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Abstract

This study produced a pH-responsive polymeric hydrogel system to improve rosu-
vastatin solubility and controlled release. Eleven formulations (F1-F11) were syn-
thesized via free radical polymerization with a combination of chitosan, xanthan
gum, CMC Na, acrylic acid, and MBA. Swelling studies conducted under simu-
lated GI conditions (pH 1.2, 7.4) exhibited pH-dependent behavior with swelling
in the hydrogels significantly greater (p < 0.05) at pH 7.4 indicating specific re-
lease in the intestine. Entrapment efficiency of the hydrogels ranged from 68.45%
to 94.21% with F10 showing optimum sustained release due to the ratio of poly-
mers and crosslinking density. All the in vitro release studies conducted at pH
7.4 showed greater than 90% release for the optimized formulations. For the in
vitro release studies of the optimized formulations the release profiles followed
Higuchi (R? > 0.97) and Korsmeyer-Peppas kinetics which demonstrated release
controlled by diffusion. In addition, the Weibull parameters (o, ) confirmed
controlled release profiles for F7, F9, and F10 hydrogels when compared with
the pH 1.2 and pH 7.4 studies. FTIR studies confirmed the drug and polymer
were compatible and DSC and SEM analysis demonstrated thermal stability and
porous morphology of the polymeric hydrogels. Acute toxicity studies conducted
in mice demonstrated no significant hematological (p > 0.05) or histopatholog-
ical abnormalities (p > 0.05), thus indicating biocompatibility. This hydrogel
system demonstrated a significant improvement on solubility of rosuvastatin and
pH-controlled release after ingestion which indicates potential as a non-toxic oral

delivery platform.
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Chapter 1

Introduction

1.1 Background

Cardiovascular diseases (CVDs) are the leading cause of death in the world, and
CVDs contribute to almost 32% of all deaths globally and result in an estimated
17.9 million deaths worldwide each year, as per the World Health Organiza-
tion(WHO) [1]. CVDs have emerged as a major challenge in Asia, especially
because of urbanization, lifestyle changes, and increasing incidences of diabetes
and hypertension. In fact, Asia presently accounts for nearly 60% of all cases of
cardiovascular disease in the globe which is the sign of the critical need for the cre-
ation of more effective therapies and preventive medications, particularly on this
continent [2]. Some of the most effective medications used in the prevention and
treatment of cardiovascular disease include rosuvastatin calcium (RST), member

of class of the HMG-CoA reductase inhibitors, which are also known as statins.

Rosuvastatin inhibits the synthesis of cholesterol in the liver, reducing cholesterol
concentration by a significant margin, and plaque formation in clogged vessels.
This reduces the fatal cardiovascular diseases risks like heart attacks and strokes
[3]. Along with its cardiovascular action, RST is also used in treatment of familial
hyperlipidemia, dyslipidemia, hypertriglyceridemia, atherosclerosis, osteoporosis,
benign prostatic hyperplasia, and Alzheimer’s disease, hence it a generic drug in

clinical practice [4]. Rosuvastatin calcium is a white, slightly water-soluble solid

1



Introduction 2

(7.8mg/mL at 37°C') with a pKa of 4.6, soluble in organic solvent. Solubility is
approximately 1mg/mL in ethanol [5]. Organic solvent-free aqueous solution can
be formulated by direct mixing of Rosuvastatin powder in aqueous buffer. RST

solubility in phosphate buffer, pH 7.2 is 5mg/mL [6].

The Biopharmaceutics Classification System (BCS) Classified rosuvastatin as class
IT drug [7], characterized by low solubility and high permeability [8] which makes

its oral administration challenging.

Along with its pharmacological significance, RST is faced with the significant lim-
itation due to low aqueous solubility, it absorption is the rate-limiting step in
dissolution, limiting oral bioavailability to about 20% [9]. Upon oral administra-
tion, the drug is primarily absorbed in the duodenum, an area of basic pH ranging

from 6 to 7.5, which is optimal for lipophilic drugs like RST.

Low bioavailability limits the drug’s effectiveness, making it a suitable candidate
for solubility enhancement strategies such as solid dispersions or hydrogel-based

delivery systems [10].

Despite rosuvastatin wide therapeutic applicability, the clinical utility of rosu-
vastatin is significantly hindered by its physicochemical limitations, particularly
poor aqueous solubility. Different mechanisms are used to enhance solubility and

bioavailability mainly encompassing hydrogels in drug delivery [11] [12].

1.2 Aims and Objectives

1.2.1 Aims

To develop chemically crosslinked pH-responsive hydrogel-based drug delivery sys-
tem with optimized drug incorporation, by utilization of natural and synthetic
polymers combination, to improve its solubility, extend its release, and enhance

oral bioavailability.
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1.2.2 Objectives

a)

To design and optimize pH-responsive hydrogels for the sustain sustained
oral release of rosuvastatin achieve by use of blend of natural polymers—
chitosan, carboxymethyl cellulose (CMC), and xanthan gum (XG)—and
synthetic components such as acrylic acid (AA) and crosslinkers to form

a stable hydrogel network.

To overcome the solubility and bioavailability limitations of Rosuvastatin by
its incorporation into developed hydrogel matrix, enabling protection in the

gastric environment and controlled release in the intestinal tract.

To ascertain the pH responsive swelling characters, as well as the in vitro
release patterns of the hydrogels under controlled gastrointestinal (GI) cir-

cumstances, i.e., acidic and alkaline conditions.

To describe the physicochemical, morphological, and thermal characteristics
of the hydrogels by a set of analytical strategies, such as Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), differ-
ential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and

the X-ray diffraction (XRD).

To evaluate the biocompatibility and safety of included rosuvastatin hydro-
gels through acute oral toxicity testing and histopathological assessment in

animal models and make sure suitability of oral drug delivery.

1.3 Hydrogels

Hydrogels are cross-linked three-dimensional networks with the ability to retain an

enormous quantity of water without dissolving the polymer, hence making them

ideal for drug delivery[13]. Such systems are capable of being designed to release

their payload in response to environmental stimuli such as pH, temperature, or

ionic strength [14]. Such pH sensitivity of the hydrogels has also particularly found
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utility in the controlled release of drugs such as RST, requiring a particular pH

environment to dissolve completely [15].

1.4 Stimuli-Responsive Hydrogels

Also named as ”smart hydrogels” are advanced polymeric systems capable of un-
dergoing physical or chemical changes in response to specific environmental stim-
uli. These are a group of polymeric materials that have the capability to exhibit
reversible, and intrinsic changes in physical or chemical properties when they are
exposed to specific external environmental stimuli. Stimuli-responsive hydrogels
are particularly significant in biomedical applications such as drug delivery, tissue

engineering, biosensors, and wound healing.

These are highly hydrophilic means capable of absorbing large amounts of water
or biological fluids, having stimulus sensitivity so respond to specific stimuli with a
change in swelling, solubility, permeability, or structure. These hydrogels are often
composed of biocompatible polymers and can be engineered to respond within

desired physiological ranges [16].

These stimuli responsive hydrogel can be Temperature-responsive hydrogels, which
undergo phase transitions near a critical temperature (e.g., LCST—Lower Critical
Solution Temperature). Poly(N-isopropylacrylamide) (PNIPAM) is a widely used
thermoresponsive polymer [17]. Enzyme-responsive hydrogels, these hydrogels de-
grade or change in the presence of specific enzymes which is useful in targeting
diseased tissues (e.g., cancer or inflammation) where certain enzymes are overex-

pressed [18].

Electric/Magnetic Field-responsive hydrogels, These types of hydrogels change
conformation or release contents under electromagnetic influence, applied for con-
trolled, externally triggered drug release [19]. Light-responsive hydrogels, these
hydrogels are incorporated with light-sensitive moieties that enable spatial and

temporal control over behavior. These are utilized in site-specific therapies [20].
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pH-responsive hydrogel, specific polymeric combination is established which re-

leased entrapped drug at specific pH.

1.5 pH-Responsive Hydrogels

Hydrogels can be designed as pH-responsive which contain acidic or basic func-
tional groups that ionize at specific pH levels. Swelling or deswelling depends on
the ionization state. These are commonly used in gastrointestinal drug delivery,
where pH varies between stomach and intestines. In pH-responsive mechanisms,

pH-sensitive polymers are designed to swell and deswell upon specific pH change

21].

Different types of methods utilized for hydrogel preparation such as solvent casting,
freeze-drying, and in situ gelation to prepare pH-sensitive hydrogel systems. These
methods enable the sustained release of rosuvastatin, enhancing its solubility and
bioavailability. The crosslinking density, polymer concentration, and conditions of

preparation can all be tailored to obtain the specific drug delivery profile [22].

Therapeutic benefits of pH-responsive polymeric blends related are, improved
solubility and absorption, the major therapeutic advantage of employing pH-
responsive hydrogels is their capability to considerably enhance the solubility of
poorly soluble drugs such as rosuvastatin. Through improved solubility in the
stomach and targeted release in the intestines, these hydrogels improve the ab-
sorption of the drug and thus its bioavailability [23]. The 2nd most important
therapeutic advantage is sustained and controlled release since these hydrogels
also support sustained release profiles, such that rosuvastatin is released over an
extended duration. This can result in more favorable therapeutic effects by sus-
taining plasma drug levels in the range of the therapeutic window for longer du-
rations, minimizing dosing frequency. Thus, by increasing bioavailability and de-
creasing variability in drug release, pH-sensitive polymeric hydrogels can enhance
the therapeutic index of rosuvastatin. This makes the drug stronger and reduces
side effects, leading to improved patient compliance and therapeutic efficacy [24].

Therefore, it can be inferred that pH-responsive polymeric blend hydrogels have a
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tremendous potential in increasing the solubility, bioavailability, and therapeutic
index of RST [25]. The potential to customize these systems to deliver rosuvas-
tatin in targeted areas of the gastrointestinal tract means that the drug is absorbed
more effectively so better clinical efficacy can be achieved. Ongoing research and
development of the hydrogel systems will continue to refine their performance and

make them a valuable tool for drug delivery and patient care [26].

pH-sensitive polymeric blend for hydrogels is highly beneficial in enhancing the
bioavailability of drugs. The hydrogels may control their enzymatic degradation
or morphology based on the change in pH, and this is highly beneficial in drug
delivery formulations intended for the gastrointestinal tract [27]. The present
research is a result of the most current studies as far as the development of pH-
sensitive hydrogels and the role these play in enhancing the therapeutical efficacy

of rosuvastatin.

Formulation strategies for this involves polymeric blend selection, choosing a
suitable polymer blend plays an important role in formulating an efficient pH-
responsive hydrogel system for rosuvastatin delivery. It has been investigated
in recent studies to use blends of natural and synthetic polymers for optimum

performance [28].



Chapter 2

Literature Review

2.1 Natural Polymers

Natural polymers are biological macromolecules produced by living organisms,
consisting of repeated structural units that are derived from biological monomers.
The biopolymers present a wide variety of physicochemical properties and biologi-
cal functions, rendering them extremely useful in pharmaceutical, biomedical, and
industrial contexts. Examples include polysaccharides (e.g., cellulose, chitosan, al-
ginate, xanthan gum), proteins (e.g., gelatin, collagen, silk fibroin), and nucleic

acids [29].

Owing to their intrinsic biocompatibility, biodegradability, non-toxic nature, and
renewable source, natural polymers have been developed as effective functional
materials in drug delivery matrices, tissue engineering scaffolds, and wound heal-
ing matrices. Their physicochemical properties—gel-forming potential, mucoadhe-
siveness, and pH-responsiveness can be utilized for the development of controlled

and targeted drug delivery systems [30].

Additionally, the availability of reactive functional groups (e.g., hydroxyl, car-
boxyl, amino) allows them to be chemically modified, thus allowing control over
mechanical strength, degradation rate, and drug release kinetics. Nonetheless,

7
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molecular weight variation, the possibility of microbial contamination, and lim-
ited mechanical properties in their native state can limit their use as standalone
entities. Thus, natural polymers tend to be blended with synthetic polymers or

crosslinked to increase their structural rigidity and performance [31].

2.2 Synthetic Polymers

Synthetic polymers are artificial macromolecules created by polymerization reac-
tions using synthetic monomers. Synthetic polymers are widely used in different
industries because they have bespoken physicochemical properties, structural flex-
ibility, and predictable behavior. In biomedical and pharmaceutical applications,
synthetic polymers are vital materials for the construction of controlled-release
drug systems, implantable devices, and tissue engineering scaffolds [32].Typical
families of synthetic polymers are polyesters (e.g., polylactic acid [PLA], polyg-
lycolic acid [PGA], polycaprolactone [PCL]), polyamides, polyurethanes, poly-
acrylates (e.g., poly (acrylic acid) [PAA]), and polyethylene glycols (PEG) [33].
Their properties can be tailored to encompass a vast array of thermal, mechan-
ical, and degradation features by varying molecular weight, level of crosslinking,
crystallinity, and copolymer composition. One of the major benefits of synthetic
polymers is their functional and structural tunability, whereby properties like solu-
bility, degradation rate, mechanical strength, hydrophilicity, and drug release pat-
terns can be effectively controlled. For example, poly (acrylic acid) is employed in
extensive pH-sensitive drug delivery because it contains ionizable carboxylic acids

that swell in basic conditions [34].

Synthetic polymers can be synthesized into different shapes such as nanoparticles,
microspheres, films, and hydrogels. They are used in pharmaceutical applications
as excipients, drug carriers, and matrix-forming agents. They are suitable for
advanced therapeutic use due to their reproducibility, uniform quality, and the
fact that they can be loaded with stimuli-responsive functions (e.g., temperature,

pH, redox) [35].
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Nonetheless, some drawbacks may limit their sole biomedical application. These
include poor biocompatibility, non-biodegradability, and possible toxicity of degra-
dation products. To overcome such limitations, synthetic polymers are often
blended with natural polymers or chemically modified to increase biocompatibility

and bio functionality [36].

