a positive charge at a ratio of 1:1, meaning the zeta
potential is 0.1 mV, which explains the surface balance between nickel and silver
due to the formation of the shell model. As for the hydrodynamic size of Ag: NiO
BNPs, it is clear from the figure (3-39B) that pl = 0.044

ChaEter Three Results and Discussion
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Figure (3-39): (A) zeta potential analysis of Ag: NiO BNPs 1:1 (B) dynamic light
scattering of Ag: NiO BNPs 1:1.

Figure (3-40 A) clearly shows the negative charge of zeta potential at a ratio of
3:1 Ag:NiO BNPs, -9.4 mV, and the negative charge is due to the nickel oxide
particles being surrounded by a layer of silver in addition to the stabilizers from

the used plant extract. hydrodynamic size is pl=0.018, as shown in figure (3-40B).
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Figure (3-40): (A) zeta potential analysis of Ag: NiO BNPs 3:1 (B) dynamic light
scattering of Ag: NiO BNPs 3:1.
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Figure (3-41A) shows zeta potential value for Cu NPs measured at an electrode
Voltage of 3.9 V, which was found to be -27.0 mV. The negative charge indicates
that the manufactured particles possess electrostatic repulsion and thus have good
stability. Consequently, the high negative zeta potential leads to strong repulsion
between the particles, causing an amplification or enhancement of their stability
[198]. The hydrodynamic size is pl=0.0028, as shown in figure (3-41B).
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Figure (3-41): (A) zeta potential analysis of copper nanoparticles (B) dynamic

light scattering of copper nanoparticles.

Figure (3-42 A) shows the zeta potential of CoO NPs prepared by green synthesis,
where it is clear from the figure that there is a peak at -18.7 mV. This result reveals
that the particles have a negative charge and are widely dispersed throughout the

medium, The hydrodynamic size is pl=0.070, as shown in figure(3-42 B).
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Figure (3-42): (A) zeta potential analysis of cobalt oxide nanoparticles (B)

dynamic light scattering of cobalt oxide nanoparticles.
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The bimetallic nanoparticles Cu: NiO BNPs are illustrated in figure (3-43A). The
positive zeta potential at the ratio of 1:1 is 1.4 mV, indicating that the particles are
chemically stable due to the equal proportion of the constituent metals. The
hydrodynamic size as shown in figure (3-43B) is P1=0.000035.
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Figure (3-43): (A) zeta potential analysis of Cu: NiO BNPs 1:1 (B) dynamic light
scattering of Cu: NiO BNPs 1:1.

Figure (3-44A) shows the negative zeta potential of Cu:NiO 3:1 when the copper
ratio is increased threefold compared to the nickel oxide ratio, making the nickel
oxide atom a core covered with copper. The surface zeta potential is -8.9 mV, and
the hydrodynamic size is pl = 0.000038 in figure (3-44 B).
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Figure (3-44): (A) zeta potential analysis of Cu: NiO BNPs 3:1 (B) dynamic light
scattering of Cu: NiO BNPs 3:1.
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Figure (3-45A) shows the zeta potential of Cu: CoO BNPs at a 1:1 ratio, which
gives a value of -1.6 mV and a hydrodynamic size of pl = 0.098 in figure (3-45B).
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Figure (3-45): (A) zeta potential analysis of Cu: CoO BNPs 1:1 (B) dynamic light
scattering of Cu: Co O BNPs 1:1.
Figure (3-46A) shows the zeta potential of Cu:CoO BNPs at a 3:1 ratio, which
equals -6.2 mV, and the hydrodynamic size is 0.0001, shown as figure (3-46B).
The reason the particles maintain a negative charge even with an increased ratio
is that copper, when present in bimetallic compositions, forms oxides on the
surface that exhibit negative behavior, facilitating the electrostatic attraction of
Co O, thereby enhancing the negative charge [199].
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Figure (3-46): (A) zeta potential analysis of Cu: CoO BNPs 3:1 (B) dynamic light
scattering of Cu: Co O BNPs 3:1.
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The figure (3-47A) shows the zeta potential measurement of zinc oxide

nanoparticles, where the potential peak of -22.3 mV indicates that the dispersed

ZnO NPs are oriented with negative groups, proving their stability [200].Also,

dynamic light scattering (DLS) technology to verify the hydrodynamic size and

thus the apparent Pl value in figure (3-47 B) for ZnO nanoparticle 0.055.
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Figure (3-47): (A) zeta potential analysis of zinc oxide nanoparticles; (B) dynamic

light scattering of zinc oxide nanoparticles.

