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ABSTRACT

Sol-gel-combustion synthesized nanoparticles (NPs) having reduced chemical toxicity have
been focused globally and become an essential component of nanotechnology recently. In this
study, silver-iron oxide nanocomposite (SICs) was synthesized by sol-gel combustion from PVA
via a chemical, economic, and eco-friendly strategy. The presence of SICs were visually
indicated by the color changes from light orange to light gray color. The sol-gel combustion
synthesized SICs were characterized using thermogravimetric analysis (TGA), diffuse
reflectance ultraviolet-visible spectroscopy (UV-vis/DRS), Fourier transform infrared (FTIR),
X-ray diffraction (XRD), photo luminesce (PL) and scanning electron microscope/energy-
dispersive X-ray (SEM—EDX) instruments. SIC FTIR result revealed functional groups that
were analogous to PVA, which reduced and stabilized the nanocomposite. X-ray diffraction
was signifying the crystal structure and the average crystallite size of SIC powder around 34.55
- 41.63 nm. The independent peak for both Ag and Fe;Oj3 crystals on the XRD pattern analysis
without peak shift confirms the dominance of Schottky junction formation. Pure iron oxide
obtained at 390 °C. In Photoluminescence result the slight blue shift for the composites over
Fex03 is probably due to the Ag-independent peak. Antibacterial efficacy of the sol-gel
combustion synthesized (uncalcined) SIC against bacterial pathogens was assessed. In
addition, 15SIC exhibited broad spectrum activities against Staphylococcus aureus,
Streptococcus Pyogenes, Escherichia coli, and Pseudomonas aeruginosa with inhibition zones
at 100 mg/mL of 18.3 £ 0.6, 22 £0.5, 21.6 £ 0.8 and 22.6 £ 0.3 mm, respectively. Pseudomonas
aeruginosa (22.6) have shown maximum zone of inhibition and while least activity was seen
against S. aureus. The 15SIC showed promising antibacterial action against human bacterial
pathogens, making them useful in the medical field. The synthesized NC have great activity on

gram negative bacteria than gram positive bacteria.

Keywords: Silver- Iron oxide Nanocomposite, polyvinyl alcohol, Sol-gel-combustion method,

Antibacterial activity, Disk diffusion method,

Xiii



1. INTRODUCTION
1.1 Background of the Study

According to the World Health Organization (WHO), The problem of AMR has gotten worse
over the past few decades due to an increase in the frequency of MDR pathogen isolates from
both hospital- and community-acquired illnesses. MDR bacteria is one of the most pressing
issues facing the globe today since it can harm humans at every stage of life as well as the
veterinary, agricultural, and health care sectors. vitro susceptibility testing is used to identify
bacteria that are multidrug-resistant (MDR) when they are resistant to at least one antimicrobial
agent from three or more antimicrobial classes. The use of antibiotics over time results in the
natural evolution of antimicrobial resistance (AMR). On the other hand, AMR has evolved

throughout the years due to the overuse and abuse of antibiotics(Alemayehu, 2021).

The majority of bacteria can be classified into two types: Gram-positive and Gram-negative.
The main difference between such bacteria is their cell structures: Gram-positive bacteria have
a thick layer of peptidoglycan in the cell walls, while the peptidoglycan layer of Gram-negative
bacteria is thinner, and covered with another lipid membrane. In addition to a thin
peptidoglycan layer, which is also present on the Gram-positive bacteria, Gram-negative
bacteria have an outer membrane lipopolysaccharide. This layer acts as a barrier that prevents
from entering negatively charged ROS(Russell, 2003). On the contrary, the cell membrane of
Gram-positive has a less negative charge that allows penetration of negatively charged ROS
(Gordon et al., 2011).Mostly, Staphylococcus aureus and Streptococcus Pyogenes are used to
represent Gram-positive bacteria, and Pseudomonas aeuruginosa and Escherichia coli, Gram-

negative bacteria, in antibacterial experiments(Fan et al., 2021).

As the antibiotic resistance of microbes to drugs grows, nanotechnology provides us an
opportunity to resolve this problem. Metal NPs, referred to as nanobiotics, have been proposed
as novel antibacterial agents. They have the potential to reduce or eliminate the continuous
emergence of bacterial resistance. As nanotechnology has developed, Ag and iron oxide NPs
have become widely used in antibacterial applications, especially in combatting antibiotic-
resistant bacteria and nosocomial infections(Rautela et al., 2019). The interesting and
unexpected properties of nanoparticles are attributed to their large surface area, and this

dominates the contributions made by the small bulk of the materials (Rane et al., 2018).



Metal oxide NMs are one of the preferences as antibacterial active materials. Among several
narrow-band semiconductors, novel characteristics properties of iron oxide such as abundance
in the earth crust (6 wt%), low cost, environment-friendly, high surface area, and
thermodynamically-stable have received greater significance. Besides, iron oxide has good
surface area and utilizes about 20% of the solar spectrum (Jiamprasertboon et al., 2019; Sivula
etal.,2011; Wang et al., 2019). This hematite iron oxide nanoparticle possesses a band gap of
2.1-2.2eV (Sangaiya & Jayaprakash, 2018). Depending on the applied temperature, among
different crystalline polymorphs of Fe,Os, the a-Fe;O3 phase is more stable and easy to be
formed (Lee & Xu, 2016). Iron oxide is vital in mediating the final heterogeneous chemical
redox reaction of the target agent due to its high surface area and environmentally
biocompatible properties (Cao & Wang, 2011). The novel antibacterial activity of FeoO3 was
also recently verified in different works (Haseena et al., 2020; Naz et al., 2019; Pallela et al.,
2019). For example, Pallela et al. (Pallela et al., 2019) synthesized Fe,O3 with an average
particle size of 16 nm. The antibacterial activity of Fe2Os against B. subtilis NCIM 2063, S.
aureus NCIM 2079, E. coli 2065, and K. pneumonia NCIM 2327 bacteria was tested. Compared

to the other, Fe;O3 shows enhanced antibacterial activity towards B. subtilis.

Metal oxide NPs has a large surface area and high surface energy property; consequently, they
aggregate easily to one another. The aggregation of metal oxide NPs reduces the generation of
the radioactive oxygen species due to the quenching of holes and electrons with neighboring
aggregate electrons and holes, respectively (Jassby et al., 2012), which leading to diminishing
the antibacterial activity. For this aggregation problem, nowadays, a polymer matrix has been
effectively applied as a capping agent (Wu & Wu, 2015). Among numerous polymers, PVA is
an eco-friendly, biocompatible, nontoxic, lubricant, biodegradable, water-soluble, and better
film-forming agent (Hong et al., 2009; Madkour et al., 2019; Z. Zhang et al., 2017). It also has
mechanical strength, which is used as a noble matrix for the formation of the NCs (Z. Zhang
et al.,2016). Besides, its hydroxyl groups on the backbone carbon chain act as a source for the
formation of hydrogen bonding and enhance the development of the NCs (Mallakpour &
Adnany Sadaty, 2016). Therefore, optimizing the calcination temperature that assists the

oxidation and removing volatile impurities such as the polymer matrix is also essential.

Effective doping of metal or metal ions, which creates either an n-type or p-type dopant, is one
of the main significant ways to tune the electrical, magnetic, and optical properties. Besides,

the incorporation of impurities also increases the surface-to-volume ratios, create crystal defect,
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and traps charge carriers(Buonsanti et al., 2008; Jun et al., 2006; Rahman et al., 2019). The
doping or forming a heterojunction of the Fe2O3 host with different bandgap materials such as
silver improves the electron-hole recombination drawbacks of the host materials (K. Xu et al.,
2017; M. Xu et al., 2020). Doping is either substitutional or interstitial insertion of the dopant
in the host lattice, resulting in tuning the optical, electrical, and magnetic properties. The hard
and soft (Lewis) acids and bases (HSAB) theory is crucial for regulating the host-dopant
reactivity balance (Abebe & Murthy, 2022; Buonsanti & Milliron, 2013). The heterojunction
is a band alignment between two or more semiconductors with different band gaps.
Heterojunction between semiconductors boosts the surface area, charge transfer, and
optoelectrical properties. The charge transfer process reduces electron-hole recombination,
which is critical for several applications, such as antibacterial and catalysis (Yusuf et al., 2022).
Eeffective inclusion and/or well-distribution of the dopants on the semiconductor's host
surfaces can tune the properties of the host, increase the material's surface area, and improve
the charge transfer process through the Schottky junction (Abebe & Murthy, 2022). Doping of
silver (Ag) that has smaller ionic radius than Fe>Os3 (host) believed resulting in quantifiable
higher angle or a lower angle shift on the XRD pattern (Modwi et al., 2021)(Yildirim et al.,
2013). However, makes it difficult to substitute/interstitially dope Ag metal that has greater
ionic radii in iron lattice with smaller ionic radii (Yin et al., 2017). Besides, silver is reduced
easily by gaseous byproducts during combustion reactions (Nersisyan ef al., 2017). Thus, the
formation of a local contact or heterojunction dominates in place of interstitial or substitutional
inclusion (Liu et al., 2019). The formation of Schottky contact between Ag and Fe;Os results
in the quenching of fluorescence light from Fe,O3, which improves the host-to-dopant charge

transfer process, consequently extending the electron-hole lifetime (Ansari et al., 2013).

The synthesis of Ag and Fe,O3 NPs can be done using top-down or bottom-up methods
(Alharbi, Alsubhi, and Felimban 2022). The synthesis of Ag and Fe>O3 NPs, like that of most
nanomaterials, is mainly divided into three different processes: chemical, physical, and
biological synthesis (Abdulsahib, 2021). Metallic precursors, reducing agents, and
stabilizing/capping agents are basically needed for chemical processes. The sol-gel method is
a wet chemical approach that is widely utilized in nanomaterial development. This technique
is used to create a variety of high-quality metal-oxide-based nanomaterials (Salem et al., 2022).
Solution combustion is one of the wet chemical methods that involve an exothermic reaction

of metal nitrates (oxidants) and an organic fuel. The fuel-oxidant ratio is one of the most



important parameters in determining the properties of the nanopowders synthesized using the

combustion technique (Rane et al., 2018).

The antibacterial activity of the as-synthesized nanocomposite against Pseudomonas
aeuruginosa and Escherichia coli (Gram-negative bacteria), Staphylococcus aureus and
Streptococcus Pyogenes (Gram-positive bacteria) clinical isolate resistant strains were
investigated. It was very small amount of Ag can effectively exhibit high antibacterial activity.
The magnetic material enables the nanocomposite to be separated from the contaminated water

(Demarchi et al., 2018).