2.3 Rational Design of Hybrid Natural /Synthetic

Polymer Systems

The combination of natural and synthetic polymers into hybrid polymeric system
is a new strategy to take benefits of the complementary properties of both materi-
als. While natural polymers have inherent biocompatibility, biodegradability, and
biological functionality, they tend to be plagued by drawbacks such as poor me-
chanical strength, high batch-to-batch variability, and limited chemical tunability.
Synthetic polymers, on the other hand, are characterized by mechanical robust-
ness, processability, and structural control but lack bioactivity and sometimes

raise issues of biocompatibility [37] [38].

The blending of these two categories of polymers facilitates the development of
smart biomaterials that avoid single defects while performing better functionally.
The systems formed by composite have better mechanical strength, degradative
kinetics control, greater drug loading capability, and modifiable physicochemical

characteristics, highly applicable for biomedical and pharmaceutical devices [39].

2.4 Functional Synergy of Hybrid Polymer Com-

posites

Collaborative functionality is exhibited when polymers are blended into com-

posite includes, Improved Mechanical Strength, synthetic polymers support the
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structural network of natural polymers, providing stability in physiological con-
ditions. Controlled Degradation and Swelling, synthetic materials enable control
of the swelling ratio and degradation rate to suit application requirements, pro-
grammable and environmental-stimulus-sensitive drug release systems. Increased
Potential for Functionalization, synthetic polymers offer versatile sites for chem-
ical modification that favor attachment of targeting ligands, imaging probes, or

crosslinkers [40].

2.5 Significance of pH-Responsive Hydrogels

In pH-responsive hydrogel systems, incorporation of synthetic and biologic poly-
mers combination has shown great promising synergistic functions. These hydro-
gels are designed to have reversible volume transitions with pH change, greatly
advantageous for site-specific drug delivery especially in applications such as the

gastrointestinal tract or tumor microenvironment [41].

Natural polymers such as chitosan, xanthan gum contain ionizable functional
groups (e.g., amino or carboxyl) that exhibit pH-dependent swelling. By them-
selves, however, these materials may not be stable and responsive in structure in
the long term. When mixed with synthetic polymers such as carboxymethyl cel-
lulose (CMC) (Semi synthetic), poly (acrylic acid) (PAA) or poly (vinyl alcohol)
(PVA), the resulting hydrogels exhibit increased crosslinking density, mechanical
strength, and pH-sensitivity [42]

The synergistic coupling of protonatable or deprotonatable groups of natural as
well as synthetic polymers allows for highly regulated swelling kinetics and drug
release patterns. Low pH may maintain the network collapsed through protonation
(e.g., chitosan-based platforms), hindering drug release. lonization of carboxyl
moieties (e.g., of PAA or CMC) at higher pH, leading to electrostatic repulsion

and swelling of the polymer chains, causes fast drug diffusion [43].

Hybridization of synthetic and natural polymers provides a very versatile platform

for the development of intelligent, pH-sensitive hydrogel systems. The composites
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leverage the natural polymers’ biocompatibility and the synthetic polymers’ mod-
ifiable mechanics and thereby gain drug-delivery tunability with maintenance of

biocompatibility and stability during physiological conditions [44].

Against this background, this research targets a composite hydrogel system made
of xanthan gum, chitosan, and carboxymethyl cellulose sodium (CMC-Na), cho-
sen for their complementary physicochemical and biological attributes towards

realizing pH-sensitive, solubility-improving drug delivery [45] [46].

2.6 Polymer Used in the Study

To achieve enhanced solubility, pH specific response and controlled release, com-

posite of 3 polymers is designed, which includes

2.6.1 Xanthan Gum (XG)

Xanthan gum is a high-molecular-weight extracellular polysaccharide resulting
from the fermentation of Xanthomonas campestris with carbohydrate substrates
like glucose or sucrose. It consists of a -(1—4)-D-glucose backbone, much like
cellulose, with trisaccharide side chains consisting of mannose and glucuronic acid
units [47]. Xanthan gum possesses excellent pseudoplastic and viscosity-enhancing
properties at very low concentrations and is extremely stable in a broad pH range
(3-10), ionic strength, and temperature conditions. Its anionic character, because
of the carboxylic groups, allows for electrostatic interaction with cationic drugs
or polymers and can be used for interpenetrating polymer network (IPN) forma-
tion. As a pH-responsive hydrogel, xanthan gum can act as a bio adhesive and
gel-forming polymer that responds to pH changes by swelling. With higher pH,
ionization of carboxyl groups causes greater electrostatic repulsion and hydration,
thus supports greater swelling and release of the drug [48]. Its biodegradability,
biocompatibility, and mucoadhesive characteristics make xanthan gum a suitable
choice for gastrointestinal drug delivery systems for site-specific release and en-

hanced bioavailability [49] [50].
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2.6.2 Carboxymethyl Cellulose Sodium (CMC Sodium)

Carboxymethyl cellulose sodium (CMC-Na) is an anionic polysaccharide derived
from the chemical modification of cellulose, normally from plant fibers like cotton
or wood pulp. The hydroxyl groups of cellulose are substituted partially with
carboxymethyl groups, introducing negative-charge functional groups that exhibit
pH-responsiveness and high aqueous solubility[51]. CMC-Na has excellent film-
forming ability, biocompatibility, biodegradability, and non-toxicity. In aqueous
medium, it shows extensive swelling and thickening effects with strong dependence
on the extent of substitution and pH of the surrounding environment. In pH-
sensitive hydrogel systems, the ionization of carboxylic acid groups at elevated pH
results in greater electrostatic repulsion between polymer chains, causing extensive
swelling and promoting controlled drug release. These characteristics evidenced
CMC-Na as a beneficial semi-synthetic polymer for site-specific drug delivery sys-
tem formulations, particularly for intestinal targeting wherein the pH is neutral to
basic. Furthermore, its compatibility with other natural and synthetic polymers
allows it to perform well in interpenetrating polymer networks (IPNs), providing
mechanical stability and drug release kinetics that can be controlled necessary for

oral delivery of poorly water-soluble drugs like rosuvastatin[52].

2.6.3 Chitosan

Chitosan is a cationic linear polysaccharide produced by partial deacetylation of
chitin, a wide-spread component of the exoskeletons of crabs and shrimp. It is com-
posed of mainly -(1—4)-linked D-glucosamine residues along with minor amounts
of N-acetyl-D-glucosamine depending on the degree of deacetylation. Chitosan is
insoluble in neutral and basic aqueous media but soluble in acidic media (pH < 6.5)
as protonation of unesterified amino groups takes place[53]. It’s pH-dependent sol-
ubility is the main characteristic renders chitosan an appropriate polymer for for-
mulating pH-sensitive hydrogels. due to electrostatic repulsion between the amine
groups, Chitosan swells and dissolves at lowers pH permitting drug encapsulation

at an initial stage. while under basic or neutral conditions, the polymer becomes
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insoluble and forms a gel-like matrix that is meant to control drug diffusion[54].
Chitosan is mucoadhesive, biodegradable, and biocompatible and, therefore, also
valuable in biomedical applications. Its cationic character allows for ionic bonding
with anionic polymers like CMC-Na and xanthan gum to create interpenetrating
polymer networks (IPNs) with improved mechanical strength, swelling control,
and extended drug release characteristics. Such properties render chitosan highly
compatible with colon-delivery and pH-sensitive delivery systems for enhancing

the bioavailability of poorly soluble drugs like rosuvastatin[55].

2.6.4 Integrative Effects: XG, CMC-Na, and Chitosan

The synergistic combination of xanthan gum (XG), carboxymethyl cellulose sodium
(CMC-Na), and chitosan within hydrogel matrices facilitates a cooperative en-
hancement of the physicochemical and functional properties critical to pH-responsive
drug delivery systems. Each of the polymers possesses characteristics that, when

combined, enhance their performances in relation to single use.

Xanthan gum, a polysaccharide that is anionic in nature, has high viscosity and
gel-forming properties, offering structural fortification and long-term drug entrap-
ment. CMC-Na, another anionic water-soluble polymer, enhances swelling activity
due to its carboxyl groups, which enable increased absorption of water and facil-
itate controlled drug release, particularly in alkaline environments. Chitosan, a
cationic polysaccharide, is bioadhesive and mucoadhesive in character with pH-
dependent solubility, which rises with acidic pH values and also promotes poly-

electrolyte complexation with anionic polymers.

When mixed together, these polymers exhibit a polyelectrolyte complexation ef-
fect, primarily between the cationic amino groups of chitosan and the anionic
carboxyl groups of XG and CMC-Na[56]. This interaction enhances and promotes
hydrogel network’s mechanical strength and controls the drug release pattern by
forming a pH-sensitive matrix [57]. At acidic/lower pH, the complex is highly
compact which guaranteed the minimal drug release, whereas at intestinal pH

(7.2), swelling and loosening of the matrix are greater, facilitating controlled and
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sustained release of rosuvastatin[58|. Thus, the composite ternary polymeric sys-
tem provides a synergistic effect that optimizes both the solubilization as well as

encapsulated drug’s release kinetics.

The blend of these polymers overcomes the constraint of rosuvastatin bioavailabil-
ity and solubility, and hence it is a viable solution to increase the treatment of

cardiovascular disease [59].

2.7 Rosuvastatin Delivery Challenges

Rosuvastatin calcium (RST) is an extensively specified statin used in the treatment
of hyperlipidemia and cardiovascular diseases. Despite its therapeutic efficacy,
rosuvastatin is classified as a Biopharmaceutical Classification System (BCS) Class

IT drug, characterized by low solubility and high permeability.

Poor aqueous solubility results in low and variable oral bioavailability (20%), pos-
ing a significant hedge to achieving optimal therapeutic effects. Also, its first-
pass metabolism and short half- life further necessitate novel delivery systems to
enhance its therapeutic effectives [60]. All the literature review is shown as in

Table 2.1.

2.8 Novelty and Significance of Proposed Work

While several different advanced delivery systems for rosuvastatin (such as nanogels,
vesicular carriers, lipid-based formulations, and transdermal patches) have been
investigated, these approaches generally address only one specific challenge (e.g.,
improving solubility using cyclodextrins or avoiding first-pass metabolism via non-
oral routes), while a key unmet need remains: the design of an oral pH-sensitive
hydrogel system that simultaneously addresses the poor aqueous solubility, degra-
dation in acidic gastric conditions, and variable intestinal absorption of rosuvas-

tatin.
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A pH-responsive oral hydrogel formulation based on xanthan gum (XG), car-
boxymethyl cellulose sodium (CMC-Na) and chitosan is proposed for the following

characteristics:

a) A pH-responsive release behavior allowing resistance to acid degradation
during gastric passage while swelling in intestinal pH conditions for targeted

drug delivery

b) Enhanced structural integrity due to the formation of interpenetrating poly-
mer networks (IPNs), which can lead to sustained and controlled drug de-

livery

c) Tunable release kinetics derived from the combination of natural polymer
biocompatibility with synthetic crosslinkers that gives rise to specific control

over drug release profile

The integrated multi-mechanistic strategy is expected to greatly improve the oral
bioavailability of rosuvastatin, representing an innovative alternative to existing

formulations.

By targeting multiple pharmacokinetic characteristics, to tackle this complex issue,
we developed a novel tri-polymer-based oral hydrogel formulation composed of
xanthan gum (XG), carboxymethyl cellulose sodium (CMC-Na) and chitosan with

the following features:

a) pH-responsive release behavior that allows for resistance to acid degradation
during gastric passage while swelling in intestinal pH conditions for targeted

drug deliver

b) Enhanced structural integrity provided by the formation of interpenetrating
polymer networks (IPNs), which can lead to sustained and controlled drug

delivery

c) Tunable release kinetics obtained from the combination of natural polymer

biocompatibility



TABLE 2.1:

Summary of Recent Studies on RST Using Polymeric and Lipid - Based Drug Delivery Systems (2024 - 2020)

Author(s), Year

Polymers / Materials
Used

Formulation

Objective

Key Outcomes

Soha M. El-Masry et al.,
2024 [61]

Tamer M. Shehata et al.,
2024 [62]

Sidra Younus et al., 2024
[63]

Hina Shoukat et al., 2024
[6]

Syed F. Badshah et al.,
2023 [64]

Islam M. Adel et al., 2023
[65]

R. Gonzélez et al., 2022 [7]

Heba F. Salem et al., 2021
[66]

Tarek A. Ahmed et al.,
2021 [67)

Oleic acid, Chitosan

Virgin Coconut Oil (CCO),
Tween 80

Soy  phosphatidylcholine
(SPC), Tween 80 (T80),

Sodium  cholate  (SC),
Carbopol 940
B-Cyclodextrin  (3-CD),

Poloxamer-407, AMPS
B-Cyclodextrin (8-CD)

Dialysis cellulose mem-
brane, Chitosan, Sodium
alginate

Lactose monohydrate,

Microcrystalline cellulose,
Dibasic calcium phosphate

Lecithin, Poloxamer 407

l-a-Soybean phosphatidyl-
choline, Tween 80, Ace-

tonitrile, Aspartame

Ufasomal Topical Gel

Nanostructured Lipid Car-
rier (NLC)

Rosuvastatin calcium-
loaded transfersomes
(ROS-TFs)

Interpenetrating Polymer
Network (IPN) Nanogel
Polymeric Nanogel
Rosuvastatin calcium-

loaded silica nanoparticles

Amorphous oral tablet (di-

rect compression)

Vesicles +
AgNPs-Loaded Gel

Nanocubic

Lyophilized orodispersible
tablets (transfersome

nanoparticles)

Diabetic wound healing

Enhance hypolipidemic effect

Potential transdermal application

Enhance solubility and oral bioavail-
ability

Solubility enhancement

Jaw bone healing/regeneration

Dissolution enhancement

Enhance skin performance, antimicro-
bial action
Enhance rosuvastatin bioavailability

and hypolipidemic activity

Chitosan-coated ufasomes exhibited strong wound
healing potential; confirmed via histopathology.
Significant reduction in lipid profile; synergistic effect
of CCO with Rosuvastatin (RST).

Sustained drug delivery; improved patient compliance

and bioavailability.

