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OZET

BIYOMEDIKAL UYGULAMALAR iCIiN
KITOSAN/POLIVINILALKOL/POLIVINILPROLIDEN HIDROJELLERIN
SENTEZI VE KARAKTERIZASYONU

Batool AL-MAFRACHI
Ondokuz May1s Universitesi
Lisansiistii Egitim Enstitiisii
Nanobilim ve Nanoteknoloji Ana Bilim Dali
Yiksek Lisans, Haziran/2023
Danigman: Prof. Dr. Omer ANDAC

Bu c¢alisma, dolgu maddesi olarak kitosan, polivinil alkol (PVA),
polivinilpirolidon (PVP) ve nano-hidroksiapatit (nHA) iceren biyomedikal
uygulamalar ic¢in yeni bir biyouyumlu hidrojel filmin sentezine odaklanmaktadir.
Amac, nHA'nin polimerik matris lizerindeki etkisini ve hidrojel filmin biyomedikal
uygulamalardaki potansiyelini aragtirmaktir.

Hidrojel filmler, bir ¢dzelti dokiim teknigi kullanilarak hazirlandi. 20 °C'de %1
sulu asetik asit icinde %1.75 kitosan, 80°C'de damitilmis su i¢inde %1 PVA ve %2
PVP ¢ozeltileri birlikte karigtirild1 ve ardindan degisen oranlarda nHA eklendi.

Hazirlanan hidrojel film numuneleri termogravimetrik analizler (TGA),
diferansiyel tarama kalorimetrisi (DSC), taramali elektron mikroskobu (SEM),
antibakteriyel aktivite testi, Fourier doniisimi kizilétesi (FTIR) spektroskopisi,
mekanik testler ve sisme analizi gibi ¢esitli karakterizasyonlara tabi tutuldu ve ilag
salim ¢aligmalar1 yapildi.

Hidrojel film, antibakteriyel ozellikleri artiran nHA'nin dahil edilmesiyle,
oOzellikle Gram-pozitif bakterilere kars1 mikkemmel antibakteriyel davranis sergiledi.
TGA sonuglari, bozunma asamalar1 sirasindaki agirlik kaybi ylizdesinin, nHA iceren
hidrojel filmlerde igcermeyenlere kiyasla daha diisiik oldugunu gosterdi. FTIR
spektrumlari, hidrojelin molekiiler yapisinin nHA'nin dahil edilmesinden minimum
dizeyde etkilendigini ortaya koydu. Hidrojel filmlerin sisme davranmisinin nHA
miktarina bagli olarak degistigi gozlendi. Ilag salim profili, hizli salim ve iyi stabilite
gosterdi. Filmlere nHA eklenmesi, kuvveti ve kopmadaki uzamay arttirdi, bu da
gelistirilmis mekanik mukavemet ve siinekligi artig1 sagladi. Ancak Young modulun
diislirerek filmleri daha yumusak veya daha az sert hale getirdi. Polimerik hidrojel
filmin nHA ile kombinasyonu, biyomedikal uygulamalar i¢in umut verici bir
potansiyel gostermektedir. Biyomedikal alanlarda tam potansiyelini kesfetmek igin
daha fazla arastirmaya ihtiyag vardir.

Anahtar Kelimeler: Kitosan; Polivinil alkol; Polivinilpirolidon; nano-hidroksiapatit;
biyolojik olarak uyumlu; hidrojel; Ilag salmnim1



ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF
CHITOSAN/POLY (VINYLALCOHOL)/POLY (VINYLPYRROLIDONE)
HYDROGELS FOR BIOMEDICAL APPLICATION

Batool AL-MAFRACHI
Ondokuz Mayis University
Institute of Graduate Studies
Department of Nanoscience and Nanotechnology
Master, June /2023
Supervisor: Prof. Dr. Omer ANDAC

This work focuses on the synthesis of a novel biocompatible hydrogel film for
biomedical applications, incorporating chitosan, polyvinyl alcohol (PVA),
polyvinylpyrrolidone (PVP), and nano-hydroxyapatite (nHA) as a filler. The aim is to
investigate the effect of nHA on the polymeric matrix and explore the potential of the
hydrogel film in biomedical applications.

The hydrogel films were prepared using a solution-casting technique. Solutions
of 1.75% chitosan in 1% aqueous acetic acid at 20 °C, 1% PVA, and 2% PVP in
distilled water at 80°C were mixed together, followed by the addition of varying ratios
of nHA.

The prepared hydrogel film samples were subjected to various characterizations,
including thermogravimetric analyses (TGA), differential scanning calorimetry
(DSC), scanning electron microscopy (SEM), antibacterial activity testing, Fourier
transform infrared (FTIR) spectroscopy, mechanical testing, swelling analysis, and
drug release profiling.

The hydrogel film exhibited excellent antibacterial behavior, particularly against
Gram-positive bacteria, with the incorporation of nHA enhancing the antibacterial
properties. TGA results showed that the weight loss percentage during degradation
stages was lower in hydrogel films containing nHA compared to those without. FTIR
spectra indicated that the molecular structure of the hydrogel was minimally affected
by the incorporation of nHA. The swelling behavior of the hydrogel films was
influenced by the quantity of nHA incorporated. The drug release profile demonstrated
rapid release and good stability. The addition of nHA to the films increases the force
and elongation at break, indicating improved mechanical strength and ductility.
However, it decreases Young's modulus, making the films softer or less stiff. The
combination of the polymeric hydrogel film with nHA shows promising potential for
biomedical applications. Further research is needed to explore its full potential in
biomedical fields.

Keywords: Chitosan; Polyvinylalcohol; Polyvinylpyrrolidone; nano-hydroxyapatite;
Biocombatiable; Hydrogel; Drug release
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1. INTRODUCTION

1.1. Drug Release: A Historical Overview

Drug release has been an important subject in the field of drug delivery for many
years. The advancement in materials design and engineering has produced new
materials for the drug release application. This evolution also has added complexity
and more functions to the drug delivery systems and devices. Drug release is the
process by which drug solutes diffuse from their initial location within the polymeric
matrix to the polymer's surface and subsequently into the surrounding release medium
(Langer, 1990).

Prior to 1950, all medications were produced as capsules or pills without the
ability to regulate the release kinetics, immediately releasing the loaded drug upon
contact with water. After that in 1952, Kline and French Laboratories developed the
first controlled release formulation capable of controlling drug release kinetics while
achieving 12-hour effectiveness (P. Lee et al., 2010). The system, termed "Spansule
technology,” controlled the kinetics of the drug release at a specified period possible.
Whenever the new controlled drug delivery system was first developed, numerous
labels were used to characterize newer formulas with small changes from one another.
Anyway, the term "sustained release™ has become increasingly common than any
others (Lafayette, 2016).

However, following several periods of developments in drug delivery methods,
the little changes in functionality that various names imply are no longer necessary.
The majority of the fundamental knowledge on drug release processes was gained from
1950 to 1980 this period is classified as the first generation of drug release
development. During this time, four drug release mechanisms were discovered, which
aided in the advancement of controlled release formulations (ion-exchange-controlled,
osmosis-controlled, diffusion-controlled, and processes controlled by dissolution).
Subsequent to that, various approaches for achieving prolonged drug release in the
body have been developed; for example, numerous medications have been redesigned
in Spansule systems by replacing wax coats with more reliable and consistent synthetic
substances that can degrade progressively (Lafayette, 2016; W. Zhang et al., 2017).
Diffusion-controlled and dissolution-controlled systems have been the most
extensively employed methods. Although osmosis-based formulations were briefly

popular, osmosis-based systems are much less common than those that utilize the other

1



two processes. Even though the ion-exchange technique is unique compared to others,
it is ineffectual without the diffusion-controlled mechanism. However, a lot of oral
once-daily formulas today rely on a diffusion- or dissolution-controlled mechanism
(Yunetal., 2015).

The period after that which is termed the second generation has not been as
effective as first-generation, as evidenced by the number of clinical items created
(Park, 2016). One explanation for this is that second-generation technology handles
more challenging formulations. It was considered at the time that maintaining a
constant drug concentration is optimal; so, the studies aimed at creating drugs with a
consistent rate of release (zero-order DDSs). For instance, biodegradable poly (lactic-
co-glycolic acid, PLGA) injectable depot formulations are intended to provide peptide
and protein medications for 30 days and more. First burst release, that frequently
disperses 50% of the medication's total dose during the first day or two, is challenging
for the majority of depot formulations to regulate (Ye et al., 2010).

After ten years of extensive research, it has been discovered that kinetics is not
strictly required for a drug delivery system to categorize it as a sustained release since
zero-order release is unable to keep the drug concentration constant on its own.
Furthermore, the drug concentration doesn't need to stay at a steady level; the dosage
effectiveness can still be maintained even if the concentration fluctuates between
minimal toxic concentrations (MTC) and minimal effective concentration (MEC).
Although it took nearly ten years for this evident truth to be discovered, this finding
led to a more adaptable design for further drug delivery systems (Park, 2014). Smart
polymers and hydrogels were created during this period. The unique trait that
differentiates them from other materials is their sensitivity to changes in present
parameters like pH, light, temperature, and electric field (P. Gupta et al., 2002). In
addition to these developments, 2G was developed to distribute peptides and proteins
over monthly time frames employing biodegradable microparticles (Brannon-Peppas,
1995), solid implants (Rosen et al., 1983), and implants that form a gel in situ (Hatefi
& Amsden, 2002).

Last ten years has spent focusing on tumor-targeted drug delivery using
nanoparticles. Numerous clinical trials have revealed that promising nanoparticle
methods that depend on tiny animal models have failed (B. K. Lee et al., 2015; Park,
2013). The fundamental problem with 2G DDSs is that their physicochemical qualities
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cannot be changed to get around biological barriers or change their negative effects on
the human body. As a result, the 2G systems emphasize that simultaneously
overcoming biological and physicochemical constraints is the key to success in the
development of useful DDSs. Therefore, to get around physical, chemical, and
biological limitations for novel delivery systems researchers should assemble and
apply many disciplines (such as material science and engineering, physiology, biology,
and computer science). We also need to understand the precise impact of employing
each new material on the physicochemical and biological characteristics of the body,
even though new materials always get a considerable interest in drug delivery research
(W. Zhang et al., 2017). On the opposite side, the biological barriers depend on
resolving problems with DDS dispersion in the body and improving its circulation
throughout its half-life (Yun et al., 2015; W. Zhang et al., 2017).

The second generation of drug delivery methods' low effectiveness is primarily
resulting from their incapacity to combat the physiological reactions following
parenteral drug administration. However cleverly designed the present drug delivery
systems may be, they are unable to meet the demands of the unpredictable and little-
understood biological environment. To get through physicochemical and biological
obstacles, the third generation of drug delivery technological advances ought to be far
more sophisticated than the 2G methods. Comprehending and conquering biological
hurdles besides physicochemical issues is an essential component of success., as seen

by the summary of the 2G technologies above (Yun et al., 2015).

1.2. An Overview of Major Drug Release Mechanisms

There are several options for regulating medication release in an organism.
Depending upon the application, the delivery steps may be finished concurrently or
sequentially. It is essential to comprehend these procedures to develop and create
controlled release systems. The releasing system also utilizes several chemical and

biological methods. In essence, it is typical for a system to display more than one.

Based on the primary mechanism, controlled DDSs are categorized in terms of
their mechanism of release. An overview of the different essential release mechanisms

that are often present in drug delivery systems is provided in this section.