The figure (3-48 A) shows the zeta potential of Cu: ZnO BNPs at a ratio of 1:1,
where it was found to be -5.9 mV according to the figure, and the hydrodynamic
size in the figure (3-48 B) .
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Figure (3-48): (A) zeta potential analysis of Cu: ZnO BNPs 1:1 (B) dynamic light

scattering of Cu: ZnO BNPs 1:1.
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Figure (3-49A) represents the zeta potential of Cu: ZnO BNPs at a ratio of 3:1; a
zeta value of -3.7 mV was found, and the hydrodynamic size in figure (3-49
B).The negative charge was confirmed by increasing the copper ratio because zinc
oxide has an isoelectric point around pH 9, and when it rises above 9, the

bimetallic particle carries a net negative charge [199]
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Figure (3-49): (A) zeta potential analysis of Cu: Zn O BNPs 3:1 (B) dynamic light
scattering of Cu: Zn O BNPs 3:1.

Figure (3-50 A) shows the zeta potential of the measured iron oxide nanoparticles
at an electrode voltage. 3.3 V was found to equal -11.1 mV, the negative charge
indicating the high stability of Fe O NPs, and figure (3-50 B) illustrates the use of
Dynamic Light Scattering (DLS) technology to verify the hydrodynamic size and

thus the apparent Pl value in the figure for the iron oxide nanoparticle 0.055.
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Figure (3-50): (A) zeta potential analysis of iron oxide nanoparticles (B) dynamic

light scattering of iron oxide nanoparticles.
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Table (3-1): values of each Zeta potential, Mobility, S.D, Z- Average and Pl) of

the prepared nanoparticles materials.

Nanomaterial oote nzt‘ie;?(mV) '(\é'r?]*;’/'{'g (i'rg) Avf r-age Pl
(nm)
Ag NPs 93.8 0.000686 42.4 190.8 0.0493
Zn O NPs -22.3 -0.000214 | 117.0 498.5 0.055
Cu NPs -27 -0.000209 | 256.3 4842.4 | 0.0028
Fe O NPs 111 -0.000101 | 283.6 | 1208.1 | 0.055
Ni O NPs -11.5 -0.000106 32.3 7941.2 | 0.00002
Co O NPs -18.7 -0.000155 | 531.7 505.3 0.070
Ag: NiOBNPs1:1 +0.1 +0.000001 | 594.2 2834.9 0.044
Ag: NiO BNPs3:1 -9.4 -0.000073 | 507.3 3806.2 0.018
Cu: NiO BNPs 1:1 +1.4 0.000011 33.7 5664.2 | 0.000035
Cu: NiO BNPs 3:1 -8.9 -0.000069 41.2 6713.5 | 0.000038
Cu: ZnO BNPsl1:1 -5.9 -0.000046 60.7 0 0
Cu: ZnO BNPs3:1 -3.7 -0.000029 7.8 0 0
Cu: CoO BNPs1:1 -1.6 -0.000012 | 106.8 340.9 0.098
Cu: CoO BNPs3:1 -6.2 -0.000048 76.5 7516.2 | 0.0001

Where the value of Pl was calculated from the relationship
Pl = (SD /Z-Average (nm))?
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3.1.6 Fourier Transform Infrared Spectroscopic Analysis

For the purpose of identifying functional groups, FTIR was used. It is
observed from the results obtained for measuring the infrared spectrum of the
nanomaterials prepared by the green method that there are common or similar
vibration peaks, which confirms the effectiveness of the plant extracts used. The

vibration peaks have been summarized in Table (3-2).

Table (3-2): Wavelength, the chemical bond and interpretation of the prepared

nanomaterials.

Chemical

Wavelength(cm™) bond Interpretation References
(3600) (3473.81) stretching vibrations
(3352.49) .
(3358.80) (2899) indicating the presence [201]
' O-H of hydroxyl groups.

stretching vibrations
C=C bonds present in [202]
aromatic compounds.
stretching vibrations
(2923.80) (760.84) C-H bending vibrations
(2100) represent aromatic
vibrations.
stretching vibrations
the presence of sugars
or carbohydrate
compounds in the plant
extract (aldehyde

groups).