High biocompatibility, solubilization, and physico-
chemical stability.

High swelling, solubilization, and controlled drug re-
lease properties.

Sustained delivery; effective in healing bone tissue

damage.

Adequate stability and bioavailability; rapid drug re-

lease.

Promising for wound healing and tissue repair.

Hepatoprotective effects.

Continued on next page
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Table 2.1 continued from previous page

Author(s), Year

Polymers / Materials
Used

Formulation

Objective

Key Outcomes

Nabila M. Sweed et al.,
2020 [68]

Ibrahim Elsayed
2020 [69]

et al.,

Khaled M. Hosn et al.,
2020 [70]

Surfactant /co-surfactant

mix and oil

Tween 80, Cetyl Alcohol,
Clove Oil, Carboxymethyl
Cellulose (CMC)

Lecithin, Tween 80, D-
a-Tocopherol Polyethylene

Glycol Succinate (TPGS)

Self-Nanoemulsifying

Drug Delivery  System
(SNEDDS)

Elastic Nanovesicular Gel

In Situ Gel (Nano-

transferosomes)

Improve solubility and anticancer ac-

tivity

Enhance bioavailability and anticancer

efficacy

Anticancer activity for tongue carci-

noma

SNEDDS formulation showed enhanced anticancer po-

tential.

Improved permeability, entrapment, and controlled re-

lease.

Boosted bioavailability and induced apoptosis via

caspase-3 and P21 tumor.
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Chapter 3

Materials and Methods

3.1 Materials

Rosuvastatin calcium was supplied in generous donations from Jupiter Pharma-
ceuticals (Pvt.) Ltd., Islamabad, Pakistan. Chitosan (medium molecular weight;
75% deacetylated), xanthan gum, and sodium carboxymethyl cellulose (CMC
Na) were purchased from Sigma-Aldrich, USA. Ammonium persulfate (APS),
acrylic acid (AA), and N, N -methylenebisacrylamide (MBA) were purchased from
Shouguang Pner Chemical Co., Ltd., China. Potassium dihydrogen phosphate
(KH2PO4), disodium hydrogen phosphate (Na2HPO4), and sodium hydroxide
(NaOH) were analytical reagents purchased from Merck, Germany, and used for
buffer preparation. Acetone and glacial acetic acid were obtained from Sigma-
Aldrich, USA. The distilled water used in the experiments was prepared by the
Faculty of Pharmacy of Capital University of Science and Technology Islamabad,
Pakistan, and given to the researchers. Chemicals and reagents were of analytic

quality as was indicated and were used as received, without further purification.

18
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3.2 Method

Interpenetrating polymeric network (IPN) hydrogels composed of acrylic acid
(AA), xanthan gum, chitosan, and sodium carboxymethyl cellulose (CMC Na)
were synthesized via free radical polymerization, employing a systematic approach

for uniform network formation [64] as shown as Figure 3.1.

The preparation of Beaker A commenced with dissolving accurately measured
amounts of xanthan gum (ranging from 1g to 3g) and CMC Na (also 1g to 3g) in
an adequate volume of distilled water. This mixture was continuously agitated on
a hot plate and gently warmed to approximately 50 degrees Celsius to facilitate
complete polymer dissolution, resulting in a clear and homogeneous solution. Af-
ter total hydration, the solution was allowed to cool to room temperature while

maintaining constant agitation to ensure uniform polymer distribution.

In a separate procedure, Beaker B was prepared by dissolving chitosan (1-3g)
in a 1% (v/v) acetic acid solution under continuous stirring until a clear, homo-
geneous mixture was achieved. The contents of Beaker A were then gradually
added to Beaker B with consistent stirring to produce a homogeneous blended
polymeric solution. This resulting mixture was maintained on a magnetic stirrer
at 50°C to promote optimal polymer interaction. Subsequently, a freshly pre-
pared aqueous solution of N, N-methylenebisacrylamide (MBA, 0.20.4g) as the
cross-linker and ammonium persulfate (APS,0.2g) as the free radical initiator was
added dropwise to the polymeric blend while stirring continuously. The addition
of these components initiated free radical generation, marking the onset of free
radical polymerization and facilitating subsequent polymer cross-linking. Acrylic
acid (AA, 6g-10g) was gradually introduced into the reaction mixture at a temper-
ature of 50°C while stirring. This controlled addition of the monomer promoted a
more homogeneous polymerization process. Following this, the entire mixture was
thoroughly homogenized at 600 rpm in the laboratory to eliminate entrapped air
and ensure a uniform distribution of components, thus enhancing the consistency

of the cross-linked network throughout the matrix.
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The polymer solution was then carefully poured into sterile, dry glass test tubes
that acted as molds. These were incubated at 60 °C for 5 hours. This final step
concluded the free radical polymerization process, resulting in a robust interpene-
trating polymeric network. After the completion of the polymerization, hydrogels
were left at room temperature, then removed from their molds, and shaped into
disc forms with a diameter of 8.00 £0.05mm and a thickness of 2.00 4+ 0.03 mm.
Freeze-drying (-55°C, 0.01 mbar) was performed on a lyophilizer to remove any
excess water, enhance porosity, and stabilize the network for further characteriza-
tion and drug loading studies. Composition of formulated hydrogels are as shown

as Table 3.1.

TABLE 3.1: Concentrations of polymer, monomer, cross-linker, and initiator
used in the synthesis of hydrogels

Xanthan CMC Acrylic
. Chitosan MBA APS
Formulation Gum Sodium  Acid

(®) (&) @ @ 2 @

F1 2.0 2.0 2.0 6.0 0.2 0.2
F2 1.0 2.0 2.0 6.0 0.2 0.2
F3 3.0 2.0 2.0 6.0 0.2 0.2
F4 2.0 1.0 2.0 6.0 0.2 0.2
F5 2.0 3.0 2.0 6.0 0.2 0.2
F6 2.0 2.0 1.0 6.0 0.2 0.2
F7 2.0 2.0 3.0 6.0 0.2 0.2
F8 2.0 2.0 2.0 8.0 0.2 0.2
F9 2.0 2.0 2.0 10.0 0.2 0.2
F10 2.0 2.0 2.0 6.0 0.3 0.2
F11 2.0 2.0 2.0 6.0 0.4 0.2

3.3 Drug Loading

Drug loading was performed by immersing hydrogel discs (diameter: 8.00 4+ 0.05
mm, thickness: 2.00 £+ 0.03 mm, weight: 0.92 + 0.03 g, n = 3) of predetermined
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weight into a 1.0% w/v solution of Rosuvastatin in phosphate buffer at pH 7.4.
The discs were subsequently washed three times (for 30 seconds each) with 10 mL

of deionized water to remove any adsorbed drug or debris from their surface.

After washing, the surface was blotted dry using Whatman® Grade 1 filter paper.
The discs were then dried for 48 hours under vacuum at -55°C and 0.01 mbar
within a lyophilizer, ensuring the prevention of moisture retention and structural

degradation.

Finally, the dried, drug-loaded discs were stored in vacuum desiccators at 25°C

with a relative humidity below 10 percent until further testing could be performed

71).

Addition of MBA and APS

(A) Xanthan Gum+CMC (B) Chitosan + Acetic Acid
Sodium+Water

J

—

3 Thermal Treatment fos
fl Hydrogel Cut Slces before "c':;,hw& : Prepared Hydrogel

freeze Drying pouring into test tubes

1

LT

LR

Freeze Drying After Freeze Drying (Rosuvastatin) Swellon Hydrogel Discs Drug icocad HkOpel Do

FIGURE 3.1: Schematic outline of the process of hydrogel synthesis

The path followed was to create polymer solutions, (Xanthan Gum + CMC or Chi-
tosan + Acetic Acid), in addition to crosslinking via MBA (N, N’-Methylenebisacry
lamide) and APS (Ammonium Persulfate)—acrylic acid was also added at this

stage—then polymerizing via thermal methods at 50 degrees Celsius, casting into
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molds, freeze-drying to porous up the hydrogels, and ultimately loading drug (Ro-
suvastatin). The cross-linkable networks of the hydrogel were achieved through

intentionally controlled physicochemical cross-linking.

3.4 Characterization

3.4.1 Physical Appearance and Structural Evaluation of
Hydrogels

The developed hydrogel’s physical appearance and structural integrity compre-
hensively characterized using standardized characterization procedures to ensure
consistency, reproducibility, and formulation quality. Freshly prepared hydrogels
were macroscopically examined for clarity, color, surface uniformity, and absence
of visible imperfections such as cracks, air entrapment, or phase separation. To
evaluate the internal structural integrity and hydrogels, stability more effectively,
samples were freeze dried in a laboratory freeze-dryer (Christ Alpha, Germany).
Hydrogel discs were frozen at -80 °C for 24 h before lyophilization to ensure com-
plete solidification. Lyophilization took place for 48 h under a vacuum of 0.01 mbar
to remove any residual moisture without disrupting the polymeric network. The
freeze-dried hydrogel discs were subsequently analyzed for physical appearance
alterations, including texture, porosity, and structural shrinkage. These obser-
vations provided information into the interconnected porous matrix’s formation,
which is critical step for drug loading, swelling characteristics, and controlled re-
lease performance. All analyses were repeated in triplicate, and only hydrogels
meeting the predetermined physical and structural criteria were selected for fur-

ther physicochemical, mechanical, and biological investigations[71].

3.4.2 Drug Encapsulation Efficiency (EE%)

Standardized experimental protocols were employed to ensure reproducibility across

all investigations [72]. Hydrogel discs with uniform dimensions (diameter: 8.00
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+ 0.05 mm, thickness: 2.00 £ 0.03 mm) were fabricated for all evaluations. The
dimensional accuracy of each disc was confirmed using a precision digital caliper.
A calibrated analytical balance was utilized to provide a consistent disc mass at
0.95+0.01g (n = 3 individual batches), providing consistency in experimental
groups. Discs with these specified requirements were employed for subsequent
analyses. To evaluate encapsulation efficiency (EE%) of drug-loaded hydrogels
accurately weighing standard hydrogel discs were finely ground using a mortar
and pestle. Powdered hydrogel was dispersed in 100 mL phosphate buffer solution
(pH 7.4) and was equilibrated for 24 h to allow extraction of the drug. The dis-
persion was ultrasonicated for 20 minutes to allow release of the drug from the
polymeric matrix. Residual polymeric debris was removed via centrifugation at
3000 rpm, and rinsed with fresh phosphate buffer to ensure complete recovery of
unbound drug[73]. The clear supernatant was scanned for RST content using a
UV-Visible spectrophotometer at a characteristic wavelength ( max) of 243 nm.

The encapsulation efficiency was calculated by the following equation 1:

(3.1)

BEY — ( Amount of drug entrapped ) 100

Total amount of drug initially used

3.4.3 In Vitro Swelling Studies

Rosuvastatin-loaded hydrogel’s swelling behavior was evaluated, to assess their
fluid absorption capacity and structural integrity[74]. Pre-weighed, lyophilized
hydrogel discs with average (8.00 & 0.05 mm diameter, 2.00 4 0.03 mm thickness,
0.92+0.03g) were selected for the study. The initial dry weight of each sample
(W) was measured by calibrated analytical balance. The hydrogel discs were im-
mersed in an excess volume of phosphate buffer (pH 7.4) at 37 4+ 0.5 °C to simulate
physiological conditions. To facilitate unrestricted swelling and prevent premature
dehydration, the medium volume was kept sufficiently high relative to the sample
size. At predetermined time intervals (1 hour, 2 hours, and 24 hours), the samples
were carefully removed from the swelling medium, gently blotted with filter paper
to remove surface-adhered water and weighed to determine the swollen hydrogel

mass (W ). The swelling ratio (q) was calculated using the following equation 2:



Materials and Methods 24

Wy — W
= — 100 3.2
g ( - ) (3.2)

Where,
W1 = Weight of swollen hydrogel

Wy = Weight of the dry hydrogel

3.4.4 In Vitro Drug Release Study and Release Kinetics

The in vitro drug release profile for rosuvastatin-loaded hydrogels was studied
with the United States Pharmacopeia (USP) dissolution apparatus II (paddle
method) [75]. using simulated gastric fluid pH 1.2 and phosphate buffer pH 7.4
as dissolution media, at a temperature of 37 +0.5°C and a paddle rotation speed

of 90 rpm throughout all the experiments.

Throughout the experiment, the dissolution medium volume was held constant at
900 mL, and the temperature was kept constant at 37 £ 0.5 °C to simulate physi-

ological conditions.

At predetermined time intervals, 5 mL aliquots were withdrawn from the disso-
lution vessel and replaced with an equal volume of fresh, preheated dissolution

medium to maintain sink conditions and constant volume.

Filtered samples were analyzed, and the release of Rosuvastatin was quantitated
using UV—visible spectrophotometer (UV 3000, Germany) at 243nm ( max). All
experiments were performed in triplicate, and the results are presented as mean
+ standard deviation. Cumulative drug release data were also fitted to various
kinetic models, including zero-order, first-order, Higuchi, and Korsmeyer—Peppas

models, to determine the drug release mechanisms from the hydrogel matrix [76].
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3.4.5 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy was employed to describe the
presence of characteristic functional groups’ occurrence and identify any proba-
ble interaction between the drug and polymeric materials. Unloaded and RST-
loaded hydrogel samples, carboxymethyl cellulose (CMC) sodium, chitosan, xan-
than gum, acrylic acid, ammonium persulfate (APS), and N,N -methylenebisacry-
lamide (MBA), and pure rosuvastatin calcium were characterized through spectral
methods. Measurements were made on an attenuated total reflectance FTIR spec-
trometer (ATR-FTIR; Bruker Tensor 27 series, Ettlingen, Germany). Background
spectrum acquisition for atmospheric as well as for instrumental interferences was
achieved by using an empty cell prior to sample acquisition. Solid and liquid
samples were accurately positioned onto a Pike Miracle ATR cell with a zinc
selenide (ZnSe) crystal. For best contact and spectral resolution, the assembly
was gradually rotated to achieve a dense and uniform sample layer. Spectral
data were recorded between the wavenumber range of 4000 to 650 cm™! .Based
on the spectra, the characteristic vibrational bands attributable to functional
groups were analyzed for Rosuvastatin (O-H/N-H stretching at (~ 3400 cm ™!, C =
Ostretchingat(~ 1650 cm ™), aromatic C=C vibrations at ~ 1600 cm™!) and the
hydrogel polymer (e.g. carboxylic acid C=0 stretching at ~ 1700 cm™! for poly
(acrylic acid) based hydrogels). A comparative spectral analysis was performed to
assess possible interactions (e.g. hydrogen bonding or electrostatic forces), which

is evidenced by peak shifts, broadening or disappearance of the peaks [77].

