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Abstract:

In this study, the research focuses on developing modern wound dressings materials
using molybdenum oxide and polyacrylonitrile support material. First phase we evaluate
the effects of various reducing agents for the synthesis of silver nanoparticles on the
surface of MoO3 nanoparticles deposited PAN nanofiber membrane and further study
their properties The nanofibers were treated with NaOH, NaBH4, sodium citrate, and
UV, leading to different outcomes in terms of surface wettability, antibacterial
properties, and silver ion release. The surface wettability of the nanofibers varied with
the treatment. NaOH treatment reduced surface wettability, while NaBH4 and sodium
citrate treatments increased it. UV treatment resulted in a slight increase in surface
wettability. Antibacterial inhibition zone tests revealed that NaOH and UV treatments
exhibited significant inhibitory effects against both E. coli and B. subtilis bacteria,
whereas NaBH4 and sodium citrate treatments displayed moderate inhibitory effects.
Furthermore, the study explored the sustained release of silver ions over time, with
sodium citrate treated samples t exhibiting a higher release rate. While the addition of
molybdenum oxide nanoparticles into the PAN nanofiber substantially lower stress
values, which is advantageous for wound dressings, as it allows for improved flexibility
and conformability to the wound site.

Now we fully understand the effects of different reducing agents for the reduction
of silver ions to metallic silver on MoOsnp containing PAN nanofibers. Moving on, our
study focused on the development of hybrid composite material with the use of
molybdenum oxide and polyacrylonitrile support. For the very first time we
successfully synthesized MoOs/PAN composite material with electrospinning setup.
The synthesis of Ag@MoOs/PAN involved fast eco-friendly method under UV light
(for 1 mints) for the reduction of silver ions to metallic silver on the surface of
MoO3/PAN composite membrane. The setup was very easy and industrial scale
synthesis being also possible. This hybrid material not only overcame the challenge of
excessive release of silver from nanofiber matrix, but also eliminated other toxic
reducing agents for the synthesis of silver nanoparticles on nanofiber membranes. In the
first half research highlighted the morphological characteristics and structural attributes
of the synthesized composite membranes. Additionally, we investigated the antibacterial
mechanisms of both Mo based nanofiber membrane and silver doped based membrane.,
revealing that the incorporation of silver substantially enhanced antibacterial activity.
The study further elucidated the surface properties of the composite membrane, noting
that the introduction of silver increased the surface area by 25.89% compared to the
pristine MoOs/PAN membrane. It also observed a 9% reduction in the water contact



angle (WCA) for the Ag@MoO3/PAN membrane, indicating improved hydrophilicity.
Further we examine the release behavior of the silver ions form Ag@MoO3s/PAN
membrane. Our findings demonstrate an initial burst in silver release of about 70%
within the first 7 hours, followed by a 33.52% reduction and then a sustained release
pattern over a period of 7 days. The mitigation of excessive silver was because of
molybdenum oxide absorption mechanism for silver ions. This composite membrane
dressing helps for sustained release of silver near wound site and protect the skin from
damage of excessive silver release.

We believe that our study not only holds promise for extensive research in the
realm of different reducing and their effects on silver nanoparticles synthesis with silver
release and antimicrobial activity we also controlling the release behavior of silver ions
from wound dressing by composite material method.



CHAPTER 1. General Introduction



1.1 Electrospinning technique for nanofiber synthesis

1.2 Electrospinning technique

Electrospinning is presently the sole method allowing the synthesis of continuous fibers
with tiny diameters, as small as a few nanometers. This technique can be applied to
various materials, including man-made and natural polymers, polymer mixtures, and
polymers infused with color molecules, very small particles, or active substances. It's
also compatible with metals and ceramics®. Special electrospinning techniques enable
the production of intricate fiber structures, such as core-shell or hollow fibers. Moreover,
it's feasible to produce structures ranging from individual fibers to well-organized arrays
of fibers?!. Electrospinning is not confined to academic research but is increasingly used
in industry as well. Its range of applications spans a wide spectrum of fields, including
optoelectronics, sensor technology, catalysis, filtration, medicine, biotechnology, and
wound dressings. These applications yield materials composed of fibers so delicate that
they cannot be observed even with the most advanced optical microscopes®. They
encompass tissues made of fibers thinner than what the finest optical microscope can
detect, polymer webs on plants finer than spiderwebs, filters covered by an almost
imperceptible layer, greatly enhancing their efficiency and wound dressings. In fact,
electrospun fibers are notably thinner than human hair. Figure 1—1 illustrates the
number of scientific publications and patents with keywords electrospinning.

Today, nanofibers from synthetic or natural polymers can be fabricated in a controlled
manner with dimensions down to a few nanometers and functionalized by the addition
of drugs, or of semiconductor or catalyst nanoparticles. They can be employed in
numerous applications with great benefit. Hybrid fibers composed of metals and

ceramics are attainable, as are nanofibers with a solid or liquid core and a solid shell®.
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Figure 1—1: Number (n) of scientific publications and patents per year (2000-2022)

with the keyword “electrospinning” (source: SciFinder Scholar)

1.3 Electrospinning history and setup

Electrospinning, also referred to as electrostatic spinning, has its roots in early
studies. As far back as 1745, Bose described the creation of tiny droplets by applying
high electrical potential to liquid drops. In 1882, Lord Rayleigh delved into the question
of how many charges were necessary to overcome the surface tension of a droplet. Later,
the initial devices designed to disperse liquids using an electric charge were patented by
Cooley and Morton in 1902 and 1903. In 1929, Hagiwara et al. documented the
production of artificial silk through the application of electrical charge. The pivotal
patent that first described the electrospinning of plastics emerged in 1934, with Anton
Formhals from Mainz as the author (originally stemming from a German patent
submission in 1929)°.
Despite these early revelations, the process was not put to commercial use. It wasn't

until the 1970s that Simm et al. patented the production of fibers with diameters less



than 1mm. Nevertheless, this work, along with subsequent patents, went largely
unnoticed®. The first commercial application of electrospun fibers was in the field of
filters, as part of the nonwoven industry. The electrospinning setup that was used in our

research work is described in Figure 1—2.
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Figure 1—2: Schematic illustration of electrospinning setup for nanofiber synthesis

1.4 Skin wound and types.

The skin serves as our protective barrier against germs and infections. When the skin
gets damaged due to accidents, it can lead to the formation of wounds. Depending on
the nature of the accidents, circumstances, and the severity of the injury, wounds can be
categorized into various types, ranging from minor to moderate to severe wounds, from
small to large wounds, from superficial to deep wounds, and from non-infectious to
infectious wounds’®. These injuries can include burns, bruises, cuts from knives,
crushing injuries, puncture wounds, and gunshot wounds. They can also be classified as
acute wounds, which occur suddenly and heal quickly, such as minor scrapes, knife cuts,
minor burns, or wounds right after surgery. On the other hand, chronic wounds, such as
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ulcers, diabetic foot ulcers, venous leg ulcers, arterial leg ulcers, chronic radiation
injuries, and deep burns or scalds, have a much longer healing process®.Different types
of wounds that occurred during the minor injuries were represented in Figure 1—3.

Regardless of the type of injury or trauma, if germs manage to breach the skin, it
becomes necessary to clean and remove any dirt or contaminants from the wound. It is

vital to sterilize and cover the wound to prevent infection and inflammation®°.
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Figure 1—3:Wound types on human body skin.

It is necessary to treat and monitor the wounds if they are bleeding, large, deep, or
infectious. Particularly, the application of wound dressings plays a very critical role in
wound healing and infectious prevention. There are many different types of wound
dressings such as silver-containing hydrophilic fiber dressing, antibacterial dressing,
and wet dressing. Based on different materials, they can be classified as foams gauze,
transparent films, alginates, composites, hydrocolloids, and hydrogel. Meanwhile, a
good dressing with high quality and ideal function will speed up wound healing, reduce

patients’ pains, and prevent wounds from germ infection'*°,



1.5 Wound healing process

The process of healing wounds is complex, and there are different ways to treat different
types of wounds. Depending on where the injury is, whether it's infected, and what
medical treatments are needed, we can divide wound healing into three main categories:
primary healing, secondary healing, and subeschar healing'®-8. Graphical represented in
Figure 1—4. Primary healing happens when wounds are small, have clean edges
without infection, and are carefully stitched up, so they come together neatly. A typical
example of primary healing is when a surgical incision heals. While secondary healing
often occurs in larger wounds with more tissue damage, irregular edges, or infection by
germs. These wounds heal by filling in the damaged tissue with granulation tissue, and
it's also called indirect wound healing. Inflammation is more noticeable during
secondary healing due to ongoing germ infection and tissue death. Normally, tissue
starts to grow back once the germ infection is controlled, and the dead tissue is removed.
Secondary healing is characterized by a larger wound area, noticeable shrinkage, a
longer healing process, and more scar tissue formation'®?. The blood, fluid, or dead
tissue on the wound's surface dries up and forms a scab. In cases where there's no
infection, wound healing can take the form of subeschar healing. In subeschar healing,
new skin grows beneath the scab from the edges of the wound, covering the original
connective tissue on the wound's surface or the new connective tissue filling the gaps in
the skin®!, The scab falls off once the new skin has fully grown. Eschars are usually
dry and can prevent germs from growing, offering some protection to the wound and
aiding in wound healing. However, if there's too much fluid or germ infection beneath
the scab, it can block the natural drainage of the wound and hinder the healing process.

So far, to improve dressing antimicrobial properties different agents have been



incorporated within their structure??. Those antimicrobial agents comprise essentially
antibiotics (e.g. tetracycline, ciprofloxacin, gentamicin and sulfadiazine), nanoparticles
(e.g. silver and copper nanoparticles) and natural products (e.g. honey, essential oils and

chitosan)!3.23-28

Skin Wound Skin Infection Antimicrobial
Wound Dressing

Figure 1—4: A graphical representation of skin wound, skin infection, and
antimicrobial wound dressing on skin wound. Reprinted with permission from reference.