(1324.01)

[203]

(1600.22) (1618.92) C=0 [203]
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(1884.2)
(1564.80) (1592.80)
(1601.40) (1496.61)
(1583.6) (1577.51)

(1594.29)
(1599.49) (1604.28)

stretching vibrations
bending vibrations
N-H represent (amines, [204]
amides) bonds from
plant extract.

Through the study and analysis of the infrared spectra of the prepared
nanomaterials, it was found that green synthesis of metal nanoparticles uses a
variety of chemical functional groups that act as reducing, capping, and stabilizing
agents. Hydroxyl groups (O-H) can donate electrons to metal ions, reducing them
to their elemental forms, and may act as both a reducing and stabilizing agent at
the same time (hydrogen bonding). Amino groups (N-H) facilitate electron
transfer during the reduction of metal ions, making them effective reducing agents
in the synthesis of nanoparticles, and they also provide stability to the surface of
the nanoparticles. Aldehyde or ketone groups can effectively reduce metal ions
and help stabilize the formed nanoparticles by creating a protective layer around
them. The carbonyl groups (C=0) present in ketones and aldehydes, which are
found in various organic compounds and proteins, can facilitate the formation of
complexes with metal ions, which is essential for controlling the size and shape
of nanoparticles during synthesis [30]. Since the appearance of these links
indicates the effectiveness of the plant extracts used in synthesis (green tea and
Boswellia sacra). The following figures show the infrared spectrum of the

prepared nanomaterials:

Figure (3-51) shows The FTIR spectrum of Ag NPs prepared by the green method
reveals clear absorption bands. The peak obtained at 498.26 cm™ is due to Ag
vibrations [205].
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Figure (3-51): FTIR spectrum of Ag NPs prepared by green tea.

Figure (3-52) represents the FTIR spectrum of NiO NPs. The peak obtained at
454.85 cm1is due to Ni-O vibrations, clearly indicating that the plant extract acts
as a reducing agent during the formation of the nanoparticles [201, 206].
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Figure (3-52): FTIR spectrum of NiO NPs prepared by green tea.

The FTIR spectrum of the Ag: NiO 1:1bimetallic nanoparticles are clear in figure
(3-53). where the peak is at 595.51 cmirepresents the metal oxides Ni-O or Ag
O [207].
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Figure (3-53): FTIR spectrum of Ag: NiO BNPs 1:1 prepared by green tea.

The FTIR spectrum of the Ag: NiO 3:1bimetallic nanoparticles are clear in figure

(3-54) where the peak is at 592.87 cmrepresents the metal oxides Ni-O or Ag-O
[207].
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Figure (3-54): FTIR spectrum of Ag: NiO B NPs 3:1 prepared by green tea.

The figure (3-55) represents the FTIR spectrum of Cu NPs. The peaks at 587.96
cmtand 690.67 cmt often represent the Cu-O vibration, which is the metal with

oxygen, while the peaks at 479.19 cm™ and 422.69 cm™ represent the Cu
vibration
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Figure (3-55): FTIR spectrum of Cu NPs prepared by Boswell sacra.

The figure (3-56) represents FTIR spectra of CoO nanoparticles prepared with
green tea extract in the range of 400-4000 cm™. The peaks at 517.13 cm™ and

591.70 cm indicate Co-O vibrations characteristic of cobalt oxide [208].
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Figure (3-56): FTIR spectrum of CoO NPs prepared by green tea.

The figure (3-57) shows the FTIR spectrum of the bimetallic Cu: CoO BNPs and
indicates through the figure the similarity in the active sites for the ratio 1:1. The
peaks at 469.80 represent the Cu-O or Co-O
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Figure (3-57): FTIR spectrum of Cu:CoO BNPs1:1 prepared by Boswell sacra.

The figure (3-58) shows the FTIR spectrum of the bimetallic Cu:CoO BNPs 3:1
and indicates through the figure the similarity in the active sites for the ratio 3:1.
The peaks at 444.55 represent the Cu-O or Co-O
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Figure (3-58): FTIR spectrum of Cu:CoO BNPs3:1 prepared by Boswell sacra.