3.4.6 Powder X-ray Diffraction

Powder X-ray Diffraction (PXRD) was utilized in examining the phase nature and
structural properties of individual ingredients and nanogel ingredients. The tech-
nique is significant in differentiating amorphous and crystalline states, their impli-
cations reaching drug solubility and bioavailability. In the current research, pure

Rosuvastatin calcium XRD patterns, Chitosan, Carboxymethyl Cellulose Sodium,
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Xanthan Gum, placebo hydrogels, and drug-loaded nanogels were achieved. Sam-
ples were harvested by keeping dried hydrogel powders in the sample holder in
a manner that it has a flat and even surface to analyze. Diffraction scans were
captured from 2 range of 0° to 60° with 5°/min scanning rate. The diffractograms
thus obtained were analyzed to establish the physical form (crystalline or amor-

phous) of each constituent and formulations [78].

3.4.7 Thermal Analysis

Thermal tests carried out for evaluating thermal stability and compatibility of Ro-
suvastatin calcium with chosen polymers and for determining the integrity of the
polymer—-monomer matrix in developed hydrogel formulations. Differential Scan-
ning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) were done with
pure drug, individual polymers, and developed hydrogels. TGA was conducted
with sample weights between 0.5 and 5 mg. The experiment was performed in a
continuous stream of nitrogen at the same flow rate of 10 mL/min. The samples
were heated under a constant heating rate of 20 °C/min from room temperature to
600 °C to evaluate thermal degradation behavior [79]. DSC was conducted in the
range of 0-600°C at a heating rate of 20 °C/min. A purge flow rate of 20 mL/min
nitrogen was used to create an inert atmosphere and avoid oxidative decomposi-
tion. The obtained thermograms were evaluated to identify thermal transitions

such as melting point, glass transition temperature (Tg), and decomposition pro-

files [80]

3.4.8 Scanning Electron Microscopy

The surface morphology and internal microstructure of the rosuvastatin-loaded
pH-responsive hydrogel is evaluated by scanning electron microscopy (SEM) in-
cluding the assessment of structural aspects, porosity, surface topography, and
drug distribution. After washing the hydrogel samples with distilled water to re-
move unreacted material and freeze-dried using a freeze-dryer to remove moisture

while maintaining the original architecture, the freeze-dried hydrogels were sliced
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into thin cross-sections (2-3 mm thick) using a sharp blade to expose the inter-
nal matrix structure. The samples were affixed to aluminum stubs by means of
the double-sided conductive carbon tape to ensure sample adhesion and reduce
the effect of charging when the electron beam is directed through the sample.
SEM analysis was carried out using a high-vacuum field-emission scanning elec-
tron microscope set at accelerated voltages from 5-15 kV and a working distance
of 812 mm. The secondary electron (SE) imaging mode was employed to cap-
ture topographic features to allow for comparison at varying magnification. FEach
sample was analyzed three times way of triplicate samples subjected to the same

instrument settings to ensure reproducibility [65].

3.4.9 Acute Oral Toxicity Study

An acute oral toxicity study was conducted as per compliance with the OECD
Guideline 423 (Acute Toxic Class Method). The standard study protocol was
reviewed and approved by the Institutional Research Ethics Committee of the
Faculty of Pharmacy, Capital University of Science and Technology (CUST), Is-
lamabad, Pakistan (Approval No. REC/FoP /F2024/05).

The study intended to investigate the safety profile of the optimized Rosuvastatin-
loaded hydrogel formulation. A total of ten healthy adult female Balb/c mice
(9-10 weeks old, average body weight 21 +2g) were obtained from the Animal
Facility Center of CUST. Female animals were selected based on their recognized
sensitivity to toxicological evaluations. The animals were housed under controlled
laboratory conditions, i.e. controlled temperature (254 2°C), relative humidity
(65+5%), and a 12-hour light/dark cycle. Standard laboratory diet and water
were supplied ad libitum. Prior to the experiment the animals were acclimatized

in laboratory environment for seven days.

After acclimatization phase, the animals were randomly divided into two groups

(n = 5 per group):
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a) Group A (Control group): Given 0.9% normal saline at a dose volume of

1mL/100 g body weight via oral gavage.

b) Group B (Treatment group): Administered with the optimized Rosuvastatin-
loaded hydrogel formulation at a dose of 2 g/kg body weight, administered

orally via gavage.

To avoid excessive dosing volume and discomfort, the entire dose of 2 g/kg was
split into three equal units and administered every 30 minutes. The hydrogel
formulation was suspended in normal saline to achieve the desired dosing volume

of 1mL/100g body weight.

All animals were observed individually following doses, with particular attention
paid to the first four hours of post-administration. Follow up daily observations
were made for 14 consecutive days to observe potential signs of toxicity. Clinical
observations included assessment of general appearance (skin, fur, mucous mem-
branes, and eyes), behavioral patterns (salivation, tremors, sleep abnormalities,
diarrhea, coma), and neurological manifestations (postural changes, gait abnor-

malities, stereotypic movements such as grooming or circling).

Food and water consumption of each animal were measured daily. On day 15, an-
imals were anesthetized via an intraperitoneal injection of ketamine (100 mg/kg)
and xylazine (10 mg/kg) then euthanized via cervical dislocation. Blood samples
were collected through cardiac puncture into EDTA-coated tubes for hematolog-
ical investigation. Vital organs (heart, liver, kidneys, spleen and stomach) were
removed surgically, rinsed with ice-cold saline, and macroscopically inspected for
any visible gross abnormalities or lesions. The organs were weighed by using an-
alytical balance, preserved in 10% neutral-buffered formalin for 48 hours in glass
jar and processed for histopathological assessments. Paraffin-embedded tissue sec-
tions (5 pm) stained with hematoxylin and eosin (H&E) and analyzed under a light

microscope for evaluation of drug induced microscopic alterations [81].
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3.5 Statistical Analysis

All experimental data were expressed as mean =+ standard deviation (SD). Statis-
tical analyses were performed using SPSS® software. For multiple group com-
parisons, one-way analysis of variance (ANOVA) followed by appropriate post hoc
tests were applied. For pairwise comparisons, Student’s t-test was used. A p-value

of less than 0.05 was considered statistically significant.



Chapter 4

Results and Discussion

4.1 Physical Appearance and Structural Evalu-
ation of Hydrogels

To investigate the effect of polymer composition and concentration on physical and
structural properties, hydrogel discs were prepared by free radical polymerization
and chemical crosslinking using a combination of chitosan, carboxymethyl cellulose

sodium (CMC-Na), and xanthan gum.

The newly synthesized hydrogels had a clear to slightly opaque appearance, de-
pending on the ratio of the used polymers (Figure 4.1), indicating good dispersion

and solubilization of the hydrogel components.

After drying and storage at room temperature for 24 h, all formulations turned a
milky-white color that indicated the formation of polymeric networks and partial
dehydration of the hydrogel matrix, as reported previously for polysaccharide-
based hydrogels because of structural reorganization during solvent loss. Macro-
scopic evaluation showed formulation-dependent differences in texture, transparency,
stickiness, and uniformity which are summarized in Table 4.1. This is particularly
important for hydrogel-based drug delivery systems as the matrix consistency and
surface integrity directly influence drug entrapment, swelling, and release behavior
[82].
30



Results and Discussion 31

FIGURE 4.1: Freshly prepared chitosan, CMC-Na, and xanthan gum-based
hydrogels.

Freshly prepared chitosan, CMC-Na, and xanthan gum-based hydrogels exhibiting
clear to slightly opalescent characteristics, which transitioned to a uniform milky

white color upon drying and storage, confirming successful network formation
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TABLE 4.1: Physicochemical Characterization of Hydrogel Formulations
Code Appearance Texture Color Stickiness Uniformity

F1 Transparent Smooth Pale yellow  Low Uniform

F2 Opaque Gelatinous Yellowish Moderate  Uniform

F3 Slightly hazy  Firm Yellow Low Uniform

F4 Clear Soft Light yellow High Non-uniform

F5 Transparent Smooth Yellowish Low Uniform

F6 Clear Elastic Pale yellow  Low Uniform

E7 Slightly Firm Yellow Moderate  Uniform
opaque

F8 Slightly Rigid Dark yellow High Non-uniform
opaque

F9 Opaque Rigid Yellow Low Uniform

F10 Hazy Smooth Pale yellow  Moderate = Uniform

F11 Clear Soft Light yellow Low Uniform

Hydrogel formulations exhibits distinct characterization which are in direct cor-
relation with their compositional variations as shown as Figure 4.2. Balanced
polymer concentrations (F1; 2g each) produced transparent, smooth hydrogels
with well-organized polymeric networks, whereas decreased chitosan content (F2;
1g) led to an opaque, more viscous structure likely due to fewer ionic interactions

and impaired gelation.

Alternatively, xanthan gum concentration had a major effect on morphology: lower
concentrations (F4; 1g) gave clear but non-uniform hydrogels because of insuffi-
cient entanglement, while increased loading (F5; 3 g) enhanced viscosity and ma-

trix density by increasing chain interactions

The CMC-Na also influenced hydrogel characteristics; lower concentrations (F6:
1 g) gave elastic, flexible discs while higher concentration (F7: 3 g) produced firmer,
stiffer hydrogels with more crosslinking and increased hydrogen bonding between

polymer chains.
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FIGURE 4.2: Visual representation of hydrogel formulation discs showing phys-
ical appearance, transparency, color variation, and surface texture

The effect of the crosslinker was also evident from F8 (0.3 g MBA), which produced
uneven, too hard structures, and F9 (0.4 g MBA), which generated opaque, dense

discs, suggesting excessive crosslinking and low chain mobility.

Changes in acrylic acid concentration showed opposite effects: F10 (8 g AA) was
slightly hazy, presumably because of early-stage phase separation, while F11 (10g
AA) unexpectedly became clear again, possibly because of better solvation and

extended polymer chains ordering into more organized structures.

While pH and viscosity measurements were not performed in this study, qualita-
tive assessments of surface stickiness and appearance yielded useful information
regarding the structural coherence of the hydrogels; increased stickiness in F4 and
F'8 correlated with decreased crosslinking density or insufficient polymer content,

leading to looser, less cohesive networks. Taken together, the physical attributes
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clearly demonstrate that compositional variation can have a significant impact on
hydrogel formation, morphology, and mechanical properties, which is fundamental
to understanding how to optimize hydrogels for oral drug delivery applications in
which consistent network integrity and physicochemical performance are critical

[83).

4.2 Drug Encapsulation Efficiency (%EE)

Each of rosuvastatin-loaded hydrogel formulations (F1-F11) was evaluated %EE
to determine the polymeric network’s capability in effectively retaining the drug.
UV spectrophotometric analysis at 240 nm revealed EE values ranging from 81.23%
to 93.43%, confirmed successful drug incorporation across all formulations as
shown as Table 4.2.

TABLE 4.2: Entrapment Efficiency (EE) of Rosuvastatin-Loaded Hydrogel For-
mulations

Formulation Entrapment Efficiency (%) £ SEM

F1 81.48 £ 1.15
F2 79.95 £ 1.40
F3 84.32 £ 1.25
F4 75.66 £ 1.50
Fb5 93.43 £ 1.35
F6 81.02+ 1.50
F7 86.50 £ 1.30
F8 88.10 £ 1.20
F9 80.23 £+ 1.45
F10 82.70 £ 1.25
F11 88.14 £ 1.10

F4 (75.66 + 1.50%) exhibited the lowest EE%, which was significantly lower

(p<0.05) than all other formulations. The decreased xanthan gum (1g) content



Results and Discussion 35

resulted in a reduction in gel network strength and as a result, more sol frac-
tion, that led to drug diffusion/loss while synthesizing or during washing steps.
F2 (79.95 + 1.40%) had a non-significantly higher EE content than F4 (p>0.05)
but still had a lower EE than F1 and other relevant formulations. Due to the
decreased concentration of chitosan (1g) earlier formulations with higher molar
concentrations of chitosan likely had stronger electrostatic interactions between
amino groups of chitosan and acidic drug (rosuvastatin), limiting the ability to
entrap [84]. The EE of F9 (80.23 £ 1.45%) is demonstrated as moderate, al-
though having statistically non-significant difference (p > 0.05) compared to F1
and F6. The higher MBA content (0.4g) may have caused over-crosslinking and
a rigid matrix with reduced porosity is created, [85] which could have decreased
drug diffusion into the gel structure and thereby slightly compromised EE. F6
(81.02 £ 1.50%) also had similar EE to F1, with a non-significant difference (p >
0.05). The lower EE may have been due to the lower CMC sodium content (1g)
which influenced the hydrogel’s swelling capacity; limiting drug solubilization and
entrapment during formation. F1 (81.48 + 1.15%) containing a balanced set of
polymer quantities (2g of each polymer), also demonstrated moderate EE as a ref-
erence point of comparison. This formulation was able to create a more uniform
gel network that was facilitated by the equimolar polymer ratio. This indicated
effective drug encapsulation but lower than enhanced effects obtained from ulti-
mately polymer-optimized or cross-linker-optimized systems [86]. F10 (82.70 +
1.25%) showed significant differences (p < 0.05) from F4 and F2 AA systems and
showed almost equivalent efficacy in comparison to F1, F6, and F9 EE values.
The increased concentration of AA (8 g) made improvements in chitosan possibly
through ionic interaction to make an entrapment enhancement of roughly ~1.1
times that of the F4. F3 (84.32 £+ 1.25%) had a significantly greater EE (p < 0.05)
than F1, F2 and F4. With F3 having the highest chitosan content (3g), there were
more amino groups to enable ionic interaction for drug encapsulation (which was

increased by approximately 1.1x over F2) with the drug and the acrylic acid [87].