[22] Copyright 2018 Elsevier-EJPB

1.6 Types of wound dressing

Wound dressings are essential in treating wounds effectively. A suitable dressing can aid
in the healing of wounds and prevent infection by germs. Furthermore, it's often
necessary to switch between various types of wound dressings throughout the entire
treatment process. Sometimes, different dressings may even need to be used together to
create a favorable environment for wound recovery and protection. During wound
treatment, there are several types of dressings available, including foams, gauze,
transparent films, alginates, composites, hydrocolloids, and hydrogel??242%3!, Each

dressing has its unique characteristics, as outlined in Table 1.



Table 1:Types of wound dressing and characteristics

Types

Characteristics

Foams

Foam dressings are commonly created from polyurethane foam and are
typically applied to moderate to severe wounds. These dressings
provide a soft and cushioning effect while effectively soaking up a
significant amount of wound exudate. They possess excellent
absorption capabilities, creating a moist and warm environment

conducive to wound healing.

Gauze

Gauze dressings are a classic kind of wound dressing manufactured
from woven cotton or synthetic fibers. They are adaptable, cost-
effective, and easily accessible, making them a widely chosen option

for wound treatment.

Transparent

membrane

Transparent film dressings are thin, see-through, and waterproof. They
enable the observation of wounds without the need to take off the
dressing. These dressings are typically created from polymer
membranes that permit oxygen to access the wound while letting vapor

escape

Alginates

Alginate dressings are crafted from seaweed and consist of calcium and
sodium ions. When these dressings encounter a wound, they form a gel-

like substance.

Composites

Composite wound dressings are a specific type of dressing that blends
various materials like foam, hydrocolloid, and alginate into one
dressing. These dressings are created to offer a mix of advantages,
including absorption, moisture regulation, and protection. They are

frequently employed in the treatment of intricate wounds.

Hydrocolloids

Hydrogel mixed with synthetic rubber and sticky materials, has

excellent exudate absorption properties.

Silver dressing

Silver wound dressings include silver, a natural antimicrobial substance
that can assist in preventing and treating wound infections. These
dressings can encompass silver in various formats, including ions.
particles, or compounds, and come in various forms, such as gels,

foams, and films.




1.7 Metal-based antibacterial wound dressing

Humans face threats from bacteria and various microorganisms that lead to numerous
infections and illnesses every year. It's important to note that since the introduction of
the last new class of antibiotics in 2003, treating many infectious diseases has become
increasingly challenging, especially those caused by bacteria resistant to multiple
drugs®?3. The Centers for Disease Control and Prevention (CDC) in the US estimated
that globally, over 2 million infections and nearly 30,000 deaths occur annually due to
antibiotic resistance®!. There is an urgent need for new strategies to combat microbial
infections, given the growing challenges associated with the post-antibiotic era. In this
era, infections that were once responsive to antibiotics have developed resistance to
even the most contemporary antibiotic classes®. Biomedical devices that incorporate
antimicrobial metal nanostructures present a promising approach to combating these
extensively drug-resistant pathogens®®*’. These devices have garnered significant
attention in both academic and pharmaceutical circles. Different mechanisms are
employed by these antimicrobial metal nanostructures, and they offer a potential
solution to the growing problem of drug-resistant infections®*®-°. To prevent redundancy,
metal nanoparticles are utilized as representatives to symbolize all antibacterial
materials**3. Subsequently, a concise overview of the antiviral and antifungal

mechanisms of nanomaterials will follow.

1.8 Bacterial cells and death of bacteria

Bacterial structure consists of fundamental components, including the cell wall, cell
membrane, nucleoid, and cytoplasm, which houses ribosomes and plasmids. In contrast
to Gram-negative bacteria, Gram-positive bacteria possess an additional layer known as

the peptide cross-bridge**. Another distinguishing feature of Gram-positive bacteria is
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the presence of teichoic acid. Teichoic acid is connected to the cell wall or cell
membrane through covalent bonds, specifically wall teichoic acid and lipoteichoic acid.
In the case of Gram-negative bacteria, the outer membrane is the predominant
characteristic*®. In terms of antibacterial mechanisms related to bacterial cell walls,
electrostatic interaction plays a critical role. These surfaces carry a negative charge,
which facilitates the adhesion of positively charged materials like Ag or Al.O3
nanoparticles. Nanogel particles can bind to proteins in the bacterial cell wall containing
sulfur or phosphorus*~#°. This interaction leads to the formation of enhanced nanopores
on the cell wall, ultimately resulting in the death of the bacterial cell. Reactive oxygen
species generated by metallic nanomaterials can also directly disrupt the components
inside the bacterial cytoplasm®. A notable example is the damage to DNA caused by
these reactive oxygen species within the nucleoid. Silver ions, for instance, can disrupt
the hydrogen bonds between the two antiparallel polynucleotide strands, potentially
leading to DNA denaturation®!. Additionally, nanoparticles can intercalate between the
purine and pyrimidine base pairs, further contributing to DNA changes. Nanoparticles
possess a high absorption capacity, which can influence signal transduction in bacteria
through protein phosphorylation®. They have been observed to dephosphorylate peptide
substrates on tyrosine residues, leading to the inhibition of signal transduction and the

arrest of cell growth and cell cycle progression®>°% Represented in Figure 1—5.
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Figure 1—5: The different antibacterial mechanisms associated with the use of
nanomaterials. Reprinted with permission from reference. [52] Copyright 2023 ACS-

Appl Nano Mater

1.9 Silver-doped and Copper-doped antibacterial mechanism.

The biological effects of nano silver are mainly attributed to the presence of silver
cations and their soluble complexes. Additionally, particle surface reactions can
contribute by generating reactive oxygen species (ROS) or catalyzing the oxidation of
cellular components. Silver ions bind to thiol groups in biological enzymes, such as
NADH dehydrogenase, disrupting the bacterial respiratory chain and producing ROS,
leading to oxidative stress and cell damage*®®*%5. Nano silver particles have been
observed to create peroxide intermediates during reactive dissolution, which may

oxidize lipids when the particles attach to cell membranes. It is widely agreed that the

11



release of silver ions is a significant pathway for the biological activity of
nanosilver®®>’ There have been research studies on the release of silver from silver-
polymer composites, but there is a lack of comprehensive systematic studies on the
controlled release chemistry for colloidal nano silver surfaces. There were also issues
with the excessive silver release that damaged the human cells and harmed the
environment?2585,

While the precise antibacterial mechanism of silver-based nanomaterials hasn't been
fully elucidated, the scientific community has reached several widely accepted
conclusions. Generally, AgNPs (silver nanoparticles) could kill bacteria by themselves.
However, numerous studies have demonstrated that the silver ions released from these
particles play a more significant role in bacterial eradication®®®2. The antibacterial
effects of silver-based nanomaterials can be attributed to various actions, including
disturbing the permeability of the cell membrane upon attachment to the bacterial wall,
binding with sulfhydryl proteins to deactivate them, disrupting the respiratory chain to
induce oxidative stress, and interfering with DNA replication, leading to damage to
lipids®3-%°. Consequently, the bacterial wall becomes damaged, releasing the contents of
the bacterial cytoplasm. All these phenomena can result in the destruction or even death

of microorganisms32¢-58 as shown in Figure 1—6
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Figure 1—6: Schematic illustration of antibacterial mechanisms of silver ions. Silver
ions are first combined and deposited on the surfaces of bacteria and then (a) penetrate
the bacterial wall and membrane. The normal metabolism of bacteria was disturbed
through a series of actions such as (b) dephosphorylating the protein, (c) destroying the
respiratory chain, and (d) binding to bases to make DNA lose its replication ability.
Eventually, (e) the bacterial wall and membrane were broken to result in cytoplasm

leaking. Reprinted with permission from reference. [69] Copyright 2021 ACS-Appl Bio

Mater

1.10 Molybdenum antibacterial wound dressing

Numerous nanomaterials have been studied as potential antibacterial agents,
including titanium dioxide, zinc oxide, copper oxide, silver and gold nanoparticles,
molybdenum, and tungsten oxides, among others®®". These nanostructured inorganic
materials must adhere to specific criteria regarding their shape, size, and surface charge,

as well as their chemical and physical properties to exhibit antibacterial properties®.:"2-74,
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The uptake of nanoparticles (NPs) by cells and their distribution primarily depends on
the physicochemical characteristics of the particles. Molybdenum, as an element,
doesn't possess inherent antimicrobial properties. It is an essential trace element of great
significance to humans, serving as a cofactor for various enzymes like aldehyde,
xanthine, and sulphite oxidase. However, molybdenum trioxide (MoO3) has emerged as
a highly promising antibacterial nanomaterial”>®°. The antimicrobial mechanism of
MoOs in the presence of water is explained through a dissolving process, where an
acidic reaction occurs, leading to the formation of hydronium (HzO") and molybdate
(Mo03™) ions. The penetration of (H30") ions through the bacterial cell wall disrupts
the pH balance as well as the cell's enzyme and transport systems®-84, The creation of
an acidic, low-pH environment due to MoO3s nanoparticle dissolution has been reported
as a universal antimicrobial agent effective against both susceptible and resistant
bacterial species responsible for hospital-acquired infections®®. The incorporation of
MoOs into polymer coatings allows for controlled solubility and long-term use of such

coatings’>8-%°,
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1.11 Objective of this thesis