The combination of magnetic properties of iron oxide nanoparticles and antibacterial properties
of nanosilver predisposes these nanocomposites to use in disinfection and biomedical
applications, where they can be used for targeted transport of an antibacterial agent and
subsequent removal using an external magnetic field (Prucek et al., 2011). Considering all the
above-indicated ideas of aggregation, surface area to volume ratio, and charge transfer
property; this work aims to synthesize, poly (vinyl alcohol) (PVA) assisted silver doped iron
oxide NCs using a simple sol-gel-solution combustion synthesis technique. This work also
attempts to reduce the electron-hole recombination and enhance the charge transfer capability
of the NCs by forming a heterojunction. The thermal stability, average crystallite size, and
morphology of synthesized materials were confirmed by the TGA, XRD, UV-vis-DRS, FT-IR,
PL and SEM-EDS analytical techniques. Using XRD analysis the approximate crystallite size
of the materials was confirmed to be in the nanometer range. The EDS analysis was confirming
the presence of predictable composition of the composites. The potential of the synthesized

NPs and NCs towards antimicrobial activities were also studied.

1.2 Statement of Problem

Due to its intriguing qualities, such as a wide and direct bandgap, good thermal stability, a
significant amount of exciting binding energy, and intense luminescence, silver and iron oxide
nanocomposite have become a common asset and attracted interest from all over the world. In
particular, conductivity, stability, efficacy, synergy, surface area, charge transfer, and activity
features of the silver and iron oxide nanocomposite have produced antibacterial effects. The
chemical production of polyvinyl alcohol-based silver and iron oxide nanocomposite and its

use as an antibacterial agent are driven by a few fundamental issues. Microbial infectious
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illnesses have developed into a severe health issue that has attracted global attention as a threat
to human health that also includes economic and social repercussions. Infectious infections
caused by bacteria are a serious issue in poor nations. It creates bacterial resistance to
commonly used antibacterial, making it more challenging for communities to choose an
effective antibacterial treatment. The rise of bacteria, viruses, and other pathogens that are
resistant to medication has made it more challenging to control many infectious diseases today.
At the same time, people with infections that are resistant to treatment may not be able to access
or afford any of the current medications due to the high burden of infectious diseases. To
partially cover this gap, silver and iron oxide nanocomposite synthesis for possible antibacterial
agents is being studied. Various studies on the synthesis of silver and iron oxide nanocomposite
(SIC) for antibacterial purposes have been conducted. This work uses PVA as a reducing and
stabilizing agent to create silver and iron oxide nanocomposite via chemical means (sol-gel and
solution combustion), and to test the antibacterial efficacy of the resulting material against
various bacteria. The investigation is also focused on the first time to outline the potential use
of stabilized polymer for nanocomposite as reducing, stabilizing, and capping agent in the
synthesis of stabilized polymer silver-iron oxide nanocomposite and examine its antibacterial
activities. The aims of this thesis are the synthesis and characterization of silver and iron oxide

nanocomposite for antibacterial application.

1.3 Objectives

1.3.1 General objective
The general objective of this study was to Synthesis characterizes and study antibacterial

application of SICs.

1.3.2 Specific objectives

» To synthesize Ag and Fe;O3 NPs and SICs using PVA as reducing agent (stabilizing
agent).

» To characterize Ag NPs, Fe2O3 NPs and Ag-Fe>O3; NCs through common analytical
techniques such as TGA, XRD, UV-DRS, FTIR, PL and SEM-EDX.

» To Evaluate performance of the synthesized materials against two gram-positive
(Staphylococcus aureus and Streptococcus Pyogenes) and two gram-negative bacteria

(Pseudomonas aeuruginosa and Escherichia coli) bacteria.



1.4 Significance of the Study

This study gives information for the scientific community about synthesis and antibacterial
application of SICs. It also gave information on how to produce the NCs which are harmless
and give basic knowledge about silver doped iron oxide nanocomposite. The outcome of this
research can have a considerable effect on research and even on industrial activities as it serves
as a basis for any scientific investigations of silver doped iron oxide nanocomposite. It can also
bring a technology transfer and serve as background information for a researcher who wants to
conduct further study on the topic under study and it provides information to prospects about
various potential applications of polymer (polyvinyl alcohol) for synthesizing silver doped iron
oxide nanocomposite using conventional synthesizing process. Additionally, using Ag-Fe>O3
nanocomposite for antibacterial purposes that are inexpensive and environmentally benign is
beneficial. It will provide information on the actions of Ag nanoparticles and Fe>O3 and their

composite nanoparticles in antibacterial application.

1.5 Scope of the Study

This research works was limited to synthesis, characterization of the synthesized
nanocomposite using TGA, XRD, UV-DRS FTIR, PL and SEM-EDX technique. As well as
study their application as antibacterial agent on gram positive bacteria (Staphylococcus aureus
and Streptococcus Pyogenes) and gram-negative bacteria (Escherichia coli and Pseudomonas

aeuruginosa) bacteria.



2. LITRATURE REVIEW

2.1 Nanoscience and Nanotechnology

Nanoscience is the study of matter's characteristics at the nanoscale, with a special emphasis
on the distinct, size-dependent characteristics of solid-state materials(Mulvaney, 2015).The
study of materials with dimensions between 1 and 100 nanometers (nm) is known as
nanoscience. Nanotechnology is defined as "a science, engineering, and technology conducted
at the nanoscale (1 to 100 nm), where unique phenomena enable novel applications in a wide
range of fields, from chemistry, physics, and biology to medicine, engineering, and electronics"
by the National Nanotechnology Initiative (NNI) in the United States. The ability to see,
measure, manipulate, assemble, control, and manufacture matter at the nanoscale is known as
nanotechnology. It is used to translate the theory of nanoscience into practical applications
(Bayda et al., 2019). Nanotechnology is the capacity to control a single nanoscale object. It
mostly entails the processing of separation, consolidation, and deformation of materials by one
atom or one molecule. The basic and the key elements of nanotechnology are the

‘‘nanomaterials”(Kolahalam et al., 2019a).

2.1.1 Nanoparticles

Nanoparticles are of scientific interest as they are, in effect, a bridge between bulk materials
and atomic or molecular structures. A bulk material has constant physical properties regardless
of its size, but at the nanoscale, size- dependent properties are observed. The interesting and
unexpected properties of nanoparticles are attributed to the large surface area, and this
dominates the contributions made by the small bulk of the materials(Rane et al., 2018).
Nanoparticle (NP) is a term used to describe particles with a dimension measured in
nanometers. Nanoparticles, which come in a variety of shapes like spherical, triangular, cubic,
pentagonal, rod-shaped, shells, elliptical, and more, are made up of a very small number of
constituent atoms or molecules that have different properties from those found in their bulk
counterparts. The random motion of the microscopic particles, quantum tunneling, discreteness
of the energy, matter's uncertainty, dual nature of mass, and energy for wave particles are some
other phenomena that nanoparticles displayed (Shehzad et al. 2018). Nanomaterials may be of
different shapes like nanorods, nanoparticles, nanosheets which can be characterized based on

their dimensionality. Nanomaterials with zero-dimensional are nanoparticles, one dimensional



is nanorods or nanotubes and two dimensional are generally films and layers type

one(Kolahalam et al., 2019a).

2.1.1.1 Semiconductor nanomaterials

Semiconductor nanomaterials have metallic and non-metallic properties. They By altering it,
it demonstrates different properties and exhibits large band gaps. These are commonly
employed in electronic and photocatalytic devices(Kolahalam et al., 2019b).Semiconductor
materials have properties halfway between metals and nonmetals, giving them a wide range of
uses in the literature. Due to the huge bandgaps of semiconductor NPs, bandgap tuning resulted
in significant changes in their properties. As a result, they're crucial in photocatalysis, photo
optics, and electronic devices. Due to their optimal bandgap and band edge positions, several
semiconductor NPs are particularly efficient in water splitting applications. These are usually
organic-based NPs, and they're referred to as polymer nanoparticles (PNPs) in the literature.
Typically, they are nano-spherical or nano capsular in form. The former are matrix particles
with a solid overall mass, whereas the other molecules are adsorbed at the outside edge of the
spherical surface. In the latter case, the solid mass is completely encapsulated within the

particle(Salem et al., 2022).

2.1.1.2 Iron oxide nanomaterials

Among the different types of nanoparticles, hematite (iron oxide) is one of the most common,
natural and environmental-friendly. It has a significant part in biogeochemical cycles of iron
in the environment. There are different phases of iron oxide crystallites exhibited as hematite
(a-Fe203), maghemite (y-Fe203), goethite Fe (OH) and magnetite (Fe3O4). The hematite phase
is considered as the more stable n-type semiconductor behavior. Nowadays, researchers have
given more attention towards the stable hematite iron oxide for antibacterial application. The
reason for choosing this a-Fe>O3 (hematite) iron oxide as a specific nanoparticle is only due to
its low cost and being non-toxic, biocompatible and hence applied in biomedical field. This
hematite iron oxide nanoparticle possesses a band gap of 2.1-2.2 eV(Sangaiya & Jayaprakash,
2018). Iron oxide is thermodynamically the most stable one due to its small size and large

surface area (Annu ef al., 2018).



Iron oxide nanoparticles were made into the core-shell bimetallic structures which enhance the
efficiency due to their synergistic effect(George et al., 2018). Because they are
superparamagnetic, iron oxide NPs are being investigated as a passive and active targeted
imaging agent. They have an iron oxide core and a hydrophilic dextran or other biocompatible
chemical coating to boost their stability (Haroon Anwar, 2018). Indeed, the biological
properties of NPs are strongly associated with the physio-chemical nature of NPs as well as the
capping molecules employed in salt precursor reduction and on the surface of NPs immobilize.
The most probable explanation is the usage of biological products in the production of NPs,
such as phenols, aldehydes, ketones, reducing acids, alkaloids, flavonoids, and, or, etc. The
free radical scavenging efficacy has a direct relationship to antioxidant properties as well as

behavior-like phenolic and flavonoid molecules(Al-Hakkani et al., 2021).