Figure (3-59) shows FTIR spectra of the Cu: NiO bimetallic1:1 particle prepared
using Boswell sacra extract: the sharp peak at 612.92 cm™ is associated with the
vibrations of the Ni-O bond, and since nickel, according to previous XRD studies,

IS present as an oxide, this peak represents nickel oxide. The other small peaks
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within the 800 cm™ range are due to the interference of Cu and NiO in the
crystalline structure.
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Figure (3-59): FTIR spectrum of Cu: NiO BNPs1:1 prepared by Boswell sacra.

Figure (3-60) shows FTIR spectra of the Cu: NiO bimetallic 3:1 particle prepared
using frankincense extract: the sharp peak at 612.72 cm™ is associated with the
vibrations of the Ni-O bond, and since nickel, according to previous XRD studies,
IS present as an oxide, this peak represents nickel oxide The other small peaks
within the 800 cm™ range are due to the interference of Cu and Ni in the
crystalline structure
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Figure (3-60): FTIR spectrum of Cu: NiO BNPs3:1 prepared by Boswell sacra.
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The figure (3-61) represents the FTIR spectrum of ZnO NPs prepared by green
synthesis. The biomolecules present in the plant extracts are responsible for
reducing the nanoparticles, which show metal oxide absorption in the region
below 1000 cm™ with peaks at 531.21 cm™, 628.07 cm™, and 661.44 cm?,
corresponding to zinc oxide nanoparticles.
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Figure (3-61): FTIR spectrum of ZnO Prepared by Boswell sacra.
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Figure (3-62) represents the FTIR spectrum of Cu: ZnO BNPs 1:1 prepared by

green synthesis The sharp peak at 454.26 cm™ represents the vibration of Cu-Np
Zn0O and Zn-NPs.
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Figure (3-62): FTIR spectrum of Cu: Zn O BNPs 1:1Prepared by Boswell sacra.
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Figure (3-63) represents the FTIR spectrum of Cu:ZnO BNPs 3:1 prepared by
green synthesis; the sharp peak at 447.05 cm™ represents the vibration of Cu-Np
or Zn-0, Zn-NPs
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Figure (3-63): FTIR spectrum of Cu: ZnO BNPs 3:1Prepared by Boswell sacra.

The figure (3-64) represents the FTIR spectrum of iron oxide nanoparticles. The
peak at 499.41 cm indicates the Fe-O bond, which corresponds to the vibration

of the crystal lattice.
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Figure (3-64): FTIR spectrum of iron oxide NPs Prepared by green tea.
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3.2 Analysis of nanomaterial reagents for pharmaceutical

substances

The solutions resulting from the detection after the color change were

analyzed and studied.
3.2.1 Design and printing Microfluidic device

The device was made using previously disclosed procedures and had a total
size of 60 x 40 x 1.5 mm and another dual device with two channels of 30 x 13 x
10 mm [157] [209].Briefly, the microfluidic device was drawn and designed using
the SolidWorks 2022 design software and then printed using the Object Eden
260V'S 3D printer, resulting in a 3D model with four channels as shown in figure
(3-65A) and two channels in figure (3-65B). To prepare the microfluidic device
for use, we soak the device in distilled water for two hours, then place it in an
ultrasonic device for 10 minutes at 92% power and 40 kHz frequency. Finally, it
is placed ina 0.1 M sodium hydroxide solution for 40 minutes, washed with water,

and left to dry completely to be ready for use

Reagent Reservoir

Reagent Reservoir
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Reagent Reservoir

Reagent Reservoir

Figure (3-65): Photograph image of the 3D printed microfluidic device (A) square
design consists of a main channel in the center and four channels using for the
sensors, (B) dual device with a main channel in the center and two channels. The

two image with Scale bar = 10mm.

3.2.2 Ultraviolet-Visible Spectrophotometry for Drug

Figure (3-66) represents the visible spectrum of ultraviolet rays. (figure 3-
66A) (red line) shows the maximum absorption peak of silver nanoparticles at 420
nm, measured within the wavelength range of 200-1000 nm, as reported [176].
(figure 3-66 B) (orange line) shows the absorption spectrum of fentanyl citrate
added to the silver nanoparticle reagent, and (figure 3-66 C) (green line) shows

the absorption spectrum of fentanyl citrate.
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Figure (3-66): UV-Visible spectra of (A) Ag NPs, (B) fentanyl citrate (H) added
to Ag NPs, and (C) fentanyl citrate (H) only.