The goal of this thesis is to develop a cutting-edge wound dressing material that
effectively combats bacterial resistance while prioritizing the safety of human cells and
the environment. Our primary aim is to create a wound dressing that carefully releases
silver ions in a controlled manner, with the intention of boosting its ability to fight off
common wound-related pathogens E. coli and B. subtilis while maintaining its
compatibility and sustainability. Ultimately, this research seeks to contribute to the
advancement of wound care technology by offering the green synthesis of new
composite material, that combats bacterial resistance while enhancing the antibacterial
activity with fast reduction of silver ions onto the composite material and overcoming
the excessive release into the environment.
The objective of Chapter 2 is to find the best-reducing agent for the reduction of silver
ions onto the polyacrylonitrile (PAN) nanofiber. Enhancing antibacterial activity and
suppression of tensile stress with the incorporation of molybdenum oxide nanoparticles.
The objective of Chapter 3 is the development of hybrid composite membranes with
green synthesis and fast reduction of silver ions onto the membrane. Therefore, the
MoOs/PAN composite membrane was synthesized by electrospinning. In addition, the

fast reduction of silver ions onto the composite membrane was studied.
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CHAPTER 2. Incorporation of molybdenum
oxide nanoparticles into PAN nanofiber and study of different reducing

agents
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2.1 Introduction:

The skin, as the outermost organ of the human body, acts as the primary defense
against external microorganisms®. When the skin is injured, it becomes susceptible to
the entry of microbes into wounds or the body, which can lead to serious consequences
such as persistent infection, inflammation, or even death?. Wound dressing plays a
crucial role in managing and promoting the healing of various types of wounds. It
involves applying materials or products to cover and protect the injured area, creating an
optimal environment for natural healing. Wound dressings have multiple functions,
including providing a barrier against external contaminants, controlling moisture levels,
promoting tissue regeneration, and reducing the risk of bacterial infection®4. Advances
in wound dressing technology have resulted in different types of dressings, such as
gauze dressings, hydrogels, foams, films, and specialized antimicrobial dressings that
contain substances like nanoparticles®, antibiotics &, and plant extracts®*°

The utilization of silver nanoparticles (AgNPs) in wound dressings has emerged as
a promising strategy in the field of wound care and management. AgNPs have inherent
antimicrobial properties that effectively combat multiple microorganisms, including
bacteria, fungi, and viruses''. The surface area of nanoparticles is so high, which
enhances their antimicrobial efficacy. When integrated into wound dressings, AgNPs
enable the sustained release of silver ions, creating an environment that inhibits
bacterial growth and fosters wound healing. Moreover, AgNPs have been studied to
induce the release of reactive oxygen species (ROS), generating potent bactericidal free-
radicals'?>. The synthesis of AgNPs commonly involves reducing agents, sodium
hydroxide®**® (NaOH), sodium borohydride®*® (NaBH4), sodium citrate'®??, and UV

irradiation?. Each reducing agent possesses unique properties that can influence the
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characteristics of the resulting AgNPs and their release within wound dressings.
Therefore, a comparative study of these reducing agents is crucial for understanding
their advantages, limitations, and suitability for wound dressing applications.
Polyacrylonitrile (PAN) nanofibers are inherently delicate and lack sufficient
mechanical strength for practical use. However, the incorporation of molybdenum
trioxide (MoOs) nanoparticles into PAN nanofibers can enhance their mechanical
properties?*?° Molybdenum oxide (MoOs) functions as a reinforcement agent®,
augmenting the tensile strength and stability of the nanofiber matrix?. This improved
mechanical strength is vital for the durability and longevity of wound dressings,
ensuring their effective implementation in clinical settings. By integrating MoOs into
PAN nanofibers, the resulting composite material can provide an additional
antimicrobial effect?’, contributing to the prevention and control of infections during the
wound healing process?®. In recent years, electrospinning has emerged as a pivotal
technique for fabricating functional nanomaterials, positioning itself as a versatile
method for various advancements. Notably, electrospinning, essentially a physical
drying process?®, has extended its capabilities in multiple directions. These extensions
include the creation of core-shell structures®®, Janus configurations®, and hybrid
architectures through the utilization of multi-fluid processes. The ability to scale up
nanofiber production has also marked a significant stride. Additionally, electrospun
nanofibers can be tailored extensively through subsequent treatments to fine-tune their
functional attributes. The ease with which these treatments can be applied contributes to
the versatility of electrospinning in enhancing nanofiber functionality.The controlled
release of silver from wound dressings plays a vital role in their antimicrobial efficacy

and wound healing properties. Silver-based wound care products can impede bacterial
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growth; however, excessive silver release can lead to toxicity in wounds®>%, Sustained
release of silver, whether at a high or low concentration, is crucial for effective wound
dressing. In the absence of sustained silver release, bacterial recolonization of the
wound may occur®*. The choice of reducing agents significantly influences the quantity
of silver ions released and the rate of release, which, in turn, impacts the antimicrobial
effect. Hence, selecting the appropriate reducing agents to produce silver nanoparticles
(AgNPs) is essential to achieve an optimal release profile for the desired antimicrobial
effect within the infected wound.

In this study, the authors examined the release profile of silver (Ag) and its
antibacterial activity using different reducing agents on MoOs/PAN nanofiber film.
They conducted a detailed analysis of the physical and chemical structure of Ag-
MoO3/PAN nanofiber mats, providing valuable insights into their composition and
properties. These findings contribute to our understanding of their potential applications
in wound dressing and antimicrobial therapy. Additionally, this study aims to determine
the most effective reducing agent for doping of Ag nanoparticles on the surface of
nanofiber membranes (NFMs). By comparing the Ag® ions release profile and
antibacterial activity achieved with different reducing agents on the MoO3/PAN

nanofiber film also discuss.
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2.2 Experimental methods

2.2.1 Preparation of MoO3s/PAN nanofiber membrane

Molybdenum oxide (Mo0Os3), sodium citrate dihydrate (> 99 \%), sodium
borohydride (NaBH4), and PAN (Mw 150,000 g/mol) was purchased from Sigma-
Aldrich, Tokyo, Japan. N, N- Dimethylformamide (DMF, 99.8%), silver nitrate (AgNO3,
99.8%), and sodium hydroxide (NaOH, 97.0%), were purchased from FUJIFILM Wako
Pure Chemical Ltd, Japan. Escherichia coli (Hrf 3000) was provided from the Coli
Genetic Stock (CGSC; Yale University, New Haven, CT, USA). Bacillus subtilis (168)
was provided from Dr. Ogasawara, Shinshu University, Japan. Luria—Bertani broth was
supplied in an analytical grade from Nacalai Tesque, Inc., Kyoto, Japan. The Petri
dishes were purchased from Sansei Medical Co., Ltd., Japan. Milli-Q water (Direct-Q

UV3) was used in the experiments.

2.2.2 Compositional analysis

Field emission scanning electron microscopy (FE-SEM, JSM-IT800SHL, Japan), and
high-resolution transmission electron microscope (TEM, JEOL, JEOL2010, Japan,
200kV accelerating voltage) were used to record the morphology and elemental
composition of the membrane. Crystal structuring was characterized by X-ray
diffraction (XRD, Rigaku, MiniFlex300, Japan with monochromatic CuKa radiation at
33 kV). The Fourier transform infrared (FT/IR-6600) and X-ray photoelectron
spectroscopy (XPS, AXIS-ULTRA HSA SV, Japan) were performed to thoroughly
characterize the chemical structure and morphology of NFMs. FTIR analysis, 72 scans
at a resolution of 4 cm—1 were performed for each sample all spectra presented in the
wave number range 4004000 cm—1. Contact angle measurement was analyzed by

Hololab 5000, Japan with de-ionized water. Thermogravimetric analysis (Thermo plus
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TG-8120, Japan) of polymers was measured as weight change analysis. Silver release
content was measured by Inductively coupled plasma optical emission spectrometry
(ICP-OES, SPS 5000, HORIBA, Japan). UV lamp light (WFH-204B, Shanghai Int.

USA) was used as a reducing agent.

2.2.3 Membrane fabrication

For the preparation of MoO3z/PAN. In a typical synthesis, a 10% PAN was dissolved in
10 cm® DMF to form a transparent solution. 1% molybdenum oxide nanoparticles w.r.t
polymer was added into a 10% polymer solution to form a viscous solution. After
complete dispersion, the solution was loaded into the 10 mL plastic syringe equipped
with a needle of 0.8 mm diameter. The flow rate of the syringe pump was 1.0 mL h
and the distance between the collector and the needle was 18.0 cm. The applied voltage
was held at 15 kV. The humidity was kept at 40 + 5 %. Electrospun fibrous membranes
were ripped down from the sheet pan and vacuum dried at 70 °C for 24 h to remove the
DMF and other volatile residuals. As-obtained NFMs were ready for further
characterization.

2.2.4 Synthesis of Ag-MoO3/PAN nanofibers

Four Petri dishes containing 50 ml AgNOs solutions were prepared with 0.1M
concentration. The approximately 50 mg MoO3/PAN nanofiber sheets were
simultaneously submerged into the Petri dishes. Afterward, these dishes were sealed to
avoid changing concentrations due to vaporization. All dishes were vigorously shaken at
300 rpm (Rotary shaker NA-301 N, Nissin, Japan) for 6 h. After the required time one
sample dish was placed under UV light again for 6 h (254 nm, 100 V, 60 Hz, 0.7 A, XX-
15NF/J, Spectroline, USA) to facilitate the formation of AgNPs on the surfaces of

MoOs/PAN nanofiber. While three samples were removed from the AgNO3 solution and
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added into 0.1 M reducing agent solutions (NaOH, NaBH4, and Sodium citrate) for 3 h
to reduce the Ag" ions to AgNPs. Next, all the samples were collected and thoroughly
washed with distilled water (DW) multiple times. Subsequently, the samples were dried
for 24 hours at 60°C using a program-controlled oven (AS ONE DOV-600P, MonotaRo
Co., Ltd., Japan) before proceeding with further tests. These processed samples were
designated as A (NaOH), B (NaBHa4), C (sodium citrate), and D (UV only) reduced

nanofibers.As described in Figure 2—1
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Figure 2—1: Schematic representation of silver nanoparticle doping onto the surface of
the MoO3s/PAN nanofiber membrane treated with different reducing agents (A) NaOH,

(B) NaBHjs, (C) and sodium citrate and (D) under UV and the silver release profile.