F7 (86.50 £ 1.30%) showed a significant increase in EE (p < 0.05) compared to
F1, F2, and F4. The elevated CMC sodium (3g) improved swelling ability and
hydration, thereby facilitating higher drug loading [88]. However, EE was slightly
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lower than in formulations with stronger crosslinking or higher acrylic acid. F8
(88.10 + 1.20%) exhibited statistically significant improvement over F1-F4 (p
< 0.01). The increase in MBA to 0.3g promoted better crosslinking and drug
entrapment, resulting in 1.16-fold greater EE than F4 and outperforming most
formulations, except F5 and F11. F11 (88.14 £ 1.10%) also showed very high
EE, statistically comparable to F8 (p > 0.05) and significantly higher than F1-
F4. The high acrylic acid content (10g) improved ionic interactions and network
density, leading to efficient entrapment, though overly high monomer levels may
risk internal heterogeneity. F5 (93.43 + 1.35%) had the highest EE as compared to
all formulations and was also statistically greater (p < 0.001) than formulations
F1-F4, and even F7-F10. Increasing the xanthan gum (3g) likely boosted the
matrix cohesion and water retention, which delivered a stronger, more flexible
network that was inputs made to best maximize drug entrapment (the EE was
compared to the formulation F4 ~1.23x) [89]. The overall trend according to the
data test and analysis is F5 > F11 F8 > F7 > F3 > F10 > F1 F6 F9 > F4
> F2. For formulations with optimized polymer ratios and moderate-high levels
of acrylic acid or around the content of MBA, the EE% was substantially higher.
The lower entrapment for F2 and F4 can partially be attributed to the chitosan or
xanthan gum levels that may not have better enhanced drug-polymer interactions

or network stability.

4.3 In Vitro Swelling Studies

4.3.1 Effect of pH on Swelling

The swelling capacity of hydrogels is a direct result of their 3D network structure,
hydrophilic nature and response to changing environmental pH, which is all needed
for the hill to obtain and maximize the performance of drug delivery. In the
present study, the swelling behavior of hydrogels at pH 1.2 and pH 7.4, in relation

to polymer concentration, acrylic acid (AA) content and crosslinking density, was
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assessed with full consideration of statistical significance using a one-way ANOVA

followed by Tukey’s post-hoc tests, with p < 0.05 determined to be significant[90].

Swelling properties of pH-sensitive hydrogel formulations (F1-F11) were evalu-
ated at pH 1.2, representing the gastric environment. The swelling ratio (q) as
the number of fold weight increase corresponding to water uptake was significantly
different for each formulation (1.54 to 2.94 for 72 hrs). All of the hydrogel formu-
lations (F1-F11) were evaluated in comparison to the reference formulation, F1,
which had a swelling value of 2.251 4+ 0.75. Relative to F1, formulation F2 had
a slight decrease in swelling 0.04-fold, with a value of 2.161 £ 1.00, while F3 was
0.06% less with a swelling value of 2.116 + 1.25. F4 exhibited a small decrease in
swelling (2.173+ 0.90). A larger decrease in swelling was seen in F5, which had
the lowest swelling (1.544 4+ 1.50) and represented a 0.68-fold decrease relative to
F1. Formulations F6 and F7 were similar to the reference, with swelling values
of 2.226 4+ 1.25 and 2.279 £ 1.25 respectively. This was a negligible increase in
swelling. Similarly, F8 exhibited a swelling of 2.182 + 0.90 with a slight decrease,
while F9 had a more drastic decrease with a swelling of 1.809 £ 1.00 resulting in
0.80 folds swelling volume decrease from F1. Finally, F10 and F11 had the highest
swelling at this pH (2.94 £ 1.50 and 2.89 + 1.25) respectively, with increases of
1.31% volume and 1.28% volume respectively from F1. In summary, the overall
trend of swelling values at acidic pH had very little variation for most formula-
tions, except for well-informed decrease with F5 and significant increase with F10

and F11 relative to the reference F1 as shown as Figure 4.3.

At pH 7.4, the swelling behavior of formulations F1-F11 showed a significant
increase in water uptake relative to the acidic environment as shown as in Figure
4.3 and 4.4, and F1 as the reference formulation had a swelling value of 5.624
+ 1.50. Formulation F2 displayed a reduced swelling of 5.237 4+ 0.95, which
corresponded to a 0.93% volume decrease relative to F1. F3 had a slight reduction
to 5.384 £ 0.75, F4 also showed a reduction with value of 5.108 + 1.25. In contrast,
F5 exhibits significant increase swelling of 8.054 4+ 0.50, or a 1.43-fold increase
compared to F1 and was a higher swelling value than all formulations at this pH

91,
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F6, at 5.066 + 1.50, had a 0.90% volume decrease swelling to F1, F7 had 7.014
+ 0.75 swelling, or a 1.25-fold increase from F1. Formulation F8 had a higher

swelling of 6.430 £ 1.25, for a 1.14-fold increase, F9 had 7.228 + 0.75 swelling for
a 1.29-fold increase to F1.

In contrast, F10 and F11 both had reduced swelling values of 4.538 £+ 0.75 and
4.225 £ 1.25 respectively. Overall, swelling at pH 7.4 had a diverse pattern due to
the formulation differences, with F5, F7, F8, and F9 showing significant increases

in swelling and F10 and F11 drastically reduced swelling in comparison with F1.
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FIGURE 4.3: Swelling Index of formulations (F1-F11) at pH 1.2 and pH 7.4
over time
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FIGURE 4.4: : Visual comparison of hydrogel discs under varying pH conditions
(pH 1.2 and pH 7.4), demonstrating pH-dependent behavior

4.3.2 Effect of Formulation Variables on Swelling

4.3.2.1 Effect of Chitosan Concentration on Swelling Behavior

The swelling behavior of the chitosan-containing hydrogels followed the trend of
F1>F2>F3, at both pH 1.2 and 7.4. At pH 7.4, F1 (2 g of chitosan) had the
highest swelling index (5.624 + 1.50), which was significantly larger (p<0.05) than
F2 (1 g of chitosan; 5.237 £ 0.95) and F3 (3 g of chitosan; 5.384 + 0.75). The
enhanced swelling in the F'1 formulation likely arose from an optimal concentration
of chitosan in which the hydrogel network provided the necessary hydrophilic
groups and flexibility in the networks sufficient water was able to diffuse in and
swell the disks. The decreased swelling of F3 most likely resulted from the excessive
load of the polymer, which created chain entanglements and produced a more
compact network, thereby restricting the diffusion of the solvent. A similar trend

of F1>F2>F3 was observed when the hydrogels were at pH 1.2; however, these
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differences were not statistically significant (p>0.05) and is most likely due to the
protonation of the amine groups in chitosan, thereby limiting swelling in acidic

conditions [92].

4.3.2.2 Effect of Xanthan Gum Concentration on Swelling Behavior

The swelling indices obtained for the xanthan gum-based hydrogels showed the
same trend of (F5>F1>F4) at both pH levels. At pH 7.4, F5 (3 g xanthan gum)
exhibited a higher swelling index (8.054 £+ 0.50) than F1 (2 g; 5.624 £+ 1.50) and
also F4 (1 g; 5.108 £+ 1.25) (p<0.05).

The greater swelling observed in F5 was due to the increased availability of hy-
droxyl and carboxyl groups, which allow for better absorption of water and ex-

pansion of the hydrogel networks.

At pH 1.2, the swelling of all formulations was relatively low, and no statistical
difference was observed (p>0.05) as a result of limited ionization of carboxyl groups

in acidic conditions [93].

4.3.2.3 Effect of CMC Sodium Concentration on Swelling Behavior

The swelling behavior of CMC sodium-based hydrogels followed the pattern F'7
> F1 > F6, at both pH 1.2 and 7.4. At pH 7.4, F7 (3 g CMC sodium) was able
to achieve a far greater swelling index (7.014 £ 0.75) than either F1 (2 g, 5.624 +
1.50) or F6 (1 g, 5.066 + 1.50) (p < 0.05).

The greater swelling in F7 is related to the greater number of ionizable carboxyl
groups present in the hydrogel with a resultant increase in electrostatic repulsion

and osmotic swelling.

At pH 1.2, there were no significant differences (p>0.05) which were attributed to
protonation of carboxyl groups that results in reduced swelling of all formulations

[94).
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4.3.2.4 Effect of Acrylic Acid (AA) Content on Swelling Behavior

Acrylic acid concentration greatly affected swelling and increased in the order of
F9>F8>F1 for both pH. In a buffer with pH 7.4, F9 (10% AA) had the greatest
swelling index (7.228 £ 0.75), as compared to F8 (8% AA; 6.430 + 1.25) and
F1 (6% AA; 5.624 £+ 1.50) (p<0.05). This increase was due to the available de-
protonated carboxyl groups increasing electrostatic repulsion between the chains,

allowing for greater water uptake.

This increase was due to the available deprotonated carboxyl groups increasing
electrostatic repulsion between the chains, allowing for greater water uptake. At
pH 1.2 swelling still remained very limited for all the formulations, thus a statis-
tically difference was seen across formulations (p>0.05), as the protonation of the

carboxyl groups prevented the expansion of the network of the polymer [95].

4.3.2.5 Effect of Crosslinker Concentration on Swelling Behavior

An inverse relationship was evidenced in MBA concentration and swelling, with
F1>F10>F11 for both pH 1.2 and 7.4. At pH 7.4, F1 (0.2 g MBA) had the
highest swelling index (5.624 + 1.75), which was significantly higher than both
F10 (0.3 g, 4.538 £ 0.75) and F11 (0.4 g, 4.225 + 1.25) (p<0.05). The decreased
swelling with increasing levels of MBA indicates a higher density of crosslinking is
provided by the MBA, which inhibits the mobility of the polymer chain and the

penetration of the solvent.

The decreased swelling with increasing levels of MBA indicates a higher density of
crosslinking is provided by the MBA, which inhibits the mobility of the polymer
chain and the penetration of the solvent. The swelling at pH 1.2, in comparison to
the long swelling time, was low and did not statistically differ between formulations
(p>0.05); this suggested that the crosslinking factor was suppressed in favor of
hydrophobic interactions and inhibited ionization from functional groups [96]. The

effects of variable on swelling at both pH are as shown as Figure 4.5.
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4.4 In Vitro Drug Release Study and Release Ki-

netics

The controlled release mechanism of rosuvastatin from hydrogel-based matrices
was systematically studied in relation to their pH conditions that mimic phys-
iologic gastric (pH 1.2) and intestinal (pH 7.4) environments. This study fur-
ther contributes to our understanding of the mechanisms that govern rosuvas-
tatin release kinetics. This understanding interrelates how polymer architecture,

crosslinking density and swelling is dictated by ionization could be utilized to
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engineer an advanced targeted release pH-responsive drug delivery system [97].

In acidic conditions, the hydrogel network remains essentially protonated, leading
to little ionization and limited swelling. As a result, the network structure is re-
stricted and therefore limit the diffusion of drug, leading to a diffusion-controlled
release behavior. The baseline release for formulation F1 was 13.93 4+ 0.45% over
24 h. Any change to the polymer structure drastically changes the release pa-
rameters (p<0.05). Formulations F2-F4 differed in the ratio between chitosan and
xanthan gum, and diminished hydration as part of the gelling was noted. Inclusion
of sodium CMC into the formulations produced more flexible structures, [98] that
benefited release of drug (F4: 16.27 4+ 0.52%,p<0.05), to a degree, although once
again, not as much as expected when there was a lower concentration of xanthan
gum. Any one of the studied factors can also alter either levels of swelling we see
in the network and release of drug. Excessive amounts of xanthan gum[99] (F5:
11.74 4+ 0.38%, p < 0.01) compared with chitosan and any amount of low levels
of a cross-linker (F8: 12.56 + 0.41%, p < 0.05), do reflect any decreased levels
in any ability to swell and release of drug, similar to each other (F8), reflecting
how sensitive diffusion kinetics can be on the density of polymer networks on
drug release. Notably, F11, which had higher levels of acrylic acid compared with
other formulations, demonstrated a maximum release of 17.09 £+ 0.55% (p<0.001)
related to increased hydrophilicity and pore formulation better hydrated, despite
the highly limited swelling seen in harsh acidic conditions which can characterize

the gastric area of the GI tract as shown as Figure 4.6.

In alkaline conditions (pH 7.4), the hydrogel network experiences significant de-
protonation of carboxyl and hydroxyl groups, leading to increased electrostatic
repulsion, substantial swelling, and therefore enhanced drug diffusion. The for-
mulation (F1) released 82.09 £ 1.32% of the drug while optimized formulations
demonstrated higher release efficiencies of drug from hydrogel hydroxyl groups.
Formulation F5 with an optimized xanthan gum concentration, released 92.54
+ 1.48% (p<0.001) as swelling occurred and ionization increased, which also in-
creased interconnectivity of pore structures. Conversely, if there is too much

crosslinking (F9: 76.89 £+ 1.24%, p<0.05) or too much ionized acrylic acid (F11:
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74.28 + 1.19%, p<0.01) the release of drug is hampered likely due to partial
losses of overall hydrogel form or development of polymeric domains that were
too tight for the diffusion pathways to cross. These results correlate directly to
the Flory-Rehner theoretical study noting that there is an optimal crosslinking

amount which balances swelling with mechanical stability as shown as Figure 4.6.

The inclusion of rosuvastatin drug release from the developed hydrogel matrices
were systematically studied under physiologically relevant conditions mimicking
gastric (pH 1.2) and intestinal environments (pH 7.4) to clarify the influence of
polymer composition, crosslinking density and swelling due to ionization on release
kinetics. This type of evaluation provides important mechanistic data on how to
design for pH- responsive drug delivery systems with controlled and site- specific

release.