2.1.1.3 Silver nanoparticles

Because of their distinctive physical, chemical, and optical characteristics, silver nanoparticle
is use in a wide range of applications. Numerous products that contain silver nanoparticles to
stop bacterial growth on surfaces and in garments have been developed as a result of a
resurgence in interest in the use of silver as a general antibacterial agent(Oldenburg, 2019).
Due to the high coupling of the silver nanoparticles to particular wavelengths of incident light,
the optical characteristics of silver nanoparticles are of interest. Over the past few years, silver
nanoparticles (AgNPs) have become widely used in a variety of applications, including
biomedicine, biosensors, catalysis, pharmaceuticals, antibacterial and photonics. AgNPs are
typically small silver nanoparticles with unique electrical, optical, and magnetic properties that
have a wide range of applications. Their size ranges from 1 to 100 nm (T. Galatage et al.
2021a). AgNPs have serious drawbacks like their low yield for penetrating bacterial biofilms

and their concentration-dependent toxicity to human cells(Luengo et al., 2020).

2.2 Nanocomposite

The nanocomposite is a polyphase solid material where one of the phases has one, two or three
dimensions of less than 100 nm. Nanocomposites have a high surface to volume ratio which
differs from typical composites(Kolahalam ez al., 2019b). It is also defined as a technically
tailored material comprising dissimilar constituents with disparate physical and chemical

properties, which forms a discrete interface within the nanocomposite that it is composed of



two dissimilar material-matrix material and dispersed material, out of which at least one
dimension of the dispersed material should be on nanoscale. Polymer nanocomposite is
composed of a matrix material and a polymer as one of the constituents, along with a dispersed
material like single or multiple nanoparticles within the parent polymer matrix. Decades ago,
polymer nanocomposites emerged as an alternative to conventional structural materials due to
their greatly-amended electrical properties, mechanical robustness, chemical resistance and
steadiness, easy and adaptable processing technique, and low-cost effectiveness. Polymer
nanocomposites have been proved to be a promising multifunctional material finding their
scope of usage in packing industry, sporting goods and gears, air-water-land transportation

sector and also in bio-medical engineering applications(Shukla & Saxena, 2021).

2.2.1 Ag-Fe203 nanocomposite

Nanomaterials which have magnetic behavior, such as Fe2O3 or Ag-Fe»Os, are good candidates
for super-paramagnetism. Magnetic resonance imagining (MRI) investigations also utilize iron
oxide nanoparticles. The combination of Ag and Fe>Oj3 achieves the properties of both metals.
Due to these properties, researchers have been interested in making a hybrid composite of Ag-
Fe>Os offering better catalytic, bactericidal, and bio-imaging properties(Al-Zahrani et al.,
2022).

2.3 Polymers and Types of Polymers

To overcome the problem of agglomeration, different kinds of stabilizing agents have been
used during the AgNPs synthesis such as glucose, triethylenetetramine, poly(vinyl alcohol),
chitosan, and 2-ami- noethanethiol(Nguyen et al., 2022). Metal nanoparticles must be produced
with precise size and form, which requires capping agents such polymers, organic ligands, and
surfactants. On the other hand, their complicated and debatable effects on the functionality of
catalysts based on nanomaterials are difficult to quantify. It is true that a capping agent can act
as both a "poison," decreasing active site accessibility, and a "promoter," resulting in higher
yields and unanticipated selectivity control. The creation of the metal-ligand interphase, whose
unique characteristics are in charge of the catalytic action, can be attributed to these
occurrences. Therefore, understanding the structure of this interphase is essential for
maximizing the creation of unique nanocatalyst designs. Long-chain hydrocarbons

functionalized with heteroatoms are a common capping agent utilized in the manufacture of
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nanoparticles. Biomolecules, The use of biomolecules to make homogeneous NPs has lately
sparked interest due to their non-toxic nature and lack of arduous synthetic techniques. To
produce NPs with a unique structure, amino acids serve as effective reducing and capping

agents (Salem et al., 2022).

2.3.1 Polyvinyl alcohol

PVA is a semicrystalline synthetic polymer with overhanging hydroxyl groups. This polymer
has been chosen for its very useful properties, biodegradability and biocompatibility, which
make it a promising candidate for biomedical and food packing applications(Factori et al.,
2021). Polyvinyl alcohol (PVA) has been widely utilized in biomedical applications such as
drug delivery systems, contact lenses, artificial heart surgery, and wound dressings , cartilage
replacements, surgical threads, owing to its specific properties such as non- toxicity, variety of
molecular weights, high oxygen permeability, bio-degradability and good interactions with
metal oxide nanoparticles(Hoque et al., 2018). PVA has a lot of medical applications and is
used by virtue of elasticity and tensile strength in some polymers like chitosan. It can be used
for coating of Ag, iron oxide, cellulose, titanium dioxide, and copper(I) sulfide

nanoparticles(Ghaffari-Moghaddam & Eslahi, 2014).

2.3.2 Chitosan

Chitosan is composed of 2-amino-2-deoxy-B-d-glucan; a linear polysaccharide can be
dissolved easily in water. Amino groups of Chitosan provide a hydrophilic environment
compatible with the bio- molecules. Also, modification of pendants on chitosan provides
significant advantages in biomedical applications, as for instance bio- sensors, hyperthermia
treatment, tissue engineering, enzymatic assays, drug delivery, magnetic resonance imaging
(MRI), cell separation, and clinical diagnostics because of their biodegradability and good
biocompatibility. Among the various hydrophilic biopolymers, Chitosan has biocompatibility,
excellent film- forming ability, high chemical modification responsivity, non-toxicity, high

water permeability, cost-effectiveness etc (Hoque et al., 2018).

2.4 Synthesis Methods of Nanoparticles

The synthesis of Ag and Fe2O3; NPs can be done using top-down or bottom-up methods. Using

methods like laser ablation and puttering, the top-down strategy entails reducing a bulk material
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into nano-sizes. The term "bottom-up approach" refers to the process of creating nanoparticles
from smaller components, such as chemical and biological processes (Alharbi, Alsubhi, and
Felimban 2022). In the past, scientists have created nanomaterials by chemical or physical
processes such the sol process, micelles, chemical precipitation, hydrothermal technique,
pyrolysis, and chemical vapor deposition. The synthesis of AgNPs, like for most nanomaterials,

is mainly divided into three Different processes: chemical, physical and biological synthesis
(Abdulsahib, 2021).
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Figure 1. Schematic illustration of the production of nanoparticles via several processes.

2.4.1 Physical methods

The use of physical methods allows the synthesis of nanoparticles in the absence of solvent,
permitting the uniformity of Ag and Fe>O3 NPs size distribution compared to chemical routes.
The physical method for nanoparticles synthesis are Evaporation-condensation, Laser ablation,

Thermal decomposition, Ultrasonic spray pyrolysis and Arc discharge method (De Matteis et
al., 2018).

The physical methods consist of “top-down” and “bottom-up” approaches. In the top-down
approach, the bulk materials are broken into nano-sized particles i.e., through high energy ball

milling. It is difficult to obtain NPs of desired shape and size through mechanical crushing.
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While in bottom-up approach, the well- dispersed and fine nano-scaled tiny particles can be
obtained than the top-down approach. The example of bottom-up approach is laser evaporation.
Some other physical methods like wire explosion method and inert-gas condensation method

are also used to prepare MNPs (Ali et al., 2021).

2.4.2 Chemical methods

Essentially, chemical reactions require metallic precursors, reducing agents, and
stabilizing/capping agents. During the reduction in silver salts, nucleation occurs after the NPs
rise. For the production of stable NPs, chemo-reduction is the technique that is most frequently
used. The dangerous substances used in the manufacture of Ag NPs include elemental
hydrogen, ascorbate, citrate, borohydride thio-glycerol, and 2-mercaptoethanol. Due to the
potential for chemicals to condense on their surfaces, the purity of the produced NPs is also
lower than anticipated. Ag and FeoOs NPs preparation could be difficult, necessitating an
additional step to prevent particle aggregation. Additionally, throughout the synthesis process,

too many toxic and hazardous byproducts are eliminated (Zahoor et al. 2021).

2.4.2.1 Sol-gel methods

Widely used in the creation of nanomaterials is the wet chemical procedure known as the sol-
gel method. A range of superior metal-oxide-based nanomaterials are produced using this
approach. In addition to being affordable, the sol-gel method has a number of other benefits,
including as the homogeneous nature of the material produced, the low processing temperature,
and the ease with which composites and complex nanostructures can be made (Salem et al.,
2022). It is common practice to synthesize metal and metal oxide NPs at low temperatures
using the sol-gel technique, a colloidal chemistry technology. Materials' monomers are
transformed into colloidal solutions (sols) in the first stage, which serve as the building blocks
for the production of gels, which in turn give rise to particles or polymers. To obtain colloids,
the precursors are hydrolyzed and polycondensed(De Matteis et al., 2018). The sol-gel method
is a conventional and industrial method widely used for the synthesis of various NPs , offering,
especially, good control over their size, high purity and homogeneity and low temperatures (on
the downside, the use of organic solvents, availability of necessary precursors and long reaction

times pose challenges)(Negrescu et al., 2022).

13



The sol-gel method is a wet chemical strategy that is frequently used in the creation of
nanomaterials. A number of products are made using this method. Sol-gel is an in-situ
technique that works well for regulating particle shape and size. It fundamentally entails the
creation of a sol followed by its gelation and is made up primarily of condensation and
hydrolysis processes. As precursors, metal alkoxides or organic and inorganic salts may be
utilized (Baoum & Amin, 2021). For the creation of ceramics and nanocomposites (mainly
oxides), sol-gel is one of the straightforward wet chemical processes that is frequently utilized.
The sol-gel process is a chemical conversion of a sol into a gel (three-dimensional polymer)
state, followed by a transition into solid oxide material due to the application of the proper
post-treatment. This method is based on inorganic polymerization reaction including
hydrolysis, polycondensation, gelation, aging, drying, and calcination or sintering

(densification) (Hujjatul Islam et al., 2019).

The sol-gel method (wet-chemical approach) is a combination of condensation and hydrolysis
reactions between iron alkoxides and salts (such as chlorides, nitrates, and acetates). The key
benefit of this technology is the high purity, quantity, and good uniformity of IONPs. The
method's drawbacks include the need for precise compliance with pH, temperature, and reagent
concentration values during a synthesis; the expensive cost of precursors; and the low wear

resistance of manufactured IONPs (Gudkov ef al., 2021).