2.3 Results and discussions
The Ag-MoO3/PAN nanofiber membranes with different reducing agents are
demonstrated in Figure 2—2. The synthesis of Ag-MoO3/PAN NFMs followed

previous reports with details in the experimental section of supplementary material. The
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crystallite structure of MoO3s/PAN was analyzed by X-ray diffraction (XRD). As shown
in Figure 2—2, all the characteristic peaks observed at 12.76°, 23.32°, 25.70°, 27.33°
and 29.69° 34.36° 38.97° 46.28° 49.23°correspond to (020), (110), (040), (021), (130)
(140), (060), (210), (002) respectively, that are planes of monoclinic MoO3 (JCPDS No.
000-05-0508). Furthermore, no peaks were observed confirming no other impurities and
good crystallinity of MoOs in PAN nanofiber. Typically PAN peak was observed near 17.
50°.The molybdenum oxide content is 0.1% w.rt 10% PAN in the NFMs with

amorphous structure.
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Figure 2—2:XRD pattern of MoO3z/PAN and their reference JCPDS number.

2.4 X-ray Diffraction

The as-prepared MoO3z/PAN nanofiber membranes (NFMs) were subjected to reduction
by immersion in a 0.1 M AgNO3 solution using various reducing agents (i.e : NaOH,
NaBHs4, sodium citrate, and UV light). The X-ray diffraction (XRD) pattern with
different reducing agents of Ag-MoO3z/PAN NFMs displayed in Figure 2—3, along with

the mapping images presented in Figure 2—4, simultaneously validate the presence of
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AgNPs loaded onto the surface of the reduced NFMs. The growth of silver
nanoparticles (AgNPs) on the surface of the NFMs was observed, as evidenced by the
transmission electron microscopy (TEM) and field emission scanning electron
microscopy (FE-SEM) images provided in Figure 2—4.

2.4.1 Sodium hydroxide (NaOH).

The X-ray diffraction (XRD) pattern of the Ag-MoOs/PAN nanofiber film is presented
in Figure 2—3A. The XRD analysis reveals the crystalline nature of the synthesized
silver nanoparticles (AgNPs), as evidenced by the presence of distinct peaks at 26.67°,
32.81°, 38.01°, 54.95°, 65.5°, and 68.8°. These peaks correspond to the crystallographic
planes of silver oxide Ag-O (JCPDS No0.000-041-1104), specifically the 110, 111, 200,
220, 311, and 222 planes, respectively.

2.4.2 Sodium borohydride (NaBHa).

The XRD analysis of Figure 2—3B reveals the crystalline nature of the synthesized
silver nanoparticles (AgNPs), as evidenced by the presence of distinct peaks at 38.78°,
44.13°, 64.67°, and 78.29°. These peaks correspond to the crystallographic planes of the
silver nanoparticles, specifically the 111, 200, 220, and 311 planes, respectively. These
findings agree with the silver nanoparticles identified in the (JCPDS No0.000-003-0931)
2.4.3 Sodium citrate.

The X-ray diffraction (XRD) pattern presented in Figure 2—3C demonstrates that
sodium citrate exhibits a relatively weak reducing effect compared to NaOH and NaBHa,
resulting in less significant alteration of the MoOs crystal structure in the Ag-
MoO3/PAN nanofiber. The XRD analysis reveals weak crystalline peaks between 25.0°
and 29.7°, indicating the presence of molybdenum oxide. Additionally, a strong peak is

observed near 30.0° and 35.1°, corresponding to the silver nanoparticles with
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crystallographic planes 200, 140, and 220, respectively. The overall XRD patterns
suggest the formation of silver molybdenum oxide, specifically Ag>(Mo0207) (JCPDS
No0.000-003-0931).

2.4.4 Ultraviolet (UV) reduction.

UV reduction has minimal impact on the crystal structure of PAN, as evidenced by the
persistent strong peak near 17.50°, which corresponds to the PAN peak. In contrast, the
XRD patterns obtained with other reducing agents exhibit relatively weak peaks. The
XRD analysis of the synthesized MoOz component displays peaks at 27.04°, 31.82°,
33.28°, 38.62°, 50.88°, and 55.76°, corresponding to the crystallographic planes 311,
222, 400, 511, and 440, respectively. These findings indicate the formation of silver

molybdenum oxide, specifically Ag2MoO4 (JCPDS No0.01-083-9163), demonstrate in

Figure 2—3D.
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Figure 2—3: XRD pattern of Ag-MoOs/PAN nanofiber membrane with different

reducing agents A) NaOH, B) NaBH4, C) sodium citrate, and D) UV only.
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2.5 Compositional analysis:

Figure 2—4 illustrates the impact of reducing agents in depositing silver
nanoparticles onto as-synthesized MoOs/PAN nanofibers. The images captured through
transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
provide valuable insights, along with corresponding elemental distribution mappings,
into the resulting Ag-MoO3s/PAN nanofiber membranes. Samples reduced using NaBH4
(B) and sodium citrate (C) show a uniform distribution of silver nanoparticles, clearly
demonstrating their even dispersion on nanofiber. Conversely, samples reduced with
NaOH (A) exhibit agglomeration of silver nanoparticles, and only a minimal number of

nanoparticles were deposited on the surface and under UV (D) irradiation.
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Figure 2—4: TEM, SEM, and elemental mapping of Ag-MoOs/PAN nanofiber

membrane with different treatment A) NaOH, B) NaBH4, C) sodium citrate, D) UV

2.6 Fourier transform infrared (FT-IR) analysis.
FTIR measurements were performed to analyze the functional groups responsible
for the reduction of Ag*™ and capping/stabilization of silver nanoparticles. By comparing

the observed intense bands with standard values, the presence of specific functional
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groups was identified. The FTIR spectrum exhibited absorption bands at various
wavenumbers, including 3629, 2940, 2323, 2319, 2243, 1542, 1453, 1361, 1258, 801,
774, and 420 cm™, indicating the involvement of a capping agent in the nanoparticles'
formation Figure 2—5. Furthermore, peaks at 1656 cm™ and 2242 cm™ indicated the
presence of the cyano group (C=N) present in PAN. This suggested that the possibility
of coordination bonds forming between PAN and silver was negligible. The peaks at
1451 and 2920 cm-1 represented the bending and stretching vibrations of the C—H>
functional group in PAN, respectively. The peak at 1745 cm™* was attributed to C=0,
resulting from PAN oxidation in air. Additionally, the peaks at 536 cm™ and 1745 cm™
were assigned to C =0 bending and C = O stretching, respectively. Moreover, the peaks
at 1250 cm™* and 1357 cm™ were related to CH group vibrations of CH and CHz,
respectively. Regarding molybdenum, as it is significantly heavier than oxygen, the
system's vibrations mainly involved the oxygen atoms. The characteristic peaks of
MoOs nanoparticles were observed predominantly in the range of 1000 to 400 cm™
range. Notably, the peak at 801 cm™ was attributed to the alternate bond length of MoOs,
while the peak at 549 cm™ was related to the complexation of an oxygen atom with

three different molybdenum atoms.
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Figure 2—5: IR spectra of Ag-MoO3z/PAN nanofiber membrane with different reducing

agent treatments(A) NaOH, (B) NaBHj4, (C) sodium citrate under UV, and (D) UV only.

2.7 X-ray photoelectron spectroscopy (XPS) analysis

The XPS study provided valuable information to determine the percentage composition
of Ag, O, N, and S elements in nanofiber AgNPs. Utilizing the XPS data, we calculated
the surface composition (Ci) and the percentages of Ag-O, Ag-N, and Mo-O using the
following equation (1). The XPS spectrum of sample B with NaBH4 reducing agent
exhibits one characteristic doublet of hexavalent molybdenum at 230.0 and 234.1 eV,
which correspond to Mo 3d3/2 and Mo 3d5/2 orbitals, respectively. The intensity of the
Mo 3d 5/2 of sample B is lower possibly due to the strong reducing agent, and poor
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electrical conductivity of the physical mixture of oxide powder into the PAN nanofiber.
In all samples the strong peak of Ag 3d shows the existence of silver on MoO3z/PAN

nanofiber. The wide scan XPS spectrum and relatively strong peak were shown in

Figure 2—6
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Figure 2—6: (a) The wide-scan XPS spectrum of A) NaOH, B) NaBH4, C) sodium
citrate, and D) UV only treated Ag-MoO3z/PAN nanofiber membrane.(b) XPS spectra of
sample A) NaOH, B)NaBH4, C) sodium citrate treated Ag-MoO3z/PAN nanofiber
membrane of Ag-3d and sample (C) of Mo-3d,black dotted lines were observed and area

under the line were gauss fitting.

2.8 Thermogravimetric analysis (TGA)

TGA was then performed on the material to find the weight percent of each material.
The TGA analysis curve with sample-A NaOH treated (21.41% of the polymer),
sample-B NaBH;, treated (54.89% of the polymer), sample C- Sodium citrate (48.01%
of the polymer) and sample- C with UV only (80% of the polymer) were shows weight
loss peak at different temperatures of combustion or evaporation (Figure 2—7 A-D).
Some unusual shapes of the curve are due to the cooling that followed the reactive
overheating. Silver doped MoOs/PAN degradation was observed at around 325°C in all
samples. The sample A treated with NaOH is seen to be more thermally stable than
other reducing agents. NaBH, treated sample the degradation occurs in 4 steps. The
highest weight loss in UV treated samples only as compared to other reducing agents,
may be due to the absence of any other materials. TGA analysis of 10% PAN and 10%

PAN/MoOs were represented in Figure 2—7 E-F.
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Figure 2—7: TGA analysis of Ag-MoOs/PAN nanofiber membranes treated with

different reducing agents A) NaOH, B) NaBHs4, C) sodium citrate, and D) UV only

where E) 10%PAN,and F) MoOs/PAN.