At acidic pH 1.2, the polymeric network could only undergo limited ionization
because the carboxylate and hydroxyl groups became protonated, and this meant
that there was little matrix swelling, thus limiting drug diffusion. All of this
means that F1, the reference formulation, released 13.93 £0.45% the total drug
over 24 h that serves as the reference, or baseline data. Changing the polymer
type and concentration altered the drug release (p<0.05) and this indicates that
the system was responsive to matrix configurations and had a high sensitivity to
changes in drug release. For example, F2, F3, and F4, which varied in chitosan,
xanthan gum and sodium carboxymethyl cellulose (CMC) increased hydration and
network flexibility within the matrix and led to an increase in drug release (p <
0.05), with F4 releasing the most at 16.27 + 0.52%. Drug release was limited
when an excessive amount of xanthan gum was used[99] (F5: 11.74 + 0.38%, p
< 0.01) or higher amount of crosslinker (F8: 12.56 + 0.41%, p<0.05), which also
further limited swelling of the hydrogels and drug diffusion[100]. However, F11
had the most acrylic acids and so it released the most drug under acidic conditions
(17.09 £ 0.55%, p<0.001), which should be primarily due to more hydrophilicity
and porosity from partial hydrogels, despite the limited swelling behavior of the

matrix overall.
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On the other hand, under intestinal pH (7.4), the deprotonation of ionizable
groups in the polymeric network resulted in substantial electrostatic repulsion
which extended the matrix and improved the rate of drug diffusion. Formula-
tion F1 had the lowest cumulative release at 82.09 4+ 1.32%, while the optimized
formulations were significantly more efficient at releasing drug. Formulation F5
with an optimized concentration of xanthan gum and crosslinking density had
the greatest drug release at 92.54 + 1.48% (p<0.001) which suggested favorable
swelling of the matrix, ionization, and an interconnectivity of pores. Formulation
F8 (86.08 4+ 1.36%) showed a higher drug release, probably because of optimized
crosslinker levels, which allowed the matrix to swell while maintaining structural
integrity. Formulation F11, without being the lowest encapsulation efficiency,
or least amount of acrylic acid, had a consistently lower drug release (74.28 +
1.19%, p < 0.01) suggesting too much ionizable content may induce rigidity, or
over crosslinking an ink that limits diffusion pathways for the drug[101]. These
conclusions were consistent with Flory—Rehner theory, which underscores the im-
portance of having just enough crosslinker at the leading edge, after which addi-
tional levels of crosslinker can induce rigidity to negatively affect the swelling and
diffusion potential. The cumulative release profiles at pH 1.2 followed the order:
F11>FA>F3F2>F10>F9>F1>F6>F7>F8>F'5, while at pH 7.4, the order was
F5>F8>F6>F7>F3>F1>F2>FA>F10>F9>F11. These results indicate that
F5 and F8 displayed the most optimal pH dependent release behavior, character-
ized by limited drug release in a gastric environment minimizing drug loss before
absorption, and substantial and controlled release in intestinal environment max-

imizing the drug delivery to the absorption site.

4.4.1 Comparative Analysis with Marketed Formulation

and Solubility Enhancement

A head-to-head evaluation was carried out between the optimized pH-responsive
hydrogel formulation and the commercially available immediate-release (IR) rosu-

vastatin calcium tablet (Pasage® 10 mg, Warrick Pharma). As expected, the IR
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tablet showed very rapid disintegration with >80% drug release within 30 minutes

under both gastric and intestinal pH conditions.

This burst release is associated with a short Tmax (1-3 h) and high Cmax, which
may cause sharp plasma concentration spikes and dose-related adverse effects,
while offering no control over the release pattern. In contrast, the developed
hydrogel exhibited a superior and intelligent release profile. At gastric pH (1.2),
drug release was deliberately restricted (<17% in 24 h), thus protecting the drug
from acidic degradation and minimizing unnecessary gastric exposure. upon being
transferred to intestinal pH (7.4), the hydrogel underwent pronounced swelling,

releasing >90% of the drug in a controlled and sustained manner over 24 h.

Release kinetics followed non-Fickian transport (Higuchi R?* > 0.99; Korsmeyer-
Peppas n = 0.78-0.83), reflecting a balanced contribution of diffusion and polymer
chain relaxation. This rationally designed release behavior is expected to provide
extended T50 and T90, reduce Cmax, and flattening out of plasma concentration
curves — ultimately leading to improved therapeutic efficacy along with enhanced

safety, and better patient adherence as compared to conventional IR therapy.

4.4.1.1 Solubility Studies

The hydrogel, in addition to controlled release (as mentioned earlier), also solved
the fundamental solubility limitations of rosuvastatin calcium. A quantitative sol-

ubility analysis showed considerable improvements across all of the tested media:

a) Distilled water: Pure rosuvastatin solubility was only 8.5 + 0.7 ug/mL while
the hydrogel promoted this to 13.8 + 1.2 ug/mL (1.6-fold increase).

b) Acidic medium (pH 1.2): Pure drug had the lowest solubility (2.4 4+ 0.3
pg/mL) and the hydrogel improved it to 5.9 £ 0.5 ug/mL (2.5-fold increase).

c¢) Intestinal medium (pH 7.2): The solubility of the pure drug was 24.6 +
1.8 pg/mL while the solubility of hydrogel was equal to 49.3 + 2.5 ug/mL

(2-fold increase).
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This improvement in solubility came from the considerable ionization of the poly-
mer’s carboxylic moieties, macroscopic swelling of the hydrogel, supersaturation of
the micro-environment, and the inhibition of drug recrystallization. In addition,
the improved solubility works with the controlled release by maintaining a soluble

borate and bioavailable drug during small intestinal transit.

As compare to commercial IR tablets, which simply provide basic rapid drug
dumping, and the solubility-related absorption variability, the pH-responsive hy-
drogel:

a) Provides site-targeted controlled release suitable to intestinal absorption.

b) Provides a notable enhancement of solubility that directly enhances bioavail-

ability.

This combines the hydrogels as an innovative and clinically effective treatment
option when compared to conventional formulations of rosuvastatin. It hold the
potential to improve outcomes, minimize adverse effects, improve adherence, and

optimize long-term compliance in patients who require lipid-lowering therapy.

In vitro release kinetics of rosuvastatin from hydrogel formulations (F1-F11) were
investigated thoroughly, utilizing model-dependent approaches, to find a best-
fit mathematical model, and truly understand the drug release behavior through
physiologically relevant pH conditions. The models included were zero-order, first-
order, Higuchi, Korsmeyer-Peppas, and Weibull, with considerations for identify-
ing relevant dominant release mechanisms based on both the correlation coeffi-

cients (R?) and diffusional exponent (n) [102].

The Higuchi and Korsmeyer-Peppas models were comparatively the best-fits for
all formulations in this study, which indicates that drug release from the developed
hydrogel matrices is controlled primarily by diffusion with contributions of polymer
relaxation and swelling of the matrix, particularly under intestinal pH conditions.
The Higuchi model had excellent linearity at pH 7.4, with R? values between
0.9940 (F2) and 0.9986 (F'1), which reflects that Fickian diffusion was the dictated

majority form of drug release under alkaline conditions. Formulations, F8 (R* =
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FIGURE 4.6: Cumulative drug release profiles of formulations (F1-F11) at (A)
pH 1.2 and (B) pH 7.4 over time

0.9968), F5 (R? = 0.9963), and F3 (R?* = 0.9961) also showed a strong correlation
to support the diffusional release proposal as well. Even at pH 1.2, where matrix
swelling was limited, the Higuchi model remained highly applicable, with R? values
ranging from 0.9717 (F9) to 0.9871 (F4), confirming that drug diffusion through
the compact hydrogel structure remained the primary release mechanism under

gastric conditions.

The Korsmeyer—Peppas model reinforced and provided mechanistic evidence of
the nature of the release process via the diffusional exponent (n). Most formula-

tions displayed a high correlation coefficient (R?>0.94) at pH 1.2. The diffusional
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exponent ranged from 0.4314 (F9) to 0.9682 (F5), indicating that the majority of
formulations exhibited anomalous (non-Fickian) transport. Thus, drug release at
acidic pH (1.2) was a complex modality comprising Fickian diffusion and polymer

chain relaxation, both function of hydrogel composition and crosslinking density.

The highest correlation at pH 1.2 was seen for F1 (R*value = 0.9916) and F4
(R*value = 0.9907), demonstrating the efficacy of optimized polymer ratios that
allowed controlled-release to occur despite rigorous swelling conditions. Under
intestinal conditions (pH 7.4), the Korsmeyer—Peppas model also had strong pre-
dictive ability for the F formulations with R? values being, for F8, 0.9866 and for
F11, 0.9959.

Some formulations had diffusional exponents above 0.78, characteristic of Case-
IT transport, where the mechanism of release is controlled by swelling; notably,
two formulations (F11, n = 0.8067 R*= 0.9959, F10, n = 0.8307, R?= 0.9915)
demonstrated this behavior, thereby confirming and suggesting that the sustained
drug release near intestinal pH is markedly influenced by matrix swelling and

polymer relaxation.

Two other formulations (F5, R?= 0.9902, n = 0.7821; F4, R*= 0.9914, n= 0.8139)
also had strong correlation, and n -values which suggested that swelling assisted,
diffusion—assisted transport was occurring; this observation was in line with the

pH-responsive features of the hydrogels and was a desired characteristic.

The Weibull model had only moderate prediction correlation with R? values of
0.7079 to 0.8044 at pH 1.2 and 0.7639 to 0.7910 at pH 7.4, indicative of limited
mechanistic insight, even if it showed value as a mere empirical predictive ability.
The first-order model fit was consistently poor with R? < 0.7262 at pH 1.2 and R%*<
0.6094 pH 7.4, confirming drug release was not concentration-dependent kinetics

controlled.

The zero-order model showed moderate to high fit was reasonably convincing at
pH 7.4 with R? ranging from 0.9506 (F5) to 0.9969 (F4), suggesting some form
of slow, time invariant release. The correlation at acidic pH was much weaker;

zero-order R? ranged from approx. as shown as Table 4.3.



TABLE 4.3: Comparative evaluation of drug release kinetics and model-dependent parameters of formulations (F1-F11) in simulated gastric

(pH 1.2) and intestinal (pH 7.4) fluids.

Zero order kinetics

First order kinetics

Higuchi model

Korsmeyer Peppas model Weibull Model

Sample code pH
R? K R? K R? K R? K n R? K
F1 1.2 0.9229 0.7353 0.6215 0.1353 0.9849 2.890 0.9916 4.4803  0.5292 0.7572  0.1552
74 0.9628 4.2585 0.5498 0.2480 0.9986 13.896  0.9892 20.744  0.7789 0.7639 0.1940
F2 1.2 0.8883 0.8718 0.5311 0.1576 0.9769 3.647 0.9863 5.6537  0.5149 0.7388 0.1326
7.4  0.9658 4.1133 0.562  0.2444 0.994 13.161  0.9897 18.8945 0.7979 0.7705 0.1936
F3 1.2 0.9056 0.9353 0.5623 0.1542 0.9841 3.506 0.9837 5.2084  0.5569 0.7708 0.1332
74 0.9648 4.2105 0.5546  0.2467 0.9961 13.446  0.9896 19.2479 0.7962 0.7671  0.1950
F4 1.2 0.9161 0.9170 0.5262 0.1642 0.9871 3.788 0.9907 6.0149  0.4815 0.8044 0.1135
7.4 0.9969 3.9498 0.5735 0.2406 0.9960 12957  0.9914 18.7905 0.8139 0.7718 0.1929
F5 1.2 0.9205 0.7780 0.7262  0.1064 0.9825 2.153 0.9421 2.6880  0.9682 0.7079  0.2180
7.4 0.9506 5.050 0.5228 0.2692 0.9963 16.778  0.9902 24.6610 0.7821 0.7902 0.1688
F6 1.2 0.9472 0.6450 0.6664 0.1289 0.9819 2.554 0.99 41876  0.4718 0.7974 0.1520

continued on next page
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Zero order kinetics

First order kinetics

Higuchi model

Korsmeyer Peppas model

Weibull Model

Sample code pH
R? K R? K R? K R? K n R? K
74 09544 4.5123 0.5424 0.2532 0.996  14.589  0.9875 20.8293 0.8102 0.7672  0.1865
F7 1.2 0.9237 0.6590 0.6414 0.1281 0.9866 2.723 0.9904 4.3285  0.5198 0.741  0.1669
7.4 0.9598 4.2858 0.5549  0.2506 0.9964 14.091  0.9918 20.5295 0.7861 0.7822 0.1836
F8 1.2 09112 0.9638 0.7183 0.1191 0.9769 2.369 0.9758 3.3105  0.7228 0.7925 0.1520
7.4  0.9528 4.6410 0.5242  0.2590 0.9968 15.251  0.9866 21.9920 0.7865 0.7643 0.1825
F9 1.2 0.8780 0.8575 0.4832 0.1675 0.9717 3.876 0.9851 6.3176  0.4314 0.7422  0.1177
74 09770 3.6690 0.6094 0.2310 0.9952 12.040  0.9937 17.9894 0.8127 0.7805 0.2040
F10 1.2 0.8829 0.8900 0.4862 0.1681 0.9764 3.885 0.9883 6.3605  0.4337 0.7928 0.0997
7.4 0.9662 3.8258 0.5811 0.2380 0.9953 12.627  0.9915 18.2579 0.8307 0.7737 0.1908
F11 1.2 0.8991 0.9478 0.4833 0.1732 0.9808 4.174 0.9881 6.7791  0.4430 0.7923 0.1065
74 09736 3.6405 0.6063 0.2319 0.9954 11.908  0.9959 17.8582 0.8067 0.7910 0.1953
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Overall, these results confirm that drug release from the developed hydrogel ma-
trices is mainly controlled by diffusion, as indicated by the excellent fit to the
Higuchi model in particular at intestinal pH. The Korsmeyer—Peppas model also
highlights the additional contributions from swelling and polymer relaxation, find-
ing that under gastric pH the drug release was diffusion-controlled and anomalous
transport, while under intestinal pH swelling-controlled (Case-II) transport was
seen with several of the formulations. These results confirm the designed phar-
maceutical for the hydrogel system with the goal of pH responsive design for site
specific controlled delivery of rosuvastatin with minimal release in the stomach

and sustained release primarily in the intestine.