Figure (3-67 A) shows the UV-visible spectrum of cobalt nanoparticles prepared
by the green synthesis method The maximum absorption peak appears at 306.5
nm, as mentioned in [210], with slight variation. Additionally, a small peak is
observed at the wavelength (529.5 nm), representing the absorption peak of the
cobalt oxide nanoparticles, which is close to what was reported in [211]. (figure
3-67B) represents the addition of cobalt nanoparticles to tramadol hydrochloride,

while (figure 3-67C) represents the absorption curve of the drug.
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Figure (3-67): UV-Visible spectra of (A) cobalt oxide nanoparticles prepared by
the green synthesis method, (B) addition of cobalt nanoparticles to tramadol

hydrochloride (T), and (C) tramadol hydrochloride (T) only.
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Figure (3-68) shows the visible spectrum of ultraviolet rays for the Cu:NiO
bimetallic nanoparticles. It is observed that the peak absorption wavelength is
approximately 700 nm, indicating a shift from NiO absorption peak at
approximately 330 nm [212]and the Cu NPs absorption peak at around 576 nm
[213]. (figure 3-68B) shows the absorption spectrum after adding Cu:NiO BNPs
to the anesthetic material (Aldine), while (3-68C) is the absorption spectrum of

the anesthetic material (Aldine)
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Figure (3-68): UV-Visible spectra of (A) Cu:NiO bimetallic nanoparticles,
(B)absorption spectrum after adding Cu:NiO BNPs to the anesthetic material
(Aldine), and (C) anesthetic material (Aldine) only.

Figure (3-69) represents the UV spectrum of ZnO, where it is observed from the
figure that the clear peak of zinc oxide disappears upon adding the toxic element
cd solution. As shown, curve A corresponds to ZnO, while the straight-line B is

the detector with the cadmium solution.
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Figure (3-69): UV-Visible spectra of A (blue line) ZnO nanoparticles, B (orange

line) absorption spectrum after adding ZnO to the cadmium solution.

The figure (3-70) represents the UV spectrum of Cu, where it is observed that
the clear peak of copper disappears upon the addition of the toxic element Hg
solution. As shown, curve A corresponds to Cu, while the straight-line B is the

reagent with the mercury solution.
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Figure (3-70): UV-Visible spectra of A (blue line) Cu nanoparticles, B (orange
line) absorption spectrum after adding Cu NPs to the mercury solution.
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3.3 Factors effecting the sensing process
3.3.1 Effect of Time

3.3.1.1 The effect of time on the detection of narcotic drug

For a predefined period of time, the intensity of the grey color was
continuously monitored using the microfluidic device after the synthesized
nanoparticles were added to their target solutions (tramadol hydrochloride,
fentanyl citrate, and Aldine). In less than five minutes, the intensity of the color
shift reached around 98% of its maximum value, and after five minutes, it
remained constant (Figure 3-72). Because it was predictable enough to allow for
the conduct of the measurements, five minutes was selected as the response time
duration for the subsequent tests. Lab-on-a-chip (LOC) system color stability was

generally suitable for every metric
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Figure (3-71): Effect of time on the detection of tramadol hydrochloride by Co O
NPs, Aldine by Cu: NiO BNPs and fentanyl citrate by Ag NPs.
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3.3.1.2 The effect time on the detection of mercury and cadmium

The effect of time on the detection of mercury and cadmium ions was studied
starting from the moment the sample was added until 5 min had passed. A
noticeable color change was observed during the first few seconds, indicating a
rapid initial reaction between the surface of the detector and the ions. The change
continued to increase gradually until it stabilized after approximately 5 minutes
(Figure 3-72). Based on this, 5 min is considered the ideal time to achieve

maximum detection efficiency under the experimental conditions used.

50 -
Effect of Time
45
—— —— —*
40
35 . e :
S 30 -®-ZnO NPs
s
é" 25 -&-Cu NPs
g
E 20
15
10
5
0 Y +r¢r¥¢* ¢~ T ¢ T*TTT" T+ T ¢ rFT* T* T ¢ T*TTT T T T T~©rrr T T T+ T1
0 25 50 75 100 125 150 175 200 225 250 275
Tim (min)

Figure (3-72): Effect of time on the detection of mercury and cadmium by Zn O
NPs and Cu NPs.