2.9 Water contact angle.

The water contact angle variations observed on Ag-MoOs/PAN nanofiber shows in
Figure 2—38, surfaces under different treatments provide valuable insights into how

these surface modifications affect the wettability and hydrophilicity of the nanofibers,
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consequently influencing their interaction with bodily fluids, such as wound exudate.
Treatment with NaOH reducing agent resulted in a higher contact angle (105°),
indicating reduced surface wetting. This hydrophobic surface property can be
advantageous for wound dressing applications as it helps repel water, preventing
excessive moisture buildup and potentially enhancing wound healing by reducing the
risk of infection or maceration®. On the other hand, treatment with NaBH. resulted in a
lower contact angle (56°), indicating increased surface wetting and enhanced wettability.
This hydrophilic characteristic facilitates the absorption of wound exudate, promoting a
moist wound healing environment. Improved hydrophilicity also aids in better fluid
distribution and contact with the wound bed, potentially facilitating the delivery of
therapeutic agents and creating a suitable environment for tissue regeneration processes®.
Treatment with sodium citrate exhibited a similar effect to NaBHa, further enhancing
wettability (60° contact angle). Additionally, exposure to UV light resulted in a slightly
lower contact angle (53°), suggesting a minor increase in surface wetting. This
improved wettability can promote better fluid absorption in wound dressings and
contribute to wound healing®. Moreover, UV light exposure has the added advantage of
potential antimicrobial effects, reducing the risk of infection®"-%. Overall, these varying
contact angles highlight the ability of surface modifications to tailor the wettability and
hydrophilicity of Ag-MoO3s/PAN nanofibers to meet specific requirements for wound

dressing applications.
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Figure 2—8: Water contact angle of Ag-MoOs/PAN membrane under different reducing
agents’ treatment, A) NaOH, B) NaBHa, C) sodium citrate, and D) UV

2.10 Ag* ions release profile.

The antibacterial activity of Ag-incorporated NFMs is closely linked to the kinetic
dynamics and quantitative release of Ag*ions We conducted an assessment to measure
the releasing rates and amounts of silver (ppm) from Ag-MoOs/PAN with various
reducing agents represented in Figure 2—9 a. To determine the release behavior for all
Ag-MoO3/PAN samples, we utilized inductively coupled plasma (ICP-OES) with
standard solutions having silver concentration of 0.5, 1, 5, and 10 ppm were prepared
for making a standard calibration curve. The coefficient factor R? was found to be 0.999
shown in Figure 2—9b. The procedure for measuring the release profile was followed
by previous report®. The silver release profiles provide insights into the sustained release
of silver ions from Ag-MoOs/PAN nanofibers over time. Silver ions are known for their
antimicrobial properties. The release of silver ions from the nanofibers is influenced by

the different treatments: NaOH treatment: The silver release steadily increased from
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Day 0 (2 ppm) to Day 7 (144.82 ppm), indicating continuous release of silver ions.
NaBHjs treatment: The silver release also increased gradually from Day 0 (1.2 ppm) to
Day 7 (9.1 ppm), indicating sustained release of silver ions. Sodium citrate treatment:
The silver release exhibited a more significant increase, reaching 239.36 ppm by Day 7,
suggesting a higher rate of silver ion release. This higher rate could be pH of the
solution alter, and the chelating effect of sodium citrate that enhance their solubility and
facilitating their release of silver ions from nanofiber®®. UV exposure: The silver release
showed a similar increasing trend, with the highest release observed on Day 7 (57.89
ppm).

Additionally, we fitted the release data of Ag-MoOs/PAN samples to different
models, as described in a previous report*® The release data showed better fitting toward
Peppas and first-order models, as shown in Figure 2—9c-d, which we surmise that
more than one type of mechanism involved. Korsmeyer-Peppas model describes the
release of drug in general fitting approach.

F = kt" Q)

The drug, which is encapsulated within porous materials, can be described by the

first-order equation.

F=1—ek (2)
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Figure 2—9: Silver release behavior of Ag doped MoO3/PAN nanofiber membrane
reduced with NaOH, NaBH4, sodium citrate, and under UV light (a), standard curve (b)
and fitted curve of Ag-MoOz/PAN nanofiber membranes (c-d). The error bars

correspond to the standard deviation of three measurements.

2.11 Antibacterial.

Inhibition zones are summarized in Figure 2—10, while their corresponding agar plate
were shown. The observed inhibition zones indicate the effectiveness of Ag-MoOs/PAN
nanofibers in inhibiting the growth of both E. coli and B subtilis bacteria. The NaOH
treated NFM possibly increased the surface roughening and porosity of the composite,

which can enhance the contact between the material and bacteria*!. The alkaline nature
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might also support to the exposure of more active sites on the surface*?, which also
promoting the release of silver ions, observed in silver released behavior .With NaBH4
reducing agent might lead to the reduction of silver ions to metallic silver nanoparticles
on the composite's surface which confirmed with XRD pattern. These nanoparticles
have a large surface area, that could increase the potential for contact with bacterial
cells. These interact with bacterial cell membranes, disrupting their integrity and
causing leakage of cellular contents*:. Sodium citrate treatment can act as a stabilizing
agent, preventing the aggregation of silver nanoparticles which also promotes the
release of silver ions. Dispersed nanoparticles which were also observed in FE-SEM
offer a larger effective surface area for interactions with bacteria. In UV light treated
sample could generate reactive oxygen species (ROS) on the surface of the composite,
which have potent antibacterial effects by damaging bacterial DNA, proteins, and
lipids.***>All samples have different approach to destroy the bacteria in their vicinity
area and the results indicate the broad-spectrum antibacterial potential of Ag-
MoOs3/PAN nanofibers. These samples displaying considerable inhibition zones

confirmed from previous report394¢,
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2.12 Mechanical properties.

When applying wound dressings, it is essential to prioritize both strength and flexibility.
The study examined the mechanical strength of two types of nanofibers: blank PAN and
MoO3/PAN (as seen in Figure 2—11). The results revealed that blank PAN nanofibers
displayed the highest tensile strength at 6.4 MPa with 44% elongation, while

MoOs/PAN nanofibers had a tensile strength of 1.7 MPa and 44% elongation, showing
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approximately 73% lower strength compared to blank PAN nanofibers. Materials with
lower stress values tend to exhibit improved elasticity and reduced rigidity, allowing

them to better adapt to the contours of the wound and surrounding skin®’.
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Figure 2—11: Stress-strain curves of the polyacrylonitrile and MoO3z/PAN nanofiber

membrane.
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2.13 Conclusion:

In summary, we synthesized a polyacrylonitrile nanofiber with incorporation of
molybdenum oxide nanoparticles. As synthesized MoO3/PAN NFMs were treated with
four different reducing agents (NaOH, NaBH4, sodium citrate, and UV light) provide
valuable insights into their potential applications in wound dressing. The water contact
angle increases about 49% in NaOH treated sample as compared with other reducing
agents, which are almost same values. This led to a less wettable surface, potentially
beneficial for creating a hydrophobic barrier that repels water and prevents excessive
moisture buildup. While the NaBH4, sodium citrate, and UV treated samples are more
wettable surfaces, promoting better fluid absorption and contact with the wound bed.
The antibacterial inhibition zone results highlight the antimicrobial properties of the
nanofibers. All samples demonstrate significant inhibition zones against both E. coli and
B. subtilis, indicating strong antibacterial activity. One of the intriguing observations is
that the UV-treated samples exhibited a significantly lower number of silver
nanoparticles attached to the surface but demonstrate 1.5% higher inhibition zones
compared to the other samples.

The silver release profiles demonstrate sustained release of silver ions from the
nanofibers over time. Among the treatments, sodium citrate exhibited the highest silver
release, reaching 239.3 ppm over a period of 7 days. In contrast, the lowest silver
release was observed in the NaBH4 treated samples, which were approximately 96%
lower in 7 days compared to the silver release from sodium citrate-treated samples.
Comparing the four reducing agents, NaOH treated sample stands out with significant
antibacterial activity and a hydrophobic surface. NaBH4 treatment shows moderate

antibacterial activity and enhanced wettability. Sodium citrate processed sample exhibits
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mild antibacterial activity and enhanced wettability with a higher rate of silver ion
release. UV light treatment of the sample offers strong antimicrobial activity and
sustained silver ion release. Remarkably, both polyacrylonitrile and MoO3/PAN
composites exhibited an identical strain value of 45% when subjected to stress.
However, MoOs/PAN displayed a substantially lower stress value, being 73% less than
that of the blank PAN nanofiber. The choice of the best treatment for wound dressing
depends on specific wound characteristics and individual patient needs. Nanofiber
treated with NaOH might be suitable for wounds requiring a drier healing environment.
While NaBH4 treatment can benefit wounds with moderate exudate levels, requiring
better fluid absorption. In Sodium citrate treated sample may be suitable for wounds
with minimal exudate levels, requiring a balance between moisture retention and fluid
absorption. UV light exposure nanofiber can be considered for wounds prone to

infection.
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CHAPTER 3. Enhancement of antibacterial
properties and control silver release behavior by hybrid MoOs/PAN

composite membrane with rapid silver reduction.
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3.1 Introduction

The main purpose of wound dressing is to create a healing environment for wounds
while protecting them from damage and the invasion of harmful microorganisms.
Whether it's a sutured wound resulting from surgery or trauma or an open wound
preventing infections is a concern in wound care worldwide'?. However, addressing
infection control has become an issue due to the increasing number of microorganisms.
Many bacteria have developed resistance to antibiotics, which focuses on the need to
explore new materials for treating harmful microorganisms®>. Reduction in the
production of new antibiotics material or reduce their usage, it's estimated that bacterial
infections could cause around 10 million deaths by 2050°. Therefore, we must find new
approaches to combat bacteria beyond relying on antibiotics. To tackle this challenge of
preventing infections of microorganisms there has been active research in alternative
antibacterial technologies that could replace conventional remedial treatment”®. Unlike
antiseptic drugs that attack sites within the cells, metal-containing nanomaterials
possess inherent passive antibacterial mechanisms that make them less prone to
resistance. These mechanisms involve direct interactions with microorganisms, the
release of metal ions that generate reactive oxygen species (ROS), and the indirect
enhancement of ROS production that helps to combat bacteria”®t. Moreover, these
nanomaterials possess properties that can be easily modified and tailored according to
needs making them more flexible compared to antibiotics. Despite the advantages of
using metal-based nanomaterials for their passive anti-bacterial properties, they can still
have some drawbacks. For instance, uncontrolled and sustained release of metal ions
can lead to the development of excessive ROS, which can cause various diseases.