1.2.1. Diffusion
Diffusion via the polymeric matrix acts as the main technique for controlling the

release of drugs in diffusion-controlled drug delivery (Jamaledin et al., 2020). The
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used polymeric matrix is not soluble in water. Polymers used for these systems contain

chitin, polyethylene, polyurethane, or ethyl cellulose.

Diffusion DDs may also be categorized into reservoir and matrix-based systems.
Systems based on reservoirs or matrixes can be separated into nonporous and porous

modules (Jamaledin et al., 2020).

In reservoir type of system, three are water diffusion, drug dissolution, and drug
diffusion. Scientists often presume that drug diffusion is the step that occurs most
slowly. Additionally, it is believed that matrix material degradation is not considerable.
accordingly, drug molecules are able to attain a zero-order release profile in reservoir
systems if the depot's activity source is greater than necessary. In other words, if the
initial drug loading is much higher than the solubility of the drug, a consistent drug

release rate may be achieved regardless of the device's shape (Wang et al., 2020).

For the matrix-releasing method, the drug is spread across the monolithic
noneroding matrix. As mentioned in the reservoir system, drug diffusion is the rate
limiting stage. The release mechanism of this type of system is distinct because there
isn't a barrier to control how quickly the interior core breaks off, like a membrane or
microcapsule. Such a kind of system frequently has a high initial drug release
afterward having a lower release rate as a function of time because it takes longer for
the drug to diffuse to the surface as it goes deeper within. As a result, the vehicle's
form significantly impacts how quickly drugs are released. By making up for the
greater diffusion distance with larger surface areas, certain specialized forms,
including hemispheres (Siegel, 2000) and cylinders (Jooybar et al., 2021) with
appropriate coatings, can counteract the burst effect and offer near-zero-order release

for long term therapy. Matrix systems come in a variety of forms. (Langer, 2007):

+ Using a technique known as solution-diffusion, the medication is dispersed or

dissolved in the matrix and diffuses outside of it.
* The substance diffuses through pores and channels in the matrix.

The porous matrix system is preferable for continuous medication release with
high molecular weights, in contrast to the typical reservoir system, which is not able

to achieve the extended release of large molecules (Wang et al., 2020).



1.2.2. Dissolution

Dissolution is the process of dissolving the molecules of a solute in a solvent.
Drug molecules or ions are transferred from an active agent's solid phase to the
surrounding media during the dissolving process generally water, in some cases
polymer. When a solute is present in a solution to the extent of solubility under the
circumstances of pressure and temperature, a solution is considered to be saturated.
Supersaturated solutions are those that hold the solute inside the solution over the usual
solubility level and can be created under specific conditions. These systems have
polymeric components, such as natural gums, starch, poly (vinylpyrrolidone), poly
(vinyl alcohol), as well as hydroxypropyl methylcellulose (Singh et al., 2019).

Utilizing the rate at which the drugs dissolve from the solid, it is possible to
estimate the drug's rate of release from the system. When no chemical reaction occurs,
the solubility is the higher with rapid dissolution rate (Santos, 2006).

The process of dissolution begins when the solvating environment around a solid
drug particle is not fully saturated. Overall solvating medium, the solid's surface area,
the thickness of the boundary layer, as well as the diffusion coefficient can all affect
this process. The solid surface interacts with the dissolution medium when it is
connected with it, which causes the molecules to solvate and separate from the solid.
A number of solvated molecules (solute) rise in the medium, raising the solute
concentration. As the solute concentration rises, the dissolution medium becomes
saturated and the rate of dissolution decreases, enclosing the solid in a boundary layer.
The solvent is renewed when the border layer is removed, accelerating the dissolution

process.

These systems may be divided into matrix-based and reservoir-based systems.
The drug molecules are contained inside a polymeric membrane in reservoir systems.
The biomolecules are instantly and fully released into the environment when the
membrane dissolves. The Kinetics of drug release in this kind of system is determined
by the thickness of the membrane and the dissolving kinetics of the polymeric
formulation. A matrix-based approach evenly distributes the medication across the
polymer matrix. As the matrix component disintegrates, the medication is liberated
(Jamaledin et al., 2020).



1.2.3. Erosion

The polymers utilized in diffusion-controlled drug-release systems serve a
relatively passive purpose. They operate as carriers and slow down the distribution of
the active drug to the intended target. Some polymeric carriers have been developed
to take a more active part in the delivery of drugs. When these polymers undergo
chemical interactions, they erode, releasing the active ingredient. These systems are
useful for implanted or injectable treatments since they do not need to be retrieved
once the active drug has been fully released. The three biodegradable polymers that
are most frequently utilized are poly (glycolic, poly (lactic-co-glycolic), and poly
(lactic acid) (Marcos Luciano Bruschi, 2015; Singh et al., 2019).

They are classified into two categories: physical immobilization system and
chemical immobilization system as seen Figure 1.1. In the first class, the polymeric
net physically immobilizes the active agent, which is then released once the net has
eroded. These systems are also referred to as biodegradable or erodible (Marcos
Luciano Bruschi, 2015)

When the drug is chemically bonded to the polymeric matrix or is already a part
of the design, the system is classified as a chemical immobilization (second group).
An erodible system has clear benefits, particularly for pharmaceutical applications.
After being administered, the system will disappear from the location, thus removal
won't require any intrusive procedures. In erosion, products must, however, be

harmless and resorbable or excretable (Marcos Luciano Bruschi, 2015).

The fundamental factor controlling the drug release from this type of system is
the kinetic decomposition of the relevant link, that varies between systems. Surface
erosion and bulk erosion are two behavioral boundaries that need to be taken into
account in erodible systems. Either a slow water invasion or quick hydrolysis causes
the system's surface to erode. When a polymer is hydrophobic, the interior of the
polymeric system is shielded from water so that its chemical linkages that are sensitive
to hydrolysis are not exposed. Therefore, only at the surface or very near it does
hydrolysis with the concomitant release of the active substance take place. With time,

surface erosion causes the system's dimensions to shrink.

It is nearly impossible to produce pure surface erosion, and before erosion has a
place, a medication may diffuse out of a matrix. The medication itself may attract
water, and osmotic tensions in the polymer (due to small chain fractures) may cause
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breakage and unequal penetration. The primary mechanism of polymeric erosion is
bond hydrolysis, which can be base or acid catalyzed depending on the number of

donors and acceptors of protons in the area (Marcos Luciano Bruschi, 2015).

Similar to systems controlled by diffusion an erodible system with the active
ingredient physically inserted can be created (reservoir or monolithic systems).
Nevertheless, if the surrounding media like water infiltrates the system faster than
hydrolysis can, water will be present throughout the material, chain scission processes

start everywhere and bulk erosion happens.

Initial scissions may give chains enough mobility to move forming crystallites,
that are less sensitive to hydrolysis. It is initially characterized by relatively sluggish
hydrolysis. Once a specific grade of hydrolysis has taken place, the process could
quicken. By diffusion and/or osmosis, the creation of short chains may result in a
general loss of polymer and a rise in water concentration. Additionally, erosion will
be autocatalytic if chain scission causes the creation of acidic end groups and the

scission process is acid-catalyzed (Marcos Luciano Bruschi, 2015).

Bulk erosion normally goes through the three stages. The drug first leaves the
system through pores that are attached to the surface of the body or from the surface
itself. The second step is known as the latent stage, during which the residual active
agent is confined and a small amount of polymer breakdown occurs. The confined
active ingredient is swiftly released in the final stage when the polymer breaks down.
Because auto-catalytic erosion products build up inside the system, it degrades quickly
there while the surface erodes more slowly as a result of their leaching. Matrix
thickness can affect how soon it degrades; thicker matrices might degrade more
quickly when this is the case (Siegel & Rathbone, 2012).

The most prevalent erodible systems are based on poly (lactic acid). Systems
based on poly (ortho esters), polyanhydrides, polyphosphates, and polyphosphazene
have also been used or researched (Wilson & Crowley, 2011).
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Figure 1.1. Erosion system: (a) physical immobilization. (b) chemical immobilization (Marcos Luciano
Bruschi, 2015)

1.2.4. Osmosis

Osmosis is the method used to dilute a solution made up of a solute and a solvent
by passing the solvent across a semipermeable membrane. The solvent will tend to
flow through the semipermeable membrane from the less concentrated solution to the
more concentrated solution when two solutions of different concentrations are
separated by it and the membrane is permeable to the smaller solvent molecules but
not to the large solute molecules. Equalizing the concentrations of the impermeable
solutes on both sides of the membrane is the goal. The solvent when it comes to
biological organisms is water. The movement of molecules, including water, through
biological membranes, is crucial to a number of activities in living things (Siegel &
Rathbone, 2012).

The nature of water transport for active chemicals, however, may not be as
straightforward as this idea suggests. The chemical potential, which regulates both the
flux of water through the membrane and the gradient of water concentration, is
dependent on the concentration of solutes, or osmolytes, and the thermodynamic
compatibility of water with these osmolytes. When the osmolytes are small molecules
(like salts), the concentration of the osmolyte primarily determines the osmotic
pressure but when the osmolytes are polymers, the osmotic pressure is affected by both
the concentration of the polymer and how well it interacts with water (Siegel &
Rathbone, 2012).

The rate of solvent through the membrane transportation increases with the
magnitude of the chemical potential gradient, given the connection between chemical

potential and osmotic pressure as well as the membrane's hydration has caused the
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water molecules to be in motion and in touch with one another (Siegel & Rathbone,
2012).

Drug-release systems based on diffusion and erosion are typically easier to
design and more efficient in terms of volume than osmotic systems. Nevertheless,
osmotic systems frequently provide superior zero-order delivery, delivering a greater
portion of the drug loading at a constant rate. (Mathiowitz, 1999).

1.2.5. Swelling

Many materials exhibit the property of swelling when it is in contact with water.
This is a result of their hydrophilic property and how water and its molecules interact.
The primary components used to create controlled drug release systems are polymers,
and these materials have polymer chains that can arrange into three dimensions. Water
causes a polymer network to expand and generate chemical or physical connections.
The swelling procedure is extremely comparable to osmosis. Water ingress into the
polymer matrix is a rapid process, while the dissolution of the polymer in water
proceeds comparatively slowly, attributed to the necessary separation of the polymer
chains (Siegel & Rathbone, 2012).This increase in volume and the resulting creation
of larger pores between the polymeric chains can be exploited to regulate how quickly
active agents are released from polymeric systems. The morphology of the matrix can
be used to macroscopically observe the significance of the swelling (in reservoir

systems).

A polymeric matrix's ability to absorb water results in an increase in thickness
and volume during the initial phase of drug release. This increase in thickness is
countered by the subsequent disentanglement of polymeric chains and the dissolving
of the drug utilized, which results in a decrease in the matrix's volume. When the entire
polymer is inflated, the matrix finally dissolves as seen in Figure 1.2.a. A "swellable-
soluble matrix" is a better name for this type of system (Colombo, 1993).

Swelling frequently occurs before polymer degradation. Nevertheless, there are
instances where the material's swelling is constrained, and the matrix does not undergo
dissolution, Figure 1.2.b. The occurrence of this phenomenon can be attributed to
factors such as insufficient compatibility between the polymer and water, polymer
chain length exceeding a critical threshold, or the introduction of cross-linking agents
leading to the formation of a polymer structure (Siegel & Rathbone, 2012).