3.3.2 Effect of Interferences
They are ions or other substances present in the sample that may affect the
accuracy of the analysis either by interacting with the reagent itself or by forming

competing complexes that affect the color or absorption.
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3.3.2.1 Effect of interfering ions on the detection of tramadol

hydrochloride, Aldine, and fentanyl citrate

The ability of the synthesized sensors to detect their targets preferentially even
when various cations, anions, and nitrogenous substances like urea, creatinine,
and uric acid are present was investigated. In this investigation, a number of
foreign compounds were evaluated along with a specific dosage of some
medications (10 u g/mL). An optimized procedure created to examine the effects
of different interferences on the accurate identification of these medications was
used for this evaluation. It was surprising to find that common ions like Ca?",
Mg?*, PO4 %, K*, Na*, SO, %, CO3z #, CI, and NOs, as well as nitrogenous
compounds like urea, creatinine, and uric acid, did not change the color or
intensity of the solution in less than five minutes, even at concentrations 250 times

higher than those of some drugs.

3.3.2.2 Effect of Interfering ions on the detection of Hg? and Cd?*
The effect of the interferences was evaluated to verify the selectivity of the
detector by studying the impact of the presence of other metal ions such as Ca?",
Mg?*, PO.3, K*, Na", SO.&, COs2, CI, and NOs-, as well as nitrogenous
compounds like urea, creatinine, and uric acid at concentrations comparable to or
higher than the target ion (Hg? and Cd?") concentration. The results showed that
these ions did not significantly affect the detection signal, indicating high

selectivity of the system.

120



ChaEter Three Results and Discussion

3.4 Performance of Nano sensors

3.4.1 The detection of narcotic drugs (tramadol hydrochloride,

Aldine and fentanyl citrate) in blood plasma

After modifying the experimental settings, the procedure's validity was
evaluated. Within the concentration range of 0.5 to 2.5 mg/L, a strong linear
relationship was seen (Figure3-73). The correlation coefficient (R?) revealed a
substantial relationship between the measured absorption and medication
concentrations. For fentanyl citrate, tramadol hydrochloride, and pethidine
hydrochloride, the limit of detection (LOD) was found to be 0.143 mg/L, 0.241
mg/L, and 0.347 mg/L, respectively, using the 3o/slope technique. Furthermore,
the 2 mg/L tramadol hydrochloride result was found to have a 4% relative

standard deviation (RSD%) (n = 3), indicating high precision
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Figure (3-73): The calibration curve for detection of tramadol hydrochloride by
CoO NPs, Aldine by Cu:NiO BNPs and fentanyl citrate by Ag NPs, figure

illustrates the relationship between intensity and element concentration.
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The 3D-printed microfluidic device with a square design for the simultaneous
detection of narcotic drugs in blood plasma samples, as shown in Figure 3-74,
consists of a main channel in the center dedicated to blood plasma, extending from
which are four arms designated for the three sensors and blank. After injecting
plasma into the central channel in a specific amount and adding the substances to
be detected, and upon their arrival at the sensors injected in the specific channels,
the resulting color is captured using an iPhone 12 Pro Max camera and a regular
camera. After processing the data, the quantitative measurement is performed

using the ImageJ program. Figure (3-74) illustrates the detection steps.
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Figure (3-74): Injection, color development, and quantification procedures for the
colorimetric naked-eye sensors based on 3D printed microfluidic devices that

detect narcotic drugs.

3.4.2 The detection of heavy metal (mercury and cadmium) in blood

The calibration curve was plotted in figure (3-75) using the absorbance

measured at five concentrations (0.5, 1 ,1.5 ,2 ,2.5) mg/L. To illustrate the

relationship between the concentration of heavy metals (Hg*? and Cd*?) and

absorbance. The results showed two linear curves represented by two equations,

where the correlation coefficient reached (0.9987), indicating a satisfactory linear
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relationship between the concentration of Hg*? and absorption. Similarly, the R2
for Cd*2 indicated (0.9826) an excellent fit with the linear model.
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Figure (3-75): The calibration curve for detecting(A) Cd*?by ZnO NPs and (B)
Hg*? by Cu NPs, Figure illustrates the relationship between intensity and element

concentration.