Moreover, the rapid deterioration of these materials can decrease their effectiveness
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over time!#14,

To address this challenge, hybrid nanomaterials are being employed, which combine
various nanomaterials to enhance antibacterial efficacy and mitigate the risk of
resistance development®®. By creating hybrid composites, it becomes possible to
maximize the advantages while minimizing the drawbacks associated with individual
types of nanoparticles (NPs). Additionally, the "combinatorial” approach allows for an
extended duration of effective antibacterial action, significantly reducing bacterial
resistance development!®®. Among the diverse array of nanomaterials available,
organic polymerized nanomaterials offer the advantage of pH-responsive antimicrobial
properties and the ability to mimic the actions of antimicrobial peptides to combat
bacterial”8, Inorganic metals’ such as gold'®?° (Au), silver?>?? (Ag), and copper??*
(Cu), as well as transition metal dichalcogenides®® (TMDs), metal oxides®®, carbon-
based nanomaterials?’, polymers, and their nanocomposites have all been prominently
utilized in the antibacterial research field?®, These materials operate through distinct
antibacterial mechanisms compared to conventional antibiotics and carry a reduced risk
of fostering bacterial resistance. Consequently, the utilization of nanomaterials holds
significant promise as an alternative to antibiotics for combating drug-resistant bacteria.

In various inorganic materials, molybdenum (Mo) based nanomaterials have gained
significant attention in the antibacterial research field due to their distinctive
physicochemical properties?®®3°. Mo also serves as an essential trace element for
microorganisms, plants, and animals®. Furthermore, within organisms, Mo functions as
a cofactor for numerous enzymes (such as aldehyde, xanthine, and sulphite oxidase),
participating in metabolic processes and facilitating various physiological functions,

including protein synthesis®-32, One highly promising antibacterial nanomaterial is
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molybdenum trioxide (MoQ3)®. Its antimicrobial mechanism in the presence of water
involves a dissolving process, resulting in an acidic reaction and the formation of
hydronium (HsO*) and molybdate (Mo02™) ions. The infiltration of hydronium (HzO")
ion through the bacterial cell wall disrupts the pH balance, enzyme activity, and
transport systems within the cell. This acidic, low-pH environment induced by MoO3
nanoparticles has been reported as an effective antimicrobial agent against susceptible
and resistant strains of bacteria®®. The penetration of hydroxonium ions through cell
membranes hindered cell proliferation, affecting enzymes and transport systems,
thereby slowing down the growth of bacteria and fungi®®.

In addition to its antibacterial properties, MoOs.x can also be combined with other
materials to synthesize functionalized nanocomposites, which can generate synergistic
antibacterial effects®. Silver ions Ag*" have long been recognized as effective
antimicrobial agents with low toxicity to humans and extensively studied in various in
vitro and in vivo applications®’. Silver molybdates have been explored in fields such as
lubrication®, humidity®, gas sensors®, photoelectronic devices®, and surface-enhanced
Raman scattering techniques®. While the release of Ag* in wound dressings is a
common practice with several benefits in wound care, it's crucial to control the release
to prevent potential harm from excessive Ag* release!?4°.

In addressing the issue of excessive silver ion release and its potential
environmental impact, the molybdenum-PAN (MoO3s/PAN) membrane can serve as a
key element to absorb and sequester these silver ions, preventing their release into the
environment*!. Additionally, it can create a moderate moist wound-healing environment
while effectively controlling the release of silver ions to achieve antibacterial effects*.

Previous research conducted by our team has confirmed the efficacy of molybdenum
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trioxide nanoparticles (NPs) embedded in polyacrylonitrile (PAN) in promoting wound
healing and controlling the release of silver ions for antibacterial purposes*:. Notably,
these NPs have exhibited highly promising antimicrobial properties against both B.
subtilis and E. coli.

In this current study, we introduce a novel hybrid composite named the MoO3/PAN
membrane, which doped silver nanoparticles through a green fast synthesis approach
mediated by UV light. To assess the antibacterial efficacy of this nanocomposite, we
employed representative bacterial models, including Escherichia coli and Bacillus
subtilis. That revealed a correlation between the silver content of the nanocomposites
and their antibacterial effectiveness. Furthermore, we assessed controlled silver ion
release, a crucial aspect of this research. These findings illustrate an outstanding
advancement in the field of antibacterial materials and hold the potential to
revolutionize wound dressings. A graphical representation of this study is shown in

Figure 3—1.
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Figure 3—1: Graphical representation of silver nanoparticles doped on the surface of
MoOs3/PAN composite membrane with silver release profile, and schematic illustration

of bacterial death with silver ions.

3.2 Membrane fabrication

For the synthesis of the MoOzs-Polyacrylonitrile (PAN) composite membrane, a typical
procedure was employed. Illustration was shown in Figure 3—2. Initially, a solution
was prepared by dissolving 10% PAN in 10 cm?® of dimethylformamide (DMF),
resulting in a transparent solution. Subsequently, 60% molybdenum pentachloride
(MoCls) relative to the polymer content was introduced into the 10% polymer solution
with vigorous stirring. The reaction took place under ambient conditions, where the
presence of atmospheric oxygen and residual water in DMF facilitated the oxidation and
hydration of MoCls precursors. During the initial 3 minutes of the reaction, the
generation of white smoke, primarily composed of hydrogen chloride (HCI) gas, was
observed continuously. Within 5 minutes, the solution underwent a transition from being
colorless to exhibiting a jacinth hue, and eventually transformed into a blue coloration.
This change in color was attributed to the formation of numerous small clusters of
MoOs. Once the dispersion process was complete, the solution was loaded into a 10 mL
plastic syringe equipped with a needle having a diameter of 0.7 mm. The syringe pump
was operated at a flow rate of 0.8 mL h™%, with the collector positioned at 18.0 cm from
the needle. An applied voltage of 20 kVV was maintained throughout the process. The
humidity was controlled at 40 + 5%. The electrospun fibrous membranes initially
appeared yellow in color. Subsequently, these membranes were carefully detached from
the substrate and subjected to vacuum drying at 80 °C for a duration of 24 hours. This
drying process served the dual purpose of removing DMF and enabling the formation of
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a stable MoOs/PAN membrane. Notably, this membrane underwent a color transition
from yellow to blue during the drying process. The resultant, blue-colored nanofiber
membranes were then ready for subsequent characterization and analysis. The photo-
reduced, blue-colored membrane was submerged in a 0.1 M silver nitrate (AgNO3)
solution under UV light, leading to the spontaneous reduction and deposition of silver
nanoparticles (AgNPs) onto the membrane. The rapid change in color, occurring within
a minute as shown in the video W1, from blue to black served as confirmation of the

successful deposition of AgNPs onto the membrane.
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Figure 3—2: Graphical illustration of MoO3z/PAN membrane synthesis and

Ag@MoOs/PAN membrane fabrication.

3.3 Results and Discussion

The synthesis of the MoO3s/PAN composite membrane followed previous reports*
on the WO3/PAN membrane with slight modifications, as detailed in the experimental
section of the supplementary material. The incorporation of silver into the MoO3/PAN
composite membrane was synthesized through a rapid within one-minute green
synthesis method under UV light. The crystalline structures of both the MoOs/PAN

composite membrane, as shown in Figure 3—3a, and the Ag@MoO3/PAN membrane,
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displayed in Figure 3—3b, were analyzed using X-ray diffraction (XRD). In the MoO3-
PAN composite membrane, prominent peaks were observed at 9.6°, 16.69°, 19.30°,
25.65°, 29.25°, and 35.31°, corresponding to the (100), (110), (200), (210), (111), and
(211) planes respectively. These findings align with the JCPDS reference number
(JCPDS No. 00-065-0033) and confirm the molybdenum oxide membrane. After the
introduction of silver nitrate (AgNO3) into the MoO3z/PAN composite membrane under
UV light, XRD analysis confirmed the conversion of ions into metallic silver. Strong
corresponding peaks were observed at 27.21°, 32.03°, 33.49°, 38.87°, 48.09°, 51.22°,
and 56.14°, corresponding to the (220), (311), (222), (400), (422), (511), and (440)
planes of silver molybdenum oxide (Ag2MoOs). These peaks matched the JCPDS
reference number (JCPDS No. 01-075-0250). Importantly, no additional peaks were
observed, confirming the absence of other impurities, and attesting to the excellent
crystalline quality of the Ag@MoOs-PAN composite membrane. A typical

polyacrylonitrile PAN peak was observed near 17.50° degree®.
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Figure 3—3: XRD diffraction patterns, with (a) representing the MoO3s/PAN composite

membrane and (b) corresponding to the Ag@MoOs/PAN membrane after silver doping.
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The morphology of the MoOs/PAN nanofiber composite was characterized using
scanning electron microscopy (SEM), as depicted in Figure 3—4a, while Figure 3—4b
illustrates the SEM analysis of the silver-deposited Ag@MoO3/PAN membrane. SEM
provides valuable insights into the membrane structure and their corresponding
elemental distribution mappings. In the case of the MoOs/PAN composite, the
distribution of Mo and O elements appeared consistent and evenly dispersed, indicating
a uniform mixture of the inorganic MoOs and organic components, resulting in a
homogeneous phase. No other impurities were observed. Additionally, in the silver-
deposited composite membrane, Ag was well-distributed across the membrane, as
evidenced by the TEM image and elemental distribution, which revealed the presence of
Mo, O, and Ag elements within the nanofibers. Furthermore, Figure 3—4 includes their

Energy Dispersive X-ray Spectroscopy (EDS) spectra.
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Figure 3—4: (a) SEM images of MoO3s/PAN and (b) SEM images of Ag@MoO3/PAN
nanofiber membrane, and their corresponding elemental mapping images of Mo, O, C,

and Ag elements, and EDS spectrum and TEM images respectively.