> ®
LR J LR @
LM @ ..0 » o (99" ° ..0 ®
o0 o . o0 .0 o
Xl e Xl o8
a) Solid Gel Solid b) Solid Gel Solid

Figure 1.2. The process of swelling that occurs during the time period between t0 and tt : (a) unlimited
(b) limited (Marcos Luciano Bruschi, 2015)

The process of water absorption and swelling is typically governed by the
interplay of various forces such as osmotic, electrostatic, and entropy-driven
dissolution forces that affect the polymer. The elastic properties of the hydrogel are
designed to regulate the entropy associated with the dissolution process (Omidian &
Park, 2008). The extent of swelling is determined by the polymer's hydrophilicity as
well as the degree and density of cross-linking among its chains. Hence, hydrophobic
polymers exhibit a weak affinity towards water and undergo negligible swelling
(Siegel & Rathbone, 2012).

As a result, the drug release is going to be managed by the rate of swelling. The
swelling agents can be classified into chemical and physical categories. The polymers
in the first category have all of their chains connected to one another by covalent
bonds. A cross-linker is used to combine the polymeric chains during the manufacture
of chemical polymeric material. A physical polymeric is formed when the hydrophilic
precursor is handled physically; therefore, functional groups capable of reacting with

ions or aldehydes should be contained in polymers (Colombo, 1993).

When the system comes into contact with water, the rigid polymer layer on its
surface relaxes and transforms into a more water-friendly configuration, leading to the
swelling of the system. This process facilitates the penetration of water into the
material, often leading to the formation of a moving front that delineates a swollen

outer layer from a dry inner core, Figure 1.3.

The control of the swelling process is contingent upon the polymer network's
cross-link, ionic content, and hydrophilic content. The precise tailoring of swelling
Kinetics, achievable through means such as cross-link density modulation, offers an

avenue for the design of advanced controlled release systems (Omidian & Park, 2008).
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The polymeric chain relaxation often results in a transition from a glassy to a
rubbery state. The swelling behavior and release kinetics can be modulated by a range
of factors, including additives, the active ingredient, choice of polymer, pH, and
temperature. By alternately manipulating these parameters, by inducing reversible
swelling and shrinking of hydrogels, it becomes possible to achieve a pattern of drug
release that can be turned on or off (Siegel & Rathbone, 2012).

Partition (drug-penetrant)

" Penetrant

»,

Swelling«

Elution medium

Figure 1.3. A diagrammatic illustration of the phenomenon that takes place in release systems controlled
by swelling (Marcos Luciano Bruschi, 2015).

1.2.6. Pendant-Chain-/Prodrug-Based Mechanism

One approach for releasing drugs involves chemical alterations to create drug-
carrier conjugates, at which the drug is released based on enzymatic or hydrolytic
fragmentation. Instead of the system itself, external factors like the pH level and
enzymes have a greater impact on the release kinetics (Ashton et al., 2000). The type
of appliance material and coupling technique can also influence the release rate. For
example, incorporating carboxylic groups in acidic antibiotics enables them to bind to
phosphate groups or form a chelate with calcium ions that can be released at a slower,
more gradual rate (Stigter et al., 2004). A spacer group can be used to further regulate
the release rate for long-term drug distribution by acting as a linker between the
medication and the carrier material (Battig et al., 2012; VVulic & Shoichet, 2012).

For long-term applications in polymeric systems, using a non-degrading polymer
basis to attach drugs is preferable, however, this poses possible issues. For instance,
the device may need to be physically removed if a long-term accumulation of materials
results in local tissue responses. This kind of device can be used to supply proteins
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over an extended period of time while conserving their structures and functions and
minimizing burst release. Obstacles exist because of the considerable variation in
environmental factors among people, illness states, and homeostasis because these
factors may make it challenging to anticipate the underlying dynamics of controlled
release. For instance, particular prodrugs for the colon are prone to a variety Regarding
individual variations in the microflora's composition (Jung & Kim, 2010).

1.2.7.  Stimulus-Activated or Modulated Mechanisms

The final class of drug release systems utilizes external stimulation to start
releasing mechanism (Priya James et al., 2014). When exposed to external stimuli,
polymeric systems undergo physical or chemical changes that lead to the release of
drugs. The polymer's composition and structure, the kind and the strength of the
outside stimulation, and the ambient circumstances all impact the kinetics of drug
release in these mechanisms. For instance, the pH of microneedles used to deliver
insulin is frequently used as a trigger for drug release, and both pH-sensing (pH-
responsive/polymer) and glucose-sensing (often glucose oxidase) components are
present in these delivery vehicles. The enzyme glucose oxidase transformed the
glucose that the microneedles were exposed to into gluconic acid. The pH of the
surrounding environment was subsequently lowered as a result. The pH drop changed
the pH-responsive substance's characteristics and further triggered the release of
insulin (Xu et al., 2018).

1.3. Hydrogels and Biopolymers for Drug Release Applications

Hydrogels are a special class of drug release system (X. Li et al., 2018; Niu et
al., 2019) that have been used in numerous medical fields, including pain relief, wound
healing, immunology, cancer, and cardiology (J. Li & Mooney, 2016). Hydrogels are
a polymeric network that is hydrophilic and three-dimensional. that has a high capacity
for absorbing water or other biological fluids. In actuality, water demonstrates
thermodynamic compatibility. Functional groups within hydrogels contribute to their
hydration and subsequent water absorption capacity (such as SOsH, CONH, CONHa,
COOH, etc.). Van der Waals and ionic bonds also allow them to withstand volume

fluctuation, exhibit consistent strength, and resist dissolution (Nho & Park, 2002).

Hydrogels are valuable in a variety of biological fields (Hafeez et al., 2018)
because of their biocompatibility (George et al., 2019), biodegradability (Cong et al.,

2018), softness, super absorbancy (Rizwan et al., 2017), and mechanical strength
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(Maitra & Shukla, 2014). The swelling ratio of hydrogels is influenced by the presence
of hydrophilic groups, the density of cross-linking, and the nature of the swelling

media (Gierszewska-Druzynska & Ostrowska-Czubenko, 2011).

Hydrogels produced from polymers using noncovalent methods are
advantageous for drug release systems since they don't require any chemical reactions
that could affect drug release. These hydrogels are created through hydrogen bonding

or hydrophobic interactions (Martin et al., 2002).

The most important factors to consider when choosing the right polymer for
these applications are its molecular weight, solubility, wettability, structure,
degradation mechanisms, and fabricability (Anju et al., 2020).

Due to the intricacy of the physicochemical requirements listed above,
considering the development of biomaterials, it is not possible to designate any
polymeric system as an ideal choice. The production of polymeric systems with
controllable characteristics for the design objective is therefore made possible by
mixing polymers. Meanwhile, the development of biopolymer and nanoparticle

combinations remains an exciting area of research (Bhattarai et al., 2018).

Blends of natural and synthetic polymers create cutting-edge materials with
many applications. To improve the qualities of natural polymers, synthetic polymers
are combined with them (Bahrami et al., 2003). The idea of blending polymers was
inspired by the realization that new molecules are not always enough to fulfill the
requirements of sophisticated materials and that blending is a realistic option to
achieve the needed qualities instead of developing new materials (Jaganathan, Mani,
et al., 2019; Jaganathan, Prasath Mani, et al., 2019) So, blending means the mixing of
various polymers to attain desired characteristics (Giang Phan et al., 2019; Liu et al.,
2005) .

1.3.1. Chitosan

Chitosan is a natural cationic polymer obtained from the deacetylation of chitin
(Johns & Rao, 2008). It counts as the second-most prevalent polymer in nature.
Enzymatic and chemical processes are used to create chitosan oligosaccharides from
chitosan. Its molecular weight is very less (3900 Da). Astonishing characteristics of
chitosan oligosaccharide include its water solubility, nontoxicity, anti-inflammatory
effects, and antioxidant capacity (Bockuviene & Sereikaite, 2019) Numerous research
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studies on chitosan-based formulations have been reported for various biomedical
applications (Kucharska et al., 2015; Tsao et al., 2014).

The chemical Chitosan's structure is comparable to cellulose's, with the
exception that one of the hydroxyls (-OH) groups in the repeating unit is replaced by
an amino group (-NH2). Chitosan is a polysaccharide with a linear structure that
consists of D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine
(acetylated unit) arranged in a random distribution. The degree of deacetylation (DDA)
determines the ratio of these two units, with higher DDA indicating more glucosamine
units and fewer acetylglucosamine units. The chemical formula for chitosan can be
represented as (CeHi1:NO4)x, where x represents the number of repeating units
(Rinaudo, 2006).

CH20H

n

H NH?2 H

Figure 1.4.Chemical structure of chitosan (Ravi Kumar, 2000)

The hydrogels based on chitosan have been widely studied for drug delivery
applications (Giri et al., 2012), The cationic properties of chitosan arise from the
existence of an amine group that allows them to adhere to negatively charged
biological surfaces like mucosal glycoproteins (He et al., 1998; Lehr et al., 1992). This
makes chitosan a suitable bioadhesive material, which prolongs the residence time of
the drug loaded system and provides localized drug delivery (Peppas & Sahlin, 1996).
Additionally, chitosan plays a crucial role in mediating the paracellular transportation
of drugs, leading to a substantial impact on the efficiency of drug delivery systems (De
Campos et al., 2001). Chitosan has been employed as a drug carrier because it is
biocompatible, biodegradable, and has a readily modifiable structure.

Chitosan has excellent blending properties with synthetic polymers (Grande et
al., 2018). Chitosan and hydrophilic polymers can be combined or blended to change
their functional properties (Elashmawi & Elsayed, 2020). Chitosan is capable to
combined with synthetic or natural polymers using various approaches to achieve

specific properties. These methods include chemical crosslinking of chitosan,
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changing the structure of chitosan chains to create a crosslinking agent, facilitating
hydrophobic interactions, enabling electrostatic interactions, and promoting hydrogen
bonding (Sacco et al., 2016; Yoo et al., 2016). Chitosan hydrogels can also be formed
through the interaction of the amine groups between polymer chains via hydrogen
bonding (Baghaie et al., 2017; Mahdavinia et al., 2018).

The primary benefit of utilizing the physical cross-linking method is the absence
of crosslinking agents, which can reduce biocompatibility. Moreover, physically
crosslinked hydrogels possess the ability to self-heal. These hydrogels can be formed
via interactions with small negatively charged molecules, polyanions, the formation of
hydrogen bonds, or hydrophobic interactions. One method employed for the
production of physical hydrogels based on chitosan is through association using
electrostatic interactions. To crosslink chitosan, it is common to employ anions such
as phosphate-bearing molecules, polyacrylic acid, sodium alginate, heparin, and
polyglutamic acid. These anionic compounds facilitate the crosslinking process and

contribute to the formation of hydrogels (Mohamed et al., 2017).

The incorporation of chitosan with other polymers offers the advantage of
creating a hybrid material that possesses distinctive properties. For example,
physically crosslinked chitosan-based hydrogels are responsive to external stimuli like

pH and temperature due to their noncovalent nature (Sacco et al., 2016).

1.3.2.  Poly (vinyl alcohol)

Poly (vinyl alcohol) (PVA) is a biodegradable polymer that is hydrophilic and
Each monomer polymerized from vinyl acetate contains a singular hydroxyl group. It
should be noted that the hydrolysis of the polyvinyl acetate is dependent on the
molecular weight of the polymer, as a consequence, poly (vinyl alcohol) (PVA) is
formed, which is a blend of poly (vinyl alcohol) and poly (vinyl acetate). In high-
grades of PVA, the proportion of poly (vinyl alcohol) can reach 99% (Kenawy et al.,
2010).