2.4.2.2 Solution combustion synthesis methods

Professor K.C. Patil invented the solution combustion technique first. It is one of the wet
chemical processes that uses an exothermic reaction between metal nitrates (oxidants) and an
organic fuel. The fuel needs to have carbon and hydrogen, which when burned produce CO»,
H>0, and heat. The majority of metal oxides may be produced by mixing a metal, nitrate, and
fuel. Because they offer a metal ion that is water soluble and promotes higher homogeneity,
nitrates are used as the metal precursor. The temperature, fuel-oxidant ratio, and precursor
chemical make up the solution combustion process' primary control parameters. One of the
most crucial factors affecting the characteristics of the combustion-produced nanopowders is
the fuel-oxidant ratio (Rane et al., 2018). For the preparation of oxide materials with controlled
properties (high purity and homogeneity) for a variety of applications, including catalysts, solid
fuel cells, and electronics, solution combustion synthesis is a quick, easy, efficient, and

adaptable method that is gaining popularity across the globe. The chemistry of propellants and
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sol-gel are the origins of SCS, although SCS is quicker than sol-gel and can produce products
of superior quality. The metal precursors are the source of the metal cations in the solution
combustion synthesis, thus determining the final metal oxide. The metal precursor are typically
salts and can have three types of counter anions groups: oxidants, reducers or neutrals(Carlos

et al., 2020).

2.4.2.3 Chemical reduction

The most common chemical method is chemical reduction, which allows for the synthesis of
silver-iron oxide nanocomposite in solutions (water or organic solvents) in the presence of (i)
metal precursors, (ii) reducing agents’ sodium citrate, ascorbate, sodium borohydride
(NaBH4), elemental hydrogen, polyol process, Tollen’s reagent, N, N-dimethylformamide
(DMF), poly(ethyleneglycol) (De Matteis et al., 2018).

2.4.3 Biological methods

The green synthesis uses extracts from the different plants as a source of capping and reducing
agents in the preparation of Ag and iron oxide nanocomposite; it is suggested that the bio-
molecules, especially secondary metabolites in those extracts, could reduce the Ag ions. They
consist of vitamins, polysaccharides, amino acids, proteins, enzymes, polyphenolics,
flavonoids, and other secondary metabolites. Likewise, proteins found in the plant extracts also
play an essential role as a reductant of the Ag" and as a size controlling agent for the
formulation of AgNPs. Functional groups such as carboxylic (COOH) found in glutamine and
aspartic residues and OH group of the tyrosine residues are considered responsible for
stabilizing Ag ion and producing small nanoplates of Ag with a little polydispersity (Zahoor et
al., 2021).

Biosynthesis of silver nanoparticles is a bottom-up approach that mostly involves
reduction/oxidation reactions. It is majorly the microbial enzymes or the plant phytochemicals
with antioxidant or reducing properties that act on the respective compounds and give the
desired nanoparticles(Prabhu & Poulose, 2012). The drawbacks of this approach include the
need to use high concentrations of plant extracts that are deficient in bioactive molecules. To
put it another way, the chosen plant may not contain sufficient amounts of bioconstituents,

which act simultaneously as a reducing, capping, and stabilizing agent. Therefore, in order to
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avoid the development of undesired oxide's nanomaterials, it is necessary to alter the reaction's
environmental parameters, such as pH, temperature, duration, and in some cases, nitrogen gas.
A suitable and practical characterization technique must first be developed in order to conduct

an examination and identify the type of resultant nanomaterial (Al-Hakkani et al., 2021).

2.5 Characterization Techniques of Nanoparticles

2.5.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a well-liked analytical technique that has been used for the analysis
of both molecular and crystal structures, qualitative identification of various compounds, and
quantitative resolution of chemical species, measuring the degree of crystallinity, isomorphous
substitutions, and particle sizes. This technique has been applied to samples from a variety of
scientific fields, including geological, polymer, environmental, pharmaceutical, and forensic
sciences, to quantify phase identification, conduct quantitative analysis, and identify structural
defects. Bragg's law is the X-ray diffraction's guiding principle. Typically, XRD relies on the
wide-angle elastic scattering of X-rays. Although XRD offers many advantages, it also has
several drawbacks, such as the difficulty in forming crystals and the ability to only obtain
findings for a specific conformation or binding state. Another drawback of XRD is the low

intensity of diffracted X-rays compared to electron diffractions(X.-F. Zhang et al., 2016).

2.5.2 Fourier transform infrared (FTIR) spectroscopy

FTIR spectrometer for infrared light. When analyzing functional groups, structural structure,
and chemical bonding in organic and inorganic samples, FTIR spectroscopy creates an infrared
absorption spectrum (Perklin Elmer Spectrum 100) (Shehzad et al., 2018). Accuracy,
reproducibility, and a good signal-to-noise ratio are all things that FTIR can offer. It is more
common in academic and industry research to utilize FTIR spectroscopy to determine whether
biomolecules are involved in the creation of nanoparticles. Additionally, FTIR has been used
to analyze nanoscale materials, including the verification of functional molecules covalently
grafted onto silver, carbon nanotubes, graphene, and gold nanoparticles, as well as interactions
between enzyme and substrate during the catalytic process. It is also a non-invasive procedure.
Finally, quick data collection, a strong signal, a high signal-to-noise ratio, and less sample

heating up are benefits of FTIR spectrometers over dispersive ones. In order to determine the
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function of biological molecules in the reduction of silver nitrate, FTIR is a suitable, useful,

non-invasive, economical, and straightforward approach (X.-F. Zhang et al., 2016).

2.5.3 Scanning electron microscopy (SEM)

SEM is a surface imaging technique that is completely able to resolve various particle sizes,
size distributions, forms of nanomaterials, and the surface morphology of the generated
particles at the micro and nanoscales. We can examine the morphology of particles using SEM
and generate a histogram from the images by manually counting and measuring the particles
or by utilizing specialized software. SEM has the drawback of being unable to resolve interior
structure, but it is still capable of giving useful information on purity and particle aggregation
levels. Modern high-resolution SEMs can recognize the morphology of nanoparticles that are
less than 10 nm (Zhang et al., 2016). The size and morphology of Ag and Fe>O3 NPs were
investigated using JEOL-6490A-JSM scanning electron microscope (SEM)(Shehzad et al.,
2018).

2.5.4 UV-Visible Spectroscopy (UV-vis)

The absorption spectrum of the reaction mixtures was re- corded at room temperature using
UV-Vis spectrophotometer (Rayleigh, UV-2100) at a resolution of 1 (Ghaffari-Moghaddam &
Eslahi, 2014). Both UV and visible emissions are common in metal oxide semiconductors; the
UV emission corresponds to the near band edge emission and is caused by free-exciton
recombination, while the visible emission is caused by deep-level emission due to impurities

and various types of structural defects in the structures (Muneer & Farrukh, 2022).

2.5.5 Photo luminescence (PL)

Photoluminescence spectroscopy (PL) is a crucial method for figuring out the impurity levels
in materials as well as the crystalline quality and optical band gap energy. The kind and
concentration of defects, microstructure and morphology, size, and excitation wavelength all
have a significant role in determining the peak position and relative peak intensity (Muneer &
Farrukh, 2022). Photoluminescence (PL) is an important method for estimating semiconductor
purity and crystallinity performance and disorder amount estimation present in the lattice

structure. Photoluminescence has a wide variety of uses including energy band gap estimation,
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level of impurities, and identification of defects, understanding of the mechanism of
recombination, quality monitoring of materials, molecular structure, and modeling of the

crystallinity(Al-Hakkani ef al., 2021).

2.5.6 Thermogravimetric analysis (TGA)

TGA is an analytical technique used to determine the thermal stability of a material. The
fraction of the volatile components present in the material can also be determined by
monitoring the weight change that occurs as the sample is heated(Hasan ef al., 2015). Thermo
gravimetric analysis (TGA) is employed to verify the temperature-dependent
changes(Ponnaiah et al., 2018). As a mass loss versus temperature increases, thermal analysis
(TA) also known as thermal gravimetric analysis (TGA) is used to determine the chemical and

physical properties of any sample (Al-Hakkani et al., 2021).

2.6 Application of Nanomaterials

Nanomaterials have a wide range of uses in the fields of medical, chemistry, environment,
energy, agriculture, information, communication, heavy industries, and consumer products.
Figure 2 shows some of the nanoparticles created by various metal solutions and some of their
potential uses. Nanomaterials, in particular, offer enormous potential for use in the treatment
of surface and groundwater, wastewater, and the remediation of contaminated sites (Devatha

& Thalla, 2018).
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Figure 2. Applications of various metallic nanoparticles

2.6.1 Application of silver nanoparticles

Silver ions are a potent antibacterial and kill bacteria by interfering with their thiol groups,
which are found on many crucial bacterial enzymes and proteins. Due to its unique toxicity to
germs while still posing a low risk to humans, silver has been used in a broad variety of
products, including bandages, packaging, and anti-fouling surface coatings. Silver
nanoparticles function as an efficient antibacterial agent because they are a source of silver ions
with a large surface area. When oxygen and protons are present, the particles in an aqueous
environment oxidize, dissolving the particle surface and releasing Ag ions. Silver
nanoparticles' long-term antibacterial activity is based on their ability to maintain an effective
concentration of silver ions in a wide range of diverse solutions(Oldenburg, 2019). Silver
nanoparticles may be of promising help in this struggle as they effectively eliminate bacteria
at relatively low concentrations of silver nanoparticles; concentrations that are not toxic for
human cells. antibacterial activity of silver nanoparticles depends on their size(Prucek et al.,
2011). Generally, it is widely accepted that the main antibacterial effect of Ag NPs or Ag NPs-
based materials is due to its partial oxidation and release of silver ions (Ag"). After this
oxidation occurs, the following actions can happen either simultaneously or separately: (1)

uptake of free Ag® followed by disruption of ATP production and DNA replication; (2) Ag
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NPs and Ag" interaction with bacterial proteins, disrupting protein synthesis; (3) Ag NPs
directly damage cell membranes, interacting with the peptidoglycan wall cell and the plasmatic

membrane causing cell lysis(Doménech et al., 2013).