The microfluidic device printed using 3D printing technology with a dual
design for the simultaneous detection of heavy metals (Hg, Cd) in blood plasma
samples, as shown in Figure 3-76, consists of a main channel in the center
dedicated to blood plasma, from which two arms extend dedicated to sensors (Cu
NPs, ZnO NPs). After injecting the plasma into the central channel in a specific
amount and adding the substances to be detected, and when they reach the sensors
injected in the specified channels, the resulting color is captured using an iPhone
12 Pro Max and a regular camera. After processing the data, quantitative
measurement is performed using the ImageJ software. Figure (3-76) illustrates the

detection steps.
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Figure (3-76): Injection, color development, and quantification procedures for the
colorimetric naked-eye sensors based on 3D-printed microfluidic devices that

detect heavy metals (Hg, Cd).

The new device's purpose is to quantify and detect pharmaceuticals in a
selective manner. The detection of the three narcotic drugs fentanyl citrate,
tramadol hydrochloride, and pethidine hydrochloride after spiking with blood
plasma from a healthy volunteer showed how applicable our novel device is for
accomplishing this. For all three drugs, the device exhibits remarkable recovery
efficiency (fentanyl citrate 94%, tramadol hydrochloride 97%, and pethidine
hydrochloride 98%) as shown in Table (3-3).
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Table (3-3): Accuracy of drug and heavy metals quantification at our new

microchip in blood plasma samples

Drug Analyte Spiked RSD %
Concentration Found Conc. (mg/L)
(mg/L) 4 Mean + SD
fentanyl citrate 0.5 0.47 £0.015 3%
Tramadol 0.5 0.485 + 0.02 4%
pethidine 0.5 0.49 £ 0.035 7%
hydrochloride
cadmium 0.5 0.59 + 0.053 9%
mercury 0.5 0.39 £0.0021 5%

4 Mean = standard deviation (n = 3)

To evaluate the effectiveness of the newly created nano sensor, a comparison was
made with current methods for detecting drugs and heavy metals (Table 3-4).
Several recent studies that used drug detection as well as heavy metal detection
were included in the comparison table. Although some methods result in low
detection limits, the obtained data conclusively show that the nanoparticle-based
colorimetric sensor we proposed performs better than some previously published
sensors because these methods are less portable and therefore more difficult to
use on-site.

Our approach significantly simplifies current processes by using a smartphone for
estimation and integrated reagents for colorimetric detection. One of the main
advantages of our nano sensors is their ability to quickly detect drugs and heavy
metals and induce a color change. This rapid response demonstrates the high
activity of the catalyst surface. These results demonstrate the success of the
produced Nano sensor in integrating high activity, cost-effectiveness, and

environmental friendliness in conducting the measurements.
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Table (3-4): The efficiency of the synthesized nanoparticles as a colorimetric drug

and heavy metal detection sensor in comparison to previously published research.

Detection Detection
Methodology Analyte LOD Time Reference
Capillar 3012
prifary Tramadol 10° 300's [214]
electrophoresis 1
mol-L
HPLC Tramadol 0.010 2.5 min [215]
png/mL
Biosensor Tramadol 0.52 pg/L - [216]
Paper-based SERS fentanyl 0.59 ] [217]
substrate citrate g/mL
fentanyl .
LC-MS/MS citrate 5pg/mL 2.2 min [218]
Raman spectroscopy -
based on silver pethldlng 0.1 Fflg - [219]
hydrochloride mL
aggregates
\oltammetry pethidine
hydrochloride 193nM ) [220]
o pethidine 7.1x10-8 _
Chemiluminescence hydrochloride |  mol L™ [221]
Ag NPs in fentanyl . .
Microfluidic Device citrate 0.143 mg/L 2 min This Work
CoO NPs in . .
Microfluidic Device Tramadol | 0.241 mg/L 2 min This Work
Cu: NiO BNPs in pethidine . .
Microfluidic Device | hydrochloride 0.347 mg/L 2 min This Work
bismuth-modified
pre-anodized screen- 3.55ng/L 3 min [222]
printed carbon Cd*?
electrode (SPCE)
Differential Pulse
Anodic Stripping Or.r?(?l}LH 180 s [223]
Voltammetry Cd*
(DPASV)
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Paper-based
colorimetric device Hg*2 0.01uM 5 min [224]
(PCD)

fluorescent distance-

+2 -1 _
based Paper device Hg SmgL [225]
Cu NPs in 2 : :
Microfluidic Device Hg 0.217 mg/L 1 min This Work
ZnO NPs in

Cd* 0.073 mg/L 1 min | This Work

Microfluidic Device
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Chapter Four Conclusions and Recommendations

4.1 Conclusions

In this research, a series of mono and bimetallic nanomaterials were
successfully synthesized using green and environmentally friendly methods based
on plant extracts. The use of green tea and Boswellia sacra extracts proved to be
effective not only as reducing agents but also as stabilizing agents, enabling the

formation of stable nanoparticles with nanoscale dimensions.