So, PVA is a synthetic polymer with the chemical formula (C2H4O), having a
molecular weight that can vary depending on the length of the initial vinyl acetate
polymer and the degree of hydrolysis, typically ranging from 20,000 to 400,000 g/mol.
PVA is commonly categorized into two grades: partially hydrolyzed and fully
hydrolyzed, depending on the extent of the hydrolysis process. The chemical structures
of PVA can be observed below in Figure 1.5 (Gao et al., 2010).
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Figure 1.5.The partially and fully hydrolyzed structural formulas of PVA (Gao et al., 2010)

In general, PVA typically possesses water solubility while exhibiting slight
solubility in ethanol and insolubility in organic solvents. It is known for its absence of
taste and odor. The properties of PVA, including (pH, viscosity, drying behavior,
melting point, refractive index, and residue on ignition), depend on both its molecular
weight and the extent of hydrolysis. For instance, PVA with a moderate hydrolysis
degree (87-89%) shows increased water solubility, enhanced flexibility, and improved
adhesion to hydrophobic surfaces. On the other hand, highly hydrolyzed PVA (91-
99%) demonstrates enhanced stability in the presence of organic solvents, elevated

tensile strength, and superior adhesion to hydrophilic surfaces (Rowe et al., 2013).

The presence of hydroxyl groups in PVA leads to the formation of inter- as well
intramolecular hydrogen bonds. The density and arrangement of these hydroxyl groups
determine the viscoelastic and structural properties of the polymer (Gao et al., 2010).
The hydrogen bonding also contributes to the occurrence of gelation and phase
separation, making the solution characteristic time-dependent. The viscoelastic and
rheological characteristics of PVA solutions are influenced by the efficiency of the
physical interactions, polymer chain length, and molecular alignment (Gao et al., 2010;
Song & Kim, 2004).

The mechanical characteristics, film-forming capability, lack of toxicity, water
solubility, hydrophilicity, favorable compatibility, and biodegradability in fluids and
human tissues have made PVA one of the most commonly used polymers in the
biomedical field (Hassan & Peppas, 2000; Luo et al., 2018; Rolim et al., 2019).
Additionally, PVA exhibits three essential properties that are crucial for it to serve as
an effective delivery system: strong surface stabilization, chelation capabilities, and
low protein adsorption properties. These characteristics contribute to minimal cell
adhesion when compared to other hydrogels (Baker et al., 2012; Fatema et al., 2018;
Kadhim et al., 2016).
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Despite having such advantageous qualities, PVA has certain disadvantages,
including a high capacity for swelling and solubility in water. The mechanical
properties of polymeric membranes based on polyvinyl alcohol are quite poor as a

result of these limitations (Ollier et al., 2012).

Extensive researches have demonstrated the effectiveness of PVA in the
formulation of hydrogels. PVA hydrogels can be cross-linked using a variety of
methods including chemical and physical methodologies (Rivera-Hernandez et al.,
2021)

In the last years, there has been a growing interest in combining PVA and
chitosan. Blended films of chitosan and Polyvinyl alcohol (PVA) are utilized as

medical tools and for drug delivery purposes (Srinivasa et al., 2003).

Combining PVA and chitosan can result in the formation of a hydrogel with a
three-dimensional network due to the physical interactions between the two polymers.
This is a significant advantage because it eliminates the need for crosslinking agents.
By forming such a network, the mechanical properties of the polymer matrix are
improved, ultimately resulting in a more robust drug delivery system (Sanchez-
Aguinagalde et al., 2021).

1.3.3.  Polyvinylpyrrolidone

Polyvinylpyrrolidone (PVP) is a polymer that has good solubility in water and is
produced by polymerizing the monomer N-vinylpyrrolidone. It exhibits non-
reactivity, non-toxicity, temperature resistance, pH stability, biocompatibility, and
biodegradability. It can effectively encapsulate and accommodate a wide range of
drugs, both hydrophilic and lipophilic in nature. These properties make PVP an
adaptable excipient in formulating various conventional and innovative controlled
delivery systems (Kurakula & Rao, 2020). PVP not only functions as a hydrophilic
polymer but also exhibits remarkable solubility in solvents with various polarities.
Moreover, it possesses strong binding properties and can stabilize suspensions and

emulsions ( Folttmann & Anisul, 2008).
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Figure 1.6.The chemical structure of PVVP

PVP has demonstrated versatility in the pharmaceutical and biomedical fields
for the development of various drug delivery systems, including oral, topical,
transdermal, and ocular administration. Additionally, PVP has been utilized in gene
delivery (Saxena et al., 2006; Sheu et al., 2005; Song et al., 2015; Zhang et al., 2009;
Zheng et al., 2015) , coupled with metal particles for regenerative medicine (De Lima
et al., 2018; Hecold et al., 2017; Hu et al., 2018), and targeted delivery (Ramalingam
et al., 2018; Rose et al., 2013). Thus, PVP is a highly versatile polymer with various
applications. It enables the controlled release of drugs, enhances the bioavailability of
drugs that have low water solubility, shields the active compound from external factors
(such as pH, temperature, and oxygen), and masks unpleasant odors and flavors (Ajji
etal., 2020; Fogacga & Catalani, 2012; Mishra et al., 2008; Raneque et al., 2013; Risbud
et al., 2000) Some research papers have proposed PVP-based hydrogels and oral
tablets (Janugade et al.,2009; Karavas et al., 2006; Raneque et al., 2013; Wlodarski et
al., 2016). PVP also has an exceptional ability to form films, as demonstrated in several
studies (Diaz del Consuelo et al., 2007; R. Gupta & Mukherjee, 2003; Mohabe et al.,
n.d.; Perioli et al., 2004; Sadashivaiah et al., n.d.).

When combing PVP with natural polymers like chitosan, affords hydrogels
favorable properties for controlled drug delivery (Rasool et al., 2019). A key factor in
enhancing the connection between chitosan and PVP and creating the final hydrogel's
qualities is the development of the hydrogen bond between the pyrrolidine rings of
PVP and the hydroxyl and amino groups of chitosan. Results by Khoo et al. show that,
when PVP is used in place of a chitosan hydrogel, this interaction improves the final

hydrogel's mechanical, physical, and thermal properties (Sizilio et al., 2018).

1.3.4. Nano hydroxyapatite
Nano hydroxyapatite (nHA) is a type of hydroxyapatite with a nanoscale particle

size, typically ranging from 20 to 100 nm. It has the same chemical structure as
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hydroxyapatite found in human bone and teeth. The chemical formula for
hydroxyapatite is Caio(PO4)s(OH)2, where calcium ions (Ca?*) and phosphate ions
(PO4>") form a hexagonal hydroxylapatite crystal structure. In nHA, the particle size
is reduced to the nanoscale, which increases its surface area and allows for improved
bioactivity and biocompatibility. The surface of nHA is typically coated with hydroxyl
(-OH) groups, which provide a reactive surface for chemical interactions. These
hydroxyl groups can form hydrogen bonds with other molecules, such as proteins or

polymers, and facilitate their binding to the nHA surface (Dorozhkin, 2009).

In general, hydroxyapatite (HAP) is a type of biocompatible and bioactive
ceramic that possesses the capability to establish direct bonds with living tissues,
promoting integration with biological systems (Fathi et al., 2008; Rouahi et al., 2006).
While there is some controversy regarding the safety of using inorganic nanoparticles,
HAP is considered to be significantly more biodegradable and biocompatible than
other types of nanoparticles (Yang et al.,, 2013). Compared to polymers,
hydroxyapatite is pH-dependent, and it demonstrates a higher level of biocompatibility
(Kester et al., 2008). Moreover, it demonstrates superior stability compared to
liposomes and micelles, which tend to disperse at certain concentrations (Uskokovié
& Uskokovi¢, 2011). Additionally, HAP is more soluble and has less toxicity than
other materials such as SiO2, TiO2, carbon nanotubes, quantum dots, and magnetic
particles (Contreras-Torres et al., 2017; Guerrero-Beltran et al., 2017; Ornelas-Soto et
al., 2017; Uskokovi¢ & Uskokovi¢, 2011). Due to its crucial role in clinical
applications and tissue engineering, this material has garnered significant attention and
has been widely studied in the field of biomaterials science (Eslami et al., 2009). HAP's
limited solubility under physiological pH conditions provides a valuable advantage, as
it can be employed as a carrier for targeted drug delivery through surgical placement
and injection (Matsumoto et al., 2004; Uskokovi¢ & Desai, 2013). In addition, HAP
nanoparticles possess osteoconductive, non-inflammatory, and nonimmunogenic
features, making them an essential component of biomaterial design (Elbasuney, 2020;
Khalid & Chaudhry, 2020; Sebastiammal et al., 2020).

Nanostructured bio-ceramics have been developed through nanotechnology,
with HAP nanoparticles displaying excellent biocompatibility and biodegradability
due to their size (with at least one dimension of 100 nm) (Dasgupta et al., 2009).

Surface modifications can also be made to allow for hydrophobic interactions, charge
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density, and pi-electron density, and the nanoparticle design can significantly impact
interactions with the biological environment due to the large surface-to-volume ratio
(Bai et al., 2017). HAP nanoparticles are well-suited as a biomaterial in the bone
system due to their similarity in structure to bone minerals, which consist of small
HAP crystals at the nanoscale, leading to more efficient osteoblast adhesion and
proliferation (Fathi et al., 2008).

Over the vyears, extensive research efforts have been directed toward
investigating the potential of HA in the context of bone tissue and related diseases.
Additionally, the utilization of HA nanoparticles in drug delivery systems has
demonstrated its remarkable affinity for both hydrophobic and hydrophilic drugs, as
well as nucleic acids and proteins (Ginebra et al., 2012; Lee et al., 2014; Munir et al.,
2018; Watanabe et al., 2013).

Drug delivery applications have made use of HAP nanoparticles in their pure
form, as well as in combination with polymers, to achieve effective delivery of drugs,
and there is a growing interest in the relationship between their physicochemical
properties and biological applications. Biorelevant characteristics, including
morphology, crystalline phase, size, shape, and functional groups play a crucial role in
determining the nanoparticles' surface reactivity and biocompatibility (Galindo et al.,
2019). The combination of hydroxyapatite with chitosan leads to an organic—inorganic
composite material with improved biocompatibility and antimicrobial properties
(Boudemagh et al., 2019; Pighinelli & Kucharska, 2013).

1.4, Related Studies and Research Objectives

1.4.1. Related Studies

In recent years, the development of hydrogels as drug-release systems has gained
significant attention. Chitosan, polyvinyl alcohol (PVA), and polyvinylpyrrolidone
(PVP) are commonly used hydrogel-forming polymers due to their unique properties
mentioned  earlier.  Additionally, incorporating nanoparticles, such as
nanohydroxyapatite (nHA), into these hydrogels can enhance their properties and
make them suitable for biomedical applications. This review will provide an overview
of the recent studies on synthesizing and characterizing different hydrogels based on

these polymers and using nHA for drug release applications.

In the field of synthesis and characterization of chitosan, Igbal et al. (2020)

conducted a study to investigate the synthesis and characterization of ternary blends
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hydrogel-film of chitosan, guar gum, and polyvinyl alcohol (PVVA) formed by solution
casting method. The study aimed to understand the effect of the material’s percentage
on the hydrogel. The results showed that the swelling properties of the fabricated
membrane were found to be dependent on the concentrations of chitosan and guar gum.
The membrane composed of 60% chitosan, 20% guar gum, and 20% PVA exhibited
the highest swelling ratio, indicating the hydrophilic character of the membranes.
Moreover, the ternary blends of chitosan, guar gum, and PVA have shown promise in

the field of controlled drug delivery.