The antibacterial properties of silver have been recognized over 2,000 years ago. In general,
Ag nanoparticles are effective. against many bacteria and can destroy 650 types of bacteria,
viruses and fungi due to enhancement of antibacterial, antiviruses, and antifungal activity of
Ag at the nano scale even around 100%. These nanoparticles are more sustainable, efficient
and simple to process when compared with other antibacterial agents(Ghaffari-Moghaddam &
Eslahi, 2014). Even in its ionic state, nanotechnology has created countless opportunities for
water purification. Many different nanostructured materials have been developed, and they
offer qualities including high aspect ratio, reactivity, controlled pore volume, electrostatic,
hydrophilic, and hydrophobic interactions that are helpful in adsorption catalysis, sensing, and
optoelectronics. Silver, titanium, gold, and iron nanoscale metals and their oxides have been
extensively employed in environmental mitigation. Ag-NPs effectively eliminate biological
pollutants such bacteria, viruses, and fungus (Salem et al., 2022). Many recent aspects of
studies have included the use of gold, silver, and iron NPs/NMs to be used by Gram- positive
and Gram-negative bacteria as a wide spectrum antibiotic. Studies have also been developed
and applied to include the use of such Ag-FeoOs; NPs as an antifungal for different
organisms(Al-Hakkani et al., 2021). The little-sized nanoparticles with a vast surface range to
volume proportion give a more effective intends to antibacterial action even at low fixation.
Additionally, the antimicrobial action of silver nanoparticles relies on the fixation and shape.
The main advantages of the silver nano coatings are Environmentally friendly, Harmless to
skin, Easy handling, Breathability remains, Dry cleaning resistant, Ironing resistant, Suitable
for all textiles, Long lasting sealing of textiles, Prevents tea, coffee and ketchup stains, Simply
wash off contaminants, Washing stable up to 40°C, look, texture and breathability of the
material remains, Long lasting protection for the textiles against dirt water and grease(Abbas

etal.,2018).

2.6.2 Application of Fe203 nanoparticles

The iron oxide nanoparticles have a great attraction in biomedical applications due to their non-
toxic role in the biological systems. The iron oxide nanoparticles have both magnetic behaviors

and semiconductor property which lead to multifunctional biomedical applications. The iron
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oxide nanoparticles play a major role in different applications, such as magnetic,
electrochemical, gas sensor, energy storage, cancer therapy and magnetic storage, and
biomedical treatments. Among the different types of nanoparticles, hematite (iron oxide) is one

of the most common, natural and environmental-friendly(Sangaiya & Jayaprakash, 2018).

Iron oxide nanoparticles are currently used as contrast agents in magnetic resonance imagining
(MRI) investigations. Another possible application of magnetic iron oxide nanoparticles
fastens in the field of hyperthermia cancer treatments where hysteresis looses of magnetic
nanoparticles generated during their cyclic remagnetizations under applied alternating
magnetic fields are exploited to destroy cancer cells and tissues(Prucek et al., 2011). Due to
their non-toxic, biodegradable and cheap nature, Fe2O3 NPs have been extensively studied as
potential candidates for different cancer therapies. Data found in the literature indicate that
Fe>O3; NPs are capable of killing tumor cells without affecting normal healthy tissue due to the
increased in vivo sensitivity of tumors to heat damage. This allows the use of a specific cancer
therapy called hyperthermia, where magnetic NPs can target tumors in a heat-specific manner
through the alternation of fields, hysteresis and frictional heating(Negrescu et al., 2022). Over
the last three decades, where traditional pharmaceutical methods have been widely used for
antibacterial and antifungal therapies. This allowed these microorganisms to mutate and
reproduce the new medium to continue with its adaptability and life. But, to combat the current
conventional therapies, these microorganisms are in continuous production on their own.
Scientists researching solutions thus have to actively study for best and safer ways to suppress
and remove these microorganisms in their new type. Many recent aspects of studies have
included the use of gold, silver, and iron NPs/NMs to be used by Gram- positive and Gram-
negative bacteria as a wide spectrum antibiotic. Studies have also been developed and applied
to include the use of such Fe>O3; NPs as an antifungal for different organisms(Al-Hakkani et

al., 2021).

2.6.3 Application of Ag-Fe203 nanocomposite

The combination of surface properties of silver nanoparticles and magnetic properties of iron
oxide nanoparticles leads to many potential applications, such as in biological targeting,
separation and recovery, and catalysis, and the possibility of vectorized treatment with high
levels of accumulation in the target tissue or specific target organ (Demarchi et al., 2018). The

combination of magnetic properties of iron oxide nanoparticles and antibacterial features of
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nanosilver thus predestinates these nanocomposites to be possibly used in disinfection and
biomedical applications where they can be exploited for a targeted transport of an antibacterial
agent and its subsequent removal by means of an external magnetic field(Prucek et al., 2011).
The characteristics of both metals are obtained by combining Ag and Fe>O3. Because of these
characteristics, scientists have been interested in creating an Ag-Fe>O3 hybrid composite with
improved catalytic, bactericidal, and bio-imaging properties. Different methods, including
physicochemical, chemical, and green synthesis using plant, algae, fungal, and bacterial

extracts, can be used to create metal nanoparticles (Al-Zahrani et al., 2022).

2.7 Antibacterial Application of Ag-Fe203 Nanocomposite

Ag" ions from Ag/Fe>O; nanocomposite highly interacts with the negatively charged
components of DNA (phosphorus and sulphur) that lead to breakdown of both strands of DNA,
distortion and morphological alterations of bacterial cell membranes and cell walls followed
by cell death. Therefore, it is expected that better antibacterial activity might be due to the
combined effect of FeoO3 and Ag of Ag-Fe>Os nanocomposite. There is different mode of
actions of silver ions in terms of antimicrobial activity, such as (i) Interact with the respiratory
mechanism, (ii) Inhibiting enzymes upon Ag ions interaction with the thiol group, (iii) Interfere
with DNA replication after interacting with phosphate group, (iv) Interrupt cellular transport
system after K" depletion (v) Disruption of cell membrane after contact of Ag nanomaterial
(vi) Creation of reactive oxygen species (ROS). When the levels of ROS overawed the
scavenging capability of microbial cell, they cause injury to cell membranes of bacteria, DNA
and protein. The Ag-FeoO3 nanocomposite also showed significant activity in both gram
positive and gram-negative strains(A. U. Khan et al., 2020). Ag-Fe2O3 has an antibacterial
impact on bacteria because it damages cell walls, disrupts structural proteins, inactivates
enzymes, inhibits electron transport chains, damages nucleic acids (DNA), and causes
oxidative stress brought on by the generation of reactive oxygen species (Al-Zahrani et al.,

2022).
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3. MATERIAL AND METHODS
3.1. Chemicals and Instruments

3.1.1. Chemicals and reagents

The chemicals and reagents required for the preparation of stabilized polymer silver-iron oxide
nanocomposite and the antibacterial test were silver nitrates (AcrosOrganics), distilled water,
polyvinyl alcohol (Sigma — Aldrich; 87-88% hydrolyzed, Mw =13000 — 23000 mol-1); ferric
nitrate (Sigma-Aldrich), the bacterial strains, (Staphylococcus aureus(ATCC25923) and
Streptococcus  Pyogenes(ATCC19615)) and (Escherichia coli (ATCC25922) and
Pseudomonas aeruginosa (ATCC27853)), bacteria used for checking antibacterial activity
were taken from Adama Science and Technology University in Applied Biology Department,
Muller Hinton agar (MHA) media for bacterial growth on the Petri-dish, ciprofloxacin and
dimethyl sulfoxide (DMSO) were used. All the chemicals and reagents used for the preparation
of silver-iron oxide nanocomposite were purchased commercially from local chemical markets.

All those chemicals were used without any further purification.

3.1.2. Apparatus

The apparatus and instruments were used include furnace, aluminum foil, spatula, electronic
beam balance, beaker, magnetic stirrer with hot plate, petri-dish, measuring cylinder,

mechanical shaker, Erlenmeyer flask, refrigerator, mortar and pestle, beaker.

3.2 Experimental procedure

3.2.1 Synthesis of silver and iron oxide (Fe203) nanoparticles

A sol-gel combustion method was employed for the preparation of silver nanoparticles. 50 mL
of distilled water was taken in a beaker. Then, the sample has stirred at 70 °C for 15 min, then
added 1g of PVA, stirred the PVA solution up to gel formation (white color), then cool the
prepared solution. Then, added 2.12 g of silver nitrate precursor and stirred for 1 hr. (when the
precursor was added to the PVA solution had no color change). After that the prepared sample
has been heated in oven at 110 °C for 8 hrs. Lastly the NPs were allowed to dry and ground so
as to be used for further analysis. The iron oxide NPs also synthesized by the sol-gel
combustion approach as reported in previous work (Gao et al., 2016),(Khort et al., 2021). with

slight modifications such as adding surfactant as a stabilizing agent. A sol-gel combustion
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method was employed for the preparation of Fe,O3; nanoparticles with same as AgNP except

addition of 5.024 g of ferric nitrate precursor and calcined at 500 °C for 3 hrs.

3.2.2 Synthesis of Ag-Fe203 nanocomposites (SICs)

The SICs was also synthesized using the same approach as in section 3.2.1, except with the
addition of appropriate amounts of the silver salt precursors silver nitrate in addition to the iron
precursor ferric nitrate. The amount of dopant (taking the difference percentage of dopant/host
percentages) was optimized. The optimized percentage of host metal was listed in table below.
After preparation the powder was dried at 110 °C in oven for 8 hrs. and then calcined 500°C

for 3hrs in furnace.

Table 1.Amount of different percentage of precursor

Sample Concentration AgNO3  Sample Concentration (Fe
(%) M) (2 (%) M) (NO3)3-9H:0) (g)

100(Fer)  0.25 2.12 100 0.25 5.05

0.5(Fe2) 0.00125 0.0106 99.5 0.24875 5.024

1(Fe3) 0.0025 0.0212 99 0.2475 4.995

5(Fes) 0.0125 0.106 95 0.2375 4.7975

10(Fes) 0.025 0.212 90 0.225 4.545

15(Fes) 0.0375 0.32 85 0.2125 4.2925
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AgNO; +Fe (NO2)3.9H20 ~PVA
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The same
process too
FexOs

Ag-FexO3

Figure 3. Flowchart for the synthesis of Fe2O3 nanoparticles and SICs by sol-gel combustion

method.

3.3 Characterization

Different characterization techniques were performed to know the crystalline structure, optical
properties and morphology of synthesized nanoparticles and nanocomposite. The detail

procedures are mentioned below for each technique. all characterization technique performed

Water heat at 70°C

Added 1 g of PVA

Stirred for 15 min at 70°C | AENOTPNA
solution
Fe (NO3)3.9H20 +PVA solution
Stirred for 1h at room temperature
AgNP

Dried at 110°C
Calcined at 300°C

Fex0s

based on XRD result that have small crystalline size.