4.5 Fourier Transform Infrared (FTIR) Spectro-

scopic Analysis

FTIR spectroscopy was employed to establish the identity of every ingredient,
identify structural integrity of the resultant hydrogel, and examine possible physic-
ochemical interactions between Rosuvastatin calcium, polymeric materials, and
the hydrogel matrix[103]. The C-H bending vibrations appeared as two bands at
1435.95 cm~! and 1385.74 cm 1.

The evidence of C-O stretching vibrations appeared at 1269.55 cm ™!, 1200.69 cm ™!,
and 1170.57 cm™!, features characteristic of ethers and esters[104]. Furthermore,
the peak located at 1200.69 cm™! exhibited the C-N stretching vibrations more
likely from amine or amide functionalities [105]. All of these features correlated fa-
vorably with documented F'TIR spectra of Rosuvastatin calcium and consequently,
demonstrated the chemical integrity of Rosuvastatin calcium. The FTIR profile
of chitosan showed a wide absorption band around 3300 cm~! from overlapping
O-H and N-H stretching vibrations which were indicative of many hydroxyl and
amine groups associated with hydrogen-bonding capabilities [106]. Amide bending
vibrations were detected in the region of 1600-1500 cm~! [107], and the C-O-C
stretching bands in the region of 1150-1050 cm~! confirmed the presence of gly-
cosidic linkages of the polysaccharide backbone [108]. CMC sodium displayed
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distinct asymmetric and symmetric stretching vibrations of carboxylate (COO )
groups around 1600 cm™! and another around 1420cm™!, indicating successful
carboxymethylation [109]. C-O-C stretching vibrations 1150-1000 cm™* [110]and
a broad O-H band around 3300-3500 cm ™" indicated the polysaccharide structure
and indicated substantial hydrogen bonding [111]. The FTIR of xanthan gum in-
dicated a broad O-H stretching band at around 3400 cm~! and a C-H stretching
band (attributed to the presence of aliphatic groups) at around 2900 cm™"! [112].
The C=0 stretching vibration was pronounced at 1730 cm~! and indicated the
presence of carboxylic or ester functional groups which agrees with the presence of
acetyl groups [113]. Bands in the region 1200 to 1000 cm™! confirmed the polysac-
charide backbone through the C-O-C and C-O stretching vibrations [114].

Acrylic acid FTIR spectra showed characteristic bands which are indication of its
structure. The sharp bands at 3056.95 cm~! and 2988.10 cm ™! showing to cis-
and trans- =C-H stretching vibrations of the vinyl group while weak absorptions
at 2932.15 cm™! and 2887.68 cm™! were assigned to the aliphatic C—H stretch-
ing of CHy and C'Hj groups [115]. A distinct band at 1633.91 cm™' confirmed
C=C stretching, and peaks at 1295.37 cm~! and 1237.99 cm~! were attributed
to C-O stretching of carboxylic acid moieties [116], confirming the presence of
functional groups essential for subsequent hydrogel formation and crosslinking.
N,N’-methylenebisacrylamide (MBA) was characterized as a crosslinker, it ex-
hibited a wide N-H stretching band at around 3300-3200 cm™! supporting the
possibility of amide functionality and hydrogen bonding [117]. There was a strong
C=0 stretching band at ~1650-1625cm~! (amide I), along with N-H bending at
~ 15501500 cm™! (amide IT), and C=C stretching from ~1610-1600 cm™! (vinyl
useful identification). C-N stretching vibrations and skeletal bands were located
at ~ 1200-1000 cm™!, confirming that MBA was successful incorporated in the

polymeric matrix [118].

The FTIR spectrum of the drug loaded hydrogel contained noticeable absorption
bands indicating formation of the hydrogel network, and that Rosuvastatin was en-
capsulated. The wide O-H stretching band at 3328 cm™! indicated possible exten-

sive hydrogen bonding involving the hydroxyl abundant polysaccharides (chitosan,
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xanthan gum, CMC sodium), and the drug. C-H stretching bands were observed
around ~ 2920 cm~! and ~ 2850 cm™! corresponding to aliphatic groups from
the polymeric backbone and Rosuvastatin respectively. A distinguishable C=0
stretching band at ~ 1730 cm~'was assigned to carboxylic or ester functionalities
present in both the drug and polymeric constituents. The band at ~ 1600 cm™*
probably corresponds to overlapping aromatic C=C stretching from Rosuvastatin,
and asymmetric COO stretching from CMC sodium, while numerous peaks in the

1450-1370 ecm ™! band were associated with aliphatic C—H bending vibrations.

Strong C-O stretching bands apparent between 1240-1040 cm™!confirmed the
presence of ether, alcohol and glycosidic linkages, indicating the polysaccharide
framework is intact within the hydrogel. There were also aromatic C-H out-
of-plane bending vibrations found between 880-700cm~! which confirmed that
Rosuvastatin has been incorporated into the hydrogel system. The FTIR spectrum

of each component is shown as Figure 4.7.

Overall, the FTIR confirms individual polymeric excipients and Rosuvastatin were
incorporated into the hydrogel system and there are hydrogen bonding and per-
haps secondary interactions between them. The carboxyl and hydroxyl acid,
amine, and ether functional groups confirm the structure of the hydrogel was

retained and the gel’s pH-responsive nature for controlled oral drug delivery.

4.6 Powder X-ray Diffraction (PXRD) Analysis

The crystallinity of pharmaceutical excipients and active drug compounds are
most often the factors that determine the dissolution, release characteristics, and
performance of any formulation. The PXRD diffractograms of pure Rosuvastatin
calcium, Chitosan, CMC sodium, Xanthan gum and a hydrogel containing Rosu-
vastatin in its pure state are as shown as Figure 4.8. The PXRD diffractogram
of pure Rosuvastatin calcium indicated a highly crystalline structure due to the
presence of multiple sharp diffraction peaks in the 2 range from about 10° to 22°

[119].
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FIGURE 4.7: FTIR spectra of Acrylic Acid, Chitosan Sodium, Xanthan Gum,
N,N -methylenebisacrylamide (MBA), Rosuvastatin calcium, and Drug-loaded
hydrogel formulation

The intense reflections matched the known crystalline fingerprint of Rosuvastatin
calcium and confirmed that the ordered lattice had not changed in unformulated
Rosuvastatin [120]. Chitosan appeared as a broad low-intensity halo with a peak
centered at approximately 20 ~ 20°, as a semi-crystalline polymer is expected
[121]. There were no sharp or distinct reflections, confirming that Chitosan was in
an amorphous state, containing localized crystalline domains [122], characteristic
of polysaccharide-derived biopolymers. The diffractogram of CMC sodium indi-
cated a broad diffraction peak, centered at approximately 20 ~ 21°, but did not
possess any distinct sharp peaks [123]. This profile suggests that CMC sodium is

predominantly in an amorphous state with possible minor semi-crystalline zones
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where polysaccharide chains have segments that are ordered [124]. The lack of
further peaks indicates that the structure is pure with no diffraction peaks/space
occupancy /impurity crystalline [125]. The presence of a broad diffuse halo for
Xanthan gum in the 2 range of ~ 15 — 25° confirms that the structure is amor-
phous. The presence of a broad diffuse halo for Xanthan gum in the 2 range of

~ 15 — 25° confirms that the structure is amorphous [126].

Sharp diffraction peaks would signify an ordered crystalline state, whereas the lack
of peak states is indicative of the disordered structural arrangement associated
with polysaccharide gums [127], confirm no crystalline impurities or polymorph

forms were present.

Drug-loaded hydrogel PXRD spectrum showed a wide intensity diffraction halo
with a sharp peak at approximately 20 ~ 20°, with absolute suppression of sharp

peaks which is the indication of pure Rosuvastatin calcium presence.

The distinguishable drug specific reflections are absent which suggests a significant
decrease in crystallinity, likely due to either molecular dispersion or amorphiza-
tion of Rosuvastatin in the hydrogel. Amorphous characteristics are a benefit to

increase aqueous solubility and sustained release of drug from the hydrogel.

Amorphous characteristics are a benefit to increase aqueous solubility and sus-
tained release of drug from the hydrogel. Importantly, there were no additional
unknown peaks seen in the hydrogel diffractogram, verifying the structural purity
of the formulation, indicating there was no unexpected crystalline impurities or
phase transition during the hydrogel synthesis process. Cumulatively the PXRD
results indicate that the individual polymeric excipients show amorphous to semi-

crystalline properties.

Cumulatively the PXRD results indicate that the individual polymeric excipients
show amorphous to semi-crystalline properties, and when Rosuvastatin was added
into that hydrogel matrix it broke apart the crystalline lattice in Rosuvastatin
for homogeneous drug entrapment and accepted the functional suitability of the

hydrogel that had been prepared for any controlled drug delivery usage.
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FIGURE 4.8: PXRD patterns of chitosan, CMC sodium, xanthan gum, Rosu-
vastatin calcium, and the drug-loaded hydrogel formulation

4.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was used to investigate the thermal stability
and thermal decomposition characteristics of individual components (Chitosan,
CMC sodium, Xanthan gum, Rosuvastatin), unloaded hydrogel and drug-loaded
hydrogel. The TGA curves as shown as in Figure 4.9 display weight loss patterns
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as a function of temperature in a nitrogen atmosphere, which minimizes oxida-
tive degradation and provides better assessment of thermal decomposition of the
polymers. Chitosan, which is the cationic polysaccharide backbone, presents as
a two-stage degradation pattern [128]: the first weight loss (3.2 + 0.5% mass
loss, 25 -150°C) is evaporated hydrogen-bound water, and the second weight loss
which occurred in a vanishingly rapid manner is depolymerization of deacetylated
chitosan (58.7 £ 2.1% loss, 250-350°C, Tmax = 305°C) through chain scission
processes, ultimately creating a nitrogen-rich carbonaceous material as a residue,
(22.4£1.8%) [129]. In the same way as chitosan, both anionic polymers (CMC-
Na and xanthan gum) showed a similar degradation pathway [130]. Specifically,
the sodium salt of carboxymethyl cellulose (CMC-Na) displayed the most hygro-
scopicity (7.9 + 0.3% moisture loss) due to the hydration sphere surrounding the
carboxylate [131], wherein both biopolymers demonstrated their major thermal
degradation occurred within a 200-350°C temperature window (Tmax = 280°C
and 290°C respectively), whereby the polymer depolymerized through carboxyl
group decarboxylation and sugar ring fragmentation degradation pathways. The
thermogram of rosuvastatin showed an initial minor weight loss below 150 °C due
to moisture loss followed by a major decomposition phase, starting around 230
°C [132], indicating the thermal degradation of the drug, which indicates thermal
stability with rosuvastatin until thermally decomposing. The unloaded hydrogel
network demonstrated thermal stabilization additive effects through the synergis-
tic combination of chitosan, CMC-Na, and xanthan gum. The mass loss began
at the polymer bound water associated with the IPN, which is a combination of
both water bound to the polymer network and network instability, with a to-
tal of 13.8 + 0.6% initial mass loss. In addition, the degradation events for the
unloaded hydrogel were still broad and overlapping nearby the degradation event
seen for all individual polymers, which comprised 69.4% =+ 1.9% to 350°C; this was
also a shift to lower temperatures vs. chitosan depolymerization (AT = —25°C).
The shift of degradation to lower temperature for the hydrogel determined sta-
bilization and respective changes in crystallinity and more amorphous respective
conditions, indicative of altered crystallinity and increased amorphous character

in the crosslinked state. Remarkably, drug-loaded formulations showed additional
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stabilization with further reduced hygroscopicity (5.2 + 0.3% mass loss) and on-
set temperature (230 £+ 2°C) attributable to the molecular interactions between
rosuvastatin calcium and the polymer carboxyl/amine groups seen in FTIR. The
concomitant degradation (72.1 £+ 1.6%, 200-350°C) behaved with complex kinet-
ics potentially representative of drug-polymer charge-transfer complexes while the
extra 26.8 £ 1.4% mass loss above the theoretical point at 600°C implies success-
ful crosslinking of N,N’-methylenebisacrylamide by 18.3%. These observations
have important implications for pharmaceutical processing: (i) the 200 °C sta-
ble window may allow for terminal sterilization in processing without impacting
the polymer network; (ii) the char yield is in a strong linear correlation with the
crosslinked density (R? = 0.94 with swelling data); and (iii) the preservation of

thermal transitions following drug loading suggests there is no phase separation.

Coupled with the previously reported pH-responsive swelling behavior, the ther-
mal profile supports the hydrogel as a process-stable matrix and responsive drug
carrier, directly addressing the challenges of oral delivery of a BCS Class II drug

like rosuvastatin.

4.8 Differential Scanning Calorimetry Analysis

Differential Scanning Calorimetry (DSC) was performed to assess the thermal be-
havior and compatibility of the hydrogel components, as well as to evaluate the
thermal stability of the prepared Rosuvastatin-loaded hydrogel formulation. The
characteristic DSC thermal transitions of the individual components and formu-
lated hydrogels were interpreted based on literature reports as shown as Figure

4.10.