Eskitoros-Togay et al. (2020) performed a study in which nanosized
hydroxyapatite (nHA) was added to a poly (e-caprolactone)/poly(ethylene oxide)
(PCL/PEO) blend matrix with or without curcumin. Electrospinning was used to
fabricate composite fibrous material systems. The resulting material systems were
analyzed for their morphological and physicochemical properties and their in vitro
curcumin release behavior. The study found that there was no linear relationship
between the release behavior of curcumin and the amount of n-HA incorporated in the
polymer matrix. This suggests that adjusting the composition of n-HA could be a way

to enhance the anticancer activity of curcumin by controlling its release profile.

In a prior study, Mahato et al. (2020) developed a new hydrogel film by
crosslinking a composite of polyvinyl alcohol and chitosan oligosaccharide using
glutaraldehyde via a solution casting method. The hydrogel film was evaluated for its
drug delivery potential by conducting in vitro drug release study of Lomefloxacin. The
results suggested that the hydrogel film has the potential to be utilized as a drug carrier

for controlled release applications.

In a separate investigation by (Ghauri et al., 2021), a drug delivery system was
developed using ternary hydrogel films as carriers. Hydrogel films were developed
through the solution casting method, utilizing a polyelectrolyte complex of chitosan,
guar gum, and polyvinyl pyrrolidone, cross-linked with sodium tripolyphosphate. The
study aimed to assess the interplay between polymeric chains, surface morphology,
thermal stability, swelling behavior, and drug release kinetics of the hydrogel films.
The findings highlighted the integration of functional groups and interconnections
within the blend components. The swelling capacity of the hydrogels decreased with
higher cross-linker concentrations and exhibited pH-dependent behavior, with

increased swelling under acidic conditions and reduced swelling under neutral and
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basic pH levels. The hydrogel films demonstrated thermal stability over a wide
temperature range, and the drug release analysis indicated their suitability for

controlled drug delivery applications.

In a recent study by Igbal et al. (2021), a hydrogel composed of chitosan, guar
gum, and polyvinyl alcohol was synthesized through the solution-casting method for
the sustained release of antibacterial drugs such as amoxicillin and doxycycline
hyclate. The study confirmed successful surface morphology, blend formation,
crystalline nature of the polymer, and effective bonding among the ingredients. The
hydrophilic nature of the membranes was demonstrated through a swelling test,
making them suitable for drug release applications. Promising antimicrobial activity
was observed against selected bacteria and cytotoxic investigations showed their

potential in various biomedical applications.

1.4.2. Research Objectives
The aim of the study was to synthesize and characterize a novel polymeric film.

It is aimed to achieve the following specific goals:

o Synthesis of a novel hydrogel film from natural polymer and synthetic polymer
combined with nanoceramic material. Chitosan, PVA, PVP, and nHA have
been chosen for this purpose due to their unique properties. The hydrogel is

physically cross-linked to avoid the reduced biocompatibility.

o Study the effect of nHA on the characterizations of the hydrogel and the drug
release profile. This was an important consideration, due to a scarcity of
scientific literature or a limited number of research studies investigating the

effect of nHA on hydrogels for drug release application.

e To explore the mechanical and physical properties of the films created in this
project.
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2. EXPERIMENTAL
2.1. Materials
The medium molecular weight of chitosan, which had undergone 75-85%

deacetylation, was acquired from Sigma-Aldrich Corporation located in the US.

Polyvinyl alcohol (PVA), which had a molecular weight of 13,000-23,000 and a
degree of hydrolysis of 87-89%, was obtained from Sigma-Aldrich Corporation
located in the US.

Polyvinylpyrrolidone with an average molecular weight of 5500 was obtained

from Sigma-Aldrich Corporation located in the United States.

Nano-hydroxyapatite with a minimum purity of 99.95%. It has a particle size of

50 nm and is purchased from Nanokar, Turkey.

Acetic acid with a molecular weight of 60.05 g/mol. Purchased from Honeywell,

Germany has a high level of purity, with a minimum purity of 99.8%.

Phosphate buffer saline (PBS) tablet purchased from Sigma-Aldrich Co., USA.
This tablet can be dissolved in 200 ml of deionized water, resulting in a solution with
a pH of 7.4 and containing 0.01 M phosphate buffer, 0.0027 M potassium chloride,
and 0.137 M sodium chloride.

Ethanol with a minimum purity of 99.8% and molecular weight (Mw) of 46 g/mol

was sourced from Honeywell, Germany.

2.2. Methods
2.2.1.  Synthesis of Hydrogel Films

To prepare the hydrogel, chitosan was dissolved in a 1% acetic acid solution at
a concentration of 1.75 g and stirred overnight until complete dissolution. Vacuum-
assisted filtration was used to remove impurities from the chitosan solution, Figure
2.1. This process involved driving the solution through a filter membrane under
negative pressure using a vacuum, trapping the impurities while allowing the purified

chitosan solution to pass through.
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Figure 2.1.Vacuum-assisted filtration

The preparation of 1% poly (vinyl alcohol) and 2% polyvinylpyrrolidone
solutions in deionized water was achieved by dissolving the respective amounts of the

polymers in water at 80 °C for an hour. The resulting solutions are depicted in Figure
2.3.

Np— ; >~

PVP

Figure 2.2. Raw materials
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Figure 2.3. Solution of CS, PVA, and PVP

To synthesize the hydrogel, 40 mL of the chitosan solution was mixed with 20
mL of the poly (vinyl alcohol) solution for one hour, followed by the addition of 10
mL of polyvinylpyrrolidone to the mixture. This solution was stirred for an additional
hour at 65°C. Next, nanohydroxyapatite (nHA) was added to the solution in varying
concentrations (0, 10, 20, 30, and 40 mg) as a suspended solution and stirred for 3
hours at 65°C to produce different hydrogels and examine the impact of nHA on the
properties of the films, Figure 2.4. The hydrogel solutions containing different nHA

concentrations are presented in Figure 2.5.

Figure 2.4. Mixing the final solution
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Figure 2.5. CS/PVA/PVP solution with different % of nHA

The films were created by using the solution casting method, in which the
hydrogel solution was poured into a Petri dish and dried at 50°C which is shown in
Figures 2.6 and 2.7.

Figure 2.6. Solution casting
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Figure 2.7. Fern used for the hydrogel drying

The resulting films, as shown in Figure 2.8, possess good transparency.

Figure 2.8. CS/PVA/PVP films with different % of nHA

27



[

f

petri dish
final solution

Figure 2.9. Schematic of the preparation process

2.2.2. Drug loading

To fabricate the drug-loading films containing 10 mg of nHA, the choice of using
nHA at a concentration of 10 mg was based on its swelling behavior. the
CS/PVA/PVP/nHA solution was prepared according to the aforementioned method.

Quercetin was dissolved in ethanol at a concentration of 10 mg/mL, Figure 2.10.

Figure 2.10. Quercetin dissolved in ethanol

Once the drug had completely dissolved, 250 pL of the solution was slowly
added to the hydrogel solution and stirred for 30 minutes. Figure 2.11 depicts the final

solution loaded with quercetin.

28



Figure 2.11.Quercetin loaded in CS/PVA/PVP/nHA solution

The film was synthesized using the same method mentioned previously, and

Figure 2.12 illustrates the films loaded with quercetin.

Figure 2.12. CS/PVA/PVP/nHA film loaded with Quercetin

2.3. Characterization Methods

2.3.1. Thermogravimetric Analyses (TGA)

To investigate the degradation profile of the hydrogel samples, their
thermogravimetric analysis (TGA) was carried out using the TA Instruments SDT
Q600 instrument. The weight loss of the hydrogel samples was measured as they were
heated up to 800°C under N2 flow at a heating rate of 20°C/min.
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Figure 2.13.Thermogravimetric analysis device.

2.3.2. Differential Scanning Calorimetry (DSC)

To determine the thermal properties of gels, the DSCQ2000 Device is a
Differential Scanning Calorimetry (DSC) instrument used. The device can measure
thermal transitions over a temperature range of -90 °C to 550 °C in a controlled
nitrogen atmosphere using an aluminum pan sample holder. The heating rate is

10.00°C/min, allowing for efficient and accurate measurements.

Figure 2.14. Differential Scanning Calorimetry device

2.3.3.  Antibacterial Study
The disc diffusion method was used to determine the synthetic hydrogels'
antibacterial capabilities. First, 200 pL of bacterial medium containing both Gram-

positive (S. aureus and B. subtilis) and Gram-negative (E. coli and S. enterica) bacteria
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were inoculated onto Mueller Hinton Agar plates. On the agar plates, wells were
drilled, and 100 pL of the synthetic hydrogels were put into the wells. The antibacterial
activity was then determined by measuring the inhibition zone surrounding the
hydrogel disc after the plates had been incubated at 37 °C for 24 hours. The
conventional antibiotic rifampicin, which acted as a positive control, was used to

compare the outcomes.

2.3.4.  Scanning Electron Microscopy (SEM)

JEOL JSM 7001 FEG gun scanning electron microscopy was used to investigate
morphology of synthesized films, Figure 2.15. The operating voltage of the SEM is
0.1 kV to 30 kV with a magnification of 10x—1000000x. It is equipped with 5-axis
motorized eucentric goniometer and, samples with 200 mm diameter and 48 mm
height can be analyzed. It has secondary electron (SE), back scattered electron (BSE),
scanning transmission electron microscopy in an SEM (STEM-in-SEM), 80 mm?
active area energy dispersive X-ray spectroscopy (EDS), wavelength dispersive

spectroscopy (WDS) and electron backscatter diffraction (EBSD) detectors.

1

Figure 2.15. Scanning Electron Microscopy

2.3.5.  Fourier Transform Infrared (FTIR)

The device used for the Fourier transform infrared spectroscopy (FTIR) tests of
the samples is equipped with a Digitec detector and a DLATGS sensor, capable of
recording spectra with a resolution of 0.9 cm™ and wavelength accuracy of 0.01 cm™.
The device has a spectral range of 4000 cm™ to 400 cm™ and operates at room
temperature.
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Figure 2.16. Fourier transform infrared spectroscopy

2.3.6. Mechanical Test

The Zwick/Z010 Universal Testing Machine was utilized to examine the
mechanical characteristics of the hydrogel films. The assessment was conducted at
room temperature, employing a crosshead speed of 100 mm/min, in adherence to the
guidelines outlined in ASTM D412.

2.3.7. Swelling Test

The weight difference method was employed to evaluate the swelling behavior
of the synthesized films. The films were sliced into small and uniform pieces and then
submerged in 15 mL of phosphate buffer solution (PBS). Afterward, the films were
taken out of the PBS and dried before being weighed, at specific time intervals (every
10 minutes). The pH of the swelling medium was maintained at 7.4. Equation (1) was
utilized to assess the swelling at equilibrium, which is calculated as the difference
between the weight of the swelled blends (Ws) and the weight of the dry blends (Wb).