3.3.1. Thermo Gravimetric analysis (TGA)

The thermal behavior was evaluated by Thermo Gravimetric (TGA) and Differential Thermal
Analysis (DTA) in the air using DTG-60 detector. As indicated in numerous works concerning
PVA polymer or PVA-metal oxide composite, an optimum temperature of 300 - 500 °C is

suitable to remove the PVA after its role as capping agent and unwanted impurities (Abd-

Elrahman, 2013; Ghafari ef al., 2017; Radhamani et al., 2016).
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3.3.2.X-ray diffraction (XRD)

The XRD analysis used to study the crystalline structure of the synthesized nanoparticles and
nanocomposite samples. For all samples their Powder were used in analysis. XRD works by
irradiating a material with incident X-rays and then measuring the intensities and scattering
angles of the X-rays that leave the material. The XRD analysis (20 scan) was performed using
an X-ray diffractometry (XRD700, Shimadzu Co., Japan). The diffraction data were recorded
within a range of 26 from 10° to 80° for Ag and Fe>O3 NPs and SIC. The diffraction data were
recorded at 40 kV and current of 30 mA in continuous scan mode with scan rate 3 (deg/ min)
by using Cu-Ko radiation with a wavelength of 1.5406 A. The average crystallite sizes (D) of
the powders were calculated by using Debye-Scherrer’s formula, D= KA/(B cos (6)), Where,
A is the X-ray wavelength, 0 is Bragg’s diffraction angle, and B is the Full width at half
maximum (FWHM) of the diffraction line at half of the maximum intensity. The different
crystalline phases in the samples were identified by comparing the data with the Joint

Committee for Powder Diffraction Standards (JCPDS) files.

3.3.3. UV-Vis diffused reflectance (UV-Vis DRS) spectroscopy

Diffuse reflectance spectra were obtained in a spectrophotometer model (UV3600plus,
Shimadzu, Japan), with a coupled integration sphere. The spectra were obtained for powder
samples in the wavelength range of 200 — 800 nm. The reference was a 100% reflectance

sample.

3.3.4. Fourier transform infrared (FT-IR) spectroscopy

Fourier transform infrared (FT-IR) spectroscopy helps to ascertain the identity of various
Phyto-chemical constituents involved in the reduction and stabilization of the nanoparticles
and nanocomposites. FT-IR spectrum for dry powders of Fe2O3z NPs and 15 SIC was obtained
using Perkin Elmer FT-IR Spectrophotometer Frontier in the range of 4000400 cm™.

3.3.5. Morphological and composition characterization

Scanning electron microscopy with energy-dispersive x-ray spectroscopy (SEM-EDX-EVO18
model with low vacuum facility and ALTO1000Cryo attachment) was used for understanding

morphological and structural features of Fe>Os NPs and 15 SIC. SEM is a type of electron
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microscope, its powerful technique for analyzing the structure of the prepared metal
nanoparticles, which produces images of a sample by scanning it with a focused beam of
electrons. The information about the sample's surface topography, morphology, and
composition of the obtained metal nanoparticles was examined by using scanning electron

Microscope(AL-Awadi et al., 2018).

3.4. Antibacterial Test

The antibacterial activity of Ag NPs, Fe;O3; NPs, and SICs were investigated against two Gram-
negative (Escherichia coli (ATCC 25922)), and Pseudomonas aeruginous (ATCC 27853)),
and two Gram-positive (Staphylococcus aureus (ATCC 25923)), and Streptococcus Pyogenes
(ATCC 19615)) using disk diffusion method in Applied Biology Department laboratory of
Adama Science and Technology University. ciprofloxacin (25 pg) antibiotics and DMSO was

used as positive and negative control respectively.

3.4.1. Disk diffusion methods

Muller Hinton Agar was prepared by dissolving, 38 g of Muller Hinton powder in 1L of
distilled water separately and then sterilized by autoclave at 121 °C and 15-pound pressure for
20 min. After cooling, about 20 mL of medium are added aseptically to sterilized Petri dishes.

Then the Petri dishes were labeled and incubate until they solidify.

Bacterial sub cultures were maintained on broth at 37 °C. Bacterial strains were taken from

Oromia regional laboratory, Adama and grown aerobically on broth for 24 h at 37 °C. Bacterial
suspension was prepared by taking it from broth and dissolving in sterile normal saline until
the concentration of bacterial suspensions were achieved to 1x 10% colony forming units (CFU)
mL ! by comparison with the 0.5 McFarland Standard. 100 pL of 24 hrs. standardized culture
of test bacteria was first evenly spread onto the surface of the Muller-Hinton agar plates using
sterile cotton swabs. A sterile swab is used to inoculate the surface of the media in Petri dishes
making three rotations with an angle of 60° to ensure a homogeneous growth. The plates were
then turned upside down. 100 mg of each prepared sample were dissolved in 1 mL DMSO (100
mg mL™!). From 100 mg mL™! concentration of each sample, 50 mg mL"!, 25 mgmL " and 12.5
mg mL" were diluted serially for Fe;O3 NPs and 15 SIC and 0.5 SIC. 6 mm diameter disk were

saturated with 20 pL of each concentration and 25 pg of ciprofloxacin (positive control) and
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DMSO (negative control) placed on a plate covered with lids and incubated at 37 °C for 24 hrs.
The diameter was measured from the area around the disk where no bacterial growth has been
observed, called the inhibition zone. All antibacterial tests were carried out in triplicate and the
averages were reported. This diameter can be compared to the critical diameters of antibiotics
ciprofloxacin and images were captured. FeoO3 NPs, 15 SIC, and 0.5 SIC were used for

comparison.

3.5. Data Analysis

Data in the current study (antibacterial activity data) were analyzed by Microsoft Excel 2010
software. The means of three replications and standard error (+ SE) were also calculated for all
the results obtained. Differences between means were considered significant at P-values <0.05.

OriginPro 8, SysTools XPS Viewer, were also used to analyze the data.
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4. RESULT AND DESSCUSION

Here we present the structural, morphological, and optical properties of Fe2O3 and 15SIC based
on XRD results that had small crystalline size. The composite was characterized by TGA,
XRD, UV-vis/DRS, FTIR, PL, and SEM-EDX. Antibacterial activities of Fe2Os, 15SIC, and

0.5SIC (for comparison) were also presented.

4.1 Synthesis of Ag-Fe20O3 Nanocomposite

Synthesized of Ag NPs was accompanied without color change. In the beginning, the color of
the mixture of PVA and boiled distilled water was white then the aqueous solution of AgNO3
was also white also after 1hr of moderate stirring at room temperature, and after drying in oven

the color was not changed.

In the same manner in the synthesis of Fe>O3 NPs, the color of the solution was changed
immediately after adding the precursor, which indicated the formation of colloidal Fe>Os
suspensions. The formation of light orange precipitate after heating the solution mixture
confirms the formation of iron hydroxide. Moreover, the formation of Fe20O3 NP was confirmed

by the formation of gray powder after calcination of that calcined at 500°C.

The sol-gel combustion synthesis of SICs has been carried out by adopting the reported
procedure by (Gao et al., 2016). with minor modifications. Silver nitrate (AgNO3) and ferric
nitrate (Fe (NOs3)3-9H20) were used as a precursor for the sol-gel combustion synthesis of SICs
using PVA. One of the goals of this study was to use stabilized polymer (PVA) for the
preparation of nanomaterials. The polyvinyl alcohol, which belongs to the polymer, was chosen
and used in this study for SIC synthesis. The synthesis of SICs was conducted by adding Fe
(NO3)3-9H20 and AgNOs as a precursor to the PVA solution until a gradual change in the
reaction color was observed. After 1 hr. of stirring at 70 °C, the color of the reaction mixture
changed from white to light orange. Such a change of color of the reaction mixture represents

the formation of SICs by the PVA solution.
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Figure 4.The color change of silver and silver-iron oxide nanocomposite in the synthesis

process. A) SIC and B) silver NP.

4.2. Characterization

4.2.1. Thermogravimetric (TGA) analysis

204 = 0.0

18 -

16 - (a) DTA --0.1

14 ——(b) TGA

12 0.2
< 10 =

1 £

i’ 8- -03 =
= 1 (U]
0 64 =

44 -0.4

2

0+ L-0.5

2

T T T T T T T T T T T T T T T 1
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5. The TG-DTA thermal stability analysis: the TG-DTA plots of PAV-Fe;O3; NPs,
respectively. At about 390 ° C, pure FeoO3 NPs were obtained.

Figure 5 shows the TGA result of PVA-Fe>O3 NPs, In the thermal analysis study of PVA-Fe>03
composites before calcination, at about 80-190 °C, the surface and interstitial absorbed water
molecule evaporation and slow intramolecular decomposition occurs. Within the PVA melting
point range of 230°C - 410 °C, the degradation of its amorphous part and the intermolecular
decomposition were occurred (Abd-Elrahman, 2013; Kumar et al., 2019). The crystalline part
of PVA decays at 398 °C (Radhamani et al., 2016; Rahmanian et al., 2015), and complete
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decomposition to yield carbon and hydrocarbons that results in the liberation of CO» gas and
pure Fe>O3 phase happens at about 400 °C (Ghafari et al., 2017; Mallakpour et al., 2015;
Radhamani et al., 2016). Moreover, increasing the annealing temperature can also enhance the

aggregation of metal oxides.

4.2.2. X - ray diffraction (XRD) result analysis
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Figure 6. XRD pattern of PVA, Ag, Fe,O3; NPs, and SICs nanocomposites: (a) XRD patterns
of Fe;O3 and different percentages of SIC, (b and c) Magnified view XRD pattern for Fe>Os
and SICs; there is no higher or lower angle shift on the XRD pattern of the composites than
single Fe>03, confirming the non-inclusion of silver in the Fe,Os lattice. The inset in Fig. 6¢ is
the structure models of Ag and Fe>O3 NPs. crystals developed by the software 3D Visualization
for Electronic Structural Analysis (3D-VESTA) from the crystallographic information file
(CIF) data.