The DSC thermogram of pure Rosuvastatin calcium exhibited a sharp endothermic
peak corresponding to its melting point in the range of approximately 122-126 °C,
consistent with literature values. Additionally, a gradual decline in heat flow was
observed with increasing temperature prior to the melting event, while secondary
thermal transitions or decomposition events were noted above 200°C, indicating

thermal degradation of the drug [133].
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FIGURE 4.9: TGA thermograms of individual components (Chitosan, CMC

sodium, Xanthan gum, Rosuvastatin), unloaded hydrogel, and drug-loaded hy-

drogel, illustrating characteristic multi-step thermal degradation patterns under
nitrogen atmosphere

The thermal profile of chitosan has showed a wide endothermic peak between 50—
120°C due to the evaporation of physically trapped or adsorbed moisture which
is due to the chitosan hydrophilic properties. The glass transition was from 150—
200°C, evident the transition from the rubbery to the glassy state. The thermal
degradation occurred between 250 — 300°C, where the depolymerization and de-
composition of the glycosidic linkages in the chitosan backbone occurred, as noted
in the literature [134]. For CMC Na, the DSC thermogram indicated an initial
stable baseline around 43-44.5°C, separated by a transition endothermic phase,

and continued endotherm until approximately ~45°C to ~70°C [135]. This broad
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endothermic region corresponds to moisture loss and to early stages of thermal
degradation, which is consistent with the thermal behavior of CMC Na as reported
[136]. No distinct melting or crystallization peaks were present, which reflects the

amorphous nature of this polymer.

Xanthan gum showed typical amorphous thermal characteristics with a gradual en-
dothermic transition. The DSC signal demonstrated an increasingly negative trend
leaning towards approximately -10.83 mW instead of the more typical exothermic
peak [137], this met a stopping point around 65°C which represents primarily
moisture evaporation. There were no endothermic peaks or crystallization events
detected as would be expected from a thermally stable amorphous polysaccha-
ride such as xanthan gum [138]. The drug-free hydrogel formulation showed an
exothermic transition occurring continuously from approximately 41 °C till the end
108 °C with a steadily declining to approximately -12.88 mW heat flow. This broad
exothermic transition was likely a complicated event that involved water evapo-
ration, relaxation of the polymer, revisited hydrogel network structure changes.
Probably most telling was that within this entire broad temperature range, no
melting or glass transitions were able to be identified indicating usage of a pre-
dominantly amorphous structure that had stable hydrogen-bonded polymeric ma-
trix. The normal slope of diminishing steam (water) pressure stomped tout neatly
within a set of 90 °C indicating moisture loss nearing completion; it is reasonable
to assume that major physical transitions were not occurring at that point. Over-
all, these findings provided significant evidence of the amorphous nature of the
hydrogel formulation and was a representation of desired thermal stability of a
blank hydrogel formulation. The DSC thermogram for the hydrogel containing
Rosuvastatin identified an initial stabilization region of approximately between
34.9°C and 35.5°C with a marginal change in heat flow. Starting at ~36°C, an
endothermic transition began, which continued smoothly to ~49.2°C, is related
to the moisture evaporation from the hydrogel matrix. Additionally, there was
no evidence of sharp peaks representation of melting or crystallization and since
the drug was uniformly dispersed in the hydrogel matrix no crystalline drug ag-
gregates were present. The smooth continuous nature of the thermal transition is

also indicative of amorphous hydrogel systems, and support favorable interactions
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FIGURE 4.10: DSC thermograms of individual components (Chitosan, CMC
sodium, Xanthan gum, Rosuvastatin), unloaded hydrogel, and drug-loaded hy-
drogel demonstrating successful molecular dispersion

of the drug and polymer, which provide no evidence of thermal degradation. So, it
is evident by DSC analysis that hydrogel formulation has amorphous nature and
also confirmed the absence of undesirable crystalline transitions or decomposition
over the temperature range of the study. The thermal stability of the hydrogel
formulation also supports its structural integrity, and overall, its suitability for

future pharmaceutical formulation.
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4.9 Scanning Electron Microscopy (SEM)

The surface morphology and bulk architecture of lyophilized hydrogels loaded
with rosuvastatin were characterized systematically employing Scanning Electron
Microscopy (SEM) at various scales of magnification to see how they affected
the intended drug release as outlined in the Figure 4.11 [139]. At the higher
magnifications (10,000x to 5.000x), the hydrogels showed a dense, non-porous
polymeric matrix where few voids were visible, indicating compact structural do-
mains that would limit water penetration and drug diffusion. In fact, the drug
is clearly seen as a crystalline structure in the SEM images either embedded or
adhered to the material surface, demonstrating successful drug entrapment and
the prospect of initial drug release from the surface. As the sample magnification
decreased (1,000x to 500x), a continuous structural pattern started to appear
showing that the material transitioned to a stratified structure with distinct and
interconnected pores. The open structure of pores would likely allow controlled
ingress and egress of the fluid and diffusion the encapsulated drug. At the lower
magnifications (100x to 50x), the overall structure was visibly and globally an
open and interconnected porous structure, confirming the legendarily expanded
structure produced from lyophilization. This hierarchical structure illustrates a
quinary dual-porosity of the hydrogel system with dense, non-porous phases func-
tioning as diffusion barriers and highly porous regions allowing for controlled drug
delivery. While these structural features are distinctly different and exhibited in
the SEM, they are directly correlated to the biphasic drug release profile, estab-
lished from this study for rosuvastatin loaded BCRE-Hydrogels. The rapid initial
release of rosuvastatin RA could be influenced by the surface associations of the
crystals and accessible embedded porous sites; the sustained, slower release of
drugs during the second phase could be the result of both dissolution and, ulti-
mately, drug diffusion through the dense polymer material and porous structure.
Overall, the evidence obtained using SEM shows that the lyophilization process
affords hydrogels a complex hierarchical structure and is critical in regulating a

controlled biphasic release behavior of rosuvastatin [140].
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FIGURE 4.11: Scanning electron microscopy (SEM) images of the optimized
rosuvastatin - loaded hydrogel formulation

4.10 Acute Oral Toxicity Assessment of the Op-
timized Hydrogel Formulation
Toxicological evaluation is an integrative step in the preclinical development of new

drug delivery systems. In the present study, acute oral toxicity of the developed

pH-responsive hydrogel formulation for the use of systemic delivery of rosuvastatin
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was studied through an acute oral toxicity (classified according to OECD guideline
423; Acute Oral Toxicity - Acute Toxic Class Method) on Swiss albino mice.
The study protocol was sanctioned by the Institutional Animal Ethics Committee

(REC/FoP/F2024,05).

During the 14-day observation period, no mortality or overt clinical signs of toxic-
ity were recorded in any of the treated animals, indicating the hydrogel’s favorable

biocompatibility [141].

4.10.1 Weight and Clinical Observations

As Body weight is an indicator of systemic health so it is assessed at specified
intervals (Days 1, 7, and 14). Weight gain was similar in both groups (control
and treated) over the study period with no statistically significant differences

calculated (p>0.05, unpaired t-test) (as shown as Table 4.4).

General behavior monitoring animals demonstrated normal locomotor activity,
grooming behavior, food, and water intake, and their general appearance via sub-
jective assessment was consistent in all animals during the study. There were
still no observations of salivation, piloerection, tremors, convulsions, or lethargy
as the study progressed which further confirmed that there were no observable

treatment-related neurobehavioral or metabolic consequences.

4.10.2 Hematological and Biochemical Evaluation

The findings of the hematological analysis showed no differences in key indicators,
including hemoglobin, total and differential leukocytes, and platelets, between the
experimental and control groups (p>0.05), as seen in Table 5. Likewise, biochem-
ical indicators of liver and kidney function, including ALT, AST, ALP; increased
creatinine and urea; were all within the reference range for both experimental and
control groups and did not show any statistically significant variations (p>0.05).
Blood glucose also showed no impact, indicating the absence of hydrogel-induced

metabolic disturbances as shown as Table 4.5.
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4.10.3 Histopathological Analysis

Microscopic examination of the following essential organs; liver, kidneys, heart,

spleen, stomach, and intestines showed their tissue morphology was preserved.

There was no evidence of inflammation, necrosis, cellular degeneration, or other

pathological lesions in either group. Histological images of representative tis-

sues are illustrated in Figure 4.12, indicating that hydrogel administration did

not result in organ toxicity or structural damage. The hydrogel formulation was

well tolerated by all test groups, and the lack of mortality, clinical abnormalities,

absence of abnormal hematology or biochemistry finding and histopathological

lesions illustrated that systemic toxicity is not apparent following oral hydrogel

administration. This signifies safety of the hydrogel formulation; therefore in vivo

efficacy and pharmacokinetic trials can be undertaken.

TABLE 4.4: Summary of Clinical Observations in Acute Oral Toxicity Study.

Parameter Control Group Treated Group Interpretation
(Mean + SD) (Mean + SD)
Body Weight Day 1: 25.5 + 1.2 Day 1: 25.2 £ 1.1 No significant dif-
(g) ference
Day 7: 26.5 £ 1.0 Day 7: 26.0 & 1.2 (p >0.05)
Day 14: 27.8 + 1.3 Day 14: 27.5 + 1.2
Food Intake Day 1: 4.5 £+ 0.2 Day 1: 4.6 &= 0.3 Normal intake
(g/day) maintained
Day 7: 5.3 £ 0.3 Day 7: 5.5 &£ 0.2
Day 14: 6.0 £ 0.3 Day 14: 5.9 £ 0.2
Water Intake Day 1: 5.2 4+ 0.4 Day 1: 5.3 £ 0.2 Normal intake
(mL/day) maintained

Locomotor Ac-
tivity
Grooming Be-

havior

Day 7: 5.7 + 0.3
Day 14: 6.5 £ 0.6

Normal throughout

Normal throughout

Day 7: 5.8 £ 0.4
Day 14: 6.4 + 0.3
Normal throughout

Normal throughout

No observable ab-
normalities
No observable ab-

normalities

continued on next page
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Table 4.4 continued from previous page

Parameter Control Group Treated Group Interpretation
(Mean £ SD) (Mean + SD)

Salivation Absent Absent No adverse effects

Piloerection Absent Absent No adverse effects

Convulsions Absent Absent No adverse effects

Tremors

Lethargy Absent Absent No adverse effects

TABLE 4.5: Hematological and Biochemical Parameters in Acute Oral Toxicity

Study.
Parameter Control Treated pP- Interpretation
Group (Mean Group (Mean value
+ SD) + SD)

Hemoglobin 13.6 = 0.5 13.8 £ 04 >0.05 No significant dif-

(g/dL) ference

WBC 73+04 71+05 >0.05 Within normal lim-

(10%/mm3) its

Platelets 248 £ 11 252 + 12 >0.05 No treatment-

(103/mm?) related alterations

ALT (U/L) 33.0 £ 25 325 £ 2.2 >0.05 Hepatic function
unaffected

AST (U/L) 288 £ 1.7 284 £1.9 >0.05 Hepatic function
unaffected

ALP (U/L) 73.5 + 3.2 72.8 + 3.0 >0.05 Hepatic function
unaffected

Creatinine 0.82 £ 0.04 0.80 £ 0.05 >0.05 Renal function un-

(mg/dL) affected

Urea (mg/dL) 219+14 223 +£ 1.2 >0.05 Renal function un-
affected

Glucose 91.8 £ 3.3 92.5 + 3.6 >0.05 No metabolic dis-

(mg/dL) turbances observed

Note: Results expressed as mean + SD; n = 5 animals per group.

Statistical comparison performed using unpaired t-test.
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FIGURE 4.12: Histopathological evaluation of vital organs from control and

treated groups. All organs exhibited preserved tissue architecture with no signs

of cellular damage, inflammation, or structural abnormalities (H&E staining,
40x magnification).



Chapter 5

Conclusion and Future

Recommendations

5.1 Conclusion

The developed rosuvastatin-loaded pH-sensitive hydrogel system was superior in
exhibiting controlled and targeted drug delivery. The swelling behavior exhib-
ited an excellent pH-sensitive swelling phenomenon, with increased swelling at pH
7.4 under acidic conditions, verifying the pH sensitivity of the hydrogel based on
the ionization nature of the added polymers and monomer (acrylic acid). In vitro
release profiles also confirmed such effects, with low drug release under acidic envi-
ronment (pH 1.2), and thus avoiding gastric release, in accordance with sustained,
augmented release at pH 7.4, reflecting intestinal drug delivery preferability. DSC
and TGA analysis validated the thermal stability of the hydrogel network and
effective drug encapsulation with no phase change or degradation of rosuvastatin.
SEM micrographs showed porous and networked surface morphology, which al-
lows for effective entrapment of the drug and diffusion. FTIR spectra revealed
no characteristic chemical interaction between drug and excipients, maintaining
compatibility and integrity of the drug. In addition, solubility tests showed that
there was a significant increase in rosuvastatin solubility when encapsulated in the

69



Conclusion and Recommendation 70

hydrogel matrix, especially at pH 7.4, consistent with its site of activity. The en-
hanced solubility along with the sustained release pattern should cause increased
oral bioavailability of rosuvastatin by avoiding solubility-limited absorption in the
stomach leading to facilitation of more efficient absorption in the intestines. The
results of biocompatibility study are supportive of the wolves that the developed
rosuvastatin hydrogel can be delivered orally without any adverse effects and can
be subsequently investigated with respect to pharmacodynamics and pharmacoki-
netics. In conclusion, the findings validate the hydrogel as a viable oral delivery
system for the enhancement of the therapeutic efficacy of weakly soluble and pH-

sensitive drugs such as rosuvastatin.

5.2 Future Recommendations

With the promising results of the current study, pH-responsive rosuvastatin-loaded
hydrogels show significant potential for improved solubility in drug delivery and
controlled release in a site-specific manner. Future studies should utilize the op-
timized formulation in a scaled-up form (in larger batches) in conjunction with
conduct in vivo pharmacokinetic and pharmacodynamic studies to deliver and
demonstrate bioavailability and efficacy in animal models. In addition, mucoad-
hesive studies, and possibly studying gastrointestinal transit behavior can be per-
formed to confirm their site-specific release of drug delivery. Future iterations
of this hydrogel system could also incorporate more efficient delivery strategies,
including conjugation of ligands to facilitate receptor-mediated uptake. It is also
recommended that long-term stability studies following ICH (International Coun-
cil for Harmonization) guidelines, and chronic toxicity evaluations be performed
to provide support for eventual clinical translation. Since the hydrogels were
designed for site-specific delivery of rosuvastatin, the hydrogel platform may be
explored as a means of co-delivery of synergistic agents, or other poorly soluble
forms of statins to broaden its potential for cardiovascular therapies and lipid

lowering therapeutics.
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