Equilibrium swelling % = Ws — Wp / Wp * (100) (Sullad et al., 2010)

2.3.8. Drug release test

The study involved the suspension of polymeric films measuring 1x1 cm in 50
ml of phosphate buffer saline medium (7.4 pH) at 37 °C for 300 minutes to investigate
the drug release behavior in vitro. Sampling was performed at regular 15-minute
intervals by withdrawing 1 ml of samples using a pipette, and the same volume was
replenished after each sampling to account for the total amount of drug released over

time, the system was controlled as shown in Figure 2.17. The amount of drug released
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was measured using a UV-Vis spectrophotometer Figure 2.18, specifically by
measuring the absorbance at a wavelength of 377 nm.

The calculation of the cumulative drug release percentage involves dividing the
total amount of drug released up to a certain time point by the total amount of drug
present in the original hydrogel and multiplying the result by 100, expressed in the
following equation:

Cumulative drug release (%) = (Total amount of drug released up to time t/ Total
amount of drug in the original hydrogel) x 100 (Rossi et al., 2017)

Figure 2.17. Drug release test
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Figure 2.18. UV-Vis spectrophotometer

In addition, the drug entrapment efficiency is determined using a standard graph
for Quercetin. To prepare this graph, a Quercetin drug solution is made at various

concentrations using a serial dilution method. The graph shown below in Figure 2.19

is then used to calculate the drug entrapment efficiency of the hydrogel film.
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Figure 2.19. Calibration curve of the drug release
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3. RESULTS AND DISCUSSION

3.1. Antibacterial Results

The antibacterial activity of the hydrogel samples was tested using the disc
diffusion method against Gram-positive (S. aureus and B. subtilis) and Gram-negative

(E. coli and S. enterica) strains of bacteria. Table 3.1 show the results.

Table 3.1. Data represent the antibacterial activity (zone of inhibition)

Sample zone of inhibition (mm)
code S. Aureus B. Subtilis E. Coli S. Enterica

CS 161 11 7 7

PVA 7 0 0 0

PVP 7 0 0 0

CS/PVA/PVP/ONHA 25 3045 17+1 14
CS/PVA/PVP/10nHA 23+1 28+3 28+9 13+1
CS/PVA/PVP/20nHA 27+5 3348 21+3 14+1
CS/PVA/PVP/30nHA 3448 33+11 20+4 15+2

CS/PVA/PVP/40nHA 3149 27+8 17+4 10
Antibiotic (Rifampicin) 30 26+2 33+1 2442

S. aureus and B. subtilis are Gram-positive bacteria. They have a thick
peptidoglycan layer in their cell wall, and when exposed to a Gram stain, this layer
turns purple. Gram-negative bacteria include E. coli and S. enterica, their unique
staining abilities are caused by a lipopolysaccharide-containing outer membrane and a
thinner peptidoglycan layer. They lose the crystal violet-iodine complex when exposed
to a Gram stain and instead, acquire a pink hue after being counterstained with safranin
(Rasool, Ata, Islam, et al., 2019).

The antibacterial properties of chitosan attracted a lot of interest. It is proposed
that the ammonium ions at the positive ends of chitosan molecules are what provide
their antibacterial properties. The ammonium ions may interact with the bacterial cell
wall when chitosan is present in a hydrogel, disrupting it and causing cell death. By
providing a prolonged release of the biopolymer and extending its contact time with
the bacteria, the hydrogel matrix can also increase the antibacterial activity of chitosan
(Chung & Chen, 2008; Wang et al., 2012).

While the antibacterial properties of nano-hydroxyapatite (nHA) against Gram-
positive bacteria are attributed to the negative ions present in both phosphate groups
and calcium ions. By interacting with the bacterial cell wall, the phosphate groups on
the surface of nHA can damage the cell wall's integrity and cause bacterial death.

Additionally, by affecting the permeability of the bacterial cell membrane and
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impairing cellular processes, the release of calcium ions from nHA may also contribute

to its antibacterial activity (Phatai et al., 2019).

As mentioned, these kinds of bacteria have a single membrane consisting of a
thick, peptidoglycan-based cell wall. When nanohydroxyapatite (nHA) comes into
contact with these bacteria, it generates reactive species such as hydroxyl radicals
(OH), hydrogen peroxide (H202), and superoxide anions (O%). These reactive species
can penetrate the bacterial cell wall and cause damage to important cellular
components. In addition, the needle shape of nHA can also help to physically destroy
the bacterial cell wall, further enhancing its antibacterial activity. Reactive oxygen
species (ROS) generated by nHA have the potential to damage the peptidoglycan of
bacteria, leading to changes in their morphology and susceptibility to other
antibacterial agents. Furthermore, ROS can also disrupt bacterial metabolic processes,
leading to reduced viability and growth inhibition (Xu et al., 2012).

The differences in the structure as well as the chemical composition of the cell
surface can be utilized to clarify why these two kinds of bacteria react differently with
the hydrogel (Prakash et al., 2019).

As was pointed out, Gram-negative bacteria have a thinner peptidoglycan layer
and an outer membrane containing lipopolysaccharides, making them less susceptible
to some antibacterial agents than Gram-positive bacteria. However, the hydrogel film's
antibacterial properties can be enhanced against this kind by the release of Ca?* and
PO4%* ijons from nanohydroxyapatite (nHA). These ions can interact with the
negatively charged surface of Gram-negative bacteria, destabilizing their outer
membrane and leading to increased permeability and ultimately cell death.
Additionally, the sustained release of these ions from the hydrogel film can provide a
long-lasting antibacterial effect, preventing the growth and colonization of Gram-
negative bacteria in the surrounding environment (Pal et al., 2007; Selvakumar et al.,
2016).

3.2. Differential Scanning Calorimetry Analysis

Figure 3.1 shows the DSC behavior of the hydrogel samples. The outcomes from
a single heating-cooling cycle have been recorded, with the temperature ranges for the
heating and cooling cycles being 25°C to 200.00°C and 200.00°C to -60.00°C,
respectively.
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Since CS-PVA-PVP hydrogels have a high capacity for water absorption and
residual water can remain in the hydrogel even after drying, the decrease in the cooling
curve is caused by the residual water in the hydrogel. The leftover water may freeze
and release heat during the DSC cooling cycle, producing a positive peak on the
cooling curve. The sublimation of the frozen water may occur while the chilling
process proceeds, resulting in a reduction in heat flow and a downward slope of the

curve. which was well correlated with the TGA result (Zulfigar et al., 2020).

For the heating curves, all five hydrogel film samples show a wide endothermic
peak indicating a melting event. The melting temperature for the samples ranges from
86°C to 107°C, with the 20 mg of the nano-hydroxyapatite sample having the highest
melting temperature. The heat capacity at the full melting point varies between the
samples, with values ranging from -1.252 to -1.67. Interestingly, the sample with the
highest heat capacity at the full melting point (sample 20 nHA) also has the highest
melting temperature. This suggests that the addition of nano-hydroxyapatite may
increase the strength of the intermolecular forces within the hydrogel network, leading
to a higher energy requirement for melting and a higher heat capacity at the full melting
point (Zhu et al., 2018).

In contrast, the sample with the lowest heat capacity at the full melting point is
the sample with 40 mg of the nano-hydroxyapatite. This suggests that the
intermolecular forces within this sample are weaker, requiring less energy to overcome
and resulting in a lower heat capacity at the full melting point, this can be explained
by the fact that the thermal behavior of a hydrogel can be enhanced by the
incorporation of a specific percentage of nano-hydroxyapatite. However, an excessive
amount of nano-hydroxyapatite can generate defects in the polymer matrix, causing a
disruption in the hydrogen bonding and resulting in a reduction of the thermal stability
of the hydrogel. Consequently, the concentration of nano-hydroxyapatite should be
optimized to attain the desired properties of the hydrogel.
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Figure 3.1.The DSC behavior of the hydrogel samples.

3.3. Thermogravimetric Analyses

The thermograms of hydrogel samples shown in Figure 3.2 were analyzed using
thermogravimetric analysis (TGA) to evaluate the influence of nHA on the thermal
stability of the hydrogels. The results of the TGA analysis showed that the degradation
of the hydrogels could be divided into three stages based on temperature ranges. The
first stage, which occurred at temperatures between 28 and 270°C, was attributed to
the evaporation of adsorbed water molecules from the hydrogel network. As the
temperature increases, weak chemical bonds such as -OH within the hydrogel matrix
start to break down, leading to the second stage of degradation between 270 and 420°C.
This stage is associated with the fragmentation of the hydrogel backbone and the
release of small molecules such as water and carbon dioxide. The third stage of
degradation, which occurs at temperatures between 420 and 788°C, is characterized
by the fragmentation of the hydrogel framework into smaller molecules. This stage is
associated with the cleavage of stronger chemical bonds such as C-C and C-O bonds
within the hydrogel network (Qi et al., 2019).

Results indicate that the hydrogel without the incorporation of nano-
hydroxyapatite experienced a higher weight loss percentage during the three
degradation stages in comparison to the hydrogel films that contain varying amounts
of nano-hydroxyapatite. These results suggest that the addition of nano-hydroxyapatite
has a significant effect on the thermal stability of the hydrogel films, potentially due
to the interactions between the nano-hydroxyapatite and the hydrogel matrix. Such
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interactions may influence the strength of the hydrogen bonding in the polymer matrix,
leading to the enhanced thermal stability of the hydrogel films. Further optimization
of the concentration of nano-hydroxyapatite can potentially enhance the thermal

stability of the hydrogel films.
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Figure 3.2. Thermogravimetric behavior

3.4. Fourier Transform Infrared (FTIR) Analysis

Chitosan's IR characterization shows a strong peak at 3363 cm-1 and 3293 cm'?
corresponding to the stretching vibration of O-H and N-H bonds. These are
characteristic of chitosan's primary amino groups and hydroxyl groups. Additionally,
the absorption bands at 2872 cm™ correspond to the stretching vibration of C-H bonds,
likely from the chitosan's acetyl group, and are commonly found in other
polysaccharides (Melo-Silveira et al., 2012; Wolkers et al., 2004). The band at 1587
cm ™ in the IR spectrum corresponds to the amide 11 vibration, coupling N-H bending
and C-N stretching (Lim & Hudson, 2004). Peaks at 1420 cm™ and 1375 cm™
correspond to the C-H bond bending in the CH3 group of the acetyl group and the CH2
group of the chitosan backbone, respectively. The stretching vibration of the C-N bond
in the amide Il bands of chitosan corresponds to 1320 cm™, while 1150 cm™
corresponds to the stretching vibration of the C-O bond in the glycosidic bond of
chitosan. The sharp peak at 1025 cm™, with small peaks at 1060 cm™ and 989 cm™,
corresponds to the stretching vibration of the C-O-C bond in the glycosidic bond of

chitosan and is commonly found in chitosan samples reported by others (C. Song et
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al., 2013; Vino et al., 2012). Finally, the bonds at 941 cm™ and 839 cm™ correspond
to the bending vibration of the C-H bond in the CH2 group of the chitosan backbone,
the C-H bending in the pyranose ring, and the C-H rocking in the glucosamine unit of

chitosan, respectively (C. Song et al., 2013).

The IR spectrum of PVA shows a wide peak at 3293 cm, which corresponds to
the stretching vibration of O-H (hydroxyl) groups. The two peaks observed at cm™and
2909 cm™ correspond to the asymmetric and symmetric stretching vibrations of the
CH2 (methylene) groups, respectively. The peak observed at 1731 cm™is due to the
C=0 (carbonyl) stretching vibration in PVA, indicating the presence of acetyl groups
(Jipa et al., 2012).