The average crystallite sizes and crystallinity of synthesized PVA, NCs, and NPs were analyzed
from the XRD pattern analysis (Fig. 6a-c). The PVA polymer precursor before calcination
showed abroad semi-crystalline peak at 19.2 degrees, which corresponds to the (101) crystal
plane (JCPDS, 00-053-1847)(Selvi et al., 2019). According to figure 6a(b), single Fe>Os, the
diffraction angles with their corresponding crystal planes (~24° (012), 33° (104), 36° (110),
51°(024), 54° (116), 62° (214), and 64° (300)] are indexed to hematite, a-Fe,O3 (JCPDS: 00-
033-0664, R-3c (#167-1) space group)).

The XRD diffraction spectrum of sol-gel combustion synthesized in, 1, 5,10 and 15SIC
respectively, shown in Figure 6(a(d-g)), which demonstrates a total of eight major peaks,
ranging from 10° to 80°, the peaks at 20 values 0f24.18°,33.19°,35.67°,40.91°,49.51°, 54.11,
62.48 and 64.04 and corresponds to hkl plane in a crystal lattice i.e., (012), (104), (110), (113),
(024), (116), (214) and (300) crystallographic planes, respectively. In addition to the diffraction
peaks of a- Fe>O3, diffraction peaks of (111), (200), (220) and (311) planes of silver located at
20=38.17 °, 44.34 °,64.49 ° and 77.44 ° are observable, indicating successful silver embedded
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to the surface of Fe2Os. For 0.5SIC, an independent peak for Ag was not detected, which is
probably due its inclusion in the Fe2Os3 lattice. However, a clear independent peak was detected
for Ag in addition to Fe;Os starting from 1SIC to 15SCI, and its intensity increased with
increasing the amount of Ag. The relatively weak intensity of silver peaks can be attributed to
coating of silver NPs by Fe,Os studied in previous reported (Mirzaei et al., 2016). The XRD
analysis confirms that the prepared sol-gel/combustion synthesized SICs showed lattice planes
of face-centered cubic crystalline structure with no impurities within the XRD instrument's
detection limits. In the case of SICs, the presence of similar prominent peaks of FeoO3 and Ag
metal indicates the formation of SIC. For all Composites, the observed peaks can be taken as
confirmation of the formation of SICs. The absence of a higher or lower peak shift for 15 SIC
(see Fig. 6¢) compared to pure Fe2Os3 indicates the absence of Ag dopant inclusion in the Fe>O3

host lattice and the dominance of Ag-Fe>Os3 Schottky contact formation(Ansari et al., 2013) .

The XRD data and the respective crystallite size are calculated using Debye-Scherrer’s formula
(D = KA/(B cos (8)). Where A is the wavelength of X-ray radiation (for Cu Ka 0.15418 nm),
K is constant, £ is the line width at half maximum height, and 6 is the diffracting angle.
Furthermore, the XRD pattern of sol-gel combustion synthesized SICs shows sharp and intense
peaks, indicating that the prepared samples were finely ground, homogenized with high
crystalline quality, and average bulk composition is determined. The (104), (110), (116) planes
were chosen to calculate the crystallite size of Fe2O3 NP and SICs the average crystallite sizes

from the XRD data.

Table 2.Crystallite size of Ag and Fe2O3 and Ag-Fe2O;

sample FexO3(%) Ag (%) Average size(nm)

Fei 100 - 34.7
Fex 99.5 0.5 38.76
Fes 99 1 41.63
Fes 95 5 39.88
Fes 90 10 37.46
Fee 85 15 34.55
Ag - 100 55.2
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Table 3.Calculations of average particle sizes of and Synthesized NCs Samples

Sample Peak position d(A) FWHM D(nm) Average D(nm) (hkl)

(26 () ©)
Fe,O3 NPs  33.19 2.69647 0.24760 35.08 (104)
35.66 2.51515 0.25000 34.88 34.70 (110)
54.11 1.69357 0.27220 34.23 (116)
0.5SIC 33.19 2.69689 0.2020 393 (104)
35.66 2.51523 0.21150 41.2 38.76 (110)
54.10 1.6937  0.26030 38.76 (116)
ISIC 33.2515 2.69224 0.21140 40.95 (104)
35.7246 2.51133 0.20290 4295 41.63 (110)
54.1616 1.69205 0.22730 40.99 (116)
5SIC 33.2016 2.69617 0.2156 40.14 104)
35.6769 2.51457 0.2124 41.025 39.88 (110)
54.1148 1.69340 0.24190 38. (116)
10SIC 33.1894 2.69713 0.23900 36.24 104)
35.6597 2.51575 0.23690 36.81 37.46 (110)
54.0960 1.69395 0.23690 39.34 (116)
15SIC 38.1217 2.35874 0.25400 34.58 (111)
33.1824 2.69768 0.24960 34.38 34.55 (104)
35.6579 2.51587 0.25360 34.7 (110)

4.2.3. UV-visible diffuse reflectance (UV-Vis - DRS) spectra and Bandgap Analysis
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Figure 7. The UV-vis-DRS spectra of 15SICs materials: (a) The UV-vis-DRS spectra of
15SIC, (b) are the direct and indirect Kubelka-Munk (K-M) plots.

Figure 7 shows UV-vis-DRS spectra and direct and indirect bandgap energies of 15SIC. As
shown fig. 7(a) Synthesized 15SIC shows maximum absorption peaks at 590 nm. This
absorption peak was due to the strong surface plasmon resonance (SPR) band, these peaks
depend on the particle size and shape of NPs. The change in the optical properties can be
realized by the Kubelka-Munk function (Abebe et al., 2021) . The calculated direct and indirect
bandgap values of 15SCI are found to be 2.13 and 2.10, respectively, which is smaller than the
single FeoO3 bandgap values reported in the literature (2.2-2.35 e¢V). This shows the slight

inclusion of Ag in the Fe;Os lattice, even if the Schottky junction between them is dominant.

35



4.2.4. Fourier transforms infrared (FT-IR) results analysis
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Figure 8. The FTIR spectroscopic chemical bonding analysis: the FTIR spectra of Fe2O3 NPs

and 15SIC before and after calcination.

Metal-oxygen chemical bonding analysis for Fe>O3 and 15SCI (before and after calcination)
was performed using FTIR techniques. According to Fig. 8(i-iii)., show the FTIR spectra of
Fe203, and 15SCI (before and after calcination), the absorption bands are observed at 3741,
2369, 1043, 1020, 965, 957, 522, and 547, 444, 436 cm ™' etc... The common but short
absorption band at about 3741 cm™ is the result of absorbed water molecules. The peak below
1000 cm™! is attributed to the longitudinal- and transverse-optical bending vibration modes of
Fe-O or Ag-O bond(Anzlovar, 2015). The features at 522 and 436 cm™! correspond to the
metal-oxygen vibrational modes(Kayani et al., 2014). The slightly higher wavenumber shifts
for calcined 15SCI than uncalcined 15SCI shows the rigidity of metal-oxygen as a result of
condensation. The other peak detected at about 2369 cm™ is probably from the precursors’

intermediates. The major peaks at 547 cm™ confirm the presence of Fe>O3 vibration compare

to previous (Mishra et al., 2014).
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Table 4.FTIR vibration frequency of FeoO3 NPs and 15SIC before and after calcination.

Frequency (cm™) Bond stretching  Functional group

3741 O-H (strech) alcohol

2369 C=0 (stretching) Carbonyl group
1043 C-O (strech) Alkyl ketone
1020 C-O (strech) Alkyl ketone
957 C=0(strech) Alkyl ketone
547 C-X Halo alkane
522 C-X Halo alkane
436 C-X Halo alkane

4.2.5. Photoluminescence result analysis
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Figure 9. The photoluminescence (PL) spectra of FeoOs NPs and 15SIC materials: (a)
The PL spectra of Fe2Os3 and (b) PL spectra of 15SIC. A slight intensity reduction for

the composites was observed compared to Fe>Os, indicating the presence of some

electron-hole recombination hindrance due to doping.

Figure 9 shows the photoluminescence spectrum of Fe2O3 and 15SICs. The PL spectra of Ag-
Fe>O3 composite synthesis by sol-gel-combustion methods at room temperature excited at 340
nm. This luminescence can be observed even with the naked eye at room temperature and is
due to exciton emission(Lassoued et al., 2018).The enhancement of the intensity can be related
to the size of the nanoparticles, as the size increase the photoluminescence increases(Mathevula
et al., 2017). which have a greater intensity reduction for 15 SCI than that of pure Fe,O3. This

intensity reduction for the 15SCI shows the presence of electron-hole recombination
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diminishing properties. The slight blue shift for the composites over Fe>Oj3 is probably due to
the Ag-independent peak(H. Khan ez al., 2020).

4.2.6. SEM-EDX analysis
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Figure 10.FESEM morphological and EDS elemental mapping analysis for 15SIC: (a) and (b)

are the FESEM images for SICs at 1 pum and 500 nm magnifications, respectively. The porosity
occurred was due to gas evolution. (¢c) The EDS layered image; (d) the FESEM image, from
which the EDS mapping analysis was conducted. The green, red, and aqua images are the
elemental mapping results for silver, oxygen, and iron, respectively. The good dopant
elemental distribution on the Fe>Os; surface proves the potential of the sol-gel/solution

combustion approach for synthesizing nicely distributed doped composites.
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Figure 11. The EDX compositional analysis spectra for SICs show the presence iron, silver,
and oxygen without any other impurities. The inset table in the EDX spectra shows the
composition of the elements in the proportion for silver and iron, also in accordance with the

precursor’s amount taken during synthesis.