3.4 XPS analysis

XSP was conducted to examine the surface elemental composition and chemical states
of both the MoO3z/PAN membrane and the silver-doped composite membrane. The
wideband spectra of both membranes, along with their corresponding Mo 3d and Ag 3d
spectra, are depicted in Figure 3—5a-b. In the Mo 3d spectra of the membranes, it was
observed that the Mo 3d doublet could be effectively fitted using a Gaussian function.

The primary contributing peaks at 230.0 and 233.1 eV corresponded to the characteristic
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values of the Mo®" 3d doublet, and no minor peaks were detected. Figure 3—5c-d
represent the Ag@MoOs/PAN composite membrane, and their corresponding Mo 3d
and Ag 3d spectra, respectively. The introduction of silver nanoparticles did not result in
any noticeable shifts in the Mo spectrum, indicating that the presence of silver did not
affect the transition state of molybdenum**“, In the Ag 3d spectra, the major
contributor peaks at 365.8 and 371.9 eV exhibited slight shifts in binding energy toward
lower values. This shift was attributed to the reduction of silver ions to metallic silver
(Ag®). The dominant peaks confirmed the presence of metallic silver, while no minor
peaks were observed, implying the complete reduction of silver ions to the metallic
state’? (Ag®). A prominent oxygen peak, around 532 eV, was evident in both
membranes, substantiating the formation of MoO3z and AgMoOQO4. Additionally, the N 1s
spectrum was observed in the range of 397-399 eV, corresponding to the binding
energies of Mo 3p and Mo-N, as well as amine N bonds. These results indicated that
molybdenum was not only physically adsorbed but also chemically bonded with
polyacrylonitrile (PAN), forming Mo-N bonds. Consequently, a coexistence of

amorphous and crystalline structures was established*’.
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Figure 3—5: (a) Wide XPS spectrum of MoOs/PAN and silver-doped membrane, High-
resolution deconvoluted XPS spectrum for (b) Mo 3d for MoO3z/PAN membrane, (c) Mo

3d for Ag@Mo0O3/PAN membrane and (d) Ag 3d for Ag@MoO3z/PAN membrane.

3.5 FT-IR spectra

FTIR were conducted in the range of 400-4000 cm™ to identify various functional
groups, as illustrated in Figure 3—6. The presence of the nitrile group (C=N) in PAN is
indicated by the peaks at 2242 cm™, while the bending and stretching vibrations of the
C-H2 functional group in PAN are represented by peaks at 1451 and 2918 cm¥,
respectively. Additionally, a weak ether peak (C-O-C) is observed at 1063 and 1249 cm’

!, Notably, the MoOs peak primarily appears below 1000 cm™. Peaks at 862 cm™
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correspond to the bending vibrational modes of Mo-O-Mo, while the peak at 562 cm™ is
attributed to the stretching mode vibration of the Mo-O-Mo entity*’. Small peak shifts
are observed, potentially arising from the composite nature of the MoO3z/PAN
membrane. Upon the introduction of Ag into the MoO3/PAN membrane, significant
changes occur, including the appearance of two new peaks at 1356 and 1619 cm™,
accompanied by the disappearance of the Mo bending peak*’. These changes suggest

potential bonding interactions between molybdenum and silver®,
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Figure 3—6: IR spectra of pristine MoOs/PAN membrane and silver doped

Ag@MoOs/PAN membrane.

3.6 Thermal gravimetric analysis (TGA)

TGA of the molybdenum nanocomposite was shown in Figure 3—7a, revealing
distinct two-step weight loss events in the as-prepared membrane. The initial small
weight loss was due to the moisture evaporation. The initial weight loss occurring
before 450°C is attributed to the decomposition of the PAN component, while the
subsequent stages, ranging from 450 to 550°C, correspond to the dehydration and
transformation of amorphous MoOs into a crystalline state®. Upon the introduction of
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silver nanoparticles into the composite, as shown in Figure 3—7b, the Tg shifts towards
500°C. This shift in T¢ towards a higher temperature range is attributed to increased

lateral forces within the bulk state, which might be due to the restricted steric effect*°.
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Figure 3—7: Thermogravimetric analysis of pure (a) MoO3s/PAN composite and (b)

silver-doped composite membrane with their corresponding DSC curves respectively.

3.7 The BET analysis

BET of the as-prepared membrane was conducted using N2 adsorption and
desorption kinetics®®. Figure 3—8a presents the BET surface area data. The surface area
for MoO3 measures approximately 13.25 m?/g. Notably, upon the incorporation of silver
nanoparticles into the membrane, the surface area increased by 23.89% as compared to
the pristine MoOs/PAN membrane. This enhancement of the area can be attributed to
the enlargement of nanofiber diameter, as verified by SEM images larger nanofibers
provide a greater surface area. There could be a chemical interaction of silver
nanoparticles on the surface of the membrane, such as the adsorption of gas molecules
onto the silver nanoparticles themselves®!. The linear plot fit coefficient factor R? for the
isotherm analysis was determined to be 0.991, indicating a good fit with the values

displayed in Figure 3—38b.
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Figure 3—8: (a) BET surface area of both the MoO3z and silver dopped membrane, (b)

isotherm linear plot fit.

3.8 The DPPH antioxidant assay

Antioxidant for the prepared nanofiber membrane was conducted using the 2,2-
diphenyl-1-picrylhydrazyl radical (DPPH) free radical scavenging method. To assess the
antioxidant activity of the produced fibers, a 30 mg sample of the fiber was combined
with 100 pl of DPPH solution in ethanol and 80 pl of assay buffer. This mixture was
then incubated for various time intervals: specifically, 0.5 hours, 1 hour, 2 hours, 3
hours, 4 hours, 5 hours, 6 hours, and 7 hours. After each specified incubation period, the
absorbance at 517 nm was measured using a UV-vis spectrophotometer (Lambda 900,
PerkinElmer, USA). The DPPH free radical scavenging activity was calculated as a

percentage using Equation 1%2.

Scavenging activity (%) = ACA_CAS x 100 (1)

Where As (sample) and Ac (control) are the absorption of DPPH with and without
nanofiber membranes.

Figure 3—9 presents the assessment of the antioxidant activity of the prepared
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MoOs/PAN nanofiber membranes, utilizing ethanol as the solvent for the DPPH
scavenging assay. MoOs, as a composite material, is recognized for its antioxidant
properties®™>3, yielding an initial activity of approximately 62% after a 30-minute
evaluation. Interestingly, after 7 hours, this percentage only increased by 2% compared
to the initial 30-minute measurement. Conversely, the silver doped MoOz composite
membrane initially exhibited relatively low antioxidant activity, measuring
approximately 15%. This reduction in activity could potentially be attributed to the
presence of silver metal incorporated into the MoOs composite material®*. Indeed, it
seemed that the presence of silver applied an inhibitory effect on the antioxidant activity
of MoOz/PAN, possibly involving chemical interactions with the MoO3z/PAN
components. Over time, the scavenging activity increased by approximately 30%, which
may be associated with the gradual release of silver ions and potential oxidation of the

DPPH molecules themselves®,
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Figure 3—9: DPPH free radical scavenging activity of MoOs/PAN composite

membrane and silver doped composite membrane.

72



3.9 Antimicrobial assessments

Antibacterial were conducted using a method explained in our previous research®,
To evaluate the antimicrobial properties of the produced fibers, we employed the agar
disc diffusion assay following the standard test method (AATCC 147-1998).
Specifically, bacterial strains, Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis),
were utilized for the experiment. In this assay, we applied 25 pl of a 10~ dilution of the
bacterial strains onto sterile agar plates. Subsequently, two fiber samples were cut into
10 mm round shapes and gently positioned on the agar surface. Gentle pressure was
applied to ensure close contact between the fibers and the agar. The plates were then
incubated at 37°C for 20 hours. Figure 3—10a-c visually demonstrates the antibacterial
activity of the MoO3z/PAN nanofiber membranes, as evidenced by the presence of
inhibition zones on the corresponding agar plates. These inhibition zones serve as
indicators of the membrane's efficacy in impeding the growth of both Escherichia coli
and Bacillus subtilis bacteria. The mechanism underlying bacterial death is attributed to
hydroxonium ions. Initially, molybdenum trioxide (MoQs) reacts with water to form
molybdic acid (H2MoOs4). Upon contact with water, molybdic acid releases
hydroxonium ions (HsO*). These hydroxonium ions interact with the bacterial cell
membrane, causing DNA damage, inhibiting the synthesis of new proteins, and
ultimately resulting in cell destruction, as schematically demonstrated in Figure 3—10d.
At equilibrium, hydroxonium ions are transformed back into molybdic acid®’.