Comprehensive characterization confirmed the successful preparation of the
nanomaterials. FESEM and TEM analyses demonstrated that the synthesized
nanoparticles possessed well-defined morphologies and sizes within the
nanoscale range. EDX analysis verified the elemental composition and high purity
of the prepared materials, while FTIR results confirmed the active role of plant
extracts through characteristic functional groups responsible for reduction and

stabilization.

X-ray diffraction analysis revealed that all prepared nanomaterials exhibited
crystalline structures consistent with standard reference data. In addition, zeta
potential measurements indicated good surface stability, with bimetallic
nanoparticles showing enhanced stability compared to their monometallic

counterparts, particularly in the case of Ag:NiO BNPs.

The sensing performance of the prepared nanomaterials was systematically
evaluated for the detection of narcotic pharmaceutical substances and heavy
metals. Ag NPs, CoO NPs, and Cu:NiO bimetallic nanoparticles demonstrated
high sensitivity and rapid colorimetric response toward fentanyl citrate, tramadol
hydrochloride, and pethidine hydrochloride. Meanwhile, ZnO NPs and Cu NPs
exhibited excellent sensitivity toward cadmium and mercury ions in blood plasma,
even at very low concentrations. The detection process was characterized by rapid
response times and clear visual color changes, confirming the suitability of these

nanomaterials for colorimetric sensing applications.
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To enhance detection speed and accuracy, microfluidic devices were
successfully designed using SOLIDWORKS and fabricated via 3D printing. The
quad-device with four channels and dimensions (60 x 40 x 1.5) mm and dual-
device with two channels (30 x 13x 10) mm microfluidic configurations enabled
efficient interaction between the nanomaterials and analytes, leading to improved
sensitivity, reduced sample volume, and faster detection. The integration of green-
synthesized nanomaterials with microfluidic platforms demonstrated a highly
efficient system for rapid and reliable colorimetric detection. The optimized
geometry of the quad-channel configuration maximized the surface-area-to-
volume ratio, ensuring a more homogenous mixing between the green-
synthesized nanoparticles and the target analytes. This architectural advantage
significantly reduced the diffusion path, which was the key driver behind the

achieved sub-minute response times.

The systematic evaluation of the sensing performance revealed that the
architectural optimization of the microfluidic platforms was instrumental in
achieving superior results. By utilizing the quad-channel and dual-channel
configurations, the system facilitated an enhanced collision frequency between
the green-synthesized nanomaterials and target analytes. Specifically, the
integration of Ag NPs, CoO NPs, and Cu:NiO bimetallic nanoparticles within
these micro-environments yielded a synergistic effect that significantly amplified
the colorimetric signal intensity for fentanyl citrate, tramadol hydrochloride, and
pethidine hydrochloride. Furthermore, the microfluidic control allowed ZnO NPs
and Cu NPs to maintain high sensitivity in complex matrices like blood plasma,
detecting cadmium and mercury ions at ultra-low concentrations with
unprecedented precision. This study confirms that the marriage between
precision-designed 3D-printed microfluidics and sustainable nanotechnology
creates a robust, high-throughput diagnostic tool characterized by rapid response

and clear visual validation.
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4.2 Recommendations

1.
2.

Preparation of ternary or quaternary nanomaterials

Designing microfluidic devices in different shapes and sizes, as well as their
use in broader fields.

Creating precise channels with the same specifications as the manufactured
microfluidics but using other materials such as PDMS.

The use of nanomaterials in detecting other compounds in blood plasma and
the medical field more broadly.

Innovating precise channels with dimensions and designs that reduce response
time and increase the efficiency of mixing and transferring the detector and
sample.

Using bio-compatible and low-cost manufacturing materials, considering ease
of large-scale production.

Integrating nanomaterials directly into the channels or on the surfaces of
microfluidics to ensure their stability and improve real-time sensing.
Developing low-energy and environmentally friendly microfluidic systems

using recyclable or biodegradable materials.
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