Figures 10 a and b shows the FESEM images of 15 SIC at two different magnifications of 1
and 500 nm, respectively. The image has porous morphology, which probably occurred due to
the evolution of gas from many points during combustion(Abebe et al., 2022). The 15SIC
seemed to have a mono-dispersed and aggregation-free micrograph. The EDX spectra revealed
the existence of several well-defined peaks in the SICs that were due to silver, iron, and oxygen,
components. Furthermore, EDX spectra revealed the production of a very pure 15SIC with no
additional impurity-related peaks in addition, elemental EDX mapping was used to determine
the Ag and Fe elemental distribution (spatial/lateral) of the 15SIC prepared. The mapping of
Fe, Ag, and O elements has been shown Figure 11, Both Fe and Ag were uniformly distributed
throughout the SICs sample, according to the EDX elemental analysis shown in the Ag, Fe,
and O element mapping images of 15SIC. In previous studies reported, The appearance of main
peaks around 3 keV and 6.5 KeV specify the elemental silver and iron as the main
components(Ullah et al., 2020). The major peaks in which oxygen, iron, and silver are obtained
on the EDX spectrum are at 0.5, 0.7, and 3 keV, respectively. The EDX measurement different
area were focused both Ag and Fe>O3 can be seen in the synthesized composite in nanostructure
in the EDX spectrum. The elemental percentage of 15SIC were found to be 55.97 % for Fe,
4.49 % for Ag and 39.54 % for O.
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4.3. Antibacterial Activity Analysis

4.3.1. Antibacterial susceptibility test

The antibacterial activities of prepared NP and SIC was tested at applied biology laboratory
against both the two gram-positive (Staphylococcus aureus ATCC25923 and Streptococcus
Pyogenes ATCC19615) and two gram-negative bacteria (Pseudomonas aeuruginosa
ATCC27853 and Escherichia coli ATCC25923) through the disk diffusion method. The
standard ciprofloxacin (at 25 pg) has the antibacterial activities within the range of 21.6 + 0.3
t0 23.6 £ 0.3, 20.6 + 0.6 t0 23.3 + 0.8, 23.3 + 0.3 t0 24.6 + 0.3 and 20.3 £ 0.3 to 22.6 £ 0.3 for
E. coli, S. aureus, P. aeruginous and S. pyogenes respectively. DMSO has no activity (6 mm)

on whole tested bacterial strain and it was used as solvent in samples serial dilution.

Figure 12(a-c) illustrates photographs of the antibacterial tests results of synthesized samples
and the details are summarized in Table (6). The presence of an inhibition zone indicates the
antibacterial effect of the uncalcined Fe>O3 NPs, 0.5SIC and 15SIC. 15SICs the maximal SICs
dose (100 g/mL) showed a high level of inhibitory activity against the pathogens, E. coli, P.
aeruginosa, S. aureus and S.py with inhibition zones of 21.6, 22.6, 18.3 and 22 mm,

respectively.

The antibacterial activity of sol-gel/combustion synthesized Fe>O3 NPs in four volume ratio
was investigated against both the two gram-positive (Staphylococcus aureus ATCC25923 and
Streptococcus Pyogenes ATCC19615) and two gram-negative bacteria (Pseudomonas
aeuruginosa ATCC27853 and Escherichia coli ATCC25923) through the disk diffusion
method. At 100mg/L The zone of inhibition values indicated that Fe,O3 NPs exhibited a varied
range of 6.6-9.3 mm of antibacterial activities against (Pseudomonas aeuruginosa and

Escherichia coli) (gram negative) the tested bacterial strains.

Figure 12(a). and Table 6). Shows In Fe2O3NPs, the range of zone of inhibition was between
7.6+£0.3t06.6+0.3 mm and9.3+0.3 7.3 £0.3 for Pseudomonas aeuruginosa and Escherichia
coli) respectively. A maximum zone of inhibition of 9.3 and 7.6 mm was produced against
Pseudomonas aeuruginosa and Escherichia coli), respectively at the concentration of 100
mg/mL and 50mg/mL. No zone of inhibition was observed in Staphylococcus aureus and

Streptococcus Pyogenes at all concentration. In comparison, the antibacterial activity of Fe>Os
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NPs at 50 mg/mL, and 25 mg/mL and12.5mg/mL, were weaker than at 100mg/mL suggesting
that the activity displayed has a dose-dependent manner (Table 6).

In figure 12(b) 0.5SIC showed the second most strong activity with a maximum zone of
inhibition 0f 9.6, 9.6, 11.6, and 10.6 mm at the concentration of 100 mg/mL.9, 9.3, 9.3, and, 9
mm at the concentration of 50 mg/mL. 8.3, 8.3, 7.6, and 8.6 mm at the concentration of 25
mg/mL.7.6 ,6,7.3 and 7mm at the concentration of 12.5 mg/mL. against S. aureus, P.

aeruginosa, E. coli, and S. pyogenes, respectively.

From the five of sol-gel combustion synthesized SICs 0.5SIC and 15SIC were checked, 15SIC
showed better performance on the antibacterial activity as compared to Fe2O3 nanoparticle and
0.5SIC. In 15SIC the range of zone of inhibition was between 9.3-22.6 mm (Table 6). This
could be due to the smaller average crystalline size and large surface area of NP properties. It
indicates that the high antibacterial performance contributed due to the high ROS production.
Then the high ROS production results from the use of PVA which contains amounts of OH
radical. Silver particles have a good antibacterial effect on dangerous bacteria, whether they
are Gram-positive or Gram-negative bacteria, according to an earlier study. In earlier studies,
the antibacterial activity of Ag-Fe>O3; nanocomposite was examined, and it shown good activity
against both Gram-positive and Gram-negative bacteria. Due to its negative effects on bacterial
cell walls, disruption of structural proteins, inactivation of enzymes, inhibition of electron
transport chains, destruction of nucleic acids (DNA), and induction of oxidative stress brought
on by the production of reactive oxygen species (ROS), Ag-Fe,Os3 has an antibacterial effect
on bacteria. Ag/Fe>O3 has thus become an effective antibacterial treatment option and is helpful
in the medical industry (Al-Zahrani et al., 2022). According to Ullah et al. (2020), the Ag-
Fe>O3 nanocomposite's potent antibacterial activity may be a result of its sharp morphology
and tiny size. In comparison to Gram-positive bacteria, the bactericidal impact of NPs was
found to be similar but significantly stronger for Gram-negative bacteria. According to
Santoshkumar et al. (2017), this is caused by the structural differences between Gram-positive
and Gram-negative bacteria. Gram-negative bacteria have more complex cell walls than gram-
positive bacteria, which serves as a permeability barrier for the absorption of ROS.
Furthermore, gram-positive bacteria's membranes absorb negatively charged ROS species

more readily than gram-negative bacteria's do (Gordon et al., 2011; Russell, 2003).
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Table 5. Antibacterial activity of SICs sol-gel synthesized Fe2O3 NPs and 0.5SIC and 15SIC.

Compound and Bacterial strain and zone of inhibition
Conc.n (mg/mL) of S. aureus S. Pyogenes  E. coli P.
FexOs NPs and Ag- ATCC25923 ATCC19615 ATCC25922 aeruginosa
Fe2O3NCs ATCC27853
100 6 6 93 7.6
Fe203 50 6 6 7.3 6.6
25 6 6 6 6
12.5 6 6 6 6
100 18.33 22 21.6 22.6
15SIC 50 17.67 17.67 21.6 20.3
25 16.6 18.3 19 18.6
12.5 9.3 10.6 10.3 11.66
100 9.6 10.5 11.6 9.66
0.5SIC 50 9 9 93 9.33
25 8.3 8.66 7.66 8.3
12.5 7.66 7 7.3 6
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Figure 12. Disk diffusion antibacterial activity evaluation of the sol-gel/combustion
synthesized Fe>O3(a), 0.5SIC(b) and 15SIC(c) against P. aeruginosa, S. pyogenes, E. coli, and

S. aureus.

4.4 Mechanism of Antibacterial Activity

The antimicrobial activity mechanism of NPs may follow three mechanisms including the
release of antimicrobial ions (Espitia et al., 2012; Kasemets et al., 2009), the interaction of NPs
with microorganisms (L. Zhang et al., 2008), and the formation of ROS by the effect of light
radiation (Jalal et al., 2010). The direct contact of NPs with the bacterial cell and production
of ROS close to the bacterial membrane that causes damage to bacterial cells has also been

suggested to be the other mechanism (Abebe ef al., 2020; L. Zhang et al., 2008). The global
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negative charge of the bacterial cells at biological pH was occurred due to the dissociation of
carboxylic groups (Stoimenov et al., 2002) and metal/metal oxides has positively charged
properties (L. Zhang et al., 2008). The interaction/electrostatic force that occurred between
negatively charged bacterial cells and positively charged metal/metal oxides lead to disruption
of the cell wall and damage occurred by entering into the cell. Thakur et al. (Thakur et al.,
2019) proposed the direct and indirect mechanism for the interaction of cerium oxide NPs with
the bacteria cell. The direct interaction of cerium oxide NPs led to damage to the cell wall and
generates ROS inside. Whereas, the indirect mechanism shows the interaction of cerium oxide
NPs with the bacterial environment outside the cell and generates ROS that further enters into
the cell by damaging the cell wall. Both mechanisms finally led to cell death by affecting the
DNA, ribosomes, and proteins of the bacteria. According to this study, since there was no light
used as a radiation source, the probable mechanism for bacterial deactivation is due to the

release of ions or/and interaction of bacterial cells with NPs or NCs.
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5. CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

In this work, silver iron oxide nanocomposites were successfully sol-gel/combustion
synthesized method using silver nitrate (AgNO3) and ferric nitrate (FeNO3)3.9H>O as a
precursor in the presence of stabilized polymer (PVA) within different percent 0.5,1,5,10, and
15. The synthesized SIC and Fe2O3 were then characterized by TGA, XRD, UV-Vis, SEM-
EDX, PL and FT-IR Spectroscopy. More crystalline nature and best performing SIC were
obtained when it was sol-gel/combustion within a 15SIC. Crystalline analysis showed the
average crystalline size as 38.76, 41.63, 39.88,37.46 and 34.44nm for 0.5, 1, 5, 10 and 15SIC
respectively. The XRD result confirmed the face-centered cubic crystal structure of SICs. All
characterization techniques based on XRD results that have small crystalline size. 15SIC show
maximum absorption wavelengths were recorded at 590 nm. The energy bandgap values (direct
and indirect) for 15SIC was found to be 2.130 and 2.105 eV, respectively. The surface bonding
features were confirmed by FT-IR analysis. The antibacterial studies of Fe2O3 and 0.5SIC and
15SIC conducted against the gram-negative species, E. coli, and P. aeruginosa, and gram-
positive species, S. pyogenes, and S. aureus revealed more efficiency for 15SIC. This is due to
its small average crystalline size, uniform spherical shape, and large surface region, which
creates electronic effects, and these effects can increase the binding strength of the
nanoparticles with the bacteria cell membrane. The bactericidal effect of NPs was found to be
the same yet slightly higher for Gram-negative bacteria compared to the Gram-positive
bacteria. It is due to the difference in the structural composition of Gram-positive and Gram-

negative bacteria.

5.2. RECOMMENDATIONS

The following is recommended for the extension of this work:

1. 1.Surface area determination of synthesized nanocomposite for further application in
waste water treatment.

2. Toxicity testing of synthesized nanocomposite should be carried out.

3. Leaching test of nanocomposite should also be carried out to use in other application

like anticancer activities.
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