The introduction of silver, referred to as "silver doping,” further enhances the
inhibition of bacterial viability, especially in the case of Escherichia coli. Ag* ions are
released from the Ag@MoO3/PAN membrane and interact with the cell membranes of

both E. coli and B. subtilis, leading to the disruption of these bacterial cell membranes.
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AgNPs exhibit antibacterial effects by binding to bacterial surfaces and subsequently
penetrating the bacteria to modulate their activities by dephosphorylating tyrosine
residues'®®8, It is widely accepted that protein dephosphorylation can inhibit enzyme
activity. When the activity of enzymes related to bacterial growth is inhibited, the
behavior of the bacteria is disrupted or altered®®. Concurrently, this interaction damages
DNA and ribosomes, resulting in cell death, as illustrated in Figure 3—10e. This effect
is particularly pronounced in the case of E. coli, where the inhibition zone is larger for
the Ag@MoO3/PAN composite nanofiber membrane compared to the MoO3z/PAN

composite nanofiber membrane.
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Figure 3—10: (a) B. subtilis Agar plates of antibacterial performance by inhibition zone

74



diameter (b) E. Coli agar plate (c) inhibition zone diameter of as prepared nanofiber
membranes (d) schematic illustration of bacteria-killing behaviors of Ag@MoO3z/PAN
and (e) schematic illustration of bacteria-killing behaviors by MoO3s/PAN composite

nanofiber membrane.

3.10 Water contact angle (WCA)

WCA shows in Figure 3—11, with the MoOs/PAN composite nanofiber membrane
exhibiting contact angles of approximately 77°. These angles indicate the hydrophilic
nature of the material, facilitating enhanced absorption of wound exudate®. This
property helps maintain a moist wound environment, preventing the formation of a dry
scab. Upon the introduction of silver into the MoO3/PAN composite, the water contact
angle decreases by 9%. This reduction can likely be attributed to the higher surface area
of the membrane, as confirmed by our BET surface area measurements. Consequently,
the Ag@MoOs/PAN nanofiber membrane exhibits improved wettability, enhancing its

ability to interact with liquids.
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Figure 3—11: Water contact angle of as prepared MoO3s/PAN composite membrane and

75



silver dopped Ag@MoOs/PAN membrane.

3.11 The release profile of Ag* ions

Release play a crucial role in determining the antibacterial activity of Ag-
incorporated nanofiber membranes (NFMs)*2, We conducted an evaluation to quantify
the release rates and amounts of silver (in ppm) from Ag-MoOs/PAN membranes, as
illustrated in Figure 3—12a. To assess the release behavior across Ag-MoOs/PAN
samples, we employed inductively coupled plasma optical emission spectroscopy (ICP-
OES) and prepared standard solutions with silver concentrations of 0.5, 1, 5, 10, and 20
ppm to establish a calibration curve. The coefficient factor R? was determined to be
0.999, as shown in Figure 3—12b. This procedure for measuring the release profile
aligns with previous reports.

When it comes to traditional silver nanoparticles (AgNPs) and nanomaterials loaded
with AgNPs, it's not easy to control how silver ions are released. So, how effective these
materials are at Killing bacteria often depends on how much they are exposed to in each
situation. Initially having a lot of silver ions inside bacteria helps to get quickly and
effectively rid of the bacteria and hinders microorganisms from being resistant against
antibiotic materia'>“°. After the initial burst, there must be control and maintenance of
silver release are important, excessive silver will not damage the skin®. The release of
these silver ions from materials containing AgNPs usually happens slowly or rapidly
increases continuously®?. This is why it's important to find ways to initially increase the
amount of silver ions and then steadily maintain the release of ions.

The results indicate that the release of silver ions is controlled by the MoO3/PAN
composite membrane. These results show that initially, there is a rapid release of silver
ions within the first 7 hours, followed by a significant decrease in the release rate after
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one day. During the initial 7 hours, there is a continuous increase in silver ion release,
reaching a peak of 31.95 ppm. However, after the initial burst, there is a noticeable
reduction in the rate of silver ion release. At the end of the first day, the release was
10.71 ppm, which is a 33.56% reduction from the peak value. The release then remains
relatively stable with minor fluctuations over the next seven days. This reduction in
silver ion release rate after the initial burst could be attributed to the MoOs/PAN
composite membrane having functional groups that can interact with silver ions. These
interactions can lead to the binding or complexation of silver ions on the membrane
surface or within its structure®®®. This binding reduces the concentration of free silver
ions available for release. Additionally, at the start, the membrane has many available
binding sites for silver ions, but over time, these binding sites might be decreased,
resulting in reduced release*433,

Furthermore, we analyzed the release data of the Ag@MoO3/PAN composite
membrane using different models, as described in a previous report®*. The release data
showed a better fit with the Peppas and first-order models, as shown in Figure 3—12c
for hours and Figure 3—12d for days release, suggesting that multiple mechanisms
may be involved in the release process. The Korsmeyer-Peppas model is a general
approach used to describe the release of drugs and other substances®®.

F = kt" 2
The drug, which is encapsulated within porous materials, can be described by the first-
order equation®®.

F=1-—e™X (3)
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3.12 Conclusion

In summary, we have successfully synthesized a hybrid composite material
comprising molybdenum oxide and polyacrylonitrile  (MoOs/PAN) through
electrospinning. Additionally, we have developed a rapid green synthesis method that
can reduce silver ions to metallic silver on the surface of the composite material within
one minute, resulting in the formation of an Ag@MoO3/PAN membrane. Our research
has confirmed that molybdenum oxide exhibits highly effective antimicrobial activity
against both Escherichia coli and Bacillus subtilis bacteria. Furthermore, the
incorporation of silver nanoparticles into the composite material has enhanced its
antibacterial properties, particularly against Escherichia coli bacteria. Moreover, we
have increased the surface area of the molybdenum composite material by 25.89%
through the incorporation of silver nanoparticles, leading to a 9% improvement in
surface wettability. We have also addressed the issue of uncontrolled silver release by
this new composite hybrid material of MoO3/PAN, reducing the excessive release of
silver ions by 33.52% within 24 hours. This intelligent hybrid material, Ag@MoO3/PAN,
has also proven effective in combating multidrug-resistant bacterial strains. We firmly
believe that this study opens possibilities for extensive research, not only in the field of
antimicrobial activity but also in other applications, such as water filtration and the use
of MoO3s/PAN membranes as surface-enhanced Raman spectroscopy (SERS) substrates.
These applications can be further optimized by controlling the morphology of the

materials.
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CHAPTER 4. Conclusion
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In this comprehensive conclusion, we synthesize the key findings and implications from
each of the chapters in the thesis focused on wound care applications:

Chapter 1 provides an overview of the fundamental context surrounding the synthesis
of polymers through electrospinning, as well as the application of silver and Mo-based
dressings in wound treatment. The study is presented through an analysis of existing
literature data.

Chapter 2: In this chapter, the focus was on understanding how different reducing
agents (NaOH, NaBH4, sodium citrate, and UV light) could modify molybdenum
incorporated MoO3/PAN nanofiber membranes for wound care application. The
subsequent treatment of these nanofibers with different reducing agents offered a crucial
insight into their potential applications in wound dressing. Notably, the NaOH-treated
sample exhibited a hydrophobic surface, making it suitable for wounds that require a
drier healing environment, while NaBH4 treatment enhanced fluid absorption, catering
to wounds with moderate exudate levels. Furthermore, the chapter emphasized the
impressive antibacterial activity of all treated samples against both E. coli and B.
subtilis, offering diverse options for wound care depending on specific patient needs.
Chapter 3: First time our study successfully created a hybrid composite material by
combining molybdenum oxide and polyacrylonitrile (MoOs/PAN) using electrospinning.
Additionally, we devised an efficient and eco-friendly method for rapidly reducing
silver ions to form metallic silver on the composite material's surface within one minute.
Later the development of Ag@MoO3z/PAN membranes, a hybrid composite material
incorporating silver nanoparticles into molybdenum oxide/polyacrylonitrile membrane.
This material demonstrated effective antimicrobial properties against both E. coli and B.

subtilis. What makes this hybrid material stand out is its solution to the problem of
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uncontrolled silver ion release, making it safer for wound care applications by reducing
the excessive release of silver ions by 33.52% within 24 hours. Moreover, we have
increased the surface area of the molybdenum composite material by 25.89% through
the incorporation of silver nanoparticles, leading to a 9% improvement in surface

wettability.
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CHAPTER 5. Perspective
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The research presented in this thesis offers several promising perspectives for further
exploration:

Advanced Wound Care Materials: The findings from this research open doors to
the development of more advanced wound care materials. By customizing materials to
specific wound conditions and incorporating controlled release of antibacterial agents,
these materials could significantly improve the healing process for patients with a
variety of wounds.

Multidrug-Resistant Infection Control: The research's success in combating
multidrug-resistant bacterial strains is crucial. It offers hope in the fight against
increasingly resistant pathogens. Further research could explore the potential use of
these materials in various medical settings to control hospital-acquired infections.

Broader Healthcare Applications: Beyond wound care, the hybrid materials
developed could find applications in other areas of healthcare. The potential for water
filtration, medical devices, and even diagnostic tools like surface-enhanced Raman
spectroscopy (SERS) substrates presents exciting opportunities.

Eco-Friendly Synthesis Methods: The development of eco-friendly synthesis
methods, as seen in the rapid green synthesis of Ag@MoOs/PAN, aligns with the
growing need for sustainable and environmentally friendly technologies. These methods
can be applied in various fields beyond wound care.

Material Morphology Control: The study highlights the importance of material
morphology in enhancing properties like surface wettability. Future research can
explore ways to fine-tune material morphology to optimize performance in different
applications.

Interdisciplinary Research: The research bridges materials science,
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nanotechnology, and healthcare. It encourages interdisciplinary collaboration among

scientists, engineers, and healthcare professionals to further advance the field.
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