The bending vibration of the -CHy- groups is observed at 1422 cm™, while the
bending vibration of the C-H groups is observed at 1373 cm™. The bending vibration
of C-O-C (ether) groups is observed at 1326 cm, while the stretching vibration of C-
O (ether) groups is observed at 1241 cm™ (Jipa et al., 2012).

The band observed at 1088 cm™ is due to the stretching vibration of C-OH
(alcohol) groups in PVA, while the band observed at 945 cm™ is due to the rocking
vibration of CH2 groups. The peak observed at 841 cm™ is due to the wagging
vibration of CH (methine) groups in PVA, providing further evidence of the presence
of acetyl groups. Finally, the band observed at 474 cm™ is due to the wagging vibration
of the C-H bonds in the acetate units or the rocking vibration of the C-O-C bonds in

the pyranose ring (Jipa et al., 2012).

The infrared (IR) spectrum of polyvinylpyrrolidone (PVP) a broad peak at
approximately 3414 cm™ corresponds to the stretching vibration of the hydroxyl (OH)
group and/or the N-H group of the pyrrolidone ring in the PVP (Abdelrazek et al.,
2010). Additionally, two peaks at around 2951 cm™ and 2882 cm™ are attributed to the
stretching vibrations of the C-H bonds in the methylene (CH2) groups of PVP
(Abdelghany et al., 2016). A sharp peak at approximately 1646 cm™ is due to the
stretching vibration of the C=0 group (Abdelrazek et al., 2010), while peaks at 1493
cm?tand 1017 cm™ correspond to the characteristic vibrations of the C=N and C-N
groups, respectively (Abdelghany et al., 2016). Additionally, bending vibrations of CH
and CH2 groups in PVP are associated with peaks at 1460 cm™, 1421 cm™, and 933
cmt, while the bending vibration of the C-H group in the CH2 group of PVP is
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assigned to a peak at 1372 cm™. Peaks at 1285 cm™, 1272 cm?, and 894 cm-1
correspond to the bending and out-of-plane bending vibrations of the C-H group in the
CH2 group of PVP (Abdelghany et al., 2016). Further, peaks at 1228 cm™ and 1002
cm? are attributed to C-C stretching and/or CH2 deformation and the stretching
vibration of the C-C bond in the pyrrolidone ring, respectively. Finally, the stretching
and out-of-plane bending vibrations of the pyrrolidone ring in PVP are associated with
peaks at 1169 cm™?, 1073 cm™, 842 cm, 735 cm?, 646 cm™, and 569 cm™ (Zidan et
al., 2019).

The spectrum of nanohydroxyapatite shows one such band is located at 3571 cm”
! and corresponds to the O-H stretching vibration of hydroxyl groups present in the
nanohydroxyapatite. Another band at 1089 cm* corresponds to the P-O bending mode
of the phosphate groups in the nanohydroxyapatite (Venkatasubbu et al., 2013).

A well-defined and sharp absorption band at 1023 cm™ corresponds to the P-O
stretching mode of the phosphate groups in the nanohydroxyapatite, which is
indicative of a highly crystalline material. A band peak at 963 cm is attributed to the

carbonate group vibration in the nanohydroxyapatite (Venkatasubbu et al., 2013).

Additional bands at 628 cm™ and 472 cm™ may correspond to the phosphate
(PO4 3—) group, while the bands at 600 cm™ and 561 cm™ correspond to the stretching
vibrations of the phosphate. These bands provide further information about the
composition and structure of the nanohydroxyapatite and can be used to determine the
degree of crystallinity and the presence of impurities or other substitutions (Prakash et
al., 2019b).

107

100{ s
95
90

104

95! Pva

904

85

79
105 ——.\/\f
904

801

60
55
107

801 nHA

%T

%T

%T

%T
o
=}

40

16
4000 3500 3000 2500 2000 1500 1000 450

cm-1

43

Figure 3.3. FTIR results of CS, PVA, PVP and nHA
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The FTIR results of the hydrogel films show wide peaks at 3240, 3270, 3238,
3269, and 3270 for samples to the stretching vibration of O-H and N-H bonds, which
are characteristic of the hydroxyl and primary amino groups of chitosan and the
hydroxyl groups of PVA (Prakash et al., 2019b). The slight shift in the -OH stretching
vibrations of the samples containing nanohydroxyapatite compared to the sample
without nanohydroxyapatite could be due to the interaction between the hydroxyl

groups in the nanohydroxyapatite and the polymer matrix.

The band at 2918 cm™ in all samples corresponds to the symmetric stretching

vibration of -CH groups in the chitosan (Tripathi et al., 2012).

The bands at 1733 cm™ and 1734 cm™ for the hydrogel films with and without
nanohydroxyapatite correspond to the carbonyl stretching vibrations (C=0) of the
acetyl group in PVA. The peak at 1739 cm™ in the hydrogel film with 40 mg
nanohydroxyapatite may also correspond to the carbonyl stretching vibrations of the
acetyl group in PVA, but the shift to a slightly higher frequency could suggest that the
acetyl group is interacting differently with the nanohydroxyapatite in this sample
compared to the other samples with lower amounts of nanohydroxyapatite which could
indicate that the presence of a higher amount of nanohydroxyapatite may be affecting
the interaction between the polymer and the nanohydroxyapatite in the hydrogel film.

The band at 1650 cm™ in the FTIR spectra of all samples of the hydrogel film
corresponds to the amide | band, which is primarily due to the stretching vibrations of
the C=0 bond in the peptide backbone of proteins and the N-H bond bending
vibrations of the peptide bond. This suggests that there may be some protein-like
structures present in the hydrogel film, possibly due to the presence of chitosan, which
contains amino groups in its molecular structure. Alternatively, it could be due to the
presence of proteins in any of the components used to prepare the hydrogel film, such
as chitosan or nanohydroxyapatite. (Shakir et al., 2015) it is worth noting that the
amide | band is often used as an indicator of the secondary structure of proteins, with
different structures giving rise to characteristic peaks at different frequencies.
However, in the case of the hydrogel film, the presence of multiple components makes

it difficult to accurately identify any secondary structure features in the amide | band.

The band at 1555 cm™ in the FTIR spectra of all samples of the hydrogel film
corresponds to the amide Il band, which is primarily due to the bending vibrations of
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the N-H bond and stretching vibrations of the C-N bond in the peptide backbone of
proteins. Similar to the amide I band at 1650 cm™, the presence of the amide Il band
suggests the presence of protein-like structures in the hydrogel film, possibly due to
the presence of chitosan, which contains amino groups in its molecular structure, or
the presence of protein in any of the components used to prepare the hydrogel film
(Shakir et al., 2015).

The band at around 1408-1416 cm™ in the FTIR spectra of the hydrogel film
corresponds to the bending vibrations of the carboxylate group (COO-) in the chitosan
molecule. The slight variation in the frequency of this peak for different amounts of
nanohydroxyapatite suggests that the interaction between chitosan and
nanohydroxyapatite may be affected by the concentration of nanohydroxyapatite. It
can also correspond to the bending vibration of the C-H bond in the alkyl groups of
chitosan, PVA, and PVP since the C-H bending vibration in the alkyl groups of
chitosan, PVA, and PVP can occur in the range of 1400-1450 cm™ (Shakir et al., 2015).

It is possible that the peak at 1291 cm™ in the FTIR spectra of the hydrogel film
may also correspond to the stretching vibration of the C-N bond in the amide 111 bands
of chitosan and PVP. The amide 111 bands are known to appear in the region of 1200-
1350 cm™ in the FTIR spectra of proteins and other compounds containing amide
groups (Boker et al., 2023).

A band at 1077 cm™ in the FTIR spectra of the hydrogel film is likely to
correspond to the stretching vibration of the C-O bond in the saccharide ring of
chitosan and PVA. The saccharide ring of chitosan and PVA contains several oxygen
atoms that can participate in C-O bond formation that may be overlapped with
phosphate, resulting in an absorption peak in this region. Changes in the intensity or
position of this peak could indicate variations in the degree of saccharide ring
substitution (Rajiv Gandhi et al., 2011).

The band at 1020 cm™ is a shift of IR adsorption bands towards lower
wavenumber from pure chitosan to composite hydrogel suggesting the formation of
hydrogen bonding between CS and nHA (Peng et al., 2016a). It also could correspond
to the P-O stretching mode of the phosphate groups in the nanohydroxyapatite.

The band at 647 cm™ and 559 cm™ in the hydrogel film's FTIR spectra

corresponds to the O-P-O group's bending vibration in the nanohydroxyapatite, for the
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hydrogel without nanohydroxyapatite (Peng et al., 2016b), it is possible that the bands
due to the presence of PVP. The band at 647 cm™ is a characteristic peak for the C-H
out-of-plane bending vibrations in aromatic rings, which are present in the PVP
molecule. The band at 559 cm™ may correspond to the C-S stretching vibration in the
thioether group (-S-) of PVP.

The identification of specific functional groups in a hydrogel composed of
multiple materials can be challenging due to the overlapping vibrational bands in the
Fourier-transform infrared (FTIR) spectra. In particular, when hydroxyapatite
nanoparticles are added to a hydrogel that contains chitosan, PVA, and PVP, the
resulting FTIR spectra can exhibit complex and overlapping bands that make it

difficult to determine the specific bonds present in the sample.

It should be noted that the FTIR spectra of all hydrogel samples, with and
without nanohydroxyapatite, exhibit similar peaks, with minor shifts observed in
certain regions. These results suggest that the incorporation of nanohydroxyapatite had
no significant effect on the molecular structure of the hydrogel. However, the observed
differences in transmittance values indicate that the addition of nanohydroxyapatite
had an impact on the intensity of the absorption peaks. This change in transmittance
could be attributed to a variety of factors, including alterations in the concentration of
the hydrogel matrix, variations in particle size, changes in the distribution or
orientation of functional groups within the hydrogel matrix as a result of the presence
of nanoparticles, or agglomeration of nanoparticles within the hydrogel, all of which
can affect the transmittance of FTIR spectra. Moreover, the presence of nanoparticles
can also influence light absorption, reflection, and scattering, which can further affect

the transmittance of the hydrogel.

44



transmittance %

60 T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
wave length cm-1

Figure 3.4. FTIR results of hydrogel films

3.5. Scanning Electron Microscopy

SEM SE images of parepared samples are seen in Figure 3.6a-e. The surface of
the sample without nHA is non-porous and smooth, as seen in Figure 3.5 a. The surface
of the sample 10 nHA (b) is similar to the surface of the sample 0 nHA. nHA is
completely dispersed. Some nHA particles can be seen on the surface of the sample 20
nHA. nHA particles are dispersed well and there is no agglomeration. However, the
surfaces of the sample 30 nHA (d) and 40 nHA (e) indicate that there is agglomeration.

In order to prove the existence of nHA in the samples, the samples were also
analysed by EDS. In the EDS spectrum P Kalpha peak is seen. This indicates that
particles are nHA.
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Figure 3.5. SEM images of the films; (a) the surface of the sample 0 nHA (b) the surface of the sample
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Figure 3.6 EDS analysis
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3.6. Mechanical Test

Based on the result provided by the mechanical test shown in Figure 3.7 and
Table 3.2 it could be observed that force at break and elongation at break increase with
the increase of nHA, this means that as the amount of nHA in the hydrogel increases,
the force required to break the hydrogel and the extent to which it can elongate before
breaking also increase. This indicates an improvement in the mechanical strength and
ductility of the hydrogel. The presence of nHA particles can reinforce the hydrogel

matrix and enhance its resistance to deformation and fracture (Prakash et al., 2019c).

Young's modulus values of samples decrease with the increase of nHA. Young's
modulus is a measure of the material's stiffness or hardness. The decrease in Young's
modulus with increasing nHA content suggests that the hydrogel films become less
stiff. The incorporation of nHA particles may disrupt the polymer network, leading to
a softer or more flexible hydrogel. The interaction between the nHA particles and the
polymer matrix may not be optimal, leading to poor bonding or weak interfacial
interactions. This can result in a compromised load transfer between the particles and
the polymer matrix, leading to reduced mechanical properties, this result has been also
proved in FTIR results or the addition of nHA may interfere with the formation or
stability of the polymer network within the hydrogel. This disruption can affect the
overall integrity and mechanical strength of the hydrogel (Deng et al., 2020).

The overall trend of decreasing Young's modulus and the mentioned increase in
elongation at break indicates that the hydrogels become softer or more pliable upon
the addition of nHA. This softening effect can be desirable in certain applications

where flexibility or tissue-like properties are desired.
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Figure 3.7.Stress-strain curves of the films

Table 3.2. Results of the tensile test

Sample Yong modulus Force preak Elongation preak
code MPa MPa %
CS/PVA/PVP/ONHA 1041+370.8 62.3+34 8.29+£3.14
CS/PVA/PVP/10nHA 590+215.4 42.3£34 22+30.4
CS/PVA/PVP/20nHA 678.9£319.3 64.8+£37.4 11.8+8.5
CS/PVA/PVP/30nHA 609+99.4 79.5+9.2 9.5+2.1
CS/PVA/PVP/40nHA 662.5+134.4 85.4+10 9.7£1.2

3.7. Swelling Test

The swelling behavior of the film is shown in Figure 3.8. For the sample without
nHA, the swelling ratio increases from 242% at 10 minutes to 444% at 100 minutes.
After 100 minutes, the swelling ratio decreases slightly to 434% at 110 minutes then
decreased again to 398% at 120 minutes and remains constant. Overall, the swelling
behavior of this hydrogel film demonstrates that it has good swelling capacity and can
absorb significant amounts of water or other solvents. The gradual and continuous
increase in swelling ratio suggests that the hydrogel has a stable and consistent
structure that can maintain its integrity under prolonged exposure to solvent. However,
the slight decrease in swelling ratio after 100 minutes indicates that the hydrogel may

reach a saturation point where it can no longer absorb more solvent.

The film with 10 mg of nHA has a significant and rapid increase in weight or
volume as the time in the PBS solution increases. The swelling ratio starts at 280% at
20 minutes and increases rapidly to 585% at 100 minutes, where it remains constant
until 140 minutes. The high swelling ratio indicates that the hydrogel film has a high-
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water uptake capacity, which may be attributed to the presence of hydrophilic groups
in chitosan, PVA, and PVP, as well as the nanoporous structure of nanohydroxyapatite.

The film with 20 mg of nHA has a gradual increase in weight or volume as the
time in the PBS solution increases. The swelling ratio starts at 215% at 20 minutes and
increases gradually to 470% at 120 minutes, where it remains constant until 130
minutes and slightly decreases to 466% at 140 minutes. This film shows a gradual and

sustained increase in the swelling ratio

The film with 30 mg of nanohydroxyapatite showed a gradual increase in
swelling over time. The hydrogel initially swelled by 213% after 10 minutes and
continued to increase to a maximum swelling ratio of 484% after 120-130 minutes.
After the maximum swelling was reached, the hydrogel remained relatively stable,

with a slight decrease in swelling to 480% after 140 minutes.

For the hydrogel film with 40 mg of nanohydroxyapatite, the swelling behavior
Is characterized by an initial low swelling ratio that gradually increases with time until
it reaches a maximum value. The hydrogel swells the least at 10 and 30 minutes with
swelling ratios of 183% and 183%, respectively. However, at 50 minutes, the swelling
ratio increases to 242%, and the hydrogel continues to swell until it reaches a
maximum value of 425% at 110 minutes and then started to decrease reaching 390%

at 140 minutes.

Compared to the hydrogels with lower concentrations of nanohydroxyapatite,
the hydrogel with 40 mg of nanohydroxyapatite has a slower initial swelling rate but
reaches approximately a similar maximum swelling ratio. The addition of
nanohydroxyapatite appears to delay the onset of swelling and reduce the overall rate
of swelling, which may be due to the increased crosslinking density caused by the
presence of the nanoparticles. Additionally, the hydrogels with nanohydroxyapatite
generally exhibit higher swelling ratios than the hydrogel without nanohydroxyapatite.
The amount of nanohydroxyapatite affects the swelling behavior of the hydrogels, with
the hydrogel with 10 mg of nanohydroxyapatite exhibiting the highest swelling ratio,
followed by the hydrogel with 20 mg of nanohydroxyapatite, and so on.

Overall, the appropriate selection of the quantity of nanohydroxyapatite (nHA)
incorporated into hydrogel matrices plays a critical role in determining the resultant

hydrogel's swelling behavior.
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Figure 3.8. Swelling behavior of the film

3.8. Overview of Drug Release Result

Hydrogels have been widely used as drug release carriers due to their abundance
of functional groups, biocompatibility with the in vivo environment, and ability to
adapt to self-destructive degradation duration (Shi et al., 2019). These properties allow
hydrogels to immobilize drugs and release them in a controlled manner through
various mechanisms, such as simulated-controlled, diffusion-controlled, solvent-
controlled, and degradation-controlled methods. Solvent-controlled strategies are
further categorized into swelling-controlled and osmotic pressure-controlled modes.
The drug release response in the investigated sample is predominantly governed by the
swelling-controlled mechanism, which is directly influenced by the structural network
of hydrogels. As hydrogels undergo swelling, this mechanism becomes a critical factor
in drug release, their mesh size increases, and drug molecules are released through the
diffusion mechanism (Son et al., 2017).

In our study, a hydrogel film with 10 mg of nanohydroxyapatite was selected for
the loading of quercetin due to its swelling behavior and other favorable
characterizations. When the release of quercetin molecules from the film was
monitored, it resulted in an increase in absorbance, and the slow and steady release of
the drug was attributed to molecular interactions such as hydrogen bonding and van
der Waals interactions in the polymer matrix (Ata et al., 2020), the drug release profile

of the film is shown in Figure 3.9.

The drug release behavior of the hydrogel film was then compared with its

swelling behavior. It was observed that the swelling ratio of the hydrogel film

50



increased rapidly over the first hour, indicating that the hydrogel was reaching its
maximum swelling capacity. This rapid increase in swelling ratio was followed by a
plateau of around 400%, indicating that the hydrogel may not be able to absorb much
more water. Similarly, the cumulative release of quercetin was slow and steady in the
initial minutes, followed by a more rapid increase until it reached a plateau of around
74%. This indicates that the drug was being released from the hydrogel film as it
swelled and absorbed water, but the rate of release was limited by the swelling

behavior of the hydrogel.

Overall, the combination of the hydrogel film with nanohydroxyapatite and the
drug quercetin has promising potential for controlled drug release, as the swelling

behavior of the hydrogel can be utilized to regulate the release rate of the drug.
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Figure 3.9. The drug release profile of 10 nHA film loaded with Quercetin
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4. CONCLUSION

In this study, a pioneering approach was employed to synthesize biocompatible
hydrogel films through the blending of natural and synthetic polymers, alongside the
introduction of a nanoceramic material as a filler. By incorporating chitosan, Polyvinyl
alcohol (PVA), Polyvinylpyrrolidone (PVP), and nano-hydroxyapatite (nHA), the
films were successfully prepared via the solution casting method. The primary
objective of this research endeavor was to develop a novel composite material that
exhibits promising prospects for biomedical applications, while also unraveling the
unique impact of nano-hydroxyapatite as a filler, renowned for its exceptional

biomedical properties.

The findings of this investigation showcased remarkable antibacterial activity
against gram-positive bacteria, surpassing the efficacy of the tested antibiotic upon the
addition of nHA. While the antibacterial properties against gram-negative bacteria
were also enhanced, they exhibited a comparatively lesser impact. These results
unequivocally demonstrate the biocompatibility of the hydrogel films when subjected

to bacterial media.

Thermographic analyses of the hydrogel samples revealed that films lacking the
incorporation of nano-hydroxyapatite experienced heightened weight loss during the
three degradation stages, as opposed to those containing varying concentrations of
nHA. This observation suggests that the introduction of nano-hydroxyapatite exerts a
substantial influence on the thermal stability of the hydrogel films. Further
optimization of the nHA concentration holds the potential to enhance the thermal

resilience of these films, thus paving the way for superior performance.

The Fourier-transform infrared (FTIR) spectra of all hydrogel samples, with and
without nanohydroxyapatite, exhibited comparable peaks, albeit with minor deviations
in certain regions. These outcomes indicate that the addition of nanohydroxyapatite
does not significantly alter the molecular structure of the hydrogel. This finding can
be perceived as advantageous for certain medical applications, as it ensures the
preservation of the material's chemical integrity. However, it does impact other
properties such as swelling behavior and stiffness. Consequently, the mechanical
results indicate a reduction in Young's modulus, while an increase in elongation at

break signifies a more pliable and flexible nature of the hydrogels upon the
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introduction of nHA. Such a softening effect can prove beneficial in specific
applications that demand flexibility or tissue-like characteristics.

The swelling behavior of the hydrogel films demonstrated excellent capacity in
absorbing substantial quantities of water or solvents, exhibiting a stable and consistent
structure capable of maintaining integrity even under prolonged exposure.
Nonetheless, a slight decline in the swelling ratio after 100 minutes implies a saturation
point where the hydrogel can no longer absorb additional solvent. This observation
holds significance in medical applications, particularly concerning drug release
mechanisms. Hence, meticulous selection of the nHA quantity incorporated into the
hydrogel matrices assumes a critical role in determining the resultant swelling

behavior.

Similarly, the drug release profile displayed a gradual and steady release of
quercetin during the initial minutes, followed by a more accelerated increase until
reaching a plateau of approximately 74%. This behavior signifies that the drug was
released from the hydrogel film as it swelled and absorbed water. However, the release
rate was influenced by the swelling characteristics of the hydrogel, emphasizing its

pivotal role in controlled drug release applications.

To gain a comprehensive understanding of the impact of nanohydroxyapatite
(nHA) on polymeric matrices, further investigations encompassing multiple factors are
required. These studies aim to elucidate the nature of the interactions occurring
between nHA and the polymeric matrix, as well as the resultant effects arising from
these interactions. One crucial factor to consider is the percentage of nHA incorporated
into the material, as it has been observed to exert a discernible influence on the

properties of the prepared composite.

In addition to the nHA component, the combination of three polymers (chitosan,
polyvinyl alcohol, and polyvinylpyrrolidone) has yielded intriguing outcomes.
However, exploring the potential enhancements in the chemical structure or properties
of the composite can be achieved by introducing suitable crosslinkers or alternative
fillers. By incorporating appropriate crosslinkers, the chemical structure of the
polymeric matrix can be reinforced, leading to potential improvements in mechanical

and functional properties. Moreover, exploring different fillers can offer opportunities
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to modify the composite's characteristics, tailoring it to specific applications or desired
properties.

Conducting further studies in these areas will contribute to a more profound
understanding of the behavior and performance of polymeric matrices when combined
with nHA. Such investigations can shed light on the intricate interplay between various
factors, enabling the optimization of composite materials for diverse applications in

fields like biomedicine, materials science, and tissue engineering.
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